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Reaction-based indicator displacement assay (RIA)
for the colorimetric and fluorometric detection of
hydrogen peroxidet
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Based on the complexation of phenylboronic acid (PBA) with Alizarin Red S (ARS), we developed a new
chemosensor for the detection of hydrogen peroxide (H,O,) in aqueous media. This platform has
demonstrated its ability to detect H,O, via colorimetric, fluorometric, and electrochemical measure-
ments. The experimental observations reveal that the system displays a red-shifted visible colour change,
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on—off fluorescence response indicating release of indicator (ARS) and turn-on electrochemical signal
indicating generation of phenol, after reaction with H,O,. With this work we have demonstrated that our
reaction-based indicator displacement assay (RIA) systems, can be employed as an assay for H,O, and

rsc.li/frontiers-organic hydrogen peroxide-related species for environmental and physiological detection.
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1. Introduction

Hydrogen peroxide (H,0,) was first described in 1818 by Louis
Jacques Thénard, who produced it by treating barium peroxide
with nitric acid." It is the simplest peroxide with an oxygen-
oxygen single bond and is a strong oxidant, which has been
widely used as a bleaching agent and disinfectant, such as
fabric stain removers, leather-making, contact lens disinfec-
tants and hair dyes.>® In biological and physiological pro-
cesses, H,0, is an essential oxygen metabolite in living
systems, with mounting evidence supporting its role as a mes-
senger in cellular signal transduction.” In particular, H,O,, as
one of the reactive oxygen species (ROS), has important roles
as a signalling molecule in the regulation of a wide variety of
biological processes, such as immune response, cell signal-
ling,” Alzheimer’s diseases® and cancer.” Thus, chemical and
biological sensing of H,O, in vivo and in vitro has drawn much
attention over the past decades.

Among the powerful tools available for H,O, detection are
synthetic small-molecular fluorescent probes owing to their
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high sensitivity, simple manipulation and easy instrumenta-
tion. We have a long-standing interest in boronic acids for
monosaccharide and anion detection.®*'® Previously, we also
investigated the use of “integrated” and “insulated” boronate-
based fluorescent complexes for the detection of H,O, (pK, =
11.6)."""* In addition, Chang and co-workers have developed a
series of boronate-based derivatives for the fluorescence detec-
tion of H,0, in living systems."*">* Therefore, we were inspired
to explore and develop more boronic acid based systems for
detection of H,0, (Scheme 1).

> Target

Scheme 1 Schematic illustration of the proposed RIA. Firstly: reversible
interaction of receptor and reporter. Secondly: the receptor and repor-
ter are selectively cleaved by a chemical reaction triggered by the target
(analyte). The change of the output signal for the RIA system can then
be used to detect the target.
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In terms of design of fluorescent probes, specifically our
strategy for the detection of H,0, is based on the construction
of a reporter-receptor framework through reversible covalent
bonding (Scheme 1). Alizarin Red S (ARS) has been success-
fully employed as a general optical reporter for various studies,
such as binding ability of boronic acids with carbo-
hydrates.>**> Binding with boronic acids derivatives, ARS
showed a visible colour change (from purple to orange) and an
increase in fluorescence intensity due to the inhibition of
proton-induced fluorescence quenching (Scheme 2).>° Also,
our previous research has demonstrated the binding and
analyte-mediated release of ARS with hydrogel-bound boronic
acid.”” Notably, the use of surfactants by Ngeontae et al.
improved the sensitivity of glucose sensors developed using
alizarin-boronic acid adducts.*®

Bearing these results in mind, we decided to evaluate the
sensing system, ARS-PBA complex, that was formed by the
attachment of phenylboronic acid with Alizarin Red S in situ
(Scheme 2), assembled with the assistance of cetyl trimethyl-
ammonium bromide (CTAB) for the detection of H,O, in an
aqueous environment. It was demonstrated that the sensing
system displays good colorimetric, fluorometric and electro-
chemical response towards H,0, in neutral aqueous buffer.
The oxidation between boronic ester and H,O,, which lead to
the release of ARS and generation of phenol can be detected
optically through a colour change. Meanwhile, significant fluo-
rescence changes indicate that the methodology could be
potentially used for biologically cell imaging and endogenous
detection of H,0,. Therefore, this representative system can be
extended to new applications for the study of other reactive
oxygen and nitrogen species (ROS and RNS), using a Reaction-
based Indicator displacement Assay (RIA) (Scheme 1).*° We
have previously demonstrated the RIA concept using ARS with
2-(N,N-dimethylaminomethyl) phenylboronic acid (NBA) which
can be used to selectively detect peroxynitrite using the neigh-
bouring nitrogen of NBA to protect the boron and facilitate
ARS complexation without the need to add CTAB. The current
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Scheme 2 Design strategy of probe ARS—PBA complex for the detec-
tion of hydrogen peroxide in neutral aqueous buffer with added CTAB.
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system shows how we can generalise the RIA concept to any
boronic acid by means of CTAB to facilitate complexation and
assembly of the RIA system.

2. Experimental
2.1 Solvents and reagents

Solvents and reagents were HPLC or reagent grade unless
stated otherwise and were purchased from Fisher Scientific
UK, Frontier Scientific Europe Ltd, TCI UK, and Sigma-Aldrich
Company Ltd and were used without further purification.

2.2 UV-Vis measurements

UV-Vis measurements were performed on Perkin-Elmer
Spectrophotometers. Absorption, utilising Starna Silica
(quartz) cuvette with 10 mm path lengths, two faces polished.
Data was collected via the Perkin-Elmer Lambda 20 software
package.

2.3 Fluorescence measurements

Fluorescence measurements were performed on a Perkin-
Elmer Luminescence Spectrophotometer LS 50B and Gilden
Photonics Ltd. FluoroSENS, utilising LB UV4 FACES MACRO
CUVETTE PMMA with 10 mm path lengths, four faces
polished. Data was collected via the Perkin-Elmer FL Winlab
software package.

2.4 Electrochemical measurements

Electrochemical measurements were performed on a p-Autolab
potentiostat, Metrohm Autolab B.V. Carbon (3 mm) and gold
(2 mm) disc electrodes were used as working and auxiliary
electrodes, respectively. Saturated calomel electrode was used
as reference. Square wave voltammetry (SWV) with frequency
8.3 Hz, potential step 4.95 mV and amplitude 10.05 mV was
used. Working electrode was polished with alumina slurry
(0.3 pm) and rinsed with distilled water before each scan.

2.5 Experimental procedure

In the corresponding experiments, UV-Vis absorbance and
fluorescence titrations with H,O, were carried out at 25 °C in
pH 7.30 PBS buffer (KH,PO,, 1/15 M; Na,HPO,, 1/15 M) with
2.0 mM cetyl trimethylammonium bromide (CTAB) and
electrochemical data was obtained in pH 7.30 buffer (KCI,
0.1 M, KH,PO,, 1/15 M; Na,HPO,, 1/15 M). The ARS-PBA com-
plexes were formed by mixing free ARS (50 uM) with phenyl-
boronic acid (200 uM) in situ.

3. Results and discussion
3.1 UV-Vis measurements with H,O,

Initially, in the UV-Vis spectroscopy, we observed that the
maximum absorbance of free ARS (50 uM) was centred at Aupg
= 550 nm while addition of phenylboronic acid (200 uM)
caused a blue shift to 4,,s = 480 nm which was attributed to
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Fig. 1 (a) UV-Vis absorption spectra for ARS only (50 pM), ARS—PBA

(ARS, 50 pM; PBA, 200 pM) and then addition of H,O, (500 pM, 5, 10, 20,
40, 60, 90, 180 min). (b) The data was obtained in 1/15 M PBS buffer
with 2.0 mM CTAB in solution at 25 °C.

the conjugated structure formed in pH 7.30 PBS buffer
(Scheme 1 and Fig. S1f). Therefore, the boronic ester for-
mation of ARS with PBS led to a significant colour change
from purple to orange over 15 min.

The H,0,-mediated oxidation of aryl boronate to phenol
and subsequent decomposition of the intermediate induced
release of ARS from the complex resulting in the recovery of
the free ARS absorption. From Fig. 1a, when H,0, (500 pM)
was added to a solution of ARS-PBA complex (ARS, 50 pM;
PBA, 200 pM), a significant decrease in the 480 nm absorbance
was observed with the appearance of a red-shifted band
centred at 550 nm over through 3 h with 2.0 mM CTAB in the
system and a clear iso-absorbance point can be seen at
510 nm. As can be seen from Fig. 1b, there is a good linear
relationship between the absorption ratio (Ass0 nm/A4s0 nm) and
reaction time (0-60 min) at an initial concentration of ARS-
PBA (50 pM) and H,O, (500 pM). However, the recovered
absorption intensity from the complex probe is only 86.9% of
the original free ARS over a prolonged time, probably due to
incomplete reaction or incomplete decomposition of the inter-
mediate. Importantly, the absorption wavelength shift is a
reflection of the colour change (from orange to purple over
60 min) which can be readily visualised by the naked-eye
(Fig. 1a). More importantly, ratiometric absorbance changes
increase the dynamic range and permit signal-rationing, thus
they provide a built-in correction for monitoring of environ-
mental effects.**'

3.2 Emission measurements with H,O,

In terms of emission spectroscopy, the fluorescence of free
ARS (50 puM) is quenched due to the active protons of the
hydroxyanthraquinone (Fig. 2a), while the addition of various
concentrations of phenylboronic acid causes a dramatic fluo-
rescence intensity increase through the binding of the catechol
unit of ARS with the boronic acid moiety (Fig. S21). The
formed complex was then used as part of a new fluorescence
sensing system with a very strong emission properties.
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Fig. 2 Fluorescence spectra (lex = 460 nm) of ARS only (50 pM), ARS-
PBA (ARS, 50 pM; PBA, 200 uM, 15 min) (a) and then addition of H,O,
(50, 200, 300, 500 uM), respectively for 60 min (b). The data was
obtained in 1/15 M PBS buffer with 2.0 mM CTAB solution at 25 °C.

Subsequently, we investigated the fluorescence sensing
ability towards H,0, in time and dose-dependent manner.
Initially, a higher concentration of PBA (600 pM) was used
since it triggered a larger fluorescence increase (F/F, = 38.5) in
the presence of ARS (50 pM, Fig. S21). However, from the time-
dependant curve (Fig. S31) and dose-dependent curve
(Fig. S47), it was found that when using higher concentrations
of PBA, in order to quench the fluorescence completely, a
higher concentration of H,0, (approximately 1 mM, quench-
ing efficiency Fi/F, = 0.06) was required over a long time
period (1 h). This is attributed to the excess phenylboronic
acid present in the system consuming significant amounts of
H,0,. Therefore, for the sake of sensitivity, we reduced the
concentration of PBA to 200 pM in the sensing system. As can
be seen from Fig. 2a, the fluorescence intensity of ARS (50 uM)
increased to F/F, = 28.5 in the presence of PBA (200 pM), while
only 500 pM H,0, resulted in a dramatic decrease in fluo-
rescence (quenching efficiency, Fr/F, = 0.12) over 1 h (Fig. 2b
and S57). Thus, in the case of using lower PBA concentrations
with ARS, resulted in lower concentrations of H,0, being
required to release ARS and to produce large fluorescence
changes.

3.3 Electrochemical measurements with H,O,

Finally, we also evaluated our sensing procedure using electro-
chemistry in order to better explain the mechanisms involved,
square wave voltammetry (SWV) (only the homogeneous effects
were evaluated as the electrode was polished before each scan).
To the PBS buffer solution of ARS (50 pM), PBA (200 pM) was
added to form the complex for further study. The oxidation
signal of free ARS at an electrochemical potential of 0.375 V
was remarkably decreased due to the hindered oxidation of
ARS unit after its complexation with PBA (Fig. 3a).

The electrical effect on the system consisting of ARS-PBA
was studied over time after addition of H,O, (300 pM, Fig. 3b).
We can see reappearance of the peak for the released ARS at
0.375 V and the generation of phenol, cleaved from PBA by

This journal is © the Partner Organisations 2017
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Fig. 3 Square wave voltammograms for (a) the ARS only (50 uM), ARS—
PBA (ARS, 50 uM; PBA, 200 uM) (b) and then addition of H,O, (300 pM,
0-75 min), Time-kinetics curve as embedded figure.

H,0, was tracked using the signal at 0.585 V. The oxidation
process for ARS-PBA were enhanced over time (0-80 min) due
to the reaction and hydrolysis of the intermediate. The
inequality of ARS and phenol peaks is caused not only by the
different electrochemical activity and mobility of these two
molecules but also by subsequent boronic acid-diol, i.e. ARS-
PBA interactions. It has been already shown that the cleavage
of PBA forming borate and phenol is accelerated by added
diol."* ARS acts in a catalytic manner as it is released from the
cleaved complex and interacts with another PBA molecule
facilitating its cleavage. It is important to note that slow clea-
vage of PBA occurs spontaneously and also contributes to the
observed phenol signal.

3.4 CTAB influence on sensitivity and selectivity

The effect of CTAB on the binding of ARS with PBA and on the
sensitivity of reaction with H,O, was determined (Fig. S6 and
S71). At various CTAB (1-20 mM) concentrations, fluorescence
intensities of the ARS-PBA complex were enhanced due to a
strengthening of the interactions (Fig. S6bf). Then we com-
pared the emission intensity changes for the ARS-PBA com-
plexes with different concentrations of CTAB using a constant
500 pM of H,0, (Fig. S71). The ARS-PBA system with 1 mM
CTAB produced the biggest response toward H,O, and further
increases of CTAB concentrations reduced the H,O, response
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up to 5 mM after which the response remained constant
(Fig. S7bt).

We then evaluated the selectivity of the ARS-PBA system
towards various ROS, Fig. S8-510.f In the absence of CTAB,
the complex of ARS-PBA produces a weak fluorescence and
displayed fluorescence turn-off in the presence of ROS (TOCI,
H,0,, ROO’, “0,, 'OH, '0,, 500 uM, respectively), with the fol-
lowing selectivity order: “OCl > H,0, > "OH > 'O, > ROO" =
~0,. However, in the presence of 2 mM CTAB, the ARS-PBA
complex displayed a strong fluorescence and the following
selectivity order towards ROS: "OH > H,0, > “OCl > ~0, > '0, >
ROO’. The surprisingly high response to hydroxyl radical with
CTAB is probably due to degradation of the surfactant.’?
Whilst the reduced response towards hypochlorite can be
ascribed to the micelle protecting the ARS-PBA complex from
attack by the ROS.

In summary, CTAB is essential for facilitating ARS-PBA
complex formation and therefore enhancing the fluorescence
response towards ROS.

4. Conclusion

Using the assembly of phenylboronic acid with Alizarin Red S
aided by CTAB, we have developed a chemosensor for the
detection of H,0, in aqueous media. We have analysed its be-
haviour towards H,O, using colorimetric, fluorescence, and
electrochemical techniques. The experimental observations
demonstrate that the assembled RIA probe displays a visible
colour change, on-off fluorescence response and turn-on
electrochemical signal, for the sensing of H,O,. Indicating
that our reaction-based indicator displacement assay (RIA)
concept can provide a good platform as a new and rapid diag-
nostic assay for H,O, and hydrogen peroxide-related environ-
mental and physiological analysis in the future.
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