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8 electrochemiluminescence
based on silver nanoparticles and zinc metal–
organic framework composite (AgNPs@ZnMOF) for
the determination of L-cysteine†

Lina Wang,‡a Qi Wu,‡a Ru Yu,a Hongge Zhang,b Fei Nie *a and Wenyan Zhang*a

A silver nanoparticle-doped Zn(II) metal–organic framework composite (AgNPs@ZnMOF) was investigated

as an electrochemiluminescence (ECL) signal enhancer for potassium persulfate. First, ZnMOF was

prepared by a one-step hydrothermal method, and then AgNPs@ZnMOF composite was obtained by

depositing AgNPs on the surface and interior of ZnMOF. After the AgNPs@ZnMOF composite was

modified on the glass carbon electrode (GCE), the cathode luminescence of potassium persulfate on

bare GCE was enhanced by 8 times. A dual amplification mechanism provided by Zn(II) and Ag

nanoparticles in the AgNPs@ZnMOF composite has been validated by ECL spectra, fluorescence spectra,

and electrochemical methods. The interaction between the sulfhydryl groups in L-cysteine (L-Cys) and

AgNPs significantly affects the catalytic luminescence of the AgNPs@ZnMOF composite. Thus, a sensitive

ECL method for the determination of L-Cys was developed based on the inhibition effect of L-Cys on the

ECL signal within the linear range from 5.0 nM to 1.0 mM and the limit of detection was found to be 2 nM

(S/N ¼ 3). The established method has been successfully applied to the determination of L-Cys in human

urine.
1. Introduction

Electrochemiluminescence (ECL) actually connects photo-
chemistry and electrochemistry. Free radicals or free radical
ions generated through the electrochemical reaction or the
chemical reaction result in excited states species, which is dis-
played by the luminescent radiation.1 The early ECL research
was mostly in organic media based on an annihilation mecha-
nism, because the majority of the luminescence reagents are
very poorly soluble in water. The utilization of metal chelates,
represented by Ru(bpy)3

2+, as ECL luminescence reagents
greatly improves the application prospect of the ECL method in
water phase due to their solubility.2 However, the narrow
potential determination window of water brings new problems
for the application of ECL in the aqueous phase, as it is not
possible to obtain all the free radical species required to
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complete the ECL reaction in this medium by sequential
potential switching between oxidation potential and reduction
potential.3 Therefore, coreactants are proposed to be used in
ECL processes so that the ECL signal could be obtained in
a single oxidation or reduction scan.4

Persulfate (S2O8
2�) is the most commonly used cathodic ECL

coreactant. The reduction of S2O8
2� on the cathode produces

a strong oxidant of sulfate radical anion (SO4c
�) and assists in

the subsequent cathodic ECL. It is worth mentioning that SO4c
�

can produce cathode luminescence with the help of dissolved
oxygen in the solution, albeit very weakly.5 Whether potassium
persulfate is used as a coreactant or a luminescent signal
substance, the luminescent signal is limited by the solubility of
S2O8

2� and the amount of SO4c
� produced. Therefore, consid-

erable efforts are devoted to the exploitation of coreactant
accelerators that assist the conversion of S2O8

2� into the SO4c
�

to output amplied ECL signals.6,7

Metal organic frameworks (MOFs), built up by metal ions
and organic linkers, are a charming kind of porous crystalline
material.8,9 MOFs' applications in ECL are receiving more and
more attention due to their brilliant features, such as large
surface area, tailorable structure, high porosity, tunable size
and versatile functionality.10–12 Some MOFs have been used as
co-reaction accelerators in ECL systems, such as IRMOF-3 (ref.
13) and UIO-66-NH2,14 mainly based on the organic ligand in
MOFs, 2-amino terephthalic acid, which promotes the
RSC Adv., 2022, 12, 23437–23446 | 23437
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View Article Online
conversion of S2O8
2� into the SO4c

�. The metal ions of MOFs,
such as cupric ions and cobalt ions,15,16 were also found to act as
active centers to promote the production of SO4c

�. Due to the
inherent poor electrical conductivity of most MOF materials,
electrochemical polarization inevitably occurs by using MOF
modied electrodes. One of the efficient ways to reduce the
polarization is to decorate some noble metal nanomaterials on
MOFs17–20 to make the composite have good electrical conduc-
tivity and biocompatibility.

L-Cysteine (L-Cys) is a naturally occurring amino acid con-
taining thiols, which plays a crucial role in biological systems. L-
Cys can be secreted from the human body through urine in
which the total L-Cys concentration of healthy individuals is in
the 25–200 mM range.21 Abnormal levels of L-Cys may occur for
several clinical diseases, such as liver damage, cardiovascular
disease and Alzheimer's disease.22 Therefore, it will be an ideal
diagnostic indicator for detecting serum or urine L-Cys in the
patients at risk for cystine stone formation or with early renal
injury of Diabetes Mellitus.23,24 So far, a number of methodol-
ogies for detecting L-Cys have been developed, including uo-
rescence methods,25 colorimetry,26 electrochemical detection,27

capillary electrophoresis28 and high performance liquid chro-
matography.29 ECL assays for determining L-Cys were also re-
ported previously;30,31 the determination of L-Cys by ECL
methods has higher sensitivity compared to other methods.
However, multiple luminescence reagents are usually needed
and the modication steps are more complicated. Therefore, it
is critical to develop fast, convenient and sensitive ECLmethods
for the quantitative analysis of L-Cys.

Herein, a 3D MOF material based on zinc salt was fabricated
using a simple hydrothermal reaction method and AgNPs were
loaded on/into it to make AgNPs@ZnMOF composites. The
cathodic ECL signal of K2S2O8 could be amplied about 8 times
by using the AgNPs@ZnMOFmodied GCE compared with bare
GCE. Cyclic voltammetry, uorescence spectroscopy and ECL
spectroscopy were used to investigate the possible ECL
enhancement mechanism and a dual amplication mechanism
was proposed by the aid of the reduction-oxidation (REDOX)
process of Zn(II) ions in ZnMOF and the electrocatalytic reduc-
tion process of AgNPs in the AgNPs@ZnMOF composite. As
a kind of uorescence emitter, ZnMOF was made into
a composite with AgNPs and the composite was conrmed to
act as catalysts for the potassium persulfate ECL reaction rather
than the ECL emitter. This synergistic catalysis helped the
reduction of K2S2O8 and promoted the conversion of S2O8

2� to
SO4c

�. Interestingly, although other noble metal nanoparticles
can also improve the conductivity of ZnMOF, they cannot
effectively enhance the ECL of persulfate because they do not
have the same electrocatalytic activity as AgNPs. This also
indicates that the conductivity of MOF material contributes
little to improving its ECL emission signal. In addition, AgNPs
on the surface of the AgNPs@ZnMOF composite facilitate the
binding of L-Cys due to their interaction with the sulydryl
groups of L-Cys. Then, the catalytic ability of silver will be
signicantly affected thus inhibiting the ECL signal of the
AgNPs@ZnMOF/K2S2O8 system. Based on this, a very conve-
nient ECL method was established for L-Cys determination
23438 | RSC Adv., 2022, 12, 23437–23446
using AgNPs@ZnMOF nanocomposite-modied glass carbon
electrode (GCE) electrodes. The proposed method has good
sensitivity and selectivity and can be used for the determination
of L-Cys in urine samples directly.
2. Experiments
2.1. Reagents and chemicals

Potassium persulfate (K2S2O8) was of analytical-reagent grade
and purchased from Sigma Chemical Co. (St. Louis, MO, USA).
0.10 M phosphate buffered saline (PBS) at various pH values
were prepared by mixing the different ratio stock solution of
NaH2PO4 and Na2HPO4 which containing 0.10 M KCl as a sup-
porting electrolyte. ZnSO4$7H2O and 2-(3,5-dicarboxylphenyl)
-6-carboxyl-benzimidazole (H3L) were purchased from Sino-
pharm Chemical Reagent Co. (Shanghai, China). Ascorbic acid
(AA, 99%), uric acid (UA, 99%), glutathione (GSH, 98%), glucose
(Glu), dopamine (DA) and L-Cysteine (L-Cys, 99%) were
purchased from Aladdin Reagent Co. Ltd (Shanghai, China). L-
glycine (L-Gly, 99%), L-proline (L-Pro, 99%), L-alanine (L-Ala,
99%) and L-Cystine (Cys–Cys, 99%) were provided by J&k
Chemical Co. (Beijing, China). The urine samples were obtained
from volunteers. All chemicals are analytical reagent grade
without further purication. De-ionized water was used
throughout.
2.2. Apparatus

The crystallinities of as-synthesized samples were characterized
by powder X-ray diffraction (XRD) on a Bruker D-8 Advance
diffractometer using Cu Ka (l ¼ 1.5406 Å) radiation at a scan-
ning rate of 6� min�1. The UV-vis spectra were measured with
a UV-2600 UV/Vis spectrophotometer (Shimadzu, Japan). Four-
ier transform infrared (FT-IR) spectra were collected by using
a Fourier transform infrared spectrophotometer (JASCO 6300).
X-ray photoelectron spectroscopy (XPS) was carried out on
a Thermo ESCALAB 250XI multifunctional imaging electron
spectrometer using the binding energy of C as the internal
standard. Scanning electron microscopy (SEM) image was ob-
tained on a eld-emission scanning electron microscopy (Zeiss
Sigma 500). Transmission electron microscopy (TEM) images
and energy dispersive X-ray spectroscopy (EDX) were obtained
on a transmission electronmicroscopy (JEM-2100). The ECL
measurements were recorded on an MPI-E multifunctional
electrochemiluminescence analytical system (Remax Electronic
Science & Technology Co. Ltd, Xi'an, China) with the voltage of
the photomultiplier tube (PMT) setting at�800 V. The potential
scanned from �1.6 to 0 V in the process of detection. A
conventional three-electrode system was used with a glassy
carbon electrode (GCE, 3 mm in diameter) used as the working
electrode, a platinum wire (0.5 mm in diameter) as the counter
electrode, and an Ag/AgCl (with saturated KCl solution) elec-
trode as the reference electrode, respectively. The ECL spectra
were obtained by collecting the ECL signals during cyclic
potential scanning with lters of various wavelengths from 400
to 760 nm. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were carried out
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
with a CHI-604D electrochemistry workstation (Shanghai
Chenhua Instruments Co, China). EIS was carried out at open
circuit potential in 0.1 mol L�1 KCl solution containing
K3[Fe(CN)6]/K4[Fe(CN)6] (5 mM, 1 : 1). The frequency range was
selected as 0.01 Hz to 100 kHz, and potential amplitude was
5 mV.
2.3. Synthesis of ZnMOF

ZnMOF (CCDC number is 2 094 605) was synthesized according
to previous method from our laboratory.32 According to the
synthesis protocol, ZnSO4$7H2O (0.06 mmol), H3L (0.03 mmol),
and DMF/H2O (4.0 mL v/v, 3/1) (DMF ¼ N,N-dimethylforma-
mide) were mixed then heated at 95 �C for 72 h. Colorless block
crystals were obtained in �65.0% yield based on Zn. Elemental
analysis found (%), C, 49.65; H, 3.96; N, 9.82. FTIR analysis
(KBr, cm�1, Fig. 1C), 3441(m), 2790(w), 1626(s), 1349(s),
1097(w), 1019(w), 784(m), 715(m), 611(w).
2.4. Preparation of the AgNPs@ZnMOF composite

ZnMOF (0.0318 mmol) and AgNO3 (0.001 mmol) were added to
a 10 mL mixed solvent of DMF/H2O (3 : 1 v/v). Aer stirred for
2 h, 10 mL of 0.05 M NaBH4 solution with same solvent was
Fig. 1 (A) P-XRD patterns of ZnMOF and AgNPs@ZnMOF. (B and C
AgNPs@ZnMOF, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
added to the above-mentioned mixed solution. The color of
mixture turned black immediately, and the grey-black sample of
AgNPs@ZnMOF was ltrated. The loading of Ag supported on
AgNPs@ZnMOF material was dertermined as 1.3% (theoretical
metal loading is 1.6%) by performing inductively coupled
plasma mass spectrometry (ICP-MS).
2.5. Fabrication of the modied electrode

Before preparing the ECL sensor, the bare GCE was polished
with 0.3 mm and 0.05 mm alumina slurry, successively, then the
electrode was cleaned in ethanol and ultrapure water in turn to
achieve a mirror-like surface. Aerward, 10.0 mL of
AgNPs@ZnMOF dispersion (1 mg mL�1) was dropped on the
surface of polished GCE and dried at room temperature.
2.6. ECL measurement

The ECL signals and corresponding CV curves were recorded
simultaneously at room temperature in 0.1 M air-saturated PBS
(pH ¼ 7.4) containing 0.1 M K2S2O8 solution. For L-Cys ECL
detection, the ECL signals were recorded under the same
conditions when L-Cys solution with different concentrations
was added (Scheme 1).
) XPS survey spectra and XPS high-resolution spectra of Ag 3d of

RSC Adv., 2022, 12, 23437–23446 | 23439
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Scheme 1 Schematic illustration of the synthesis procedures of the AgNPs@ZnMOF and ECL detection mechanism of L-Cys.
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3. Results and discussion
3.1. Characterization of ZnMOF and AgNPs@ZnMOF

The structures of ZnMOF and AgNPs@ZnMOF material were
characterized by powder XRD (P-XRD) and compared with the
simulated single crystal test data of ZnMOF (Fig. 1A). The PXRD
data showed that the peak positions of the obtained crystalline
samples of ZnMOFmatched well with those simulated from the
single-crystal data, showing the phase purity of the synthesized
samples. The P-XRD patterns of ZnMOF and AgNPs@ZnMOF
showed the characteristic reections of the host matrix ZnMOF,
which conrms the preservation of the ZnMOF intact structure
aer Ag(0) nanoparticle formation. Moreover, the P-XRD
pattern of AgNPs@ZnMOF sample shows Bragg peaks at
38.12�, attributable to the (111) planes of the face-centered
cubic (fcc) crystal structure of silver (JCPDS card number 04-
0783).33,34 The absorption peak at �250 nm proved the presence
of small AgNPs (Fig. S1)†.35 The FTIR spectrum of AgNPs@Zn-
MOF is basically consistent with that of ZnMOF, implying that
the ZnMOF remains intact aer loading with AgNPs (Fig. S2).†
Among them, the band corresponding to the stretching vibra-
tion at 3463 cm�1 is caused by water adsorbed on the material
surface. 3071 cm�1 and 2874 cm�1 correspond to the stretching
vibrations of –OH and C–H, respectively, and the peak observed
at 1632 cm�1 is due to the stretching vibration of the carboxyl
group on the ligand. 1361 cm�1 corresponds to the C–O vibra-
tion, and the bands observed between 600–1600 cm�1 and the
bands observed between �1600 cm�1 are due to benzene rings,
including stretching vibrations at 1478 cm�1 (C]C) and
deformation vibrations at 1014, 780, 720 and 610 cm�1 (C–H).
Among them, the band corresponding to the stretching vibra-
tion at 3463 cm�1 is caused by water adsorbed on the material
surface. 3071 cm�1 and 2874 cm�1 correspond to the stretching
vibrations of –OH and C–H, respectively, and the peak observed
at 1632 cm�1 is due to the stretching vibration of the carboxyl
23440 | RSC Adv., 2022, 12, 23437–23446
group on the ligand. 1361 cm�1 corresponds to the C–O vibra-
tion, and the bands observed between 600–1600 cm�1 and the
bands observed between �1600 cm�1 are due to benzene rings,
including stretching vibrations at 1478 cm�1 (C]C) and
deformation vibrations at 1014, 780, 720 and 610 cm�1 (C–H).

The combined-state of Ag in AgNPs@ZnMOF was further
investigated by XPS. The survey XPS spectrum for AgNPs@Zn-
MOF shows the co-existence of Ag, Zn, C, N and O (Fig. 1B, C
and S3†). The oxidation state of Zn did not change during the
reduction and the peak positions of C and N did not shi. Thus,
it can be proved that the loading of AgNPs did not change the
original framework structure of ZnMOF, and the oxidation
states of each elements did not change (Fig. S3†). In the Ag 3d
core level XPS spectra of the AgNPs@ZnMOF, signals with
binding energies of 369.09 eV and 374.78 eV correspond to the
3d5/2 and 3d3/2 orbitals of Ag(0). The bind peaks of 367.74/
373.64 eV are related to unreduced species and/or oxide species
of Ag (Fig. 1C).

The morphology, size and composition of AgNPs@ZnMOF
were investigated by SEM, SEM-EDX, TEM and HR-TEM anal-
ysis. Fig. S4A–4B† shows that the ZnMOF is in the shape of
a rectangular block, mostly in the range of 50 mm, with some
cracks on the surface, which may be caused by the collision
during stirring and reduction. In addition, the EDX analysis of
the randomly selected AgNPs@ZnMOF area could easily deter-
mine the boundaries of AgNPs@ZnMOF, according to the
elemental distribution, and it was found that the Zn, Ag, N
elements can overlap well, as well as Ag is uniformly distributed
on the AgNPs@ZnMOF (Fig. S4C and D)†.

Fig. 2A shows the TEM images of AgNPs@ZnMOF, this
image shows no agglomeration on the surface of ZnMOF crys-
tals to form large size silver clumps, but the AgNPs at the edges
of the MOF are slightly larger than inside. As shown in Fig. 2B,
the lattice stripe of AgNPs@ZnMOF was clearly visible with a d-
spacing of 0.2349 nm, conrming the formation of Ag (111)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) TEM image of AgNPs@ZnMOF. (B) HR-TEM image of AgNPs@ZnMOF. (C) Associated particle size histogram.
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planes.36 The average particle size of Ag(0) NPs inside the
AgNPs@ZnMOF catalyst was 2.81 � 0.22 nm based on the
particle size analysis and calculated for 100 non-contact parti-
cles (Fig. 2C).
3.2. ECL behavior of the modied electrodes

In order to better analyze the function of each component in the
AgNPs@ZnMOF composite, electrochemical and ECL behaviors
of ZnMOF, AgNPs and AgNPs@ZnMOF modied GCE were
comparatively studied in PBS solution (pH ¼ 7.4) containing
0.1 M K2S2O8. As shown in Fig. 3A, a reduction peak at �0.9 V
was observed on GCE, which corresponding to the reduction of
S2O8

2� and a weak ECL signal was obtained at the same time
(Fig. 3B). On the AgNPs modied electrode, it was observed that
the luminescence signal of S2O8

2� was slightly stronger than
that of GCE electrode, and the reduction current was enhanced
and the reduction potential shied positively to about �0.7 V.
In contrast, when ZnMOF was used to modify the electrode, in
addition to the reduction peak of S2O8

2� (slightly negative to
�1.0 V), a pair of redox peaks were occurred at�0.98 and�1.2 V
which might relate to ZnMOF. The electrochemical behavior of
© 2022 The Author(s). Published by the Royal Society of Chemistry
ZnMOF modied electrode in PBS solution (0.10 M, pH 7.4) was
investigated (Fig. S5A),† and a pair of redox peaks (at �0.98 V
and �1.2 V) were found to be completely consistent with the
results obtained in K2S2O8 solution, which is also close to the
potential of Zn(II) redox peaks on a ZnO nanomaterial modied
electrode.37 The redox peak current increased linearly with the
CV scan rate (n) from 10 to 200 mV (Fig. S5B).† It is also
conrmed that ZnMOF on the electrode surface dominates the
electrochemical process. The redox process of ZnMOF also
contributed to the ECL reaction of S2O8

2�, and the ECL signal
was enhanced compared with that of GCE. Similarly, three
electrochemical peaks were observed on the AgNPs@ZnMOF
composite modied electrode. However, the reduction peak of
S2O8

2� shied positively to about 0.6 V, while the potential of
the other redox peaks was basically the same as ZnMOF and the
current intensity increased signicantly. Differently, the
reduction peak of AgNPs@ZnMOF shied positively (�1.1 V) in
PBS solution compared to ZnMOF (Fig. S5A)†, illustrating that
the addition of AgNPs makes the reduction of ZnMOF easier
and promotes its reduction process. The ECL intensity of
AgNPs@ZnMOF composite is higher than GCE nearly 8-folds.
This demonstrated that ZnMOF and AgNPs could play
RSC Adv., 2022, 12, 23437–23446 | 23441
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Fig. 3 (A) CV curves and (B) ECL responses of GCE, AgNPs, ZnMOF and AgNPs@ZnMOF in the 0.10 M K2S2O8 solution, respectively.
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a synergistic effect, making the AgNPs@ZnMOF composite
a more effective catalyst for amplifying the ECL of K2S2O8.

In addition to AgNPs, the effects of the composites of several
other noble metal nanoparticles and ZnMOF on the ECL of
K2S2O8 were also compared. The EIS experiments characterized
in the [Fe(CN)6]

3�/4� solution showed that charge transfer
resistance (Rct) of ZnMOF can be effectively reduced by several
noble metal nanoparticles (Fig. S6).† However, the enhance-
ment effect on S2O8

2� ECL was not obvious on other composite
modied electrodes except AgNPs@ZnMOF (Fig. S7).† Further-
more, the positive shiing reduction peak of S2O8

2� was
observed only on AgNPs@ZnMOFmodied GCE (Fig. S8).† This
also validated that AgNPs has a more signicant catalytic effect
on the electroreduction process of S2O8

2� to enhance the ECL
signal,38 compared with the noble metal nanomaterials which
only improve the conductivity of ZnMOF.

As a typical d10 metal complex, ZnMOFs oen exhibit lumi-
nescent activity provided by their ligands. The ZnMOF prepared
in this work also has uorescence activity32 and generates an
emission signal at 371 nm when the uorescence excitation
wavelength is 320 nm (Fig. 4A). Compared the uorescence
spectrum of ZnMOF with that of the composite loaded with
AgNPs, no obvious shi was observed, indicating that the
uorescence characteristics of ZnMOF determined by its
Fig. 4 (A) FL spectra (lex ¼ 320 nm) of ZnMOF and AgNPs@ZnMOF; (B)

23442 | RSC Adv., 2022, 12, 23437–23446
ligands were not affected by loading with AgNPs. Nevertheless,
an obvious red-shi has occurred by comparing the uores-
cence spectra of AgNPs@ZnMOF composite with the ECL
spectrum of AgNPs@ZnMOF/K2S2O8 ECL system (Fig. 4B),
which suggested that the AgNPs@ZnMOF composite is unlikely
to be the ECL emitter, and the ECL signal should come from
S2O8

2� in the system. The wavelengths of the two ECL peaks are
basically consistent with that of the singlet oxygen (1(O2)2*)
generated in the reduction of S2O8

2� reported in the literature.15

According to the results described above, we speculate that
the ECL mechanism of the AgNPs@ZnMOF/K2S2O8 system.
When the CV potential was scanned to �0.6 V, the S2O8

2� was
reduced to SO4c

� at the cathode with the help of AgNPs. As the
potential continued to scan to �1.2 V, ZnMOF on the electrode
surface began to be electrically reduced, and the resulting
reduction product changed K2S2O8 into SO4c

�. Due to the
synergistic effect of AgNPs and ZnMOF in the composite, a large
amount of SO4c

� was produced and the ECL signal enhanced
signicantly.
3.3. The ECL determination of L-Cys

Aer adding L-Cys to the AgNPs@ZnMOF/K2S2O8 system, the
ECL signal is decreased, which may due to forming the Ag–S
bonds between L-Cys with AgNPs because the high affinity of the
ECL spectrum and FL spectrum of AgNPs@ZnMOF.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 ECL responses of the AgNPs@ZnMOF enhanced K2S2O8 system for different concentrations of L-Cys (from a to f, 5.0 � 10�9, 1.0 � 10�8,
5.0 � 10�8, 1.0 � 10�7, 5.0 � 10�7, 1.0 � 10�6 M), inset showed the calibration curve for L-Cys detection. (B) Stability of the ECL detection.

Table 1 Comparison of different methods for L-Cys detection

Method Probes Linear range M Detection limit M Ref.

Colorimetry Fe3O4 nanobers 2.0 � 10�6–1.0 � 10�5 2.8 � 10�8 40
Fluorescence N-H-CQDs 0–1.0 � 10�4 2.42 � 10�7 41
Fluorescence Ca-MOFs/Pb2+ 5.0 � 10�8–4.0 � 10�5 1.5 � 10�8 25
Photoelectrochemical CuO–Cu2O 2.0 � 10�7–1.0 � 10�5 5.0 � 10�8 42
Electrochemistry PdNPs 5.0 � 10�7–1.0 � 10�5 1.5 � 10�7 43
ECL CdTe QDs 1.3 � 10�6–3.5 � 10�5 8.7 � 10�7 44
ECL ZnO/MoS2 1.0 � 10�8–1.0 � 10�6 6.5 � 10�9 31
ECL AgNPs@ZnMOF 5.0 � 10�9–1.0 � 10�6 2 � 10�9 This work
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thiol group with silver.39 On this basis, an ECL method for the
determination of L-Cys was proposed. Several factors that might
affect the performance of ECL analysis were optimized
including pH and the concentration of potassium persulfate
(Fig. S9).† Under the optimized conditions, an acceptable linear
connection between the ECL signal and the logarithm of the L-
Cys concentration (log C L-Cys) was obtained in the range of
5.0 nM to 1.0 mM and the detection limit was determined of
2 nM (S/N ¼ 3) (Fig. 5A). Compared with other optical methods
for L-Cys determination reported in the literature, the ECL
method described here has a lower detection limit and a wider
linear detection range (Table 1).
3.4. Selectivity and stability of the ECL detection

To test the selectivity of this ECL method, the effect of some
substances on L-Cys determination was investigated at the same
Table 2 Determination of L-Cys in human urine samples (n ¼ 3)

Sample
ECL method
mM Added/mM Found/mM Recovery/% RSD/%

1 0.31 0.10 0.40 98 3.7
0.35 0.20 0.53 96 2.6
0.38 0.50 0.91 103 4.3

2 0.40 0.10 0.48 96 5.0
0.48 0.20 0.66 97 4.6
0.46 0.50 1.0 104 3.9

© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration level as L-Cys (1.0 mM), such as DA, AA, Glu, UA,
GSH, L-Gly, L-Pro, L-Ala and Cys–Cys (Fig. S10).† Compared with
blank signal, the interference of other substances was not
signicant except for GSH. Considering that the content of GSH
in the actual biological samples is oen very low and much
lower than the level of L-Cys, the interference study on the lower
concentration of GSH (1.0 � 10�8 M) was carried out again, and
the results showed that the inuence of GSH on the dermina-
tion of L-Cys could be almost negligible. The ECL intensity of the
sample mixed with L-Cys and other substances at the same
concentration (1.0 mM, GSH ¼ 1.0 � 10�8 M) was not signi-
cantly different from that of the solution with only L-Cys,
showing that this method has a good anti-interference ability.
Stable ECL signals can be obtained by 15 consecutive
measurements (Fig. 5B), with a relative standard deviation of
2%, demonstrating a good stability of the method.

3.5. Sample analysis

The proposed method was used to analyze L-Cys in human
urine. The urine samples were centrifuged and diluted 100-
folds with 0.1 M PBS (pH ¼ 7.4) and then 0.1 M K2S2O8 was
added to the diluted urine sample. The L-Cys was detected with
AgNPs@ZnMOF modied GCE directly. The results in Table 2
showed that L-Cys levels in the urine samples were consistent
with normal levels in healthy people.21 The spiked samples were
determined with recoveries in the range of 96%–104% showing
that the designed method could be successfully applied for the
RSC Adv., 2022, 12, 23437–23446 | 23443
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quantication of the L-Cys in human urine samples with
acceptable accuracy.
4. Conclusion

In summary, ZnMOF was synthesized by a simple hydrothermal
method and loaded with Ag nanoparticles. The obtained
AgNPs@ZnMOF composite served as an electrode modied
material and assisted potassium persulfate to produce
a cathode ECL signal, which was 8 times stronger than the ECL
signal on the bare electrode. In the composite, a dual ECL
amplication mechanism is derived from the enhanced
conductivity of MOF, as well as the electroreduction catalytic
effect of potassium persulfate by AgNPs and the REDOX process
of ZnMOF itself, which also sensitizes ECL. An ECL method for
detection of L-Cys was established and the proposed method
displayed good selectivity and has been applied to detect L-Cys
in urine with satisfactory results. It provides ideas for solving
the problem of electroactivity of MOF in ECL analysis and
improving the sensitivity of ECL method.
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