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Construction of electrochemiluminescence biosensor for monitoring of 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Hypotoxic AgGaS2/SiO2 nanoparticles 
were prepared by thermal decomposi
tion and reverse microemulsion method. 

• The ECL biosensor can sensitively detect 
GSH released by living cancer cells. 

• The proposed ECL biosensor platform 
showed excellent stability, satisfactory 
selectivity and reproducibility for GSH 
detection.  
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A B S T R A C T   

Abnormal glutathione (GSH) levels are directly related to specific diseases. Therefore, the highly sensitive 
detection of GSH has attracted extensive attention of researchers. Here, we reported a novel electro
chemiluminescence (ECL) biosensor platform based on AgGaS2 quantum dots (AGS QDs) for sensitive detection 
of GSH released by living cancer cells. Firstly, the preparation and photoluminescence of AGS QDs were studied. 
Then, ECL biosensor based on AGS QDs was constructed and applied to the detection of GSH released by MCF-7 
cells. The experimental results showed that the ECL biosensor can sensitively detect GSH directly released by 
living cancer cells in situ. This work not only provides a promising choice for developing ECL with low toxicity 
and good biocompatibility, but also can be extended to detect other molecules released by cells, which is 
conducive to the in-depth study of pathophysiology.   

1. Introduction 

Glutathione (GSH) is a tripeptide containing sulfhydryl groups, 
which is formed by the combination of glutamate, cysteine and glycine, 
and widely exists in animals. As an important metabolic substance in the 
body, it participates in the tricarboxylic acid cycle and glucose meta
bolism, and can activate a variety of enzymes to promote the metabolism 

of sugars, fats and proteins [1]. It also participates in many important 
biochemical reactions [2]. Based on its antioxidant properties, it can 
remove free radicals and toxins, protect the sulfhydryl groups of 
important enzyme proteins from oxidation and inactivation, so as to 
ensure the normal play of molecular physiological functions such as 
proteins and enzymes [3]. Abnormal GSH levels in the body are directly 
related to specific diseases, including cancer, human immunodeficiency 
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virus, liver injury and neurodegenerative diseases [4–6]. Therefore, the 
level of GSH is very important for in vivo detection and biological 
diagnosis system. 

The level of GSH (2–10 mM) in cytoplasm is much higher than that in 
extracellular matrix (ECM) (2–20 μM). In tumor tissues, especially in 
multidrug resistant (MDR) tumors, GSH in cytoplasm is four times 
higher than that in healthy tissues [7]. At present, researchers have 
proposed a variety of methods to detect GSH or monitor the changes of 
GSH in cells, including enzyme-linked immunosorbent assay, surface 
enhanced Raman scattering, high performance liquid chromatography 
(HPLC) and mass spectrometry [8–11]. However, these traditional 
detection methods are often complex, expensive and time-consuming. 
Electrochemiluminescence (ECL) method is famous for its super sensi
tivity, near zero background response, wide dynamic range, simplified 
optical setting and no external light source. It is a recognized as a 
multifunctional analytical technology in the fields of life analysis, drug 
research and environmental monitoring [12–17]. Recently, this method 
has also been applied to the detection of GSH. For example, Shan et al. 
used ferrocyanide ferrocyanide redox pair to amplify the ECL signal of 
carbon quantum dots to sensitively detect GSH [18]. Han et al. applied 
ECL hydrogel system to detect GSH in serum [19]. Based on the Au 
nanoclusters/Cu2O heterostructure, Yuan et al. manufactured a feasible 
ECL biosensor for ultrasensitive determination of GSH in solution [20]. 
However, so far, there has been no study on ECL detection of GSH 
released directly from living cells, which has important theoretical 
research value for the distribution and metabolism of GSH in vivo. 

Here, we are committed to the construction and application of an 
ECL biosensors for monitoring GSH release from living cancer cells. 
Among them, the construction of ECL biosensor becomes the key to 
detection. The performance of ECL signal probe is very important to 
improve the analytical performance of ECL sensing platform. With the 
progress of ECL technology, various ECL emitters with excellent per
formance have been applied to ECL analysis platform, such as organic 
molecules, two-dimensional (2D) nanosheets, metal oxides and quan
tum dots [21–26]. Binary II-VI nanocrystals (NCs) have the advantages 
of high luminous efficiency, good stability and size-adjustable photo
luminescence. They are considered to be promising ECL emitters, but 
they also have obvious disadvantages, that is, there are toxic elements in 

their components, such as cadmium (Cd) and plumbum (Pb) [27–29], 
which is obviously not conducive to their application in the detection of 
metabolites in cell system. Therefore, it is of great significance to 
develop non-toxic and heavy metal-free luminescent nanomaterials as 
ECL phosphors. In recent years, the emergence of ternary I-III-VI2 NCS as 
new non-toxic and light stable luminescent nanomaterials has provided 
the possibility to replace the II-VI NCS in the development of ECL 
emitters [30–34]. 

Bulk AgGaS2 with a direct band gap of 2.5–2.7 eV in I-III-VI semi
conductors has unique optical nonlinearity and bi-refringence charac
teristics [35–40]. Here, we designed and constructed an ECL sensor 
based on AgGaS2 quantum dots (AGS QDs) (Scheme 1). Firstly, AGS QDs 
were synthesized by thermal decomposition method. AGS QDs showed 
near-infrared fluorescence emission, with a maximum emission wave
length of about 820 nm and a red-shift of about 170 nm. In order to 
improve the biocompatibility and water dispersion of AGS QDs, a layer 
of silica was coated on the surface of AGS QDs, and then AGS/SiO2 NPs 
were fixed on the surface of glassy carbon electrode (GCE) with chitisan 
(CS), and doped with gold nanoparticles (Au NPs) and reduced graphene 
oxide (rGO) nanomaterials. Au NPs and rGO nanomaterials can improve 
the conductivity of the electrode. The former can also be used to fix Con 
A protein, which can recognize the glycosyl chain on the surface of 
cancer cells MCF-7 to capture cancer cells [41]. When K2S2O8 was used 
as a co-reactant, AGS/SiO2 NPs had a strong ECL signal. GSH has sig
nificant reduction characteristics and K2S2O8 has strong oxidation 
characteristics. When the tested object GHS interfered with K2S2O8, the 
ECL signal decreased, so a new ECL biosensor platform was constructed 
and its performance was studied in detail. 

2. Experimental section 

2.1. Preparation of AgGaS2 QDs 

Firstly, 0.25 mmol of gallium acetylacetonate, 0.25 mmol of silver 
acetate, 4 mL of 1-octadecene, and 1 mL of oleic acid were added into a 
25 mL three-neck flask. Then, the mixed solution was heated to 110 ◦C 
under argon protection for 30 min. Subsequently, the above solution was 
injected with 0.5 mL of dodecyl mercaptan (DDT), until the solution 

Scheme 1. Schematic illustration for (A) Preparation of AGS/SiO2 NPs, and (B) Fabrication procedures of ECL biosensor for cell assay.  
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turned bright yellow. Under an argon atmosphere, the reaction mixture 
was stirred and heated to 190 ◦C. 0.05 mmol of sulfur powder was added 
into 1 mL oleylamine solution to form sulfur precursor solution. The 
sulfur precursor solution was injected into the above reaction mixture 
when the solution temperature stabilized and formed orange solution. 
The solution darkened immediately after injection and reacted for 
another 2 h. After the reaction was cooled to room temperature, ethanol 
and cyclohexane were added to the mixture, and the colloidal quantum 
dot solution was centrifuged at 8000 rpm for 8 min. After repeated 
cleaning for 3 times, and the obtained AgGaS2 QDs were dried in a 
vacuum oven at 60 ◦C and stored at room temperature. 

2.2. Preparation of AgGaS2/SiO2 NPs (AGS/SiO2 NPs) 

The AGS/SiO2 NPs were prepared by the reverse microemulsion 
method (Scheme 1A). First, 2 mg of AGS QDs were dissolved in 12 mL 
cyclohexane by ultrasonication. Next, 700 μL of IGEPAL-50, 400 μL of 
ammonia, and 30 μL tetraethyl orthosilicate (TEOS) were added 
simultaneously to the above solution. The reaction temperature was 
maintained at 28 ◦C for 20 h 10 μL methanol was added to the above 
solution at the end of the reaction to disrupt a reverse microemulsion. 
Subsequently, the silica-coated AGS QDs were collected by centrifuga
tion and washed twice with ethanol and double-distilled water. Finally, 
the AGS/SiO2 NPs were dispersed in 2 mL of double distilled water and 
stored in a refrigerator at 4 ◦C for later use. 

2.3. Assembly of ECL biosensor 

The biosensor was constructed as shown in Scheme 1B. Before pre
paring the working electrode, 0.05 μM alumina powder was used to 
polish GCE (3 mm), then washed and ultrasonic treated in ethanol and 
ultrapure water to remove surface impurities and dried with nitrogen for 
further use. GCE was placed in 6 mL of graphene oxide dispersion (GO), 
and the scanning voltage was set to 0 ~ − 1.5 V for 5 turns to reduce GO 
to rGO, deposited it on the electrode surface to obtain GCE/rGO, and the 
unreduced GO was washed with PBS solution and then dried in an oven 
at 37 ◦C. Next, GCE/rGO was placed into 6 mL HAuCl4 (2%) solution, 
and GCE/rGO/Au NPs were obtained by cyclic voltammetry (the scan
ning cycles from - 0.8 V to + 0.2 V, at a scan rate of 100 mV s− 1), and the 
unreduced Au NPs were rinsed with washing buffer. After drying at 
37 ◦C, the working electrode was covered with 10 μL of the pre-prepared 
AGS/SiO2 and chitosan (CS) mixture (5: 1 (v/v)) and dried at room 
temperature. Then the electrode was cleaned with 0.01 M sodium hy
droxide solution and ultrapure water and dried to obtain GCE/rGO/Au 
NPs/AGS/SiO2/CS. Subsequently, GCE/rGO/Au NPs/AGS/SiO2/CS was 
immersed in 6 mL of HAuCl4 (2%) solution to prepare Au NPs that can be 
used for Con A protein immobilization and washed unreduced Au NPs 
with PBS solution for 2 times, and further dried. 10 μL Con A (2 mg 
mL− 1) was then added dropwise to the surface of the above-modified 
electrode and dried for 1.5 h to obtain GCE/rGO/AuNPs/AGS/SiO2/ 
CS/AuNPs/ConA. Finally, the modified GCE was washed with PBS and 
stored in a refrigerator at 4 ◦C for subsequent use. 

2.4. Cell culture 

MCF-7 cancer cells were obtained from the Chinese Academy of 
Sciences cell bank (Shanghai, China) and cultured in a high-glucose 
DMEM supplemented containing 10% Fetal Bovine Serum (FBS) at 
37 ◦C and 5% CO2 environment. Subsequently, the cells grown at a 
density of about 80% adnexal to the wall were digested with trypsin to 
make a cell suspension and diluted with PBS (100 000 cells mL− 1). 

2.5. Assay of GSH 

Different concentrations of GSH solution were mixed with 0.1 M PBS 
solution (pH 7.4) containing 50 mM K2S2O8, respectively. Then the 

electrode was placed in the mixed solution to detect the change of ECL 
signal. ECL method was used to detect GSH released by MCF-7 cells in 
situ. 10 μL of the diluted cell suspension was dropped onto the prepared 
electrode and incubated it in a cell incubator at 37 ◦C and 5% CO2 for 40 
min. Next, the electrode was taken out and washed with 0.1 M PBS 
solution to remove unattached cells and placed in the above solution for 
GSH assay. After reaching a steady ECL intensity from the GCE/rGO/ 
AuNPs/AGS/SiO2/CS/AuNPs/ConA/cells, 10 μL of n-ethylmaleimide 
(NMM, 100 μg mL− 1) was injected into the cells in advance to inhibit 
GSH production and then placed in a solution for GSH detection. 

2.6. Fluorescence quantum yield calculation 

The following equation calculated the fluorescence quantum yield 
(QY) of AGS QDs (dissolved in cyclohexane) with the quantum yields of 
known standard reference solutions (rhodamine B dissolved in ethanol). 

QY sample = QY rhodamine B {I sample/I standard} {n2 sample/n2 
standard}; 

I is the ratio of the integrated area of the fluorescence peak to the UV 
absorption intensity, where n is the refractive index of the solvent [42]. 

3. Results and discussion 

3.1. Characterization of AGS QDs and AGS/SiO2 NPs 

The optical properties of AGS QDs were presented in fluorescence 
emission spectra and UV–vis absorption spectra (Fig. 1). The maximum 
fluorescence emission peak of AGS QDs was about 820 nm and the 
maximum half-peak width was less than 150 nm (Fig. 1A). The fluo
rescence QY of AGS QDs was calculated to be 7.99%. Furthermore, AGS 
QDs were analyzed by UV–vis absorption spectra (Fig. 1B). It could be 
seen that the absorption peak of AGS QDs was a broad-shouldered peak 
with no obvious excite peak [43]. The XRD pattern was used to verify 
the phase and structure of the obtained AGS QDs sample (Fig. S1). The 
test results were compared with the XRD of the AGS QDs standard card 
(JCPDS NO.65-1574). It could be seen that all the diffraction peaks 
matched the standard card [44], indicating that the AGS QDs were 
successfully prepared. 

Energy dispersive spectroscopy (EDS) of AGS QDs exhibited peaks 
related to three elements of Ag, Ga, and S (Fig. S2). The content ratios of 
the three elements were 24.94%, 20.71%, and 54.35%, respectively. The 
ratio of each element was about 1: 1: 2, which further proved that AGS 
QDs were successfully prepared. 

X-ray photoelectron spectroscopy (XPS) was carried out to analyze 
the chemical composition and elemental valence states of AGS QDs. The 
high-resolution peak-fitting XPS spectra were used to analyze Ag 3d, Ga 
2p, and S 2p. Ag, Ga, S, N, O, and C elements can be observed in the full 
spectrum of XPS (Fig. S3A). The existence of N, O, and C elements may 
be attributed to the elements carried by oleylamine and oleic acid ligand 
groups on the surface of the quantum dots. Next, 3d peaks of Ag were 
analyzed (Fig. S3B). The peaks of 3d3/2 and 3d5/2 were 373.83 eV and 
367.78 eV, respectively, which were consistent with the reference value 
of Ag(I), thus demonstrating that the chemical valence of Ag was +1 
valence. The 2p orbital analysis of Ga (Fig. S3C) and the peaks of 2p1/2 
and 2p3/2 were 1144.83 eV and 1118.03 eV, respectively, indicating the 
chemical valence of Ga was +3 valence. The 2p spectrum of S showed 
that its peak position was fitted by two peaks of 162.23 eV and 161.28 
eV. The double peaks corresponded to 2p1/2 peak and 2p3/2 peak of S, 
and its chemical valence was − 2 (Fig. S3D). The results showed that AGS 
QDs were successfully synthesized. 

The TEM image of the synthesized organic phase AGS QDs showed 
that the AGS QDs had good dispersion, with an average diameter of 
about 4 nm (Fig. 2A), which may contribute to the electron transfer in 
the electroluminescence process. The HRTEM image (inset Fig. 2A) 
demonstrated that AGS QDs had a good crystalline shape. AGS/SiO2 NPs 
were prepared by using the reverse microemulsion method. It was found 
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that silica was successfully wrapped the quantum dots with the average 
particle diameter of about 30 nm (Fig. 2B). The quantum dots were 
located in the center of the silica shell, indicating that the silica shell 
grew in an anisotropic direction. Subsequently, AGS/SiO2 NPs 
morphology was further analyzed by the HRTEM (Fig. 2C), which 
further proved successful parcels of silica coating. 

AGS QDs were characterized by FTIR spectra (Fig. 2D, curve a). 
Firstly, a strong broad peak at 3400 cm− 1 can be attributed to the 
stretching vibration of –OH or –NH2 bond of AGS QDs, which may result 
from the group carried by oleic acid or oleylamine ligand on the surface 

of quantum dots. Secondly, two strong peaks at 2853 cm− 1 and 2925 
cm− 1 belonged to the asymmetric and symmetric stretching vibrations 
of –CH2, respectively. In addition, the –OH (3429 cm− 1), Si–O (1087 
cm− 1) stretching vibration of SiO2 were observed, showing that SiO2 was 
successfully attached to the surface of the AGS QDs (Fig. 2D, curve b). 
The introduction of hydroxyl group may bring good hydrophily and 
biocompatibility. We also explored the effect of the concentration of 
AGS QDs on the formation of SiO2 shells (Fig. S4). TEM image showed 
that when 0.083 mg mL− 1 AGS QDs were consumed, many silica 
nanoparticles without quantum dots were formed (Fig. S4A). When the 

Fig. 1. (A) Fluorescence and (B) UV–vis absorption spectra of AGS QDs.  

Fig. 2. TEM image and HRTEM image (A) AgGaS2 QDs; (B) TEM image of AGS/SiO2 NPs; (C) HRTEM image of AGS/SiO2 NPs; (D) FTIR spectra of AGS QDs and AGS/ 
SiO2 NPs. 
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concentration of quantum dots increased to 0.25 mg mL− 1, a large 
amount of SiO2 shells were connected into thin sheets, and the shape of 
silicon shells was irregular (Fig. S4C). This phenomenon was similar to 
the results previously reported in literature [45]. Therefore, we specu
lated that the formation of SiO2 shells was related to the concentration of 
AGS QDs. In this case, the optimal concentration of AGS/SiO2 NPs was 
0.167 mg mL− 1 (Fig. S4B). 3.2. Research of ECL properties of AGS/SiO2 
NPs. 

The ECL properties of AGS/SiO2 NPs were examined. The cathode 
ECL of AGS/SiO2 NPs was investigated in the presence of K2S2O8, a 
typical co-reactant for cathodic ECL of NPs. The ECL responses and cy
clic voltammetry (CV) characterization of NPs were carried out at the 
scan range of 0 to − 2 V within a scan rate of 100 mV s− 1, which was in a 
PBS (pH 7.4) solution, including 0.1 M KCl without and with 50 mM 
K2S2O8. As expected, there was almost no related reduction peak of CV 
curve (Fig. 3A, curve a) and no noticeable ECL emissions (Fig. 3B, curve 
a) can be observed on GCE/AGS/SiO2 NPs in the absence of K2S2O8 as a 
co-reactant. After adding 10 mM of K2S2O8, obvious ECL emission 
(Fig. 3B, curve b) and reduction peak potentials of − 0.8 V and − 1.2 V in 
CV curve (Fig. 3A, curve b) were observed. This may be due to the 
electrochemically oxidized K2S2O8 and AGS/SiO2 NPs participated in 
ECL of the co-reactant. Simultaneously, the ECL responses of GCE/AGS/ 
SiO2 NPs showed many reproducible signals during a continuous po
tential sweep (Fig. 3C), indicating that the proposed ECL system had 
excellent stability. 

The strong co-reactant ECL demonstrated that radiative charge 
transfer in GCE/AGS/SiO2 NPs could also be readily achieved at the 
cathode in the co-reactant route by simultaneously injecting both holes 
and electrons into AGS/SiO2 NPs. The reaction mechanism can be 
explained as follows:  

S2O8
2− + e− →SO4

2− + SO4
•-                                                              (1)  

AGS/SiO2 + e− → AGS/SiO2
•-                                                            (2)  

AGS/SiO2
•- + SO4

•-→AGS/SiO2*+SO4
2− (3)  

AGS/SiO2*→AGS/SiO2+hv                                                              (4) 

The cathode co-reactant K2S2O8 obtained an electron at the cathode 
to form SO4

2− and SO4
•-, and similarly AGS/SiO2 NPs received an electron 

to form the unstable AGS/SiO2
•-, which had a strong reducing SO4

•- 

interacted with AGS/SiO2
•- to form the excited state AGS/SiO2*, which 

returned to the ground state after relaxation to produce the ECL signal. 
Similarly, we explored another common cathode co-reactant, H2O2, 
which also had a reduction peak at − 1.42 V (Fig. S5A, curve b), but did 
not produce a strong ECL signal (Fig. S5B, curve b). Therefore, we 
speculated that the strongly oxidized radical generated by H2O2 cannot 
interacted with AGS/SiO2 to generate stable excited state of AGS/SiO2*, 
which returned to the ground state after relaxation produces a weaker 
ECL signal. Meanwhile, we also explored the anode co-reactants TPrA 
and Na2C2O4. The CV curve showed that both TPrA and Na2C2O4 had an 
oxidation peak with peak positions at 1.03 V (Fig. S5C, curve b) and 

1.47 V (Fig. S5E, curve b), respectively. At the same time, no obvious 
ECL signal was observed (Figs. S5D and S5F). Therefore, we speculated 
that the reason for weaker ECL signals generated by the interaction of 
TPrA and Na2C2O4 with AGS/SiO2 NPs was similar to that of H2O2 and 
AGS/SiO2 NPs. 

3.2. ECL quenching mechanism of AGS/SiO2 NPs by GSH 

GSH (R–SH) can exert its antioxidant properties due to the reactivity 
of sulfhydryl groups. Therefore, it is obvious that the reaction of sulf
hydryl groups with SO4•-would hinder the radiative recombination of 
electrons and holes captured on the surface of AGS/SiO2 NPs, resulting 
in ECL quenching of the proposed biosensor [46]. The possible 
quenching mechanism was as follows (Scheme S1):  

SO4
•- + R–SH + OH− →R–S• + SO 4

2− + H2O                                   (5)  

R–S• + R–S• → R-S-S-R                                                                 (6)  

3.3. ECL property of different biosensors 

Next, we studied the ECL behavior of different modified GCE. The 
ECL intensity of GCE/AGS/SiO2/CS was lower than that of GCE/AGS/ 
SiO2 NPs (Fig. S6A, curve b and a), due to the steric hindrance of CS that 
hindered the electron transfer. However, the ECL intensity of GCE/rGO/ 
AuNPs/AGS/SiO2/CS was 3 times higher than that of GCE/AGS/SiO2/ 
CS because rGO had a large specific surface area, which can adsorb more 
AuNPs to improve the electrical conductivity of electrode (Fig. S6A, 
curve c). 

3.4. Optimization of experimental conditions 

In order to obtain a satisfactory ECL biosensing platform, some 
essential experimental parameters were optimized, such as scanning 
rate and solution pH. The influence of the scan rate on the ECL intensity 
was shown in Fig. S7A. When the scan rate was lower than 100 mV s− 1, 
the ECL intensity increased with the increase of the scan rate, but then 
dropped sharply at a scan rate higher than 100 mV s− 1. As a conse
quence, 100 mV s− 1 was the optimal scan rate to achieve high ECL in
tensity of biosensor. Simultaneously, the effect of the pH value of buffer 
solution on the ECL intensity of biosensor was shown in Fig. S7B. In the 
range of pH from 4.0 to 7.0, the ECL intensity increased significantly and 
reached a plateau at pH 7.0, and then began to decline. Therefore, the 
reaction condition of pH 7.0 was adopted in subsequent experiments. 
Moreover, we also analyzed the incubation time and incubation tem
perature of MCF-7 cells, and obtained the optimal incubation time and 
incubation temperature were 40 min (Fig. S8A) and 37 ◦C (Fig. S8B), 
respectively. 

Fig. 3. (A) Cyclic voltammetry; (B) ECL intensity-potential response plots of GCE/AGS/SiO2 NPs in 0.1 M PBS (pH 7.4) solution, containing 0.1 M KCl (a) without or 
(b) with 50 mM K2S2O8; (C) Stability of ECL signals of AGS/SiO2 NPs in 0.1 M PBS (pH 7.4) containing 0.1 M KCl with 50 mM K2S2O8. 
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3.5. ECL response of the GCE/rGO/AuNPs/AGS/SiO2/CS to GSH 

Based on the best experimental conditions, the GCE/rGO/AuNPs/ 
AGS/SiO2/CS sensor was exploited to determine GSH of sample. The 
ECL response was measured by changing GSH concentration of sample. 
Fig. 4A showed that the ECL intensity decreased with the increase of 
GSH concentration. Moreover, the change of ECL signal ΔI (ΔI = I - IGSH) 
had a linear relationship with the logarithmic value of GSH concentra
tion. The linear regression equation for the GSH concentration range of 
10 pM–1 μM was I = 328.89 lgC +3851.36 with a correlation coefficient 
of 0.995 (Fig. 4B). At 1 μM–10 mM, the linear regression equation was I 
= 599.2 lgC +5537.8 with a correlation coefficient of 0.994. The 
detection limit was calculated to be 8.03 × 10− 12 M (S/N = 3) (Fig. 4C). 
What’s more, various interfering substances such as reactive molecules 
(L-Cys, L-Thr，L-Arg, L-Glu，L-Pro) and metal ion Na+，K+, Ca2+, 
Mg2+ were applied to survey the anti-interference ability of the 
biosensor. As shown in Fig. 4D, compared with 1 nM GSH, the con
centration of L-Cys, L-Thr, L-Arg, L-Glu, L-Pro, Na+，K+, Ca2+, and 
Mg2+ up to 1 μM didn’t cause any observable ECL signal, implying the 
proposed ECL biosensor had excellent selectivity. 

3.6. Detection of GSH released from living cancer cells 

The proposed biosensor was constructed by a self-assembly method 
for the detection of GSH released from living cancer cells. CV plots of 
different modified electrodes in 5.0 mM K3[Fe (CN)6]/K4 [Fe (CN)6] in 
PBS (0.1 M, pH 7.0) solution with 0.1 M KCl was used to characterize the 
electrochemical performance of the biosensor. We deposited rGO, 
AuNPs by electrodeposition to enhance the conductivity of the coating, 
then the current strength was significantly enhanced (Fig. 5A, curve b). 

When AGS/SiO2/CS was decorated on GCE, the current intensity 
decreased due to the hindrance of the material (Fig. 5A, curve c), but its 
ECL signal was enhanced due to the addition of the ECL luminophores 
material (Fig. 5B, curve c). Then Con A protein was used for modifica
tion. It was a non-conductive biomaterial, which hindered the transfer 
rate of electrons on the electrode, so the ECL signal (Fig. 5B, curve d) and 
current intensity (Fig. 5A, curve d) were weakened. The current in
tensity decreased after modifying MCF-7 cells (Fig. 5A, curve e). As 
MCF-7 cancer cells released GSH, the corresponding ECL signal was 
decreased significantly, which may be attributed to the reaction of GSH 
with K2S2O8 (Fig. 5B, curve). The above characterization further 
demonstrated the successful biosensor assembly. Furthermore, the MCF- 
7 cells were first captured on the surface of GCE/rGO/AuNPs/AGS/ 
SiO2/CS/AuNPs/ConA. Then, NMM, as one of the GSH inhibitor, was 
used to stimulate MCF-7 cells. As shown in Fig. 5C, in the absence of 
NMM, GCE/rGO/AuNPs/AGS/SiO2/CS/AuNPs/ConA/cell showed a 
relatively low ECL signal (Fig. 5C, curve a), while an enhanced ECL 
signal was observed upon the injection and stimulation by NMM 
(Fig. 5C, curve b). We speculated that the addition of NMM can inhibit 
the production of GSH and reduce the attenuation of ECL signal. 

The above experimental results showed that the ECL biosensor based 
on AGS/SiO2 NPs can be used to detect GSH released by living cancer 
cells in situ. In addition, it is obvious from Table 1 that our method 
showed better performance in determining GSH than other reported 
methods. 

4. Conclusion 

To sum up, we synthesized ternary AGS QDs with near-infrared 
fluorescence emission by thermal decomposition method for the first 

Fig. 4. (A) ECL intensity-time curves for different concentrations of GSH, calibration chart between ECL intensity and lgCGSH; (B) 10 pM–1 μM; (C) 1 μM–10 mM, (a) 
0, (b) 10 pM, (c) 100 pM, (d) 1 nM, (e) 10 nM, (f) 100 nM, (g) 1 μM, (h) 10 μM, (i) 100 μM, (j) 1 mM, (k) 10 mM; (D) Selectivity study of GCE/rGO/AuNPs/AGS/SiO2/ 
CS in 0.1 M PBS (pH 7.0) solution with 50 mM K2S2O8 and 0.1 M KCl. 
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time. AGS/SiO2 NPs were then prepared by reverse microemulsion 
method. Using AGS/SiO2 NPs as ECL emitter, a high-sensitivity ECL 
biosensor was constructed to detect GSH. The change of electron- 
transfer resistance during continuous assembly confirmed the success
ful construction of ECL biosensor. Experiment results also showed that 
the biosensor can be used for high sensitivity detection of GSH released 
by MCF-7 cells. More importantly, it showed the high stability, repeat
ability and reproducibility required by ECL sensing platform. The sensor 
has potential application prospects in the detection and treatment of 
GSH related diseases, and can also be extended to detect other molecules 
released by cells. 
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