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ABSTRACT: The sensitive simultaneous detection of multiple biomarkers is critical for the early diagnosis of diseases. Among 

them, electrochemiluminescence (ECL) offers outstanding advantages, e.g. low background, over other optical sensing techniques. 

However, multiplexed ECL bioassay is hindered by not only the lack of generally available ECL spectrometers but also the limited 

number of biocompatible monochromatic ECL luminophores for decades. Herein, we report the addressing of these issues by re-

examination of the recent tabletop spectrofluorometer coupled potentiostat as a high-resolution ECL spectrum acquisition system 

and using carbon nitrides as monochromatic luminophores. A wavelength-resolved multiplexing ECL biosensor is demonstrated to 

simultaneously detect CA19-9 and mesothelin, two pancreatic cancer biomarkers, at a single-electrode interface. This work could 

initiate new opportunities for more general multiplex ECL biosensors with competitive performances.  

Keywords: Electrochemiluminescent spectrum, Simultaneous multiple biomarkers detection, Monochromatic luminophore, Carbon 

nitride, Coupled instruments  

Because of the limited specificity of single biomarkers in 

disease diagnosis, the developing methods of multiple bi-

omarkers detection is a major goal of bioanalytical chemistry 

to minimize false positives.
1-3

 Electrochemiluminescence 

(ECL) offers several outstanding advantages over other optical 

sensing techniques, e.g., compared with photoluminescence, 

ECL has no background optical interference, whereas com-

pared with chemiluminescence, ECL offers easier reaction 

control via applying different potentials and good tem-

poral/spatial control.
4-8

 Thus, ECL has attracted considerable 

attention in bioanalysis.
9-17

 According to the fundamental theo-

ry of ECL, multiple luminophores can be distinguished by the 

potential required for excitation or by the wavelength of emis-

sion.
18

 Potential-resolved ECL biosensors have been well de-

veloped
19-22

 because of easy controlling of the potential for 

ECL reactions. By contrast, although the emission wavelength 

has more conceivable room for modulation, only very few 

works have demonstrated the direct utilization of ECL emis-

sion at different wavelengths. Homemade ECL spectrum ac-

quisition systems were proposed, which consists of a photo-

multiplier tubes or charge-coupled device, a grating, and other 

complicated optical components.
7, 23-28

 However, the construc-

tion of such a system is costly and requires extensive exper-

tise. Alternatively, commercial spectrofluorometer coupled 

potentiostat for acquiring ECL spectra has been sporadically 

reported.
29

 Nevertheless, their practical use has largely been 

hindered by either the high cost of modular spectrofluorome-

ters
30

 or the low sensitivity of portable spectrofluorometers to 

ultra-weak ECL emission.
29

 Hence, ECL spectra were often 

obtained by using a ECL analyzer that recorded only the ECL 

intensity, supplementary with band-pass optical filters,
31

 mak-

ing the resolution rather low. Moreover, but not less important, 

the limited number of biocompatible monochromatic ECL 

luminophors is another bottleneck for ECL multiplex bioas-

say.
32

 These are likely the main reasons why the wavelength-

resolved ECL assay has not been extensively explored for 

decades thus far. Thanks to the utilization of techniques, such 

as the photon counting signal collection method, the sensitivi-

ty of nowadays tabletop spectrofluorometers that are available 

in many laboratories is substantially improved. However, such 

high sensitivity has been overlooked for ECL studies, and 

NOT been realized for ultra-weak ECL spectrum acquiring so 

far. Herein, we report the addressing of these issues by re-

examination of the recent tabletop spectrofluorometer coupled 

potentiostat as an ECL spectrum acquisition system and using 

carbon nitrides as monochromatic luminophores. 
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Figure 1. (a) Scheme of tabletop spectrofluorometer-potentiostat 

system for high-resolution ECL spectrum collection, and the dia-

gram of the light path. (b) The water Raman signal recorded by 

the tabletop spectrofluorometer used in this study. (c) The ECL 

and PL spectra of luminol (5×10-4 M) and Ru(bpy)3
2+ (1×10-5 

M). (d) ECL spectra of Ru(bpy)3
2+ with different concentration. 

Electrolytes for luminol: 0.01 M PBS (pH 7.4) containing 10 mM 

H2O2. Bias potential: 0.5 V. Electrolytes for Ru(bpy)3
2+: 0.1 M 

PBS (pH 8.0) containing 0.1 M K2S2O8.  

RESULTS AND DISCUSSION 

Figure 1a shows the general setup and optical path diagram 

of the ECL spectrum acquisition system that consisted of a 

tabletop spectrofluorometer and a potentiostat. Because of the 

utilization of techniques, such as the photon counting signal 

collection method, the sensitivity of the recent tabletop spec-

trofluorometers has been substantially improved, but histori-

cally overlooked for ECL studies and not been realized for 

ultra-weak ECL spectrum acquiring so far. The sensitivity, 

evaluated by the water Raman S/N values via RMS and FSD 

methods, was ca. 28,000 and 6,000, respectively (Figure 1b, 

see additional details in the SI), up to 10 times higher than that 

of the last generation of lower-performance spectrofluorome-

ters often using analog detection. Such high sensitivity was 

favor of acquiring high-resolution ECL spectra, especially for 

the low-light-level detection. Notably, such instruments can be 

realized even when only a modest budget and limited expertise 

are available. To validate the feasibility of this spectrofluo-

rometer-potentiostat system, the ECL spectra of traditional 

luminophores were collected. Figure 1c shows the high-

resolution ECL spectra of luminol and Ru(bpy)3
2+

, which 

matched well with their photoluminescence (PL) spectra. The 

slight shifts are ascribed to the different internal conversion 

and/or vibration relaxation processes of the excited states of 

luminol and Ru(bpy)3
2+

 in ECL and PL. 

Moreover, ECL spectra of Ru(bpy)3
2+

 with different concen-

trations were investigated. As shown in Figure. 1d, the lowest 

[Ru(bpy)3
2+

] that this instrument can detect for practical appli-

cation under this experimental condition was 1×10
-7

 M, which 

also already reached the minimum range of the practical detec-

tion limit by conventional ECL analyzer that recorded only the 

ECL intensity (see Figure S1 and more discussion in SI). It is 

comparable the conventional concentration in previous studies 

(0.1 µM ~ 5 mM)
 7, 13, 33-34

, indicating the proposed ECL spec-

trum acquiring system had a very promising high sensitivity 

for ultra-weak emission detection. 
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Figure 2. TEM images of CNNS-AuNPs (a) and S-CNNS-AuNPs 

(b); inset: HRTEM images. ECL spectra of CNNS-AuNPs, S-

CNNS-AuNPs, and CNNS-AuNPs/S-CNNS-AuNPs at the single-

electrode interface (c). ECL stability of CNNS-AuNPs/S-CNNS-

AuNPs obtained by multiple measurements. Electrolyte: 0.01 M 

PBS (pH 7.4) containing 0.1 M K2S2O8. Bias potential: −1.6 V. 

As an emerging luminophore, carbon nitride demonstrate 

the advantages of low-cost, high biocompatibility and stabil-

ity, easy functionalization, strong ECL activity, and an unam-

biguous luminescence mechanism.
35-38

 Compared with heavy 

metal-containing quantum dots such as CdS and CdTe,
39

 

CNNS are metal-free; consequently, many ECL biosensors 

based on carbon nitride nanosheets (CNNS) have been devel-

oped, with very promising performances.
40-45

 Moreover, our 

group recently reported the preparation of a diverse range of 

carbon nitrides with different nanostructures and dopants, 

which demonstrated different ECL emission wavelengths.
41

 To 

ensure an intimate connection between nanosheets with bio-

molecules, as shown in TEM and HRTEM images (Figure 2a-

b) and in the EDS elemental analysis results (Figure S2), Au 

nanoparticles (AuNPs) were homogeneously deposited onto 

CNNS and sulfur-doped CNNS (S-CNNS). It was attributed to 

an abundance of N-atoms in the framework of carbon nitride 

that offered active anchoring sites.
46

 Figure 2c shows the ECL 

spectrum of CNNS-AuNPs on glassy carbon electrode (GCE) 

with a peak at 435 nm; by contrast, the ECL emission peak of 

S-CNNS-AuNPs red-shifted ca. 100 nm to 531 nm. Such large 

peak-shift was preferred for wavelength-resolved ECL bioas-

say. Notably, the ECL of CNNS-AuNPs and S-CNNS-AuNPs 

was stable with continuous electrochemical excitation and had 

similar excitation potentials (Figure S3), suggesting that their 

ECL could be achieved by the same bias potential, i.e., −1.6 V 

(Figure S4), when they are co-immobilized on the same elec-

trode, a favor factor for instruments minimization. 

For multiplex bioassay, CNNS-AuNPs and S-CNNS-AuNPs 

were further co-immobilized on a single GCE as monochro-

matic luminophores. As shown in Figure 2c, although the ECL 

emissions of CNNS-AuNPs and S-CNNS-AuNPs were partial-

ly overlapped, no evident quenching was observed at the sin-

gle-electrode interface. This lack of quenching indicates that 
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no energy transfer occurred between them—an important pre-

requisite for the simultaneous wavelength-resolved sensing of 

multiple biomarkers. Moreover, only a minor standard devia-

tion of 0.54% of the ECL spectrum was observed in six inde-

pendent measurements, implying good reliability of the dual 

ECL luminophores at a single-electrode interface (Figure 2d).  

Because the incidence of pancreatic ductal adenocarcinoma 

(PDAC, a major type of pancreatic cancer) approaches the 

patient mortality rate, the quest for an economic and reliable 

method of early detection of PDAC has continually attracted 

broad interest.
47

 The combination of multiple appropriate bi-

omarkers is generally accepted to enhance the specificity for 

the detection.
1-3

 As an example, mixture of two typical PDAC 

biomarkers, e.g., CA19-9 and mesothelin (MSLN),
48-49

 were 

analyzed by the proposed wavelength-resolved multiplexing 

ECL bioassay. Figure 3 illustrates the assembly process for the 

multiplexing ECL biosensor (see Figure S5 and further discus-

sion in SI). Briefly, CNNS-AuNPs and S-CNNS-AuNPs were 

deposited onto a GCE. Then, anti-CA19-9 and anti-MSLN 

were assembled mostly via Au-S bonding, separately. Lastly, 

the CNNS-AuNPs/anti-CA19-9 and S-CNNS-AuNPs/anti-

MSLN co-modified GCE was incubated in the solution con-

taining the targeted CA19-9 and MSLN after blocking non-

specific adsorption sites with BSA(see detailed information in 

SI). 

 

Figure 3. General assembly procedure for the wavelength-

resolved ECL biosensor for the simultaneous detection of multiple 

biomarkers.  

To demonstrate the feasibility of the proposed multiplexing 

ECL biosensor, two sets of experiments were undertaken. The 

concentration of MSLN was first fixed at 0 µg mL
-1

, and the 

ECL spectra of the as-constructed immunosensor toward dif-

ferent concentrations of CA19-9 were monitored. The ECL 

intensity at 438 nm, which was mainly the contribution of 

CNNS, decreased with increasing CA19-9 concentration (Fig-

ure 4a). The linear relationship (Figure 4b, red fitted line, R
2
 = 

0.986) between the ECL intensity [(I0 − I)/I0] at 438 nm and 

the concentration is described by 

ICNNS-438 = 0.0515 lgCCA19-9 + 0.3357  (1) 

For the minor ECL intensity change at 510 nm, which could 

be ascribed to the emission trailing edge of CNNS (Figure 4a), 

the equation of the linear calibration curve (Figure 4b, black 

fitted line, R
2
 = 0.978) was found to be 

ICNNS-510 = 0.014 lgCCA19-9 + 0.1188   (2) 

The linear CA19-9 concentration range was from 0.01 to 80 

U mL
−1

. 

In the second set of experiments, the concentration of 

CA19-9 was set as 0 U mL
-1

 and the ECL spectra of the as-

constructed immunosensor toward different concentrations of 

MSLN were measured (Figure 4c). Similarly, the major and 

minor ECL intensity changes at 510 nm (Figure 4d, red fitted 

line, R
2
 = 0.994) and 438 nm (Figure 4d, black fitted line, R

2
 = 

0.996)) are described by 

IS-CNNS-510 = 0.0407 lgCMSLN + 0.3499  (3) 

IS-CNNS-438 = 0.014 lgCMSLN + 0.1724  (4) 

where the linear MSLN concentration range was from 0.001 to 

50 µg mL
−1

. The sensitivity of other methods and ours as well 

are summarized in Table 1. It can be seen that our method 

exhibited very competitive performance, considering that all 

these previous reports were devoted to single biomarker sens-

ing while ours is more challenging and is for simultaneous 

detection of two biomarker. Moreover, in this concept of proof 

study, the biosensing interfaces was not fully optimized, for 

instance, it is highly expected that if the signal-amplification 

techniques
50

 were used, the sensitivity would be further im-

proved. Notably, these equations were found to also be appli-

cable when CA19-9 and MSLN were spiked in human serum 

instead of PBS, indicating the high specificity of the proposed 

multiplex ECL biosensor (see recovery test in Table 2). 
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Figure 4. ECL spectra of the immunosensor in the presence of 

merely CA19-9 (a) or MSLN (c) at different concentrations. The 

calibration curves between ECL intensity (for 438-nm and 510-

nm peaks) and CA19-9 (b) and MSLN (d) concentration. Electro-

lyte: 0.01 M PBS (pH 7.4) containing 0.1 M K2S2O8. Bias poten-

tial: −1.6 V.  

From these two sets of experiments, because of the minor 

crosstalk between the ECL spectra of CNNS and S-CNNS, 

four calibration curves between the ECL intensity (at the 438-

nm peak and 510-nm peak) and concentration of the bi-

omarkers (CA19-9 and MSLN) were obtained (Eqs. 1-4). In 

this context, a spectral crosstalk correction was applied to the 

four aforementioned calibration curves to simplify the practi-

cal multiplexed biomarker protein detection. In principle, the 

relationship between the ECL intensity of CNNS and the con-
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centrations of CA19-9 and MSLN can be demonstrated as a 

multivariate linear algebraic equation: 

I438 = f1(CCA19-9, CMSLN) = ICNNS-438 + IS-CNNS-438 (5) 

Similarly, the ECL emission of S-CNNS can be described as 

I510 = f2(CCA19-9, CMSLN) = ICNNS-510 + IS-CNNS-510 (6) 

Using Eqs. 1-4, we deduced the following theoretical linear 

equations: 

I438 = 0.0515 lgCCA19-9 + 0.014 lgCMSLN + 0.5081 (7) 

I510 = 0.014 lgCCA19-9 + 0.0407 lgCMSLN + 0.4687 (8) 

Thus, with mere measurement of the ECL intensities at 438 

nm and 510 nm, the concentrations of CA19-9 and MSLN can 

be calculated using the proposed multiplexing ECL biosensing 

system. On this basis, to investigate the applicability of the 

biosensor under more complex conditions, we applied it to the 

simultaneous detection of spiked serum samples containing 

both CA19-9 and MSLN. Figure 5 shows the ECL spectra of 

the immunosensor for the simultaneous detection of CA19-9 

and MSLN at different concentrations. As summarized in Ta-

ble 1, the recoveries of CA19-9 and MSLN ranged from 95% 

to 105%, indicating good accuracy and high precision. In addi-

tion, the proposed multiplex ECL assay had excellent specific-

ity in the presence of various interferents (Figure. S6). There-

fore, this multiplex biosensing based on high-resolution wave-

length-resolved ECL holds great potential for the clinical di-

agnosis. 

Nevertheless, it is noted that the overlap between the ECL 

emissions of CNNS-AuNPs and S-CNNS-AuNPs may have 

negative interference for multiplexed bioassay. Indeed, this is 

a challenge for wavelength-resolved ECL bioassay, due to the 

limited types of biocompatible monochromatic luminophores. 

In general, there are two ways to eliminate such signal inter-

ference as much as possible. One is to prepare new ECL lumi-

nophores with large emission wavelength difference, which 

needs more depth future studies. The other one is to optimize 

the amount of current available CNNS-AuNPs and S-CNNS-

AuNPs on the electrode, thus making a well balance between 

the major ECL emission peaks of them. In this context, 3 µL 

of CNNS-AuNPs and 10 µL of S-CNNS-AuNPs suspension 

were deposited on the electrode(see Figure S7 and more dis-

cussion in SI). Moreover, a spectral crosstalk correction was 

applied to the four aforementioned calibration curves (e.q. 1-4) 

to simplify the practical multiplexed biomarker protein detec-

tion. 

 

400 500 600 700
0

10k

20k

30k

40k

50k

d

e

c

f

b

MSLN 0 μg mL
-1

1 μg mL
-1

10 U mL
-1

E
C

L 
in

te
n

si
ty

 /
 a

.u
.

Wavelength / nm

CA19-9 0 U mL
-1

a

 

Figure 5. ECL spectra for the simultaneous detection of CA19-9 

and MSLN at various concentrations: CA19-9 (a) 0, (b) 0.01, (c) 

0.1, (d) 1 (e) 5.0, and (f)10 U mL−1; MSLN (a) 0, (b) 10, (c) 1, (d) 

0.1, (e) 0.01, and (f) 0.001 µg mL−1. Electrolyte: 0.01 M PBS (pH 

7.4) containing 0.1 M K2S2O8. Bias potential: −1.6 V. 

In summary, we report a wavelength-resolved ECL biosen-

sor for the simultaneous detection of multiple biomarkers at a 

single-electrode interface. To this end, a high-resolution ECL 

spectrum acquisition system was proposed by re-examination 

of coupling the recent tabletop spectrofluorometer with much 

improved sensitivity and potentiostat. Moreover, the CNNS 

with different emission wavelengths were explored as metal-

free monochromatic luminophores with premium properties, 

such as the same co-reagent and excitation potential for in-

strument minimization. The proposed ECL biosensor demon-

strated good accuracy and high precision in the simultaneous 

detection of multiple PDAC biomarkers in spiked serum. No-

tably, the proposed instruments and monochromatic lumino-

phores can be realized even when only a modest budget and 

limited expertise are available. This work would greatly pave 

the studies of less explored high-resolution wavelength-

resolved ECL during the last few decades for multiplex bioas-

say with competitive performances. 
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Table 1 

Compari-

son of dif-

ferent 

methods 

for assay 

of CA19-9 

and 

MSLN. 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Recovery results for the detection of CA19-9 and MSLN in human serum samples 

 

 

 

 

 

 

 

 

 

 

 

Targets Methods Linear range LOD Refs 

CA19-9 
(U/mL) 

Monosaccharide imprinted sensor 

/Polysaccharide imprinted sensor 
1–50/0.1–5 0.17/0.028 

51
 

Polarizationmodulated infrared 

reflection absorption spectroscopy 
0.05–60 0.35 

52
 

Photoelectrochemistry 0.01–200 0.0039 
53
 

Impedance Spectroscopy ― 0.69 
54
 

Electrochemistry 5–100 1.6 
55
 

Multiplex electrochemiluminescence 0.01–80 0.083 This work 

MSLN 

(µg/mL) 

ELISA 0.081–5.2 
ng/mL 

― 
56
 

ELISA 0.005–0.05 0.005 
57
 

Multiplex electrochemiluminescence 0.001–50 0.00091 This work 

Sample 
CA19-9 (U·mL-1) MSLN (µg·mL-1) Relative standard deviation 

(%) 
Recovery (%) 

Added Found Added Found CA19-9 MSLN CA19-9 MSLN 

C1 1 0.92 0 N.D. 3.7 N.D. 92 N.D. 

C2 10 9.8 0 N.D. 4 N.D. 98 N.D. 

C3 20 20.4 0 N.D. 5.1 N.D. 102 N.D. 

C4 40 38 0 N.D. 4.3 N.D. 95 N.D. 

M1 0 N.D. 0.100 0.096 N.D. 4.5 N.D. 96 

M2 0 N.D. 1.00 0.99 N.D. 5.0 N.D. 99 

M3 0 N.D. 10.0 9.3 N.D. 3.4 N.D. 93 

M4 0 N.D. 20.0 20.2 N.D. 4.2 N.D. 101 

CM1 0.01 0.0095 1 0.99 3.5 4.1 95 99 

CM2 0.1 0.101 0.1 0.103 5.0 3.9 101 103 

CM3 1 0.98 0.01 0.0105 4.5 4.8 98 105 

CM4 10 9.99 0.001 0.00098 3.9 4.4 99.9 98 
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