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Abstract 

In this study, a fully-featured electrochemiluminescence (ECL) sensing platform based on a 

multichannel closed bipolar system (closed-BP, C-BP) for the determination of caffeic acid 

(CA) was successfully developed. The system comprises three individual reservoirs 

connected to each other by two pairs of gold rods as bipolar electrodes. Moreover, a single 

pair of gold rods functions as the driving electrodes. Due to configuration consisting of three 

channels and double-bipolar electrodes, the detection of CA was accomplished in two 

oxidation and reduction pathways within a single device. Firstly, through close observation of 

the reactions occurring within the device and utilizing a universal pH indicator and bipolar 

electrodes, a precise mechanism for the current bipolar systems was initially proposed. Then, 

the concentration of CA was monitored in the reporting chamber through the following ECL 

intensities resulting from luminol oxidation and H2O2. The monitoring process was 

performed using both a photomultiplier tube (PMT) and a digital camera. In the process of 

analyte oxidation, the PMT and visual (camera)-based detection exhibited a linear response 

from 5 μmol L-1 to 700 μmol L-1 (limit of detection (LOD) 1.2 μmol L-1) and 50 μmol L-1 to 

600 μmol L-1 (LOD 14.8 μmol L-1), respectively. In the analyte reduction pathway, the 

respective values were 30 μmol L-1 to 450 μmol L-1 (LOD 8.6 μmol L-1) and 55 μmol L-1 to 

400 μmol L-1 (LOD 21.2 μmol L-1), for the PMT and visual-based detection, respectively. 

Our experiments have demonstrated the practical application of the sensor array for efficient 

and high-performance analysis. This innovative design holds significant potential for diverse 

fields and paves the way for the development of a user-friendly device. 
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1. Introduction 

In recent years, the bipolar electrochemistry (BPE) and bipolar electrochemiluminescence 

(BP-ECL) sensing platform have garnered remarkable attention in the biosensor and sensor 

field due to its essential advantages, such as its low cost, simplicity, portability, and ability to 

perform multiplex analysis. The absence of a direct connection between external potential 

instruments and sensing electrodes makes this platform highly appealing [1, 2]. A bipolar 

configuration involves an electrical conductor placed within either a single solution (open-

BP, O-BP) or two distinct solutions (closed-BP, C-BP). This conductor is positioned between 

two driving electrodes that are connected to an external power supply [3, 4]. By applying a 

sufficiently high voltage to the driving electrodes, an interfacial potential difference is 

generated between the bipolar electrodes and the solution they come into contact with. As a 

consequence, cathodic and anodic overpotentials occur on opposing sides of the bipolar 

electrodes, thereby triggering faradaic reactions taking place on the bipolar electrodes [5]. 

The BPE charge balance specifies the detection performance of this setup because there is 

a direct connection between two reactions occurring on both sides of bipolar electrodes [6-8]. 

In the C-BP system, the two poles of the bipolar electrodes are positioned in distinct 

compartments, each containing different fluids, so the current flows exclusively through the 

bipolar electrodes. The reaction occurring within the sensing reservoir is manifested in the 

reporting reservoir. Hence, by capturing signals from one pole, the reaction taking place on 

the other pole of the bipolar electrodes can be detected. The current efficiency of the C-BP-

ECL system theoretically reaches nearly 100%. [9]. 

The transduction of a faradaic current into a visual readout has been accomplished by 

employing various reporting methods, including fluorescence [10], electrochromic [11], light-

emitting diode [12], as well as metal films electrodissolution [13]. Among the various 

available detection methods, ECL-based systems are extensively acknowledged for their 

exceptional sensitivity. ECL is the emission of light in close proximity to an electrode, which 

occurs as a consequence of an electrochemical reaction. In this process, a luminophore 

undergoes excitation to an excited state through an exergonic redox reaction and transitions 

back to the ground state by emitting a photon [14]. The ECL assay has garnered significant 

interest owing to its numerous advantages, including rapid response, high sensitivity, and 

selectivity, minimal background signal, compatibility with solution-phase analysis, and 

enhanced control over the position and timing of light emission [15, 16]. These 



 
 

2 
 

characteristics make ECL  highly suitable for readout in BPE systems [2, 17].  The utilization 

of C-BP-ECL greatly enhances the remarkable advancements of BPE sensing applications, 

enabling their implementation in a wider range of analytical scenarios compared to 

conventional wired electrodes [18]. Until now, numerous C-BP-ECL systems have been 

developed for the detection of proteins [19-23], nucleic acids [24, 25] cells [2, 26] and 

enzymes [27-29].  

For example, in 2019, Bagherie et al. presented a highly sensitive strategy for the 

ultrasensitive immunosensing of prostate-specific antigens based on a visual-readout C-BP-

ECL system. They utilized two stainless steel sheets and a small segment of an archival 

compact disk with a gold reflective layer as the driving and bipolar electrodes, respectively. 

Their approach relied on integrating the hydrogen evolution reaction at the cathodic pole and 

the ECL of luminol-loaded within the MIL-53(Fe)-NH2 in the anodic pole. After conducting 

the procedure for modifying gold anodic bipolar electrode, they monitored the ECL signal 

using both a PMT and a digital camera [19]. 

In 2022, a “color switch” ECL biosensor was constructed by Chen et al. for detecting the 

miRNA-141. It consisted of two reservoirs and a constant resistor, and both ends were 

connected to the driving anode and the bipolar cathode. Taking inspiration from the principle 

that parallel resistance reduces the overall resistance and increases the total current in a 

circuit, they introduced a constant resistance in parallel with the bipolar cathode to decrease 

the total resistance of the circuit. This modification was caused to enhance the ECL signal 

and improve the detection sensitivity of miRNA-141 under a specific driving voltage [25]. 

In 2018, Ge et al. fabricated a disposable paper-based analytical device comprised of a 

closed bipolar electrode for the ECL detection of intracellular H2O2 and the number of cancer 

cells. They employed wax printing to construct the reaction zone, and screen-printed carbon 

ink-based bipolar and driving electrodes onto the paper. They modified the bipolar electrode 

via hybridization chain reaction. After stimulation of the target cells followed by releasing 

H2O2, they recorded the ECL response of the luminol-H2O2 which served as a quantitative 

signal for the determination of cancer cells [30]. 

In 2022, Yu et al. constructed a paper-based BP-ECL analytical platform for sensitive 

M.SssI methyltransferase detection. The paper patterns were ingeniously designed and 

printed on cellulose paper. They employed pencil graphite with excellent electrical 
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conductivity as the bipolar electrodes to simplify the manufacturing process and reduce the 

costs. Taking advantage of HpaII endonuclease's ability to identify particular sequences, their 

C-BP-ECL system demonstrated remarkable stability, satisfactory reproducibility, and an 

extensive range for detecting M.SssI Methyltransferase [27]. 

BP-ECL techniques have also shown promising potential in the detection and 

quantification of ions and various small molecules [7, 31-34]. 

For example, Zhang and his colleagues introduced a microfluidic-based BP-ECL system 

with two-direction driving electrodes and a dual-channel configuration for the first time. 

They applied the Ru(bpy)3
2+/tri propylamine ECL system to create the dual-channel BP-ECL 

sensing platform. To showcase the potential applications of this device, the detection of 

dopamine, H2O2, K3Fe(CN)6, and tripropylamine was examined as model targets. Their 

findings demonstrated that the utilization of the supporting channel enabled the detection of 

electroactive analytes that were not directly linked to the ECL reaction. [35].  

In 2014, Wang research group investigated a full-featured ECL sensing platform based on 

a three-channel C-BP system for the first time. They detected H2O2, ascorbic acid, 

tripropylamine, glucose, and blood sugar in the modified indium tine oxide (ITO) cathodes 

by electrodeposited Pt as a bipolar electrode in a three-channel C-BP-ECL device with good 

performance [36]. 

Caffeic acid (CA) (3, 4-dihydroxy-cinnamic acid; C9H8O4) is a phenolic compound which 

is produced as a peripheral metabolism of some herbage products like coffee beans, olives, 

carrots and fruits [37]. Also it is well-known as an antioxidant existing in wines, teas, coffee, 

olive oils, etc [38]. Previous studies showed multiple vital physiological effects of CA 

including antioxidant [39-41], antibacterial [42-44], antiviral [45-48], anti-inflammatory 

effects [49, 50], antidiabetic [51, 52], cardioprotective [53, 54], anticancer [55-60], etc. 

Although CA plays a vital role in the human body, an excessive dose of it can lead to 

negative side effects [49, 50]. Therefore, the development of new methods for the 

quantitative analysis of CA in dietary supplements, foods and pharmaceuticals is very 

important [61-63]. During recent years several analytical methods have been investigated for 

CA quantitative measurements, which includes high performance liquid chromatography, 

capillary electrophoresis, spectrophotometry, and mass spectrometry as well as 

electrochemical methods [64-66]. Among these techniques, electrochemical methods have 
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been increasingly employed in the detection of CA [67, 68]. But these methods have several 

limitations like time consuming, highly cost effective, complex detection procedure, etc. [67, 

69]. Therefore, the development of hand hold sensors with impressive features like highly 

sensitivity and selectivity, simple setup, possibility of miniaturization and rapidity is very 

important [68]. 

Herein, we present a multichannel bipolar sensing platform that enables the sensitive 

monitoring of CA using the robust ECL technique. This design allows for the detection of CA 

in both oxidation and reduction pathways within a single device. Scheme 1 presents an 

illustration of the configuration and operation mechanism of the three-channel C-BP system. 

The device consists of three distinct reservoirs that are connected through a set of two pairs of 

gold rods acting as bipolar electrodes and two gold rods functioning as driving electrodes, 

which are integrated into the overall system. Furthermore, to establish a more accurate 

mechanism for bipolar systems, the color changes of the universal pH indicator were 

analyzed. Finally, the effectiveness of the design was shown by successfully detecting CA in 

two different pathways within a single chip. 

 

Scheme 1. Structure of the full-featured ECL sensing platform for monitoring of CA in its oxidation 

pathway (in the process of CA detection within its reduction pathway, the place of analytes marked 

with asterisks are replaced together). 
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2. Experimental  

2.1. Chemicals 

All chemicals were of analytical grades and were used without further purification. CA 

(3,4-dihydroxy-cinnamic acid), luminol, thymol blue, methyl red, bromothymol blue, 

phenolphthalein, potassium sulfate, sodium phosphate, disodium phosphate, sodium 

hydroxide, sodium acetate, acetic acid, borax, boric acid, sulfuric acid, potassium 

permanganate, sodium oxalate and hydrogen peroxide 30% all were acquired from 

commercial sources (Merck or Sigma). CA stock solution and luminol solution were prepared 

daily by dissolving appropriate amount of CA and luminol in phosphate buffer (0.05 mol L-1, 

pH 7.0) and borate buffer (0.05 mol L-1, pH 9.0), respectively. Hydrogen peroxide was 

standardized weekly using Na2C2O4 and KMnO₄. Different pH values of phosphate buffer 

solutions (0.05 mol L-1) were prepared by using NaH2PO4 and Na2HPO4 salts. CH3COOH 

and CH3COONa were used for the preparation of a 0.05 M acetate buffer solution. Borate 

buffer solutions (0.05 mol L-1) were prepared using Na₂[B₄O₅(OH)₄]∙8H₂O and H3BO3. The 

pH adjustment was achieved using NaOH and HCl solutions (0.1 mol L-1).  

2.2. Apparatus 

Six gold rods, each with a diameter of 4 mm, were utilized as both driving and bipolar 

electrodes. Two of these rods were utilized as driving electrodes and positioned within the 

microchannel's side terminals. Four of the gold rods were interconnected in pairs using 

copper wires and then employed as bipolar electrodes. A DC power supply (ERAM 

TRONICS, Iran) was employed to apply a constant voltage (Eapp) to the gold driving 

electrodes. The adjustment of pH was implemented with a pH-meter (Metrohm model 691). 

The ECL responses were monitored using a photomultiplier (PMT) (Hamamatsu, USA) 

connected to an oscilloscope (MEGATEK, China) at room temperature. A Nikon AF-S 

Nikkor 50mm f/1.8G digital camera was employed to capture the visual ECL from the 

electrodes within a darkroom setting. 

2.3. Device fabrication         

The microchannel of the C-BP-ECL was designed using AutoCAD software, and then the 

design was converted to the STL format. The BPE cell was constructed by Mankati Fullscale 

XT Plus printer. It is composed of three microchannels. These microchannels were printed 
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using the poly lactic acid (PLA) filament. Each of the microchannels had a 12 mm length and 

the diameter of each reservoir was 5 mm. The overall dimensions of the devices are 1 × 6 × 

0.4 cm3. Two gold rods, as the driving anode and driving cathode, were placed at an interval 

of 5.2 cm of each other on two-terminal sides of the sensing reservoirs (Scheme 1). 

 2.4. Mechanism demonstration 

The verifying of this multichannel C-BP-ECL was evaluated using a universal pH 

indicator (green, pH 7.0). Briefly, 50 μL of universal pH indicator and 10 μL K2SO4 solution 

(0.1 mol L-1) were added into all reservoirs. The driving voltage (9 V) was applied to activate 

all the reactions.  

 2.4. preparation of real sample 

Coffee powder was obtained from a supermarket and then finely powdered using a mortar 

and pounder. An adequate amount (2 g) of the collected sample was separately transferred 

into a flask containing 50 ml of Milli-Q water.  After heating for 1 hour, the resulting solution 

was centrifuged at 4000 rpm to obtain a clear supernatant. Finally, the solution was diluted 

with a 0.05 mol L-1 phosphate buffer solution and subsequently subjected to ECL analysis. 

The same procedure was employed for the analysis of the sample using UV-Vis 

spectroscopy, with the exception that Milli-Q water was used to dilute the final solution. 

3. Results and discussion    

3.1. C-BP-ECL assay procedure and data analysis      

The procedure of the C-BP-ECL assay was outlined as follows: initially, two gold rods 

were inserted into the reservoirs and served as driving electrodes. Additionally, two pairs of 

gold rods were employed as bipolar electrodes and inserted into the microchannel (according 

to scheme 1). Then 50 μL borate buffer solution containing luminol/H2O2 was introduced into 

the reporting reservoir. Subsequently, 50 μL of a phosphate buffer solution containing CA 

solution or H2O2 solution was introduced into the sensing reservoirs, with their placement 

exchanged depending on the oxidation or reduction of the analyte. The device was positioned 

on the PMT inside the black box of the lab-assembled ECL measurement setup and securely 

fastened with clips. The application of an adequate driving voltage to the driving electrodes 

induced the oxidation of H2O2, leading to the generation of reactive oxygen species (ROSs) 
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[70]. The interaction between the generated ROS and luminol produced an unstable 

endoperoxide, which rapidly decomposed into excited state 3-amino phthalate anions (3-

APA*), leading to the emission of light. This light emission was recorded by the PMT. The 

output currents from the PMT are converted to voltages using operational amplifier current-

to-voltage converters. These voltage signals are then transferred to the oscilloscope for 

further analysis [71]. In this way, the visualization of the intensity of photons released during 

the luminol oxidation reaction on the oscilloscope screen was enabled [72]. The oxidation of 

CA in the sensing reservoir and the oxidation of luminol in the presence of hydrogen 

peroxide in the reporting reservoir exhibit a direct and simultaneous relationship. Due to the 

connection between reservoirs in the BPE system, the ECL reaction was associated with the 

electron transfer processes occurring at the C-BPE [73]. Ultimately, the concentration of 

oxidized CA in the sensing reservoir can be measured by following the emitted photons using 

a PMT in the reporting reservoir [1, 74]. 

3.2. Demonstration of principle 

 The mechanism of the multichannel C-BP-ECL system was explored through the colour 

change induced by the water electrolysis (Fig.1).  Two driving electrodes were subjected to an 

external voltage, leading to creating of a potential difference between them. If the overall 

applied voltage is sufficiently high, it generates an electric field in the channel that triggers 

the oxidation and reduction reactions at the poles of bipolar electrodes [17]. As expected, the 

electrolysis of water did not take place in the absence of a connection between reservoirs due 

to the lack of forming a complete circuit (Fig. 1B). Under the same conditions, with the 

connection of the separated reservoir by bipolar electrodes pH changes took place (Fig. 1C). 

Based on the observed colour changes, it was determined that the gold cathode accepted 

electrons from the external power supply, resulting in the reduction of H2O. Simultaneously, 

H2O underwent oxidation at the bipolar anode in accordance with the principle of electric 

neutrality [75]. Then, electrons flowed from the copper wire to the bipolar cathode [76]. The 

current of electrons went on until it reached the positive terminal of the power supply. The 

results indicated a strong interdependence among all the reactions taking place in this design, 

which aligned well with recent findings [77]. 
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 Fig. 1. (A) Schematic diagram of the device in mechanism study employing universal pH indicator and K2SO4 

solution (B) The device without the connection between bipolar electrodes under the driving voltage of 9.0 V 

for 5 min, (water electrolysis did not occur and there was no change in the solution's color), (C) Device with the 

connection between bipolar electrodes under the driving voltage of 9.0 V for 5 min, (due to forming a complete 

circuit, water electrolysis occurred and a noticeable change in the solution's color was seen)  

3.3 Optimization of effective parameters in the C-BP-ECL system 

All effective parameters on ECL intensities for the detection of CA, such as pH and 

concentration of luminol solution in the reporting reservoir, concentration of H2O2 as co-

reactant in the reporting reservoir, pH and concentration of H2O2 in the sensing reservoir, pH 

of CA solution and the applied voltage to the driving electrodes, have been optimized to 

determine the most favorable values. In order to eliminate any background signals, the 

experiments were conducted both with and without the analyte in the sensing reservoir. By 

subtracting the ECL signal values obtained in the presence and in the absence of the analyte 

point by point, the net ECL signal values in the current C-BP-ECL platform were obtained. 

Optimal values are those where the difference in the signals (ΔECL) obtained in the presence 

and in the absence of the analyte is maximal. 

3.3.1 Optimization of pH and luminol concentration in the reporting reservoir 

ECL signals are produced by the electrochemical oxidation of luminol and the electro-

generation of ROS from H2O2. Thus, the electrochemical oxidation of luminol is significantly 

affected by the pH and by its concentration in the solution in the reporting reservoir. ECL 

signal of luminol is known to be more efficient in alkaline conditions. The presence of 

hydroxide ions contributes to the increased efficiency of the electrochemical oxidation of 

luminol [78]. At high pH values, hydroxide ions help to deprotonate the luminol molecule, 

which increases its electron density and makes it more readily available for oxidation [79]. 

(A) (B) 

(C) 
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The optimization of pH of the luminol solution in the reporting reservoir was conducted 

(Fig. S1). Increasing the pH of the luminol solution up to 9.0 resulted in enhanced ECL 

signals for both blank and sample solutions due to the accelerated oxidation reaction of 

luminol  [26, 80, 81]. A decrease in ECL signal at higher pH values was likely due to the 

decomposition of H2O2 which occurs in high alkaline media [82]. The presence of a greater 

concentration of hydroxide ions can act as a catalyst to speed up the decomposition of H2O2. 

As a consequence, the formation of oxygen gas and bubbles can lead to a reduction in the 

ECL signal [83]. 

Another influential factor on the modification of ECL intensity in C-BP-ECL platforms is 

the concentration of luminol. The ECL signal may be weak or difficult to detect when the 

luminol concentration is low. On the other hand, a high concentration of luminol may cause a 

reduction in the ECL signal, possibly due to quenching or interference from other sample 

components. The impact of luminol concentrations on ECL signals has also been explored, as 

shown in (Fig. S2). The increase of luminol concentration leads to an increase in the 

concentration of 3-amino phthalate dianion ions and subsequently intensifies ECL signals. At 

luminol concentrations exceeding 2.5 mmol L-1, a decrease in the intensity of the ECL signal 

was observed. The self-quenching effect that occurs at high concentrations of luminol could 

be responsible for this phenomenon [84-86]. 

3.3.2 Optimization of concentration of H2O2 as co-reactant in the reporting reservoir 

Optimizing the concentration of H2O2 in the reporting reservoir for luminol oxidation is 

crucial for achieving maximum ECL signal intensity and sensitivity. The electrochemical 

oxidation of H2O2 on the electrode surface leads to the generation of ROSs. The reaction 

between ROSs, particularly superoxide anion (O2
•-), and luminol results in the production of 

an excited state namely the 3-amino phthalate dianion (AP2-∗). Finally, the emission of light 

at a wavelength of 425 nm occurs as the excited state returns to the ground state [70]. 

According to Fig. S3, ECL signals exhibit an increase when the concentration of H2O2 is 

increased up to 3.0 mmol L-1, but beyond this concentration, the signals decrease. One 

possible reason for the suppression of ECL could be the formation of H+ during the 

electrochemical oxidation of H2O2, which can decrease the pH in the electrode's vicinity [87]. 

3.3.3 Optimization of pH and H2O2 concentration in the sensing reservoir 
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In the current C-BP-ECL design, H2O2 can undergo both oxidation and reduction 

reactions depending on its location within the microfluidic BPE cell. In the oxidative pathway 

of CA, H2O2 can undergo reduction reaction. To comply with the law of electroneutrality 

throughout the circuit, the electroreduction of H2O2 must occur via a direct pathway (two-

electron process) [88]. The use of gold rods as bipolar electrodes in the current platform made 

this easy to achieve. The direct electroreduction of H2O2 on Au electrodes has been 

extensively studied [88-97]. The catalytic activity of Au electrodes for the reduction of H2O2 

can be attributed to their unique electronic properties, surface structure, and surface 

chemistry. The partial filling of d-band in the high-density surface atoms of Au provides a 

strong binding site for H2O2 molecules [98]. This binding can lead to the formation of a 

H2O2-Au complex, which facilitates the direct electroreduction of H2O2 by lowering the 

activation energy required for the reaction [99, 100]. 

Due to the pH-dependent nature of the electroreduction rate of H2O2, it is imperative to 

achieve an optimal pH. The influence of pH of the H2O2 solution in the sensing reservoir on 

the ECL signal (in reporting reservoir) is shown in Fig. S4. An upward trend in ECL signal 

was seen in acidic medium as the pH of the H2O2 solution in the sensing reservoir is 

increased to 5.0. The higher equilibrium potential for the electroreduction of H2O2 in an 

acidic medium could be responsible for that [88]. The decrease in ECL signal at pH values 

greater than 5.0 (specifically in alkaline conditions) could be associated with the self-

decomposition of H2O2 [101]. 

To minimize the chemical decomposition of H2O2, the concentration of H2O2 in the 

sensing reservoir was optimized. Fig. S5 shows that the maximum ECL signal was achieved 

at a concentration of 7.0 mmol L-1. This concentration was chosen because, within the 

experimental timeframe, no oxygen bubbles were observed on the electrode, suggesting that 

the degradation of H2O2 could be neglected [88]. 

3.3.4 Optimization of the pH of the CA solution in the sensing reservoir 

The redox behavior of CA typically entails the transfer of two electrons and two protons; 

hence it is affected by the pH of the medium [102-105]. Thus, the effect of pH of the CA 

solution was explored on ECL signal. As displayed in Fig. S6, CA oxidation at pH 7.0. 

results in maximum ECL signal in the reporting reservoir. One possible reason is that the 
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redox reaction of CA is fully reversible at neutral pH which implies a fast reaction kinetics of 

CA redox in this condition [64, 66, 106]. 

3.3.5 Optimization of applied voltage 

The applied voltage to the driving electrodes significantly affects the rate of 

electrochemical oxidation of luminol to 3-amino phthalate, and consequently, the ECL 

signals. As depicted in Fig.  2, an increase in the applied voltage up to 9.0 V led to enhanced 

ΔECL intensities. However, applying voltages exceeding 9.0 V was found to reduce the ECL 

signals. This can be attributed to the formation of bubbles on the bipolar electrode surface 

resulting from water oxidation, which causes both chemical and physical interference with 

ECL emission [75, 107]. The results indicate that an Eapp of 9.0 V is the optimal value for 

achieving a strong target signal with a high signal-to-noise ratio. 

 

Fig. 2. A) ΔECL response and B) ΔECL intensity to the different driving voltage (pH of CA in 

sensing reservoir: 7.0, pH of luminol: 9.0, concentration of luminol in reporting reservoir: 2.5 

mM, concentration of H2O2 in sensing reservoir: 7.0 mM, concentration of H2O2 as co-reactant in 

reporting reservoir: 3.0 mM, pH of H2O2 in sensing reservoir: 5.0, concentration of CA in sensing 

reservoir: 0.7 mM). 

 

 

 

(A) 

(B) 
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3.4 Analytical performance of the C-BPE-ECL system for the quantitative measurement of 

CA 

3.4.1 PMT-based CA detection 

Under optimized conditions, CA was detected in our design by monitoring the signal of 

the ECL reaction taking place at the bipolar anode, for the first time. In order to specify the 

signal associated with the analyte concentration, the ECL values were subtracted from that of 

a blank control sample. Fig. 3A demonstrates a gradual increase in the ΔECL intensity as the 

concentration of CA in the sensing reservoir increases. A wide linear range from 5 μmol L-1 

to 700 μmol L-1 with R2 of 0.9953 was found (Fig. 6B), and the corresponding limit of 

detection (LOD) was calculated to be 1.2 μmol L-1 (S/N = 3).  

To demonstrate the potential application of the present full-featured closed bipolar 

sensing platform, the detection of CA was also performed in the direction of reduction of it. 

 

Fig. 3. A) ΔECL response of the different concentration of CA (oxidative pathway), B) related 

calibration curve (driving voltage: 9.0 V, pH of CA in sensing reservoir: 7.0, pH of luminol: 9.0, 

concentration of luminol in reporting reservoir: 2.5 mM, concentration of H2O2 in sensing reservoir: 

7.0 mM, concentration of H2O2 as coreactant in reporting reservoir: 3.0 mM, pH of H2O2 in sensing 

reservoir: 5.0). 

For this purpose, the positions of CA and H2O2 were swapped on opposite sides of the 

sensing reservoir. In this particular configuration, H2O2 underwent oxidation on the bipolar 

(A) 

(B) 
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anode, while CA was reduced on the bipolar cathode.  As shown in Fig. 3B, the linear 

relationship between ΔECL intensity and CA concentration was from 30 μmol L-1 to 450 

μmol L-1 (R2 = 0.9911), and the detection limit was 8.6 μmol L-1. 

The obtained results demonstrate that the proposed multichannel closed bipolar sensing 

platform is highly suitable for detecting a wide range of targets, regardless of whether they 

undergo oxidation or reduction. This platform exhibits exceptional sensitivity, selectivity, and 

throughput capabilities, making it a promising solution for various analytical applications.  

Table S1 presents a comparison between the current method and recent reports on CA 

detection. While the LOD and linear range of our sensor may not be as optimal as those 

reported for other electrochemical sensors used in CA detection, we are confident that the 

performance of the proposed assay can be greatly improved by modifying the sensing 

electrode with materials including graphene/carbon nanotubes, metallic nanomaterials, or 

even biomolecules that can generate a robust current during CA oxidation. Further 

investigation is still underway in this particular research direction. 

 

Fig. 4. A) ΔECL response of the different concentration of CA (reductive pathway), B) related 

calibration curve  

 

 

(A) 

(B) 
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3.4.2 Visual-based CA detection 

Utilizing a PMT is a common approach for  capturing the signal generated by ECL 

intensities. However, the need for portable, affordable, user-friendly solutions that can collect 

data without relying on sophisticated equipment or optical alignment has led to the 

emergence of digital cameras as viable ECL detectors for point-of-care testing. The visual 

detection technique relies on initially analyzing RGB intensity algorithms and subsequently 

converting the RGB image into a grayscale representation. The process of converting an RGB 

image into a grayscale image entails converting the color information of each pixel in the 

image into a single intensity value [108]. These alternative light sensors have gained 

significant popularity due to their acceptable sensitivity and ability to fulfill the urgent 

demand for practical and cost-effective solutions [19].  

To visually determine CA, the ECL signal of the bipolar anode in reporting reservoir was 

captured using a digital camera within a dark room environment. As anticipated, there was a 

gradual increase in the ECL intensity as the concentration of oxidized CA increased (Fig. 

5A). Fig. 5B illustrates a linear correlation between the gray value of the ECL image and the 

concentration of oxidized CA in the range from 50 μmol L-1 to 600 μmol L-1 with a detection 

limit of 14.8 μmol L-1 In addition, visual detection of CA was carried out in the reduction 

pathway of analyte as well. The ECL signals progressively increased with increasing reduced 

CA concentration in the range from 55 μmol L-1 to 400 μmol L-1 (Fig. 5A and B) and the 

LOD was acquired 21.2 μmol L-1. 
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Fig. 5. A) ECL image of the different concentrations of the CA in optimized conditions (oxidative 

pathway), B) related calibration curve between the ECL image gray value and the concentration of the 

CA,  C) ECL image of the different concentrations of the (reductive pathway), D) related calibration 

curve between the ECL image gray value and the concentration of the CA (Nikon camera: Lenz: 50 

mm, Iso: 200, Shutter Speed: 8 s, Diaphragm: F1.8). 

3.5 Selectivity of the proposed C-BP-ECL platform  

The assessment of selectivity holds substantial importance in a newly developed ECL 

sensor. To evaluate the selectivity of the ECL sensor, ECL measurements were conducted in 

the presence of a variety of potential interfering species. A coexisting species was deemed 

non-interfering if the resulting relative error did not exceed 5% when measuring 400 µmol L-

1 of CA. Based on the findings summarized in Fig. S6, it was observed that 500 fold 

concentrations of  Na+, K+, I−, F−, NH4
+, NO3

−, Cl−, SCN−, lactose, fructose, and sucrose, 200 

fold concentrations of  of Sr2+, Mg2+, Cr2+, Ca2+, Al3, and Mn2+, 50 fold concentrations of  L-

cysteine, tyrosine, glucose, and 3 fold concentrations of  concentrations of catechol, gallic 

acid, ascorbic acid, hydroquinone, and uric acid, did not significantly interfere with the 

monitoring of CA. Therefore, a substantial number of structurally similar compounds 

effectively interfered with a constant CA concentration. The addition of interfering 

compounds led to a minor fluctuation in the ECL response of CA, with the variation not 

exceeding 5%. 

3.6 Application of the C-BP-ECL platform for real sample analysis 

The potential applicability of the proposed method was evaluated for the measurement of 

CA in coffee sample. To validate the findings, the results obtained from the proposed C-BP-

ECL sensing platform were compared with the results from UV-Vis spectroscopy.  

For this purpose, the standard addition method was employed. Fig. 6(A-F) display ΔECL 

responses, ECL image and UV-Vis spectra for the consecutive addition of CA standard 
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solution to the unknown samples and the corresponding standard addition curves. It can be 

observed that there is a linear correlation between the responses and the added concentration 

of the standards. Table S2 displays the results of CA determinations obtained through UV-

Vis spectroscopy and the suggested ECL sensing platform. The recoveries and relative 

standard deviations (RSDs) obtained indicate the excellent accuracy and precision of the 

proposed assay for actual detection. The t-values for each determination fall within the range 

of 0.142 to 2.52 and are lower than 4.13 (the critical t-value at a 95% confidence level for 2 

degrees of freedom), indicating that there is no significant discrepancy between the measured 

values and the actual values. Finally, The ANOVA test result indicated that the CA 

concentrations determined by these three methods did not demonstrate statistically significant 

differences. Hence, the C-BP-ECL platform may present an alternative instrument for the 

measurement of CA in various research and application areas. 

 

Fig. 6. A, C, E) ΔECL response, ECL image and UV-Vis spectrum of different concentration of added 

standard CA, respectively, B, D, F) corresponding calibration plot between by ΔECL response, ECL 

image and UV-Vis spectrum and different concentration of added standard CA, respectively. 

 

4. Conclusions 

We have presented a full-featured ECL sensing platform based on a three-channel closed 

bipolar system. The C-BPE ensured a high current efficiency by allowing the current to pass 

exclusively through the bipolar electrode. The multichannel and BPE configuration enabled 
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(C) (E) 

(B) (D) (F) 
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the successful analysis of CA with good performance in both its oxidation and reduction 

pathway. The results revealed the promising potential of our device for real-time analysis of 

CA that was directly related to the ECL process. By employing this strategy, we have 

developed a sensing method that can directly convert a chemical reaction into a visible 

readout signal, eliminating the need for complex instrumentation. In summary, the 

microfluidic bipolar sensing platform presented in this study, featuring a novel bipolar system 

design, shows significant potential for the development of highly integrated, automated, and 

high-throughput electrochemical or ECL devices. The designed device holds promising 

prospects for applications in medicinal and food monitoring. Ongoing research is being 

conducted to further explore its capabilities and potential. 
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