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from Cu-doped CdTe quantum dots for
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Zhen-Zhen Li,a Mei-Xia Wub and Shou-Nian Ding *a

A sensitive anodic near-infrared electrochemiluminescence (ECL) immunosensor for the detection of

tetracycline, based on Cu-doped CdTe quantum dots, was fabricated for the first time in this work. We

have synthesized Cu-doped CdTe quantum dots by co-precipitation. The emission spectrum of the Cu-

doped CdTe quantum dots could reach the near-infrared region at 730 nm in a short reflux time. More

importantly, the ECL intensity of the CdTe quantum dots was enhanced by 2 fold after Cu element

doping, which was attributed to the Cu d-orbital mixed with the conduction band and valence band of

the host CdTe quantum dots. Inspired by the strong anodic ECL intensity of Cu-doped CdTe quantum

dots, the anodic near infrared ECL sensor was constructed to detect tetracycline by competitive

immunoassay. The detection range of the developed biosensor was 0.01–10 ng mL�1 and the detection

limit was 0.0030 ng mL�1. In addition, the biosensor showed outstanding selectivity, long-term stability

and high reproducibility, which has great potential in the field of analysis and detection.
1. Introduction

Electrochemiluminescence (ECL) has been paid considerable
attention due to its high sensitivity, simple instrumentation,
low cost, and wide linear range, and has been widely applied in
clinical detection, environmental monitoring and food safety.1

Since Bard2 rstly reported ECL of silica nanocrystals in 2002,
research concerning ECL from nanocrystals has provoked
increasing intensive interest. Typically, ECL luminophores
concerning quantum dots (QDs), with excellent merits, such as
tunable emissions, large stokes shis, high photochemical
stability and prominent biocompatibilities, have drawn
considerable attention over the past few decades. However, the
basic research of QDs is still mainly concentrated on the visible
light region. Due to the excellent penetration of near-infrared
light radiation into biological tissues, the potential applica-
tion value of near-infrared QDs in the eld of life science
analysis has attracted close attention from the academic
community.3,4 Near-infrared QDs with emission wavelength
650–900 nm have the advantages of both near-infrared windows
and QDs. Near-infrared electrochemiluminescence (NECL) can
not only provide an alternative to near-infrared uorescence for
the development of low interference biosensors, but also offers
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tion (ESI) available. See DOI:
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a more controllable method for traditional ECL biological
detection. Thus, the synthesis of near-infrared QDs with high
biological affinity in aqueous systems has important applica-
tion value and academic signicance.5,6

As CdTe QDs are an important narrow band gap semi-
conductor material, there are lots of research studies
concentrated on their photoluminescence in the visible light
region; however, CdTe QDs with excellent near-infrared
properties are still extremely rare. The luminescence prop-
erties of CdTe QDs could be improved by forming core–shell
QDs,7 such as CdTe/ZnS QDs, CdTe/CdS QDs or doping with
a small amount of other elements,8,9 such as, Mn, Cu, Zn,
and Ni, which provides new ideas for the synthesis of near-
infrared luminescent QDs. Importantly, compared with
core–shell QDs, the synthesis method of doped QDs is
simpler, and doped QDs have attracted considerable atten-
tion for wide application potential in terms of their unique
optical, electronic, and magnetic properties.10,11

Doped QDs not only maintain nearly all advantages of
host QDs, but also bring about some new properties, such as
larger stokes shis, wider spectral windows and improved
chemical and thermal stability.12 When dopants are coupled
with the host QD crystal eld, they are prone to doping
energy levels, which makes QDs to exhibit special proper-
ties.13,14 For Mn-doped QDs, their xed 6A1 and 4T1 state d–
d transition is the main reason to change the properties of
QDs.15 Different from Mn-doped QDs, the emission of Cu-
doped QDs mainly comes from the exciton relaxation of the
host QDs,16 which is caused by the recombination between
the conduction band of the host QDs and the Cu-induced
Anal. Methods
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impurity state as a result of expanding the emission spec-
trum range of the QDs.17 The Cu-doped InP QD emission
wavelength covered the entire visible region to the near-
infrared region.18 The maximum emission wavelength of
Cu-doped CdS QDs moved to the near-infrared region in
aqueous solution.19 Cu-doped CdTe (Cu:CdTe) QDs have
been reported, mainly to study their uorescence proper-
ties.20 When the Cu element is doped into CdTe QDs, the Cu
d state emerged in the valence band and conduction band of
the host CdTe QDs, and the holes are transferred to the Cu d-
orbital. It changes the original electron–hole recombination
path and improved the optical properties of CdTe QDs.
However, to our knowledge, Cu:CdTe QD ECL has not been
researched so far. Inspired by this, we studied the ECL
properties of Cu:CdTe QDs. Cu:CdTe QDs were synthesized
in the aqueous phase. Compared with CdTe QDs, the uo-
rescence wavelength of Cu:CdTe QDs had an obvious red
shi. Aer Cu doping, the anodic ECL of CdTe QDs was
enhanced by 2 fold and ECL emission spectra reached near-
infrared, at 730 nm. We used Cu:CdTe QDs as an anodic ECL
marker for the rst time, which has a splendid application
prospect in the eld of biological immune analysis.

Tetracycline antibiotics as a class of broad-spectrum antibi-
otics, more than 20 kinds, have been widely applied to human
and animal anti-infection treatment. In addition, there is the
issue of overuse of antibiotics, which causes residual problems
with tetracycline antibiotics around the world. Therefore, the
detection and management of tetracycline antibiotics is of vital
importance.21 So far, there have been many methods for the
detection of tetracycline antibiotics, such as high performance
liquid chromatography22 (HPLC), high performance liquid
chromatography-tandem mass spectrometry23 (HPLC-MS),
capillary electrophoresis24 (CE), surface enhanced Raman
spectroscopy,25 surface plasma-resonance sensor,26 and thin
layer chromatography27 (TLC), these detection methods all
require professional instruments and relatively complex sample
pretreatment. Compared with these methods, the ECL tech-
nology is extensively applied in the bioassay eld because of its
advantages such as simple operation, low background signals
and fast response times.28

In this work, a NECL immunosensor was constructed to
detect tetracycline, which combines the advantages of low near-
infrared background signals and sensitive ECL detection. We
synthesized Cu:CdTe QDs for use as labeled signals, which had
a strong anode NECL signal, and the position of their uores-
cence spectrum was consistent with that of the ECL spectrum
both at 730 nm, indicating that the surface of the QDs was
passivated and there were few surface defects.29 Due to tetra-
cycline being a small molecule substance, the competition
immunoassay was applied to detect tetracycline, and the tetra-
cycline and tetracycline antigen competed with the binding site
of the tetracycline antibody, thus establishing the relationship
which showed that the ECL intensity of the sensor decreased
with the increase of tetracycline concentration in this experi-
ment. Moreover, the obtained results conrmed that the sensor
had excellent sensitivity and selectivity. The use of this sensor is
Anal. Methods
expected to be a signicant detection method for the analysis
and determination of tetracycline.

2. Experimental section
2.1 Reagents and chemicals

Reagents and chemicals are shown in the ESI.†

2.2 Apparatus and measurements

All electrochemical experiments of ECL were carried out on
a MPI-M analyzer (Xi'an Ruimai Analytical Instruments Co, Ltd,
Xi'an, China). The conventional three-electrode system consists
of a modied glassy carbon electrode (GCE, 3 mm in diameter)
as the working electrode, a platinum wire as the counter elec-
trode, and a saturated calomel electrode (SCE) as the reference
electrode. The ECL spectrum was obtained by using several
bandpass lters from 650–800 nm between the PMT and the
modied GCE. Other instruments are given in the ESI.†

2.3 Synthesis of water-soluble Cu:CdTe QDs

The MPA-capped Cu:CdTe QDs were synthesized in an aqueous
medium according to previous literature.30 Firstly, 91.3 mg
CdCl2$2.5H2O, 21 mg CuCl2$2H2O and 67.0 mLMPA were mixed
in 40 mL of deionized water. The pH of solution was adjusted to
11 with 1 M NaOH under stirring. Meanwhile, fresh NaHTe
solution was prepared by the reaction of NaBH4 solution with Te
power under a N2 atmosphere, then 1.0 mL of 0.04 M NaHTe
solution was injected into Cd precursor solution. Finally, the
reaction mixture was reuxed at 100 �C for 7 h. The obtained
Cu:CdTe QD product was precipitated three times using ethanol
with centrifugation at 10 000 rpm for 10 minutes. The nal
precipitates were redissolved in deionized water and then kept
in the dark at 4 �C. The CdTe QDs were also obtained using the
same method without CuCl2$2H2O.

2.4 Preparation of the Cu:CdTe QDs-Ab probe

QDs-Ab conjugates were prepared according to our previous
work.31,32 Firstly, 75 mL of fresh prepared EDC solution (4.2 mg
mL�1) was added to 500 mL Cu:CdTe QDs solution (5 mg mL�1)
to activate the carboxyl groups on the surface of QDs. Then,
1 mL of Ab (10 mg mL�1) was added to the above solution, and
the solution was gently shaken in the dark at the vortex appa-
ratus at room temperature for 2 h. To remove the uncoupled
QDs and by-products, the products were centrifuged (3000 rpm
for 10 minutes) with a 50 kD ultraltration tube. It should be
noted that too much QDs or EDC concentrations will generate
aggregates. The nal product is stored at 4 �C in the dark for
future use.

2.5 Fabrication of the immunosensor

The construction process of the immune sensor is shown in
Scheme 1B. Firstly, gold nanoparticles were electrodeposited on
a glassy carbon electrode by the potentiometric method, and
tetracycline antigen was connected by the Au–S/Au–N bond on
the GCE. Then, BSA was modied to seal off the nonspecic
This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d1ay00428j


Scheme 1 (A) Luminescence mechanism diagram of Cu:CdTe QDs and (B) preparation process of the ECL sensor.
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binding sites on the electrode. Tetracycline and QDs-Ab
were simultaneously modied on the electrode, and the tetra-
cycline antigen and the tetracycline compete with the binding
site of the tetracycline antibody. The residues on the electrode
will be washed away by PBS. Finally, the conjugates of tetracy-
cline antibody and tetracycline antigen were le on the elec-
trode and the ECL intensity of the immunosensor was
measured at the electrochemical workstation.

2.6 Preparation of real samples

10 mL pool water was obtained from the pond on the Jiulong
Lake Campus and ltered through a ltration membrane (pore
size ¼ 0.22 mm). The ltrate was then collected and a series of
standard concentrations of tetracycline were added. Milk and
honey were bought from the school supermarket. Samples were
processed prior to accurate analysis. Milk was treated with tri-
chloroacetic acid to remove proteins and lipids.33 300 g L�1

trichloroacetic acid was added at 1% (v/v) in milk, sonicated for
20 min, and centrifuged to remove proteins and lipids and the
milk was diluted by 20 times with PBS. Honey was needed to be
diluted 25 times with PBS. The two actual samples were then
ltered using a 0.22 mm membrane, respectively. Finally,
a series of test samples with different tetracycline concentra-
tions were prepared by the standard additive recovery method.
The corresponding tetracycline concentration was obtained in
the actual sample according to the standard curve.
Fig. 1 TEM images of the CdTe QDs (A) and Cu:CdTe QDs (B). Inset show
CdTe QDs and Cu:CdTe QDs.

This journal is © The Royal Society of Chemistry 2021
3. Results and discussions
3.1 Characterization of the as-prepared QDs

Fig. 1 exhibits the morphologies of the CdTe QDs and Cu:CdTe
QDs. Transmission electron microscope (TEM) images (Fig. 1A
and B) demonstrated that both samples presented a good
spherical shape. The particle size distribution histogram
analyzed the size of the QDs, and it can be seen that the size of
the QDs was well uniform, with the average particle size about
4 nm and Cu doping did not change the particle size of the CdTe
QDs. The crystal lattice fringes of the QDs can be clearly seen
from HRTEM images. The lattice spacing was measured to be
0.36 nm approximately, which corresponds to the (111) plane in
the zinc blende structure CdTe QDs.34 In addition, HRTEM
images illustrated that the crystal structure and lattice of CdTe
QDs do not change obviously aer Cu doping. In addition, the
area mapping (Fig. S1†) of QDs was conducted to analyze the
element distribution. It can be clearly seen from the mapping
that the Cd (green), Te (purple) and Cu (yellow) elements in the
QDs were uniformly distributed. The Cu elements were only
monitored in the Cu:CdTe QDs, indicating that Cu elements
have been successfully doped into CdTe QDs.

The X-ray powder diffraction analysis of the as-prepared
CdTe QDs (a) and Cu:CdTe QDs (b) is presented in Fig. S2.† It
can be seen from Fig. S2† that the 3 diffraction peaks at 2q
values were 23.9�, 40.2�, and 46.5�, which result from the (111),
s the HRTEM images and the particle size distribution histogram of the

Anal. Methods
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(220) and (311) reections respectively of inverse spinel struc-
tured magnetite. The results were almost consistent with the
XRD diffraction peaks at 2q values of CdTe QDs in reported
literature35 and revealed that QDs exhibited a zinc blende crystal
structure. The XRD patterns also indicated that the cubic
structure (zinc blende) was well maintained in the CdTe QDs
aer doping with the Cu element. It illustrated that the incor-
poration of the impurities could not have changed the lattice
structure of the d-dots compared with the host.

Fig. 2A shows the UV-vis spectra of the CdTe and Cu:CdTe
QDs. As seen from Fig. 2A, the absorption peak of the CdTe QDs
was located at 540 nm, whose emission peak was narrow and
symmetrical. The position of the absorption peak of the
Cu:CdTe QDs was red-shied to 650 nm and its peak shape
became wider. The results were attributed to Cu element entry
into the CdTe QDs lattice and little Cu element replacing the
original position of the Cd element. The Cu d level was intro-
duced between the valence band and conduction band of
intrinsic CdTe QDs, which changed the original band gap
value.36 The uorescence emission spectra of the CdTe and
Cu:CdTe QDs are illustrated in Fig. 2B. The maximum emission
peak positions of the CdTe and Cu:CdTe QDs were respectively
located at 670 nm and 730 nm with 360 nm and 450 nm exci-
tation wavelengths correspondingly. Obviously, the position of
the uorescence emission peak of the CdTe QDs was red-shied
aer Cu doping and reached the near-infrared region, which is
probably attributed to the introduction of the Cu element
changing the surface states of the CdTe QDs. The luminescence
mechanism diagram37 of the Cu:CdTe QDs is shown in Scheme
1A. The Cu doping energy level was above the valence band in
the CdTe QD band gap, when the QDs absorb the energy of the
photons, the electrons transfer from the valence band to the
conduction band, and the holes transfer to such a higher Cu
doping level, and then the electrons in the conduction band of
the host QDs recombine with holes in the Cu-doped energy
level. The results would shorten the recombination path of the
original electron–hole and cause the red shi of the uores-
cence peak position.

The ECL behaviors of the CdTe QDs and Cu:CdTe QDs
modied on the glassy carbon electrode (GCE) are shown in
Fig. 3A, which were investigated in 0.1 M PBS (pH 7.4) while the
potential was scanned from 0 V to +1.50 V at a scan rate of
Fig. 2 (A) UV-vis absorption spectra of the CdTe QDs (a) and Cu:CdTe Q
with 360 nm and 450 nm excitation wavelength correspondingly.

Anal. Methods
100 mV s�1. Aer Cu doping, the ECL intensity of CdTe QDs was
increased by 2 fold and the onset potential of the ECL shied
negatively. The enhancement could result from the Cu element
doping. The Cu d-orbital mixed with the valence band and
conduction band of the host CdTe QDs,38 and there were more
overlaps between the hole and the electron of the CdTe QDs
with the localized Cu d levels. It enhanced transfer between the
dopant and host levels, which nally enhanced the ECL inten-
sity of the Cu:CdTe QDs.39 The Cu d levels play the key role in
tuning the band gap between the valence band and conduction
band of CdTe QDs, resulting in a shortened band gap40 and
enhanced the quantum efficiency of the QD excited states
associated with the band gap.41

Fig. 3B shows the inuence of the Cu doping concentration
(nCu/nCd) on the ECL intensity. The response of ECL became
enhanced with the increase of the Cu doping concentration,
from 1.0% to 5.0%, and reached the maximum ECL intensity
when the nCu/nCd doping percentage was 3.0%, since Cu:CdTe
QDs had the most uniform Cu distribution at this doping
concentration. When the Cu doping amount was little, with the
increase of the Cu doping amount, more Cu entered the CdTe
QDs to generate the doping energy level which was located
between the valence band and conduction band, as a result of
shortening the original electron hole recombination path and
enhancing the band gap ECL efficiency. However, when more
Cu was added into the CdTe QDs, the ECL intensity decreases
reversely. It demonstrated that there were more nonradiative
transitions between Cu–Cu. When Cd/Cd ¼ 3.0%, the ECL
intensity reached the maximum and the onset potential was the
lowest. Therefore, nCu/nCd ¼ 3.0% was the best doping
concentration in subsequent experiments.

It can be seen from Fig. 3C that when nCu/nCd was 3.0%, the
positions of the ECL spectrum of the Cu:CdTe QDs recorded by
monitoring the ECL intensity of different bandpass lters at
650–800 nm respectively (bandwidth 25 nm) were in the near-
infrared region at 730 nm, which was consistent with the PL
emission spectra. The results demonstrated that the surface of
the prepared Cu:CdTe QDs was well passivated and there were
few surface traps. The ECL mechanism of Cu:CdTe QDs mainly
was related to the band gap luminescence and conrmed the
result of the enhancement ECL intensity of Cu:CdTe QDs.
Ds; (b). (B) Fluorescence spectra of the CdTe QDs and Cu:CdTe QDs

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (A) ECL behavior of the CdTe QDs (a) and Cu:CdTe QDs (b). (B) ECL responses obtained with different doping concentration (a–e): 1.0%,
1.5%, 3.0%, 4.0%, and 5.0%. Cu doping detected in 0.1 M PBS (pH 7.4) containing 20 mM TprA, PMT¼ 400 V. (C) The PL (a) and ECL spectra (b) of
the Cu:CdTe QDs.
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3.2 The possible ECL mechanism of Cu:CdTe QDs

In our experiment, with TPrA as the ECL co-reactant, the
probable succinct ECL mechanism is similar to the that of
a traditional [Ru(bpy)3]

2+–TPrA ECL system. TPrA could effec-
tively boost the ECL response of QDs compared with other
amines, because of relatively high stability of produced TPrAc.
The ECL mechanism of Cu:CdTe QDs was the same as that of
CdTe QDs. A possible ECL mechanism of Cu:CdTe QDs can be
described as follows.42 Firstly, Cu:CdTe lost an electron through
the electrode and formed Cu:CdTe+. Meanwhile, TPrA was
oxidized to TPrA+c, since the radical cation TPrA+c was unstable,
the transient state radical cation TPrA+c was considered to lose
protons from the carbon, forming a strongly reduced interme-
diate TPrAc. Then, Cu:CdTe+ was combined with TPrAc to
generate the excited state Cu:CdTe*. Finally, the ECL signal
appeared when Cu:CdTe* tuned to Cu:CdTe. The luminescence
process of the Cu:CdTe QDs was explained as follows:

Cu:CdTe � e� / Cu:CdTe+ (1)

TPrA � e� / TPrA+c / TPrAc + H+ (2)

Cu:CdTe+ + TPrAc / Cu:CdTe* + TPrA (3)

Cu:CdTe* / Cu:CdTe + hn (4)
3.3 ECL sensing application of Cu:CdTe QDs

Electrochemical impedance spectroscopy (EIS) was employed to
characterize the fabrication process of the sensor. EIS can
respond promptly and sensitively to changes in electrode
surfaces, so it is usually applied to validate the layer-by-layer
assembly process of sensors. As shown in Fig. 4A, each fabri-
cation process of the proposed immunosensor was illustrated
by EIS in 0.1 M KCl containing 5 mM [Fe(CN)6]

2�/[Fe(CN)6]
3�

solution. The electron transfer resistance (Ret) is represented by
the semicircle diameter measured by EIS,43 which could clearly
reect the electron transfer dynamics of the redox probe at the
electrode interface. The EIS of the bare electrode displayed an
This journal is © The Royal Society of Chemistry 2021
almost straight line (curve a), suggesting that the bare electrode
had good conductivity. Aer electroplating a layer of AuNPs on
the GCE, the impedance value signicantly reduced, which may
result from the enhancement of the electron transfer process by
AuNPs (Ret ¼ 7.5 kU curve b). Then an increase of Ret was
observed for the tetracycline antigen modied electrode,
because the tetracycline antigen layer blocked the diffusion of
the redox probe to the electrode surface (Ret ¼ 10.9 kU curve c).
Similarly, the Ret value continued to increase aer incubating
with QDs-Ab (Ret ¼ 12.8 kU curve d), which was due to the
introduction of proteins and the formation of immune
complexes that act as a barrier to electron transfer. EIS
conrmed that the immunosensor was successfully fabricated.
3.4 Optimization of experimental conditions

In order to achieve sensitive detection of tetracycline, optimi-
zation was performed for the tetracycline assay using tetracy-
cline as a competitor analyte. According to the traditional
ELISA, adding the tetracycline analyte will not affect the exper-
imental results by competitive immunoassay.44 All the experi-
ments were performed as three parallel experiments as
comparison. The related variables (the concentration of TPrA,
pH and the concentration of the buffer solution) that affect the
strength of Cu:CdTe QD ECL had been optimized. As displayed
in Fig. S3A,† when pH varied from 6 to 8, ECL strength reached
its highest value at pH 7.4, which was selected as the optimal pH
of the buffer solution in the experiment. We have optimized the
concentration of PBS, as shown in Fig. S3B;† the ECL intensity
of the sensor increased with the increase of the PBS concen-
tration. Aer reaching 0.1 M, the ECL intensity decreased when
the PBS concentration increased. The different concentrations
of the PBS buffer would affect the relative position of the buffer
and the change of the buffer capacity (for the same ratio). Too
high or too low PBS concentrations may change the pH of the
solution under external inuences, resulting in changes in ECL
intensity. Therefore, the optimal concentration of PBS was
0.1 M. It can be seen from Fig. S3C† that the ECL intensity
increased immediately with the increase of the TPrA concen-
tration from 5 mM to 50 mM. When the concentration of TPrA
was more than 20 mM, the ECL intensity gradually remained
Anal. Methods
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Fig. 4 (A) EIS responses of different modified electrodes: (a) bare GCE (b) GCE/AuNPs (c) GCE/AuNPs/Ag and (d) GCE/AuNPs/Ag/Ab.The inset
shows the equivalent circuit applied to fit the impedance data. Rs was the solution resistance; CPE was the constant phase angle element; Ret was
the electron transfer resistance, and Zw was the Warburg diffusion resistance. (B) ECL intensity of the sensor in the presence of different
concentrations of tetracycline (ng mL�1). (C) Calibration curve of the immune sensor; all the ECL signals were measured in PBS (0.1 M, pH 7.4)
containing 20 mM TPrA. The voltage of the PMT was set at 800 V.
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stable, and thus 20 mM was the optimal TPrA concentration.
The antibody incubation time and temperature would also
affect the ECL strength of the immunosensor. Fig. S3D and S3E†
show that the ECL intensity became enhanced with the increase
of the incubation temperature and incubation time, and
reached the maximum at 37 �C and 2 h, respectively, and
therefore the optimal incubation time of antibody was 2 h and
the optimum incubation temperature was 37 �C for the
following experiment.

3.5 Quantitative detection of tetracycline

Under the optimized experimental conditions, we adopted
competitive immunoassay to quantitatively detect tetracycline.
ECL measurements by PMT were carried out to quantitatively
detect tetracycline. All the experiments were performed as three
parallel experiments for comparison. ECL intensity decreased
with the increase of the tetracycline concentration, and the
result is described in Fig. 4B. The ECL intensity of tetracycline is
inversely proportional to the logarithmic concentrations of
tetracycline presented in Fig. 4C. The linear regression equation
was I/I0 ¼ �0.2778 log CTc + 0.2437 with the coefficient of
determination of 0.9988 (I was the ECL intensity of the sample
and I0 was the ECL intensity of the blank). The linear detection
range was 0.01–10 ng mL�1. The detection limit was estimated
to be 0.0030 ng mL�1 according to the S/N of 3; the detailed
calculation process is presented in the ESI.† Table S1†
compares the recommended immunosensor with some other
assay methods. It can be seen from Table S1† that the detection
limit of this method was lowest and had a wider detection range
compared to several detection methods. The analysis time of
this method was fast and it detected tetracycline in three actual
samples, which has wider application potential. In addition, the
competitive immunoassay ECL technique had high sensitivity
and selectivity. Therefore, our method had certain advantages
in the analysis and detection of tetracycline.

3.6 Selectivity, stability and reproducibility of the sensor

We selected cationic Na+, Ca2+, K+, anion SO4
2�, NO3

�, Cl�,
lysine, cysteine, tyrosine, chlortetracycline, oxytetracycline and
Anal. Methods
penicillin as interfering substances to investigate the selectivity
of sensors. All the experiments were three parallel experiments
for comparison. The interfering substance was prepared with
PBS (0.1 M, pH 7.4) solution at a concentration of 100 times that
of tetracycline and the concentration of tetracycline was 5 ng
mL�1. The reason why we chose the concentration of tetracy-
cline to be 5 ng mL�1 was to highlight the competitive rela-
tionship between tetracycline antigen and tetracycline, thus
forming a clear contrast with the blank sample without tetra-
cycline. Although the ECL intensity of the sensor changed
slightly at this concentration, the concentration was still within
the linear detection range and conformed to the curve equation
formula, so it would not affect the experimental results. Since
chlortetracycline, oxytetracycline and tetracycline have similar
molecular structures, there was cross-reactivity in the combi-
nation with tetracycline antibody. A small amount of chlortet-
racycline, and oxytetracycline combined with tetracycline
antibody, and the combined products were washed away in the
subsequent operation, which caused the ECL intensity of the
sensor to be reduced. However, the two tetracycline antibiotics
had a low cross-reaction rate due to the strong selective speci-
city of tetracycline antibodies to tetracycline, so they had less
interference in the determination of tetracycline and will not
signicantly affect the specicity of tetracycline antibodies to
tetracycline. Other antibiotics such as penicillin will not affect
the determination of tetracycline. As can be seen from Fig. 5A,
the inuence of the above interferents to tetracycline detection
was relatively low, indicating that the constructed ECL immu-
nosensor had a good selectivity and was suitable for tetracycline
detection.

The stability of the constructed immunosensor shown in
Fig. 5B was tested by checking the ECL response periodically.
The concentration of tetracycline was 10 pgmL�1 in the stability
experiments. ECL intensity aer being stored for one week at
4 �C retained 96% of the initial value, which illustrated that the
immunosensor has accredited stability.

The reproducibility was monitored to conrm its practicality
in the sensor system. Firstly, the intra-day reproducibility tests
of the sensor were carried out; ve sets of sensors were
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (A) The selectivity of the constructed sensor under the interference of anionic, cationic, amino acid and other antibiotics. (B) Stability of the
immune sensor after preservation for one week.
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constructed in parallel with two different concentrations of
tetracycline in the same day (80 pgmL�1, 30 pgmL�1), as shown
in Fig. S4A and S4B.† It can be seen that the intra-day repro-
ducibility of the sensor was good, with the relative standard
deviations (RSD) of 2.83% and 2.75%, respectively. Then, the
inter-day reproducibility tests of the sensor are shown in
Fig. S4C and S4D.† we constructed ve sets of sensors for three
consecutive days with different tetracycline concentrations (80
pg mL�1, 30 pg mL�1); it demonstrated that the reproducibility
of the sensor in different days was still good, and the relative
standard deviations (RSD) were 2.67–2.83% and 2.56–2.75%,
respectively. In summary, the immunosensor has good
reproducibility.
3.7 Real sample analysis

In order to verify the feasibility of the sensor, we conducted
standard addition recovery tests in pond water, honey and milk
respectively. All the experiments were three parallel experi-
ments for comparison. The state-specied standard of tetracy-
cline in milk and honey is not more than 100 mg kg�1, 50 mg
kg�1. The detection limit of this method is 0.0030 ng mL�1,
which is far lower than the minimum residual amount of
tetracycline in the sample. Therefore, this method is suitable for
the detection of the tetracycline content in the sample. A certain
amount of tetracycline was added to the above samples and
a series of actual samples with different tetracycline concen-
tration gradients were obtained and are shown in Table S2.†
The standard addition method was carried out to test the
recovery of the developed immunosensor and the results
showed that the recovery was between 95.77% and 105.70%,
and the RSD ranged from 1.24% and 5.70% in the three actual
samples. The results manifested that the sensor had high
accuracy and could be applied to the detection of tetracycline in
actual samples. In the actual sample test, we compared the test
results of this method with those of the standard ELISA. From
Table S2,† it can be seen that the accuracy of the test value, the
recovery and the relative standard deviation (RSD) value of this
method were very close to those of ELISA. Therefore, it is
believed that this method can be applied to the detection of
tetracycline in actual samples.
This journal is © The Royal Society of Chemistry 2021
4. Conclusion

In summary, a prospective NECL immunosensor was proposed
for tetracycline detection based on Cu:CdTe QDs. Due to the
mixing of the Cu d-orbital with the valence band and
conduction band of the CdTe QDs, the luminescence proper-
ties of the Cu:CdTe QDs originate from exciton relaxation via
transition from the conduction band of the CdTe QDs to the
Cu d-level. Thus the emission spectrum of the Cu:CdTe QDs
could reach the near-infrared region at 730 nm and the CdTe
QDs ECL intensity increased by 2 fold. The emission wave-
length of QDs reaches the near-infrared region, which reduces
the interference of background signals and strengthens the
penetration of near-infrared light into biological tissues.
Therefore, Cu:CdTe QDs will have more extensive applica-
tions. The improvement of the ECL strength of CdTe QDS
could enhance their sensitivity in analysis and detection. The
Cu:CdTe QDs were applied as the NECL signal markers in the
sensor to detect tetracycline, and the biosensor had
outstanding stability, selectivity and reproducibility. More
importantly, compared to other detection methods, the
immunosensor in this experiment has a lower detection limit,
which could realize sensitive detection of tetracycline and has
great research signicance. In addition, this method to detect
tetracycline is more convenient and faster, and it is expected to
become an important detection method in the eld of
analysis.
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