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Here, a novel sensitive electrochemiluminescence (ECL)
biosensor using N doped carbon dots (N-CDs) in situ electro-
polymerized on glass carbon electrode (GCE) as luminophor
and Pd-Au hexoctahedrons (Pd@Au HOHs) as enhancer was
developed for the detection of intracellular lead ion (Pb*").

Lead, as a common environmental pollutant, has attracted
people’s attention since its toxicity was widely reported.'”
According to previous literatures, lead ion (Pb*") even in a small
amount can cause serious organ damage to human, especially in
children, by irreversible brain damage, mental neurons, lung and
some other body tissue.* 7 In view of this, several analytical
methods have been developed for the detection of Pb*" in human
body, including atomic absorption spectrometry,®
electrochemistry,” fluorescence,'® '" inductively coupled plasma
mass spectrometry (ICP-MS)'? and so on. However, most of
these methods suffer from long analysis time or bulky instrument.
And much attention has been paid to the detection of extracellular
Pb>", such as blood lead. However, the concentration of
extracellular Pb*" cannot reflect the real amount of Pb*" that
causes DNA damage and chromosome aberrations in cells. And
the mechanisms of Pb*" toxicity remain an open question for
research. In view of these, the accurate detection of the
intracellular Pb*" may have more positive significance for clinical
diagnosis and help people to understand the lesions mechanism of
Pb>".

Electrochemiluminescence (ECL) technology has been
developed rapidly due to its low background, high sensitivity,
simple format and may become a powerful tool for the detection
of intracellular Pb**.'*!* In addition, to broaden the application of
ECL in biological analysis, several kinds of novel luminescent
materials with excellent biocompatibility have been introduced
into ECL system, such as fluorescent dyes,'® noble-metal
nanoclusters,'” ' iridium complex'® and carbon dots (CDs).>**
Among these luminescent materials, CDs are easy to be prepared,
size-controllable and have superior biological compatibility.
Whereas, the luminescence efficiency of traditional CDs is very
low. Moreover, the water solubility of CDs makes them difficult
to be immobilized on electrode, which further limits their
application in ECL system. Therefore, the key point to use CDs
as signal probe effectively in ECL system may lie on enhancing
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the ECL intensity of CDs and immobilizing CDs well. On these
accounts, some previous literatures have reported that nitrogen (N)
doped CDs have higher luminescence efficiency than traditional
CDs.®*? And o-phenylenediamine (OPD), a well-known
precursor of CDs, which has carbon and nitrogen in its molecule,
can be utilized as carbon source and nitrogen source to synthesize
N doped CDs (N-CDs).?*?? To further enhance the ECL signal of
N-CDs, core-shell Pd-Au hexoctahedrons (Pd@Au HOHs) with
special catalyst activity for ECL reaction are introduced into the
fabrication of ECL biosensor based on N-CDs.** !

Here, an ECL biosensor using N-CDs in situ electro-
polymerized on glass carbon electrode (GCE) as luminophor and
Pd-Au hexoctahedron (Pd@Au HOHs) as enhancer was
developed for the detection of intracellular Pb*". As illustrated in
Scheme 1, OPD was in situ electro-polymerized on the glass
carbon electrode to form N-CDs. Due to the presence of amino
groups on N-CDs, Ag nanoparticles (AgNPs) were immobilized
on the electrode. In turn, amino-modified capture DNA (T,) was
immobilized on the AgNPs through Ag-N bond. Afterward, the
complementary DNA (T,) and ssDNAI (S;) labeled Pd@Au
HOHs (Pd@Au HOHs-T,-S;) were modified on the electrode
through the chain hybridization between T; and T,.
Simultaneously, ssDNA2 (S,) labeled Pd@Au HOHs (Pd@Au
HOHs-S,) were introduced by the hybridization between S; and
S,, with the formation of Pd@Au HOHs-DNA dendrimers on the
electrode. Owing to highly catalyst activity of Pd@Au HOHs, the
ECL reaction of N-CDs was promoted and the signal of N-CDs
was significantly enhanced. Finally, intracellular Pb** was used to
couple with numerous repeated DNA sequences of S; and S, to
form Pb*'-stabilized G-quadruplex (G4) structure. With the
forming of Pb**-stabilized G4 structure, the ECL intensity of N-
CDs was quenched by Pb?". Therefore, the ECL biosensor based
on N-CDs was successfully fabricated for the detection of
intracellular Pb*". In addition, Pd@Au HOHs-DNA dendrimers
not only greatly enhanced the ECL signal of N-CDs, but also
realized the effectively capture of Pb*', which was beneficial to
improve the sensitivity in a signal-off biosensor for detection of
intracellular Pb®". Therefore, this work provided a novel and
effective detection strategy for intracellular Pb**.
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Scheme 1 The fabrication and reaction mechanism of the proposed ECL
biosensor.

The possible ECL mechanism of N-CDs was presented in
Fig. 1. Firstly, N-CDs got electrons to form N-CDs". (Reaction
@) With the catalysis of Pd@Au HOHs, SO,” was generated
more quickly by the oxidation reaction of S,05>, making great
contribution to next ECL reactions and leading to the increase of
ECL signal. (Reaction @) After that, the N-CDs™ reacted with
SO,” to generate N-CDs’. (Reaction @) Finally, the light
emission was produced when the N-CDs" transferred to N-CDs.
(Reaction @). When Pb**-stabilized G4 structure was forming on
the electrode, the ECL intensity of N-CDs was quenched by Pb*"
(Reaction ®)).

N-CDs + nee ——— nN-CDs*- O)

@

$,0 +& —— SO +S0;"
N-CDs* + S0;" —— N-CDs*+ SO *

@
®
N-CDs* ——> N-CDs +hv ®
®

Pb2+
N-CDs* —¢— N-CDs + hv

Fig. 1 The possible ECL mechanism of N-CDs.

The morphologies of different nanomaterials were
characterized by SEM and TEM. As shown in Fig. S1A (See ESI),
AgNPs were well separated spherical particles with a diameter of
10 nm. The images in Fig. S1B presented that the N-CDs were
monodisperse nanoparticles with a diameter of 5 nm. The images
in Fig. S1C and Fig. S1D revealed that the Pd@Au HOHs
possessed polyhedral shape with a diameter of 90 nm. To futhur
characterize the synthesis of Pd@Au HOHs, X-ray photoelectron
spectroscopy (XPS) was utilized for the elemental analysis of
Pd@Au HOHs. As anticipated, the characteristic peaks for Pd3d
and Au4f could be observed in Fig. S1E. The peak at 335.0 eV
was represented the XPS signature of Pd3d resulting the presence
of Pd seeds. The peak at 87.7 eV was the XPS signature of Audf
indicating the existence of metallic Au’. These proof indicated
the successful synthesis of Pd@Au HOHs.

In addition, mostly traditional gold nanomaterials had strong
quenching effect for luminescent carbon dots due to the energy
transfer between them.*”** However, the Pd@Au HOHs prepared
in this work greatly enhanced the ECL intensity of N-CDs. The
possible reason might be that the UV-vis absorbance spectrum of
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Pd@Au HOHs was not match with the ECL spectrum of N-CDs
well. As shown in Fig. S1F, the UV-vis absorbance spectrum of
Pd@Au HOHs had a singular absorbance peak at 649 nm.
However, the ECL emission peak of N-CDs was at 556nm in Fig.
S1G, which was far from the major absorbance peak of Pd@Au
HOHs. Thus, there might be no obvious strong energy transfer
between Pd@Au HOHs and N-CDs, which could quench the
ECL of N-CDs significantly. Furthermore, Pd@Au HOHs could
catalyze the oxidation reaction of S,04% to generate SO,”, which
contributed to the ECL signal of N-CDs.

The fabrication process of the proposed biosensor was
characterized by cyclic voltammetry (CV), which was performed
for different modified electrodes in 5 mM [Fe(CN)g]*”* (acting as
a redox probe) to evaluate interfacial changes in the construction
of the ECL biosensor. As it was presented in Fig. S2A (See ESI),
the bare GCE showed a pair of well-defined redox peaks of
[Fe(CN)¢]*™* (curve a). When N-CDs were synthesized on the
surface of electrode, the redox peak current decreased (curve b).
The possible interpretation was that N-CDs were semiconductor
materials and might hinder electron transport. Due to the superior
conductivity of AgNPs, the redox peak current increased
significantly after AgNPs were modified on the GCE (curve c).
While T; (curve d) and HT (curve e¢) was modified on the
electrode, clear decreasing of redox peak currents were observed
accordingly. The reason was that T; and HT could retard the
electron transfer. Subsequently, redox peak current increased
again when PAd@HOHs-DNA dendrimers were modified on the
electrode, owing to the excellent conductivity of Pd@Au HOHs
(curve f).

For further illustrating the fabrication process of the ECL
biosensor, the proposed biosensor was characterized by ECL in 3
mL of PBS (pH 7.4, 0.1 M). As shown in Fig. S2B, firstly, there
was a weak ECL signal observed when N-CDs were synthesized
on the GCE (curve a). Then, the ECL response increased after
AgNPs were modified on the electrode (curve b). The possible
reason might be that AgNPs could increase the rate of electron
transport obviously. After the Ty (curve c¢) and HT (curve d) were
modified on GCE, the ECL signals decreased respectively. The
reason might be that both T, and HT could retard the electron
transfer. Finally, the ECL response increased significantly when
Pd@Au HOHs-DNA dendrimers were immobilized on the GCE
(curve e). The potential reason was that Pd@Au HOHs could not
only promote transmission of electron, but also have strong
enhancement for ECL of CDs. All of these observations proved
that the proposed ECL biosensor was fabricated successfully.

The dynamic linear range of the proposed ECL biosensor
was evaluated by incubating cell lysis buffer containing different
concentrations of Pb>" (the concentrations of Pb*" in cell lysis
buffer was calibrated by ICP-MS). Fig. 2A showed the ECL
response measured at various cell lysis buffer containing different
concentration of Pb*". The ECL signal was decreased with
increasing the concentration of intracellular Pb*". The calibration
plot displayed a good linear relationship between ECL intensity
and the logarithm of the concentration of intracellular Pb** in a
range of 1.0 ng mL"' to 1375.0 ng mL™'". The detection limit was
0.33 ng mL™". The regression equation was / = -2002.6 1gcpyos +
9516.0 with a correlation coefficient of R = 0.9932. The results
displayed that the proposed biosensor could be an appropriate
tool for the detection of intracellular Pb*".

The ECL stability of the proposed biosensor was monitored
in this work. As it was presented in Fig. 2B, the ECL intensity
increased with decreasing the concentration of intracellular Pb**
and a relatively stable ECL curve at every concentration of
intracellular Pb®" could be received. These indicated that the
proposed ECL biosensor had good stability for the detection of
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intracellular Pb®". The satisfied stability might be owing to the
stable immobilization of N-CDs.

The relative standard deviations (RSDs) of the ECL
response of intra- and inter-assays were applied to assess the
reproducibility of the proposed ECL biosensor. To get the intra-
assays of the biosensor, four electrodes were independently
prepared under the same conditions to detect intracellular Pb*
(130.0 ng mL™) at the same time. To get the inter-assays of the
proposed biosensor, an electrode was prepared under the same
conditions to detect intracellular Pb>" of 130.0 ng mL™" three
times. The RSDs of intra- and inter-assays (130.0 ng mL"") were
not more than 5%, which demonstrated that the proposed ECL
biosensor had acceptable reproducibility.
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Fig. 2 (A) ECL profiles of the proposed ECL biosenos in different
concentrations of Pb>": a) 1375.0, b) 790.5, ¢) 559.4, d) 452.4, €) 265.0, f)
129.7, g) 10.0, and h) 1.0 ng mL". The inset shows the logarithmic
calibration curve for Pb*" in 0.1 M PBS (pH 7.4). (B) The ECL stability
of proposed ECL biosenor to various concentrations of intracellular Pb*".

In summary, a sensitive ECL biosensor using in situ
electropolymerized N-CDs as lumophor and Pd@Au HOHs as
enhancer was developed for the detection of intracellular Pb*".
The proposed biosensor performed good sensitivity and accuracy
for the detection of intracellular Pb>". Furthermore, the proposed
ECL biosensor presented a novel way to apply N-CDs in ECL
system in which the ECL signal of N-CDs could be effectively
enhanced by Pd@Au HOHs. This method hold great potential for
further application in the research of intracellular heavy metal ion
related biological process.

This work was financially supported by the NNSF of China
(51473136, 21275119, 21575116 and 81301518) and the
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