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HIGHLIGHTS

o Acidic dissociation of HPTS is promoted
on complexation with cationic pillar[6]
arene.

e HPTS — cationic pillar[6]arene complex
acts as a fluorescent ratiometric IDA for
ATP.

e Turn-on ATP sensor was made exploit-
ing the FRET quenching of HPTS by
reduced GO.

e Broad linear range of turn-on ATP
sensor in 1% human serum.

e Structures of host-guest complexes
determined by NMR and theoretical
calculations.
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ABSTRACT

For ATP detection, indicator displacement assays with multicationic macrocyclic hosts and anionic fluorescent
dye guests represent an intuitive design strategy. However, such systems typically exhibit turn-off responses. For
biological samples with strong background- and autofluorescence, ratiometric or turn-on signaling is preferred,
which requires more sophisticated assay architectures. In the present work, the host-guest complexation of
fluorescent pH indicator dye trisodium 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) with a cationic
ammonium-pillar[6]arene (AP6) was employed in the design of indicator displacement assays featuring two
distinct detection modes for the fluorescent sensing of nucleotide ATP. In the first approach, AP6-assisted
deprotonation of HPTS enabled the development of a colorimetric and a fluorescent ratiometric assay. In the
second strategy, fluorescence turn-on sensing was achieved by exploiting the FRET-type quenching of HPTS
fluorescence by AP6-modified reduced graphene oxide (rGO-AP6). Both sensing platforms demonstrated high
selectivity toward ATP over structurally similar nucleotides and other biologically relevant anions, a broad
dynamic range and a low limit of detection. The performance of the turn-on ATP sensor was validated in the
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complex biological matrix of human serum, demonstrating its applicability for practical bioanalytical

applications.

1. Introduction

Adenosine triphosphate (ATP) functions as the “energy currency” of
the cell, plays a central role in cellular energy metabolism, the synthesis
and degradation of biomolecules, membrane transport processes and
DNA replication. Abnormal ATP concentrations have been associated
with several diseases, including ischemia, Parkinson's and Alzheimer's
disease [1], cancer [2] and hypoglycemia.

Several methods have been developed for the detection and quanti-
fication of nucleoside polyphosphates, like capillary electrophoresis [3],
high-performance liquid chromatography [4], aptamer-based assays
[5-8], luciferase-based bioluminescence methods [9], nanomaterials
[10] and synthetic fluorescent sensors. The most popular and commer-
cialized method to quantify ATP is the luciferin/luciferase system,
which requires cell lysis, the extraction of ATP from the intact cells [11].
Synthetic fluorescent probes offer the advantage of enabling live-cell
imaging, without the need for cellular transfection [12]. Fluorescent
probes include direct cationic probes and fluorescent indicator
displacement (FID) assays. In the case of direct probes, the fluorophore
interacts with ATP through either one or two mechanisms (electrostatic
interactions with the phosphate chain, n-n stacking with the adenosine
base, or complexation to the vicinal diol of the ribose ring [13,14]),
which often results in limited selectivity, low binding affinity and/or
may lead to aggregation [15].

An advantage FID assays offer is that the macrocyclic host compo-
nent usually engages with the fluorophore/target analyte through
multiple synergistic effects (multiple electrostatic, 7-t and hydrophobic
interactions), resulting in improved sensitivity, selectivity and a larger
signal change. Several indicator displacement assays have been
designed for the detection of nucleotides and inorganic phosphates
[16-18], including ATP [19-22]. However, most of these systems
function as colorimetric or fluorescence turn-off sensors.

As fluorescent nucleotide sensors are applied in biological samples,
which usually have strong background interference, sensors affording
ratiometric measurement and sensors with turn-on response are greatly
advantageous.

In this study, three types of sensors have been developed for ATP
detection: a colorimetric ratiometric, a fluorescent ratiometric and a
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fluorescent turn-on sensor. All three systems are based on supramolec-
ular complexes of cationic ammonium-pillar[6]arene (AP6) as the host
component, and commercially available anionic dye, trisodium-1,3,6-
trisulfonic acid (HPTS, a.k.a. Pyranine) as the guest component
(Scheme 1. A). In addition to creating efficient new chemosensors for
ATP detection, our aim has been to compare the performance of the
sensors with different detection modes. Our colorimetric and fluorescent
ratiometric sensors utilize the pK, shift observed in the HPTS-AP6
complex, resulting in distinct changes in its absorption spectra and
fluorescent properties (Scheme 1. B). For the fluorescent turn-on assay,
AP6 was grafted onto the surface of reduced graphene oxide via elec-
trostatic interactions, forming adduct rGO-AP6 [23]. The adduct
quenches the fluorescence of bound HPTS molecules through a process
primarily attributed to Forster resonance energy transfer (FRET). In the
presence of ATP, HPTS is displaced from the rGO-AP6 surface, and its
fluorescence is regenerated (Scheme 1. C).

Several fluorescent ATP sensors utilizing the FRET effect have been
reported in the literature, mainly protein-based and aptamer-based

Scheme 2. The cyclic reaction process of HPTS complexation; G denotes tet-
raanionic HPTS, GH the trianionic HPTS species, while M represents AP6
macrocyclic host.
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Scheme 1. A) Structures and symbols of fluorescent dye (HPTS), cationic pillar[6]arene (AP6), nanocomposite rGO-AP6 and analyte ATP; B) working concept of the
colorimetric and ratiometric fluorescent ATP-sensors; C) working concept of the turn-on fluorescent ATP-sensor.
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Fig. 1. (A) UV-visible absorption spectra of 10~°> M HPTS +0-6 equiv. AP6 mixtures at pH = 4.5 (Britton-Robinson buffer); (B) Fluorescence emission spectra of
2.10~7 M HPTS +0-232 equiv. of AP6 mixtures at pH = 4.5 (Britton-Robinson buffer), Aexc = 410 nm; (C) UV-visible absorption spectra of 2.10~° M HPTS +0-9
equiv. of AP6 mixtures at pH = 10.2 (CAPS buffer); (D) Fluorescence anisotropy (r) vs AP6 concentration in 2-10~® M HPTS +0-2.3 equiv. of AP6 mixtures at pH =
10.2 (CAPS buffer), Aexe = 465 nm; the insets show the absorbance/fluorescence intensity changes at given wavelength, the red lines show the fit of the applied
model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Binding constants of 1:1 and 2:1 HPTS-AP6 complexes.
Host- Method Medium K, K Ko M7']
guest M1
system
. 4.5 pH Britton-
Absorption Robinson (715 £ B
sbectrosco buffer (ionic 0.77)-10*
GH + P Py strength 0.04 M)
AP6 Fluorescence 4.5 pH Britton-
Robinson (711 £
Spectrosco buffer (ionic 0.08)-10* -
P Py strength 0.04 M)
Ab: i 10.2 pH CAPS buffi
sorption 0.2 p (i(:miCS uffer (3.60 = (8.9 +7.9).
6 5
G + spectroscopy strength 0.01 M) 0.79)-10 10
AP6 Fluorescence 102 pH(i(;ﬁiiS buffer (3.44 £1.0)-  (9.940.95)-
anisotropy 10° 10°

strength 0.01 M)

sensors [24-27]. However, to our knowledge, no FID assay based on the
interaction of a fluorescent dye (acting as FRET-donor) and macrocycle
grafted onto a nanoparticle (acting as FRET-acceptor) with selectivity
for ATP has been reported so far.

Our study encompasses the systematic design and characterization of
the various type ATP sensors, the description of the structures of the

HPTS-AP6 supramolecular complexes and the testing of the FRET-type
sensor in human blood serum.

2. Materials and methods
2.1. Materials

AP6 was synthesized as described in Ref. [28]. First, a pillar[6]arene
perfunctionalized with 2-bromoethoxy groups (BrP6) was prepared by
the condensation of 1,4-bis(2-bromoethoxy)-benzene and para-
formaldehyde. AP6 was obtained then by reacting BrP6 with trime-
thylamine in large excess.

The synthesis of graphene oxide followed an improved Hummers
method [29]. The graphite powder used in the synthesis was purchased
from the Graphite Tyn, Tyn nad Vltavou chemical company (Czech
Republic) (particle size is <63 pm according to the manufacturer). A
detailed characterization of graphene oxide can be found in Ref. [30].
rGO-AP6 was synthesized according to the procedure reported in
Ref. [31]. A mixture of 0.5 mg/ml graphene oxide aqueous suspension
and 0.5 mg/ml pillar[6]arene (AP6) was ultrasonicated for 10 min, then
stirred for 4 h (1000 rpm, 24 °C). 2 ml of 1 M sodium-hydroxide was
added, then the mixture was stirred for 4 h again at 90 °C. The brown
suspension turned black. The cooled mixture was centrifuged, washed,
then dried at 70 °C for 18 h.

Buffer component Tris was purchased from ThermoFisher Scientific,
HEPES and Bis-Tris was purchased from Merck. Hydrochloric acid and
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Fig. 2. (A) Absorption spectra of HPTS (2:107° M) in Tris buffer mixtures (pH
6.2-9.1); (B) Absorption spectra of HPTS (2:107° M) and AP6 (5.2 equiv.) in
Bis-Tris (pH 4.6-7) and Tris buffer mixtures (pH 7.2-8.2); (C) Absorbance
changes at 463 nm, the isosbestic point for deprotonated HPTS and its AP6
complex vs pH; connected lines show the fits of the applied models.

sodium hydroxide were used to set the pH of the buffer mixtures.
Fluorescent dye HPTS was purchased from Alfa Aesar and used without
further purification. MilliQ water was used in all experiments.
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2.2. Methods

2.2.1. Spectroscopic experiments

UV-Vis absorption spectra were recorded on an Agilent 8453 single-
beam spectrophotometer.

Fluorescence emission, excitation and anisotropy spectra were
measured on an Edinburgh Instruments FS5 spectrofluorometer. When
measuring fluorescence emission spectra of samples containing sus-
pensions of rGO-AP6, the polarizers of the instrument were set to
orthogonal positions, and cutoff optical filters were employed to avoid
light scattering from the colloidal material.

Fluorescence anisotropy was measured automatically in the range
510-520 nm, and average anisotropies (r) were determined.

'H NMR spectra were measured on a 500 MHz Varian NMR narrow
bore spectrometer with 1 s relaxation times. The spectra of protonated
HPTS were studied in DCI + D50 solution (pD = 2), deprotonated HPTS
spectra were measured in NaOD + D50 solution (pD = 12). The sodium
salt of 3-(trimethylsilyl)-1-propanesulfonic acid (DSS) was added as
reference.

2.2.2. Computational methods

For the theoretical calculations, conformational analysis was carried
out using the CREST algorithm [32] at the semiempirical GFN2-xTB
level of theory [33]. The complex structures were generated using an
in-house script and the Autodock Vina package [34]. The lowest-energy
geometries were selected and further optimized using the Gaussian 09
software package [35] at the ®B97X-D/def2-SVP level of theory [36].
Single-point energy calculations were performed at the ®B97X-D/def2-
SVPD level of theory. Both semiempirical and DFT calculations were
carried out using water as the solvent.

2.2.3. Determination of equilibrium constants

The acidic dissociation constant K, of the HPTS dye was determined
from its absorption spectra measured in the 6.2-9.1 pH range in Tris
buffers. A global fitting was made to the experimental spectra with pK,
as the adjustable parameter. The pK, value for the HPTS-AP6 complex
was determined in a similar manner, the samples were HPTS solutions of
different pH values in Bis-Tris and Tris buffers to which 5.2 eq. AP6 was
added.

The binding constant for the AP6 complex of protonated HPTS, K/,
was determined both by absorption and fluorescence spectroscopy. The
samples were prepared in Britton-Robinson buffer solutions of pH = 4.5,
with constant dye concentration and increasing pillar[6]arene
concentrations.

In the interaction of deprotonated HPTS with AP6, complexes of 1:1
and of 2:1 (dye:pillararene) stoichiometry were observed. The binding
constants K;; and K, were determined both by absorption spectroscopy
and by fluorescence anisotropy measurements in CAPS buffer solutions
of pH = 10.2. The binding constants were obtained by global fittings to
the experimental data.

The indicator displacement experiments were carried out in HEPES
buffer solutions, the pH and the concentration of AP6 were optimization
parameters. The spectra obtained from the HPTS-AP6-ATP ternary sys-
tems afforded the calculation of the binding constant for the ATP-AP6
complex by global fitting.

The algorithms used for the determination of the acidic dissociation
constants and binding constants by global fitting are described in detail
in the SL

3. Results
3.1. Reactions in HPTS - AP6 system
3.1.1. Scheme of reactions

The scheme of reactions observed in the HPTS — AP6 system is pre-
sented in Scheme 2. The protonation of the hydroxyl group of HPTS, the
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Fig. 3. (A) Absorption spectra of HPTS (2:1075 M) - AP6 (1.5-10 "> M) system in the presence of ATP nucleotide; the inset shows the color changes observed after the
addition of ATP (HEPES buffer solution, pH = 7); (B) Absorbance changes at 460 nm detected at the addition of ATP, ADP and AMP nucleotides, scatter plot —
measured data, line plot — fitted functions; (C) photographs of HPTS-AP6 in presence of 1.1 mM of the nucleotides under visible light.
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Fig. 4. (A) Fluorescence emission spectra of HPTS-AP6 (2:10°° M HPTS +2.2:10"° M AP6) in the presence of 0-0.5 mM of ATP, Aexc = 457 nm; (B) Fluorescence
excitation spectra of HPTS-AP6 in the presence of 0-0.5 mM of ATP, Ay, = 515 nm; (C) Fluorescence intensities at 515 nm (from A) and 457 nm (from B) vs the initial
concentration of ATP; (D) Fluorescence responses of the assay vs concentration of ATP (semi-logarithmic scale) measured at increasing concentrations of ATP, UTP,
ADP and AMP; pH = 7, HEPES buffer; scatter plot — measured data, line plot — fitted function.

complexation of HPTS, the protonation of the HPTS-AP6 complex and
the complexation of protonated HPTS are equilibrium reactions forming
a cyclic reaction scheme. In HPTS — AP6 mixtures with HPTS excesses,
2:1 dye-pillararene complex has also been detected. The design of the
ATP sensors required the knowledge of the equilibrium constants
characterizing the HPTS — AP6 system.

3.1.2. Binding constants
The binding of the protonated form of HPTS to AP6 was studied in
Britton-Robinson buffer of pH = 4.5, whereas the binding of the

deprotonated dye to the pillararene was studied in pH = 10.2 CAPS
buffer. Considering the pK, values of free HPTS and its AP6 complex at
pH 4.5 (see section 3.1.3), the dissociation of these species was negli-
gible, whereas at pH 10.2, the dye and its complex were practically fully
dissociated. The association constant of protonated HPTS (GH) with
pillararene AP6 (M)

’
S

[GH-M]

(GH][M] W

was determined both by absorption and fluorescence spectroscopy. The
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Table 2
Binding constants of the ATP-AP6 and rGO-AP6-ATP complexes, determined by
indicator displacement experiments.
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Fig. 5. (A) Photograph of the HPTS-AP6 assay recorded under 460 nm LED
irradiation and (B) fluorescence response toward 0.5 mM ATP compared with
nucleotides, amino acids and naturally occurring anions, Aey, = 515 nm, pH = 7;
the composition of the complex is 2-10~® M HPTS and 1.1 equiv. of AP6; error
bars represent standard deviation from 2 parallel measurements.

details of this calculation are presented in detail in Section S1 of the SIL.

For the absorption measurements, 0-6 equiv. of AP6 was added in
small amounts to a solution where the concentration of HPTS was kept
constant (Fig. 1. A). The same experimental conditions were applied for
the fluorescence studies, where 0-232 equiv. of AP6 was added step by
step to a HPTS solution, and the emission spectra were recorded (Fig. 1.
B). The excitation wavelength was chosen as the isosbestic point of the
free HPTS dye (GH) and the complex (GH-M) - this way, the fluores-
cence spectra were not affected by the different absorption coefficients
of the dye and its complex. The binding isotherm in Fig. 1. A reflects a
typical 1:1 equilibrium binding model: the signal shows linear depen-
dence at low pillararene concentrations and approaches a plateou when
close to saturation. In the titration experiment illustrated in Fig. 1. B,
AP6 was added to the solution of HPTS in high excesses. As follows from
Egs. (S2)-(S5) for the range [M]o > [Glo, the binding isotherm has a
closely hyperbolic shape. The binding constant values obtained by
global fitting to the absorption and fluorescence emission spectra are

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 364 (2027) 128536

presented in Table 1.

Upon the addition of AP6 to the deprotonated HPTS dye (G), the
absorption and fluorescence emission spectra exhibited only minor
changes. The absorption spectra are shown in Fig. 1. C. As the AP6-HPTS
complex is significantly larger than the free HPTS tetraanion, and
therefore the fluorescence anisotropy of the mixture would increase
with the addition of AP6, fluorescence anisotropy was applied as a
supplementary tool to absorption spectroscopy to study the binding of
deprotonated HPTS and AP6 (Fig. 1. D).

The molar ratio plots of the absorbance and the fluorescence
anisotropy data for mixtures of deprotonated HPTS and AP6 (Fig. S1)
suggest a 2:1 as well as a 1:1 host-guest binding.

The values of the binding constants

_leM

" T MiG @
_ [G>M]
Ko = iGliG-Mi 3

determined by least-squares global fitting to the absorption spectra and
to the average anisotropies are presented in Table 1.

The binding constants obtained from the absorption and fluores-
cence spectroscopic data are in close agreement. The AP6 host binds the
OH-deprotonated form of the HPTS guest much stronger than its pro-
tonated form. The ratio of the two binding constants characterizing the
complexation of the dissociated dye K;1/Ks2 is ~ 4, indicating that the
binding of the second guest is non-cooperative [37].

3.1.3. Acidic dissociation constants

Due to the preferential stabilization of the deprotonated form of
HPTS in the complex of AP6, a significant downward shift of the dye pK,
has been expected on complexation.

First, the acidic dissociation constant of the free HPTS dye was
determined from the absorption spectra of its 2:10~> M solutions with
pH ranging from 6.2 to 9.1 (Fig. 2. A).

The acidic dissociation constant of the HPTS-AP6 complex was ob-
tained by global fitting to the absorption spectra of HPTS — AP6 mix-
tures, the pH was varied in the 4.6-8.2 range. In the evaluation of the
spectra, it was assumed that deprotonated HPTS exists in its fully com-
plexed form, however, due to the lower binding constant of protonated
HPTS with AP6, a fraction of the dye remains in the uncomplexed state,
which fact must be considered when calculating the acidic dissociation
constant of the complex. Details of this calculation are presented in
Section S2 of the SI.

The global fittings yielded pK, = 7.93 for HPTS and 6.25 for the
HPTS-AP6 complex (Fig. 2. C). Thus, the acidic dissociation of HPTS was
promoted significantly by its coordination to the cationic pillararene.

It follows from the formulae of the binding constants and acidic
dissociation constants in the cyclic reaction scheme that they are related
as

K, K/
K, K,

@
Substituting the corresponding values in Eq. 4 (only Kj; in case of the
deprotonated HPTS),

3.44.10°
711104

10—6.25
~ 10-7.93

The matching values of the calculated ratios further support the
validity of the employed fitting models.
3.2. Displacement assays

The working principles of HPTS-AP6 and HPTS@rGO-AP6 indicator
displacement assays are illustrated in Scheme 1. B) and C).
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Fig. 6. Partial 'H NMR spectra (500 MHz, 295 K, D,0) of 2 mM HPTS (pD = 2) (a), a 1:1 mixture of 2 mM HPTS and AP6 (pD = 2) (b), a 1:1 mixture of 2 mM HPTS

and AP6 (pD = 12) (c¢), and 2 mM HPTS (pD = 12) (d).

3.2.1. Colorimetric ratiometric indicator displacement assay

Taking advantage of the significant difference in the pK, values of the
free HPTS dye and its AP6 complex, a colorimetric sensor has been
constructed for the detection of nucleotide ATP. Adding ATP to a
mixture of HPTS and AP6 with appropriate concentrations and pH, a
decrease in the absorption band at 460 nm and an increase at 403 nm
(Fig. 3. A, B), together with a fading of the bright green color (Fig. 3. C),
has been observed. These changes are due to the displacement of
deprotonated HPTS from its AP6 complex by ATP and the protonation of
the dye once it is released.

The experimental conditions (pH and host concentration) were
optimized to obtain maximum absorbance change at a selected ATP
concentration (the details of the optimization process are presented in
Section S3 of the SI). The optimal pH was found to be ~ 7 (Fig. S2. A),
which indicates that the sensor is ideal for applications under physio-
logical conditions. The initial concentration of HPTS was taken as
2:107° M, and the ideal AP6 concentration to achieve the largest
absorbance change for the whole dynamic range was 1.5-10™> M
(Fig. S2. B).

For the determination of the binding constant of ATP with AP6 (K}),
a solution of 2.10~> M HPTS was prepared in a 7 pH HEPES buffer, and
AP6 was added in excess (2.1 equiv.). At this composition, only a
negligible amount of 2:1 complex (Gy-M) is formed, thus the total
absorbance of the samples arises from the components G, G-M, GH-M
and GH. A fitting to the absorption spectra (see Section S4 in the SI)
yielded the value K, = 2.94-10° ML,

3.2.2. Fluorescent ratiometric indicator displacement assay

The same concept presented in Section 3.2.1. can be utilized in a
fluorescent indicator displacement assay, as variations in the absorption
spectra entail significant changes in fluorescent properties.

In the design of the fluorescent sensor, it has to be taken into
consideration that the trianionic form of HPTS is a strong photoacid, in
aqueous solution, the excited trianion dissociates before emission via a
fast proton transfer to water molecules [38]. Thus, the steady-state
emission band of trianionic HPTS coincides with the band of the tet-
raanionic species, but the fluorescence quantum yield of the trianionic
form is lower. Therefore, applying the HPTS-AP6 supramolecular com-
plex as a fluorescence sensor for ATP, two possible measurement
methods are available: either the excitation wavelength is selected as
457 nm, the absorption maximum of the G-M form, and the emission

spectra are recorded in the presence of ATP (Fig. 4. A), or the excitation
spectra are recorded, and similarly to the colorimetric approach, a ratio
of the intensities at 403 nm and 457 nm (the band maxima of the tri-
anionic and tetraanionic forms of the dye) is used to calculate analyte
concentration (Fig. 4. B).

Low [G]p and [M]o concentrations were selected to avoid the
abundant formation of the 2:1 complex. Similarly to the colorimetric
assay, the experimental conditions were optimized using the method
presented in Section S3 of the SIL

The binding constant of ATP to AP6, K, was determined both from
the emission and excitation spectra measured at different ATP concen-
trations by global fitting. The two values are presented in Table 2. The
measured and fitted intensities at 515 nm and 457 nm are shown in
Fig. 4. C. A limit of detection (LOD) of ~ 1 pM was calculated by fitting
of the initial linear responses in both the excitation and emission spectra.

The dynamic ranges of the FID assay for ATP, AMP, ADP and UTP are
shown in Fig. 4. D, the binding constants for the complexes of these
nucleotides with AP6 are presented in Table S1. None of the dynamic
ranges of the other nucleotides overlap with that of ATP, and the K,
nucleotide-AP6 binding constant values obtained by fitting these titra-
tion curves are all more than an order of magnitude lower than for ATP.

The selectivity of the sensor was further investigated at 0.5 mM
concentration of nucleotides ADP, AMP, GTP and UTP, tris(tetrabuty-
lammonium) hydrogen pyrophosphate (PPi), natural amino acids L-
Arginine, 1-Lysine and L-Glutamic acid, as well as naturally occurring
anions. Arginine and Lysine were selected because, as Kumar et al.
previously demonstrated, HPTS undergoes deprotonation in the pres-
ence of basic amino acids [39], resulting in increased absorbance at 457
nm. In the context of the ATP sensor, this would lead to a negative error
in the quantification of nucleotide concentration. A photograph of assay
solutions containing selected nucleotides irradiated with a 460 nm LED
is shown in Fig. 5. A. The fluorescence of the mixture containing the ATP
analyte is turned off almost completely in contrast to the other samples.
The bars in Fig. 5. B represent the ratios of the fluorescence excitation
intensities measured at 403 nm and 457 nm in presence of analytes
relative to the blank sample. Among the tested species, all nucleotides
show some fluorescent responses, their magnitude following the order
ATP > UTP > PPi > ADP > GTP > AMP. However, except for UTP, the
responses induced by the competing nucleotides remained compara-
tively weak. The amino acids and the naturally occurring anions caused
negligible fluorescent responses. The selectivity test was extended to
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Fig. 7. Complex structures of protonated HPTS with AP6 (A), deprotonated
HPTS with AP6 (B) and ATP with AP6 (C) based on DFT calculations.

common metal ions (Na*, K, Ca?*, Mg?", Fe®") and these ions also
induced only minimal changes in the fluorescence signal (see Fig. S4. A).

We note that no significant changes were observed in the absorption,
excitation and emission spectra of HPTS upon addition of the analytes in
the absence of AP6.

3.2.3. Structures of the HPTS-AP6 and ATP-AP6 complexes

3.2.3.1. NMR spectra. The host-guest complexation of HPTS with
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cationic pillar[6]arene AP6 was investigated by 'H NMR spectroscopy.

Comparison of the partial spectra of HPTS in Fig. 6 (a) and (d) reveals
the structural effect of deprotonation. All proton signals shift upfield,
consistent with increased electron-donation (M+) and enhanced
shielding induced by the deprotonated hydroxyl group. This shift is most
pronounced for proton f, located in the ortho position to the hydroxyl
group.

In the 1:1 HPTS-AP6 mixtures, proton signals are broadened due to
complexation dynamics. In both the protonated and deprotonated
forms, proton e exhibits the most pronounced shift and broadening,
indicating similar complex structures with partial or complete inclusion
of the dye's aromatic core within the AP6 cavity. Most proton signals
shift upfield, consistent with shielding by the electron-rich macrocyclic
cavity. Exceptions are proton a in the protonated species and proton f in
the deprotonated form, both of which display downfield shifts. These
shifts can be attributed to local deshielding effects due to proximity to
the electron-withdrawing trimethylammonium groups of the pillarar-
ene, or, in the case of proton f, to the attenuation of the shielding effect
of the deprotonated hydroxyl group. These observations indicate subtle
structural differences between the G-M and GH-M complexes.

A more detailed analysis of the titration series (0-2 equiv. AP6,
Fig. S5. B and D) reveals a non-monotonic chemical shift trend for
proton f. An initial upfield shift at 0.5 equiv. AP6 is followed by a
reversal at higher host concentrations, which is consistent with a
concentration-dependent equilibrium involving both 1:2 and 1:1
host-guest stoichiometries and corresponding structural rearrange-
ments of the complexes.

The corresponding upfield region of the spectra, where the signals of
the AP6 host are observed, is shown in Figs. S4. A and C. Upon
complexation to both protonated and deprotonated HPTS, only minor
upfield shifts of the AP6 signals with slightly larger shifts are observed
for the binding of the deprotonated form. The most pronounced changes
are observed for protons on the aromatic core and the methylene bridges
of the macrocycle, consistent with partial or full inclusion of the guest.

The NMR spectrum of the ATP-AP6 complex has been previously
investigated and reported in Ref. [28].

3.2.3.2. Theoretical calculations. For the interpretation of the structures
predicted by NMR measurements and visualization of the complex
structures, theoretical calculations have been performed.

The aromatic core of the HPTS dye is partially incorporated into the
AP6 cavity in both the protonated and deprotonated HPTS complexes in
a similar manner (Figs. 7. A and B). Protonated HPTS appears to be more
deeply embedded within the cavity, inducing a more significant change
in the macrocycle conformation. The differences observed in the NMR
shifts of protons a and f in the complexes can be attributed to the distinct
binding modes of the two guests.

Fig. 7. C shows the ATP-AP6 inclusion complex, held together by
multiple strong interactions. The adenosine moiety fits inside the cavity
of AP6, and its phosphate chain is long enough to form electrostatic
interactions with the oppositely charged trimethylammonium groups
[40].

The association energies of the complexes are given in Table S2.
Since aqueous environments always give rise to specific interactions that
are not fully accounted for in DFT calculations, these values should be
considered only rough estimates, and the large difference between the
GH:M and G-M binding constants cannot be rationalized on this basis.
Nonetheless, ATP-AP6 complexes are consistently more stable than
HPTS-AP6 complexes, suggesting that indicator displacement is ex-
pected to take place in these systems.

3.2.4. Turn-on hybrid fluorescent displacement sensor

rGO-AP6 is a nanocomposite assembled from reduced graphene
oxide (rGO) and cationic ammonium pillar[6]arene (AP6). rGO-AP6 was
synthesized and characterized previously by our research group [23]. In
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Fig. 8. (A) Emission spectra of HPTS (5-107 M) in the presence of 0-10 mg/1 rGO-AP6, Lexc = 416 nm; the inset shows the Io/I ratios vs the concentration of AP6, (B)
emission spectra of HPTS (5-10~7 M) + 10 mg/1 rGO-AP6 in the presence of varying concentrations of ATP, Aexc = 416 nm; (C) photographs of HPTS 5.10~7 M, HPTS
51077 M + 10 mg/1 rGO-AP6 and HPTS 51077 M+ 10 mg/1 rGO-AP6 + 0.5 mM ATP in HEPES buffer, 10 mM, pH = 7; (C) emission spectra of HPTS (51077 M) +
10 mg/1 rGO-AP6 in the presence of varying concentrations of ATP, Aey. = 416 nm; (D) fluorescence intensity detected at 515 nm vs the initial concentration of ATP,

semi-logarithmic scale; scattered plot — measured data, line plot - fitted models;

this work, utilizing the quenching effect of graphene oxide species, a
turn-on FID-sensor for ATP based on FRET-effect has been constructed.

First, the quenching effect was examined using 5-10~7 M HPTS so-
lution in pH 7 HEPES buffer to which 10 mg/1 rGO-AP6 was added. The
sample was ultrasonicated intensely for 15 min. The dispersion was
stable and no changes could be observed in its spectroscopic properties
for ~ 2 days. The emission spectra of HPTS in presence of increasing
amounts of rGO-AP6 are shown in Fig. 8. A. From the XPS data published
in [23], the maximum available concentration of AP6 binding sites on
the surface of the nanocomposite is 2.4-10~% mol/g. The Ip/I ratios at the
emission maximum were plotted against the AP6 concentration corre-
sponding to the added rGO-AP6 composite, and fitted to a simple static
quenching model [41].

B Kolq)+1 ®)

The binding constant of the rGO-AP6@HPTS system, taken as the
quenching constant, Kq obtained from this linear fit is 4.17.10° ML,

Subsequently, the HPTS solution with 10 mg/l rGO-AP6 was tested
as an ATP sensor. At this nanocomposite concentration, the fluorescence
is quenched almost completely. At the addition of 0-0.5 mM ATP, HPTS
was displaced from the nanocomposite, and the emission of HPTS was
regenerated (Fig. 8. B and C). At high ATP concentrations, a slight
change in the excitation spectra and a decrease of the solution pH was
observed, attributable to the acidity of ATP. To avoid the errors asso-
ciated with the changes of the excitation spectra, the isosbestic point of
the G and GH forms of HPTS (416 nm) was selected as the excitation
wavelength.

The fluorescence intensities measured at 515 nm were fitted to a
displacement model presented in Section S4. It was assumed that the

detected emission is solely from free HPTS, and the HPTS molecules
bound to rGO-AP6 are non-fluorescent. The binding constant K, of the
HPTS@rGO-AP6 complex in the presence of ATP was determined to be
2.68-10° M}, which is comparable to the values calculated for the
HPTS-AP6 FID-system (Table 2). The LOD determined for the initial
linear response of the sensor was 0.74 pM.

The association constants determined for the ATP-AP6 complex
across the three experimental systems and detection methods are
consistent with previously reported values (Yu et al. reported 1.52-10°
M’l, determined from isothermal titration calorimetry [28], whereas
Bojtar et al. reported 4.45-10° M~!, calculated from indicator
displacement with fluorescent detection [40]). It should be noted that
variations in ionic strength, pH and buffer composition might substan-
tially affect the apparent binding constant.

The selectivity of the rGO-AP6@HPTS assay was evaluated against
the same nucleotides, amino acids and anions as in case of the ratio-
metric fluorescent ATP sensor in Section 3.2.2. Fluorescence enhance-
ment was measured at 515 nm in the presence of 0.5 mM of the analytes.
Under 370 nm UV irradiation, the ATP-containing sample exhibited a
markedly enhanced fluorescence compared to all other tested nucleo-
tides (Fig. 9. A and B). The sensing ensemble also produced negligible
response toward physiologically relevant metal ions (Fig. S4. B). Of the
tested ions, Fe®" caused a slight additional decrease of fluorescence, in
agreement with the documented quenching of HPTS emission by tran-
sition metal ions [42].

It can be noted that in principle, our rGO-AP6 composite may be
considered a nanosensor for the sequential turn-off and turn-on detection
of HPTS dye and ATP. Recently, various nanosensors have been devel-
oped which are capable of the sequential detection of ionic analytes like
the Ag/Au nanoclusters sensing sulfide and iodide [43] and sulfur-
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Fig. 10. Fluorescent response of the rGO-AP6@HPTS (5107 M HPTS +10
mg/]1 rGO-AP6) indicator displacement sensor at 515 nm in the presence of
varying concentrations of ATP (0-0.5 mM) in pH 7 HEPES buffer (10 mM) in
the presence of 1% human serum.

functionalized carbon dots sensing aluminium and fluoride ions [44].

Inspecting the calibration curves in Fig. S3, the characteristics of the
sensors operating with different detection modes can be compared. The
LOD values for the three sensors with fluorescence detection fall in the
range of 0.5-1.5 pM which is comparable to or better than those re-
ported for related fluorescent ATP sensors [12,45]. The dynamic con-
centration range spans from ~ 1 pM to =~ 200 pM in case of all detection
modes. In terms of its dynamic signal range, the FRET-type turn-on
sensor is superior in performance, displaying a ~ 10-fold maximal
fluorescence enhancement upon ATP addition.

~
~

10
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3.2.5. Performance in human serum sample

The applicability of the rGO-AP6@HPTS indicator displacement
sensor in bioanalytical setting was assessed in the complex biological
matrix of human serum. To a suspension of rGO-AP6 prepared in a so-
lution of HPTS, 1 w/w% human serum was added. In the presence of
ATP, the fluorescence of HPTS was regenerated. Due to the interference
of biomolecules in the serum, a competition for the binding of HPTS
occurred (see [46]), which resulted in a decrease of the apparent sta-
bility of the rGO-AP6-ATP complex (~ 2.10* Mfl) and an increase of the
LOD (14 pM). On the other hand, a linear response was observed up to a
higher ATP concentration ~ 400 pM) (Fig. 10).

3.2.6. Advantages, limitations and applicability of the assays

The main advantage of the HPTS — AP6 system is its ratiometric
detection mode, which is beneficial in experimental setups capable of
simultaneously monitoring fluorescence intensities at two excitation
wavelengths. Ratiometric assays provide robustness against fluctuations
in probe concentration, background fluorescence, photobleaching or
instrumental noise, making the assay suitable for biological systems
characterized by relatively stable physiological pH (approximately 7)
such as blood serum, plasma or cell lysates. The assay might also serve as
a tool in live cell ATP imaging. Due to the cell-impermeability of its
components [47,48], the ratiometric AP6-HPTS assay appears well
suited for monitoring extracellular ATP. Its broad dynamic range and
relatively low ATP-affinity make it an attractive tool for detection of
high ATP concentrations released during purinergic signaling associated
with high stress, damage, inflammation or cell death [49,50].

Association of the sensing ensemble with rGO is expected to alter its
cellular localization by facilitating the intracellular delivery of the
otherwise cell-impermeable components [51]. The rGO-AP6@HPTS
sensor operates in turn-on mode, requires detection at a single emis-
sion wavelength or wavelength range. In terms of its fluorescence
response range, this FRET-type turn-on sensor is superior in performance
to the HPTS - AP6 assay, displaying a 9-fold relative fluorescence
enhancement (I - Iy)/Ip upon ATP addition. In human serum, the assay
also displayed a broader dynamic range up to mM concentration range
due to the interference of serum biomolecules that reduce the apparent
ATP binding affinity. The assay might be advantageous for the quanti-
fication and imaging of cytosolic ATP, commonly in the millimolar
concentration range.

4. Conclusions

In the present work, we have investigated the formation and char-
acteristics of supramolecular complex AP6-HPTS. Our results demon-
strate that cationic ammonium pillar[6]arene (AP6) preferentially binds
the tetraanionic form of HPTS over its trianionic form, leading to a
pronounced downward shift of the complex pK,. This strong and selec-
tive protonation-state-dependent binding enables precise control over
the dye's acid-base equilibrium within the host environment. This
property can be exploited in a displacement assay in which HPTS is
released from its AP6 complex in the presence of nucleotide ATP. Based
on this concept, we designed both a colorimetric and a fluorescent
ratiometric FID sensor with selectivity toward ATP over other nucleo-
tides and pyrophosphate.

We have further examined the interaction of HPTS with AP6-
functionalized reduced graphene oxide (rGO-AP6). The rGO-AP6
adduct also binds efficiently the indicator HPTS, but unlike pure AP6
pillararene host, it quenches the fluorescence of the dye via FRET effect.
As tetraanionic HPTS is displaced from its rGO-AP6@HPTS complex by
ATP, it is protonated to the trianionic form, restoring the fluorescence of
free HPTS. This way, the rGO-AP6@HPTS complex functions as a turn-on
FID assay for ATP.

The binding constants of the AP6-HPTS and rGO-AP6@HPTS com-
plexes were found to be comparable, indicating that the surface immo-
bilization of AP6 does not substantially alter its binding affinity toward
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ATP. This highlights the robustness of the host-guest recognition motif
upon nanomaterial integration, an important prerequisite for practical
sensor design. The real life applicability of the rGO-AP6@HPTS sensor
platform was demonstrated in human serum matrix.

These findings suggest that indicator displacement assays consisting
of a fluorescent dye guest and a macrocyclic host grafted to a nano-
particle, the dye and the nanoparticle acting as a FRET pair, may be
promising candidates for selective and sensitive nucleotide sensors with
turn-on operation.
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