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Abstract
Superoxide dismutase (SOD), also known as liver protein, is a substance widely distributed in various biological cells. It has the
function of catalyzing the disproportionation reaction of superoxide free radicals. SOD can form an antioxidant chain together
with peroxidase, catalase, and other substances in the body of organisms, and thus, is one of the indispensable important
substances in the body of organisms. In this work, we provided a simple and fast visual electrochemiluminescence (ECL) sensor
for SOD detection. CuInZnS quantum dots (QDs) worked as the ECL luminophore with hydrogen peroxide as co-reactant. In the
sensing process, SOD and CuInZnSQDs on a glassy carbon electrode (GCE) competed with each other for hydrogen peroxide to
produce superoxide during electrochemical luminescence, thus quenching the ECL signal of CuInZnS QDs. The proposed sensor
can quantify SOD with a limit of detection (LOD) of 0.03 μg/mL. In addition, the change in the CuInZnS QDs ECL signal was
easily observed with a smartphone camera. The results indicated that this sensor could effectively work in the detection of SOD in
human blood.
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Introduction

Superoxide dismutase (SOD) is an antioxidant widely distrib-
uted in various biological cells. The activity of SOD was first
discovered by Irwin Fridovich and Joe M. McCord. In the
following years, the antioxidant capacity of SOD was widely
studied. And antioxidant capacity of SOD was applied in the
fields of clinical diagnosis and treatment, food, cosmetics,
animal feeding, plant cultivation, and other fields. The main
function of SOD is to catalyze the disproportionation of su-
peroxide, which is produced by biological cells in the process
of metabolism to produce water and hydrogen peroxide [1, 2].
SOD can catalyze the dismutation reaction of superoxide to

generate hydrogen peroxide which is harmful to human body,
then catalase (CAT) and peroxidase (POD) catalyze the de-
composition of hydrogen peroxide to eventually generate wa-
ter and oxygen. SOD, POD, and CAT constitute a complete
chain of antioxidant in organisms and play an extremely im-
portant role in organisms. Because SOD plays an extremely
important role in human body, real-time quantitative detection
of sod content in human tissues has important clinical signif-
icance. For example, it is used in patients with free radical
metabolic disorder to judge the clear intervention measures
of free radicals and the damage of free radicals. The overex-
pression of SOD2 is found in cancerous cells of breast cancer,
pancreatic cancer, papilloma, prostate cancer, and other can-
cers, and trisomy 21 syndrome is closely related to the over-
expression of SOD1 [3–5]. Therefore, some detection
methods have been developed for SOD, including enzyme-
linked immunosorbent assay (ELISA), chemiluminescence
detection, and electrochemical detection. Although these
methods exhibit high sensitivity and analysis precision, com-
plex detection process and expensive cost is still required.
Therefore, the development of a convenient and rapid method
for the detection of SOD is still essential.

Electrochemiluminescence (ECL), combines the characters
of electrochemistry and luminescence, has the advantages of
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simple instrument and high sensitivity [6–8]. ECL is the phe-
nomenon of light radiation caused by the energy relaxation of
the excited species triggered by electrochemistry [9, 10]. The
ECL mechanism can be divided into two types, the annihila-
tion ECL and the co-reactant ECL. Annihilation pathway re-
fers that the system can accept and give electrons respectively,
and then under the external electric field, the electrode surface
generates a pair of reversible anionic and cationic radicals
through disproportionation reaction [11]. The two radicals
then undergo a radical annihilation reaction, which produces
an excited state of the material with ECL signal. In the co-
reaction ECL reaction, the intermediate transition state with
strong redox ability can be generated through electrochemical
oxidation (or reduction) [12]. The transition state can react
with ECL luminescent body which is oxidized (or reduced)
by electrochemical oxidation (or reduction) to obtain the lu-
minescent excited state. Common co-reaction agents include
persulfate and hydrogen peroxide. Semiconductor
nanocrystals or quantum dots (QDs), as a new kind of ECL
nanocrystals, have been developed and attracted great interest
of researchers. The ECL phenomenon of Si QDs in organic
systems was first reported in 2002 [13]. Until now, many ECL
sensors were developed based on QDs and other
nanomaterials [14]. Compared with traditional molecular lu-
minescence such as Ru (bpy)3

2+, QDs has its unique advan-
tages, such as more controllable surface defects, size effect of
luminescence and good light tolerance, and milder lumines-
cence system. Although many QDs have been applied as ECL
luminophore, such as CdTe QDs [15], CdTe@ZnS QDs [16],
and CdSe QDs [17], the important limitation of QD-based
ECL applications is the toxicity from heavy metal elements.
Therefore, the heavy metal free semiconductor QDs have
employed to solve the toxicity of QDs. In recent years, qua-
ternary non-toxic CuInZnS QDs have been widely used in
sensor construction [18–21]. The quaternary CuInZnS QDs
exhibited good thermal stability. There are two main synthesis
methods of CuInZnS QDs, one is hydrothermal synthesis
method and the other is metal-organic synthesis method.
Metal-organic phase synthesis of CuInZnS QDs takes place
in an organic solvent and is accompanied by high synthesis
temperatures. The synthesis process usually has high produc-
tion costs. Therefore, in order to have a better biological ap-
plication prospect, hydrothermal synthesis method is usually
used to synthesize CuInZnS QDs with low toxicity and good
biocompatibility.

In this work, biocompatible CuInZnS QDs were prepared
as ECL luminescent and hydrogen peroxide (H2O2) as co-
reactant. SOD can compete with CuInZnS QDs for superox-
ide, which produced by H2O2 reduction process (Scheme 1).
As a result, with the concentration of SOD increasing, the
ECL signal of CuInZnS QDs decreased gradually.
Furthermore, the ECL signal changes of CuInZnS QDs were
clearly recorded by the smartphone CMOS camera. The ECL

visual detection was of great significance in clinical medicine.
Visual detection required sensitive, convenient, and fast detec-
tion equipment. In the process of detection, visual detection
was timely and the results were intuitive and clear. Compared
with the fluorescence signal, the ECL signal was weak and not
easy to be captured. So the realization of ECL visualization
became very important. Therefore, we designed software to
analyze the thermal diagram of the light intensity distribution.
The prepared sensor was applied to the rapid detection of SOD
in human blood with high selectivity and high sensitivity.

Experiment section

Materials

Copper(II) chloride dehydrate (CuCl2
.2H2O, 99.0%), indium

chloride hydrate (InCl3
.4H2O, 99.0%), zinc chloride (ZnCl2,

98%), sodium hydroxide (NaOH, 96.0%), mercaptopropionic
acid (MPA, 99.0%), thiourea (CS(NH2)2, 99.0%), and ethanol
(C2H5OH, 99.7%) were purchased from Sigma Co.
(Shanghai, China). SOD, hydrogen peroxide (30%), sodium
dihydrogen phosphate (NaH2PO4), disodium hydrogen phos-
phate (Na2HPO4), sodium phosphate (Na3PO4), horseradish
peroxidase (HRP), alkaline phosphatase (ALP), ALA (ala-
nine), ARG (arginine), THR (threonine), GLY (glycine),
VAL (valine), LYS (lysine), and GSH (glutathione) were ob-
tained from Sinopharm Chemical Reagent Co. Ltd. Human
serum samples were obtained from the China-Japan Union
Hospital of Jilin University.

Apparatus

TEM images of the QDswere obtained with a Hitachi electron
microscope operating at 200 kV acceleration voltages. FTIR
was obtained from Thermo Nicolet 360 FTIR spectrometer.
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Scheme 1 The schematic illustration of the ECL sensor for determination
of SOD
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Photoluminescence (PL) and UV–vis absorption spectra were
acquired by Shimadzu RF-5301 PC spectrofluorophotometer
and Hitachi UH5300 UV–vis spectrometer, respectively. The
CVand EIS data were acquired with a CHI 660B electrochem-
ical workstation with the glassy carbon electrode (GCE) as the
working electrode. In the all electrochemical analysis process,
a platinum wire and an Ag/AgCl (saturated KCl) electrode
was employed as the counter electrode and the reference elec-
trode, respectively.

Synthesis of CuInZnS QDs

CuInZnS QDs were synthesized by hydrothermal method.
CuCl2·2H2O, InCl3·4H2O, and ZnCl2 solutions were added to
conical flask, respectively. The molar ratios of CuCl2·2H2O,
InCl3·4H2O, and ZnCl2 are 3:10:5. Then distilled water and
MPA solution were added to conical flask, the solution became
turbid to produce yellow particles. The pH value of the solution
was adjusted to 11.3 by adding 4 mol/L NaOHwith stirring for
10 min. CS(NH2)2 solid was added to the system, and the
solution appeared pale pink after dissolving. The abovemixture

was transferred into Teflon-lined stainless-steel autoclave. And
the autoclave was placed in the oven at 180 °C for 5 h. The
quantum yield of the CuInZnS QDs samples was measured
according to the reported quantum yield of Rhodamine 6G.
And the QYof CuInZnS QDs was 6%.

ECL and visual detection

The bare glassy carbon electrode (GCE) was polished with 1.0
and 0.05 μm α-Al2O3 powder. The GCE was ultrasonic in
ethanol and water respectively. The cleaned GCE was soaked
in poly dimethyl diallyl ammonium chloride (PDDA) solution
for 5 min and dried under N2 atmosphere. Then, 6 μL CuInZnS
QDs was dropped on the PDDA/GCE film. For the measure of
SOD, the obtained CuInZnS QDs/ PDDA/GCE film was im-
mersed in 0.1 mol/L phosphate buffer solution (pH = 7.4) con-
taining 30 mmol/L H2O2 as co-reactant and different concentra-
tion of SOD. The ECL signal was recorded in co-reactant under
cyclic voltammetry from 0 to − 2.5 V.

For the visual detection, a 6 cm × 5 cm FTO glass was used
as a working electrode. And the construction of the system

Fig. 1 a The PL and ECL emission spectrum of CuInZnS QDs. b The
cyclic voltammograms of CuInZnS QDs in 0.1 mol L−1 KCl solution
containing 1.0 mmol L−1 K3[Fe(CN)6]/K4[Fe(CN)6]. c The EIS
spectrum of CuInZnS QDs in 0.1 mol L−1 KCl solution containing
2.5 mmol L−1 K3[Fe(CN)6]/K4[Fe(CN)6]. The impedance spectra were

recorded in the frequency range of 0.01 Hz–100 kHz with amplitude of
5 mV (Inset Fig: the EIS spectrum of bare GCE and the equivalent circuit
diagram). d The ECL behavior of the CuInZnS QDs (Excitation voltage
range from 0 V to − 2.5 V)
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and the excitation potential was the same as the above ECL
detection. In order to get the ECL images, an iPhone 7
smartphone with a CMOS camera chip (3174 × 2750 pixels,
pixel size = 1.8 μm) was employed. The ECL image was
smoothed with gaussian to remove noise. Then the gray value
of each pixel was calculated. According to the obtained gray
value, the pixel point was mapped by function f to a segment
of color that changes continuously from black to red.

Results and discussion

Characterization of CuInZnS QDs

As shown in Fig. S1 (see Electronic Supplementary Material,
ESM), the obtained CuInZnS QDs had uniform particle size
distribution with average diameter of 6 nm. As shown in ESM
Fig. S2 (A), the absorption peak of CuInZnS QDs was
418 nm. This was due to n-π* transition of C=O. And FTIR
spectra confirmed the high occupation of oxygen-rich groups
(ESM Fig. S2 (B)). The peaks at 1574 cm−1 and 1424 cm−1

were assigned to the asymmetric stretching vibration and

symmetric stretching vibration of C=O, respectively. And
the wide peak at 3400 cm−1 was due to the stretching vibration
of O–H. The peaks at 2958 cm−1 and 2903 cm−1 were attrib-
uted to the asymmetric stretching vibration and symmetric
stretching vibration of –CH2, respectively. There was no char-
acteristic peak of -SH of MPA at 2550–2680 cm−1, which was
due to the covalent bonds between -SH and metal atoms of the
QDs. X-ray diffraction (XRD) was employed to identify the
crystal structure of CuInZnS QDs. (ESM Fig. S3) Three char-
acteristic peaks at 27.2°, 62.3°, and 77.2° corresponded to the
(1 1 1), (2 2 0), and (3 1 1), which revealed that CuInZnS QDs
was zinc blende type crystal.

ECL behavior of CuInZnS QDs

Figure 1a shows the PL and ECL emission spectrum of
CuInZnS QDs. The PL emission peak was 548 nm and the
ECL emission peak was 550 nm. The PL and ECL spectrum
of CuInZnS QDs had a relatively large overlap. Different with
the PL process, the electron transfer occurred on the surface of
CuInZnS QDs in ECL reactions [21]. The ECL process oc-
curred when two oppositely charged QDs collide. The elec-
trons or holes tunnel through the ligands from one QD to the
other and thus were affected by the ligands and QD surfaces
[22, 23]. In the absence of a deep surface trap state, the
injected electron or hole may relax in the core or surface state,
at which point the ECL spectrum is expected to overlap with
PL.

The mechanism for the process of radical annihilation ECL
generation is according to the equations below:

QD−e−→QDþ ð1Þ
QDþ e−→QD− ð2Þ
QDþ � þQD− �→QD* þ QD ð3Þ

As shown in Fig. 1b, cyclic voltammetry (CV) was per-
formed with a supporting electrolyte of 0.1 mol L−1 KCl and
1.0 mmol L−1 K3[Fe(CN)6]/K4[Fe(CN)6]. There was an oxi-
dation peak at 0.178 Vand a reduction peak at 0.315 V. It was

Fig. 2 The ECL curves of CuInZnS QDs in 0.1 mol/L phosphoric acid
buffer (black curve), CuInZnS QDs in 0.1 mol/L phosphoric acid buffer
containing 30 mmol/L H2O2 (red curve). 0.5 μg/L SOD CuInZnSQDs in
0.1 mol/L phosphoric acid buffer containing 30 mmol/L H2O2 (blue
curve)

Fig. 3 a ECL traces of different
concentrations of SOD in pH 7.4
0.1 mol/L phosphoric acid buffer
containing 30 mmol L−1 H2O2

(from left to right: 0.1, 0.2, 0.3,
0.5, 0.75, 0.9, 1.0 μg/L). b
Calibration curve for
quantification of SOD

Liu Y. et al.



due to the oxidation groups (–COOH) and reductive groups (–
OH) on the surface of CuInZnS QDs. The electrochemical
impedance spectroscopy (EIS) result was in Fig. 1c. The
electron-transfer resistance of CuInZnS QDs was 201 Ω.
The cleaned GCE showed a mass diffusion limiting process
in the insert figure of Fig. 1c. The excitation potential was −
2.3 V (Fig. 1d).

Condition optimization

To achieve the ideal ECL performance of CuInZnS QDs, the
concentration of H2O2, the pH value, and the scan rate were
optimized as shown ESM Fig. S4. H2O2 worked as co-
reactant in the ECL system. With the increase of the concen-
tration of H2O2, the ECL intensity of CuInZnS QDs enhanced
gradually. And the ECL intensity reached the maximum at
30 mmol/L H2O2 (ESM Fig. S4 (A)). The mechanism for
the process of co-reactant ECL is according to the equations
below:

H2O2 þ e−→OH � þOH− ð4Þ
3OH �→H2Oþ HO2 ð5Þ
QD− � þOH �→QD* þ OH− ð6Þ
QD− � þHO2 � þOH−→QD* þ O2 þ H2O ð7Þ
QD*→QDþ hν ð8Þ

When the concentration of H2O2 increased, OH· pro-
duced by H2O2 ionization had disproportionation reaction
and inhibit the ECL signal of CuInZnS QDs. The pH
value also had an impact on ECL intensity of QDs. As
shown in ESM Fig. S4 (B), the ECL signal reached the
maximum at pH value 7.4. The scan rate determined the
generation of excited QDs. When the scan rate was lower
than 0.1 V/s, ECL intensity increased with the increase of
the scan rate. When the scan rate was 0.1 V/s, the ECL
signal reached the maximum (ESM Fig. S4 (C)).

Sensing mechanism

As shown in Fig. 2, the ECL intensity of CuInZnS QDs
was ca. 300 in 0.1 mol/L phosphoric acid buffer and 2750
in 0.1 mol/L phosphoric acid buffer containing
30 mmol/L H2O2. The ECL intensity of QDs increased
by 9 times when co-reactant (H2O2) was present in the
system. And when the SOD was added in the system,
because of the competition of HO2, the ECL intensity of
QDs was ca. 1250, which was suppressed by SOD. The
sensing mechanism is as follows:

HO2 � þOH−⇄O2
− � þH2O ð9Þ

M nþ1ð Þþ−SODþ O2
− �→Mnþ−SODþ O2 ð10Þ

Mnþ−SODþ O2
− � þ2Hþ→M nþ1ð Þþ−SODþ H2O2 ð11Þ

Equation (6) was the equilibrium of superoxide anion
(OH−) and superoxide (HO2·) in aqueous solution. Equations
(10) and (11) were the process of SOD catalyzing the
dismutation of superoxide anion radicals (O2

−). When SOD

Fig. 4 a The stability and b
reproducibility of the sensor
(0.5 μg/L SOD/CuInZnS QDs in
pH 7.4 0.1 mol/L phosphoric acid
buffer containing 30 mmol L−1

H2O2)

Fig. 5 The selectivity of the sensor. (0.5 μg/L enzymes (amino acids)/
CuInZnS QDs in pH 7.4 0.1 mol/L phosphoric acid buffer containing
30 mmol L−1 H2O2)

A visual electrochemiluminescence biosensor based on CuInZnS quantum dots for superoxide dismutase detection



existed in the ECL sensing system, the competition resulted in
the decrease of QD* content in reaction (9) and finally
quenched ECL signal.

Detection of the SOD

As shown in Fig. 3a and b, with the increasing of SOD con-
centration, the ECL signal decreased gradually. The linear
equation between the concentration of SOD and ECL intensity
was I = − 0.96 C (SOD) + 1.06 with the correlation coefficient
of 0.99. The limit of detection (LOD) was 0.03 μg/L. The
stability of the proposed sensor was evaluated by successive
measurements (n = 11) in phosphate buffer solution (pH = 7.4)
containing 30 mmol/L H2O2 (Fig. 4a). The relative standard
deviation (RSD) was 2.58%. It indicated that the outstanding
stability of the sensor to detect SOD. In order to investigate the
reproducibility of the sensor, the intra-assays and inter-assays
were displayed in Fig. 4b. The relative standard deviations
(ECL response) of intra- and inter-assays were 0.81% and
5.31%, respectively, which demonstrated an acceptable re-
peatability of the proposed sensor for the detection of SOD.
The selectivity of the sensor was investigated by several ami-
no acids and enzymes. The results were displayed in Fig. 5.
An interference investigation was performed by using the

solution containing 0.5 μg/L amino acids and enzymes.
Compared with SOD, other enzymes had no quenching effect
on CuInZnS QDs/H2O2 system. The interfere effect of amino
acids were within the acceptable range. The applicability of
the proposed ECL sensor was evaluated by detecting SOD in
human serum with a standard addition method. As shown in
Table 1, the range of recoveries was from 99.5 to 107.09% and
the RSD was less than 3.24%.

The visual sensing

Furthermore, the ECL sensing process can be observed by
smartphone camera.We also compared the exposure time dur-
ing the photo taking process. The photos with the exposure
time of 1 s were shown in ESM Fig. S5. We can see that under
the same reaction conditions, the signal of the picture was far
weak than the results in Fig. 6 (the exposure time of 3 s). In
Fig. 6, CuInZnS QDs had a strong ECL emission and with a
true-color ECL imaging strategy, we can observe the yellow
ECL color of the QDs. After 0.5 μg/L SOD added in the
system, the ECL signal became dark. When 1 μg/L SOD
was added, the ECL signal was so weak that the CMOS sensor
chip cannot catch the any signal. The above images can be
converted into a thermal diagram through the algorithm, and

Table 1 Results of determination
of SOD in human serum samples Sample Spiked (nmol/L) Founded (nmol/L) Recovery (%) RSD (%) (n = 3)

1 0.100 0.101 101.00 3.24

2 0.500 0.497 99.50 2.71

3 0.900 0.964 107.09 2.43

Fig. 6 Digital images of the ECL
emission of a CuInZnS QDs, b
0.5 μg/L SOD/CuInZnS QDs,
and c 1 μg/L SOD/CuInZnS QDs
in pH 7.4 0.1 mol/L phosphoric
acid buffer containing
30 mmol L−1 H2O2. The thermal
map of the ECL emission of d
CuInZnS QDs, e 0.5 μg/L SOD/
CuInZnS QDs, and f 1 μg/L
SOD/CuInZnS QDs in pH 7.4
0.1 mol/L phosphoric acid buffer
containing 30 mmol L−1 H2O2

(The exposure time of 3 s)
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the part with optical signal can be more directly and clearly
distinguished. These results indicated the sensor had the po-
tential to be used in clinical test.

Conclusion

A visual ECL sensing system was designed for detection of
SOD by CuInZnS QDs. This work provided a novel visual
ECL method of SOD detection. This new sensing mode im-
proved the sensitivity and accuracy. Moreover, the ECL signal
changes were recorded by the CMOS in the smartphone.
These photos were further processed into thermal map for
observing more intuitive. The strategy can be used for design-
ing QD-based ECL sensors and visual detection instrument.
This detection method has great application value in portable
clinical detection.
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