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A B S T R A C T

The point of fabricating ultrasensitive electrochemiluminescence (ECL)-based biosensors should be focused on
how to maintain high immune recognition of antigens by antibodies in whole process. That is not effortless due
to the structure of the protein can be destroyed root in toxic nanocarriers, excessive cyclic potential and su-
peroxide radicals in coreactant, all of which can lead to reduce the bioactivity of antigen and antibody. In this
work, the effect of negative voltage and divers coreactant on protein bioactivity were verified. Based on that, a
motivated ECL biosensor with good biocompatibility was fabricated for procalcitonin (PCT) detection using Au
nanoclusters (Au NCs) as low-potential cathodic luminophor and K2S2O8 as non-toxic coreactant, respectively.
Besides, highly-branched Cu2O was utilized to catalyze K2S2O8 and produce more radical anion SO4

•−, which
can oxidize Au NCs•− to generate more high-energy-state Au NCs*, thus doubling the ECL intensity to meet the
requirements of trace analysis. In addition, protein A (PA) as specific antibody capturer was employed to bind
the Fc region of anti-PCT in an orientated way, further maintaining the physiological activity of antibody. As
expected, all strategies undoubtedly practically improved the immune recognition of the biosensor and reduced
the detection limit to 2.90 fg/mL.

1. Introduction

As key component of electrochemical immunoassay tools, electro-
chemiluminescence (ECL) possesses distinctive advantages of low
background noise, good controllability, abundant signal labels and so
on, has been widely focused (Chen et al., 2019; Sun et al., 2019; Yan
et al., 2019a). In particular, the implementation of trace analyses of
some low-abundance biomarkers have resulted in lower incidence of
related diseases (Li et al., 2019; Yan et al., 2019b). But rationally, many
researchers seem to be in a dilemma in the process of expanding ECL
technology to immunoassay, and the reason is more attention is paid to
excavate new ECL emitters or derivatives of traditional ECL materials,
while the key point of protein activity in immunoassay is ignored (Jia
et al., 2019b; Makaraviciute and Ramanaviciene, 2013). Beyond doubt,
the immune recognition of biosensors depends on the bioactivity of
immobilized molecules, while the bioactivity of antigens or antibodies
may be affected by experimental conditions, such as excitation poten-
tial, scanning time and toxicity of nanocarriers or coreactant (Bruce and
Richter, 2002; Davies, 1987). For example, an affinity reaction could

occur between Cd-based materials and variety functional groups (hy-
droxyl, amino and hydrosulfuryl) provided by antibody molecules to
form cadmium protein, which almost has no bioactivity (Zhao et al.,
2017). Reactive oxygen species (ROSs) such as superoxide radicals
(O2

•−) produced by H2O2 or dissolved oxygen as coreactant can cause
irreversible oxidative damage to oligonucleotides (Cabiscol et al., 2000;
Davies, 1987). In view of increasing number of such reports, focusing
energy on the research of new sensing strategies to replace un-
boundedly exploring more ECL emitters can improve ECL immunoassay
to a new level.

Gold nanoclusters (Au NCs), a traditional fluorescent indicator,
have become ideal ECL emitter in immunoassay due to its size-tunable
luminescence and high quantum yield (Yan et al., 2018; Yang et al.,
2019b). In particular, bovine serum albumin (BSA)-templated Au NCs
with good biocompatibility not only function as signal label for the
indication of target concentration, but also act as connector for the
modification and fixation of immune molecules via abundant functional
groups provided from BSA (Zhang et al., 2019b). However, the rela-
tively low ECL efficiency is always the main obstacle for its better
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application and the reason is that the mass transport and electron
transfer could be limited root in the poor conductivity of protein (Zhou
et al., 2018). While trace analysis emphasizes that the luminous in-
tensity of ECL-based biosensor should be within a reasonable range,
thus some promotion strategies should be introduced to double the
signal intensity.

To date, the ECL emitter of semiconductor quantum dots utilizing
S2O8

2− as coreactant has yield satisfactory achievements (Sha et al.,
2019). It could be electrochemically reduced to produce the oxidant
intermediates of SO4

•−, which could then react with the negatively
charged Au NCs•−, by injecting a hole into the highest occupied mo-
lecular orbital to induce an excited state of Au NCs*, releasing optical
signal (Ma et al., 2015). Thus, stronger ECL response depends on the
amount of SO4

•− mediators. Indeed, raising the concentration of
S2O8

2− seems to be a feasible method to improve production of SO4
•−

(Wang et al., 2019). But this purpose is hard to be achieved due to the
commonplace solubility of S2O8

2− and the nonlinear relationship be-
tween the concentration of S2O8

2− and SO4
•− (Ma et al., 2015). The

expansion of co-reaction acceleration strategy to ECL system could ef-
fectively conquer this issue (Yu et al., 2016). There are many reports of
this, especially iron and copper-based compounds with excellent redox
property, which can interact with coreactant to improve the formation
of intermediate free radicals, accelerating the ECL excitation (Song
et al., 2019; Zeng et al., 2018).

Inspired by the above description, the proposition of the effect of
several common coreactant and negative potential on protein bioac-
tivity was initially verified. In view of this fact, the Au NCs with good
biocompatibility was selected as low-potential cathode signal label and
non-toxic S2O8

2− as coreactant for procalcitonin (PCT) detection. In
order to offset the weak optical signal of the system, highly-branched
Cu2O was employed as a co-reaction accelerator to catalyze S2O8

2−,
producing more SO4

•− intermediates and accelerating ECL excitation.
Compared the widespread electrode modification with dripping coat
approach, electroplated Cu2O can evenly and firmly adhere to the
surface of indium tin oxid (ITO). With a sufficient dense of oriented
Cu2O, all the exposed active sites became effective for ECL emission
enhancement due to the improved electron-transport along the ordered
array structure. In addition, protein A (PA), utilizing as a powerful site-
oriented antibody capturer with superiority of low cost to construct a
well-ordered specific sensing interface, can improve the availability of
incubate antigen effectively. As expected, all protective strategies to-
wards antibody or antigen undoubtedly improved the immune re-
cognition of the biosensor, and the detection limit of the target PCT was
as low as 2.90 fg/mL, which will be of great significance to the appli-
cation and development of biosensors in future.

2. Experimental section

Materials, reagents and apparatus are provided in the
Supplementary Material.

2.1. Preparation of well-ordered Cu2O sensing base substance

Before plating, the pretreatment of ITO electrodes should be done.
All ITO electrodes were cut into the size of 1×2 cm and sonicated in
acetone and ethanol, respectively. After thoroughly cleaned with ul-
trapure water, the dustless electrodes were dried in nitrogen (N2) at-
mosphere. Then, the well-ordered Cu2O layer was prepared using a
standard three-electrode system in electrolyte composed of 0.1M NaAc
and 0.02M Cu(Ac)2 aqueous solutions with stirring about 300 rpm,
which controlled by a magnetic stirrer. The chronoamperometry was
used with a potential of −0.2 V for 40 s at room temperature (Sun and
Wang, 2019). After deposition, such Cu2O films were rinsed with ul-
trapure water and dried with N2 for further use.

2.2. Preparation of BSA-templated Au NCs

The synthesis of Au NCs followed the procedure described in pre-
vious reports with minor changes. 5 mL of 0.2 wt% HAuCl4 aqueous
solution mixed with BSA solution (5mL, 50mg/mL) and kept uniform
stirring for 10min. After the pH of above solution adjusted to 12 with
NaOH, the mixture was kept 37 °C overnight (Xie et al., 2009). Finally,
the obtained light brown solution was filtered with dialysis membrane
(MWCO: 3500 Da) in ultrapure water for 60 h to adjust the Au NCs
solution to neutral and kept in 4 °C for further use.

2.3. Preparation of Au NCs/PA/Ab2 bioconjugates

In view of the large amount of carboxyl groups provided by BSA on
Au NCs surface. Amine reaction could occur between carboxyl and
amino groups, where come from PA. The specific operation are as fol-
lows: 20 μL of 50 μg/mL PA was initially activated using 4 μL of EDC/
NHS (5mg/mL of EDC and 1mg/mL of NHS) and mixed with the 1mL
of prepared Au NCs solution. After oscillation at 4 °C overnight, the
formative Au NCs/PA were separated from the residuum. Then, 100 μL
of detection antibody (Ab2) (5 μg/mL) was incubated with above bio-
conjugates for 1 h to obtain the purposed product.

2.4. Analysis effect of negative potential and coreactant on PCT bioactivity

To verify the proposition of negative potential or coreactant can
damage the protein structure, related experiments were designed.
Circular dichroism (CD) spectrum was employed to characterize the
conformation change of PCT, and all data of the whole experiment were
expressed by the mean residue ellipticity (MRE). Prior to start, it is
necessary to emphasize that all PCT samples was bubbled for 30min
with high purity N2 to ensure emptying all dissolved oxygen, which
could disturb testing results via O2

•− produced by redox reactions.
Specifically, in the first group, four identical PCT samples (10mL,
0.5 mg/mL) were stimulated for 30 s under different cycle negative
voltages (0, −1–0, −1.2–0, and −1.5–0 V) and the second group of
PCT samples were mixed with common coreactant (nothing, 50mM
trimethylamine (TEA), 120mM K2S2O8, and 10mM H2O2) and then
stimulated at 0∼−1.2 V for 30 s.

2.5. Fabrication of purposed biosensors

The fabrication process of purposed biosensor was graphically ex-
hibited in Scheme 1. Initially, the prepared ITO was functionalized with
mercaptoacetic acid (TGA) to introduce carboxyl groups. After activa-
tion with 4 μL of EDC/NHS, 5 μL of PA solution (50 μg/mL) was dripped
onto the well-ordered Cu2O surface to couple antibody capturer via
amidation. Following that, the dried ITO was immersed in primary
antibody (Ab1) (5 μg/mL). Later, 3 μL of BSA (0.1 wt%) was coated on
the formed film to block the remaining nonspecific binding sites. Then,
PCT with different concentrations were modified the electrode surface.
Finally, the Au NCs/PA/Ab2 was fixed as signal probe to finish the
biosensor fabrication.

2.6. ECL detection of purposed biosensors

The ECL detection was performed in 10mL electrolyte containing
0.1 M of PBS (pH 8.0) and 120mM of K2S2O8. The ECL signals were
excited by a cyclic voltammetry system with the potential range from
−1.2–0 V and recorded by the MPI-1 ECL analyzer with the voltage of
photomultiplier tube was set at 800 V.
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3. Results and discussion

3.1. Characterization of Cu2O films

The morphologies of Cu2O films were characterized by scanning
electron microscopy (SEM). As shown in Fig. 1A, the well-ordered Cu2O
was uniformly laid on the ITO electrode surface with an average size of
2 μm. Under high magnification (Fig. 1B), the dendric surface with
many irregular bulges and folds exhibited large surface area that could
provide more binding sites to combine PA. In order to further demon-
strate the successful preparation of Cu2O, the X-ray diffraction (XRD)
was used to analyze its crystallization and the result was shown in
Fig. 1C. It can be clearly seen that multiple sharp diffraction peaks
appeared at 2θ=29.98°, 37.00°, 42.61°, 62.44°, which corresponded to
the (110), (111), (200) and (220) planes of Cu2O, respectively (Sun and
Wang, 2019). As for the impurity peaks, they belong to the character-
istic peaks of ITO. In view of above results, the Cu2O was successfully
electroplated on the ITO surface.

3.2. Characterization of BSA-templated Au NCs

Transmission electron microscope (TEM) was employed to observe
the morphology of Au NCs. Spherical Au NCs enshrouded by BSA ex-
hibited uniform diameters around 2–2.5 nm (Fig. 1D). Moreover, it can
be easily measured that the lattice spacing about 0.23 nm, which
matched the results from the (111) crystal plane of the Au NCs (Guo
et al., 2016). Then, the UV–vis and fluorescence spectra (Fig. 1E) were
used to further prove the character of Au NCs. A distinct UV–vis ab-
sorption peak was found at 275 nm (blue curve), which could be

interpreted as belonging to BSA. It is also proved that have no localized
surface plasmon resonance in the absorption range of Au NCs due to
nothing peaks appeared at 500–550 nm (Grabar et al., 1997). And then,
the fluorescence spectrum showed an emission peak with the wave-
length of 700 nm (pink curve), which was consistent with the reported
literature (Zhang et al., 2019a). All description can adequately prove
the successful Au NCs synthesis.

3.3. Characterization of carboxylic Cu2O

In order to support that Cu2O was successfully introduced carboxyl
groups by TGA, the Fourier transform infrared spectroscopy (FTIR) was
employed to analyze functional groups on Cu2O surface with different
states (Klepper et al., 2011; Nhlapo et al., 2012). As shown in Fig. 1F,
the pure Cu2O has no obvious FTIR absorption (green curve). After
functionalization with TGA, the obtained carboxylic Cu2O had many
additional characteristic peaks (blue curve) compared with the original
sample. The wide absorption peaks in the range of 2600–3550 cm−1

belong to the stretching vibration of O–H. And the absorption peaks at
1243 cm−1 and 1419 cm−1 represent the deformation vibration of O–H.
Distinctly, the sharp double-bond stretching vibration peak of C]O was
observed at 1718 cm−1. The results included all characteristic peaks
corresponding to carboxyl groups, which confirmed that is feasible to
introduce carboxyl groups via this method.

3.4. Motivation analysis of using Au NCs/S2O8
2− ECL system

It has been reported that oligonucleotides can be oxidized irrever-
sibly under excessive potential or superoxide radical. If true, some ECL

Scheme 1. Fabrication process for the purposed biosensor.
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luminophors with high-excitation-potential limited to immunoassay
application. With concerns, the effect of negative voltage on the
bioactivity of PCT was explored, and the results were shown in Fig. 2A.
Curve (a) showed the CD spectrum of PBS (pH 8.0), the straight line
proved that it is reasonable as solvent. Then, curve (b) corresponds to
the CD spectrum of the untreated PCT sample, which showed secondary
structure with analogous β-sheet conformation due to the absorption
peak at 216 nm (Greenfield, 2006). Compared with other results, this
sample showed the largest MRE, which is reasonable and can be used as
a reference. Later, the CD absorption of PCT samples stimulated under
different potentials (−1–0, −1.2–0, −1.5–0) was detected, which
corresponded to the curve (c), (d), (e), respectively. It can be clearly
seen that when the potential was reduced to −1.5 V, the MRE of this
sample decreased by nearly one third compared to the others with
minor changes. These results verified the proposition of the over-po-
tential stimulus could affect protein bioactivity to be true.

As core component of ECL system, coreactant could affect the im-
mune molecule bioactivity via oxidized ions. In this part, the interac-
tion between common coreactant and PCT was explored. As shown in
Fig. 2B, no CD absorption (curve a) occurred by detecting the mixture

containing TEA, K2S2O8 and H2O2, which suggested that these sub-
stances did not interfere with the following analysis. Curves (c), (d) and
(e) represented CD spectra of K2S2O8, TEA, H2O2 respectively mixed
with PCT after CV scanning with potential range from −1.2–0 V.
Compared with the CD spectrum of the original PCT (curve b), their
MRE showed a gradually decreasing trend. As relevant literature de-
scription, when the potential reaches −1.2 V or lower, oxygen evolu-
tion reaction can be triggered from H2O2, producing O2

•− or other ROS,
which can damage protein molecules. As for the PCT conformation
changes caused by TEA, it may be based on its unavoidable amine
toxicity. In contrast, K2S2O8 has little effect on PCT bioactivity. Based
on the motivation of protecting immune molecules bioactivity, Au NCs
with low-excitation potential was selected as ECL emitter and K2S2O8 as
relatively non-toxic coreactant.

3.5. ECL enhancement emission of Cu2O in Au NCs/S2O8
2− system

In order to control ECL intensity within a reasonable range to meet
requirement of trace analysis, a co-reaction acceleration strategy was
mentioned using Cu2O as accelerator. With the purpose of investigating

Fig. 1. (A, B) SEM images and (C) XRD pattern of Cu2O films. (D) TEM image, (E) UV–vis absorbance (blue curve), PL spectrum (pink curve) of Au NCs. (F) FTIR
spectra of pure Cu2O (green curve) and carboxylic Cu2O (blue curve). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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positive effects of Cu2O on ECL enhancements of Au NCs, contrast ex-
periments were implemented through testing the ECL responses of
different modified electrodes. As depicted in Fig. 2C and D, the ECL
signal generated by Cu2O/Au NCs (blue curve) was two times higher
than that of pure Au NCs (red curve) while almost no signals were
excited from pure Cu2O (black curve). The possible ECL enhancement
mechanism was inferred as follows (Guo et al., 2016). With started and
deepened cathodic scanning, S2O8

2− and Au NCs were electro-
chemically reductive to generate anion radical of SO4

•− and Au NCs•−,
respectively (eqs (3) and (4)). As reductant, Au NCs•− reacted with
oxydic SO4

•− to form the high-energy-state Au NCs* (eq (5)). In the
final react process, Au NCs* decayed back to the ground state to finish
the ECL emission process (eq (6)). Thus, the amount of SO4

•− directly
determines the ECL intensity in the whole process, while Cu2O could
catalyze S2O8

2− and generate more SO4
•− to accelerate ECL emission

(eqs (1) and (2)) (Song et al., 2019).

Cu+ + S2O8
2− → Cu2+ + SO4

•− (more) + SO4
2− (1)

Cu2+ + e → Cu+ (2)

S2O8
2− + e → SO4

•− + SO4
2− (3)

Au NCs + e → Au NCs•− (4)

SO4
•− + Au NCs•− → Au NCs* + SO4

2− (5)

Au NCs* → Au NCs + hv (6)

3.6. Optimization of pH in proposed ECL system

pH can not only interfere the signal intensity of ECL system, but also
could affect the efficiency of capturing antibody by PA. With the aim of
realizing ultrasensitive detection of PCT, the optimal pH of this system
was explored. As shown in Fig. 3, the yellow line chart indicated that
ECL intensity fluctuated with pH. The strongest signal appeared at pH
of 7.5, followed modest decreased in slight. In contrast, the blue his-
togram showed that the incubation amount of antibody changes with
pH. It has been clearly that a significant increase in incubation capacity
when the pH jumps from 7.5 to 8.0, which is contrary to the ECL results.
Considering that antibody incubation amount depends on the

sensitivity of biosensor, and the decrease of ECL signal at pH=8.0 is
minor. Thus, 8.0 was chosen as optimal pH for PCT detection.

3.7. Electrochemistry characterization of biosensor fabrication

Electrochemical impedance spectroscopy (EIS) is one of the most
commonly used electrochemical methods to support the stepwise fab-
rication of the biosensor. Fig. 4A showed the original curves of EIS with
different modified ITO electrodes, which were carried out in an elec-
trolyte containing 2.5 mM [Fe(CN)6]3−/4− and 0.1M KCl. Curves (a)
and (b) represented the EIS of pure Cu2O and PA-shrouded Cu2O, re-
spectively. It can be clearly seen that the impedance increased sig-
nificantly after coating a layer of PA on the Cu2O surface, what can be
explained that PA is a nonconductor and it could block the electrons
transfer. With the sequential modification of BSA, Ab1, PCT and Au
NCs-PA-Ab2, the semicircle domains showed a rising tendency (curves
(c) to (f)), indicating higher electron transfer resistance. The experi-
mental results proved the successful fabrication of the biosensor.

CV scanning is an important method to characterize the assembly
process of the biosensor, which could clarify the interface properties of
the electrodes and further improve the reliability of EIS results. As
shown in Fig. 4B, the biosensor with different modification states were
tested using CV model in an electrolyte containing 2.5mM [Fe(CN)6]3−

and 0.1M KCl. It can be seen that the pure Cu2O has the largest peak

Fig. 2. CD spectra of PCT samples stimulated by
negative potential with different range (A) and
common coreactant (B). ECL-potential (C) and
ECL-time (D) curves of pure Cu2O (black curve),
Au NCs (red curve) and Cu2O/Au NCs composites
(blue curve). (For interpretation of the references
to colour in this figure legend, the reader is re-
ferred to the Web version of this article.)

Fig. 3. Effects of pH on ECL intensity and capture efficiency of antibody by PA.
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current. However, as PA, BSA, Ab1, PCT and Au NCs-PA-Ab2 with poor
electrical conductivity were modified on the electrode surface, the peak
current presented a decreasing trend. This indicated that the above
substances can be successively bonded to the electrode surface. From
what has been discussed above, the proposed biosensor was fabricated
successfully.

3.8. ECL response towards PCT

In this work, PCT with different concentrations were detected to
analyze the performance of the biosensor under optimal conditions.
Fig. 4C exhibited the trend in ECL intensity by detecting a series of PCT
with concentrations from 10 fg/mL to 100 ng/mL. The calibration curve
(Fig. 4D) was displayed by plotting the logarithm of PCT concentration
against the ECL intensity with the equation of I = 2776 + 434.0 × lg c
(R= 0.995). Upon calculation, the obtained ultralow detection limit
was 2.90 fg/mL (S/N=3), which is far lower than that of other de-
tection methods (Table 1). The above experimental results proved that
the biosensor with great sensitivity could achieve the detection of PCT
at the femtogram level based on the protein bioactivity maintenance, as
expected.

3.9. Performance analysis of biosensor

The clinical application of biosensors requires good specificity and
stability. Especially for serum samples with complex composition, the
specificity can directly reflect the value of it. In this section, we focused
on the specific experiments of interfering antigens, external energy and
other factors on the purposed sensor, the results were shown in Fig. 5A.
Electrode (1), (2), and (3) represented the ECL signals of fabricated

biosensors washed with PBS for 1, 5 and 10min, respectively. And the
results showed no significant difference, which confirmed that the la-
mination of the biosensors were achieved by covalent bonds and spe-
cific immunity, rather than physical adsorption. Then, three common
species in serum (CRP, Aβ, ALB) were selected as interferers and
modified electrode surfaces as targets in the presence and absence of
PCT (electrodes of 4–9). The results showed that they did not interfere
with the detection of PCT, indicating that the purposed biosensor had
excellent specificity. Operational stability is one of the most important
indexes to measure the performance of biosensor. As shown in Fig. 5B,
the stability of the ECL biosensor was investigated by detecting 0.1 ng/
mL PCT under 12 cycles of successive potential scans. It was calculated
that the relative standard deviation (RSD) of ECL intensity was 1.17%,
which indicated that the sensing signal was quite reliable. In addition,
the repeatability of the ECL biosensor (Fig. S1) was also inspected by
detecting six electrodes incubated with PCT (1 ng/mL). With the result
of RSD=1.36%, the proposed ECL biosensors exhibited a favorable
reproducibility.

3.10. Trace analysis of PCT in human serum

The detection of pure PCT purchased from biological companies
does not fully reflect the potential of biosensor due to the human serum
being more complex than it, thus the real serum sample analysis should
be included. In this work, the standard addition method was applied (Bi
et al., 2017; Jia et al., 2019a). Before that, the serum was obtained from
local hospital and its PCT value was provided to be 0.046 ng/mL. The
samples were divided into four groups, and each group was spiked with
0.05, 0.1, 0.2, 0.5, 1, 5, 10 ng/mL of PCT standard samples, respec-
tively. As shown in Table 2, the recoveries were acceptable with a

Fig. 4. (A) EIS and (B) CV profiles of stepwise
modified electrodes: (a) ITO/Cu2O, (b) ITO/
Cu2O/PA, (c) ITO/Cu2O/PA/BSA, (d) ITO/Cu2O/
PA/BSA/Ab1, (e) ITO/Cu2O/PA/BSA/Ab1/PCT,
(f) ITO/Cu2O/PA/BSA/Ab1/PCT/Au NCs-PA-Ab2.
(C) ECL-time curve and (D) calibration curve of
biosensor detected standard PCT with different
concentrations: 10 fg/mL, 50 fg/mL, 100 fg/mL,
500 fg/mL, 1 pg/mL, 5 pg/mL, 10 pg/mL, 100 pg/
mL, 500 pg/mL, 5 ng/mL, 10 ng/mL, 100 ng/mL.

Table 1
Comparison of purposed method with other reported methods for PCT detection.

Reference Analysis methods Linear range (ng/mL) Detection limit (pg/mL)

Li et al. (2014) ECL biosensor 0.01–20 3.4
Ghrera (2019) Electrochemical sensor 1–100 210
Shen et al. (2015) Electrochemical sensor 0.0018–500 0.36
Yang et al. (2019a) ECL biosensor 0.0001–50 0.041
this work ECL biosensor 0.00001–100 0.0029
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satisfying value of 80.4%–93.5%, proving the application potential of
this biosensor in detecting PCT in human serum samples.

4. Conclusions

In summary, we suspected and verified that negative potential and
coreactant could affect the immune activity of antigen or antibody.
Based on this, a novel ECL biosensor was developed using Au NCs with
excellent biocompatibility as low-potential emitter and well-ordered
Cu2O as co-reaction accelerator. With a sufficient dense of oriented
Cu2O, all of the exposed active sites became effective for ECL emission
enhancement due to the improvement electron-transport along the or-
dered array structure. Notably, PA endowed the interface a peculiarity
to facilitate the incubation process of antibody with a better maintained
biological activity, which significantly improved the sensitivity of bio-
sensor. With excellent selectivity and stability, these strategies opened
up a new avenue for realizing the ultrasensitive detection of PCT and
other biomarkers in a real sample analysis. That provided some dis-
tinctive angle for extending electrochemical methods to immunoassay.
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Fig. 5. (A) Specificity test of cathodic ECL signal
observed at −1.2 V for 1 ng/mL PCT with dif-
ferent interference factors: the modified electrodes
were immersed in PBS for 1min (1), 5 min (2) and
10min (3); pure interference of CRP (4), Aβ (5)
and ALB (6); the mixture of PCT and the above
interferent (7, 8, 9). (B) Stability evaluation of
purposed biosensor for 12 cycles.

Table 2
The recoveries of PCT in human serum samples using this biosensor measured
in 10mL PBS (pH=8.0) containing 120mM K2S2O8.

Simple
number

Origin
number
(ng/mL)

Spiked
samples
(ng/mL)

Amount
found (ng/
mL)

RSD
(%,n=3)

Recovery (%)

1 0.046 0.05 0.091 0.66 89.1
2 0.10 0.141 1.09 89.1
3 0.20 0.237 0.47 80.4
4 0.50 0.539 0.87 84.8
5 1.00 1.042 0.51 91.3
6 5.00 5.043 1.41 93.5
7 10.00 10.040 1.29 87.0
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