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New S-doped yttrium oxide ultrathin nanosheets (NSs) were 

synthesized which had good electrochemiluminescence (ECL) 

properies. Through combining this NSs with small molecule linked 

DNA as the substrate, a novel ECL biosensor was constructed for 

detection of protein biomarkers with an acceptable performance. 

Nanocrystal-based electrochemiluminescence (ECL) has 

attracted an increasing attention in bioanalysis due to the strong 

size-dependent electronic, optical, and electrochemical 

properties of the luminescent nanocrystals (NCs).1-3 Among 

them, the semiconductor nanocrystals, such as CdS, CdSe, and 

PbS were extensively chosen as ECL emitters due to their 

narrow emission band, good photostability, and high quantum 

yields.4-6 However, heavy-metal elements (e.g., Cd and Pb) are 

highly cytotoxic which lead to some restrictions of these NCs in 

their applications.7,8 Thus, the development of environmentally 

friendly and low-toxicity or even nontoxic ECL emitters for 

bioassays has been an urgent need. Traditionally, ECL is a light 

emitting process which generates excited states by energetic 

electron transfer occurring in the vicinity of the working 

electrode.9 Therefore, yttrium oxide (Y2O3) NCs are typically 

considered as an ideal ECL substrate because they can harvest 

electron to generate electron-hole pairs, leading to the boost of 

charge-transfer and the enhancement of ECL response.10,11 

Especially, the introduction of sulphur (S) atoms into Y2O3 

nanosheets (NSs) can also affect the electron-hole 

recombination statistics, which may result in new properties. In 

our work, we introduce S atoms into Y2O3 ultrathin NSs, 

providing a viable approach to gain a novel ECL emitter at the 

atomic level. 

In recent years, the development of rapid, low cost and 

point-of-care approaches for the quantitative detection of 

antibodies has become more prevalent due to its dramatically 

impact on global health.12,13 A variety of methods, such as 

electrochemistry, fluorescence, have been developed for the 

quantitative detection.14-16 However, these methods are limited 

due to their low detection limits or time-consuming 

procedures.17 Among various alternatives, ECL analysis based 

on single or several-atom-thick NSs has raised concerns due to 

its low background, simple instrument, and high sensitivity of 

analysis method, as well as the bigger specific surface area, 

more active sites and good ECL properties of materials.18-20 

Herein, a novel ECL biosensor based on S-doped Y2O3 

ultrathin NSs was constructed for quantitative detection of anti-

Dig antibodies. This proposed ECL biosensor used small 

molecule linked DNA as the flexible recognition elements to 

recognize anti-Dig antibodies (Scheme 1). This method 

produced prominent steric hindrance to impede the electron 

transfer of ECL reagents towards the electrode surface. Based 

on the variation of ECL intensities before (a in Scheme 1) and 

after (b in Scheme 1) anchoring the antibodies, a sensitive and 

simple biosensor was designed, which exhibited a good 

performance. The results of this study suggested that new two-

dimensional luminescent rare earth materials may possess 

enhanced ECL performances, and can be applied in related 

ECL bioassays. 

Scheme 1 Schematic presentation of the proposed ECL biosensor for detecting anti-Dig 

antibodies.
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X-ray energy dispersive spectroscopy (EDS) analysis (Fig. 

S1, ESI) shows that the sample is composed of yttrium (Y), 

oxygen (O) and S elements. The X-ray diffraction (XRD) 

pattern of the sample displays the major diffraction peaks 

corresponding to the Y2O3 (JCPDS 65-3178) (Fig. S2, ESI). 

Meanwhile, some slight differences are also observed. This 

may be due to the low concentration of S uniformly substitution 

into the O2- sites or interstitial sites in Y2O3 lattice.21 The 

structure of S-doped Y2O3 NSs is further confirmed by the 

transmission electron microscopy (TEM) analysis and 

elemental mapping. The near transparency image of the NSs in 

Fig. 1A is an indication of the formation of the ultrathin 

structure. The elemental mapping in Fig. 1B shows the uniform 

distribution of Y, O, and S across the NSs area. The thickness 

of the S-doped Y2O3 NSs (Fig. 1C and D) is approximately 

3.34 nm, which is measured by atomic force microscopy 

(AFM).22 

The ECL potential spectra with different modifications 

were obtained in 0.1 M PBS buffer, between -1.36 and -2.0 V, 

at a scan rate of 100 mV s-1 with 50 mM K2S2O8 as a co-

reactant. Fig. 2A shows the ECL behaviours under above 

experimental conditions for bare glassy carbon electrode (GCE, 

black line), S-doped Y2O3 nanowires (NWs, red line), Y2O3 

NSs (green line) and S-doped Y2O3 NSs (blue line). The initial 

potential of S-doped Y2O3 NSs is -1.45 V. The tests above 

indicate that the relative ECL intensities of the studied 

materials increase in the following order: bare GCE < S-doped 

Y2O3 NWs < Y2O3 NSs < S-doped Y2O3 NSs modified GCEs. 

Obviously, the ECL intensity of the S-doped Y2O3 NSs is 

greater than those of the other NCs, indicating that the S-doped 

Y2O3 NSs dramatically enhance the ECL activity.  

In addition to the ECL intensity, durability is another 

important parameter to evaluate the ECL materials. Fig. 2B 

presents the continuous high ECL emission of the S-doped  

Y2O3 NSs for nine cycles, demonstrating that the S-doped Y2O3 

NSs has long-term ECL stability. Besides, the relative standard 

deviation (RSD) is calculated to be 0.7%. Moreover, the ECL 

intensity and stability of Y2O3 NSs and S-doped Y2O3 NWs are 

also presented in Fig. S3. By comparison, the S-doped Y2O3 

NSs are more suitable for ECL application than Y2O3 NSs and 

S-doped Y2O3 NWs. 

The characterizations of Y2O3 NSs and S-doped Y2O3 NWs 

have been shown in Fig. S4. According to the previous reports, 

the Y2O3 can be used as an acceptor or host material and 

harvest surrounding electrons to generate electron-hole pairs.23-

26 Then, the high energy electrons from electrode directly inject 

the conduction band (CB) of Y2O3 NSs, which results in the 

transfer of electrons from the CB to the valence band (VB); 

subsequently, co-reactant also takes part in the reaction and 

produces electron holes. The two responses react with each 

other and generate electron-hole pairs, leading to the boost of 

charge separation and the enhancement of ECL response.27 

Especially, when the S atoms are introduced into ultrathin Y2O3 

NSs, some significant changes in electronic structure will occur. 

This might originate from that S atoms partly substitute for the 

original O atoms, which contributes more active sites and minor 

disorder, promoting the electron transmission.28 The subtle 

distortion of the atomic arrangement can offer abundant 

unsaturated O atoms as active sites for ECL, which can 

improve the intrinsic conductivity and optimize ECL 

performance on the basis of guaranteed robust electron 

transfer.29,30 Thus, it can be speculated that the Y2O3 ultrathin 

NSs harvest surrounding electrons and translate them into 

excited state, then, persulfate (S2O8
−) is reduced to hole donor 

(SO4
•−), and leading to the enhancement of ECL response. 

Furthermore, doping S into Y2O3 ultrathin NSs leads to the 

higher ECL intensity and stability.31 

The effects of some parameters on ECL response are 

studied to identify the optimal conditions for the construction of 

biosensor (Fig. S5, ESI). When the concentration of capture 

DNA is 1 µM and incubation time of anti-Dig antibodies is 45 

minutes, the ECL intensity is nearly steady. Electrochemical 

Figure. 1 (A) TEM image of the S-doped Y2O3 NSs, (B) Elemental mapping of a selected 

area of the S-doped Y2O3 NSs, (C) AFM image and (D) height profiles of the S-doped Y2O3

NSs. The profiles 1, 2, and 3 in Fig. 1C correspond to the lines labelled as black, red and 

green lines in Fig. 1D.

Figure. 2 (A) ECL potential curve of Bare GCE (black line), S-doped Y2O3 NWs (red line), 

Y2O3 NSs (green line), S-doped Y2O3 NSs (blue line) modified GCEs in 0.1 M PBS buffer 

containing 50 mM K2S2O8 and 0.1 M KCl. (B) Stability of ECL response from S-doped Y2O3

NSs modified GCE during eight cycles of continuous CV scans (n = 3) and (C) Nyquist 

diagrams of (a) bare GCE, (b) Cs-S-doped Y2O3 NSs/GCE, (c) Capture DNA/ Cs-S-doped 

Y2O3 NSs/GCE, (d) Anti-Dig/DNA/Cs-S-doped Y2O3 NSs/GCE. (D) ECL responses of the 

biosensor towards anti-Dig antibodies (10 nM), streptavidin (100 nM), human 

immunoglobulin G (100 nM), anti-dinitrophenol (100 nM) and blank for contrast.
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impedance spectroscopy shows the stepwise assembly of the 

ECL sensor (Fig. 2C).32 The diameters of the semicircle grow 

increasingly from curve a to curve d, which reflects the 

improvement of electron transfer resistance (Ret). The bare GCE 

shows the lowest Ret value (Fig. 2C, curve a). When S-doped 

Y2O3 NSs coat on the surface of GCE, the Ret value increases 

(Fig. 2C, curve b), which is attributed to the reason that the NSs 

block the electron transfer to the surface of the electrode. After 

the capture DNA links to S-doped Y2O3 NSs modified GCE by 

amino bond, a bigger semicircle forms and shows that DNA 

molecules can hinder the way of [Fe(CN)6]
3-/4- to the electrode 

(Fig. 2C, curve c). With the anti-Dig antibodies connect with 

Dig small molecules, the Ret value increases remarkably (Fig. 

2C, curve d). 

The selectivity of this ECL biosensor is investigated by 

different analytes that includes human immunoglobulin G (IgG), 

streptavidin (STV) and rabbit polyclonal anti-dinitrophenol 

(anti-DNP) under the same experiment condition (Fig. 2D). 

These results suggest that this biosensor has a better 

performance for testing anti-Dig antibodies concentration and a 

good selectivity of ECL assay method. The ECL intensity is 

found to decrease severely with increasing concentrations of 

anti-Dig antibodies from 1 to 100 nM (Fig. 3A). Fig. 3B 

exhibits a good linear relationship with the same range of anti-

Dig antibodies concentrations. The regression equation is I = 

13086.6 − 56.86c with a correlation coefficient of 0.995, where 

c is the concentration of anti-Dig antibodies concentrations 

(nM). The detection limit is calculated to be 0.72 nM with the 

3σ rule (σ is the standard deviation in the blank solution after 

repeated measurements) (LOD=3σ/k). The ECL biosensor 

presents a better analytical ability based on S-doped Y2O3 

ultrathin NSs as signal donor. Several analytical approaches for 

detecting anti-Dig antibodies have been summarized in Table 

S1. It can be found that the linear range and detection limit of 

our proposed biosensor are better than or at least comparable to 

those of others. Recovery detections are carried out to 

demonstrate the feasibility of this biosensor in practical 

applications. Different concentrations of anti-Dig antibodies are 

spiked in health human serum, and then obtained with our 

method. The experimental results are listed in Table 1. There 

are no serious deviations, indicating that this ECL biosensor is 

suitable for detecting anti-Dig antibodies in real samples.  

 

 

 

TableTableTableTable    1111 Serum samples tests of anti-Dig antibodies. 
Sample Anti-Dig 

added (nM) 

Anti-Dig 

found (nM) 

Recovery 

(%) 

RSD 

(%, n=3) 

Sample1 70 71.15 101.64 3.52 

Sample2 30 28.94 96.46 2.03 

Sample3 1 1.02 102.53 1.39 

Conclusions 

In summary, we synthesized an ultrathin S-doped Y2O3 NSs 

and used its intrinsic ability of robust electron transfer as a 

good substrate for ECL application. The superb electron harvest, 

subtle distortion and flat superficial area offered more active 

sites and facilitated the rapid transport of electrons to the NSs. 

Hence, the S-doped Y2O3 NSs showed a good ECL 

performance. Therefore, based on steric hindrance inhibition of 

electron transfer, using Dig linked DNA to grapple anti-Dig 

antibodies, we combined S-doped Y2O3 ultrathin NSs with 

molecule-protein recognize interaction to construct this sensor, 

which provided low-cost and convenient ECL assay. This work 

presented a novel ultrathin S-doped Y2O3 NSs for ECL 

application that showed a good analytical performance. 

Considering that this method of detecting antibodies was used 

in ECL for first time, this biosensor may provide a powerful 

perspective for antibody detection. 
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