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r[6]arene-based fluorescent
indicator displacement assays for the recognition
of monoamine neurotransmitters†

Adrien Paudics,a Miklós Kubinyi, ab István Bitter c and Márton Bojtár *cd

The complexation of three cationic fluorescent dye guests with the anionic host carboxylato-pillar[6]arene

(WP6) was investigated by optical and NMR spectroscopy. Among the selected indicators – a stilbazolium

dye (i1) and two naphthalimide derivatives with positively charged ‘anchor’ groups (i2 and i3)– i1 gave a large

turn-on, i2 and i3 a large turn-off fluorescence response to the complexation. The size selectivity of the

complex formation of pillararenes was demonstrated by comparing the binding constants of the

complexes of the three indicators with WP6 and its smaller homologue, WP5. The systems WP6$i1 and

WP6$i2 were tested as indicator displacement assays for the sensing of monoamine neurotransmitters.

The WP6$i1 system functioned as a turn-off, the WP6$i2 system as a turn-on sensor for

neurotransmitters, and both assays showed a good selectivity to histamine over the other

neurotransmitter analytes.
Introduction

Since the emergence of supramolecular chemistry, the recog-
nition of molecules with biological interest is a topic of great
importance.1–3 Articial receptor molecules operating through
host–guest interactions capable of selective molecular recogni-
tion can be applied in supramolecular analytical systems to
detect and quantify the analytes of interest.4–6 Macrocycles, due
to their inherent structural nature are ideal hosts for various
biomolecules, however, attaching a signaling group to the water
soluble derivatives is highly challenging.7 This can be overcome
by using uorescent indicator displacement (FID) assays,
exploiting the competitive binding of a uorescent indicator to
the macrocycle.8,9

The hosts in most of the FID-based sensing systems reported
so far were cyclodextrins,10,11 calixarenes12–15 or cucurbitur-
ils,16–19 however, with the appearance of pillararenes in 2008,20

an interesting new possibility emerged for expanding the
toolbox of FID-type supramolecular assays. Soon these macro-
cycles became the new key players of supramolecular chemistry
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due to their easy synthesis, versatile functionalization and
diverse host–guest properties.21–25 In particular, water soluble
pillararenes are prosperous hosts for various guests of biolog-
ical importance.26–28 Carboxylato-pillar[5]arene forms
complexes with viologens (paraquat),29,30 various amines and
basic amino acids31 that can be exploited to compile FID assays
for these analytes.32–34 Cationic, ammonium-containing pillar[5]
arene was used as receptor in a FID sensor for various phenols.35

Amongst the higher homologues, carboxylato-pillar[6]arene can
also recognise paraquat,36 furthermore, ammonium-pillar[6]
arene forms an exceptionally strong and selective complex
with ATP37 that can be used in nucleotide recognition.38

Recently, the complexation of carboxylato-pillar[6]arene with
choline was also described.39 The widespread success of water
soluble pillararenes encouraged us to extend the current set of
supramolecular systems based on these hosts for further
applications.

In our previous work, we described the complexation of
some stilbazolium dyes with WP5.33 In the case of i1 (4-dime-
thylaminostyryl-N-methyl-pyridinium iodide, DAST) an intense
turn-on uorescence and a colourimetric response was
observed upon complexation. We have also investigated naph-
thalimide derivatives (i2 and i3) possessing an anchor moiety
(trimethylammonium and imidazolium, respectively) to
promote binding to the negatively charged WP5.34 In this case,
turn-off uorescence followed the partial inclusion of the
indicators. Therefore, we turned our attention towards these
results to evaluate the complexation of these dyes with the 6-
membered homologue, WP6. Due to its larger cavity, WP6 can
efficiently bind larger cationic guests than the smaller WP5
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Schematic representation of the indicator displacement assays
WP6$i1 and WP6$i2 for histamine.
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which prompted us to evaluate these FID assays with various
monoamine neurotransmitters (see Fig. 1 for structures).

Since the recognition and quantication of these analytes is
highly important for both neuroscience and diagnostics,
numerous solutions exist for their detection.40–42 Most of these
sensing systems are based on chromatographic or electro-
chemical methods, or utilise tailored nanodevices. The uo-
rescent probes for monoamine derivatives are usually
chemodosimeters reacting irreversibly with the analyte,43–47

however, this binding pattern generally lacks selectivity. For the
recognition of trimethylammonium-containing acetylcholine,
sulfonato-calixarenes were widely used as a host
molecules.12,13,48

As will be shown, both the systems WP6$i1 and WP6$i2
worked as FID assays for neurotransmitters, showing selectivity
towards histamine over the other analytes (Fig. 2). In addition,
comparing the properties of the complexes of the indicators
with WP5, the size selective complexation of pillararenes was
also demonstrated.

Results and discussion
Complexation of uorescent indicators with WP6

Upon addition of WP6 to the HEPES buffered solution of i1,
remarkable changes were observed both in the absorption and
emission spectra (Fig. 3). The complexation caused a signicant
redshi in the absorption maximum and an intense uores-
cence enhancement. These changes can be explained in terms
of the existence of an emissive directly excited charge transfer
(CT) state and a dark twisted intramolecular charge transfer
(TICT) state on the S1 potential energy surface of i1. The dipole
moment is signicantly higher in the S1(CT) state than in the
ground state, therefore the S1(CT) state molecule is stabilised in
Fig. 1 Structure of the macrocycles, indicators and analytes.

This journal is © The Royal Society of Chemistry 2019
the environment of the high negative charge density of theWP6
host, leading to the redshi of the absorption band. In the dark
TICT state, presumably the phenyl or the pyridinium group is
rotated around the bonds connecting them to the central
double bond.49

This twisting motion is restricted for the encapsulated i1
guest, resulting in uorescence enhancement.

The absorption spectra of the naphthalimide indicators i2
and i3 remained almost unaffected by the addition of WP6
(Fig. S1 and S2 in the ESI†). In contrast, their uorescence was
strongly quenched byWP6 (see Fig. 4), at largeWP6 excesses the
intensities of both i2 and i3 underwent to an about 10-fold
decrease.
RSC Adv., 2019, 9, 16856–16862 | 16857
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Fig. 3 Complexation of i1 with WP6 in HEPES buffer (pH 7.4). (a) Absorption spectra (10.0 mM i1, 0 to 1.74 equiv. WP6) (b) fluorescence spectra
(1.0 mM i1, 0 to 16 equiv.WP6, lex (isosbestic point): 482 nm). The inset shows the fluorescence emission at 615 nm vs.WP6 concentration (black
dots: experimental data, red curve: result of non-linear fitting).
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The uorescence of 4-amino-naphthalimide indicators can
be controlled via a photoinduced electron transfer (PET)
mechanism.49 4-Amino-naphthalimides are weakly uorescent
due to PET from the amino to the naphthalimide group.

Attaching a positively charged ammonium group via an
ethylene spacer to the 4-amino group – like the tetramethy-
lammonium in i2 or the imidazolium in i3 – the PET is sup-
pressed, the uorescence becomes stronger.50 Upon
complexation by WP6, the proximity of the negative charges on
the carboxylato groups shields the positively charged anchor
groups, the PET in the indicators is recovered, leading to
a substantial reduction of uorescence intensity.

The association constants (K1) for the WP6 indicator
complexes were determined by a non-linear tting to the uo-
rescence spectra obtained in the titration experiments.51,52 The
1 : 1 stoichiometry of the complexes was checked by the molar
ratio method, using the absorbance data of WP6-i1 mixtures
and NMR shis of WP6-i2 mixtures (see Fig. S2 and S3 in the
ESI,† the poor solubility of WP6$i1 did not afford NMR
measurements). The binding constants, together with the
spectral data of the complexes are collected in Table 1. For
comparison, the K1 values and spectral data of the WP5
complexes of the three indicators, reported in our earlier
studies, are also shown in the table.
Fig. 4 Fluorescence titration of the guests (a) i2 (1 mM, lex: 433 nm) (b) i3
buffer (pH 7.4). The insets show the fluorescence emission at 533 nm vs.W
non-linear fitting).

16858 | RSC Adv., 2019, 9, 16856–16862
The similarly high values of the stability constants for
WP5$i1 and WP6$i1 demonstrates that they are both strong
complexes and that the complexation of this indicator does not
depend on the ring size of the host. In contrast, the inclusion of
the anchored naphthalimides exhibits a pronounced size-
selectivity. The K1 value for the WP6$i2 complex is more than
an order of magnitude higher than the value of K1 for WP5$i2,
i.e. the bulky tetraalkylammonium anchor ts better into the
larger cavity of six-membered macrocyclic host.

Conversely, the indicator with the smaller imidazolium
anchor, i3 forms a more stable complex with the macrocycle of
tighter cavity, WP5.

The structures of the indicator–macrocycle complexes were
further evaluated using 1H-NMR spectroscopy. Unfortunately,
the solubility of the WP6$i1 complex was low, not affording
a spectrum with a reasonably good S/N ratio. Valuable infor-
mation could be obtained, however, from the spectrum of
WP6$i2 (Fig. 5).

A large alteration in the complex spectrum can be observed
which is attributable to the inclusion of i2 in the cavity of WP6.
Both the anchor moiety (protons I, J and K) and the aromatic
protons are signicantly shied that indicates not only partial
inclusion as in the case of WP5 but complete threading of the
guest molecule. This is a large difference from the structure of
(1 mM, lex: 438 nm) with WP6 (0 to 300 equivalents) in 0.02 M HEPES
P6 concentration (black dots: experimental data, cyan curve: result of

This journal is © The Royal Society of Chemistry 2019
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Table 1 Association constants and spectral data of the complexes of
indicators i1, i2 and i3withWP5 andWP6. For comparison, the spectral
data of the uncomplexed indicators are also shown

log K1 (K1 in M�1) labs (nm) 3 (M�1 cm�1) lem (nm) F

i1 449 29 200 615 0.002
WP5$i1a 6.11 515 14 300 607 0.041
WP6$i1 6.26 501 15 900 615 0.035
i2 14 900 533 0.32
WP5$i2b 3.68 433 14 800 0.06
WP6$i2 4.81 428 15 900 0.03
i3 438 18 800 535 0.20
WP5$i3b 5.45 14 800 0.02
WP6$i3 4.61 14 700 0.02

a From ref. 33. b From ref. 34.

Fig. 5 1H-NMR spectra (500 MHz, D2O, 0.5 mM) of i2 in the presence
of 0 to 2.0 equivalents of WP6.
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the complex WP5$i2, in which only the anchor moiety intrudes
into the pillararene cavity, providing an interesting example for
the size-selective complexation by pillararene supramolecular
receptors.

Fluorescent indicator displacement

Next, we aimed at using two of our indicator–macrocycle
complexes for chemosensing purpose, namely, WP6$i1 and
WP6$i2. Not only their association constants are different but
opposite uorescence responses to the addition of analytes
could be expected from these two supramolecular analytical
systems. This dual reactivity might be a useful feature for
differential sensing and molecular logic gates.53 To achieve
large uorescence responses, we selected the macrocycle
concentrations to reach exactly 90% complexation degree for
both systems. At this concentration, 6 and 140 equivalents of
WP6 were required for i1 and i2, respectively. The changes of
the uorescence spectra of the two assays in the presence of the
neurotransmitters are illustrated in Fig. 6.

The opposite uorescence responses are demonstrated on
the spectra obtained with histamine as analyte – this neuro-
transmitter induces the largest changes (see Fig. 6a and c). The
addition of histamine to the WP6$i1 assay leads to a large turn-
This journal is © The Royal Society of Chemistry 2019
off uorescence response, even at a low analyte concentration.
In the case of WP6$i2, a signicant, almost 6-fold uorescence
enhancement was reached at higher histamine concentrations.
The selective complexation of histamine with WP6 is apparent
when comparing the uorescence responses of the different
analytes (Fig. 6b and d).

At low concentrations of histamine, the WP6$i1 system is
more sensitive, the detection limit is z 2 � 10�7 M. The
sensitivity of theWP6$i2 system in the initial range is lower, due
to the high relative excess of the WP6 host. Both systems
respond to choline and acetylcholine, but to a much weaker
extent. The two assays do not distinguish these two analytes
which can be rationalised by their structural similarity and
identical (trimethylammonium group) recognition site. The
other monoamine analytes applied (dopamine, norepineph-
rine, epinephrine, serotonin) induced even weaker spectral
changes.

The stability constant of the histamine–WP6 complex, K2 was
calculated from the uorescence spectra of the i2-WP6–hista-
mine and i1-WP6–histamine ternary systems. A non-linear
tting was carried out to the uorescence intensities at the
band maxima, using the algorithm developed by Anslyn et al.54

K2 was considered a single tting parameter, with a common
value for the two sets of spectral data, the values of the K1

stability constants for the WP6$i1 and WP6$i2 complexes in
Table 1, obtained from the spectra of the pillararene-indicator
mixtures were retained. This calculation yielded a value of K2

¼ 2.1 � 105 M�1 for the WP6–histamine complex.
As can be seen in Fig. S5 and S6 in the ESI,† the calculations

reproduced the experimental data successfully – in case of the
WP6-i1–histamine systems the agreement was very good –

demonstrating the validity of this simple reaction scheme for
both the turn-off assay WP6$i1 and the turn-on assay WP6$i2.

To further evaluate the complexation of the analytes, 1H-
NMR experiments were performed in the case of histamine,
dopamine, choline and acetylcholine. The 1H spectra of the
titration of histamine with WP6 are shown in Fig. 7. As can be
seen in the gure, the addition of WP6 resulted in the upeld
shi and broadening of all the four proton signals of histamine,
indicating the inclusion of the whole molecule. The signicant
upeld shi is the result of the inclusion in the aromatic rings
of the macrocycle. The signals in the NMR spectra of dopamine,
choline and acetylcholine changed in a similar manner upon
the addition of WP6 (Fig. S7–S9†) with the exception of the
signal of the acetyl group of acetylcholine. In that case, only
a small shi was detected that might be due to the exclusion of
the acetyl group from the cavity of the macrocycle which
explains why the WP6-based assays did not differentiate
between choline and acetylcholine. The elongation of the cavity
(i.e. synthesising macrocycles built up from ‘longer’ monomer
molecules) might result in the strongly desired selective recog-
nition of acetylcholine.55

The changes in the NMR spectrum of the assay WP6$i2 in
course of the indicator displacement by histamine are illus-
trated in Fig. 8. The spectrum of i2 with 1 equivalent histamine,
in the absence of WP6 (uppermost spectrum) demonstrates the
lack of interaction between these two guest molecules. Starting
RSC Adv., 2019, 9, 16856–16862 | 16859
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Fig. 6 Indicator displacement of the complexes with various neurotransmitter analytes in HEPES buffer (pH 7.4). (a) Fluorescence spectra of
WP6$i1 (0.9 mM i1, 5.8 mMWP6, lex: 482 nm) upon addition of histamine (0 to 0.68mM) (b) relative fluorescence values ofWP6$i1 at 615 nm upon
addition of different analytes (c) fluorescence spectra ofWP6$i2 (0.9 mM i1, 126 mMWP6, lex: 438 nm) upon addition of histamine (0 to 0.68 mM)
(d) relative fluorescence values of WP6$i2 at 533 nm upon addition of different analytes.

Fig. 7 1H-NMR spectra (500 MHz, D2O, 0.5 mM) of histamine in the
presence of 0 to 2.0 equivalents of WP6.

Fig. 8 1H-NMR spectra (500 MHz, D2O, 0.5 mM) of the indicator
displacement of i2-WP6 mixture in the presence of histamine in
different concentrations. The uppermost spectrum is a mixture of i2
and histamine.
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from theWP6-i2 1 : 1 binary mixture (lowermost spectrum), the
displacement of the indicator is clearly observable even in the
spectrum of the 1 : 1 : 1 ternary mixture. In this spectrum, the
broadening and the shiing of the signals of i2 become less
pronounced, the signals are closer to the original ones of i2.
Accordingly, the positions and shapes of the signals of hista-
mine are changed less in the spectrum of the 1 : 1 : 1 ternary
system than in the spectrum of the WP6–histamine binary
mixture (Fig. 6). This is a clear evidence that i2 and histamine
bind to WP6 in commensurable ratios, in accordance with the
close values of the stability constants of the WP6$i2 and
16860 | RSC Adv., 2019, 9, 16856–16862
WP6$histamine complexes. Adding histamine to the assay in
higher excesses, the spectral features of i2 are gradually
recovered.
Experimental

The indicators i1, i2 and i3 were synthesised as described in our
earlier papers.33,34 The synthesis of WP6 (ammonium salt) was
carried out as reported56–58 with slight modications in the
procedure and described in the ESI† in detail. The starting
This journal is © The Royal Society of Chemistry 2019
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materials and solvents were purchased from commercial
suppliers and used without further purication. The neuro-
transmitters were obtained from Sigma (choline and acetyl-
choline as chloride salts, histamine as dihydrochloride,
serotonin and dopamine as hydrochloride).

The absorption and uorescence spectroscopic experiments
were carried out in HEPES buffers of pH 7.4. The uorescence
quantum yields were determined using Coumarin 153 as
reference. The absorption spectra were recorded on an Agilent
8453 spectrometer. The uorescence spectra were measured on
a PerkinElmer 50B spectrouorimeter. The NMR spectra were
acquired on a 500 MHz Bruker Avance DRX-500 spectrometer.
All the spectral measurements were carried out at 25 �C.

Conclusion

We studied the inclusion complexes of three uorescent indi-
cators – a stilbazolium dye and two ‘anchored’ naphthalimide
derivatives – with carboxylato-pillar[6]arene, WP6. The stilba-
zolium dye (i1) gave turn-on, the naphthalimides (i2 and i3)
turn-off uorescence responses upon complexation. The
complexes of the three indicators with WP6 and its ve-
membered ring homologue, WP5 were compared and in the
case of the two naphthalimide derivatives an interesting size
selectivity was found. Furthermore, two of the WP6-indicator
supramolecular systems were selected as uorescent indicator
displacement assays for the detection of neurotransmitters. The
two systems showed opposite uorescence responses and good
selectivity towards histamine. We believe that this work can
further extend the application of this versatile macrocycle
family, especially their still unexplored supramolecular analyt-
ical potential.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the Higher Education Excellence
Program of the Ministry of Human Capacities (BME FIKP-BIO).

References

1 J.-M. Lehn, Angew. Chem., Int. Ed., 1988, 27, 89–112.
2 D. J. Cram, Angew. Chem., Int. Ed., 1988, 27, 1009–1020.
3 C. J. Pedersen, Angew. Chem., Int. Ed., 1988, 27, 1021–1027.
4 L. You, D. Zha and E. V. Anslyn, Chem. Rev., 2015, 115, 7840–
7892.

5 R. Pinalli, A. Pedrini and E. Dalcanale, Chem. Soc. Rev., 2018,
47, 7006–7026.

6 T. L. Mako, J. M. Racicot and M. Levine, Chem. Rev., 2019,
119, 322–477.

7 J. Murray, K. Kim, T. Ogoshi, W. Yao and B. C. Gibb, Chem.
Soc. Rev., 2017, 46, 2479–2496.

8 B. T. Nguyen and E. V Anslyn, Coord. Chem. Rev., 2006, 250,
3118–3127.
This journal is © The Royal Society of Chemistry 2019
9 R. N. Dsouza, U. Pischel and W. M. Nau, Chem. Rev., 2011,
111, 7941–7980.

10 G. Crini, Chem. Rev., 2014, 114, 10940–10975.
11 K. Pal, S. Mallick and A. L. Koner, Phys. Chem. Chem. Phys.,

2015, 17, 16015–16022.
12 K. N. Koh, K. Araki, A. Ikeda, H. Otsuka and S. Shinkai, J. Am.

Chem. Soc., 1996, 118, 755–758.
13 A. Hennig, H. H. Bakirci and W. M. Nau, Nat. Methods, 2007,

4, 629–632.
14 D.-S. Guo and Y. Liu, Acc. Chem. Res., 2014, 47, 1925–1934.
15 Z. Zheng, W.-C. Geng, J. Gao, Y.-Y. Wang, H. W. Sun and

D.-S. Guo, Chem. Sci., 2018, 2087–2091.
16 A. Praetorius, D. M. Bailey, T. Schwarzlose and W. M. Nau,

Org. Lett., 2008, 10, 4089–4092.
17 M. Florea and W. M. Nau, Angew. Chem., Int. Ed., 2011, 50,

9338–9342.
18 S. J. Barrow, S. Kasera, M. J. Rowland, J. Del Barrio and

O. A. Scherman, Chem. Rev., 2015, 115, 12320–12406.
19 S. Sonzini, J. A. McCune, P. Ravn, O. A. Scherman and

C. F. van der Walle, Chem. Commun., 2017, 53, 8842–8845.
20 T. Ogoshi, S. Kanai, S. Fujinami, T. Yamagishi and

Y. Nakamoto, J. Am. Chem. Soc., 2008, 130, 5022–5023.
21 P. J. Cragg and K. Sharma, Chem. Soc. Rev., 2012, 41, 597–

607.
22 M. Xue, Y. Yang, X. Chi, Z. Zhang and F. Huang, Acc. Chem.

Res., 2012, 45, 1294–1308.
23 H. Zhang and Y. Zhao, Chem.–Eur. J., 2013, 19, 16862–16879.
24 K. Yang, Y. Pei, J. Wen and Z. Pei, Chem. Commun., 2016, 52,

9316–9326.
25 T. Ogoshi, T. Yamagishi and Y. Nakamoto, Chem. Rev., 2016,

116, 7937–8002.
26 J.-F. Chen, Q. Lin, Y.-M. Zhang, H. Yao and T.-B. Wei, Chem.

Commun., 2017, 53, 13296–13311.
27 C. Sathiyajith, R. R. Shaikh, Q. Han, Y. Zhang, K. Meguellati

and Y.-W. Yang, Chem. Commun., 2017, 53, 677–696.
28 X. Shu, K. Xu, D. Hou and C. Li, Isr. J. Chem., 2018, 1–12.
29 T. Ogoshi, M. Hashizume, T. Yamagishi and Y. Nakamoto,

Chem. Commun., 2010, 46, 3708–3710.
30 C. Li, X. Shu, J. Li, S. Chen, K. Han, M. Xu, B. Hu, Y. Yu and

X. Jia, J. Org. Chem., 2011, 76, 8458–8465.
31 C. J. Li, J. W. Ma, L. Zhao, Y. Y. Zhang, Y. H. Yu, X. Y. Shu,

J. Li and X. S. Jia, Chem. Commun., 2013, 49, 1924–1926.
32 P. Wang, Y. Yao and M. Xue, Chem. Commun., 2014, 50,

5064–5067.
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