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The electrochemiluminescence (ECL) from europium hydroxide
nanorods (EHNs) was reported for the first time using K,S,03 as an
efficient cathodic co-reactant, and an ultrasensitive ECL aptasensor
based on the system for the detection of thrombin has been formulated
successfully.

Recently, semiconductor quantum dot (QD)-based ECL has been
attracting much attention in the field of bioanalysis, due to the
unique optical and electrochemical properties of luminescent
nanocrystals." Among them, semiconductor QDs such as CdSe,*”
Cds,*” and PdS®° have been widely chosen as ECL emitters, which
can be ascribed to their narrow emission band, good photostability,
and high quantum yields. However, the frequent use of conditional
semiconductor nanocrystals, which contain heavy metals (such as
Cd*" and Pb*"), as the basic elements of ECL emitters can cause
environmental and health hazards due to their high toxicity and
poor biodegradability. Thus, a good deal of attention has been paid
to the development of new environment-friendly and low-toxicity or
nontoxic ECL emitters for bioassays.'®™*

As is well known, rare earth nanomaterials have been used in
many fields due to their excellent magnetic and optical proper-
ties, controllable structure and excellent biocompatibility."> The
related research on rare earth compound nanocrystals is also
now rapidly developing, and many kinds of nanomaterials have
been reported, such as oxides,"®"” hydroxides,"® fluorides,"®
phosphates,***" and sulfides,”” which have received tremendous
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attention due to their specific properties arising from the 4f
electron configuration of the lanthanides. As a family of euro-
pium compound nanomaterials, europium hydroxide nanorods
(EHNSs) have been widely studied and applied to tissue engineer-
ing and related applications due to their good biocompatibility
and low cytotoxicity.>* > As far as we know, there has been no
research reported on the possibility of using EHNs as ECL emitters
in an ECL biosensing platform.

The experimental test results indicate that highly stable and
repeatable ECL emission can be generated on an EHN-modified
glassy carbon electrode (EHNs/GCE), which will be conducive to
use in accurate bioanalysis. Thrombin (TB), a serine protease
with multiple functions, is the terminal enzyme in the coagula-
tion cascade, and could be involved in a number of physiological
and pathological processes, such as thrombosis, hemostasis,
incrustation and inflammation.>**” The aim of the present study
is to verify the application of an EHNs/GCE as an efficient ECL
emitter in bioanalysis. An aptamer-based target assay was fabri-
cated using TB as a model.

The magnetic nanoparticle-loaded CdTe nanoparticles,
denoted as CdTe/MNPs, were prepared by hydrothermal synthesis
following the literature method.?® The efficient quenching of
CdTe/MNPs has been well documented, which was ascribed to
the CdTe/MNPs as a black-body-like material efficiently absorbing
ECL emission from the EHNs/GCE. On the basis of this, and to
specifically recognize its aptamer and TB, an aptasensor for the
detection of TB has been constructed. The fabrication procedure
of the ECL biosensor is illustrated in Scheme 1. When the
quenching probe ssDNA/CdTe/MNPs was connected to the
EHNSs/GCE surface by hybridization between the aptamers and
their complementary DNA (ssDNA), the ECL intensity was evi-
dently decreased as a result of the quenching effect from the
CdTe/MNPs. In the presence of target protein TB, the aptamer in
the dsDNA on the electrode surface competitively combined
with TB to form aptamer-TB bioaffinity complexes. The CdTe/
MNPs were removed from the electrode surface. Because the
quenching efficiency of the ECL of the EHNs/GCE was deter-
mined by the amount of CdTe/MNPs bound to the dsDNA
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Scheme 1 (A) Schematic showing the preparation process of the CdTe/
MNP composites, and (B) schematic diagram of the construction of the ECL
aptasensor for TB detection using the EHNs/GCE as an efficient ECL emitter.

oligonucleotides, it was inversely proportional to the combined
target protein TB.

The EHNs were synthesized by using the hydrothermal method
through the interaction of aqueous europium(m) nitrate (Eu(NO;)s;:
6H,0) solution and sodium sulphide (Na,S-9H,0) at [Eu:OH] =
1:2.5 molar ratio in an open reflux system. Hydroxides were
obtained by hydrolysis of Na,S, and similar reported examples are
relatively rare in the preparation of EHNs. The morphology,
structure and chemical composition of the product were confirmed
by TEM, XRD, HRTEM, EDX and elemental mapping (Fig. 1a-d).

Fig. 1a, the TEM image of the ENHs, clearly illustrates that the as
synthesized materials are entirely composed of nanorods with an
approximate length of 150-200 nm and a diameter of 10 nm.
Compared with the conventional reaction, where EHNs are obtained
by the reaction of aqueous europium nitrate hydrate with ammo-
nium hydroxide,”*?** the method in this article proceeds at lower
temperature and the nanorod products show higher aspect ratio.
The XRD pattern of the as-synthesized ENHs (Fig. 1b) indicates the
crystalline nature of the materials. The diffraction peaks of the
nanorods are consistent with the standard data files (the JCPDS card
No. 01-083-2305) for all reflections.>® The HRTEM image highlights
that the EHNs possessed a well-defined crystalline structure with a
lattice parameter of 0.305 nm along the (101) crystalline direction
(Fig. 2c), consistent with the XRD data. The elemental mapping
images of the EHNs were acquired as shown in Fig. 1d. It can be
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Fig. 1 Characterization of the ENHs: (a) HRTEM, (b) XRD, (c) TEM image of
the ENHs and (d) STEM image and STEM-EDX elemental mapping of
selected Eu and O elements.
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Fig. 2 (a) The ECL curves of the EHNs/GCE. Inset: The corresponding
cyclic voltammograms. (b) ECL emission from the EHNs/GCE under
continuous cyclic scans.

seen that the Eu and O elements were distributed throughout the
nanostructure, which further confirmed the successful synthesis
of EHNS.

The ECL behaviors of the EHNs/GCE in the presence of
co-reactant S,04>~ anions are shown in Fig. 2. As can be seen
from the figure, the EHNs/GCE sustained high and stable ECL
emission intensity. From the experimental results, the possible
reaction mechanism of the ECL generated on the EHNs in
S,04”” solution is outlined in the following equations:

EHNs + ne —» nEHNs®*~ (®)
S,042" +e - SO,% + S0, (2)
EHNs*~ + SO,*~ — EHNs* + SO,>~ 3)
EHNs* — EHNs + hv 4)

In such a mechanism, EHNs*, the ECL-emitting species, was
formed from the interaction of the co-reagent K,S,0g. During
the potential scanning with an initial negative direction in the
ECL measurement process, the EHNs immobilized on the
electrode were reduced to EHNs®*~ by charge injection. The
reduction of S,05>~ on the electrode produced a strong oxidant
SO,*", and then EHNs*™ could be oxidized by SO,*" to excited
state EHNs* to emit light.

Fig. 2a inset displays the cyclic voltammograms (CVs) of the
EHNs/GCE in K,S,0g solution, which showed a cathodic
reduction current at a potential more negative than —1.6 V,
which was mainly ascribed to the reduction of K,S,0z on the
electrode surface.

Besides, the stability investigation of the EHNs/GCE was
carried out under continuous cycling for 23 cycles with 0.05 M
K,S,0s as co-reagent. Fig. 2b shows consecutive intensity-
constant ECL peaks, suggesting that the ECL signal is extremely
stable, which provides a reliable guarantee for the EHNs/GCE
as a sensitive emitter for promising applications in biosensing.

TB is an important factor of the clotting system, and it plays
a key role in the blood clotting cascade. In this experiment, TB
was used as a model compound to illustrate the applicability of
the EHNs/GCE working as an ECL emitter.

Fig. 3a displays the ECL intensity of the aptasensor with an
increase in TB concentration varying from 0.01 fM to 10 pM, and
the intensity of the ECL signal was dependent on TB concentration.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) ECL signals of the aptasensor incubated with different concen-
trations of thrombin (a—i: 0, 0.01, 1, 10, 50, 100, 1000, 5000, and 10 000 fM).
Inset: Logarithmic calibration curve for thrombin. (b) Selectivity of the ECL
proposed aptasensor to TB (0.1 pM) by comparing to interfering proteins at
1.0 pM: hemoglobin (Hb), lysozyme (Lyso), bovine serum albumin (BSA), and
a mixed sample containing 0.1 TB and 1.0 pM BSA, Hb, and Lyso. Error bars
represent RSD, n = 3.

Fig. 3a inset shows the relationship between the changes in ECL
signal (AI = I — I,) and the logarithm of the TB concentration. The
linear equation can be expressed as Al = 2277.90 log Cyg + 5587.56
(R =0.995), and the detection limit is detected as 0.01 fM (S/N = 3),
where I, is the ECL intensity from the dsDNA/CdTe/MNPs/EHN
electrode, and I stands for ECL intensity after the electrode was
incubated in TB solution. The proposed ECL aptasensor was
compared with other previously reported ECL detection methods
for TB,*** as shown in Table 1.

The selectivity of this prepared aptasensor was also tested
under the same experimental conditions. As shown in Fig. 3b,
when 1.0 pM BSA, Hb, and Lyso solutions were used to replace
TB, the ECL intensity exhibits no obvious response, unlike when
incubated in TB. However, the ECL intensity of the aptasensor
was rapidly restored after being incubated in TB solution (0.1 pM)
or a mixture is added. These results indicate that the constructed
aptasensor has excellent selectivity for detecting TB.

In order to verify the practical applications of the prepared
ECL aptasensor, the detection of TB in human serum samples
was performed by sample recovery experiments. The results are
shown in Table S1 (ESIt). The recovery rates of TB (96.0-105.6%)
and the corresponding RSDs (4.2-5.7%) are satisfactory within a
reasonable error range, which clearly indicates the potential of
this aptasensor for TB detection in real biological samples.

The inter-assay reproducibility of 6 as-constructed aptasen-
sors was then investigated by detecting the same concentration
of TB (1.0 pM). The inter-assay variation coefficient was 6.52%,

Table 1 Comparison of the proposed electrode with other reported
electrodes for the determination of TB

ECL emitter LOD Linear range Ref.

Pd NCs*/PAMAM” 6.76 tM 0.01-100 pM 30
GNPs-graphene® 6.3 pM 0.01-10 nM 31
PS’~(CdTe), 0.35 pM 0.5-800 pM 32

Cds 26 aM 100 aM-100 fM 33

EHNs 0.010 fM 0.01 fM-10 pM This work

“ Functional palladium nanocones. ” Amine-terminated polyamidoamine.
¢ Gold nanoparticle-graphene composite. ¢ Polystyrene microbeads.
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indicating that the reproducibility of the ECL aptasensor for TB
determination was acceptable. It should be noted that the
EHNSs/GCE still exhibited over 82% activity towards 0.1 pM TB
after being stored in the fridge for 10 days at 4 °C.

In summary, a strong and stable ECL intensity from EHNs
using K,S,0g as an efficient cathodic co-reactant has been
reported for the first time. A new aptasensor system with the
combination of the ECL behavior of EHNs and the excellent
specificity of the aptamer technique has been formulated
successfully. The aptasensor was applied for the sensitive and
selective detection of TB with the detection limit down to
0.01 fM. Perfect results have been obtained while using the
developed aptasensor to detect thrombin in actual human
serum. This indicated that the EHNs with good biocompatibil-
ity provided alternative candidates to the toxic ECL emitters
and may open promising avenues to develop new ECL systems
for sensing assays.
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