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ARTICLE INFO ABSTRACT

Keywords:

Gold nanoclusters (Au NCs) have been shown to be prospective nanoscale electrochemiluminescence (ECL)
materials that are being extensively explored in bioanalysis. However, the low ECL efficiency of Au NCs has been
a bottleneck barrier for their better bioapplications. To overcome this disadvantage, a low oxidation potential co-
reactant N,N-diisopropylethylenediamine (DPEA) was first used to prepare self-enhanced Au NCs (Au-DPEA
NCs) for drastically enhancing the ECL efficiency of Au NCs in this study. In addition, an efficient multi-site
landing DNA walker with multidirectional motion track and rapid payloads release compared to directional DNA
walker was constructed for converting target mucin 1 (MUC1) to intermediate DNA and achieving significant
signal amplification. On the basis of the Au-DPEA NCs as efficient ECL signal labels and multi-site landing DNA
walker as signal amplification strategy, an ECL aptasensor was established for the ultrasensitive detection of
MUCI in the range from 1 fg mL™" to 1 ngmL~" with a limit of detection down to 0.54 fg mL~". The results
demonstrated that the present study opened a new research direction for the development of high-efficiency Au

Electrochemiluminescence
Self-enhanced Au nanoclusters
N,N-diisopropylethylenediamine
Multi-site landing DNA walker

NCs indicator as well as ultrasensitive ECL sensing platform for applications in clinical and bioanalysis.

1. Introduction

Metal nanoclusters (NCs) with size comparable to the Fermi wave-
length of the electron exhibit molecular-like properties of discrete
electronic states (Schmid et al., 1999). Among them, gold nanoclusters
(Au NCs), in particular, have attracted considerable research interest in
various areas (such as cell labeling, biological imaging and biosensing)
due to their facile synthetic procedure, good chemical stability, low
toxicity, and excellent biocompatibility (Lin et al., 2010; Li and Ulrich
Nienhaus, 2012; Chen et al., 2013; Song et al., 2015). Recently, ex-
tensive research works have been carried out on the practical applica-
tions of Au NCs through the electrochemiluminescence (ECL) sensing
technique. For example, Zhu’s group developed an Au NCs-based ECL
sensor to detect dopamine in the presence of co-reactant S;0g> (Li
et al., 2011). Chen’s group achieved the sensitive detection of Pb2*
based on the ECL of Au NCs using triethyamine (TEA) as co-reactant
(Fang et al., 2011). The ECL intensities of Au NCs in these works were
significantly improved by additional co-reactants, but the ECL signals
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obtained from the intermolecular interaction suffered from poor sta-
bility, high loss of energy and low efficiency (H.J. Wang et al., 2015; L.
Wang et al.,2015). Therefore, to develop Au NCs with high efficiency is
a critical factor in expanding its bioanalytical applications. Self-en-
hanced ECL pattern, in which the co-reactant species and luminophore
present in one molecular via covalent linking, has been demonstrated to
exhibit high ECL efficiency and is very popular in the bioanalytical
field. (Liang et al., 2015; Chen et al., 2015; Fu et al., 2017). This ECL
pattern is highly advantageous in enhancing ECL signal compared to
the intermolecular reaction pattern because it shortens the electronic
transmission distance, eliminates the use of excess co-reactants and
reduces the loss of energy (Li et al., 2015; Swanick et al., 2012). Re-
cently, Wang and colleague® used N,N-Diethylethylenediamine (DEDA)
as co-reactant to synthesize self-enhanced Au NCs (Au-DEDA NCs) for
enhancing the ECL intensity of Au NCs (Wang et al., 2016). However,
the high oxidation potential of DEDA restricted the further improve-
ment in ECL performance of Au NCs. Therefore, a low oxidation po-
tential co-reactant N,N-diisopropylethylenediamine (DPEA) was first
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employed to synthesize high efficiency self-enhanced Au NCs (Au-DPEA
NCs) which were further used to construct an ultrasensitive ECL plat-
form for MUC1 detection.

DNA with diversity and exquisite specificity has been widely used to
design various DNA-based machines such as “DNA nippers” (Yue et al.,
2017; Zhang et al., 2018) “DNA walkers” (Jung et al., 2016; H.J. Wang
et al., 2015; L. Wang et al., 2015; Zhou et al., 2015) and “DNA motors”
(Cha et al., 2014; Wickham et al., 2012). Recently, DNA-based walker
machines have captured considerable attractions for their outstanding
locomotion and controllability. For instance, Turberfield et al. con-
structed a restriction endonuclease powered DNA walker that moved on
a specific DNA track (Bath et al., 2005b). Salaita et al. designed a di-
rectional DNA walker using RNase H as energy source, which moved
along a RNA track (Yehl et al., 2016). Despite these DNA walkers have
been demonstrated to present several advantages over traditional DNA
amplification such as the structural simplicity and easy construction,
they also accompanied with several drawbacks: (i) the motion of the
walker was directional, which restrained the release of payloads in a
certain degree, (ii) the driving force of the walker was endonucleases,
which had low hydrolysis rate toward the substrate. To overcome these
disadvantages, we constructed an Exo III propelled multi-site landing
DNA walker, in which the walker could move along the multi-
directional track by the high hydrolysis rate of Exo III toward substrate
(Bath et al., 2005a) and then achieved rapid payloads release. In this
way, the multi-site landing DNA walker could be acted as an excellent
signal amplification tool for biodetection.

In this work, we prepared a self-enhanced Au-DPEA NCs-based ECL
aptasensor for sensitive detection of target MUC1 with aid of an ef-
fective Exo III propelled multi-site landing DNA walker for signal
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amplification. As shown in Scheme 1, briefly, the thioctic acid (TA)-
capped Au NCs (Au-TA NCs) were synthesized by one-step reduction of
gold precursor using sodium borohydride (NaBH,) in aqueous solution,
followed by covalent linking with co-reactant DPEA to form the high
efficiency self-enhanced Au NCs (Au-DPEA NCs). Subsequently, through
the Ag-S covalent bond, Fc-labeled quench probe (Fc-HP) was im-
mobilized onto Ag and Au-DPEA NCs modified glassy carbon electrode
(GCE) to gain signal “switch off” state. Then, plenty of mimic targets
obtained from walker process hybridized with Fc-HP to initiate another
Exo III cleavage process, accompanied with signal “switch on” state as
Fc left from the modified electrode. The aptasensor integrated the ad-
vantages of self-enhanced Au-DPEA NCs and the multi-site landing DNA
walker machine to achieve satisfactory ECL performance and broa-
dened the application of metal NCs in ultrasensitive biodetection.

2. Experimental section
2.1. Materials and reagents

Hexanethiol (HT) and poly-(diallyldimethylammonium chloride)
(PDDA) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
Sodium borohydride (NaBH,4), polyvinylpyrrolidoneK30 (PVPK30),
chitosan (CS), sodium citrate (Na3;C¢Hs0,2H,0), Iron (III) chloride
hexahydrateand (FeCl;6H,0), polyethylene glycol-800 (PEG-800),
acetic acid (NaAc), and polyethylene glycol-400 (PEG-400) were ac-
quired from Chengdu Kelong Chemical Industry (Chengdu, China).
Silver nitrate (AgNO3) and sodium hydroxide (NaOH) were purchased
from Sinopharm Chemical Reagent Company (Shanghai, China). N,N-
diisopropylethylenediamine (DPEA, 97%), thioctic acid (TA, 98%), and
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Scheme 1. Schematic illustration of (A) preparation of chitosan-encapsulated self-enhanced Au-DPEA NCs, (B) amplification strategy for target MUC1 conversion,

(C) fabrication of the aptasensor.
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N,N-Diethylethylenediamine (DEDA, 99%) were bought from J&K
Technology Co., Ltd. (Beijing, China). 1-(3-(Dimethylamino)propyl)-3-
ethylcarbodiimide hydrochloride (EDC) was supplied by Shanghai
Medpep Co. (Shanghai, China). Gold chloride tetrahydrate
(HAuCl44H50, 99.9%) was supplied by Chongqing Chemical Reagent
Co. (Chongging, China). Human mucinl (MUC1) was supplied by North
Connaught Biotechnology Co., Ltd. (Shanghai, China). The buffers in-
volved in this work were as follows: The 0.1 M phosphate buffered
saline (PBS, pH 8.0) was prepared with 0.08 M Na,HPO,, 0.02M
KH,PO4 and 0.1 M KCl; 20 mM Tris-HCl was prepared with 140 mM
NaCl, 5mM KCl, 1 mM CacCl,, and 1 mM MgCl,, (pH 7.4). Exo III and all
the oligonucleotides with different sequences were synthesized by
Sangon Biological Engineering Technology and Services Co.,Ltd.
(Shanghai, China), and the oligonucleotides sequences were summar-
ized in the Supplementray Material.

2.2. Apparatus

The ECL responses were recorded in PBS buffer with a MPI-A ECL
analyzer (Xi’ an Remax Electronics, China). The modified glassy carbon
electrode (GCE, & = 4mm) was acted as working electrode in the
three-electrode system in which the Ag/AgCl (sat. KCl) as reference
electrode and platinum wire as counter electrode. Cyclic voltammetry
(CV) was performed on a CHI 660C electrochemistry workstation (CHI
Instruments of Shanghai, China). The morphology characterization of
synthesized materials was completed with a scanning electron micro-
scopy (SEM, S-4800, Hitachi, Japan) and high-resolution transmission
electron microscopy (HRTEM, FEI Tecnai G2 F20, U.S.A.), respectively.
An UV —vis spectrophotometer (S UV-2450, himadzu, Tokyo, Japan)
and an F-5700 spectrofluorophotometer (Hitachi, Tokyo, Japan) were
used to characterize the optical properties of Au NCs and Au-DPEA NCs,
respectively.

2.3. Synthesis of self-enhanced Au nanoclusters (Au-DPEA NCs)

First, the Au nanoclusters stabilized by thioctic acid (Au-TA NCs)
were synthesized according to the method introduced by Mattoussi
with some modification (Aldeek et al., 2013). Briefly, TA (0.15 mM)
was dissolved in 20 mL of ultrapure water containing 100 uL of 1 M
NaOH, followed by adding 1% HAuCl, solution (nau:nya = 1:3) under
vigorous stirring. After stirring for 4h, 400 uL of 50 mM NaBH, was
added dropwise. The mixture was stirred for another 4 h and disposed
with membrane tubing of 3.5 K molecular weight cutoff (MWCO) for
48 h (refresh ultrapure water every 8 h).

Then, self-enhanced Au-DPEA NCs were synthesized according to
the method with some modification (Wang et al., 2016). First, 0.0383 g
of EDC was added into the 5 mL of Au-TA NCs dispersion with stirring
for 2h at room temperature. Subsequently, 35uL of DPEA was in-
troduced, and the reaction was allowed to proceed overnight. Last, the
as-synthesized Au-DPEA NCs were treated with membrane tubing (3.5
K MWCO) for 48 h and dispersed in 2 mL of 0.5% CS after the removal
of solvent in vacuum oven.

2.4. Preparation of the multi-site landing DNA walker

First, the S1-S2 duplex was generated by annealing the solution of
S1 (5uM) and S2 (5 uM) at 95 °C for 5 min, followed by cooling down to
37°C over 3h. (Yang et al., 2017). Then, the S1-S2 duplex was added
into the Au@Fe3;0, magnetic nanoparticles solution (120 pL) to form
the S1-S2/Au@Fe3;0, bioconjugates via Au-S bond under gentle shaking
at 4°C for 16 h, followed by adding 1 mM HT to block nonspecific
binding sites of AuNPs. After removing excess S1-S2 duplex and HT by
magnetic separation, the S1-S2/Au@Fe3;0,4 bioconjugates were redis-
persed in 200 pL of Tris-HCl buffer and stored at 4 °C for further use.
10 uL of S1-S2/Au@Fe30,4 bioconjugates solution reacted with 10 pL
mixture containing aptamer and various concentrations of MUCI1
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(MUC1-A) and 10yL of 3.0 U uL.™! Exo III at 37°C for 2h. In this
process, S1 could be digested by Exo III accompanied with the release of
MUC1-A complex, which was further used to initiate next cleavage
process, resulting in the generation of numerous S2. Finally, the re-
sultant solution including various concentrations of S2 and residual Exo
IIT was collected by magnetic separation and stored at 4 °C until further
use.

2.5. Assembly of ECL aptasensor

Before use, GCE was pretreated in sequence using 0.3 and 0.05 um
alumina powdery and then cleared thoroughly with deionized water.
Then, 15 pL of the CS-Au-DPEA NCs was dropped on the GCE electrode
and dried at room temperature to form a CS-Au-DPEA NCs layer. After
coating 10 uL. of AgNPs on the CS-Au-DPEA NCs/GCE, the obtained
electrode was further exposed to 5uL of 2uM Fc-HP at 4 °C for 6 h.
Following that, 10 uL of HT was used to preclude nonspecific binding.
Finally, the HT/Fc-HP/Ag/CS-Au-DPEA NCs/GCE was incubated with
10 uL of mixture including various concentrations of S2 and residual
Exo III at 37 °C for 1 h. After being washed, we could use the aptasensor
for ECL measurement.

2.6. Measurement procedure

After the construction of ECL aptasensor, the electrode was im-
mersed into 2mL of PBS (0.1 M, pH 8.0). After that, the working po-
tential from 0 to 1 V (photomultiplier tube (PMT) high-voltage 800 V)
with a scan rate of 300mVs~! was used to the aptasensor for ECL
measurement.

3. Results and discussion
3.1. Characterization of Au-DPEA NCs and Ag NPs

The observation of the as-synthesized Au-DPEA NCs was performed
by HRTEM. Fig. 1A demonstrated that Au-DPEA NCs have good
monodispersity and homogeneity. The size mainly distributed in the
range of 1.4-3.8 nm with a mean diameter of 2.54 nm (Fig. 1D). Fur-
thermore, clear lattice fringes of ca.0.230 nm, which was in accord with
the (111) facet of Au (Wang et al., 2008), could be easily observed in a
high scale HRTEM image of Au-DPEA NCs (Fig. 1B, C). The morphology
of the Ag NPs was confirmed by means of SEM and displayed in Fig. S1,
which indicated that the Ag NPs exhibited an irregular round shape
with size of 100-150 nm.

3.2. Optical Properties of as-synthesized Au-DPEA NCs

The results of photoluminescence (PL) spectra and ECL spectra
about as-synthesized Au-DPEA NCs were depicted in Fig. 2. As shown in
Fig. 2A, before crosslinking with co-reactant DPEA, the maximum PL
emission wavelength of Au NCs (blue line) was at 650nm. After
crosslinking with co-reactant DPEA, the maximum PL emission wave-
length of Au-DPEA NCs (red line) slightly red-shifted to 658 nm. Fig. 2B
showed the ECL emission spectrum of Au-DPEA NCs (black line) with
the maximum emission wavelength at 667 nm. There was about 9 nm
red-shift as compared to the PL emission spectra of Au-DPEA NCs,
which might be the effect of instrument. In addition, insert in Fig. 2B
showed the images of Au-DPEA NCs under visible-light irradiation and
UV-light irradiation (Aex = 365nm). It can be seen that the Au-DPEA
NCs dispersion was pale brown under white light and turn to rose red
under UV lamp.

3.3. ECL performance of Au-DPEA NCs

To confirm the superiority of the self-enhanced Au-DPEA NCs, the
ECL performances of (a) Au NCs with direct addition of 5mM DPEA
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Fig. 1. TEM of Au-DPEA NCs with 20 nm scale (A), HRTEM of Au-DPEA NCs with 5 nm scale (B). The crystalline structure (C) and size distribution of Au-DPEA NCs

D).

(intermolecular reaction pattern), (b) Au-DEDA NCs (self-enhanced
pattern with DEDA as co-reactant) and (c) Au-DPEA NCs (self-enhanced
pattern with DPEA as co-reactant) were explored. As shown in Fig. 3A,
an ECL intensity of 955a.u. was obtained from Au NCs in PBS con-
taining 5mM DPEA (curve a). Furthermore, the ECL intensity of self-
enhanced Au-DEDA NCs was 1345a.u. (curve b). Notably, self-en-
hanced Au-DPEA NCs showed 2048 a.u. of ECL intensity in PBS (curve
¢), which obviously increased by about 2.1 times and 1.5 times com-
pared to intermolecular reaction pattern and self-enhanced Au-DEDA
NCs, respectively, indicating that the self-enhanced structure possessed
better ECL performance and the proposed co-reactant DPEA could
drastically enhance the ECL intensity of Au NCs compared to DEDA.
Finally, CV was used to further characterize the electrochemical prop-
erties of DPEA and DEDA. As shown in Fig. 3B, the oxidation peak of
DPEA (0.937V, curve a) was lower than that of DEDA (1.067V, curve b),
which indicated that the DPEA could be more easily oxidized to DPEA"*
to obtain more reductive intermediate radical.

3.4. Possible ECL emitting mechanism of Au-DPEA NCs

For studying the ECL mechanism of the Au-DPEA NCs, the corre-
sponding ECL and CV behavior of Au NCs, Au-DPEA NCs in PBS (0.1 M,
pH 8.0) were measured. As shown in 4A, almost no ECL signal was
observed from the Au NCs. As DPEA covalently linked with Au NCs, an
ECL intensity of 2048 a.u. was obtained through electrode oxidation
(Fig. 4B). Meanwhile, an irreversible oxidation peak appeared at 0.92 V
from the CV of Au-DPEA NCs. In this process, Au-DPEA NCs was first
oxidized by electrode to form the Au*-DPEA’* NCs. Immediately, the
Au*-DPEA'* NCs became the intermediate Au™-DPEA’ NCs after de-
protonation, which could further change to the excited state Au*-DPEA
NCs through the intramolecular electron transfer and energy trans-
mission. Finally, the excited state Au*-DPEA NCs returned to ground
state Au-DPEA NCs with strong ECL emission. The possible ECL me-
chanism may be as egs. 1-4:

Au-DPEA NCs—Au*-DPEA’* NCs (€D)]

Au*-DPEA'" NCs—Au"-DPEA’ NCs 2

~

Au'-DPEA® NCs _— >

Au*-DPEA NCs—Au-DPEA NCs + hv ()]

3.5. Performance of the proposed aptasensor

Under the optimal reaction conditions, the linear range of the de-
signed method for MUC1 was examined. As exhibited in Fig. 5A, the
ECL intensities were increased with increasing MUC1 concentration.
Furthermore, as shown in Fig. 5B, ECL intensity correlates linearly to
the logarithm of MUC1 concentration in the range from 1 fg mL™! to
1ngmL™! with a correlation coefficient of 0.9981. The regression
equation was Al = 5061.2 + 596.3 lgcyucy with a limit detection of
0.54 fg mL ™. Table 1 showed previous studies for MUC1 detection, in
which our work exhibited better sensitivity compared to that of others.

The stability of the sensing system was evaluated under continuous
10 cyclic scans at 1 fg mL~! and 100 fg mL~! MUC, respectively. As
exhibited in Fig. 5C, the aptasensor displayed steady signals with re-
lative standard deviations (RSD) of 1.1% and 2.4%, respectively.
Moreover, the intra-assay and inter-assay of the sensing system were
examined with 100 fg mL~' MUCI1. The RSD were 2.1% and 3.5%
(n = 5), respectively, showing acceptable fabrication reproducibility of
the aptasensor (Supplementary Material, Fig. S8).

The selectivity was further evaluated by comparing the ECL re-
sponse in the presence of different proteins and the results were shown
in Fig. 5D. The CEA and AFP caused negligible ECL response. However,
we can see that the target MUC1 exhibited a much stronger ECL signal
than other interferences samples. Furthermore, the ECL intensity of the
mixture had no remarkable difference compared to MUC1. This de-
monstrated that the proposed aptasensor was selective for MUC1 de-
tection.

3.6. Serum sample measurement

The recovery experiment was performed to assess the applicability
of the aptasensor for the analysis of real samples. Firstly, the diluted
solution of serum (VSerum/VPBS solution) = 1:50) was used to prepare
various concentrations of MUC1. Then, the aptasensor was incubated

Au*-DPEA NCs

3
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Fig. 3. (A) ECL response of (a) 30 ug mL™! Au
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Fig. 4. ECL-potential and corresponding CV curves of Au NCs (A) and Au-DPEA NCs (B) in 0.1 M PBS (pH 8.0).

with the above samples to investigate the influence of the serum sam-
ples for MUC1 detection and the results were listed in Table S1 in the
Supplementary Material. The recoveries were ranged from 103.8% to
114.6% for serum samples, suggesting that the developed aptasensor
was suitable for the determination of MUC1 in clinical application.

4. Conclusion

In summary, the as-synthesized self-enhanced Au-DPEA NCs with
high ECL efficiency were successfully applied to establish an ECL ap-
tasensor for the ultrasensitive detection of MUC1. The self-enhanced
structure could achieve significant improvement in ECL efficiency by
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eliminating the use of additional excess co-reactants, shortening the
electronic transmission distance, and effectively reducing the loss of
energy. In addition, an efficient Exo III propelled multi-site landing
DNA walker could convert a small number of target protein to plenty of
intermediate DNA to achieve sensitive detection of different targets. In
view of these advantages, the self-enhanced metal NCs with high-per-
formance could open a new avenue for the development of metal NCs-
based ultrasensitive ECL platform for the biomolecules detection in
clinical analysis.
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Fig. 5. (A) ECL responses of the sensing system
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Table 1
Comparison of the proposed strategy with other protein detection methods.
Method Linear range Target Detection limit Ref
EC 1073-100 uM MUC1 2.48 pgmL ! (0.827 nM) Deng et al. (2017)
FL 10~ '-12ngmL~* MUC1 0.0748 ngmL ™! Si et al. (2018)
SRES 10-10° fg mL™? MUC1 10 fg mL™? Kamil Reza et al. (2017)
PEC 10" 2-40ngmL ! CEA 3.6pgmL~’ Qiu et al. (2018)
ECL 0.05-20 ng mL ™! AFP 6.2pgmL~* Wang et al. (2018)
ECL 10-107 fg mL™* MUC1 2.8 fg mL™! Jiang et al. (2016)
ECL 1071-10° fg mL ™! MUC1 0.54 fg mL~? This work
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