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Monitoring of creatinine in human fluid has attracted considerable attention owing to the potential
for diagnosis of chronic kidney disease. However, the detection of creatinine has been difficult owing
to its electrochemical and optical inertness. In this approach, a highly selective and sensitive
electrochemiluminescence (ECL) strategy based on homogeneous carbon quantum dots (CQDs) for the
detection of creatinine was introduced. A copper(i) picrate complex was added at the surface of electrode
to improve the selectivity of the sensor significantly by the formation of a Janovsky complex. A multi-pulse
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amperometric technique was applied as a very fast and reliable method for quantitative determination of
creatinine. The calibration curve was acquired with a linear range from 1.0 x 1078 to 1 x 10> M with a low
detection limit of 8.7 x 1072 M. The proposed creatinine sensing platform is experimentally very simple and

DOI: 10.1039/d4sd00165f
shows high selectivity with a broad linear range of detection. Furthermore, the presented method can
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1. Introduction

Creatinine (Crn) is a mammalian metabolite mainly produced
from non-enzymatic hydrolysis of creatine and phosphocreatine
during muscle activities." As a waste, Crn is continuously
removed from the body by the kidneys. The Crn amount in
blood and urine is an important health indicator. So, Crn is
clinically determined for diagnosis of diseases related to renal,
muscular, and cardiovascular  dysfunctions.> Normal
concentration levels of creatinine in blood are from 45 to 110
uM, while in urine, typical concentrations range between 3.3
and 27 mM, and in saliva from 8.8 to 26.5 uM. The most
common clinical method for determination of this biomarker is
the Jaffe method.® This colorimetric assay based on the reaction
between Crn and alkaline picrate is tolerated despite problems
like low selectivity and time-consuming sample preparation.*
There are alternative enzymatic detection techniques, but
although they are very selective, they are not clinically used
because of their high cost.” Therefore finding new, fast and cost
effective analytical methods for detection of Crn is significant
and attractive for many researchers.” So far, different analytical
methods such as colorimetric,® chemiluminescence,'®
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determine creatinine in real samples with excellent recoveries.

fluorescence,'"  chromatography,”> and electrophoresis
methods™ have been tried by researchers to find new ways of
creatinine determination in real samples. Most of these
methods are time consuming and require complicated sample
preparation steps. Electrochemical sensors have been developed
for sensing of Crn.'*' Although they have advantages in
comparison with other techniques, they usually need expensive
enzymes due to the low electrochemical activity of Crn."®
Electrochemiluminescence (ECL) as a developing analytical
technique has attracted attention because of advantages like
high sensitivity and cheap instrumentation.”” Determination
of numerous analytes was possible with ECL techniques in
different environments.'®'® Finding novel ECL systems based
on new luminophores, construction of new devices, and
application of new current/potential profiles are important.>’
Homogeneous and heterogeneous (or solid-state) ECL systems
are two categories of ECL based on where the luminophore is
applied in the electrochemical cell.?”** When the working
electrode is modified with a luminophore (heterogeneous
ECL), despite having intense ECL signals, some limitations in
repeatability and reproducibility could be observed due to the
shortage of the luminophore amount. On the other hand,
when the Iluminophore is applied in the solution
(homogeneous ECL), the luminophore is more available in
the electrochemical cell, and the electrode can be modified
with other materials that provide selectivity to the analyte.>**
Luminophores with high aqueous solubility, like the well-
known ruthenium complexes (e.g. Ru(bpy);>), are usually
employed in homogeneous ECL systems. Carbon quantum

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dots (CQDs) are also very soluble in water and can be applied
in homogeneous ECL systems.

ECL of carbon based quantum dots, especially CQDs, has
attracted attention because of some advanced features.>>>°
Biological compatibility, cheap precursors, and short/facile
synthesis methods are making these quantum dots promising
as luminophores in ECL analyses. Nitrogen doped carbon
quantum dots (N-CQDs) have recently been used as new
luminophores in ECL systems due to their strong ECL signal
compared to pristine CQDs.>’2° In some recent studies,
N-CQDs synthesized from citric acid and urea by solvothermal
methods showed excellent durability with an intense cathodic
ECL signal that could be applied for ECL analyses having high
potential to replace the expensive Ru(bpy);>".>**

The cyclic voltammetry (CV) method is usually applied as
the current-potential regime to drive the ECL signal in
analytical applications.®® During the application of CV,
oxidation and reduction of the luminophore occur in a
relatively wide range of potentials. The repeated oxidation-
reduction cycles in addition to diffusion could lead to
destruction of the luminophore, which limits the stability of
ECL signals during the long-term regime of analysis. As
voltammograms are not used as analytical signals in ECL
sensing, other fast current-potential regimes like pulsed
methods could be applied to avoid the mentioned
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limitations.*® Pulsed techniques have other advantages like
sensitivity without responses to capacitive currents,
programmable detection and good data management.**
Based on our knowledge, to date only two ECL sensors of Crn
have been reported and in both of them, heterogeneous
molecularly imprinted ECL (MIT-ECL) systems were used.***°
Analytical application of pulsed potential methods using
homogeneous ECL of CQDs is also a new approach.

In the present work, we used N-CQDs to determine Crn by
ECL. N-CQDs were previously synthesized, characterized by
different techniques, and proven as new cathodic ECL
luminophores.***" Multi-pulsed amperometric methods were
used for driving the cathodic ECL. Unlike usual conditions of
application of CQDs in ECL systems, synthesized N-CQDs were
used for homogeneous ECL. The N-CQDs were dissolved in the
electrolyte of the cell together with a S,0¢>” co-reactant.
Homogeneous ECL, with the pulsed amperometry method,
allowed us to use dynamic ECL having advantages over
traditional static ECL. A glassy carbon electrode (GCE) was
modified with copper(u) picrate to improve the selectivity to
creatinine. The ECL signals of this system were enhanced
linearly by increasing the creatinine concentration. Finally, the
sensor was applied to determine four patients urine and blood
serum contents of Crn and compared with their clinical
analysis results. Scheme 1 briefly summarizes this work.
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Scheme 1 Schematic of the sensor preparation and application.
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2. Experimental section
2.1. Reagents and apparatus

Chemicals, reagents, and instruments are reported in the
ESL+

2.2. Synthesis of copper(u) picrate

Cu(Pic), was synthesized from copper(u) carbonate (synthesis
of copper(n) carbonate is described in the ESIf) and picric
acid (PA).*” Briefly, 2.2 mmol of copper(u) carbonate powder
was added into 20 ml of PA solution in water (0.2 M) and
stirred at 50 °C. Heating and stirring were continued until all
of the CO, bubbles were removed from the solution (about 2
h). Unreacted copper(u) carbonate and PA were removed from
the solution by filtration and extraction  with
dichloromethane, respectively. Finally, yellow-green crystals
of copper(u) picrate were obtained by evaporation of the
solvent. Then they were dissolved again in water in optimum
concentration and stored in a refrigerator (4 °C) to prevent
potential explosion danger. It is noteworthy that PA and their
dry salts are known to have explosive properties and it is
recommended to use them carefully. More details including
characterization are provided in the ESL}

2.3. ECL apparatus

ECL experiments were performed at room temperature using
a potentiostat/galvanostat (uStat ECL, DropSens, Spain,
controlled with DropView 8400 software) combined with a 25
ml homemade ECL cell placed on a photodiode detector. A
three-electrode system consisting of a glassy carbon electrode
(GCE) with a diameter of 3 mm (0.07065 cm?) as a working
electrode, an Ag/AgCl (saturated KCl) electrode as a reference
electrode and a platinum rod as a counter electrode was used
for all experiments. A homemade mini stirrer probe was
attached to the cell for agitation of the electrolyte. The cell,
electrodes, detector and stirrer were placed in a dark box for
avoiding entry of external light (Fig. S17).

2.4. Fabrication of the ECL sensor

A glassy carbon electrode (GCE) was cleaned by polishing
with 0.3 um o-alumina/ethanol slurry to obtain a mirror like
surface. After rinsing with deionized water and drying, 10 uL
of copper picrate in optimized concentration (1.4 mg mL™)
in 2% Nafion solution was dropped onto the electrode and
dried in an oven at 60 °C. The modified electrode was then
placed in a dark box for another 10 min and used for
experiments.

2.5. Method of ECL

Homogeneous cathodic ECL was applied in this work.
N-CQDs as luminophores in a concentration of 0.05 mg mL™"
were added to a PBS buffer solution (pH = 7) containing 0.1
M S,04” and placed in the cell. An amperometric multi-
pulsed method consisting of potential pulses of -1.8 V with a
pulse duration of 0.2 s was applied. The resulting ECL and
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current signals were recorded (Fig. 1A). A mini stirrer was
installed in the cell and used for agitating after each addition
of analyte during the calibration. The potential of pulses,
duration of pulses (pulse times), relaxation time between
pulses, concentrations (co-reactant, luminophore, modifier),
and the effect of pH were optimized.

2.6. Preparation of real samples

Human serum was kindly provided by the Iranian Blood
Transfusion Organization (IBTO), Ardabil, Iran. Urine and
serum samples of four patients diagnosed with kidney
disease were obtained from a local hospital in Zanjan, Iran.
All experiments were performed in accordance with the
guidelines of research and technology of UMA, and approved
by the ethics committee at the University of Mohaghegh
Ardabili. Informed consent was obtained for human urine
samples of this study.

5 ml of methanol was added to 5 ml of each human blood
serum sample and sonicated for 10 min. After precipitation
of proteins, the samples were centrifuged at 4000 rpm for 15
min to remove the proteins and fats. The obtained clear
liquids were then diluted to the final volume of 50 ml in
phosphate buffer solution (pH = 7) and used for experiments.
To prepare urine samples, 10 ml of patients' urine samples
were heated at 80 °C in a water bath for 15 min. After this,
the samples were centrifuged at 4000 rpm for 10 min to
remove the precipitates and finally the samples were diluted
like the serum samples.

3. Results and discussion
3.1. Determination strategy

The Crn measurement method is illustrated in Fig. 1B.
Homogeneous ECL of N-CQDs in the case of application of a
bare GCE, with moderate signal intensity (column a), was
slightly enhanced by the addition of Crn (1 mM) to the
solution (column b). As the concentration of added Crn was
relatively high, this signal enhancement was not enough for
detection. To increase the sensor's selectivity, copper(u)
picrate was coated onto the surface of the GCE. The ECL
signal of N-CQDs for the copper(u) picrate modified GCE was
shallow without Crn (column c). Perhaps interestingly, in the
presence of Crn, the ECL signal increased about twice
compared to the GCE without coating (column d). This
sensitive ECL behavior of the prepared sensor enabled the
determination of Crn in a broader range of concentrations.
Further investigation showed that the signal of the modified
electrode was produced only in the presence of N-CQDs
(columns e and f).

3.2. Proposed ECL enhancing mechanism and selectivity

The cathodic ECL mechanism of N-CQDs in the presence of
S,04>” is similar to that reported for other CQDs.?3839 The
mechanism can be described briefly in the following
equations:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ECL intensity (a. u.)

Different test conditions

(A) ECL pulses, (B) different conditions of ECL tests, a: bare GCE in CQD solution, b: bare GCE in CQD and Crn solution, c: Cu(pic),/GCE in

CQD solution, d: Cu(pic),/GCE in CQD and Crn solution, e: Cu(pic),/GCE in PBS solution and f: Cu(pic),/GCE in Crn and PBS solution. All solutions
were 0.1 M KZSZOBZ’. Error bars are the standard deviation of three measurements.

N-CQDs + e~ — N-CQDs™~ (1)
$,04° +e — SO,% + S0, (2)
N-CQDs"~ + SO, — N-CQDs* + SO,*" (3)
N-CQDs* — N-CQDs + hv (4)

As shown in eqn (1) and (2), simultaneous reductions of
N-CQDs and persulphate anions on the cathode are the critical
steps required to generate ECL in the N-CQD/persulphate
system. For describing the Crn determination mechanism, it
can be proposed that when the electrode surface is modified
with copper(u) picrate, its reduction takes the electrons.
Therefore, this modifier hinders the formation of anion
radicals (N-CQDs™ and SO,") leading to a low ECL signal. On
the other hand, when Crn is introduced, the formation of a
Janovsky complex enhances the electron transfer resulting in
an intense ECL signal. This phenomenon allows determining
the Crn concentration in the solution with high selectivity. A
series of investigations, using FT-IR spectroscopy, were
performed to prove the formation of the Janovsky complex
from copper(un) picrate and Crn. PA and copper(un) picrate
solutions were mixed with Crn solution separately and the
resulting complexes were analyzed by FT-IR. As can be seen in
Fig. S6,f the FT-IR spectra of the products of copper(u) picrate
and Crn are similar to those of the products of PA and Crn
(especially areas highlighted with blue and orange colors). This
indicates the formation of the complex on the electrode surface
during the analysis. Photographs of the solutions, shown in
Fig. S7,t confirm the known color of the Janovsky complex.*’

3.3. Optimization of analytical conditions

Optimum experimental conditions of Crn measurement with
the proposed ECL sensor were determined for analyses with
optimal performance. The concentration of N-CQDs
(luminophore) in the solution had a direct impact on the ECL

© 2024 The Author(s). Published by the Royal Society of Chemistry

intensity. However, as shown in Fig. 2A, excess amounts
decreased the ECL intensity. This reducing ECL intensity
occurred because of the light absorption properties of the CQDs
that in concentrations above 0.05 mg mL™" (optimum amount)
turn the solution darker and hinder the ECL from reaching the
detector. Increasing the co-reactant (S,04°7) concentration also
increased the ECL intensity until the optimum amount of 0.1 M
which is almost the saturation point of this salt in the buffer
(Fig. 2B). The amount of Cu(pic), as the electrode modifier was
optimized by drop casting of solutions with different
concentrations of this salt on the electrode and recording the
ECL signals of N-CQDs. As Fig. 2C shows, the maximum ECL
intensity was obtained at a concentration of 1.42 mg mL™". The
reason probably was that Cu(pic), in excess amounts hinders
the charge transfer and lowers the ECL signal.

As is known, the pH of the cell solution in electrochemical
measurements is a significant factor. Therefore, phosphate
buffers with different pH values were tested as shown in
Fig. 2D. The maximum intensity of the ECL was obtained at pH
= 7.0. Previous studies have also shown that neutral pH is
suitable for having intense ECL signals because of the surface
charge of N-CQDs.****! Three important parameters of multi-
pulsed amperometry including pulse potential, pulse time and
relaxation time between pulses were optimized. As shown in
Fig. 2E, the ECL intensity of the N-CQD/S,05>  system was
increased by increasing the applied cathodic potential. The
signal increase was observed until 1.8 V and then remained
almost constant. This shows that maximal simultaneous
electroreduction of the luminophore and co-reactant occurs at
this potential resulting in the most intense ECL signal.
Therefore, this potential was selected as the potential of pulses
for all measurements. The duration of potential application for
each pulse (pulse time) was optimized by applying -1.8 V to the
working electrode in different periods and signal stability was
calculated as 1/RSD for each period. As Fig. 2F shows, the most
stable ECL signals were observed in the pulse time of 0.2 s. It is
necessary in any pulsed methods to optimize relaxation times
(duration with no application of potential between pulses).

Sens. Diagn., 2024, 3,1562-1570 | 1565
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Therefore, this parameter was optimized in this work. As
illustrated in Fig. 2G, the most stable ECL signals with the
lowest RSD were observed in the relaxation time of 6 s. It seems
that mass transfer of the luminophore and co-reactant to the
surface of the electrode needs specific time under these
conditions.

1566 | Sens. Diagn., 2024, 3,1562-1570

3.4. Crn analysis results

Different amounts of Crn were gradually injected into the cell
containing the luminophore and co-reactant under optimum
conditions, and ECL pulses were recorded to obtain the
calibration curve. As shown in Fig. 3A, ECL signals were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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gradually increased with the increase of the Crn concentration.
On the other hand, as Fig. 3B illustrates, there was no
relationship between currents derived from pulses and the Crn
concentration. A linear relationship between the intensity of
ECL signals and the logarithm of Crn concentrations was
observed (Fig. 3C). The linear range of this measurement was
obtained to be between 1 x 107® and 1 x 10~ mol L based on
the equation of ECL = 0.2838log[Crn] + 2.4233 and R” = 0.9843.
This linearity is very compatible with the Crn levels in human
(women and men) blood serum and urine which are 4.5 x 10~
to 1.1 x 10* and 3.3 x 102 to 2.7 x 102 mol L,
respectively.”>** This shows that the new sensor could be
applied for real sample analysis in clinical ranges even after
several times of dilutions. Calculations using calibration data
resulted in a detection limit (LOD) of 8.7 x 10° mol " and a
quantification limit (LOQ) of 1.7 x 10® mol L™ (S/N = 3).
Table 1 shows a short review of reported Crn detection
methods from the performance point of view. Compared with
other recent studies, this reveals that the new sensor has a
broad linear range with a very low detection limit.

3.5. Measurement of Crn in real samples

The effect of matrix sample on sensor performance was
studied by the addition of constant amounts of prepared real
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samples to the ECL cell using different concentrations of Crn
and recording the ECL signals. Data are shown in Fig. 3D.
Linear ranges were identical and curves (and equations) were
very similar to those for the calibration. These results show
that the calibration equation could be applied for fast
determination of Crn in real samples even without using the
time-consuming standard addition method.

3.6. Selectivity, stability, and reproducibility of the sensor

To evaluate the sensor's selectivity, different interfering
compounds and ions that could be present in real samples
(uric acid, glucose, urea, ascorbic acid, ammonium, oxalate,
phosphate, etc.) were tested. As illustrated in Fig. 4A, no
interfering effects of these compounds were observed at a
concentration of 1 mM. For more selectivity studies, these
compounds at the same concentration were also tested with
the sensor in the presence of Crn at 10 uM concentration (100
times lower than the interferences) and the results showed that
no ECL signal enhancement or quenching happened (Fig. 4B),
indicating the good selectivity of the sensor to Crn. The sensor
stability was investigated by recording the ECL signals during
the given time and the results are shown in Fig. 4C. The
intensity of the signals is almost identical to the RSD of 2.24%
revealing the stable properties of the new sensor. For further
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Fig. 3 (A) ECL intensity of the optimized sensor in different concentrations of Crn: (a) 1 x 1078, (b) 5x 1075, (c) 1 x 1077, (d) 5x 1077, (e) 1 x 10°%, (f)
5x107® and (g) 1 x 10 mol L™%. (B) Currents derived from pulses in different concentration of Crn. (C) Calibration curve. (D) Effect of real samples
on the calibration curve. Error bars are the standard deviation of three measurements.
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Table 1 Performance parameters for different methods for Crn determination compared to this work

View Article Online

Sensors & Diagnostics

Method Real sample Linear range (M) LOD (M) Reference
Voltammetric Artificial urine 10°-5x107° 5x107* 44
Capillary electrophoresis Human serum and urine 1x10*-3 x 1072 3.5%x107° 13
Colorimetric Human serum and urine 3x10°-5x107* 2.2x107° 6
Amperometric Not reported 5x10°%1x107* 1x1077 45
Amperometric Human serum 3x107°-1x107° 1x1077 14
Voltammetric Human serum 6x107-1x10"° 7.4%x1077 46
Enzyme-less electrochemical Human urine 1x107°-2x107* 7.2x107 47
Amperometric Human serum and urine 5x107-1.5 x 10~ 7.7x107° 48
MIT-ECL Human serum and urine 5x107°-1x107° 5x107" 35
Fluorescence Not reported 1x10*1x107° 3.2x107° 11
Voltammetric Human serum 5x107%-4x107° 113 x107° 49
Chemiluminescence Human urine 1x107-3x107° 7.2%x10°® 10
Colorimetric Human urine 1x107%-2 x 10'% 8x107° 50
Homogeneous ECL Human serum and urine 1x107°-1x107° 8.7 x107° This work
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Fig. 4 (A) Selectivity of the new sensor in the presence of 1 x 10~ mol L™ different contaminants: K*, Na*, chloride, phosphate, uric acid, ascorbic
acid, glucose, oxalate, ammonium, urea, citrate and 1 x 10™ mol L™* Crn. (B) Selectivity in the mixture of 1 x 10~ mol L™ contaminants with 1 x
107° mol L™ Crn. (C) Stability and (D) reproducibility. Error bars are the standard deviation of three measurements.

investigations of possible structural changes in the sensor
during determination of Crn, cyclic voltammetry (CV) was
performed before and after the stability test. As shown in Fig.
S7,;t the intensity of two reversible redox peaks of the
[Fe(CN)s]**" system slightly decreased using a modified
electrode (curve b) compared with a bare GCE (curve a). On the

1568 | Sens. Diagn., 2024, 3, 1562-1570

other hand, there were no recognizable redox current changes
in the case of the used sensor (curve c), indicating that the
electrochemical performance of the sensor was almost stable
after use. Ten measurements of Crn (10 uM) were performed
using ten freshly prepared sensors in ten days to study the
reproducibility. As Fig. 4D shows, all measurement results were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Determination of Crn in serum and urine of four patients

View Article Online

Paper

Patients Samples Clinical results (M) Sensor's results (M) Accuracy” (%)
1 Serum 3.96 x 10°* 3.86 x10°* -2.55
Urine 3.15%x107° 3.20x107° 1.85
2 Serum 4.48x 10" 4.69x 107" -2.24
Urine 2.80x107° 2.82x107° 0.58
3 Serum 2.50 x 1074 2.54x107* 1.71
Urine 3.50x107° 3.42x107° -2.15
4 Serum 2.96 x 107 3.02x107* 2.10
Urine 2.85%x10° 2.91x10° 2.09

¢ Accuracies are based on the difference between clinical and sensor's results and are equal to (sensor's result - clinical result)/clinical result x

100. All results are the average of three measurements.

very close to each other (RSD = 3.19%), implying that the
sensor can be prepared and used several times successfully.

3.7. Patient samples analyses

For testing the efficiency of the sensor for real sample
analysis, serum and urine samples of four patients (suffering
from kidney diseases) with known contents of Crn (all were
at abnormal levels) were taken from a hospital and analyzed
with the new sensor. For each determination, three potential
pulses applied to the sensor and thus each
measurement took less than a minute. The calibration
equation was used for calculation of Crn concentrations. As
shown in Table 2, the results are very close to those of the
clinical colorimetric analyses with acceptable accuracy.

were

4. Conclusions

New homogeneous ECL based on an N-CQD/S,05> system
was used to selectively determine Crn. Pulsed amperometry
was used as a new, fast, and precise current-potential regime
in this work. Copper(u) picrate was synthesized and used as
an electrode modifier to make the sensor highly selective to
Crn. The combination of the pulse method and
homogeneous luminophore application allowed having a
dynamic ECL determination that made the analysis of
samples faster in comparison with other methods. From the
real sample analysis point of view, the proposed ECL sensor
shows accurate results in determining the urine and serum
Crn contents of four patients diagnosed with kidney disease.
In addition to having potential for diagnosis of chronic
kidney disease, this study could also open new ways of
luminophore and method applications in ECL sensors.
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