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ARTICLE INFO ABSTRACT

Keywords: A quenching-typed electrochemiluminescence (ECL) immunosensing method was proposed for protein detection
Electrochemiluminescence by the redox reaction of tungsten-based polyoxometalate nanoclusters (W-POM NCs) with free radical (03") as
Immunosensor the intermediate of co-reactant H,O,. The immunosensor was constructed by co-immobilizing luminol loaded
Polyoxometalate nanocluster . . oo . . .

Luminol CeVO4/Au nanohybrids and capture antibody on an indium tin oxide electrode, which showed strong ECL

emission in the presence of HoO2 due to the catalysis of CeVO4/Au toward its electro-oxidation to produce O3 via
the reversible conversion between Ce®* and Ce*". The W-POM NCs were encapsulated in the uniformly sized
amino-silica nanosphere (SiO3) to act as a label (W-POM@SiO>) of the secondary antibody. Upon the sandwich-
typed immunoreactions with the target, the W-POM NCs were introduced onto the immunosensor surface to
reduce O3, and thus quenched the ECL emission of luminol-H;0, system. Using neuron-specific enolase (NSE) as
a target, the proposed method showed a detection limit of 0.19 pg/mL and detectable range of 0.5 pg/mL to 18
ng/mL. The excellent performance of the proposed “ON-OFF” strategy demonstrated that the W-based quenching
offers an effective tag for immunoassay of protein biomarkers.
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1. Introduction

Electrochemiluminescence (ECL) as a promising analytical technol-
ogy owns superiorities of high sensitivity, low background, precise
temporal and spatial control on light emission process with assistance of
electrochemical technique [1-3]. ECL quenching effect based on reso-
nance energy transfer (RET) has been demonstrated as an effective
approach for improving the performance of biosensing methods [4,5].
RET-based ECL quenching mechanism is attractive, but it has exact de-
mand on the nano-distance between donors and acceptors while the area
size of effective spectral overlap is hard to control [6]. Alternatively,
charge transfer-based quenching mechanism has been reported using
the fabulous Ru(bpy)%*-TPrA system as model, in which ferrocene (Fc) is
selected as a quencher to consume the excited Ru(bpy)%+ via a
charge-transfer involved redox reaction, leading to efficient suppression
on ECL emission without exact demands [7]. However, direct con-
sumption of produced excited luminophores somehow accelerates the
ECL reaction between reduced or oxidized luminophore molecule and
intermediate free radical of coreactant, which produces more excited
molecules for ECL emission, thus affecting the quenching efficiency
during the sensing process.

As one of the most widely used ECL reagents, luminol has drawn
considerable attention due to the high luminous efficiency, nontoxicity,
and low excitation potential. The related ECL emission involves the
presence of superoxide radical (037) produced from the electro-
oxidation of HyO5 [8]. By employing different nanomaterials to design
efficient sensing strategies, the ECL behavior of luminol can be
dramatically improved [9-12]. Some mixed-valence cerium-doped
nanomaterials have been used to fabricate the electrochemical sensing
devices due to their excellent electrocatalytic activities [13,14]. For
example, CeO2/SnS; heterostructure can be used as an efficient core-
action accelerator for the generation of superoxide anions of O3~ and
thus the improvement of the detection sensitivity [15], and CeVO4
nanomaterials have been demonstrated to display the satisfying intrinsic
peroxidase-mimic activity for HoOy detection since Ce element can
reversibly convert between Ce3t and Ce** [14]. In view of this prom-
ising biomimetic properties, this work fabricated a CeVO4 nanoarray
with large specific surface area to construct a new biomimetic ECL
sensing platform of luminol-H2O, system by immobilizing luminol
loaded CeVO4/Au nanohybrids (Lu-CeVO4/Au) on an indium tin oxide
(ITO) electrode. The accelerated ECL reaction between luminol and
H»0; in a catalytic manner led to a strong ECL emission.

To make use of the strong ECL emission for immunoassay, a
quenching system was designed by labeling the secondary antibody
(Aby) with tungsten-based polyoxometalate nanoclusters (W-POM NCs).
Polyoxometalates (POMs) are a kind of early transition metal oxygen
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anion clusters with well-defined structure and distinct sizes, and have
revealed widespread applications in catalysis [16], material science
[17], medicine [18], macromolecular crystallography [19] and so on.
Among all of the POMs, the stable and biocompatible W-POM NCs have
received much attention due to the existence of W element with mixed
valence states of W2+ and W®*. The reductive W°* in W-POM NCs can be
oxidized to W5" by reactive oxygen species (ROSs), thus performing
excellent ROSs-scavenging activity [20-23]. Here the redox reaction
between W-POM NCs and O3 radicals, the electro-oxidation interme-
diate of HyO5 in ECL process, resulted in an “Off-On” ECL signal switch.
Using neuron-specific enolase (NSE), a distinctly important reference
marker for accurate diagnosis of small cell lung cancer (SCLC) in early
stage [24], as a target, the immunoassay could be performed by
co-immobilizing its capture antibody (Ab;) on the Lu-CeVO4/Au modi-
fied ITO electrode and labeling W-POM NCs to its Aby (Scheme 1). The
efficient ECL quenching upon the sandwich-typed immunoreactions
with NSE produced a sensitive immunosensing method for NSE detec-
tion. The wide detectable range with a detection limit of 0.19 pg/mL
demonstrated the potential application of the proposed W-based
quenching system in the detection of protein biomarkers.

2. Experimental
2.1. Reagents and materials

Ab; and Ab; against NSE were obtained from Biosynthesis Biotech-
nology Co., Ltd., (Beijing, China). Ce(NO3)3-6H20, ethylene diamine
tetraacetic acid (EDTA), NagVO4 and HAuCly were purchased from
shanghai Macklin Biochemical Co. Ltd. (Shanghai, China). Bovine serum
albumin (BSA) (96%-99%) was purchased from Aladdin Industrial
Corporation (Shanghai, China). All other chemicals were of analytical
reagent grade and were used without further purification. Phosphate
buffered solution (PBS) was prepared using 1/15 M NayHPO4 and 1/15
M KH3POy4 solution. 2.5 mM KsFe(CN)g/K4Fe(CN)g and 0.1 M KNO3
solution were used as electrolyte to obtain electrochemical impedance
spectra (EIS). Ultrapure water (18.25 MQ cm, 24 °C) was used for all the
experiments.

2.2. Apparatus

X-ray photoelectron spectra (XPS) was acquired with Thermo
ESCALAB 250XI (America). Scanning electron microscopic images
(SEM) were recorded on JEOL JSM-6700F microscope (Japan). XRD
patterns of the prepared samples were acquired with a Rigaku D/MAX
2200 X-ray diffractometer (Tokyo, Japan) using CuKa radiation (40 kV,
300 mA) of wavelength 0.154 nm to confirm the structure of the

Scheme 1. Schematic illustration for label quenched ECL immunosensing.
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materials. The UV-vis absorbance spectra were detected with a TU-1901
UV-vis Spectrophotometer (Beijing Purkinje General instrument co. Ltd,
China). ECL measurements were performed with MPI-F flow-injection
chemiluminescence detector (Xi’an remax Electronic Science Tech. Co.
Ltd., China), and electrochemical measurements were carried out on
CHI760D electrochemical workstation (Chenhua Instrument Shanghai
Co., Ltd, China).

2.3. Preparation of Lu-CeVO4/Au nanohybrids

CeVOy4 nanorod arrays (NAs) were synthesized by a reported method
[25]. Briefly, 434.1 mg Ce(NO3)3-6H20 and 292.2 mg EDTA were added
into 15 mL ultrapure water with stirring 15 min. Afterward, 15 mL
NazVO4 solution containing 183.9 mg NagVO4 was added in the mixture.
After stirring 20 min, the pH of the mixture was adjusted to 9 by adding
NH3-H20 dropwise. Subsequently, this mixture was placed into an
autoclave at 180 °C for 18 h. The resulting product (CeVO4 NAs) was
centrifuged and washed for three times, and finally dried at 60 °C in
vacuum.

Next, 20 mg CeVO4 NAs were dispersed in 30 mL ultrapure water
with ultrasonication for 1 h, followed by the sequent addition of 1 mL of
HAuCl4 (1 wt%) and 5 mg polyvinylpyrrolidone (PVP). After stirring for
6 h, 2 mL 50 mM sodium citrate and a bit of NaBH4 were added dropwise
to reduce HAuCly. After stirring for 12 h, the CeVO4/Au nanohybrids
were obtained by washing the mixture with ultrapure water to remove
unbonded Au nanoparticles.

Finally, the obtained CeVO4/Au nanohybrids were redispersed in 5
mL ultrapure water. 1 mL 5 mM luminol (pH 7.4) was then mixed under
oscillating for 12 h, during which luminol could be loaded on CeVO,4/Au
nanohybrids via covalent linkage between Au and the amino-of luminol.
After centrifuging to remove dissociative luminol, the Lu-CeVO4/Au
nanohybrids were dried in vacuum at 35 °C, and dispersed in 0.5%
chitosan solution.

2.4. Preparation of Aba-W-POM@SiO,

W-POMs were prepared by slight modification of the previously re-
ported synthetic method [20]. Firstly, 100 mg gallic acid was dispersed
in 6 mL ultrapure water. After completely dissolved, 1.0 mL of 60
mg/mL H3049PW12-xH20 was added into the solution with stirring
intensely for 5 min. Subsequently, 3.0 mL NayCOs solution (7.5 w%) was
injected into the solution to obtain a dark green solution with contin-
uous stirring for 5.0 h. Then this solution was purified for 3 days through
dialysis method (dialysis bag, Mw = 3500 Da) to remove any unreacted
raw reagent. Afterward, a lyophilization process was used to dry
W-POMs, which were stored at 4 °C.

The W-POM@SiO4 was synthesized by adding W-POMs during the
preparing process of SiO nanosphere. Briefly, 15 mg W-POM power was
dispersed in 1.5 mL of ultrapure water. Afterward, 2 mL of absolute ethyl
alcohol was added in the W-POM dispersion and stirred for 5 min. Then,
100 pL of TEOS and 200 pL of NH3-H50 were injected quickly and in turn
into the solution to stir for 12 h. The final product of W-POM@SiO; was
collected by centrifugation, and refluxed with alcoholic APTES solution
for 24 h at 125 °C to finish amino-functionalization. After removing the
unbound APTES by centrifugation, the amino-functionalized W-
POM@SiO5 was dispersed in pH 7.4 PBS.

Lastly, Abp-W-POM@SiO, was prepared by adding 500 pL of Aby
(100 pg/mL) in the obtained W-POM@SiO- solution with the assistance
of 1 mL of freshly prepared 400 mM EDC and 100 mM NHS mixture.
After continuously stirred for 24 h at 4 °C, the excessive EDC, NHS, and
Abs molecules were discarded by centrifugation. The resulting Aby-W-
POM@SiO; were dispersed in pH 7.4 PBS and stored at 4 °C.

2.5. Fabrication of immunosensor

The immunosensor was prepared using an ITO chip with area of 1 x
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1.5 cm? as shown in Scheme 1. After drying the clean chip at 70 °C, 6 pL
of 5 mg/mL Lu-CeVO4/Au was cast on its surface. Subsequently, 6 pL of
Ab; (50 pg/mL) was dropped on Lu-CeVO4/Au substrate and incubated
at 4 °C overnight to immobilize Ab; through the interaction of AuNPs
with amino group of antibody. After thoroughly rinsing with ultrapure
water to remove unbound Ab; and drying at 4 °C, 3 pL of BSA (wt.0.1%)
was further used to block the left non-specific active sites. After
removing the useless BSA by rinsing, the immunosensor was obtained
for ECL measurements.

2.6. ECL measurements

After the samples containing NSE with different concentrations were
incubated on the immunosensors for 2 h at 37 °C, 6 pL of Aby-W-
POM@SiO; solution was dropped on the surface to incubate for 2 h at
37 °C. The ECL measurements were performed by potential steps be-
tween 0 (10 s) and 0.6 V (1 s) in 1/15 M PBS (pH 8.0) containing 8 mM
Hy0, using the formed ITO/Lu-CeVO4/Au/Ab;(BSA)/NSE/Aby-W-
POM@SiO3, a platinum electrode and a saturated Ag/AgCl electrode as
the working, counter and reference electrodes, respectively. The pho-
tomultiplier tube (PMT) was set at 650 V.

3. Results and discussion
3.1. Characterization of different nanomaterials

The CeVO4 NRs were hydrothermally prepared in salty solution with
assistance of a multidentate ligand of EDTA. The size and morphology of
the obtained NRs were ascertained using SEM (Fig. 1A), which revealed
a homogeneous dispersion of nanorod nanostructure with an average
length of 200 nm and width of 10 nm. The structure and crystallinity of
CeVO4 NRs were determined by X-ray powder diffraction (XRD) pattern,
which showed the same diffraction peaks as pure tetragonal (zircon-
type) CeVO4 phase (JCPDS No-12-0757) without impurity peak
(Fig. 1B), confirming the pure phase of the prepared CeVO4 NRs. In
particular, the diffraction peaks appeared at the 20 values of 18.1°, 24°,
32.4° and 47.9° could be indexed to the crystal planes (101), (200),
(112) and (312), respectively. The survey of XPS spectrum of CeVO4 NRs
successfully confirmed the existence of Ce 3d, V 2p, O 1s and C 1s
(Fig. 1C). The high-resolution spectrum of Ce 3d exhibited two charac-
teristic peaks belonging to Ce 3ds/ orbital at about 885.1 and 881.2 eV,
and the peaks belonging to Ce 3ds,, orbital at about 903.3 and 899.6 eV
(Fig. 1D), implying the existence of Ce®>' ions with an identical +3
valence state. Besides, the V 2p spectrum showed two peaks at 515.8 eV
and 523.5 eV (Fig. 1E), which were separately ascribed to V 2p3,, and V
2p1,2, and proved an identical +5 valence state for V element. The high-
resolution XPS spectrum of O 1s showed two peaks at 528.8 eV and
530.4 eV (Fig. S1), which might indicate two species of lattice oxygen
(O2) in CeVO4 NRs. The morphology of CeVO4/Au NRs indicated the
successful in situ growth of large amount of Au NPs on CeVO4 NRs
(Fig. 1F), which was further confirmed by the presence of elements Ce,
0, V, and Au in the EDX of CeVO4/Au NRs (Fig. 1G).

The morphology of W-POM@SiO, was characterized as shown in
Fig. 2A, which displayed smooth sphere without crack and the particle
size of about 500 nm. The scanning elemental mapping of W-POM@SiO4
indicated the existence of Si, O and W (Fig. 2B-D), confirming that W-
POMs were successfully doped in SiO5 nanospheres.

3.2. Quenching mechanism of W-POM@SiOz on ECL of luminol-H202
system

Under continuous potential steps between —0.6 V and 0.6 V, the Lu-
CeVOy4/Au modified ITO showed obvious oxidation current and ECL
signal in pH 8.0 PBS containing 6 pM H205 (Fig. 3A, curves a and b),
which could be ascribed to the responses of Lu-CeVO4/Au/H20; system.
Moreover, the ECL signal was very stable (Fig. 3B). The strong responses
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Fig. 1. (A) SEM and (B) XRD pattern of CeVO,4 nanorods. (C) XPS survey of CeVO4 nanorods. High-resolution XPS spectra of Ce 3d (D) and V 2p (E). (F) SEM and (G)
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Fig. 2. (A) SEM of W-POM@SiO,. Scanning elemental mapping of W-POM@SiO, showing distribution of Si (B), O (C) and W (D).

resulted from the excellent catalytic effect of CeVO4/Au on the electro-
oxidation of Hy0; to generate superoxide anion O3~ (eq. (1)), when the
potential stepped from —0.6 V to +0.6 V, during which the luminol
loaded on CeVO4/Au deprotonated and was oxidized to generate in-
termediate oxidation state of luminol (Lu™*) (eq. (2)). In addition, the
deprotonated luminol (Lu~) could be directly oxidized by O3~ to form
Lu~* (eq. (3)). Subsequently, the reaction of Lu~* with strong oxidant
03 occurred to form the excited state of 3-aminophthalate (3-AP2'*) for
ECL emission around 435 nm (Fig. S2, curve a) (egs. (4) and (5)).

After W-POM@SiO, was coated on ITO/Lu-CeVO4/Au, the ECL
signal remarkably decreased in contrast to the ECL intensity of ITO/Lu-
CeVOy4/Au (Fig. 3A, curve c), conforming the quenching effect of W-
POM on the ECL emission of Lu-CeVO4/Au/H302 system due to the ROS-
scavenging activity of W-POM (eq. (6)) [22,23]. Besides, the absorbance
of W-POM was in the range of 530-800 nm (Fig. S2, curve b), which was
far from the ECL wavelength, and excluded the energy transfer between
excited 3-AP%* and W-POM. Thus the detailed ECL process could be
described as follows:
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3.3. Characterizations of ECL immunosensor

Electrochemical impedance spectroscopy (EIS) was employed to
confirm the successful fabrication of the developed immunosensor and
the sandwich-typed immunoreactions on the immunosensor. The semi-
circle diameter was equal to the electron transfer resistance (R,) at the

electrode interface using Fe(CN)3 ™4 as a couple of redox probes. After

Lu-CeVO4/Au was cast on ITO surface, the R, value greatly decrease due
to the high conductivity of CeVO4/Au (Fig. 4A, curves a and b). The
immobilization of Ab; and then BSA resulted in the continuous increase
of R due to the presence of non-electric-conducted protein molecules
(Fig. 4A, curves c and d). After NSE and Ab,-W-POM@SiO;, were con-
jugated to immunosensor surface via the sandwich-typed immuno-
reactions, the Re value further increased (Fig. 4A, curves e and f).
Moreover, the ECL response also successively decreased upon the as-
sembly of these proteins due to the increasing R, (Fig. 4B, curves b-d),
and lastly showed the quenching of W-POM on the ECL emission of Lu-
CeVO4/Au/H50, system (Fig. 4B, curve e). More interestingly, all of the
ECL emission at different modified electrodes showed good stability.
These results demonstrated the feasibility of the proposed quenching
strategy for ECL immunoassay of protein.

3.4. Condition optimization for ECL

The ECL signal of Lu-CeVO4/Au/H20; system depended on the pH
value of detection solution, which trended to the maximum intensity at

Fig. 4. (A) EIS of ITO (a), ITO/Lu-CeVO4/Au (b),

60 A 8k Ik a B ITO/Lu-CeVO,/Au/Ab; (c), ITO/Lu-CeVO,/Au/Ab,/
. 5 b BSA (d), CeVO4/Au/Ab;/BSA/NSE (e) and ITO/Lu-
e L . 12k CeVO4/Au/Ab;/BSA/NSE/Ab,-W-POM@SiO, (f) in
2 = 0.1 M KNOj; containing 2.5 mM Fe(CN)Z /4. (B) ECL
E [ responses of ITO/Lu-CeVO,4/Au (a), ITO/Lu-CeVOy4/
¢ = 8kq d Au/Ab; (b), ITO/Lu-CeVO,4/Au/Ab; /BSA (c), CeVO,/
— Au/Ab,/BSA/NSE (d) and ITO/Lu-CeVO4/Au/Ab,/
8 4k- BSA/NSE/Ab,-W-POM@SiO, (e) in 8 mM H,0, (pH
8.0). Effects of pH (C) and H,0, concentration (D) on
€ ECL intensity of ITO/Lu-CeVO4/Au.
0 T T T T T T 0 . T T T
50 75 100 125 150 175 200 0 50 100 150 200
7' / ohm Time /s
16.5 k‘ 16'( J
g 13.2k Z12k]
= 7]
& 9.9k £
E £ 8k
O 6.6k o
= &)
= 4k
3.3k
0 : : : . : : ' . . v
70 75 80 85 9.0 g - %, 8 & I

Concentration of H,0,/ mM



Y. Du et al

pH 8.0 (Fig. 4C). Therefore, pH 8.0 PBS was used throughout the sample
analysis. The concentration of coreactant HyO, was another important
factor to affect the ECL emission. With the increasing HoO, concentra-
tion, the ECL signal increased and reached the maximum value at 8 mM
H,0; (Fig. 4D), which was chosen as the optimized coreactant concen-
tration for biomarker detection.

3.5. ECL immunoassay of NSE

Under the optimal detection conditions, the developed immuno-
sensor was used for ECL immunoassay of NSE. With the increasing NSE
concentration, the ECL intensity decreased after sandwich-typed
immunoreactions (Fig. 5A, and inset in Fig. 5B). The plot of ECL in-
tensity (I) vs the logarithm of NSE concentration (Ig c) showed a linear
relationship in the range from 0.5 pg/mL to 18 ng/mL (Fig. 5B). The
linear regression equation was given as I = —1078 Ig ¢ (ng/mL) + 2641
with a R? value of 0.9913. The calculated detection limit at 3 ¢ was
estimated to be 0.19 pg/mL. Benefiting from the advances of the pro-
posed quenching strategy, the immunosensor performed a better
analytical performance compared with other sensors (Table S1).

3.6. Stability, specificity and reproducibility of the immunosensor

Operation stability of the developed immunosensor was estimated by
recording the ECL response in 8 mM H»0, (pH 8.0) upon potential steps
between —0.6 V and 0.6 V for 10 times at 2.00 ng/mL NSE (Fig. 5C),
which gave a relative standard deviation (RSD) of 4.2%, indicating a
good operation stability of the immunosensor. The selectivity of the
immunosensor was assessed using 2.0 ng/mL NSE, and 100 ng/mL CEA,
AFP, BSA and glucose as interferents. All of the interferents did not affect
the ECL emission of the immunosensor for NSA, and their presence did
also not interfere with the immunoassay of NSA (Fig. 5C), highlighting
the good selectivity of the proposed method. The reproducibility of the
proposed immunosensors was assessed by operating the ECL immuno-
assay at 5.00 ng/mL NSE with seven independent immunosensors,
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which showed the RSD of 2.0% (Fig. S3), revealing the satisfying
reproducibility.

3.7. Application of the ECL immunoassay method

To assess the potential applicability of the ECL immunoassay method
for NSE, the immunoassay was performed by spiking NSE solution at
different concentrations in human serum samples. The recovery along
with corresponding RSD values was listed in Table 1, which showed that
the recovery was in the range of 98.5-113%, and the RSD values were
less than 3.6%. These result were acceptable, and thereby demonstrated
the good reliability and practicality of this method for real sample
analysis.

4. Conclusion

A quenching-typed ECL immunosensing method has been proposed
by using W-POM@SiO to label the secondary antibody, which can
efficiently quench the ECL emission of Lu-CeVO4/Au/H205 system by
the ROS-scavenging activity of W-POM to consume the co-reactant in-
termediate O3 ~. The immunosensor can be conveniently prepared by co-
immobilizing capture antibody and Lu-CeVO4/Au on ITO. The excellent
catalytic effect of CeVO4/Au leads to strong ECL emission of luminol in
the presence of Hy0,, thus the proposed immunosensing method pos-
sesses high sensitivity with a detection limit of sub-pg/mL level. The
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Table 1
Detection of NSE in human serum samples.
Sample  Addition (ng Found (ng RSD (%, n = Recovery
mL ™) mL™) 11) (%)
1 15.0 149 1.4 99.3
2 5.00 5.13 2.7 103
3 0.500 0.569 3.6 114
4 0.00200 0.00197 2.1 98.5
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Fig. 5. (A) ECL responses of immunosensor to NSE at 0.0005, 0.001, 0.05, 0.1, 2.0, 10, 15 and 18 ng/mL (a to h). (B) Calibration curve. (C) Stability of ECL emission
under continuous potential step for 10 cycles in PBS (pH 8.0) containing 8 mM H,0, for detection of 5 ng/mL NSE. (D) Selectivity of the immunosensor against 100

ng/mL CEA, AFP, BSA, glucose, and 2.00 ng/mL NSE. Error bars: RSD (n = 3).
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stable ECL emission of Lu-CeVO4/Au/H20; system assures the excellent
performance of immunosensor with good operation stability and satis-
fying reproducibility. More importantly, this proposed quenching
strategy does not influence the electron transfer of luminophores with
electrode, and can be applied to construct different sandwich-typed
immunoassay methods for various protein biomarkers.
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