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Self-assembled colorimetric sensors have been prepared from
Zn"-DPA-attached phenylboronic acid (1.Zn) and catechol-type
dyes. The 1.Zn—dye sensors display selectivity towards oligophos-
phate over monophosphates. The colorimetric sensor assay (1-Zn—dye)
is utilized to monitor a model of a metabolic reaction where ATP is
hydrolyzed to pyrophosphate (PPi) and AMP.

Phosphates are ubiquitous in living matter where they play a
number of important roles including energy transfer and
transfer of genetic information, etc." Simple rapid assays for
phosphates in water could lead to a greater understanding of
phosphate metabolism and satisfy the need for real-time phosphate
monitoring methods.” The currently used Luciferin-luciferase reac-
tion, a common method for detection and quantification of (oligo)-
phosphates suffers from a relatively low stability of luciferase albeit
a significant effort for improvement.* Also for this reason, signifi-
cant attention has been devoted to developing phosphate chemo-
sensors.” Despite of recent progress, the sensing of phosphates by
molecular sensors in water still remains a challenge because of
strong hydration, complicated geometry and multiple protonation
equilibria.” High-throughput sensor arrays are powerful methods
for the detection of various analytes.® This is particularly true, when
the analyte-induced changes in color or fluorescence are evaluated
using pattern recognition methods.” This was the motivation for us
to develop an array-based high-throughput assay for phosphates.
Zn"-dipicolylamine (DPA) receptors display affinity for anions
as well as anionic dyes, a feature utilized in some anion sensors.®
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On the other hand, phenylboronic acids in combination with
catechol-type dyes have been used to detect anions® and
saccharides.'® We synthesized Zn"-DPA attached to phenylboronic
acid 1-Zn (Fig. 1) which forms an ensemble with alizarin red S
(ARS)."' This ensemble allows for a turn-on fluorescence detection
for oligophosphates in aqueous solution. An interesting binding
mode was discovered: in the absence of phosphate, the ARS anion
ARS* (pK,, = 5.5)" binds preferentially to the Zn"-DPA moiety
(Fig. 1, form A) compared to boronic acid (Fig. 1, form B). However,
the addition of pyrophosphate (PPi) induces reorganization of the
original complex to a different boronate ester ensemble (Fig. 1,
1-Zn-ARS-PPi), which results in an intramolecular transfer of the
ARS anion from the Zn"-DPA moiety to boronic acid. This process
results in a fluorescence enhancement. The 1-Zn receptor may bind
a variety of organic and inorganic phosphates, thereby giving rise to
certain cross-reactivity."®

Here, the observed cross-reactivity of the 1-Zn receptor inspired
us to develop a new crossreactive microarray for biologically
relevant phosphate anions in water. Thus, we selected four different
dyes, pyrocatechol violet (PV, pK,, = 7.8),"* pyrogallol red (PR,
pK., = 6.3),"> bromopyrogallol red (BPR, pK,, = 4.4)'® and ARS
(Fig. 1), all of which display a deprotonated hydroxyl-group at
pH 7.5 and are therefore able to coordinate the 1-Zn receptor.
In the presence of various phosphate anions these 1-Zn-dye
colorimetric sensors display an anion specific change in color.

Herein we report colorimetric detection of biologically
important phosphates such as ATP, AMP and PPi in water.
Furthermore, quantitative regression analysis of phosphate
mixtures comprised of ATP, AMP and PPi is performed using
the data from the colorimetric 1-Zn-dye array.

First, the complexes generated from 1-Zn and chromophores
were investigated in a 10 mM HEPES (2-[4-(2-hydroxyethyl)-1-
piperazinyljethanesulfonic acid) buffer solution containing
10 mM sodium chloride at pH 7.5. Fig. 2a shows changes in
the UV-vis absorption when 1-Zn was stepwise added into the
aqueous solution of PV. While the absorbance at 445 nm
decreases, the absorbance at 540 nm increases, which results
in a color change of the solution from yellow to violet. The shift

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Top: Structures of PV, PR, BPR, ARS and 1.Zn. Bottom: Plausible
models and chemical structures of 1.Zn—-ARS and 1.Zn-ARS-PPi com-
plexes. The models were calculated by MM.

of UV-vis spectra suggests that PV binds to the zinc ion in
1-Zn."” The formation of the proposed 1-Zn-PV complex was
supported by matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry. The isotopic distribu-
tion of the peak ([1-Zn-2NO; + PV-2H]" = 824.38) (Fig. 3a) is in
good agreement with the calculated pattern (C,oHz,BN;04SZn"
m/z = 824.17) (Fig. 3b). The binding constant (K) was calculated
as 3.9 x 10* M. The 1-Zn stepwise addition into the solutions
of PV (Fig. 2a), PR (Fig. 2b), BPR (Fig. 2c) and ARS (Fig. 2d) was
carried out. The 1-Zn binding constant of each dye is as follows;
PR: 4.6 x 10° M™%, BPR: 7.2 x 10° M™%, ARS: 1.0 x 10° M™%,
Secondly, to obtain insight into the binding and response to
ATP, PPi and AMP, UV-vis titration experiments with phos-
phates were carried out. The concentrations of 1-Zn and dyes
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Fig. 2 UV-vis spectra of the diol-dye (2.0 x 10~> M) upon the addition of
1.Zn in HEPES buffer (10 mM) with sodium chloride (10 mM) at 7.5 at 25 °C.
[1.Zn] = 0-0.11 mM. (a) PV, (b) PR, (c) BPR and (d) ARS.
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Fig. 3 (a) MALDI-TOF mass (positive mode) spectra of 1.Zn and PV.
(b) Calculated isotope pattern for C4oHz7,BN40oSZn*.

were adjusted to 6.0 x 10> M and 2.0 x 10> M, respectively.
Fig. 4a shows changes in the UV-vis absorption when PPi was
stepwise added into the aqueous solution of the 1.Zn-PV
complex (see ESIT for other titration plots). The addition of
PPi to the HEPES buffer solution of the 1-Zn-PV complex
resulted in a change of the color from violet to orange, and a
corresponding blue-shift of the absorption maximum in the
UV-vis absorption spectra. The spectral shift suggests that
addition of PPi causes a reorganization of the 1-Zn-PV complex
to produce an alternative boronate ester assembly. This hypo-
thesis is supported by MALDI-TOF mass spectrometry, which
shows [1-Zn + PV + PPi-2H,0-2NO; + H + Na]" at 987.41
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Fig. 4 UV-vis spectra of the 1.Zn—-dye complex upon the addition of PPi
in HEPES buffer (10 mM) with sodium chloride (10 mM) at 7.5 at 25 °C.
[1-Zn] = 6.0 x 107> M. [Dye] = 2.0 x 10~> M. (a) PV, (b) PR, (c) BPR and (d) ARS.

(caled 988.07). Fig. 4b-d also show UV-vis spectral shifts upon
addition of PPi into the 1-Zn-PR, BPR and ARS solutions. The
vivid colorimetric-response is observable by the naked eye
(Fig. 5). The limits of detection for PPi, ATP and AMP were
estimated to be 4.5 x 107> M, 8.2 x 10 °> M and 1.3 x 10™* M,
respectively. The apparent binding constants for ATP, PPi and
AMP are summarized in Table 1. The apparent Ks indicate that
the binding affinity for PPi and ATP is higher than that for
AMP. The difference in the binding affinity corresponds to

No Guest PPi AMP ATP

1Zn +BPR |
L XK )
120+ ARS [ (o
1-Zn+ PR QQOQ
>
1+Zn + PV Q‘Q‘a

Fig. 5 Colorimetric response of the 1.Zn—-dye sensor assemblies to the
presence of PPi, AMP and ATP in HEPES buffer (10 mM) with sodium
chloride (10 mM) at 7.5 at 22 °C.
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Table 1 The apparent affinity constants (Kassoer M™Y7 obtained from

UV-vis titration in HEPES buffer solution (10 mM) with sodium chloride
(10 mM) at pH 7.5

Guest 1-Zn + PV 1.Zn + PR 1.Zn + BPR 1-Zn + ARS
PPi 13 000 6400 5800 5800
ATP 21000 2100 1800 5700
AMP 12000 560 ND? 1800

“The errors of the curve fitting were <19%. b Kossoc could not be
calculated.

guest-dependent color changes, i.e. providing various response-
patterns, which is important for the design of assays for a
quantitative determination of phosphates in complex mixtures.
A variety of spectral shifts and color changes observed upon
addition of phosphates to the sensor assemblies (1-Zn-dye)
encouraged us to develop a high-throughput assay for condi-
tions that resemble ATP metabolism, i.e. hydrolysis of ATP to
AMP and pyrophosphate (PPi): ATP — AMP + PPi. Towards this
end, we generated ternary mixtures of ATP, PPi and AMP. Here,
the concentration of ATP was adjusted to slowly decrease while
the concentration of AMP and PPi was slowly increasing relative
to ATP. The concentration range of ATP, PPi and AMP was
0-1.0 x 10 * M in a 10 mM HEPES buffer solution with 10 mM
sodium chloride at pH 7.5. The concentrations of 1-Zn and dyes
were 6.0 x 107> M and 2.0 x 107> M, respectively. UV-vis
spectra from 300 nm to 700 nm were recorded in standard
384-well plates using a microplate reader. For the evaluation of
the data obtained from the quantitative analysis of the phos-
phate mixtures we employed an artificial neural network-radial
basis function (ANN-RBF) regression method. This method is
suitable for modelling complex responses and non-linear beha-
viour of the data. The ANN-RBF consists of input, hidden and
output layers. The input layer does not process the information,
and only distributes the input vectors to the hidden layer. The
hidden layer of ANN-RBF consists of a number of RBF units.
Each neuron on the hidden layer employs a radial basis
function as nonlinear transfer function to operate on the input
data. The output neurons calculate a linear combination of the
basis function.® Here, fourteen standard ternary mixtures of
phosphates were used for the calibration dataset, and another
five mixtures were randomly employed for verification of the
calibrations (i.e. validation dataset). Before building the ANN
models, the spectral data were subjected to a principal compo-
nent analysis (PCA) as a preprocessing method. The predictive
ability of each model for ATP, PPi and AMP was evaluated in
terms of relative standard error for determination of concen-
tration in the validation dataset (RSEV%). Two parameters in
ANN-RBF are very important to achieve low RSEV%, which are
the number of neurons in the hidden layer (hidnod; 12) and the
width of the radial basis function (spread; 5.2). To obtain the
best regression model for phosphates, we selected the spread
and number of hidden nodes at which the RSEV% has a
minimum value (Fig. S22, ESIT). In this way the same network
was trained for ATP, AMP and PPi. The RSEV% shows a very low
error (3.4%). The result of regression analysis is shown in Fig. 6.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 The results of the ANN-RBF regression for quantitative analysis of
(@) ATP, (b) PPi and (c) AMP mixtures. Plots of actual versus predicted
concentration show high accuracy of prediction for multiple concentrations
of guest. The values of root mean square error (RMSE) of calibration (C),
validation (V) attest to the high quality of the model and prediction. [ATP] =
[AMP] = [PPi] = 0-1.0 mM.

An evaluation of the model is possible using the visual inspec-
tion of the plots of predicted versus actual concentration for ATP,
PPi and AMP (Fig. 6) attests to the model prediction power. It is
noteworthy that this simple method can simultaneously correctly
predict five randomly selected ternary mixtures.

In summary, we have developed self-assembled sensors
based on Zn"-DPA-attached to phenylboronic acid 1-Zn. These
sensors form brightly colored ensembles with catechol-type
dyes (1-Zn-dye). In the presence of phosphates such as ATP,
PPi and AMP these sensors display analyte specific color changes
that enable quantitative measurement of the phosphate concen-
trations. In general, the titration experiments in HEPES buffer
indicate that the 1-Zn-dye sensors display a higher binding
affinity for oligophosphate compared to monophosphate.
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The colorimetric sensor array based on the 1-Zn-dye reflects
the observed changes in color that enable a simultaneous
quantitative analysis of phosphate mixtures in water. To the
best of our knowledge, this is the first time simultaneous
quantitative analysis of phosphate mixtures in water is achieved
by a supramolecular sensor. This method could be used to
generate a variety of sensor arrays for monitoring of anion
mixtures in the near future. Further studies of the microarray
using 1-Zn with catechol-type dyes are in progress.
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