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A B S T R A C T   

After the development of portable glucose biosensor, challenges have remained to fabricate more portable de-
vices for sensitive and reproducible detection of other biomarkers. Here, we fabricated a hand-held device for the 
quantification of carcinoembryonic antigen (CEA) or any other biomarkers based on electrochemiluminescence 
(ECL) using a bipolar electrode (BPE). The detection mechanism was based on a sandwich assay composed of a 
capture antibody and a secondary antibody conjugated with a robust ECL reporter. The ECL reporter was 
fabricated by conjugation of luminol on streptavidin-coated gold nanoparticle (Lum@SA-AuNP), leaving the 
biotin binding sites of the streptavidin intact for further conjugation with secondary antibody. This novel 
controlled functionalization strategy significantly enhanced the reproducibility and robustness of the biosensor. 
Moreover, an inventive parabolic reflector was implemented in the design, in order to maximize the lights to be 
captured by the photodiode (detector) and measured by a simple multimeter. Due to the synergetic signal 
amplification, the developed biosensor demonstrated a low sensitivity of 2.51 ng/ml with a linear detection 
range from 5 to 300 ng/ml with the ability to perform well in spiked-in samples. The designed sensing mech-
anism can definitely pave the way for further development of miniaturized devices in multiple formats.   

1. Introduction 

Cancer is still a leading cause of death worldwide. Tumor bio-
markers, defined as biological or biochemical substances that are pro-
duced and secreted into body fluids, play an important role in cancer 
screening, disease progression detection, response to treatment, and 
monitoring of cancer recurrence. Carcinoembryonic antigen (CEA) is 
one of the most widely used tumor biomarkers. Overexpression of CEA is 
associated with several cancers including breast cancer, pancreatic 
cancer, lung cancer, and colon cancer [1]. Therefore, developing a 
sensitive, convenient, and accurate assay for CEA detection is crucial. 
Immunoassay has become the predominant analytical tool for the 
quantitative detection of CEA. However, traditional immunoassays are 
complex, time-consuming, expensive and require laboratory settings. To 
date, various immunoassay-based CEA biosensors have been developed 
for point-of-care use [2]. Optical and electrochemical biosensors are two 
widely used biosensing platforms, and several transducer types have 

been exploited, including surface-enhanced Raman scattering [3], 
chemiluminescence [4], fluorescence [5] and electrochemistry [6]. 
Despite of their promising features, both optical and electrochemical 
biosensors suffer from inherent limitations. For instance, fluorescence 
analysis requires an excitation light source, and is often affected by 
auto-fluorescence or a scattered light background; while electro-
chemical analysis is sensitive to working environment, thus lacks 
reproducibility and accuracy. 

In that regard, electrochemiluminescence (ECL) that combines the 
advantages of both electrochemical and photoluminescence analysis is 
attracting more attention [7]. ECL is a process of electrogenerated 
chemiluminescence, and the detection is based on the light produced by 
an electron transfer reaction driven by a potential. It possesses unique 
characteristics, such as high controllability and fast measurement. 
Recently, a few ECL immunoassays have been developed for CEA 
detection. While most of these ECL biosensors consist of a 
three-electrode configuration, which is complex and imposes a negative 
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impact on practical applications [8]. One way to circumvent the issue is 
to explore the bipolar electrode (BPE)-based ECL. A BPE is simply a 
conductor, such as indium tin oxide (ITO) or Au, placed into a micro-
fluidic channel [9]. In BPE-ECL, a driving potential is applied through an 
electrolyte solution containing a BPE, inducing faradaic reactions at the 
ends of the BPE. Compared to three-electrode ECL, BPE-ECL is much 
simpler and portable, thus have greater application potential in 
point-of-care testing. Another major challenge of ECL biosensors is that 
the luminol (co-reactant to produce ECL emission) is usually added in 
electrolyte solution, which limits the interactions between the target and 
ECL luminophore, hence impairing the detection sensitivity [10]. One 
promising solution to tackle this problem is to immobilize luminol 
molecules on nanoparticles, such as gold, silver and platinum nano-
particles [11]. These functionalized nanoparticles can accumulate on 
the electrode via the sandwich ELISA assay. Attributed to the catalytic 
properties and the high loading capability of nanoparticles, the sensi-
tivity of ELC reaction could be greatly enhanced. However, it is very 
challenging to fabricate robust and reliable multifunctional nano-
particles with insignificant batch to batch variations. 

In this study, we developed a hand-held device for the quantification 
of CEA biomarker using BPE-ECL (Fig. 1 left panel). The detection 
mechanism was based on a sandwich assay composed of a capture 
antibody and a secondary antibody conjugated with a robust ECL re-
porter. The novel ECL reporter was fabricated by conjugation of luminol 
on streptavidin-coated gold nanoparticle (Lum@SA-AuNP), leaving the 
biotin binding sites of the streptavidin intact for further conjugation 
with secondary antibody. This controlled functionalization strategy 
significantly enhanced the robustness and sensitivity of the biosensor. 
Moreover, an inventive parabolic reflector was implemented in the 
design, in order to maximize the light intensity to be collected by a 
simple photodiode (detector) and measured by a simple multimeter. 

Without using a relatively costly photomultiplier, the developed 
biosensor demonstrated an acceptable sensitivity of 2.51 ng/ml with a 
linear detection range from 5 to 300 ng/ml with the ability to perform 
well in spiked-in samples. Typically, a CEA level exceeding 2.9 ng/mL is 
deemed abnormal, but it does not essentially indicate the presence of 
cancer. The cutoff value for CEA is usually considered 5 ng/mL [12,13]. 
The innovative concept of using a parabolic reflector in a biosensing 
device together with the simple fabrication of a very robust ECL reporter 
can pave the way for further fabrication of miniaturized devices in 
multiple formats for commercial purposes. 

2. Experimental 

2.1. Reagents and apparatus 

Carcinoembryonic antigen human (≥95% SDS-PAGE, buffered 
aqueous solution), alpha-fetoprotein, dibenzocyclooctyne-N-hydrox-
ysuccinimidyl ester (DBCO-NHS ester), glutaraldehyde solution (GA, 
25% in H2O), phosphate buffer saline (10X PBS, pH 7.4), human serum 
albumin (HSA), bovine serum albumin (BSA), (3-aminopropyl) trie-
thoxysilane (APTES), ethanol, luminol, hydrogen peroxide (H2O2), 
platinum sheet (20 mm × 20 mm × 1 mm), potassium ferricyanide, and 
Tween 20 were purchased from Sigma-Aldrich. Human CEA Antibody 
Pair (BSA and Azide free, ab270349) was purchased from Abcam 
Company. Streptavidin conjugated gold nanoparticles (SA-AuNP; 50 
nm) were purchased from Nanocs, USA. ITO electrodes (10 mm × 2 mm 
× 1 mm; L × W × T) were purchased from National NanoFab Center 
(ROK), Korea. All chemicals were in analytical grade and used without 
further purification. 

Fig. 1. Schematic diagram of the portable ECL biosensor, and the images of the prototype.  
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2.2. Fabrication of ECL reporter (Lum@SA-AuNP) 

The ECL reporter was fabricated by conjugation of Luminol (Lum) to 
the amine group of streptavidins located at the surface of AuNPs, leaving 
the biotin sides of streptavidins intact. As illustrated in Fig. 2, an excess 
amount of DBCO-NHS ester (0.01 mg) was dissolved in 10 μL DMSO and 
slowly added in 50 μl of SA-AuNP (50 nM) followed by shaking for 2 h at 
room temperature (RT). This step turned all of the amine sides of 
streptavidin to cyclooctyne derivatives. The mixture was washed three 
times with 0.05% Tween-20 (in PBS) by centrifugation at 6000g for 6 
min. Later, 0.05 mg Azide-NHS ester, which was thoroughly dissolved in 
10 μL DMSO, was added to the mixture and incubated for 15 min at RT. 
This resulted in a click chemistry conjugation between the Azide group 
and the cyclooctyne derivatives, hence, formation of NHS groups on the 
streptavidins. The resulting mixture was washed three times by centri-
fugation at 6000g for 6 min and replacing the supernatants with 100 μL 
0.05% Tween-20. Lastly, 0.05 mg Luminol was dissolved in 10 μL DMSO 
and added to the mixture. After 2 h incubation at 4 OC, the mixture was 
washed three times by centrifugation at 6000g for 6 min and replacing 
the supernatants with 100 μL 0.05% Tween-20 and stored at 4 OC for 
further use. 

2.3. Construction of the portable ECL biosensor 

A hand-held portable ECL biosensor was designed by Solidworks® 
software and printed using a 3D printer (Pico2 39, Asiga). As seen in 
Fig. 1 (right panel), the bipolar cell was designed to have a size of 14 
mm × 7 mm × 7 mm (L × W × H). Two platinum electrodes (6.8 mm ×
5 mm × 1 mm; L × W × T) were installed at both ends of the cell as the 
feeder electrodes and connected to a 4.5 V battery. The prepared ITO 
electrode was inserted inside the cell chamber, such that one end of the 
electrode (where the antibody is immobilized) was located at the focal 
point of the reflective mirror. The reflective mirror was made by coating 
150 nm Au on the cell well (D = 6 mm) using a sputtering system with 
the base pressure of 7.5 × 10− 7 Torr, in the presence of 20 SCCM 
(standard cubic centimetres/min) of Argon gas. Two fluidic channels 
were incorporated in the device for sample injection and cleaning pur-
poses. The top and bottom part of the chamber were sealed-closed after 
the electrode insertion. A silicon photodiode (FDS010, Thorlabs Inc.; 
high speed, UV grade fused silica window with sensitivity down to 200 
nm) was mounted at the top of the device and aligned to the end of the 
working electrode where the sample was located. The photodiode was 
connected to a digital multimeter to read the reverse signal. 

2.4. Chemiluminescence setup 

The chemiluminescence detection was performed using a real-time 
fluidic luminescence microplate reader (Agilent BioTek Synergy H1 
Multimode Reader). A reaction mixture of 2 mM H2O2 and 5 mM po-
tassium ferricyanide was prepared and inserted in the fluidic source. A 
sandwich assay was prepared on the ITO electrode composed of different 
volumes/concentrations of cAB, sAB, CEA and Lum@SA-AuNP. The 

prepared functionalized electrode was then inserted into a customized 
3D printed plate (Supporting information Fig. S1). 100 μL PBS was 
added inside the wells and the plate was inserted into the reader. Next, 
using an optimized protocol, 100 μL of the reaction mixture (H2O2 and 
potassium ferricyanide) was dispensed into the wells at the rate of 300 
μL/s, while the luminescence signal was recorded each 20 msec. 

2.5. Functionalization of biosensor platform and sensing operation 

The surface of ITO was functionalized with 10% APTES in ethanol for 
2 h at RT. After rinsing thoroughly with MiliQ water, the electrode was 
treated with 5% glutaraldehyde for 1 h at RT. Next, the electrode was 
washed with MiliQ water three times and treated with 10 μl of capture 
antibody (cAB) against CEA at the concentration of 40 μg/ml and 
incubated overnight at 4 OC. After washing three times with washing 
buffer (PBS containing 0.05% Tween 20), the surface of electrode was 
treated with blocking buffer (1% BSA in PBS) for 1 h at RT. After three 
times rinsing with washing buffer, the electrode was incubated with 10 
μL CEA for 2 h at RT. After the incubation, the electrode was washed 
with washing buffer and incubated with 10 μl of 20 μg/ml biotinylated 
secondary antibody (sAB) for 1 h at RT. It should be mentioned that the 
biotynilation of sAB was carried out using Biotinylation Kit (Fast, Type 
B) - Lightning-Link® (ab201796), according to the manufacturer pro-
tocol. Next, the electrode was washed with washing buffer and treated 
with 10 μl of Lum@SA-AuNP for 1 h at RT in a dark humid chamber. The 
electrode was then washed and inserted inside the ECL device. After 
closing and sealing the device, the cell was filled with 2 mM H2O2 in PBS 
(pH 8.5) using the fluidic channel. We had to seal the cell first then fill it 
with the buffer, otherwise the cell was not fully filled resulting in signal 
drifts. A constant DC voltage (Etot) of 4.5 V was applied between the 
feeder electrodes and the ECL signal was read by a photodiode and 
recorded using a multimeter. 

3. Results and discussions 

3.1. Characterization of Lum@SA-AuNP 

As illustrated in Fig. 2, the ECL reporter (Lum@SA-AuNP) was 
fabricated by conjugation of luminol on the streptavidin molecules that 
were coated on the surface of AuNP. Lum@SA-AuNP was fabricated 
using different concentrations of luminol (from 0.01 to 0.1 mg) and their 
luminescence signals were compared. As seen in Fig. 3a, dispensing the 
reaction mixture inside the wells resulted in a sharp increase in the CL 
signals within 2 s, following by a sudden drop in 3 s and gradual 
demolish after c.a. 10 sec. As shown in Fig. 3a and b, increasing the 
luminol concentration was followed by enhancement in the lumines-
cence signal, before reaching at its maximum level at 0.05 mg. There-
fore, 0.05 mg of luminol was used as the optimum concentration of 
luminol when used for conjugation with SA-AuNP. 

To evaluate the number of the Streptavidin proteins on the surface of 
the AuNPs, we investigated the protein concentration in the utilized 
AuNP samples with BCA protein concentration assay kit. To this end, a 

Fig. 2. Schematic illustration of conjugation of luminol on the SA-AuNP.  
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serial dilution of Streptavidin protein was prepared, and the related 
standard curve was created (Supporting information, Fig. S2). After-
wards, the nanoparticle sample’s protein concentration was evaluated, 
and the average value of four separate tests was determined to be 185 
μg/ml. By considering the molecular weight of Streptavidin (c.a. 52 kD), 
the total protein amount present was calculated (3560 nM). Further-
more, the manufacturer-provided data sheet indicated the concentration 
of the gold nanoparticles to be 50 nM. Based on the acquired results, 
around 70 Streptavidin proteins should be on the surface of each gold 
nanoparticle, which accounts for 280 luminol molecules on each gold 
nanoparticle. Although, this number should be lower due to the hin-
drance effect between luminol and free amine groups on Streptavidin. 

Although it should be mentioned that there should be primary amine 
groups in the vicinity of biotin binding site, however, due to the fact that 
in our assay the Lum@SA-AuNP is added stepwise in the last step, there 
is a high chance that the biotinylated antibody conjugate with the target 
Lum@SA-AuNP. Moreover, the control functionalization mainly refers 
to the fact that we could have a robust functionalization of AuNP. 
Meaning that in contrast to the classical ratio-based stoichiometry as-
sembly, here the number of luminol molecules on the AuNP are rela-
tively fixed between the baches to provide less batch-to-batch 
variations. 

3.2. Optimization of the biosensor components for CEA detection 

The ECL device was used to optimize the concentration of secondary 
antibody (sAB) and Lum@SA-AuNP. An optimized amount of capture 
antibody (cAB) at the concentration of 40 μg/ml was immobilized on the 
end point of ITO electrode with the area of 4 mm2. As seen in supporting 
information Fig. S3, at the fixed amounts of CEA (5 ng/ml), sAB (10 μg/ 
ml), and Lum@SA-AuNP (20 μl), increasing the concentration of cAB 
from 10 to 60 μg/ml resulted in gradual increment in the CL signal 
where the maximum value was observed at 40 μg/ml. As evident, 
increasing the cAB concentration resulted in a slight decrease in the CL 
signal which can be due to the steric hindrance to hamper proper CEA 
capturing and thereby the sAB. Therefore, 40 μg/ml of cAB was chosen 
as the optimal value for further experiment. 

To optimize the sAB concentration, the sandwich-based immuno-
sensor was fabricated using different concentrations of sAB ranging from 
5 μg/ml to 40 μg/ml, with CEA at a fix concentration of 5 ng/ml and 
Lum@SA-AuNP at a fixed volume of 20 μl. To reduce the variables and 
minimize extraneous factors for better optimization, we used CL 

measurement instead of ECL. Therefore, we used potassium ferricyanide 
to trigger the reaction instead of applying an external voltage. The re-
action between potassium ferricyanide and hydrogen peroxide is often 
used as an oxidizing agent to trigger the chemiluminescence of luminol. 
When the two chemicals are mixed, they react to produce free radicals, 
which then react with luminol to produce a bright blue light. The overall 
reaction can be represented as follows:  

K3 [Fe(CN)6] + H2O2 + luminol → blue light                                           

As seen in Fig. 3c, the CL signal increased with the sAB concentration 
until 20 μg/ml where it was saturated. Therefore, 20 μg/ml of sAB was 
used as the optimum concentration for further analysis. Moreover, in 
order to optimize the Lum@SA-AuNP concentration, CEA and sAB were 
fixed at the concentrations of 5 ng/ml and 20 μg/ml, respectively. From 
the data shown in Figs. 3d and 10 μl of Lum@SA-AuNP gives the 
maximum CL value and was chosen as the optimum concentration for 
further experiments. Observing maximum CL value by adding 10 μl was 
due to the full surface coverage of the electrode effective area, not due to 
the saturation of sAB with Lum@SA-AuNP. We also performed the 
impact of Lum@SA-AuNP concentration on the CL signal by testing the 
serial dilutions of 10 μl Lum@SA-AuNP applied on the fixed concen-
trations of cAB (40 μg/ml), CEA (5 ng/ml) and sAB (20 μg/ml). As shown 
in supporting information Fig. S4, the stock concentration gave the 
highest CL value, while increasing the dilution factor was followed by 
gradual decrease in the CL signals. Therefore, 10 μl of the stock con-
centration of the Lum@SA-AuNP was used for further developments. 

3.3. Design and optimization of the portable ECL biosensor 

The design of the portable ECL biosensor was based on the bipolar 
electrochemistry (BE). As illustrated in Fig. 4a, applying a constant 
potential (Etot) between the two feeder electrodes generates a linear 
potential gradient across the BPE. This creates an identical potential 
difference at both ends (anodic and cathodic) of the BPE (ΔEelec), which 
leads to simultaneous faradaic reactions at both ends of the BPE without 
a direct ohmic contact. Therefore, application of a potential larger than 
the redox potential of an electroactive specie located at the anodic pole 
of the BPE, can lead to its oxidation. As shown, upon the application of 
potential, O2 is reduced at the cathodic pole of the BPE, while Luminol is 
oxidized at the anodic pole to emit ECL. 

In our design, we used an ITO electrode as a BPE, due to its con-
ductivity and transparency. The constant potential was supplied by a 

Fig. 3. (a) CL intensities recorded from 30 μL of Lum@SA-AuNP for various concentrations of luminol; (b) Bar chart describing a comparison between the maximum 
CL signals recorded from Lum@SA-AuNP for various concentrations of luminol; (c) Plotting the CL signal intensity arising from the reaction between the mixture of 2 
mM H2O2/5 mM potassium ferricyanide with Luminol of the sandwich assay when detecting 5 ng/ml CEA at different concentrations of sAB and a fixed volume of 
Lum@SA-AuNP (20 μl); and (d) at different volumes of Lum@SA-AuNP and a fixed concentration of sAB (20 μg/ml). Error bars calculated from at least 
two replicates. 
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simple battery. We used a photodiode to read the ECL signals. Moreover, 
in order to enable the photodiode to capture all of the lights from the 
sample, we implemented a reflective surface under the ITO anodic pole. 
As seen in Fig. 1, the cell contains a round bottom reflective well. The 
well was designed so that the top surface of ITO electrode where the cAB 
is immobilized, was located at the focal point of the convex reflector, to 
mimic a parabolic reflector for ECL signal amplification. 

To optimize the driving potential, the sandwich assay was formed at 
the anodic pole of the BPE and the ECL signal was recorded when 
applying different DC voltages (Etot) from 0 to 12 V, which facilitated the 
reaction between the luminol on Lum@SA-AuNP and H2O2. The signal 
was measured by a photodiode connected to a multimeter. It should be 
mentioned that exposure of photodiode to light was followed by an in-
crease in the reverse current (Iλ). In the absence of an incident light, Iλ is 
insignificant, contributing to a very low background signal hence high 
sensitivity. Fig. 4b illustrates the maximum ECL signals recorded from 
the portable biosensor when detecting 5 ng/ml CEA at different driving 
potentials. As shown, no signal was observed at the 0 V. However, 
increasing the Etot was followed by gradual increase in the maximum 
ECL signal intensities where the highest signal was attributed to the 4.5 
V sample. Increasing the voltage resulted in a drop in ECL intensity. This 
might be due to the fact that at high overpotential, oxidation of water 

and hydrogen peroxide (H2O2) are initiated to cause formation of bub-
bles. These bubbles can interfere with the ECL signal of luminol, which 
can affect the accuracy of the measurement. This is because the oxygen 
bubbles can trap the luminol and prevent it from reacting with the 
oxidant, reducing the amount of light emitted. Therefore, a 4.5 V battery 
was used for further experiments. 

Moreover, to evaluate the role of reflector on the signal enhance-
ment, two identical experiments were performed on two portable bio-
sensors, one with the parabolic reflector and one without. From the 
results shown in Fig. 4c and d, an obvious signal enhancement of 24% 
was observed from the one with the reflector. The idea can pave the way 
for further development of more sensitive devices. 

3.4. Analytical performance 

The sensing performance of the developed device was based on the 
detection of ECL signal arising from luminol as a result of target detec-
tion. Higher concentration of CEA was followed by increment in the 
number of Lum@SA-AuNP on the surface of the electrode, hence higher 
ECL signals. As shown in Fig. 5a and b, increasing the CEA concentration 
led to increase in the ECL intensity. The fabricated ECL device showed a 
linear range from 5 ng/ml to 300 ng/ml (Fig. 5b). The limit of detection 

Fig. 4. (a) Schematic diagram of the BPE-ECL cell, illustrating the reaction mechanism inside the cell; (b) Maximum ECL signal intensity arising from luminol/H2O2 
at different driving potentials (Etot), for the detection of 300 ng/ml CEA using the portable biosensor; (c) Plotting the ECL intensity from 300 ng/ml CEA using the 
portable biosensor with/without the parabolic reflector; (d) Comparison between the maximum ECL intensities recorded for Fig. 4 B. Error bars were calculated from 
at least two replicates. 

M. Mohammadniaei et al.                                                                                                                                                                                                                     



Talanta 266 (2024) 125087

6

(LOD) and limit of quantitation (LOQ) were calculated 2.51 and 4.10 
ng/mL, respectively. The concentration that produces a signal three or 
ten times higher than the standard deviations of the blank was defined as 
LOD or LOQ [14]. The low sensitivity of the biosensor can be due to the 
usage of a simple photodiode in our design or perhaps a simple ITO 
electrode without modification. Although compared to the other 
methods (Table 1), our device has a lower sensitivity, its superior 
robustness and simplicity is remarkable. We have remarkably reduced 
the batch-to-batch variations for constructing the signal reporter to 
reinforce the biosensor reproducibility. We did not use silver-based 
nanostructures which are prone to oxidization hence signal drifts. 
Moreover, we have introduced a portable device equipped with a 
parabolic reflector to be inspired by further researchers and to be 
implemented in the commercial devices to improve their sensitivity. 

Specificity of the biosensor was also evaluated using different pro-
teins of alpha-fetoprotein (AFP) and BSA. We wanted to make sure that 
BSA as the blocking agent does not interfere with the measurement. AFP 
and CEA are somewhat analogous in that they are both tumor markers 
that can be elevated in the blood of patients with certain types of cancer 
[12,23]. As shown in Fig. 6a, compared with CEA, the signals detected 
for BSA and AFP were very minimal, which clearly illustrated a high 

selectivity of the fabricated biosensor. For the stability test, four sets of 
electrodes immobilized with the cAB together with one batch of 
Lum@SA-AuNP were prepared. Electrodes and reagents were kept at 
4 ◦C in a dark and humid chamber, to be used in their corresponding 
time points (0 day, 1 week, 2 weeks and 4 weeks). As seen in Fig. 6b, the 
ECL signals were significantly constant for 4 weeks, which can be 
attributed to the robustness of the electrodes and Lum@SA-AuNP. The 
relative standard deviation (RSD) for each measurement was less than 
4.2% and the total RSD value over 4 weeks was 3.1% which demon-
strated a high precision and reproducibility of the measurement. We also 
evaluated the batch-to-batch differences between each fabricated 
Lum@SA-AuNPs. As shown in Fig. 6c, very slight changes in the ECL 
signals for three batches was observed (RSD = 2.3%), demonstrating a 
very stable structure of Lum@SA-AuNP. 

Furthermore, the capability of the developed biosensor to perform in 
human serum (HSA) was assessed. 20–100 ng/ml of CEA was spiked in 
10% HSA (1:10 diluted in PBS) and the recovery rate was calculated. As 
shown in Table 2, the portable ECL device showed a sound recovery 
from 97.5% to 102.4%. The obtained data demonstrated the potential of 
our device to perform in real matrix. It should be noted that, we eval-
uated the spiked-in samples in 100% HAS, however, a poor recovery was 

Fig. 5. (a) Typical ECL response of the portable device for the detection of serial concentrations of CEA at 0, 5, 20, 50, 100, 300, and 600 ng/ml in PBS buffer (pH 
7.4); (b) Corresponding linear regression plot illustrating the maximum CEL signal intensity luminol as a function of CEA concentrations. Error bars were calculated 
from 3 replicates. 

Table 1 
Comparison study of different ECL based biosensors for CEA detection. Abbreviations: glassy carbon electrode (GCE), gold (Au), silver (Ag), Ruthenium (Ru), gold 
nanoparticle (AuNP), quantum dot (QD), nanoparticle (NP), carbon quantum dots (CQDs)poly (ethylenimine) functionalized graphene oxide (PEI-GO), screen printed 
electrode (SPE).  

Electrode architect Controlled 
functionalization 

LOD 
(ng/ 
mL) 

Linear range 
(ng/mL) 

Robustness Simplicity Device 
fabrication 

Ref. 

GCE/Au–Ag/g-C3N4 No 8.9 ×
10− 7 

1–1 × 10− 6 Low, due to the usage of 
silver-based nanostructure 

Very complex 
nanostructure synthesis 
procedure 

No [15] 

Ru-graphene-Nafion/AuNP/ 
QD 

No 2 ×
10− 6 

5 × 10− 4 - 5 
× 10− 6 

Low Complex No [16] 

Magnetic Fe3O4@Au NP/ 
Ru@SiO2 

No 3.5 ×
10− 6 

10–10− 5 Low, due to multiple 
modification steps 

Very complex, multiple 
enzymes 

No [17] 

luminol functional-Au 
NPs@polypyrrole 

No 3 ×
10− 6 

10–10− 4 Moderate Moderate No [18] 

porous partially reduced 
graphene oxide 

No 2.6 ×
10− 6 

10–10− 5 Low, due to multiple 
modification steps 

Complex No [19] 

GCE-AgNPs/AuNPs/CQDs- 
PEI-GO 

No 1.67 ×
10− 3 

500–5 × 10− 3 Low, due to the usage of 
silver-based nanostructure 

Complex No [20] 

SPE-AuNPs-Ru- 
Arg@NH2–Ti3C2-MXene/ 
Ab/BSA/CEA 

No 1.5 ×
10− 3 

150–10− 2 Low Complex No [21] 

GR-IL-Pt/Ti3C2 MXenes-Au 
NPs 

No 3.5 ×
10− 5 

10–10− 4 Low Complex No [22] 

ITO/Lum@SA-AuNP Yes 2.51 5–300 High Simple Yes Present 
work  
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observed. This might be due to the surface interaction of serum com-
ponents with the ITO surface, leading to drift in sensor response and 
decreased reproducibility. The problem can be later mitigated using 
alternative surface passivation techniques. 

4. Conclusion 

A portable ECL biosensing device was fabricated based on a BPE 
system and a robust ECL reporter for the sensitive quantification of any 
biomarker with high degree of reproducibility. The handheld device was 
equipped with a simple multimeter and a 4.5 V battery, for the detection 
of CEA. A synergetic signal amplification strategy was implemented in 
the design based on Lum@SA-AuNP and a parabolic reflector. The 
Lum@SA-AuNP allowed controlled functionalization of luminol on the 
surface of AuNP to enhance the ECL signal arising from luminol upon the 
target recognition, while the parabolic reflector provided a secondary 
signal amplification by collecting most of the luminol luminescence 
lights. The fabricated biosensor was simple, cost-effective and very 
robust. To further enhance the sensitivity of the device, one can 
implement a photomultiplier in the design, or use different reflecting 
materials and perform more optimizations. Although, the assay still 
needs more optimizations to reduce the reaction times, by introducing 
new conjugation chemistries or better control on the sandwich forma-
tion using a multichannel fluidic system. The unique design of the 
portable ECL device can inspire more researchers to fabricate multiple 
and more sensitive universal platforms. 
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