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A B S T R A C T

The accurate clinical diagnosis and prognosis keep ultrasensitive detection of NT-proBNP in a necessary topic.
This work proposes a “signal-on” electrochemiluminescence (ECL) biosensor for ultrasensitive quantification of
NT-proBNP with a newly designed luminophore. The luminophore is prepared by depositing Mn-doped
ZnAgInS/ZnS nanocrystals in thermally-treated UiO-66-NH2 with mesoporous cages. Appropriate Mn doping
enhances the stable luminescence, and the presence of ZnS shell reduces the surface defects to boost the quantum
yield. The immunosensor is prepared by immobilizing the capture antibody on Au nanoparticles loaded
MoS2@Cu2S modified electrode. The MoS2@Cu2S composite is synthesized by depositing MoS2 nanosheets on
Cu2S snowflake, which forms distinct ripples on snowflake-like architecture to endow MoS2@Cu2S with con-
siderable catalytic active sites as coreaction accelerator for amplifying the ECL signal. By labeling the detection
antibody with the novel luminophore, a sandwich immunoassay is developed for ECL detection of NT-proBNP
with a linear scope of 1 fg mL−1–100 ngmL−1 and a detection limit of 0.41 fg mL−1. Considering the excellent
stability and selectivity, this paper exploits an innovative way to synthesize MOFs based luminophores and offers
a powerful and responsible method for clinical assessment of biomarkers.

1. Introduction

Heart failure (HF) is a burgeoning health issue as its death risk is
comparable to some cancers. It is a common problem among the elderly
on account of cardiovascular disease. Moreover, it can happen at any
age, even in fetus [1]. As a newly developed biomarker of HF, amino-
terminal pro-brain natriuretic peptides (NT-proBNP) is better than BNP
for its longer half-life period and higher stability in vitro [2]. The age-
classified thresholds of serum NT-proBNP level are listed as follows:
(1)> 1.8 ngmL−1 for patients older than 75 years old, (2)> 900 pg
mL−1 for patients aged between 50 and 75 years old, (3)> 450 pg
mL−1 for patients younger than 50 years old [3]. Hence, the sensitive
and specific evaluation of NT-proBNP level holds tremendous sig-
nificance in reducing the mortality and expenditure related with HF. Up
to now, several analytical techniques, such as surface plasma resonance
[4], electrochemical [5], chemiluminescence [6] and photochemical

[7] methods, have been employed to quantify NT-proBNP. Besides
these techniques, electrochemiluminescence (ECL) has also been used
as a powerful tool for bioassay [8,9] due to the high sensitivity and
simplicity of electrochemical method and the merits of low background
noise and wide detection range inherited from chemiluminescence.

Since Ju and Zou proposed the ECL biosensing of nanocaystals (NCs)
[10], Ⅲ–Ⅴ and Ⅱ–Ⅳ group NCs have been extensively explored in ECL
field owing to their size/composition-dependent ECL property and easy
of surface modification [11,12]. Considering the intrinsic toxicity of Cd
in bioassay application of these NCs, eco-friendly Ⅰ–Ⅲ–Ⅳ NCs might
provide a promising alternative to traditional binary NCs [13]. As an
outstanding representative of Ⅰ–Ⅲ–Ⅳ NCs, ZnAgInS has exerted a tre-
mendous fascination on bio-labeling and bio-imaging thanks to its ad-
justable band gap, desirable optoelectronic properties and fine bio-
compatibility [14,15]. Furthermore, soon after the innovative research
of Mn-doped ZnS in 1994 [16], enormous endeavors have been paid to
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explore Mn doped NCs as the forefront of luminescent materials for the
reasons that Mn doping can enhance the photoluminescence to achieve
strong and stable emission and alleviate the emission of self-absorption
with large Stokes shift [17–19]. Encouraged by these praisable prop-
erties, this work synthesized Mn doped ZnAgInS (MZnAgInS) via facile
homogenous nucleation doping method. However, the rapid nucleation
and growth process produced many defects and free linkages on the
surface of MZnAgInS NCs, which declined the quantum yield. For-
tunately, this phenomenon could be avoided tactfully by coating an-
other semiconductor material with wide band gap on its surface.
Herein, ZnS, which has bulk band gap (Eg= 3.7 eV) and little lattice
mismatch with MZnAgInS, was chosen as the coating layer to reduce
the surface defects and enhance the quantum yield and emission sta-
bility [20]. To the best of our knowledge, it was the first time to employ
MZnAgInS/ZnS NC as the electrochemiluminophore for biosensing ap-
plication.

Recently, nanomaterial-based signal amplification has become a
prevalent strategy to boost the sensitivity of biosensing because the
large specific surface area and easy surface modification are conducive
to immobilize more signal probes. UiO-66-NH2 (UiO for University of
Oslo), as a classic series of Zr-based metal-organic framework (MOF)
with intriguing aesthetic structure and high structural stability [21], is
expected to serve as stabilizing matrix for loading more MZnAgInS/ZnS
NCs. However, the pore diameter of UiO-66-NH2 is merely 0.8 nm [22],
which limits the incorporation of MZnAgInS/ZnS NC. By tuning the
organic ligands and metal center at molecular level, the chemical
structure of UiO-66-NH2 can be modified flexibly [23,24]. In this pro-
tocol, the pore size of UiO-66-NH2 was firstly enlarged by thermally
treating at 300 °C to remove a part of organic functionalities. The re-
sulted UiO-66-NH2 (denoted as t-UiO-66-NH2) with mesoporous cages
could not only serve as the anchor carrier for the enrichment of NCs,
but also alleviate the inner filter effect efficaciously for the enhance-
ment of ECL emission. The newly designed luminophore could be
conveniently labeled to the detection antibody (Ab2) for design of ECL
immunoassay (Scheme 1A).

To achieve highly sensitive ECL immunoassay, another signal am-
plification strategy was achieved on the immunosensor by employing
nanomaterial with excellent catalytic performance as coreaction ac-
celerator to speed up the electrochemical reaction for generation of
more active intermediates [25,26]. This strategy has been reported by
using MoS2 nanoflower [27], flowerlike MoS2/GO/MWCNT [13], CuS
nanoparticles [28], and CuS porous nanospheres [29] as the co-reaction
accelerator. This work deposited MoS2 nanosheets on Cu2S snowflake to

obtain the coreaction accelerator MoS2@Cu2S with considerable cata-
lytic active sites, and then loaded Au NPs for preparation of im-
munosensor (Scheme 1B). The snowflake-like MoS2@Cu2S-Au archi-
tecture possessed large specific surface area for loading of capture
antibody (Ab1), and effective catalytic performance and high con-
ductivity for accelerating the ECL reaction. Thus, a “signal-on” ECL
immunosensor with a detection range of 8 orders of magnitude was
constructed for NT-proBNP.

2. Experimental section

2.1. Synthesis of MoS2@Cu2S-Au composite

MoS2@Cu2S composite was prepared according previous report
with little modification [30]. The Cu2S snowflakes were synthesized via
hydrothermal method. 0.1705 g of CuCl2·2H2O was dissolved in 30mL
of ethylenediamine by ultrasound. Then, 0.2284 g of thiourea was
added to this ianthinus suspension and stirred for 2 h. The resulted
solution was moved to a 50mL of Teflon-lined stainless-steel autoclave
and heated at 80 °C for 8 h. The Cu2S snowflakes were isolated by
centrifugation after cooling down to room temperature and washed
thoroughly with ethanol for three times. For the preparation of
MoS2@Cu2S, 0.02420 g of Na2MoO4·2H2O and 0.07612 g of thiourea
were dispersed in 20mL of ultrapure water. 20mg of Cu2S was then
added and blended for 5min to form homogeneous solution. After re-
action at 200 °C for 24 h, the MoS2@Cu2S was obtained. To synthesize
MoS2@Cu2S-Au, 10mg of MoS2@Cu2S was mixed with 5mL of Au NPs
sol (the preparation process of Au NPs was illustrated in Supplementary
materials) and shaken for one day. After centrifugation, MoS2@Cu2S-
Au composite was dispersed in 5mL of phosphate buffer saline (PBS, pH
7.5) for further use.

2.2. Synthesis of MZnAgInS/ZnS@t-UiO-66-NH2-Ab2

UiO-66-NH2 was prepared according to the following protocol [31].
Typically, 0.096 g of 2-aminoterephthalic acid, 0.120 g of ZrCl4 and
4mL of acetic acid were dispersed in 32mL of dimethyl formamide
(DMF) and agitated for 30min. Afterward, the resultant solution was
transferred to a 50mL of Teflon-lined stainless-steel autoclave and re-
acted at 120 °C for 24 h. The UiO-66-NH2 precipitate was collected after
centrifugation and immersed into ethanol for 48 h to exchange DMF
from the product. To enlarge the pore diameter, UiO-66-NH2 powder
was thermally treated at 300 °C in air for 6 h and then activated at 75 °C

Scheme 1. (A) Preparation of luminophore and Ab2 bioconjugates. (B) Fabrication of ECL immunosensor and its recognition to NT-proBNP.
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under vacuum to remove the residual solvent in the pore. The resulting
product was denoted as t-UiO-66-NH2 for convenience.

The preparation process of MZnAgInS/ZnS NCs was described as
follows. For synthesis of MZnAgInS with molar ratio of Mn:Ag as 3:4,
10 mL of ultrapure water containing 0.0085 g of AgNO3, 0.0602 g of In
(NO3)3, 0.0439 g of Zn(CH3COO)2·2H2O and 0.00918 g of Mn
(CH3COO)2 was stirred for 5min, and then 2mL of L-cysteine
(0.6 mol L−1) was added and the pH of the mixture was adjusted to 8.5
using NaOH (6mol L−1). Finally, 6.5 mL of thioacetamide
(0.05 mol L−1) was introduced to the mixture, and the resultant solu-
tion was sealed in a Teflon reaction kettle to maintain at 110 °C for 4 h.
After centrifugation and washed with ethanol for 3 times, the obtained
MZnAgInS was redispersed in 10mL of ultrapure water. To prepare
MZnAgInS/ZnS NCs, 10 mL of MZnAgInS was loaded in a three-neck
flask and oil-bathed to 100 °C. After injection of 1mL of Zn
(CH3COO)2·2H2O (0.05 mol L−1), the solution was refluxed at 100 °C
for 2 h. Be separated by centrifugation, the MZnAgInS/ZnS NCs were
scattered in 10mL of ultrapure water.

To prepare MZnAgInS/ZnS@t-UiO-66-NH2-Ab2, 10mg of t-UiO-66-
NH2 was mixed with 10mL of MZnAgInS/ZnS and stirred at room
temperature for 8 h. Once centrifugation was finished, MZnAgInS/
ZnS@t-UiO-66-NH2 was dispersed in 2mL of PBS (pH 7.5). Then, 1mL
of 10 μgmL−1 NT-proBNP Ab2, which was activated with 1mL PBS
containing 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC,
20mmol) and N-hydroxysuccinimide (NHS, 10mmol), was added to
2mL of MZnAgInS/ZnS@t-UiO-66-NH2 solution and oscillated at 4 °C
overnight. After centrifugation, the resulting Ab2 bioconjugate was
scattered in 1mL of PBS (pH 7.5) and kept at 4 °C.

2.3. Fabrication of immunosensor

In the beginning, glassy carbon electrode (GCE) with 4mm in dia-
meter was polished by using 0.05 and 0.3 μm Al2O3 slurry and rinsed
completely by using pure water. Next, 6 μL of MoS2@Cu2S -Au was
dispersed on the GCE surface and dried naturally. Afterwards, 5 μL of
Ab1 (10 μgmL−1) was captured on the GCE surface through Au-NH2

bond. Succeedingly, the immunosensor was washed meticulously by
PBS (pH 7.5) and treated with 3 μL of BSA (1 wt%) to prevent non-
specific adsorption.

2.4. ECL detection of NT-proBNP

6 μL of NT-proBNP with different concentrations
(1 fg mL−1–100 ngmL−1) was covered on the immunosensors and in-
cubated at 4 °C for 12 h. Ultimately, the immunosensors were rinsed
with PBS (pH 7.5) and reacted with 6 μL of Ab2 bioconjugate. After the
formation of immune-complexes, the unbound Ab2 were rinsed away
with PBS (pH 7.5) to perform ECL detection with model MPI-E ECL
analyzer (Remax, China) in 10mL of PBS (pH 7.5) containing 0.1 M
K2S2O8 under the potential scan from 0 V to −1.7 V. The voltage of
photomultiplier tube was set at 700 V, and the scan rate was fixed at
100mV s−1.

3. Results and discussion

3.1. Material characterization

The morphology and composition of different materials were char-
acterized by scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and X-ray diffraction (XRD). As depicted in Fig. 1A,
the snowflake-like Cu2S exhibited regularly six oriented petals with the
length of each dendrite about 6 μm. The partial SEM image of
MoS2@Cu2S showed innumerably ultrathin MoS2 nanosheets on the
surface of Cu2S (Fig. 1B). N2 adsorption-desorption measurements were
further implemented to compare the specific surface area of Cu2S and
MoS2@Cu2S. The BET specific surface area of Cu2S and MoS2@Cu2S

were 18.4 and 21.6m2 g−1 respectively (Fig. 2A), proving that
MoS2@Cu2S possessed larger specific surface area than Cu2S. The dis-
tinct ripples on unparalleled snowflake-like architecture endowed the
immunosensing platform with large specific surface area to load more
capture antibodies and supply more catalytic active sites for coreactant
decomposition. It could be observed from the TEM image of
MoS2@Cu2S-Au (Fig. 1C) that tiny Au NPs were linked with
MoS2@Cu2S via Au-S bond successfully. The energy dispersive spec-
trometer (EDS) mapping drawings with distinct color contrast for Cu,
Mo and S elements (Fig. 1D) further proved the success of MoS2@Cu2S
preparation. Besides, XRD of MoS2@Cu2S was also matched well with
orthorhombic Cu2S (JCPDS card No.02-1294), and all the intense peaks
of MoS2 in the diagram of MoS2@Cu2S were assigned to rhombohedral
MoS2 (JCPDS card No.17-0744) (Fig. 1E).

The SEM image of t-UiO-66-NH2 confirmed its highly mono-dis-
persed octahedral morphology with average diameter of 700 nm
(Fig. 1F), and such distinct morphology features was also evidenced in
TEM (Fig. 1G). The XRD patterns of UIO-66-NH2 and t-UiO-66-NH2

showed the characteristic peaks of t-UiO-66-NH2 similar to that of UiO-
66-NH2 (Fig. 2B), and all the characteristic diffraction peaks were in
well conformity to the simulated ones. Besides, no ZrO2 and other
diffraction peaks of impurities was observed, illustrating that the
crystallinity of UiO-66-NH2 was not destroyed after thermal treatment.
To investigate the stability of UiO-66-NH2 at high temperature, ther-
mogravimetric analysis (TGA) was carried out. As shown in Fig. 2C, the
structure of UiO-66-NH2 was destroyed as the temperature elevated to
400 °C. Before the heating temperature reached 400 °C, a fraction of
function groups were removed and resulted in the formation of defects
in the porous structure. Hence, it was sensible to enlarge the pore size of
UiO-66-NH2 by thermally treatment at 300 °C. Meanwhile, N2 adsorp-
tion-desorption isotherms and related pore size distribution were also
investigated to prove the enlargement of pore size for t-UiO-66-NH2

(Fig. 2D). The t-UiO-66-NH2 possessed a BET specific surface area about
701m2 g−1, which was in sharp contrast to the original UiO-66-NH2

(979m2 g−1). The decline of surface area further confirmed the en-
largement of pore size. The pore size of t-UiO-66-NH2 was distributed
approximately at 3.12 nm (Fig. 2E), which was suitable for the ac-
commodation of MZnAgInS/ZnS NCs. Further examination of MZnA-
gInS/ZnS morphology and size distribution with TEM (Figs. 1H and 2 F)
revealed that MZnAgInS/ZnS NCs were of uniform spherical nanos-
tructure with mean diameter of 1.80 nm. After the incorporation of
MZnAgInS/ZnS into t-UiO-66-NH2, tiny salient points could be ob-
served on the surface of t-UiO-66-NH2 (Fig. 1I), and the morphology of
t-UiO-66-NH2 was not changed significantly. The EDS mapping, parti-
cularly the identification of Mn and Zn, further certified the uniform
distribution of MZnAgInS/ZnS on t-UiO-66-NH2 (Fig. 1I). The EDS of
MZnAgInS/ZnS@t-UiO-66- NH2 showed apparently the major elements
such as Zr, C, O, Mn, Zn, Ag, In and S (Fig.1J).

3.2. Electrochemical characterization of the immunosensor

Electrochemical impedance spectroscopy (EIS) was performed to
verify the successful assembly steps of this immunosensor (Fig. 3A). The
relevant data, which were simulated by ZSimWin software, were listed
in Table S1. The diameter of semicircle in the Nyquist plots was related
with the electro-transfer resistance (Ret) at the electrode/solution in-
terface. The EIS curve of bare GCE (curve a) was almost a straight line.
When GCE was modified with MoS2@Cu2S-Au, a small semicircle dia-
meter was obtained (curve b), manifesting the favorable conductivity of
this immunosensing interface. After the continuous modifications of
nonconductive Ab1, Ag, BSA on the electrode, the resistance increased
sequentially (curves c, d and e). The electrode experienced a further
resistance enhancement when MZnAgInS/ZnS@t-UiO-66-NH2-Ab2 was
conjugated with Ag, suggesting the immunoreation occurred between
Ag and Ab2 bioconjugate as expected. To better understand the inter-
facial characteristics of different modified electrodes, cyclic
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voltammetry was adopted to characterize the fabrication course. As
observed in Fig. 3B, the CV results were well in accordance with the EIS
characterization, testifying the success of immunosensor construction.

3.3. ECL signal amplification strategy

Control experiments were conducted to elucidate the ECL signal
amplification tactics and the superiority of MZnAgInS/ZnS@t-UiO-66-
NH2 (Fig. 3C). The pristine ZnAgInS NCs exhibited weak ECL signal in
the presence of K2S2O8 (curve a). After the appropriate dopant of Mn in
ZnAgInS NCs, the ECL signal increased (curve b) since the interaction of
Mn dopants with ternary host NCs could alleviate the emission of self-
absorption with large Stokes shift [32]. The presence of ZnS shell en-
abled an almost 3.5-fold enhancement of ZnAgInS ECL signal (curve c)
because ZnS shell could reduce surface defects and widened the band
gap of MznAgInS [33]. The t-UiO-66-NH2 also played a vital role in the
signal amplification of MZnAgInS/ZnS, as evidenced in curve d, the
considerable surface area and suitable pore diameter endowed t-UiO-
66-NH2 with the ability to deposit MZnAgInS/ZnS NCs substantially,
thus the ECL probe prepared in this protocol exhibited strong and stable
ECL emission.

To get a deep insight into the influence of MoS2@Cu2S exerted on
the ECL behavior of MZnAgInS/ZnS@t-UiO-66-NH2, the ECL intensity
of MZnAgInS/ZnS@t-UiO-66-NH2 modified electrode was measured by
using various solutions as the electrolyte. As observed from curve a and
b in Fig. 3D, K2S2O8 was an effective coreactant of MZnAgInS/ZnS@t-
UiO-66-NH2. After dropping 500 μL of Cu2S and MoS2 solution into
10mL of PBS (pH 7.5) containing 0.1M K2S2O8 respectively,

conspicuous enhancement of ECL responses were obtained. It could be
concluded from curve c and d that both Cu2S and MoS2 could accelerate
the decomposition of S2O8

2− to generate more SO4
·-, thus more excited

state of MZnAgInS/ZnS NCs could be produced. As contrast to curve c
and d, when MoS2@Cu2S was employed as the coreaction accelerator,
the ECL response witnessed a remarkable enhancement (curve e),
which was comparable to 1.8-time of ECL intensity obtained from
MZnAgInS/ZnS@t-UiO-66-NH2 with merely K2S2O8 as the coreatant,
confirming the synergic effect of MoS2 and Cu2S on catalyzing the re-
duction of K2S2O8. Moreover, the bare electrode with K2S2O8 as the
electrolyte exhibited negligible ECL emission (curve f) due to the ECL
property of singlet oxygen. After the addition of 500 μL of MoS2@Cu2S
solution, the ECL intensity increased to almost 10-time of its initial
value (curve g), proving that MoS2@Cu2S was reacted with K2S2O8

rather than luminophore to amplify the ECL emission. The electro-
chemical property of MoS2@Cu2S was also explored to elucidate the
catalytic mechanism and the details were provided in Supplementary
materials (Fig. S1).

The above discussion revealed that Mn dopant and ZnS shelling
could improve the ECL performance of ZnAgInS NCs, and t-UiO-66-NH2

could increase the amount of immobilized MZnAgInS/ZnS, thus the ECL
response was enhanced to a large extent. Meanwhile, MoS2@Cu2S
could act as an effective coreaction accelerator to expedite the gen-
eration of strong oxidant SO4

%− for further ECL signal amplification.
The possible ECL mechanism was outlined as follows.

Fig. 1. SEM of (A) Cu2S and (B) MoS2@Cu2S. (C) TEM of MoS2@Cu2S-Au. (D) Mapping of MoS2@Cu2S. (E) XRD of MoS2@Cu2S. (F) SEM and (G) TEM of t-UiO-66-
NH2. (H) TEM of MZnAgInS/ZnS. (I) Mapping and (J) EDS of MZnAgInS/ZnS@t-UiO-66-NH2.
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3.4. Optimization of experimental conditions

To fulfill the ultrasensitive detection of NT-proBNP, the influence of

experimental conditions including the amount of Mn(CH3COO)2, the
pH of phosphate buffer saline, the concentration of K2S2O8 and the
incubation time of Ab2 bioconjugate on the ECL response were

Fig. 2. (A) Nitrogen adsorption-desorption isotherms of Cu2S (red curve) and MoS2@Cu2S (black curve). (B) XRD patterns of UiO-66-NH2 and t-UiO-66-NH2. (C)
Thermogravimetric analysis (TGA) curve of UiO-66-NH2. (D) Nitrogen adsorption-desorption isotherms of t-UiO-66-NH2. (E) Pore size distribution of t-UiO-66-NH2.
(F) Size distribution of MZnAgInS/ZnS nanocrystals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. (A) EIS and (B) CV curves of GCE (a),
MoS2@Cu2S-Au/GCE (b), Ab1/MoS2@Cu2S-
Au/GCE (c), immunosensor (d), Ag/im-
munosensor (e), MZnAgInS/ZnS@t-UiO-66-
NH2-Ab2/Ag/immunosensor (f). Inset in A:
equivalent circuit for EIS. (C) ECL intensity of
ZnAgInS (a), MZnAgInS (b), MZnAgInS/ZnS (c)
and MZnAgInS/ZnS@t-UiO-66-NH2 (d) mod-
ified GCE in 10mL of PBS (pH 7.5) containing
0.1M K2S2O8. (D) ECL intensity-potential
curves of MZnAgInS/ZnS@t-UiO-66-NH2/GCE
in 10mL of PBS (pH 7.5) (a), and 10mL of PBS
(pH 7.5) containing 0.1M K2S2O8 (b), 0.1 M
K2S2O8 and 500 μL of 1mgmL−1 Cu2S (c),
MoS2 (d) and MoS2@Cu2S (e). Inset in D: ECL
intensity of GCE in 10mL of PBS (pH 7.5)
containing 0.1M K2S2O8 (f) and PBS (pH 7.5)
containing 0.1M K2S2O8 and 500 μL of
1 mgmL−1 MoS2@Cu2S (g).
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examined. In view of the fact that the complex environment of Mn
coordinated in multinary MZnAgInS NCs may influence the emission
energy and optical property of MznAgInS [34], we investigated the
effect of Mn doping level on the ECL performance of MZnAgInS NC by
adding different amounts of Mn(CH3COO)2 during the preparation of
MZnAgInS. As shown in Fig. 4A, the ECL intensities of MZnAgInS with
0.0125 or 0.0250mmol Mn dopant were either low or fluctuant, while
MZnAgInS with 0.0375mmol Mn dopant possessed the desirable ECL
response. Once the Mn dopant amount increased to 0.0500mmol, the
ECL intensity decreased again probably due to more Mn dopants in host
NCs could cause more lattice strain to decline the quantum yield [35].
Hence, 0.0375mmol was chosen as the appropriate Mn doping amount.
Meanwhile, to inspect the effect of pH exerted on the ECL response, PBS
with pH ranging from 6.0–8.5 was tested. As seen from Fig. 4B, for
better bioactivity of biomolecules as well as stronger ECL intensity of
immunosensor, pH 7.5 was accepted in the ensuing work. Besides, the
concentration of coreactant was optimized to achieve better ECL per-
formance (Fig. 4C). As the concentration of K2S2O8 increased from
70mM to 110mM, more MZnAgInS/ZnS excited states are generated
from the oxidation of MZnAgInS/ZnS%− by the electrogenerated radical
SO4%−. When the K2S2O8 concentration exceeded 110mM, the ECL
intensity decreased for the reason that excess S2O8

2− reacted directly
with MZnAgInS/ZnS%− thus restrained the formation of MZnAgInS/ZnS
excited state. Therefore, the following experiments used 110mM of
K2S2O8 as the coreactant. The incubation time of Ab2 bioconjugate was
also optimized to be 60min (Fig. 4D).

3.5. Analytical performance of ECL immunosensor

Under optimal experimental conditions, the ECL intensity increased
with the rising concentration of NT-proBNP from 1 fg mL−1 to
100 ngmL−1 (Fig. 5A), which showed a linear plot with the equation of
I=7817.4+924.3 lg c (in which I represents the ECL intensity and c is
the NT-proBNP concentration, pg mL−1) (Fig. 5B). Based on the

definition of limit of detection (LOD) prescribed by IUPAC [36], the
LOD was determined to be 0.41 fg mL−1 (Fig. S2). The comparison for
existing NT-proBNP bioassays were listed in Table S2, from which our
protocol was found to possess the highest sensitivity and widest de-
tection range thanks to the excellent conductivity and catalytic prop-
erty of MoS2@Cu2S-Au as well as the unrivalled ECL capacity of
MZnAgInS/ZnS NC.

Selectivity was also recognized as a paramount assessment for
practical potential of ECL immunosensor, thus cardiactroponinI (cTnI),
cardiactroponinT (cTnT), human serum albumin (HSA) and C-reactive
protein (CRP) were chosen as possible interfering proteins to test the
selectivity of this immunosensor. As shown in Fig. 5C, the presence of
interferences with higher concentration (100 pgmL−1) than target NT-
proBNP (1 pgmL−1) exerted neglectable influence on the ECL intensity,
demonstrating the desirable selectivity of this immunosensor towards
NT-proBNP. The stability of the immunosensor, including operational
stability and long-term storage stability, were also examined and dis-
played in Fig. 5D and E, respectively. As consecutive cyclic scanning to
various concentrations of NT-proBNP, the ECL responses exhibited little
fluctuation, manifesting the satisfying operation stability of this
strategy. The long-term storage stability was tested by storing this im-
munosensor in refrigerator. After the storage of 5, 10, 15 and 20 days,
the ECL intensity turned to be 94.0 %, 89.3 %, 85.2 % and 81.5 % of its
initial value, respectively. Therefore, this immunosensor exhibited ex-
cellent stability. The reproducibility of this ECL immunosensor was
determined by measuring the same NT-proBNP concentration (1 pg
mL−1) using six immunosensors prepared in a same batch and one
immunosensor prepared in six different batches, which showed the
relative standard deviation (RSD) of less than 5 % (Fig. 5F), indicating
the acceptable reproducibility of this immunosensor.

3.6. Analysis of NT-proBNP in real samples

To validate the potential of this ECL immunosensor in clinical

Fig. 4. Optimization of (A) the amount of Mn(CH3COO)2, (B) pH of PBS, (C) concentration of K2S2O8 and (D) incubation time of Ab2 bioconjugate.
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application for NT-proBNP detection, we conducted the recovery ex-
periment in human serum sample based on standard addition method.
Prior to analysis, human serum sample was diluted 5 folds with PBS.
The average NT-proBNP content of three sample were calculated to be
19.0 fgmL−1, 27.4 pgmL−1 and 32.8 ngmL−1 after testing the samples
five times, respectively. Next, proper amount standard solution of NT-
proBNP (denoted as Added) were added in the serum samples and the
correlative NT-proBNP concentration (denoted as Found) were ob-
tained after the ECL intensity tested 5 times. The RSD, which was listed
in Table 1, was figured to be less than 7 % with acceptable recoveries
ranged from 99.4%–102.2%, proving that the proposed immunoassay
hold infinite application prospect in clinical accessment of NT-proBNP.
Furthermore, the precision of our immunosensor was challenged with
traditional enzyme-linked immunosorbent assay (ELISA) kit via F-test
and t-test. As depicted in Table S3, the calculated F value and t value
were far below the theoretical ones, proving that the significant dif-
ference between the two methods was negligible.

4. Conclusion

This work constructs a novel ECL system for ultrasensitive im-
munosensing of NT-proBNP by using MZnAgInS/ZnS@t-UiO-66-NH2 as

the luminophore and MoS2@Cu2S as the coreaction accelerator. Such
an ultrasensitive ECL biosensor presents the following glamorous
properties. Essentially, the ECL behavior of MZnAgInS/ZnS is applied in
immunosensing for the first time. Appropriate Mn doping enhances the
stable luminescence, and the presence of ZnS shell reduces the surface
defects to boost the quantum yield. Additionally, considering the small
size distribution of MZnAgInS/ZnS NCs, thermally-treated UiO-66-NH2

with enlarged pore diameter is functioned as anchor carrier to load
more luminophores for signal amplification. Moreover, to achieve high
ECL efficiency, snowflake-like MoS2@Cu2S composite with consider-
able catalytic active sites is synthesized as coreaction accelerator of
K2S2O8 reduction. The proposed ECL immunosensor realizes the ultra-
sensitive quantification of NT-proBNP from 1 fg mL−1 to 100 ngmL−1,
and the detection limit is down to 0.41 fgmL−1. Given the high se-
lectivity, good stability, excellent reproducibility, and acceptable re-
covery for practical application, the elaborated ECL immunosensor
would inspire more interest in MOFs-based luminophore and light up
an innovative avenue for biomarkers analysis.
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Fig. 5. (A) ECL intensity-time curves of the immunosensor in the presence of 0.001, 0.005, 0.01, 0.1, 0.5, 1, 10, 100, 1000, 10,000 and 100,000 pgmL−1 NT-proBNP.
(B) Calibration plot of the immunosensor. (C) Selectivity of the immunosensor for 1 pgmL−1 of NT-proBNP (1), and the mixture of 1 pgmL−1 of NT-proBNP and
100 pgmL−1 of cTnI (2), cTnT (3), HSA (4) and CRP (5). (D) Stability of the immunosensor to 0.001 (a), 0.01 (b), 10 (c) and 100 (d) pgmL−1 NT-proBNP. (E) Long-
term storage stability of the immunosensor for detection of 1 pgmL−1 of NT-proBNP. (F) Reproducibility of the immunosensor for detection of 1 pgmL−1 of NT-
proBNP. (Error bar= SD, n=5).

Table 1
NT-proBNP detection in human serum samples.

Serum sample content (pg mL−1) Added (pgmL−1) Found (pgmL−1) Average value (pg mL−1) RSD (%) Recovery (%)

0.019 0.010 0.027, 0.032, 0.029, 0.028, 0.031 0.0294 7.1 104
0.020 0.035, 0.038, 0.040, 0.039, 0.042 0.0388 6.7 99
0.050 0.064, 0.067, 0.072, 0.068, 0.070 0.0682 4.4 98.4

27.4 10 39.3, 35.4, 37.2, 34.7, 40.1 37.3 6.3 99.4
20 49.5, 45.2, 47.3, 46.8, 50.4 47.8 4.4 102.2
50 76.4, 73.3, 78.6, 80.3, 77.8 77.3 3.4 99.7

32,800 20,000 50,200, 54,600, 51,800, 49,100, 55,300 52,200 5.2 97.0
30,000 59,700, 61,300, 65,100, 60,800, 63,600 62,100 3.5 97.7
50,000 80,900, 84,600, 79,500, 83,100, 82,200 82,200 2.4 98.8
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