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ABSTRACT

The accurate and rapid quantitative detection of antibodies had a significant
influence in controlling and preventing diseases or toxins outbreaks. In this work, we first
introduce the antibody-powered triplex-DNA nanomachine to release cargo DNA as
substitute target for sensitive electrochemiluminescence (ECL) detection of
anti-digoxigenin based on a novel ternary ECL system. It is worth noting that the cargo
DNA as a substitute target of antibody can further participate in an enzyme-assisted
cycling strand displacement reaction (CSDR) to achieve ECL signal amplification and
improve the sensitivity of antibody detection. Additionally, porous palladium
nanospheres (pPdNSs) with considerably catalytic activity were first applied as
co-reaction accelerator to efficiently enhance the intensity of the ECL system of rubrene
microblocks (RubMBs) as luminophore and dissolved O, as endogenous co-reactant.
With the resultant ternary ECL system as biosensing platform, a significantly enhanced
initial signal was achieved in advance. Then the ferrocene labeled quenching probes were
employed to reduce initial signal and obtain the low background signal. Eventually, the
cargo DNA made the quenching probes release and recover the signal in the presence of
anti-digoxigenin. Thereupon the wide linear range (0.01-200 nM) and low limit of
detection (6.7 pM) were obtained, and this method not only reduces conjugation steps,
but also provides a sensitive and novel ECL analysis platform for trace detection of other

antibodies and antigen.
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1. Introduction

Special antibody detection!-3 has served as one of the most important means of
clinical diagnosis, due to its significant role in controlling and preventing diseases or
toxins outbreaks.* To date, besides the traditional enzyme-linked immunosorbent assays’
and immunoblotting methods®, some novel strategies in optical and electrochemical
methods” for antibody detection have emerged in recent years. For example, Alexis et
al.'% proposed an electrochemical steric-hindrance approach for effective detection of
antibody based on the hindrance effect of immunocomplex towards the electronic
transmission of redox signal probes. Additionally, Zhang and co-workers!! introduced an
optical binding assays for antibody detection based on strand displacement competition
reaction according to biotin-streptavidin interaction and Forster resonance energy transfer
(FRET) signal strategy. However, the lack of amplification methods for the direct
detection of antibody limits its sensitivity improvement, which makes the detection of
trace antibodies highly challenging. Recently, target conversion strategy creates a
desirable opportunity for target amplification according to the conversion of targets into
nucleic acids which serve as ideal amplifiable “substitute target” for any non-nucleic acid
targets. Generally, the targets, such as proteins and small biomolecules, are converted
into aptamer-protein complex, and further participated in nucleic acid recycling

amplification to achieve sensitive detection of non-nucleic acid targets.!>!* Nevertheless,
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the aptamers with high specificity and affinity were involved in the conversion of
aptamer-target complex into nucleic acids, which depended on the aptamers obtained by
the laborious and costly selection. To avoid the dependence of aptamer, our previous
work!# has introduced a target conversion strategy by the use of DNA-antibody binding
complex and nucleic acid amplification for electrochemical detection of Cystatin C.
However, this method required multiple, time-consuming conjugation steps. Herein, we
describes a relatively simply, time-saving method for antibody detection, which combines
triplex-DNA nanomachine for target conversion with enzyme-assisted cycling strand
displacement reaction (CSDR) for signal amplification.

Electrochemiluminescence (ECL) with high sensitivity!>-!7 is considered as an
effective analytical technology'®, for the detection and quantization of low abundance
analytes!®. With the advantages of high fluorescence quantum efficiency and low cost,

organic ECL luminophores, such as rubrene?’, 9,10-diphenylanthracene (DPA)?! and

boron dipyrromethene (BODIPY)?? have been studied extensively in the past few decades.

However, handicapping by their nature aromatic structure, the most organic ECL
luminophores demonstrate weak ECL signal in aqueous solution due to the poor
solubility and low radical ion stability, which limits their applications in bioanalysis.
Until 2014, Bard and co-workers?? first reported the ECL of rubrene in emulsion system
in water. As described, it not only increased the solubility of rubrene in water in a sense,

but enhanced the ECL intensity by using tri-n-propylamine (TPrA) as the exogenous
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co-reactant as well. And yet, both the weak stability of emulsion and the security of the
used reagents are obvious issues of this method. Recently, in our previous reports?*, the
strong ECL of rubrene microrods (RubMRs) prepared by reprecipitation method was first
achieved just in phosphate-buffered saline (dissolved O, as endogenous co-reactant) with
the enhancement of Pt nanoflowers (PtNFs). Different from this, we proposed a solid
phase ternary ECL system with porous palladium nanospheres (abbreviated as pPdNSs
and played the role as co-reaction accelerator) assembled RubMBs as enhanced
luminophores and dissolved O, as endogenous co-reactant. Advantages of the proposed
ECL system can be summarized as the following. First, pPdNSs can extremely increase
the ECL signal of the RubMBs/dissolved O, system about 3 times as much as that of
PtNFs. Secondly, palladium as non-toxic noble metal is cheaper and more economical
than platinum, and the synthesis method of pPdNSs is simple and time-saving. Besides,
the RubMBs with uniform size were synthesized by the usage of the tween 20 as
surfactant, which can maintain original morphology in aqueous phase for a long time. All
of these advantages ameliorate greatly the ECL performance of the RubMBs/dissolved O,
ECL system.

Here we first introduced the target-powered triplex-DNA nanomachine?32¢ into the
ternary ECL system (RubMBs/dissolved O,/pPdNSs) and utilized enzyme-assisted CSDR
to achieve highly sensitive and specific detection of target anti-digoxigenin (anti-Dig). In

our work, the triplex-DNA nanomachine was labeled on Au nanoparticles decorated
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Fe;04 magnetic nanoparticles (triplex-DNA/Au@Fe;O4 composites), and then reacted
with different concentrations of target anti-Dig to release the cargo DNA as amplifiable
substitute target, which further participates in enzyme-assisted CSDR to achieve ECL
signal amplification and improve the sensitivity for anti-Dig detection. Subsequently, we
constructed the following ECL sensing platform. Briefly, RubMBs and pPdNSs were
assembled onto the GCE by electrostatic interaction, respectively, which presented the
“signal on” state. Importantly, not only had the pPdNSs with porous nanostructures
considerably catalytic activity for the RubMBs/dissolved O, ECL system, but provided
numerous sites for thiol-labeled DNA probe immobilization as well. Then, the S4-S5-Fc
duplex as quenching probe was assembled on pPdNSs via Pd-S bond to reduce the
background signal enormously, which exhibited the “signal off” state. Finally, the
substitute target with different concentrations was incubated on the surface of modified
electrode, and then triggered the CSDR with the aid of the T7 Exonuclease (T7 Exo). As
expected, it was observed that the ECL signal realized partial recovery as the “signal on”
state. Meanwhile, it can be found that the ECL intensity increased with the increasing
concentration of target anti-Dig. Therefore, the proposed biosensor can be successfully
applied for anti-Dig sensitive detection with brilliant selectivity, satisfactory stability and
low limit of detection. This method not only reduces conjugation steps, but also achieves
sensitive detection of antibody. The construction process of the biosensor is shown in

Scheme 1.
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Scheme 1. Schematic illustration of production process of substitute target (A), Sensitive detection of

anti-Dig based on enzyme-assisted cycling strand displacement reaction (B), and the possible ECL

mechanism of ternary RubMBs/dissolved O,/pPdNSs system (C).

2. Experimental methods

2.1 Preparation of Au@Fe;O4 nanocomposites

The Au@Fe;04 nanocomposites were synthesized according to the published
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method with slightly alterations.?’-?® Firstly, 0.35 g ferric chloride (FeCl;-6H,0), 0.25 g
polyethylene glycol-800 (PEG-800) and 0.9 g natrium aceticum (NaAc) were dissolved
into 10 mL ethylene glycol under moderately stirring for 30 min. Secondly, the resultant
solution was poured into a 20 mL stainless-steel autoclave and reacted at 200 °C for 8 h.
After terminating the reaction and cooling down to room temperature, the black Fe;O4
precipitate was collected via magnetic separation and washed alternately using ethanol
(95%) and ultrapure water for four times. Subsequently, the obtained Fe;O, magnetic
nanomaterials were dried overnight at 80 °C. Then, 10 mg as-prepared Fe;O,
nanomaterials were dispersed in 10 mL poly-(diallyldimethylammonium chloride)
(PDDA) solution (1%). Next, the above mixture was shaken overnight under room
temperature, and then centrifugated to remove the unnecessary PDDA. Following this, 2
mL the gold colloidal solution prepared by an as-reported method?® was injected into the
above PDDA-functionalized Fe;O4 solution, and then shook for 4 h under room
temperature to form the Au@Fe;0, nanocomposites. Then the products were separated
by a magnet and washed four times using ultrapure water. Eventually the as-prepared
Au@Fe;0,4 nanocomposites were dispersed in 8 mL ultrapure water and stored at 4 °C for
the next experiment. The scanning electron microscope (SEM) image of Au@Fe;04
nanocomposites was presented in Figure S1 (Supporting Information).

2.2 Synthesis of rubrene microblocks and porous palladium nanospheres

The rubrene microblocks (RubMBs) were synthetized through a typical
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reprecipitation method as follows. Briefly, 10 mg orange rubrene powder was dispersed
in 10 mL tetrahydrofuran (THF) with vigorous stirring, followed by being injected into 5
mL tween 20 (0.24 g/mL) aqueous solution under rapid agitation for 10 min.
Subsequently, the mixture was ultrasonicated for 30 min. Thereafter, the RubMBs were
collected through centrifugation and washed five times using ultrapure water to remove
residual THF and tween 20. Finally, the RubMBs were re-dispersed in 12 mL ultrapure
water.

The porous palladium nanospheres (pPdNSs) were prepared by a simple and
effective wet-chemical method reported before.’® Firstly, 400 pL potassium
tetrachloropalladate(I) (K,PdCly, 10 mM) solution and 18 mg hexadecyl pyridinium
chloride (HDPC) were dissolved into 5 mL ultrapure water. After adequate mixing, 300
uL freshly prepared L-ascorbic acid (AA, 0.1 M) solution was rapidly added into the
above mixture under gentle agitation. Afterwards, the resultant solution was allowed to
stand for 3 h at 35 °C. Following that, the products were obtained by centrifugation and
washed using ultrapure water. Finally, the resultants were dispersed in 20 mL ultrapure
water for further use.

2.3 Preparation of triplex-DNA/Au@Fe;04 composites

Primarily, the mixture of thiol-labeled SO (SO-SH, 10 uM, activated by 2 pL of 10

mM tris-(2-carboxethyl)-phosphine hydrochloride (TCEP) for 1 h to reduce disulfide

bonds?! of the SO-SH), digoxigenin-labeled S1 (S1-Dig, 10 uM), digoxigenin-labeled S2
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(S2-Dig, 10 uM) and cargo DNA (substitute target, 12 uM) solution was heated to 95 °C
for 5 min, followed by gradually cooling down to room temperature to form the
triplex-DNA nanomachine. Then the obtained triplex-DNA nanomachine solution was
added into the suspension of Au@Fe;0, and incubated overnight at 37 °C to form
triplex-DNA/Au@Fe;0, composites. Eventually, the obtained triplex-DNA/Au@Fe;04
composites solution was stored at 4 °C for future use.
2.4 Fabrication of the ECL biosensor

To obtain the clean and smooth surface of glass carbon electrode (GCE, @ = 4 mm),
the bare GCE was treated based on the published method.?> Then, 10 uL the as-prepared
RubMBs solution was coated on the pre-treated GCE to obtain the RubMBs-modified
electrode (RubMBs/GCE). After drying, 8 pL the pPdNSs solution was dropped onto the
surface RubMBs/GCE and dried at 25 °C, which was successfully assembled on RubMBs
through electrostatic interaction. Subsequently, 10 uL S4-S5 duplex DNA solution,
which was prepared by the annealing of the thiol-labeled S4 (S4-SH, 3 mM, treated with
TCEP) and ferrocene-modified S5 (S5-Fc, 3 uM), was immobilized on the modified
electrode (pPdNSs/RubMBs/GCE) overnight at 4 °C via Pd-S bond. After rinsing with
ultrapure water, 10 pL hexanethiol (HT, 1 mM) was dropped on the surface of the above
electrode and incubated at room temperature for 40 min to obtain the biosensor
(HT/S4-S5/pPdNSs/RubMBs/GCE). Prior to measurement, the obtained biosensor was

rinsed with ultrapure water.

10
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2.5 Measurement procedure

After collection by magnetic separation, the triplex-DNA/Au@Fe;O4 composites
were re-dispersed in 100 pL target anti-Dig with various concentrations to react at 37 °C
for 45 min. In the meantime, target anti-Dig reacted with the triplex-DNA/Au@Fe;04
composites by specific binding to the recognition sites of Dig which were labeled on the
S1 and S2 respectively, to make the triplex-DNA open, resulting in the release of
substitute target. Eventually, the resultant solution containing substitute target was
collected through magnetic separation.

Next, the reaction solution was prepared by mixing 89 pL the above solution, 10 puL
10 x NEBuffer 4 and 1 pL. 10000 U/mL T7 Exonuclease (T7 Exo). Then 10 pL the
reaction solution was incubated on surface of the as-prepared biosensor
(HT/S4-S5/pPdNSs/RubMBs/GCE) at 25 °C for 2.5 hour, proceeding enzyme-assisted
cycling strand displacement reaction (CSDR). Ultimately, ECL signal of the biosensor
was recorded in 3 mL phosphate-buffered saline (PBS, 100 mM, pH 7.4) on a MPI-E
electrochemiluminescence analytical system, and the working potential varied from -1
V~1.2 V at a scan rate of 0.3 V/s (PMT high-voltage 800 V, magnitude 3).
2.6 Native PAGE experiments

First, 10 uL each DNA sample was mixed with 2 pL loading buffer, and then the
mixture was loaded into the prepared polyacrylamide gel (16%) for native

polyacrylamide gel electrophoresis (PAGE), which was executed on a BG-verMIDI

11
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standard vertical electrophoresis apparatus, using 1 x TBE buffer at pH 8.0 and at 100 V
for 1 h 30 min. After the electrophoresis was finished, the gel was stained by GenGreen
on shaker for 40 min, followed by being scanned by the Bio-Rad Gel Doc XR+ System.
The results were shown in Figure S2 (Supporting Information).
3. Results and discussions
3.1 Morphology characterization of different nanomaterials

Typical electron microscopy images of different nanomaterials are displayed in
Figure 1. It is clearly shown in Figure 1A that the RubMBs had the uniform block-like
structure with a length of 2+1 pm and width of ~ 500 nm. The SEM image of the
prepared pPdNSs is shown in Figure 1B. As presented, the monodisperse pPdNSs had a
rough spherical appearance with a diameter of approximately 50+20 nm. The structure of
the rough pPdNSs was further examined by transmission electron microscope (TEM)
image (Figure 1C). It can be observed, the pPdNSs were chiseled porous nanostructures
with tiny pore channels, which provides direct evidence for large specific areas and
highly catalytic activity. Figure 1D displays the SEM image of the pPdNSs/RubMBs

materials, exhibiting that the pPdNSs attached on the surface of RubMBs.

12
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30 2 Figure 1. (A) SEM image of RubMBs, (B) SEM image of pPdNSs, (C) TEM image of pPdNSs, (D)
33 3  SEM image of pPdNSs/RubMBs.

35 4 3.2 Optical characteristics of rubrene

38 5 The UV-vis absorption spectra, fluorescence spectra and ECL spectra were utilized
6 to characterize the optical properties of rubrene THF solution and RubMBs. Figure 2A
43 7  displays the normalized UV-vis absorption spectra of the rubrene in THF and the
46 8 as-synthesized RubMBs in ultrapure water. Evidently, compared with rubrene in THF,
48 9 the absorption peaks of RubMBs exhibits a certain red-shift from 462 nm, 491 nm, 526
51 10  nm to 470 nm, 506 nm, 592 nm, respectively, which probably results from the formation

11 of aggregates in the J type stacking model’3-** and the solvent effects. As observed in
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Figure 2B, the fluorescence (FL) spectrum of RubMBs shows the maximum wavelength
at 558 nm, which is extremely approximate to the ECL spectrum with the maximum
wavelength at 550 nm, suggesting that the ECL mechanism of RubMBs might be in
accord with that of photoluminescence. Additionally, the inset of Figure 2B exhibits the
photographs of the RubMBs aqueous solution with the radiation of natural-light and
UV-light. It can be observed that the RubMBs solution is pink-orange under natural-light

but is faintly greenish yellow under the UV-light (A = 365 nm).

g A a Rubrene (THF) = |B a—— ECL Em | -
= b —— Tween 20 / RubMBs 2 b—— FLEm =
= = S
8 B =
2 i £
« ! -
S | 3 =
S : 9 2
— 7] N
= i N [(550 nm)a b (558 nm) =
E 4 = <
s ! = E
Z 1 1 = =)

: 14 : i 2 1 1 11l 1 1 Z

400 500 600 700 450 500 550 600 650 700

Wavelength / nm Wavelength / nm

Figure 2. (A) UV-vis absorption spectra of (a) rubrene in tetrahydrofuran (THF), (b) RubMBs in
ultrapure water, (B) The ECL spectrum of (a) RubMBs and FL spectrum of (b) RubMBs with the
excitation wavelength at 488 nm. Inset of B: images of RubMBs with the radiation of natural-light
(left) and UV-light (right).
3.3 The comparison of different co-reaction accelerators

To discuss the catalytic effect of pPdNSs and PtNFs as co-reaction accelerator for
RubMBs/dissolved O, ECL system, a comparison test was carried out. Firstly, the Pt

nanoflowers (PtNFs) were synthesized based on the reported method.? It is worth noting

14
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that the initial concentration of the dihydrogen hexachloroplatinate (H,PtClg) is equal to
that of K,PdCl; (10 mM), and then the obtained PtNFs was re-dispersed in 20 mL
ultrapure water, which was the same as the treatment of pPdNSs. Subsequently, the two
different modified electrodes (pPdNSs/RubMBs/GCE, PtNFs/RubMBs/GCE) were
constructed according to the above mentioned method (Experimental methods 2.4), and
then measured in 3 mL PBS (100 mM, pH 7.4), respectively. As shown in Figure 3A, the
ECL signal of the RubMBs/dissolved O,/pPdNSs system is 14624 a.u., which is about 3
times as much as that of RubMBs/dissolved O,/PtNFs system (Figure 3B, 4837 a.u.),
illustrating that the pPdNSs have more excellent catalytic effect and higher catalytic

efficiency than PtNFs for the RubMBs/dissolved O, ECL system.

16k 16k
= 3 A RubMBs/dissolved O2/pPdNSs . B RubMBs/dissolved Oz2/PtNFs
Skl 1=14624 a.u. = 12k} 1= 4837 a.u.
g | hv Foa i1
g 8kp Z 8k}
R 02+ 02 g 02 @ O2
| = O 0 O
o 4k} 02 / - 4k ! 02/ A
= o i
L —— =) m —— = —
0F - : . : : of - - . . .
-1.0 -05 0.0 0.5 1.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Potential / V Potential / V

Figure 3. ECL intensity-potential curves of (A) pPdNSs/RubMBs/GCE (10 pL. RubMBs solution, 10
puL pPdNSs solution), (B) PtNFs/RubMBs/GCE (10 uLL RubMBs solution, 10 pLL PtNFs solution) in
3 mL PBS (pH 7.4).

3.4 Possible ECL mechanism of the proposed ternary ECL system

To discuss possible ECL mechanism of the proposed ternary ECL system

15
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(RubMBs/dissolved O,/pPdNSs), the ECL and CV measurements of the different
nanomaterial modified electrode were conducted in air-saturated and N,-saturated PBS
(pH 7.4) under the scan potential range of -1 to 1.2 V, respectively. As shown in the
Figure 4A, the RubMBs/GCE shows an extremely feeble ECL signal about 41 a.u. in
N,-saturated PBS (curve a), which presents no apparent change compared with that of the
pPdNSs/RubMBs/GCE (curve b). These results suggest that the pPdNSs have no effect
on the ECL of RubMBs. While the RubMBs/GCE measured in air-saturated PBS presents
a noticeable ECL peak with the intensity of 290 a.u. (curve c), illustrating that the
dissolved O, can be served as the co-reactant of RubMBs to increase its ECL emission.
This provides a direct evidence for the luminescence of RubMBs/dissolved O, ECL
system. After the pPdNSs are introduced into RubMBs/dissolved O, ECL system, the
ECL intensity is raised from 290 a.u. to 9216 a.u. (around 30 times increase, curve d),
illustrating that the pPdNSs as the co-reaction accelerator can enormously improve the
ECL emission of RubMBs/dissolved O, system.

Meanwhile, the corresponding CV curves are presented in Figure 4B. For the
RubMBs/GCE measured in N,-saturated PBS, no redox peak is observed on curve a
while on the CV curve of pPdNSs/RubMBs/GCE, an anodic peak appeared at ~0 V
(curve b), which may be derived from the oxidation of pPdNSs. Additionally, the current
of curve b markedly increases, suggesting that the pPdNSs can improve the conductivity

of the RubMBs/GCE. Remarkably, the CV wave of RubMBs/GCE in air-saturated PBS

16
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shows a distinct cathodic peak at -0.69 V with low current (curve c), which results from
the electrocatalytic reduction of dissolved O, in PBS. Interestingly, after the pPdNSs are
introduced into the RubMBs/GCE, the corresponding cathodic peak current further
increases, and the peak potential shifts positively from -0.69 V to -0.55 V (curve d),
demonstrating that the pPdNSs as the co-reaction accelerator can catalyze the reduction
of dissolved O,.

Hence, based on the above discussion and the reported literature,3¢-3® the possible
ECL mechanism of RubMBs/dissolved O,/pPdNSs ECL system can be outlined as
follows: First, the radical cation of rubrene (Rub™") is generated by one-electron oxidation
of the RubMBs (eq 1). Then, with the aid of pPdNSs, the dissolved O, accumulated in
perpendicular pore channels of pPdNSs is reduced to produce more ROS (eq 2-5).
Subsequently, the radical cation of rubrene interacts with the ROS to generate the
excited-state species ('R *) by chemical excitation (eq 6-7). Eventually, the 'R * further

produces the intense ECL emission (eq 8).

Rub - e© —» Rub"* (1)
PANS

O, + e 4>p : 0, (2)
pPdNSs

0, +2H,0 +2¢ — «OH + 30H- (3)
pPdNSs

O, + 2H,0 + 2¢- —» H,0, + 20H- (4)

PANS
H,0, + e- >—"p OH-++OH + O, (5)
0, + Rub** —>» R*+ 0, (6)
17
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*OH + Rub*t —» R*+H* (7)
IR® —» R+hv (8)
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Figure 4. (A) ECL intensity-time curves and (B) the corresponding CV curves of (a) RubMBs/GCE,
(b) pPdNSs/RubMBs/GCE in  Nj-saturated PBS (pH 7.4), (c) RubMBs/GCE, (d)
pPdNSs/RubMBs/GCE in air -saturated PBS (pH 7.4).
3.5 Optimization of the reaction conditions

With the purpose of achieving the best performance of as-prepared ECL biosensor, it
is necessary for some experimental conditions to be optimized in this study, such as the
reaction time of CSDR and the reaction time between triplex-DNA/Au@Fe;0,4
composites and anti-Dig, both of which may affect ECL response of the proposed
biosensor. At first, effect of the reaction time of CSDR was investigated. As
demonstrated in Figure 5A, the ECL intensity keeps an upward tendency with the
reaction time increasing and then basically remained stable after 2.5 h. Thus, the optimal
time is served as 2.5 h used in subsequent experiment. On the other hand, the reaction

time between triplex-DNA/Au@Fe;O4 composites and anti-Dig was studied. It is
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obviously observed in Figure 5B that the ECL signal gradually tends to be stable at 45

min. Therefore, the optimal reaction time between anti-Dig and triplex-DNA/Au@Fe;04

composites is determined as 45 min.
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Figure 5. Effects of (A) the reaction time of CSDR, and (B) the reaction time between
triplex-DNA/Au@Fe;04 composites and anti-Dig (10 nM).
3.6 ECL responses of the biosensor towards anti-Dig

To investigate performance of the proposed ECL biosensor, the ECL responses to
anti-Dig with various concentrations were recorded under the optimal conditions. Figure
6A displays the ECL intensity-potential curves, wherein the ECL response enhances
gradually along with increasing concentration of anti-Dig ranging from 0.01 nM to 200
nM. Moreover, it can be observed from the Figure 6B that the ECL intensity (/gcr)
linearly depends on the logarithmic value of the anti-Dig concentration (Igc). And the
liner relationship of the calibration plot is expressed as Igcp = 13514.19 + 1120.35 lgc
with a squared correlation coefficient of 0.997. Satisfactorily, there is a detection limit of

6.7 pM (S/N = 3) (the detail calculation is displayed in Supporting Information Figure
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S4). Additionally, compared with that reported in the previous literature, the proposed

sensor exhibits outstanding analytical performance for anti-Dig detection. And the assay

results are generalized in Table 1.

ECL intensity / a.u.
S <.
N = h =]
x F F F

e
=

- A

2,0x107 mol/L
1.0x107 mol/L
5.0x10"° mol/L
1.0x10® mol/L
5.0x10” mol/L
1.0x10° mol/L
5.0x10™"" mol/L
1.0x10™ mol/L
5.0x10™"" mol/L
1.0x10™" mol/L

0.0 0.5
Potential / V

ECL intensity / a.u.

6.0k

4.5k

3.0k

B <
1=1120.35 lgc + 13514.19

R’=0.997

-10 -9 -8 -7
lg(c/ M)

-11

Figure 6. (A) ECL intensity-potential curves of the proposed biosensor incubated with different

concentration of target anti-Dig (0.01-200 nM), (B) The calibrating plot of the proposed biosensor for

anti-Dig assay. (Error bars, SD, n = 3).

Table 1. Comparison of different methods for anti-Dig detection

detection method liner range limit of detection reference
Electrochemistry none 1 nM 10
Electrochemistry none 5nM 39
Fluorescence 1-25 nM 0.67 nM 40
Fluorescence 10-125 nM 5.6 nM 41

Electrochemiluminescence 0.01-200 nM 6.7 pM This work

3.7 Selectivity and stability of the biosensor
Selectivity is one of the major parameters to assess the practicability and specificity
of the proposed ECL biosensor. Some relevant interfering proteins including streptavidin

(STV), human immunoglobulin G (IgG) and anti-dinitrophenol (anti-DNP) at an identical
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concentration of 100 nM were selected to carry out the comparative experiments. The
experiment results are depicted in Figure 7A. Despite the existence of interfering proteins
with high concentration, no significant effect for ECL signal is observed compared to the
ECL intensity of blank sample. However, the existence of anti-Dig makes the ECL
intensity significant improvement. The results obviously illustrate that the proposed ECL
strategy for anti-Dig detection has an excellent selectivity and may be apply for practical
analysis.

Equally, stability is also a significant concern for exploring the availability of ECL
sensor, which was studied by means of periodically scanning the as-prepared sensor in
100 mM PBS (pH 7.4). The consequences are displayed in Figure 7B, It can be found that
the ECL intensity of sensor basically remains stable within 10 times in the presence of 10

nM of anti-Dig (RSD = 1.14%), suggesting the proposed biosensor possesses satisfactory

stability.
skfA SkrB RSD = 1.14 %
= ! i S 5
4 4k} d 4k
£ 1 £ 3k}
2 3k| g
L L
| £ 2k}
= 2k} o
— [
= 2
1k}
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Figure 7. (A) Selectivity of the ECL biosensor for some relevant interfering proteins, (B) Stability of

the ECL biosensor under a continuous scan for 10 cycles in the presence of anti-Dig (10 nM).

21

ACS Paragon Plus Environment



oNOYTULT D WN =

10

11

12

13

14

15

16

ACS Applied Materials & Interfaces

3.8 Analysis of anti-Dig in human serum

The feasibility and accuracy of the proposed method was evaluated by measuring
the recovery of anti-Dig with known concentrations in human serum (diluted with PBS,
pH 7.4). As shown in Table 2, the recovery and relative standard deviations (RSD) of
anti-Dig are in the range of 90-108% and 1.0-4.0%, respectively. On the basis of the
above assay results, it proves that the proposed biosensor is a potential tool for the
admeasurement of anti-Dig in real samples.

Table 2. Recovery of anti-Dig in diluted human serum

Sample number Added/nM Detected/nM Recovery/% RSD/%
1 0.1 0.108 108 3.1
2 1 0.962 96.2 3.0
3 10 10.5 105 1.0
4 100 94.7 94.7 1.5
5 150 154 103 3.7

4. Conclusions

To sum up, a highly sensitive ternary ECL system (RubMBs/dissolved O,/pPdNSs)
for anti-Dig detection is established by means of uniting the advantages of the pPdNSs
and triplex-DNA nanomachine in this work. First, the pPdNSs with large specific surface
area can immobilize great quantities of quenching probe (S4-S5-Fc) via Pd-S coordinate
bond. Herein, the pPdNSs as co-reaction accelerator present perfect catalytic capacity for
dissolved O,, which can enormously enhance ECL intensity and improve sensitivity of

the proposed method for antibody detection. More significantly, the anti-Dig powered
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triplex-DNA nanomachine in the presence of anti-Dig achieves the rapid release of cargo
DNA for target amplification, which is beneficial to improving the accuracy and
sensitivity of anti-Dig assay. Therefore, the proposed ECL strategy can measure anti-Dig
in human serum and exhibit high accuracy and sensitivity, illustrating its high practical
application value. Besides, the triplex-DNA nanomachine can be designed to response
other special inputs (e g. anti-DNP, STV), which broadens its application in the bioassay.
Supporting Information

Chemicals and materials, apparatus, SEM characterization of Au@Fe;04
nanocomposites, ECL and CV characterization of the ECL biosensor, feasibility analysis
by native PAGE experiments, and the calculation procedure of the LOD.
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