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Detection of phosphates in water utilizing a Eu**-mediated relay
mechanism

Sepideh Farshbaf,® Kaustav Dey, ? Wakana Mochida,’ Masashi Kanakubo,®? Ryuhei Nishiyabu,® Yuiji
Kubo,*® and Pavel Anzenbacher, Jr.*?

Three carboxamidequinoline ligands were synthesized and their complexes with Eu3* were used for recognition and
detection of organic/inorganic phosphates in water. The signal transduction process is based on an “On-Off-On” switch in
the fluorescence signal utilizing changes in the intramolecular charge transfer (ICT). The fluorescence emission of ligands is
quenched upon exposure to the Eu3* (Off signal). Following the addition of the phosphate analytes the ligand-Eu** complex
disassembles, which results in the regeneration of the original emission of the ligand (On signal). In general, the Eu®*
complexes show higher affinity towards adenosine 5’-triphosphate (ATP) and lower affinity to other phosphates, namely

adenosine 5’-diphosphate (ADP), adenosine 5’-monophosphate (AMP), pyrophosphate (H2P,0;*, PPi), and

dihydrogenphosphate (H.PO4, Pi).

Introduction

Organic and inorganic phosphates are important in a range of
chemical and biological processes. For example, among various
organic phosphates, adenosine 5‘-triphosphate (ATP) known as
the cell's energy currency provides the energy for metabolisms
within cells.? It also participates in DNA duplication,? cellular
respiration,3  signaling  transduction®*> and enzymatic
reactions.®7 Cellular ATP concentration is about 1-10 mmol/L,
and ca. 1 ymol/L in human plasma.® Any anomaly in the ATP
level can be used as a diagnostic marker of diseases such as
Alzheimer's disease,® 1! glaucoma,2-14 and lower urinary tract
symptom (LUTS).1516 [ikewise, inorganic phosphates play
central roles in the environment and biology. Most of the
naturally occurring phosphates are not toxic with the exception
of organophosphorus pesticides that have been found to show
a range of toxicity after chronic exposure.l” Additionally, while
phosphate fertilizers are beneficial for agriculture, over-supply
of phosphate results in the pollution of natural water sources
due to eutrophication, algal bloom, and aquatic dead-zones.18
Phosphate is also a crucial component in the body. Kidneys are
responsible for balancing the concentration of phosphate in the
blood, which is between 0.8—1.45 mM in healthy individuals.?®
Any failure in kidney function can lead to phosphate related
disorders such as hyperphosphatemia, which is a major factor
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of morbidity and mortality in hemodialysis patients.2° Due to
the importance of organic phosphates such as nucleotide
phosphates as well as inorganic phosphates, recognition,
detection, and quantitative determination of this important
class of analytes is essential for biochemical studies and clinical
diagnoses. A number of techniques such as HPLC,2
bioluminescence methods,?? electrochemical methods,23
immunoassays,?* and others have been developed for analysis
of phosphates. These, however, frequently require advanced
instrumentation and trained personnel. Thus, optical methods
such as fluorescence methods are becoming increasingly
popular.?s

Among the luminescence-based sensors for phosphate anions,
the lanthanide complexes of fluorescent ligands became
increasingly popular in the past few decades and a number of
studies on the topic was published?6-34 and recently
reviewed.35740 |n most cases, however, these studies utilize the
signal
Interestingly, a concept of metal extrusion to achieve Off-On
signal in the presence of phosphate anions has also been
investigated.#™*7 These systems frequently utilize the
paramagnetic Cu?* or Fe3* metal ions, which offer the advantage
of switching luminescence to achieve efficient signal
transduction for anion detection and are thus interesting
platforms for sensing of phosphates.

Here, we decided to investigate carboxyamidoquinoline-based
compounds 1-3 (Scheme 1 and 2) and study their utility in
phosphate sensing. Easy synthesis, bright fluorescence, and a
ligand cleft capable of binding metal ions including Eu3* make
these ligands suitable for sensing anions such as phosphates
utilizing an On-Off-On mechanism.

lanthanide-centered emission for transduction.
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Results and discussion

Synthesis of the ligands 1-3

Three ligands 1-3
synthesized according to the Schemes 1 and 2,
characterized by H and 13C NMR, mass spectrometry, and

carboxamidequinoline-based were

and

elemental analysis. Briefly, N-Boc protected glycine was reacted
with ethyl chloroformate to yield the corresponding mixed
anhydride, which upon treatment with 8-aminoquinoline 4 gave
the N-Boc protected 2-amino-N-(quinolin-8-yl)acetamide 5.
Compound 5 was treated with trifluoroacetic acid to remove
the Boc protection to yield 2-amino-N-(quinolin-8-yl)acetamide
6, which was then subjected to with
salicylaldehyde followed by an addition of sodium borohydride

condensation

to achieve a reductive amination to obtain ligand 1. Similarly
(Scheme 2), 2-hydroxy-5-methylbenzaldehyde 7 was reacted
with 2-aminobenzene thiol to obtain 2-(benzo[d]thiazol-2-yl)-4-
methylphenol 8, which was subjected to Duff formylation (with
hexamethylene tetramine) to obtain 3-(benzo[d]thiazol-2-yl)-2-
hydroxy-5-methylbenzaldehyde 9. Condensation of compound
9 and 2-amino-N-(quinolin-8-yl)acetamide gave ligand 2. The
reductive amination of ligand 2 gave ligand 3.
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On-Off-On signalling based on a relay mechanism

To achieve strong signal transduction, we used a fluorescence-
based relay recognition approach.*®¢ The fluorescence quantum
yields of the ligands are: 1 O 1.2%, 2 Of 12.1%, 3 Of 3.8%,
and correlate with the presence of the secondary amine moiety,
which quenches the ligand emission due to the photo-induced
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electron transfer (PET). Conversely, the imine (Ligand 2) which
does not support PET shows significantly higher fluorescence
quantum yield. Here, we utilized the ability of ligands 1-3 to bind
metal cations including Eu3*.#° This process is accompanied by
quenching of the original ligand fluorescence (Off signal) (Fig. 1)
as one would have expected from the paramagnetic ions.41.30
However, the Eu3* centered luminescence owing to the energy
transfer from ligands to the lanthanide known as the antenna
effect was not observed.>152 This is presumably due to the
presence of water, which is known to quench the Eu3*
emission.>® In addition to the water-mediated quenching
mentioned above, the lack of Eu3* emission could also be due to
the competition with other relaxation pathways such as
phosphorescence of the ligand, and back energy transfer
resulting from the energy gap less than ca. 1800 cm-! between
the triplet state of the ligand and the emissive state of the
europium.>*55 |n the presence of phosphate anions, the
phosphates form very stable Eu-anion complexes (characterized
by the solubility product Ksp < 10-2%).5¢ Thus, the Eu3* quencher
is removed from the Eu3*-ligand complex and the original ligand
fluorescence is restored providing a clearly observable turn-On
signal (Fig. 1).
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Figure 1: Graphic illustration of the relay recognition technique.

Studies of ligand-metal assembly

The amidoquinoline moiety and the hydroxy group of the
ligands’ phenol enable the Eu3* coordination by the ligands. The
formation of the complexes of the ligands 1-3 with Eu3* was
studied using UV-vis and fluorescence spectroscopy. The
spectral changes and the resulting isotherms clearly showed the
saturation of the changes upon addition of one equivalent of
Eu3*. In the case of ligands 1 and 2, the fitting data as well as
Job’s plots indicate 1:1 stoichiometry of the complexes (Figures
S$33-S34). In the case of 3, however, the spectral behaviour
suggests a formation of 2:1 complex (3:Eu3*) followed by a
formation 1:1 complex at higher Eu3* concentration. This is also
supported by the Job’s plot (Figure S35). The titrations with
anions were then performed at 3:Eu3* concentrations
corresponding to the 1:1 [3-Eu].

Here, the amidoquinoline moiety in 1 shows the absorption
band at 313 nm and the corresponding emission at 405 nm (Fig.
2). Upon binding Eu3* to the ligand 1, a hypsochromic shift was
observed in both the absorption and emission. This can be
attributed to the lower efficiency of the intramolecular charge
transfer (ICT) from the donor (N of amide) to the acceptor
(quinoline). Binding the Eu3* to the nitrogen of the amide group
(donor) decreases the electron donating character of the
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nitrogen and leads to the delocalization of ground and excited
states. This results in the observed blue shift in both absorption

and fluorescence spectra (Fig. 2).57-38
0.10

1.04
] I ~, 081
<
£005 g 06
2 T 041
< <
0.24 A =300 nm
0.00 0.0 K=(8.3%4.5510°M"
300 350 400 450 0.0 7.0x10°  1.4x10°  2.1x10°
Wavelength, nm [Eu(OTf),l, M
1.0 1.0
2 08 08
0n
g =]
£ 0.6 l E: 0.6
Lo T o4 A =320nm
£ ox
S 02 0.2 A =466 nm
z em
00 0.0 K, =(8.210.8)x10° M’

0.0 2.0x10°4.0x10°6.0x10°8.0x10°
[Eu(OT),], M

350 400 450 500 550 600
Wavelength, nm

Figure 2: Absorption (top) and fluorescence (bottom) titration spectra and the
corresponding isotherms of 1 (10.0 pM) upon the addition of incremental amounts of
Eu(OTf); in wet MeOH (~2% water).

In the spectra of 2 and 3, in addition to the amidoquinoline
absorption band at 313 nm, additional bands at 360 nm and 340
nm were observed, respectively (Fig. 3 and 4, top). These bands
originate from the 2-(2-benzothiazolyl) phenol moiety.
Coordination of the Eu3* to 2 and 3 quenches the emission of
the ligand. This change is associated with decreased ICT
efficiency upon the binding of Eu3* to the carboxyamido-
quinoline moiety. Also, the emission of the 2-(benzo[d]thiazol-
2-yl)-4-methylphenol moiety was quenched only to the residual
emission maximum at 550 nm in 2 (Fig. 3, bottom). As stated
above, the ligand 3 complexation showed a biphasic behavior as
a result of formation of 2:1 complex (3:Eu3*) followed by a
formation 1:1 (Fig. 4, bottom).
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Figure 3: Absorption (top) and fluorescence (bottom) titration spectra and the
corresponding isotherms of 2 (10.0 uM) upon the addition of incremental amounts of
Eu(OTf)3 in wet MeOH (~2% water).
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Figure 4: Absorption (top) and fluorescence (bottom) titration spectra and the
corresponding isotherms of 3 (10.0 uM) upon the addition of incremental amounts of
Eu(OTf)3 in wet MeOH (~2% water).

The association constants for the formation of the [1-Eu]—[3-Eu]
complexes determined from the fluorescence titration are 8.2 x
106 M1, 2.6 x 105 M-t and 3.3 x 10 M1, respectively.

“Off-On” type fluorescence responses of the ensembles to anions

The phosphate analyte sensing was studied in UV-Vis and
fluorescence titration experiments. The behavior of the ligands
was investigated in the presence of Eu3* upon the addition of
the sodium salts of biologically active phosphates (ATP, ADP,
AMP), and inorganic phosphates (pyrophosphate,
dihydrogenphosphate) in water. The complexes of [1-Eu]—[3-
Eu] undergo disassembly upon the incremental addition of
anions due to interaction of the analyte with Eu3*. This is, in
general, accompanied by the regeneration of the absorption
and emission of the spectra of the free ligand. The ligands
exhibit different behavior in the presence of different anions
due to the structure of the ligand and analyte.

As shown in Figures 2-4 and the binding constants there, the
ligand 1 forms the most stable Eu3* complex from the three
ligands 1-3. This is also reflected by the magnitudes for the
apparent binding constants for the removal of the Eu3* from the
complexes. As expected, 1 then shows the lowest apparent
affinity constants for the phosphate analytes. This may be
explained by the lack of the steric hindrance in 1 associated with
the presence of the benzo[d]thiazole moiety in the close vicinity
of the Eu3* binding site.

In general, the incremental addition of the phosphates, namely
ATP, ADP, AMP, PPi, and Pi to [1-Eu] results in the amplification
of the emission intensity of the ligand (Fig. 5). However, the
amount of the analyte required to regenerate the original
emission fluorescence intensity of the ligand is related to the
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structure of the phosphate analyte. For example, a
stoichiometric amount of ATP is required to remove the
europium and regenerate the ICT fluorescence of the free 1,
while higher concentrations of ADP, PPi, and Pi are required to
remove the europium from the [1-Eul].

These observations are reflected by the order of apparent
affinity constants of ATP >> PPi > ADP > Pi > AMP (Table 1). The
apparent affinity constant of [1-Eu] and ATP is 1.0 x 10 M1,
which is 18 times more than the apparent affinity constant
recorded for ADP (5.5 x 10% M1). The role of the adenine
nucleobase is not as significant as the number of the phosphate
moieties. Thus, the PPi gives only a slightly better response than
ADP for all three ligands. For example, [1-Eu] shows Kppi = 7.9 x
10* M1 while Kapp = 5.5 x 10 M1, and [2-Eu] yields the
corresponding apparent affinity constants, Kppi = 2.0 x 10% M1
while Kapp = 1.3 x 108 ML, Similar effects are observed for Piand
AMP. Taken together, this suggests that the adenine presents a
small but not negligible steric hindrance for the approach of the
corresponding phosphate to the ligand-Eu3* complex. The
preliminary experiments with GTP suggest that the nature of
the nucleobase does not play a significant difference in the
ligand selectivity.>®

Interestingly, the analyte addition of greater than 2 equivalents
of ADP, AMP, phosphate, and pyrophosphate, respectively, to
[3-Eu] results in what appears to be deprotonation of the
phenolic group. This is followed by the decrease in the intensity
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Figure 5: (Top) Fluorescence titration spectra and isotherm of [1-Eu] ([1] = 10.0 pM,
[Eu(OTf)3] = 10.0 uM) upon the addition of ADP. (Center) Fluorescence titration spectra
and isotherm of [2-Eu] ([2] = 10.0 uM, [Eu(OTf)3] = 10.0 uM) upon the addition of ATP.
Photograph of 10.0 uM [2-Eu] complex (left vial) vs [2-Eu] after addition of 30 uM ATP
(right vial). (Bottom) Fluorescence titration spectra and isotherm of [3-Eu] ([3] = 10.0
uM, [Eu(OTf);] = 10.0 uM) upon the addition of Na,H,P,0;. Photograph of 10.0 uM [3-
Eu] complex (left vial) vs [3-Eu] after addition of 30 UM Na,H,P,0; (right vial).
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Table 1. Apparent affinity constants were obtained by fluorescence titrations.

Apparent affinity constants, M

Anions? [1-Eu] [2-Eu] [3-Eu]
ATP (1.0+0.3) x 108 (42+0.8)x10°  (6.1+1.4)x 106
ADP (5.5+0.4) x 10* (1.3+0.2)x10°  (4.0+0.8) x 10°
AMP NDP (6.9 £1.5)x10° <10°®
Pi (1.1+£0.02) x 10* (1.1 £0.1) x10° (3.3+£0.3) x 10°
PPi (7.9+0.4) x 10* (2.0 £0.5) x 10° (7.6 £1.6) x 10°

a All anions were in the form of sodium salts in water. All the titrations were
repeated at least three times. ® Constant could not be determined due to
multiple equilibria that appear to be involved.

of the emission at ca. 550 nm of the free ligand accompanied by
the amplification in the emission (470 nm) (Scheme 3). The
positions of the maxima and the changes in the relative
intensity follow the process observed during the titration with
diluted hydroxide. Scheme 3 represents this proposed
mechanism. Upon the addition of analyte and disassembly of
the complex, the emission of the complex (black) was amplified
(blue) (Scheme 3, left). Following the addition of more than 2
equivalents of the analyte, 3 undergoes deprotonation of the
phenol group which results in the decrease of the emission
intensity (blue to red) due to the formation of the deprotonated
form of the ligand (scheme 3, right).
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Scheme 3: (Top) Schematic representation of the proposed mechanism of addition of 2
equivalents and more than 2 equivalents of an analyte to 3. (Bottom) Fluorescence
spectra of addition of 1 equivalent and more than 1 equivalent of analyte.

Conclusions

In summary, three carboxyamidoquinolines (1-3) have been
studied for recognition of organic and inorganic anions, namely
ATP, ADP, AMP, pyrophosphate, and phosphate in water. Self-
assembly of the ligands with an equivalent amount of Eu3*
suppresses the emissive ICT state, which quenches the
fluorescence of 1-3 providing an On-Off signal. In the presence
of phosphate analytes, the ligand-Eu3* complexes disassemble,
i. e. the Eu3* quencher is removed from the complex, a process
that results in the regeneration of the fluorescence emission of
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the ligands and a clearly observable Off-On signal. In general, [1-
Eu] shows lower affinities for the phosphates, followed by [2-
Eu] and [3-Eu] with the highest affinities for the phosphates.
This reflects the affinities for Eu3* complexes. The order of the
apparent affinities for [1-Eu] is ATP >> PPi > ADP > Pi = AMP, for
[2-Eu] is ATP > PPi > ADP > Pi > AMP, and for [3-Eu] is PPi =~ ATP
> Pi = ADP > AMP. Thus, the highest relative selectivity for ATP
was observed for [1-Eu]. The highest affinity for ATP is
rationalized by the three phosphate moieties involved in the
complexation to Eu3*, followed by the anions with two
phosphate moieties (PPi and ADP), and finally by anions with
one phosphate (Pi and AMP). Our results show the 1-3
carboxyamidoquinolines to form complexes with Eu3* and that
the resulting ensembles can be successfully leveraged in sensing
of phosphates with Off-On fluorescence signaling.
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