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A signal amplification strategy based on the horseradish peroxidase
catalyzed polymerization of dopamine on a polymeric ion-selective
membrane surface is proposed for the sensitive chronopotentio-
metric detection of an aptamer—target binding event.

Signal transductions that rely on ion/charge transfer have
been extensively explored for developing sensitive, selective
and versatile electrochemical sensors."™* As one of the most
commonly used electrochemical sensors,”™ potentiometric
polymeric membrane ion-selective electrodes (ISEs) have
received considerable attention through a deep understanding
of ion transfer processes across liquid-liquid interfaces in the
last two decades.’®"® Modulation of ion fluxes across the
polymeric membrane can be readily achieved by applying a
controlled current or potential. Many attractive methodologies
including chronopotentiometry,"* > coulometry,'®™® stripping
voltammetry’®?° and coulometric/chronopotentiometric flash
titrimetry>* have been developed with a range of improved
characteristics.*®

In recent years, surface confined reactions have been
electrochemically monitored by blocking passive®” or current-
driven ion fluxes*® of polymeric membrane electrodes. For
these assays, a surface binding event at the ion-selective
membrane/solution interface alters the interfacial ion transport
and therefore can be sensed potentiometrically. Various
recognition modes such as antibody-antigen interaction,>?
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DNA-DNA hybridization,> and artificial bioreceptor-bioana-
lyte binding® have been developed based on the surface
blocking of ion fluxes across ion-selective membranes (ISMs),
which allows the label-free detection of a large number of
different molecules other than ionic species.”>™” However,
effective blocking of the active surface area cannot be easily
achieved.”® In order to achieve high sensitivity, a dense receptor
layer modified on the membrane surface and an effective
surface blocking via receptor/analyte binding are always
required. However, for these assays, the distribution of the
biomolecules immobilized on the membrane surface could be
nonuniform and a single target molecule can only bind to a
single receptor on the surface. Therefore, for an effective sur-
face coverage, the sensing targets are restricted to biomacro-
molecules such as antigens/antibodies, proteins and cells, and
an indicator ion with a large size is preferred.>®

Herein, a novel chronopotentiometric aptasensing plaform
based on an effective ion transfer blockage induced by
an enzyme-catalyzed polymerization is proposed for highly
sensitive detection of small molecules with free selection of
indicator ions. Dopamine (DA) can polymerize in a weakly
alkaline aqueous soultion to form a highly adherent polymer
coating on virtually any substrate surface.>*° Owing to
the potent adhesion behavior, polydopamine (PDA) has been
arguably a promising dip-coating material for surface modifi-
cation. Moreover, DA polymerization can be accelerated by
using horseradish peroxidase (HRP).*' Inspired by the unique
properties of PDA in surface coating, we demonstrate a chron-
opotentiometric aptasensing strategy based on HRP-catalyzed
surface polymerization of DA that blocks the current-induced
ion transfer of an indicator ion from the sample solution to the
polymeric ion-slective membrane. This biocatalyzed polymer-
ization can significantly enhance the surface coverage, thus
inducing an effective blocking effect.

As a proof of concept experiment, a sensitive and selective
chronopotentiometric aptasensing assay based on an enzyme-
catalyzed polymerization induced blocking mechanism was
designed. The sensing principle is illustrated in Scheme 1.
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Scheme 1 Schematic illustrations of the synthesis of the MWCNT probe
functionalized magnetic beads (A) and the principle of a chronopotentio-
metric aptasensing platform for OTC detection based on the ion blocking
effect (B).
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Magnetic beads (MBs) with attractive features in bioseparation
were used as the probe carrier.’” Oxytetracycline (OTC), an
extensively used antibiotic that can result in drug resistance
in bacteria, was used as the model target. An aptamer with
a sequence of ACGTTGACGCTGGTGCCCGGTTGTGGTGC-
GAGTGTTGTGT (40 mer) that can bind to OTC with high
specificity and good affinity was selected as the recognition
element.’> As shown in Scheme 1A, the OTC aptamer can
hybridize simultaneously with the linker DNA immobilized on
the HRP-loaded multi-walled carbon nanotubes (MWCNTs) and
with the capture DNA immobilized on the MBs (Fig. S1, ESIt). The
formed sandwich structures can be decomposed by the target-
aptamer binding event to release the HRP-loaded MWCNTs.

In the absence of the target, the HRP molecules in the
sandwich structures can effectively induce biocatalyzed poly-
merization of DA. As a result, the formed PDA film strongly
adhering to the Ca®>"-ISM layer blocks current-induced Ca®" ion
fluxes, and subsequently results in a change in the super-
Nernstian potential response. In the presence of the target,
the target-aptamer binding event induces the release of the
HRP-labeled MWCNTs from the MBs and thus retards the
formation of the PDA film on the membrane electrode surface.
The blocking effect induced by the PDA film anchored onto the
membrane can be interrogated by pulsed galvanostatic ion
extraction of Ca®" into the polymeric membrane. By measuring
the chronopotential changes of the Ca**-ISM coated with PDA
in the absence and presence of the target, OTC can be detected
(Scheme 1B). For the proposed assay, multiple HRP molecules
are loaded onto the carbon nanotubes and the enzyme-
catalyzed polymerization of DA is involved, both of which could
allow rapid localized deposition of the PDA film on the surface
of the polymeric membrane, thus dramatically enhancing the
detection sensitivity.

The carbon nanotube segments with multiple immobilized
HRP labels were used for signal amplification. For preparation
of the MWCNT-HRP-linker DNA complexes, the linker DNA
and HRP were tethered onto the MWCNT surface via covalent
binding of the -NH,, groups of the linker DNA and HRP with the
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Fig. 1 TEM images (A and B) and Fourier transform infrared (FTIR) spectra
(C) of the MWCNTSs (A; a in C) and the MWCNTSs conjugated with the linker
DNA and HRP (B; b in C). (D) UV-vis spectra of the blank (buffer) (a), the
mixture solution with 1 uM of linker DNA and 12.5 uM (0.5 mg mL~?%) of HRP
after (b) and before (c) incubation with 300 uL of MWCNTSs for 6 h. UV-vis
spectroscopic measurements were done in 0.01 M PBS buffer of pH 7.4.

—-COOH groups of the MWCNTs. The transmission electron
microscopy (TEM) image reveals that the diameters of pristine
MWCNTs are about 8-15 nm (Fig. 1A), whereas a diameter of
about 20-30 nm is observed for the MWCNTs loaded with
DNA and HRP (Fig. 1B). The enzyme aggregates appearing on
the side walls of the nanotubes may lead to the increased
diameters.®* As indicated in Fig. 1C, the FTIR spectra
also reveal that HRP (typical characteristics at 2917, 2850,
1636 and 1541 cm™ ') and the linker DNA (small PO, stretching
band at 1190 cm™ ') were covalently attached on the surface of
the MWCNTs (the corresponding FTIR spectra of HRP and
the linker DNA are shown in Fig. S2, ESI{).*® In addition, the
disappearance of the stretching vibration of C=0 at 1710 cm ™ *
implies the efficient reaction of -COOH in MWCNTs and the
successful linking of the linker DNA and HRP to MWCNTs. As
proved from the UV-vis spectra, the linker DNA (at 260 nm) and
HRP (at 400 nm) are immobilized on the MWCNTs (Fig. 1D).
Pulsed galvanostatic chronopotentiometry, which can
rapidly and accurately control ion extraction processes,*® was
used as an effective tool to monitor the change in the calcium
ion fluxes from the sample to the sensing membrane.
Compared with the conventional potential responses of Ca>*
(Fig. S3, ESIt), the ion transfer blocking effect is much more
pronounced in the so-called super-Nernstian concentration
range around 10~ * M, which is indicative of Ca®>" depletion in
the vicinity of the membrane surface induced by the cathodic
current pulse.”® Therefore, in order to monitor the calcium ion
blocking effect with high sensitivity, the potential difference of
107* M Ca®>" concentrations in the super-Nernstian range
was tested by pulsed galvanostatic chronopotentiometry for a
quantitative measurement. Moreover, the blocking effect is
significantly enhanced by the high coverage of the membrane
surface via the HRP-caltalyzed DA polymerization (Fig. 2).
Indeed, both UV-vis absorbances (Fig. S4, ESIt) and the charge
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Fig. 2 Pulsed chronopotentiometric responses of the Ca®*-ISEs to Ca®*
in 0.01 M NaCl without the dopamine polymerization (in black), with the
dopamine autopolymerization (in red), and with the HRP-induced dopa-
mine polymerization (in blue) for 45 min. For the HRP—induced dopamine
polymerization, 100 pL of the blocking buffer solution containing 7.5 mg mL~*
dopamine, 3.2 x 107° U mL™t HRP, and 20 mM H,O, was drop-coated on the
Ca®*-ISM. Error bars represent one standard deviation for three measurements.

transfer resistance (Fig. S5 ESIT) reveal that the presence of HRP
and H,0, can rapidly trigger the formation of PDA. The formed
PDA film on the electrode demonstrates an obvious potential
difference in between the absence and presence of HRP. The
change in the potential as a function of concentration of HRP was
found to be linear in the range of 5.0 x 10~ *-2.5 x 10~> U mL "
with a detection limit of 3.0 x 10™* U mL™" (30/S, Fig. S6, ESI¥).

It should be noted that although different substrates such as
epinephrine, aniline and dopamine can be polymerized and
deposited on the membrane in the presence of HRP, PDA can
strongly adhere to the electrode and show the best sensitivity
(Fig. S7, ESIt). The experimental parameters such as the DA
concentration, DA polymerization time, and pH of the buffer
solution and the pulsed current parameters were optimized. In
order to reduce the autopolymerization of DA and achieve a
large change in the potential, 7.5 mg mL ' DA with a poly-
merization time of 45 min at pH 8.0 and a cathodic current
amplitude of 2 pA with a duration of 2 s were selected for
further experiments (Fig. S8 and S9, ESI+).

In this work, the enzymatically biocatalyzed polymerization
of DA is essential for blocking the Ca** fluxes on the electrode
surface. As proved from the chronopotentiometric measure-
ments (Fig. 3A), the MBs, MWCNTs/HRP/linker DNA and MBs-
OTC-Apt/linker DNA/MWCNTSs/HRP without the addition of
DA could not block the Ca®** flux (red). In contrast, in the
presence of DA, the blocking of the Ca** flux occurs (blue) and a
significant potential difference decrease was observed with
MWCNTs/HRP (¢ and d in blue). The potential difference
decrease could be mainly ascribed to the effective blocking
of the calcium ion fluxes across the membrane by PDA, which
is catalyzed by HRP on the surface of the PVC membrane.
The contact angle (CA) measurements also demonstrate such a
difference. As shown in Fig. 3B, because of the hydrophilic
nature of PDA, the PDA treatment could lead to a visible change
in the PVC surface wettability.

Under the optimized conditions, the analytical performance
of the proposed sensing strategy was demonstrated for the
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Fig. 3 (A) Pulsed chronopotentiometric responses to 107* M Ca®' in
0.01 M NaCl in the absence (in red) or presence of PDA blockage (in blue).
(B) Contact angles of the calcium-selective membrane surfaces before (in
red) and after (in blue) PDA blockage. The calcium-selective membranes
were coated with 100 ul of PBS (a), 1.0 mg mL~* MBs (b), MWCNTs/HRP/
linker DNA (c) and MBs—OTC-Apt/linker DNA/MWCNTs/HRP (d) for char-
acterization. The polymerization conditions were as follows: 0.01 M pH
8.0 PBS, 7.5 mg mL~* dopamine, 20 mM H,O, and 45 min polymerization
time. Error bars represent one standard deviation for three measurements.

detection of OTC. The presence of target OTC triggers the
release of the HRP-labelled MWCNTs, which dramatically
decelerates the PDA precipitation on the Ca®>*-ISM surface, thus
leading to a potentiometric signal increase. As shown in Fig. 4A,
the potential difference of the Ca®"-ISE for measuring 10~* M
Ca”* significantly increased with the increasing concentration
of OTC. A linear relationship (AE = 19.90 x log Corc + 218.37,
R® = 0.99) between the OTC concentration and the potential
difference was observed in a wide concentration range from
0.1 to 1000 nM, exhibiting a detection limit down to 28 pM (30/S,
Fig. 4B). This excellent sensitivity is better than those of other
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Fig. 4 (A) Pulsed chronopotentiometric responses of the calcium-
selective electrode measuring 10~ (a—i) M Ca®* in the presence of 0 (a),
1071 (b), 10719 (c), 1072 (d), 1078 (e), 1077 (f) and 107° (g) M of OTC. The
membranes blocked by dopamine autopolymerization (h) and not blocked
(i) were investigated. (B) Corresponding calibration plot for OTC detection.
The chronopotential difference (AE) between the responses with (b—g)
and without OTC (a) was used for quantification. (C) Responses to the
targets and other interfering antibiotics including CAP, STR, AMP, GS, SPE
and KANA. The concentration of OTC was 100 nM, and those of the other
antibiotics were 1 uM. (D) Responses to OTC by using the OTC-aptamer
and a scrambled DNA sequence. All experiments were done in PBS at pH
8.0 with 7.5 mg mL~t dopamine, 20 mM H,0O, and 45 min polymerization
time. Error bars represent one standard deviation for three measurements.
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reported OTC sensors (Table S2, ESIT). The proposed assay shows
good selectivity of OTC over other antibiotics including chloram-
phenicol (CAP), streptomycin (STR), ampicillin (AMP), gentamycin
(GS), spectinomycin (SPE) and kanamycin (KANA) (Fig. 4C). In
addition, an oligonucleotide strand with a scrambled DNA
sequence was selected as the control probe to validate the specifi-
city of this method. It was found that no significant change in the
potential was observed for the scrambled DNA sequence (Fig. 4D).

To validate the practicability, sea water samples collected
from the Bohai Sea (121.0-121.3°E, 37.9-38.6°N) were analyzed
by using the proposed potentiometric aptasensing platform
with the standard addition method. The obtained recoveries
ranged from 94 to 101% and the standard deviations were in
the range of 5 to 8%, which indicates that the proposed
potentiometric aptasensing platform is promising for practical
analysis (Table S3, ESIt). Moreover, the electrode shows repro-
ducible potential differences at 10~* M Ca®" and can be used at
least for 3 cycles (Fig. S10, ESIT).

In summary, a chronopotentiometric aptasensor based on
signal amplification for highly sensitive and selective detection
of oxytetracycline using Ca®" as the indicator ion is proposed.
Unlike the reported sensors based on the blocking effect induced
by a surface binding event, the in situ enzyme-catalyzed polymer-
ization induced blocking for potentiometric sensing enables the
detection of small molecules with high sensitivity and free selec-
tion of indicator ions. Compared to other OTC sensors, the
present sensing strategy exhibits a detection limit down to 28
pM. This enhanced sensitivity is due to the combination of the
following mechanisms: (1) the signal is significantly amplified by
using MWCNTSs with a high surface area and functional carboxylic
groups to load a large amount of HRP, which catalyzes the PDA
polymerization and (2) the super-Nernstian response range for the
Ca*" measurements using chronopotentiometry is highly sensitive
to the surface blocking events. Considering the effective blockage
of the extracted ion fluxes, the chronopotentiometric aptasensing
platform can be extended to detect other analytes for biosensing
and environmental analysis simply by changing the corres-
ponding aptamers.
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