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ABSTRACT: In this work, we utilized polycyclic aromatic hydro-
carbon (PAH) derivatives as ligands to develop a zinc-based metal−
organic framework (Zn-MOF) as an effective detection probe to
construct an electrochemiluminescence (ECL) sensor for trenbolone
detection. As traditional ECL emitters, PAHs and their derivatives
have limited luminescence efficiency because of the aggregation-
induced quenching (ACQ) effect. Therefore, Zn-PTC was designed
by the coordination of 3,4,9,10-perylenetetracarboxylic (PTC) in the
MOF to eliminate the ACQ effect. Meanwhile, Zn-PTC formed based
on an aromatic ligand possessed the metal-to-ligand charge-transfer
(MLCT) effect, which could transfer the energy of Zn2+ to the
aromatic ligand for strong luminescence. The ECL efficiency of Zn-
PTC was calculated to be approximately 2.2 times that of the ligand
(K4PTC). Second, the Ag@Fe core−shell bimetallic nanocrystal was prepared for efficient activation of persulfate (S2O8

2−), thereby
generating more sulfate radicals (SO4

•−) to further promote ECL emission. According to ECL characterizations, UV−vis and
fluorescence spectra, and density functional theory calculations, the luminescence and signal amplification mechanisms were
investigated. In addition, NKFRGKYKC (NKF) was introduced as an affinity ligand to directionally immobilize the target
antibodies, thus releasing specific sites in their Fab fragment to enhance binding activity. Based on the above strategies, the
constructed biosensor exhibited high sensitivity, realizing trace detection of TBE with a wide detection range (10 fg/mL−100 ng/
mL) and a low detection limit (3.28 fg/mL). This study provided an important reference for sensitive monitoring of steroid
pollutants in the environment.

■ INTRODUCTION
Trenbolone (TBE) is a steroid used in fitness and animal
husbandry.1−3 At present, the metabolic emissions generated
by its extensive use have triggered environmental pollution,
especially natural water pollution, which has caused damage to
human endocrine and nervous systems.4−7 Hence, it is
necessary to develop an effective method for TBE monitoring
in natural water. Electrochemiluminescence (ECL) combines
the advantages of electrochemistry and chemiluminescence,
such as high sensitivity, simple test instruments, and low
background signals, which is widely used in environmental
monitoring.8−12

The metal−organic framework (MOF) is a porous material
with special topological and designable pore structures, which
is widely used in ECL sensing analysis.13−17 As traditional ECL
emitters, polycyclic aromatic hydrocarbons (PAHs) and their
derivatives have received great attention due to their high
quantum yield and good optoelectronic characteristics.18,19

However, they will induce an aggregation-induced quenching
(ACQ) effect, resulting in limited ECL efficiency.20−22

Encouragingly, PAHs and their derivatives as ligands can
eliminate the ACQ effect caused by π−π stacking through their
coordination in the MOF. At the same time, the designed
MOF has the metal-to-ligand charge-transfer (MLCT)
peculiarity, which can transfer the energy of metal ions from
their outermost molecular orbital to the lowest unoccupied
molecular orbital (LUMO) of ligands, thus achieving stable
and efficient luminescence.23,24 Among PAH derivatives,
3,4,9,10-perylene tetracarboxylic (PTC) can be used as an
ideal ligand for the assembly of a luminescent MOF due to the
high specific surface area, excellent conductivity, and stable
ECL properties of persulfate (S2O8

2−).25−27
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As we all know, a strong ECL signal is a guarantee for trace
detection sensitivity.28 However, the traditional signal
amplification strategies are limited by the concentration of
luminophores and co-reactants, resulting in unsatisfactory
results. Therefore, an efficient ternary ECL system containing
co-reaction promoters has been developed, which can achieve
signal amplification by catalyzing the activation of the co-
reactants.28−30 In the reported literature,31 silver has the best
activation effect on S2O8

2−, which greatly accelerates the
generation of the sulfate radical (SO4

•−), thereby promoting
ECL emission. In addition, compared with the single catalytic
mechanism of silver, the polymetallic complexes have higher
catalytic activity for S2O8

2−.32 In particular, iron also has a
good catalytic effect on S2O8

2−.31 Therefore, the Ag−Fe
bimetallic nanocrystal could achieve more efficient signal
amplification through the synergistic catalysis of silver and
iron.
In this work, we developed an efficient sensing platform to

realize TBE trace detection. PTC with ECL properties was
used as an organic ligand to prepare Zn-PTC by its
coordination fixation in the MOF. Meanwhile, Zn-PTC with
an MLCT effect could achieve the energy transfer from the 3d
molecular orbital of Zn2+ to the LUMO+3 of the K4PTC
singlet state. Therefore, Zn-PTC exhibited high ECL
efficiency. In addition, the inherent porous structure of Zn-
PTC made it have more binding sites, which made it an ideal
detection probe. To improve the detection sensitivity, Ag@Fe
bimetallic core−shell nanoparticles (NPs) were prepared as co-
reaction promoters to accelerate the ECL process, thus
enhancing the luminescence signal of Zn-PTC. Briefly, Ag@
Fe NPs acted on co-reactants to promote the generation of
active intermediates and then reacted with the free radicals of
Zn-PTC (Zn-PTC•−) to produce more excited luminophores
(Zn-PTC*). Meanwhile, the unique core−shell structure of
Ag@Fe NPs realized the synergistic catalysis of different
components. In addition, we introduced a small peptide affinity
ligand (NKFRGKYKC, NKF) for the targeted immobilization
of the TBE antibodies, so as to protect their binding activity,
which further improved the detection sensitivity. According to
the above advantages, the developed biosensor performed TBE
detection in the range of 10 fg/mL to 100 ng/mL, and the
detection limit was 3.28 fg/mL. This study could provide an
efficient platform for dynamic trace monitoring of steroid

pollutants produced by human metabolism and industrial
emissions.

■ EXPERIMENTAL SECTION
Preparation of Zn-PTC. Zn-PTC was synthesized

according to the reported literature with minor modifica-
tions.33 First, 1 mmol of 3,4,9,10-perylenetetracarboxylic
dianhydride (PTCDA) and 5 mmol of KOH were dispersed
in 5 mL of ultrapure water and then stirred at 55 °C for 12 h.
Subsequently, 30 mL of ethanol was added to obtain K4PTC.
Next, the prepared K4PTC (0.05 mmol) was mixed in 15 mL
of Zn(CH3COO)2 solution (7 mM) and stirred for 0.5 h.
Finally, the mixed solution was heated at 100 °C for 12 h. After
washing three times with ultrapure water, Zn-PTC was
collected by centrifugation (9000 rpm).

Preparation of Ag@Fe Bimetallic NPs. First, 200 mL of
FeSO4·7H2O solution was prepared (4.6 mM); then, sodium
citrate (0.46 mM) was added as the surfactant. Subsequently,
4.6 mM of AgNO3 was added with stirring for 0.5 h. After that,
sodium borohydride (NaBH4, 8.8 mM) was added as a
reducing agent, and the mixture was stirred for 10 min.
Correspondingly, the solution color changed from transparent
to black. Finally, Ag@Fe NPs were acquired by magnetic
separation and washing with ultrapure water three times.

Preparation of Zn-PTC-TBE Detection Probes. The
aminated Zn-PTC (the amination process was described in the
Supporting Information) was dispersed in 2 mL of phosphate
buffered saline (PBS); then, 200 μL of glutaraldehyde and 100
μL of TBE antigen were added successively for cross-linking.
Finally, 10 μL of bovine serum albumin (BSA) was added.

Construction of the Biosensor. First, the bare glassy
carbon electrode (GCE) was polished, and then, 10 μL of Ag@
Fe was modified on the treated electrode. Subsequently, 6 μL
of NKF was modified on the electrode. Next, 10 μL of TBE
antibody (Ab) and 3 μL of BSA were added in turn. Finally, 6
μL of TBE standard samples and 10 μL of Zn-PTC-TBE
probes were sequentially dropped on the modified electrode to
construct the competitive biosensor. The detailed construction
procedure of the sensor was exhibited in Scheme 1.

Measurement Conditions. In this work, the test solution
is K2S2O8 dissolved in PBS (80 mM, pH = 7.0). Parameter
settings: the voltage range is −1.6−0 V, the high voltage is 800
V, and the scanning speed is 0.1 V/s.

Scheme 1. Diagram of the Sensor Construction Process

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c03615
Anal. Chem. 2022, 94, 14054−14060

14055

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03615/suppl_file/ac2c03615_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03615?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03615?fig=sch1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c03615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION

Characterization of Zn-PTC. In Figure 1A, the X-ray
diffraction (XRD) pattern of Zn-PTC exhibited several
diffraction peaks, which matched the previous studies.33 In
Figure 1B, Zn-PTC presented the shape of nanosheets with a
size of about 200 nm. In the FT-IR spectrum of Zn-PTC

(Figure 1C), the two peaks at 1595 and 752 cm−1

corresponded to the skeleton vibration of the aromatic ring
and δ�C−H, which verified the existence of aromatics.

27,34 At
the same time, the other peaks at 1362 and 1466 cm−1 were
attributed to vCOO−, confirming the coordination of
Zn2+.33Figure 1D−F showed the X-ray photoelectron spec-
troscopy (XPS) spectra of Zn-PTC, and all elements of Zn, C,

Figure 1. (A) XRD pattern, (B) scanning electron microscopy image, (C) FT-IR spectrum, and (D−F) XPS spectra of Zn-PTC.

Figure 2. (A) XRD pattern, (B−D) TEM, HRTEM, and elemental mapping images, and (E−F) XPS spectra of Ag@Fe.
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and O in it were observed. In addition, the two peaks at 1043.6
and 1020.5 eV in the Zn 2p region belonged to Zn2+ 2p1/2 and
Zn2+ 2p3/2, respectively.

35 Meanwhile, the three peaks at 531.8,
531.1, and 530.1 eV in the O 1s region corresponded to C�O,
Zn−O, and C−O, which further verified the successful
coordination of Zn2+.36 The above results indicated the
successful synthesis of Zn-PTC.

Characterization of Ag@Fe Bimetallic NPs. In Figure
2A, the XRD diffraction peaks of Ag@Fe were indexed to the
(111), (200), (220), and (311) crystal planes of Ag NPs
(JCPDS 87-0717) and the (110) and (200) crystal planes of
Fe NPs (JCPDS 85-1410). According to the transmission
electron microscopy (TEM) images, we observed that Ag@Fe

presented a core−shell nanosphere structure with a diameter of
50 nm. Meanwhile, Ag@Fe had clear lattices, and the lattice
spacings of 0.21 and 0.20 nm were sequentially matched with
the Ag(111) and Fe(110) crystal planes, indicating that Ag was
the core and Fe was the shell (Figure 2B,C). In Figure 2D, the
elemental mapping analysis results further confirmed the above
structure. The full XPS spectrum of Ag@Fe exhibited obvious
peaks of Ag 3d and Fe 2p (Figure S1). In Figure 2E, the two
distinct peaks at 374.4 and 368.4 eV were assigned to Ag 3d3/2
and Ag 3d5/2, respectively.

11 In Figure 2F, the two peaks at
710.5 and 708.9 eV belonged to Fe 2p3/2, representing Fe(II)
and Fe(0), respectively. Furthermore, the peaks at 722.6 and
717.1 eV were attributed to Fe 2p1/2 and a satellite peak.

37

Figure 3. (A) UV−vis and (B) FL spectra of Zn-PTC and K4PTC. (C) ECL-potential curves of (a) GCE, (b) Zn-PTC/GCE, (c) Zn-PTC/Ag
NPs/GCE, and (d) Zn-PTC/Ag@Fe/GCE in S2O8

2− (80 mM, pH = 7.0) and (e) Zn-PTC/GCE and (f) Zn-PTC/Ag@Fe/GCE in PBS. (D) ECL
spectra of Zn-PTC/GCE, Zn-PTC/Ag NPs/GCE, and Zn-PTC/Ag@Fe/GCE in S2O8

2− (80 mM, pH = 7.0).

Figure 4. (A) Energy transfer process model from Zn2+ to K4PTC (inset: HOMO and LUMO of S1 of K4PTC). (B) ECL mechanism diagram of
the Zn-PTC/Ag@Fe/S2O8

2− system.
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Luminescence Mechanism of Zn-PTC. The lumines-
cence mechanism was researched through UV−vis and
fluorescence (FL) spectra and density functional theory
(DFT) calculations. In Figure 3A, compared with the
K4PTC ligand, the UV−vis spectrum of Zn-PTC presented
two new characteristic absorption peaks at 356 and 504 nm,
which were attributed to Zn2+. Meanwhile, the absorption peak
of K4PTC at 261 nm was divided into two peaks at 257 and
288 nm, proving the successful coordination of K4PTC with
the Zn(II) center.11 Furthermore, the main FL emission bands
of Zn-PTC at 428, 462, 645, and 693 nm were identified with
those of K4PTC (Figure 3B), which confirmed that the
luminescent center of Zn-PTC was located on the ligands. At
the same time, we could also conclude that Zn-PTC had the
MLCT effect, which was verified by DFT calculations.
Specifically, the energy levels of K4PTC were calculated
using the Gaussian09 program by the B3LYP/GENECP
method and the 6−31 G*/LANL2DZ basis set. The detailed
energy transfer process model from Zn2+ to K4PTC is shown in
Figure 4A. First, K4PTC had energy transmission after
excitating to its singlet state (S1) from the ground state (S0)
with an excitation energy of 9517 cm−1. On the other hand, the
energy was transferred from the 3d104p vibrational level of
Zn2+ to the LUMO+3 of S1. Finally, the electron of S1 was
transferred to the triplet first excited state (T1); then, K4PTC
emitted strong luminescence and returned to S0.

ECL Mechanism of the Zn-PTC/Ag@Fe/S2O8
2‑ System.

Herein, we explored the signal amplification mechanism of this
system by testing the ECL signals of different modified
electrodes. In Figure 3C, GCE showed a weak ECL signal
(curve a). When Zn-PTC was modified on GCE as an emitter,
a distinct ECL emission was observed (curve b). After Ag@Fe
NPs were continued to be modified, the ECL signal was greatly
enhanced, which was attributed to their efficient catalysis for

S2O8
2− (curve d). At the same time, the signal amplification

effect of Ag NPs on Zn-PTC was tested, and the results
showed that the ECL response of Zn-PTC/Ag NPs/GCE was
significantly lower than that of Zn-PTC/Ag@Fe/GCE,
confirming the superiority of the synergistic catalysis
mechanism (curve c). In addition, the ECL signals of Zn-
PTC/GCE (curve e) and Zn-PTC/Ag@Fe/GCE (curve f) in
PBS were tested, and neither of them produced ECL
responses. Hence, it could be concluded that Ag@Fe NPs
could not promote ECL emission of Zn-PTC in the absence of
S2O8

2−. In Figure 3D, the corresponding ECL signals increased
sequentially after the modifications of Ag NPs and Ag@Fe NPs
on Zn-PTC/GCE. Meanwhile, the ECL emission peak
position remained unchanged (537 nm), and the peak shape
was consistent. Therefore, the ECL spectrum results indicated
that Ag@Fe NPs did not act on Zn-PTC, which further
confirmed the above inferences.
The specific ECL mechanism is shown in Figure 4B. First,

Zn-PTC gained electrons to generate active species (Zn-
PTC•−), and Ag@Fe catalyzed the reduction of S2O8

2− to
produce more SO4

•−. Subsequently, the obtained Zn-PTC•−

reacted with SO4
•− to obtain Zn-PTC*. Finally, Zn-PTC*

relaxed back to the ground state and produced luminescence.
The mechanism formulae were as follows

Zn PTC e Zn PTC+ • (1)

S O e SO SO (more, promoted by Ag@

Fe)
2 8

2
4
2

4+ + •

(2)

Zn PTC SO Zn PTC SO4 4
2+ * +• •

(3)

hvZn PTC Zn PTC* + (4)

Figure 5. (A) ECL−time curves of the biosensor under different TBE standard sample concentrations (a−h: 10 fg/mL−100 ng/mL). (B)
Correlation calibration curve. (C) Selectivity, (D) stability, and (E) reproducibility of the biosensor.
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ECL Efficiency of Zn-PTC and K4PTC. In this study, we
calculated the ECL efficiency of Zn-PTC and K4PTC with the
[Ru(bpy)3]2+/(TBA)BF4 system as a reference. The calcu-
lation equation is shown below38,39

Q I Q( / )ECL ECL f f= ° ° ° (5)

Herein, Φ°ECL refers to the ECL efficiency of the reference
system. Specifically, Φ°ECL is the ECL efficiency of 1 mM
[Ru(bpy)3]2+ in (TBA)BF4 solution. I and I° represent the
ECL intensities of the investigated species and [Ru(bpy)3]2+.
Qf and Q°f represent the faradaic charges delivered by the
corresponding species. After calculation, the ECL efficiency of
K4PTC and Zn-PTC was 4.5 and 10.2%. The results exhibited
that the ECL efficiency of K4PTC was much lower than that of
Zn-PTC, which was attributed to the elimination of the ACQ
effect. In addition, the ECL efficiency of Zn-PTC/S2O8

2− was
also better than other systems (the detailed results are shown
in Table S1).

TBE Detection Performance. The ECL responses of
different TBE standard sample concentrations were tested
under optimal conditions. In Figure 5A, we observed that the
ECL responses gradually decreased with the increase in TBE
standard sample concentrations. In addition, the ECL signals
were linearly related to the concentrations of TBE standard
samples, and the linear equation was I = −1844 lg c + 6029 (I:
ECL intensity, c: TBE standard sample concentration, Figure
5B). Based on the above results, we inferred that the
constructed biosensor could achieve trace detection of TBE
in the linear range of 10 fg/mL−100 ng/mL with a detection
limit of 3.28 fg/mL. Compared with other platforms, the
proposed biosensor showed higher TBE detection efficiency
(the detailed results are shown in Table S2).
In addition, we tested the selectivity, stability, and

reproducibility of the proposed biosensor. First, several similar
environmental pollutants were selected (diethylstilbestrol,
estradiol, estriol, nortestosterone, testosterone, clenbuterol,
and adreno cortico tropic hormone) as interferences to
investigate the selectivity of the sensor. In Figure 5C, the
ECL signals of the interferences were similar to those of the
blank sample, which were much higher than TBE.
Furthermore, the ECL signal of TBE was consistent with
that of the mixed samples (1 ng/mL TBE +8 ng/mL
interferences). The results exhibited that the developed
biosensor possessed good selectivity. In Figure 5D, we
observed that the ECL signals from several cycle scans were
nearly identical, and the corresponding relative standard
deviation (RSD) was 1.6%, indicating good stability of the
sensor. Finally, we tested the ECL responses of eight different
modified electrodes, and the results exhibited little signal
deviation, with an RSD of 1.8%, which confirmed that the
developed biosensor had good reproducibility.

Natural Water Sample Analysis. We randomly selected
three river water samples for TBE detection to verify the
practical application ability of the developed biosensor. Taking
the selected river water as the initial sample, the detection
recovery and RSD of the sensor were studied by the standard
addition recovery method. In Table S3, the calculated recovery
and RSD were 97.4−102.3% and 1.6−2.6%, suggesting that the
developed biosensor with good accuracy and precision was
suitable for trace detection of steroid pollutants.

■ CONCLUSIONS
In conclusion, an efficient ECL-sensing platform for environ-
mental monitoring was developed. First, Zn-PTC was prepared
based on the coordination of PTC in the MOF, thus
eliminating the ACQ effect. Moreover, the prepared Zn-PTC
possessed the MLCT effect, which enhanced the luminescence
by transferring the energy of Zn2+ from the outermost
molecular orbital to the LUMO+3 of K4PTC. Hence, Zn-
PTC with high ECL efficiency was developed as a trace
detection probe. Second, the Ag@Fe bimetallic nanocrystal
was prepared as a co-reaction promoter, whose special core−
shell structure and inherent synergistic catalytic mechanism
realized the efficient activation of S2O8

2−, thereby generating
more SO4

•− to promote ECL emission. Convincingly, the
luminescence and signal amplification mechanisms were
verified by UV−vis and FL spectra, ECL tests, and DFT
calculations. Finally, NKF was introduced as an affinity ligand
to protect the binding activity of the target antibodies, thereby
improving the detection sensitivity. Based on this, the
proposed biosensor exhibited high precision and accuracy in
natural water detection, which provided an effective method
for dynamic trace monitoring of environmental pollutants.
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