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New dynamic, wireless and cost-effective analytical devices are developing rapidly in biochemical ana-
lysis. Here, we report on a remotely-controlled rotating electrochemiluminescence (ECL) sensing system
for enzymatic detection of a model analyte, glucose, on both polarized sides of an iron wire acting as a
bipolar electrode. The iron wire is controlled by double contactless mode, involving remote electric field
polarization, and magnetic field-induced rotational motion. The former triggers the interfacial polarization
of both extremities of the wire by bipolar electrochemistry, which generates ECL emission of the luminol
derivative (L-012) with the enzymatically produced hydrogen peroxide in presence of glucose, at both
anodic and cathodic poles, simultaneously. The latter generates a convective flow, leading to an increase
in mass transfer and amplifying the corresponding ECL signals. Quantitative glucose detection in human
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serum samples is achieved. The ECL signals were found to be a linear function of the glucose concen-
tration within the range of 10-1000 pM and with a limit of detection of 10 pM. The dynamic bipolar ECL
system simultaneously generates light emissions at both anodic and cathodic poles for glucose detection,
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Introduction

Bipolar electrochemistry (BPE) is a wireless technique that
induces remote polarization of conducting objects named
bipolar electrodes (BEs) through the application of an external
voltage between two feeder electrodes.'™ If the electric field
imposed across an electrolyte is high enough, oxidation reac-
tions occur at the anodic pole of the BE simultaneously with
reduction reactions at the cathodic pole. BPE has been
exploited to initiate other functionalities such as light emis-
sion, as for example electrochemiluminescence (ECL) and LED
(light-emitting diode) readouts.*”® In particular, bipolar ECL
(BP-ECL) is a phenomenon where luminescence is generated
through redox reactions involving a luminophore and a co-
reactant and producing light at the surface of BEs.”* Thus,
ECL generates an optical readout opening various bioanalytical
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which can be further applied to biosensing and imaging in autonomous devices.

and microscopy opportunities.’>>' In the analytical appli-

cations of ECL, two main strategies were employed in the open
bipolar configurations: (i) the analytical target is involved
directly or indirectly in the ECL mechanism and the ECL
intensity generated at one pole of the BE is proportional to its
concentration; (ii) the redox reaction of the analyte occurs at a
given pole named sensing pole and is coupled with the
counter redox reaction generating the ECL signal at the oppo-
site pole named reporting pole."”?*> This latter strategy was
introduced by Crooks and co-workers.>***

In dynamic BP-ECL systems, the polarization of the BE is
regulated by the electric field, while the wireless motion of
these electrodes is controlled by two primary ways.>>>° The
first one involves the production of gas bubbles (H, or O,) at
the electrode surface, which is commonly employed to activate
the translation, rotation, and vertical motion of the BE.?”*®
These systems have been reported for the selective and sensi-
tive detection of different analytes.”*>® The second mecha-
nism, which is the focus of this study, relies on the utilization
of an external magnetic field.*® The manipulation of objects by
magnetic fields has been proposed for chemical and biochemi-
cal sensing due to its contactless, versatile, and cost-effective
nature.***!

Imaging the motion of BP-ECL systems can be easily
achieved with commercial cameras or smartphones due to the
high intensity of the emitted light and negligible background
light interference for rapid, portable, and user-friendly

This journal is © The Royal Society of Chemistry 2024
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detection.®*® For instance, a BP-ECL array aptasensor was
fabricated for detecting aflatoxin M1 concentrations using a
smartphone as a photodetector.*® In addition to static BEs, the
motion of the electrode can also be monitored with a digital
camera. For example, a wireless rotating BP-ECL device was
developed with a gold-coated iron wire BE system that employs
both magnetic and electric fields for a double contactless
approach.?

Luminol ECL possesses high luminescent quantum yield
and low oxidation potential, making it an excellent lumino-
phore in analytical chemistry.’”** The sensitive ECL-based
detection of hydrogen peroxide (H,O,) through its reaction
with luminol has been extensively used in immunosensing,
disease diagnosis, cancer cell imaging, and other bio-related
fields.>***® Hydrogen peroxide is an effective co-reactant of
luminol ECL as well as a byproduct of numerous enzymatic
reactions in biological systems.**' However, the use of
luminol is limited to alkaline conditions due to poor solubility
at neutral pH, impeding its wider application in biological
research.”®? Consequently, analogue molecules with a similar
chemical structure and stability in physiological conditions
have been reported.”*>* Among them, 1-012 (8-amino-5-
chloro-7-phenylpyrido[3,4-d|pyridazine-1,4(2H,3H) dione), exhi-
bits a bright ECL emission at physiological pH values, pos-
sesses a low oxidation potential together with a long lumines-
cent lifetime.>>**™® Luminol and L-012 primarily exhibit ECL
at the anode, initiated by oxidation reactions. However, in
recent years, several authors reported the cathodic ECL emis-
sion in various conditions,*>**®® such as with catalytic nano-
materials, e.g. zinc oxide nanoparticle-modified Ni-foam,*! car-
bonized polydopamine nanotubes,*” catalase-like CoO nano-
rods,®® acetylene black oxide,* two-dimensional NiM metal-
organic framework (MOF, with M = Fe, Co, and Zn).** By
adjusting iron single atom structures, the enhancement
mechanism of luminol cathodic ECL was investigated and
found to involve the production of massive reactive oxygen
species for the generation of luminol radicals.®®®® In a recent
study, bright L-012 emission from a simple iron wire was
observed in a wireless bipolar ECL configuration, which dis-
played both cathodic and anodic ECL emission with the naked
eye.”® This appealing finding of ECL emission generated both
in oxidation and reduction provides the basis for potential
applications in biosensing, remote detection, and bipolar ECL
analysis.

In this study, we present an original biosensing approach
based on a wireless rotating open BP-ECL enzymatic system for
glucose detection on both cathodic and anodic poles of a BE
made of an iron wire (Scheme 1). External magnetic and elec-
tric fields were combined with ECL readout to induce rotation
of the BE and ensure regular convection within the solution. It
accelerates the mass transfer process and results in an increase
of the ECL intensity emitted by the rotating iron wire elec-
trode. Under physiological pH conditions, glucose oxidase
(GOD) selectively catalyzes the oxidation of glucose and the
reduction of O, into H,0,. In the meantime, H,O, acts as a
coreactant of L-012 ECL, promoting its blue light emission.
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Scheme 1 The principle of BP-ECL biosensing system for glucose
detection with two sensing poles. Schematic view of the experimental
device with the reaction principle of L-012/GOD/glucose system. The
rotating bipolar electrode generates ECL emission on both anodic and
cathodic poles. The inset shows the molecular structure of L-012.

The quantitative detection of glucose is achieved by monitor-
ing the ECL intensity.

Experimental

All chemicals were of analytical grade and used as received.
Enzymes were stored at —20 °C, did not require purification,
and could be used directly. Solutions were prepared using a
Milli-Q ultrapure water instrument (resistivity of 18.2 MQ cm).
Hydrogen peroxide (H,0,), glucose, sodium phosphate mono-
basic (Na,HPO,-2H,0), and disodium hydrogen phosphate
dodecahydrate (NaH,PO,-12H,0) were purchased from
Sinopharm Chemical Reagent Co., Ltd. GOD was purchased
from Aladdin Reagent Co., Ltd. L-012 sodium salt (inset in
Scheme 1) was purchased from Sigma-Aldrich. Stainless steel
plates were used as the feeder electrode material (Magnetism
Materials Co., Ltd, 20 mm x 20 mm x 1 mm), and iron wire
was used as the BE (with a diameter of 200 um and a length of
20 mm). A power supply (GWINSTEK PSR 60-6, Programmable
Power Supply, 60 V, 6 A, 150 W) was used to apply a DC voltage
between the two feeder electrodes. A rotational movement was
generated using a magnetic stirrer (ThermoFisher Scientific).
BP-ECL images and videos were recorded using a commercial
digital camera (Canon EOS 6D Mark II, Objective Canon Macro
Lens, 100 mm, 1:2.8). Data analysis was processed using
Image J software (AVI encoding).

The enzymatic reaction was conducted prior to mixing the
enzyme system with the ECL luminophore. For the L-012/GOD
system, 20 U mL™" GOD was mixed with different concen-
trations of glucose in 0.1 M phosphate buffer (pH 7.4) and
incubated at 37 °C for 30 min. After the enzymatic reaction,
the enzymatic system was supplemented with the luminescent
reagent (L-012), and subsequently, the pH was adjusted using
a NaOH solution.

Analyst, 2024,149, 2756-2761 | 2757
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A wireless rotating open BP-ECL biosensing system was con-
structed with an iron wire serving as the BE. The images and
videos were processed using Image ] software (AVI encoding)
and ultimately converted to WMV format. The average inten-
sity of the ECL signal generation area was calculated using
Image J.

The blue ECL signal is visible with the naked eye and ECL
emission occurs at both the cathode and anode of the wire.
The camera is set to capture 24 frames per second in these
imaging experiments, where each frame represents a 37.5°
angular displacement of the wire. Image] software is utilized
for image processing. To show the stability of the emitted light
signal in the wireless rotating BP-ECL sensing configuration,
the average ECL intensity of each video snapshot is documen-
ted. We recorded ECL signals for 10 seconds, which corres-
ponds to capturing 240 frames as the wire completes 25 revolu-
tions (i.e. 150 rpm). To demonstrate the reproducibility of the
light emission signal variations, the average value of light
intensity is calculated for each video snapshot.

Results and discussion

The principle of the dynamic sensing approach based on
BP-ECL is presented in Scheme 1. To serve as the BE, a 2 cm-
long iron wire with a diameter of 200 pm was placed between
two feeder electrodes (schematized as black rectangles in
Fig. 1a-d), and a uniform electric field was generated by apply-
ing a DC voltage between them. The surface of the iron wire
and the surrounding solution would produce a potential differ-
ence gradient, leading to a polarization difference with a
maximum amplitude at the opposite poles of the iron wire.

5+ 46+
»

5 mm 5 mm
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0.0 0.5 1.0 15 20 0.0 05 10 15 20
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Fig.1 (a and d) Top-view optical images of the iron wire used as a
bipolar electrode and placed between two feeder electrodes before the
application of the electric field. (b and e) Top-view of static and rotating
(150 rpm) iron wires, respectively, under an electric field of 10 V.cm™in
the dark. (c and f) Horizontal ECL intensity profiles for static and rotating
iron wires, respectively. The longitudinal axis of the wire is initially
oriented parallel to the applied electric field (i.e. & = 0°). The solution is
composed of 1 mM glucose, 20 U mL™* GOD and 1 mM L-012.
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Redox reactions occur at the ends of these BEs when the polar-
ization voltage reaches a threshold value.” A magnetic stirrer is
placed under the bipolar cell to induce the rotation of the iron
wire in the horizontal plane located at the bottom of the cell,
leading to a regular stirring of the electrolyte.>® The ECL signal
is ultimately detected using a commercial digital camera.

The L-012/GOD system, depicted in Scheme 1, is utilized to
convert enzymatically dioxygen (O,) into H,0, during the enzy-
matic reaction. The concentration of H,O, is directly pro-
portional to the glucose substrate and the produced H,O, acts
as a co-reactant of L-012. Under neutral or alkaline conditions,
L-012 is electrochemically oxidized to form an intramolecular
diaza-quinone, which is then oxidized by H,0, (HOO" or
superoxide radical O,™”) to generate the excited state. Upon de-
excitation, it emits light with a typical blue color.

The longitudinal axis of the BE was initially oriented paral-
lel to the electric field lines (i.e. 6 = 0°). Application of an elec-
tric field of 10 V cm™ resulted in a blue ECL emission at both
cathodic and anodic regions of the BE (Fig. 1b and e, before
and during rotation), which was visible to the naked eye. As
reported previously,”®> maximum ECL intensity on both poles
is obtained when 6 = 0. Indeed, the polarization difference is
maximal in this position. The ECL intensity appears to be
more intense at the anodic pole compared to the cathodic one.
This means that under these experimental conditions, the
anodic ECL mechanism is indeed more efficient. Upon apply-
ing a rotation speed of 150 rpm, the ECL emission from the
anode of the BE was significantly enhanced whereas the catho-
dic emission is less intense (Fig. 1f). The ECL emission from
the cathode of the BE was less intense probably due to the
involvement of surface species®® in this ECL mode contrarily
to the anodic pathway which purely involves diffusive species
whose transport is enhanced by the stirring. Fig. 1c and f
display the intensity distribution of ECL alongside the electro-
des (ie. axial profile) for stationary and rotating configur-
ations, respectively. Under a voltage of 60 V (i.e. 10 V ecm™?),
the polarization threshold required for ECL emission is
reached at both poles of the BE and with a maximum intensity
peaking at an axial position of 5 mm and 18 mm for the catho-
dic and anodic pathways, respectively (static electrode).
However, during rotation at 150 rpm, the polarization
threshold required to trigger ECL emission is observed in oxi-
dation with an almost constant intensity from 13 mm and
19 mm and in reduction at 2 mm. A better understanding of
the L-012 mechanism in reduction is required and may guide
alternative analytical approaches to enhance the cathodic ECL
emission.

The magnetic field induces the continuous stirring of the
wire, and the application of the electric field leads to the blue
ECL signal as recorded by a commercial digital camera (Video
S1t). Fig. S1t depicts the time-dependent variations in ECL
intensity at the anode end of the wire during rotation for a
glucose concentration of 0.5 and 1 mM. The ECL emission is
initiated upon application of the electric field at ¢ = 6 s and for
10 s. A series of ECL transients are observed as soon and as
long as the electric field is applied (Fig. S1a and b¥). The inten-

This journal is © The Royal Society of Chemistry 2024
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sity of the transients appears to be quite uniform with a peak
height of 37 + 3 a.u. and 62 + 32 a.u. for 0.5 mM (Fig. Sict)
and 1 mM of glucose (Fig. S1df), and the relative standard
deviations for 1 mM of glucose was 3.3%. The advantage of
the method is the generation of multiple measurement points
that can be used to perform a statistical analysis. Also, the ECL
signal is found to be very stable and reliable, and the ampli-
tude of the signal is clearly correlated to the analyte
concentration.

The experimental conditions were optimized to investigate
the variations of the ECL signal. Optimization of the applied
voltage and rotation speed of the L-012/GOD system was
initially performed. As previously observed, L-012 produces
blue light at both cathodic and anodic poles of the BE, with
the ECL intensity at the anode being significantly stronger
than that at the cathode.”>® Thus, the influence of the applied
voltage and rotation speed of the system on the ECL intensity
at the cathodic end of BE was primarily examined, as shown in
Fig. S2.1 Fig. S2at reports the correlation between the applied
voltage and the maximal ECL intensity on the BE. The
observed trend shows a progressive rise in ECL intensity with
an increasing electric field. A first local maximum is observed
at about 40 V followed by a main maximum at 60 V before a
rapid decrease of the signal. This trend probably reflects two
sequential mechanistic pathways that do not involve the
same electrogenerated species depending on the driving
force. Fig. S2bt reports the variation in cathodic ECL peak
values with a rotation speed varying from 0 to 250 rpm. The
ECL intensity first increases to reach a maximum at 150 rpm
before a progressive decrease. Furthermore, we studied the
influence of the GOD concentration since it should directly
impact the ECL intensity. This was performed with 1 mM of
glucose and the ECL intensity displayed regular calibration
curves obtained both at the anodic and cathodic ends
(Fig. 2). As already observed, ECL on the anodic side is
much stronger than on the cathodic one. An increase of the
signal up to 15 U mL™" is observed first before a plateau
reflecting a steady response at larger GOD concentration (20
or 25 U mL™"). Such a plateau indicates that a maximum
amount of H,0, is reached for the glucose-GOD reaction.
Consequently, the quantitative determination of glucose was
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Fig. 2 Variations of the ECL peak intensity with the concentration of
GOD at the (a) anodic and (b) cathodic ends of the BE. The solution con-
sists of 1 mM L-012, 1 mM glucose, and different contents of GOD (0.5,
1, 5,10, 15, 20 and 25 U mL™Y). The rotation is set at 150 rpm.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

carried out under these optimized conditions, which
included an applied voltage of 60 V, a rotating speed of 150
rpm, and a GOD concentration of 20 U mL ™.

Under the optimal experimental conditions, we performed
the glucose sensing and the quantitative results obtained for
the cathode and the anode are reported in Fig. 3. Once again,
the ECL signals were recorded on the two poles of the wire and
by varying the glucose concentration in the range from 0 to
5000 pM. However, the ECL response was linear only up to
1000 pM. The integrated values of ECL intensity were found to
have a linear relationship with glucose concentration
within the range of 10-1000 pM. The limits of detection were
10 pM for both cathodic and anodic ECL modes. At the anode
of the bipolar electrode, the linear equation between glucose
concentration (x/uM) and the integrated ECL intensity (y) was
¥ = 0.0909x + 15.625, R> = 0.985, whereas at the cathode, the
linear equation was determined as y = 0.0318x + 4.268, R =
0.994.

To evaluate the reliability of the method to detect glucose
in real samples, a recovery experiment was performed. Human
serum samples were diluted 100-fold and were spiked with
different concentrations of glucose (100, 200, and 500 uM) for
ECL detection (Tables 1 and 2). The recovery rate was calcu-
lated as shown in the ESL{ These findings demonstrate the
high accuracy and feasibility of the method for detecting
glucose in pharmaco-relevant samples.
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Fig. 3 Quantitative determination of glucose. The linear relationship
between glucose concentration and ECL intensity at the (a) anodic and
(b) cathodic ends of the BE, with a rotation speed of 150 rpm. The com-
position of the solution is 1 mM L-012, 20 U mL™ GOD, and different
concentrations of glucose (0, 0.01, 1, 10, 50, 250, 500, 1000, 2500, and
5000 puM).

Table 1 Spiked recovery experiment of human serum on the anodic
pole. The solution consists of 1 mM L-012, 20 U mL™* GOD, and diluted
100-fold human serum with different concentrations of glucose added
(100, 200, and 500 pM)

Original

sample Addition of
Sample glucose glucose Estimated Recovery
number  content (uM) (nM) value (uM) rate (%)
1 34.1 100.0 117.0 81.9+1.0
2 200.0 227.4 96.6 + 0.9
3 500.0 580.6 108.9 £ 0.6

Analyst, 2024,149, 2756-2761 | 2759
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Table 2 Spiked recovery experiment of human serum on the cathodic
pole. The solution consists of 1 mM L-012, 20 U mL™* GOD, and diluted
100-fold human serum with different concentrations of glucose added
(100, 200, and 500 pM)

Original

sample Addition of
Sample glucose glucose Estimated Recovery
number  content (uM) (1M) value (pM) rate (%)
1 31.2 100.0 124.7 105.7 + 0.4
2 200.0 225.5 102.4 £ 0.1
3 500.0 434.4 82.8 +0.1

Conclusions

In this work, we report the rapid detection of glucose in serum
based on the anodic and cathodic BP-ECL emission originat-
ing from L-012 dye. In this assay, GOD converts glucose sub-
strate while molecular oxygen is reduced to H,0,. The latter
acts as a sacrificial coreactant for L-012 ECL at physiological
pH. The main originality involves a double remote addressing
of the electrode by applying a constant electric field and also a
continuous homogenization of the solution by using magnetic
stirring. A low-cost iron wire was used as the electrode material
for ECL sensing. The external magnetic field was introduced
during the experiment to induce rotation of the wire, which
enhanced the ECL signal by ensuring a forced convection.
Furthermore, the rotation resulted in more uniform reaction
solution, thus avoiding experimental variability. The same
underlying principle can be potentially applied to smaller con-
ductive objects and extended for designing multifunctional
systems. There is potential for utilizing this method in
dynamic enzyme detection or immunoassays, generating
numerous opportunities for future development.
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