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ABSTRACT: A new type of sandwich electrochemiluminescence (ECL) immuno-
sensor dependent on ECL resonance energy transfer (ECL-RET) to achieve sensitive
detection of procalcitonin (PCT) has been designed. In brief, carbon nanotubes (CNT)
and Au-nanoparticles-functionalized graphitic carbon nitride (g-C;N,—~CNT@Au) and
CuO nanospheres covered with polydopamine (PDA) layer (CuO@PDA) were
synthesized and applied as ECL donor and receptor, respectively. g-C;N,—CNT
nanomaterials were in situ prepared on the basis of 7—z conjugation, and the CNT
content in the composite were optimized to achieve a strong and stable ECL signal. At
the same time, Au nanoparticles were used to functionalize g-C;N,—CNT to further
increase the ECL intensity and the loading amount of primary antibody (Ab,). Moreover, CLO@PDA was first used to successfully
quench the ECL signal of g-C;N,—CNT@Au. Under the optimum experimental conditions, the linear detection range for PCT
concentration was within 0.0001—10 ng mL™" and the detection limit was 25.7 fg mL™' (S/N = 3). Considering prominent
specificity, reproducibility, and stability, the prepared immunosensor was used to assess recovery rate of PCT in human serum
according to the standard addition method and the result was satisfactory. In addition, it is worth mentioning that a novel ECL-RET
pair of g-C;N,—~CNT@Au (donor)/CuO@PDA (acceptor) was first developed, which offered an effective analytical tool for
sensitive detection of biomarkers in early disease diagnostics.

KEYWORDS: electrochemiluminescence, resonance energy transfer, g-C;N,—CNT, CuO nanosphere, procalcitonin

1. INTRODUCTION convenient operation."'~"* Graphitic carbon nitride (g-C;N,,)
is an attractive nanomaterial with a p-conjugated graphite
plane,'"*™'® which has broad application because of its
nontoxicity, chemical stability, and excellent optical and
electrical properties.”’~"” In addition, the ECL performance
of g-C;N, attracted the attention of scholars for its high
quantum yields.”””" However, the poor conductivity of g-C;N,
semiconductor resulted in an unstable and weak ECL signal.
So researchers have chosen different kinds of materials, such as
polyaniline” and f-cyclodextrin® to functionalize g-C;N, to
improve its ECL performance. The multiwalled carbon
nanotube (CNT) as one typical carbon nanomaterial has a
unique structure, excellent electrical conductivity, and high

as long detection time or narrow detection range. Therefore, it specific surfggs ,area, which have been a reseallrch bOt spot for
is still urgent to explore new methods with the advantage of a Mmany years. However, few researc}} s'tudles Investigating
rapid, simple, wide detection range and ultrasensitivity for the influence of CNT on the ECL emission of g-C3N, have
detection of PCT.

Recently, more than 210000 patients worldwide have been
dying from sepsis every year.' In the serum of patients with
sepsis, the concentration of procalcitonin (PCT) will increase
as the disease progresses, but the concentration of
procalcitonin in healthy individuals is very low.”~* Therefore,
procalcitonin is considered to be a representative biomarker for
the diagnosis of sepsis.” Sensitive detection of PCT in the
human body has important significance for early prevention of
sepsis. So far, only a few methods have been invented to
accomplish the detection of PCT, such as radioimmunoassay,7
colloidal gold colorimetry,”” and microfluidic immunoassay."°
Nevertheless, the above methods have some limitations, such
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bioanalysis, and environmental pollution analysis because it has
lower background noise, a wider linear range, and more
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Scheme 1. Preparation Process of the g-C;N,—CNT@Au and CuO@PDA-Ab, Conjugate and Fabrication Process of the

Proposed PCT Immunosensor
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been reported. Herein, on the basis of the excellent
conductivity of CNT, g-C;N,—CNT composite material was
synthesized and used to enhance the ECL strength and
stability of g-C;N,. In addition, Au nanoparticles with perfect
biocompatibility and electron-transfer capabilities are fre-
quently used to fabricate biosensors.”” ~>* Thus, we also load
Au nanoparticles onto g-C;N,—CNT to stabilize electron
transfer and payload antibodies so as to further improve
biosensor stability and sensitivity.

Herein, considering the superior ECL performance of the
newly designed g-C;N,—CNT@Au, a sandwich-type immu-
nosensor dependent on the resonance energy transfer (RET)
between g-C3N,—CNT@Au and CuO nanospheres covered by
polydopamine has been fabricated for the first time. In this
work, CuO was prepared and first applied as a suitable RET
acceptor on account of its hi%h stability, nontoxicity, low cost,
and high surface area.’”’! In addition, the ultraviolet
adsorption spectrum of the prepared CuO nanosphere was
found to effectively cover the ECL emission spectrum of g-
C;N,. So CuO could quench the ECL emission of g-C3;N,
donor through energy dissipation in the CuO acceptor.’”*
Polydopamine (PDA) is widely used in biosensing and
biomedical fields because of its attractive biocompatibility,
strong adhesion, and ease of functionalization.>* > The
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dopamine hydrochloride salt was self-polymerized onto the
CuO surface to form a polydopamine shell, which could
improve the biocompatibility of CuO and increase the loading
of antibodies.

On the basis of the above analysis, a quenching-type ECL
immunosensor dependent on energy resonance transfer from
g-C;N,—CNT@Au to CuO@PDA was first constructed for
PCT detection. g-C;N,—CNT@Au exhibited stronger and
more stable ECL signal than pure g-C;N,. Moreover, when
CuO@PDA was introduced into the biosensor, the ECL
intensity was significantly reduced, indicating that CuO@PDA
was suitable for ECL quenching. In addition, the fabricated
biosensor realized the detection range within 0.0001—10 ng
mL™" of PCT and the detection limit was 25.7 fg mL™". On the
basis of the above, the proposed strategy in this study can offer
a new reference for sensing analysis of biomarkers.

2. EXPERIMENTAL SECTION

2.1. Synthesis of g-C;N,—CNT@Au. g-C;N,—CNT was typically
synthesized by the following procedures. Melamine (500 mg) and
CNT (S mg) were fully ground in a mortar. The obtained mixture was
calcined for 4 h at 550 °C directly in the air of a muffle furnace to
generate a blocky blue-gray g-C;N,—CNT powder, which was then
fully ground. Next, the g-C;N,—CNT powder was dissolved in 100
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Figure 2. (A) XRD of CNT (a), g-C3N, (b), acidified g-C3N, (c), g-C;N,—CNT (d), and g-C;N,—~CNT@Au (e). (B) XRD of CuO. (C) FT-IR
spectra of CNT, g-C3N,, acidified g-C;N,, and g-C;N,—CNT. (D) FT-IR spectra of CuO, PDA, and CuO@PDA. (E) ECL intensity of g-C;N,/
GCE (a), gC;N,—CNT/GCE (b), g-C;N,—~CNT@Au/GCE (c), CuO/g-C;N,—~CNT@Au/GCE (d), and CuO@PDA/g-C;N,—~CNT@Au/
GCE (e). (F) UV—vis absorption of CuO (a) and CuO@PDA (b); the ECL emission spectra of g-C5N, (c).
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mL of HNO; (5 M) with ultrasound for 3 h at room temperature and
refluxed at 125 °C for 24 h. Then the above product was centrifuged
with ultrapure water at 9000 rpm for S min each time until its pH
approached neutral. The obtained solid was vacuum-dried for 12 h at
55 °C. In addition, g-C;N,—CNT with different amounts of CNT
were synthesized by reacting 1, 10, 20, and 50 mg of CNT with 500
mg of melamine, individually. As a control experiment, g-C;N, and
acid-treated g-C;N, were similarly obtained according to the above
process, but without the addition of CNT. Nanogold-decorated g-
C;N,—CNT (denoted as g-C;N,—CNT@Au) was synthesized
according to the literature with little modification.”” Two percent
HAuCl, (1.5 mL) and polyvinylpyrrolidone (K30; S mg) were added
to a solution with 30 mg of g-C;N,—CNT dispersed in 20 mL of
ultrapure water and stirred for S h. Subsequently, 2 mL of 50 mM
sodium citrate along with a little NaBH, were slowly added to reduce
HAuCl,. After the solution reacted for 12 h in the dark, the solid was
washed using ultrapure water three times (8500 rpm, 30 min) to
remove free gold nanoparticles. Finally, the solid was vacuum-dried
overnight at 55 °C to obtain g-C;N,—CNT@Au.

2.2. Preparation of CuO@PDA-Ab,. CuO was synthesized
according to the literature®® and the detailed steps are given in the
Supporting Information. As for the CuO@PDA core—shell nano-
spheres, 30 mg of CuO and 6 mg of dopamine were dispersed in 30
mL of pH 8.5 Tris-HCI (10 mmoL mL™) and stirred overnight. The
CuO@PDA nanospheres were centrifugally washed with ultrapure
water three times (8000 rpm, S min) to remove impurities. Finally,
CuO@PDA nanospheres were dried for 12 h at 55 °C in vacuum.

The CuO@PDA-Ab, bioconjugates were prepared by adding 200
uL of PCT Ab, (10 ug mL™") to 2 mL of CutO@PDA (1 mg mL™")
and the solution was incubated overnight at 4 °C. Then 100 uL of
0.1% bovine serum albumin (BSA) was added to occupy the
nonspecific binding sites and the solid was centrifuged to remove
extra reactants.”” The obtained CuO@PDA-Ab, was dissolved in 2
mL of phosphate buffered saline (PBS, pH 7.4) and kept at 4 °C
when not in use.

2.3. Construction of the Quench-Type ECL Immunosensor.
The fabrication steps of the proposed PCT immunosensor are
illustrated in Scheme 1. First, glassy carbon electrode (GCE, 4 mm in
diameter) was first polished by Al,O; powder (0.05 and 0.3 ym) until
it became a smooth and clear mirror. Next, 6 uL of g-C;N,—CNT@
Au was assembled on the surface of the GCE and dried at ambient
temperature. After that, 6 uL of Ab; (10 pug-mL™") was linked to the
above electrode surface via complexation between Au and NH, group.
After the surface was gently rinsed with PBS (pH 7.4), 3 uL of BSA
(0.1 wt %) was added to occupy the nonspecific recognition sites.
After the surface was washed with PBS, 6 uL of different
concentrations of PCT were coated onto the electrode surface and
incubated for 1.5 h at 4 °C and carefully rinsed by PBS. Finally, 6 uL
of CuO@PDA-Ab, was incubated onto the modified electrode
surface. After the surface was washed with PBS, the quenching ECL
immunosensor was constructed and kept at 4 °C before use.

2.4. ECL Detection. An ECL test was carried out in PBS (pH 7.4,
10 mL) containing 100 mM KCl and 80 mM K,S,0g. The working
potential was —1.2 to 0 V and the voltage of the photomultiplier tube
(PMT) was set at 600 V with a scanning rate of 0.1 V s™".

3. RESULTS AND DISCUSSION

3.1. Characterization of the Used Nanomaterials. The
morphology of the used materials was investigated by scanning
electron microscopy (SEM). Representative images are shown
in Figure 1. CNT showed a tubular structure and an
aggregation state, and the pipe wall was smooth and almost
electron-transparent (Figure 1A). However, after modification
of g-C;N,, the g-C;N, nanosheets covered or wrapped around
the surface of the CNT through 7—n conjugation, which led to
the formation of a rough surface in the g-C;N,—CNT (Figure
1B). The SEM image of g-C;N,—CNT@Au is presented in
Figure 1C. A number of Au nanoparticles were dispersed on
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the outside of the g-C;N,—CNT composite. Also, the energy
dispersive X-ray (EDX) result of g-C;N,—CNT@Au could
also demonstrate the existence of Au nanoparticles in the g-
C;N,—~CNT@Au composites (Figure 1F). Figure 1D showed
that the surface of the CuO nanospheres was rough, and the
average diameter was around 160 nm. As shown in Figure 1E,
PDA film was visibly coated on the surface of CuO to obtain
CuO@PDA nanocomposite.

The wide-angle XRD patterns of the used materials are
shown in Figure 2A,B. CNT displayed two obvious diffraction
peaks at 25.74° and 43.39° (Figure 2A, curve a), which
ascribed to the (002) and (100) crystal planes of the hexagonal
graphite material, respectively (JCPDS card no. 41-1487). In
addition, the peak at 13.04° corresponded to the (100) crystal
plane, signifying the tri-s-triazine structure. The obvious peak
at 27.41° can be ascribed to the (002) crystal plane, indicating
the presence of a graphite-like interlayer stacking structure
(Figure 24, curve b). After acid treatment, the XRD pattern of
the acidified g-C;N, (Figure 2A, curve c) showed that the
intensity of the (100) peak (13.16°) and (002) peak (27.65°)
declined but the peak position was still close to that of g-C3N,,
signifying that the lattice structure of g-C;N, had not been
destroyed after the acid treatment, which is good for
construction of a biosensor. The XRD pattern of g-C;N,—
CNT displayed in Figure 2A (curve d) shows two character-
istic peaks at 26.16° and 27.52°, which can be assigned to
CNT and g-C3N, structure, respectively. This result proved the
successful preparation of g-C;N,—CNT composite materials
through a combination of CNT with g-C3N,. Moreover, as
shown in g-C;N,—CNT@Au curve (Figure 24, curve e), the
appearance of peaks at 38.37° and 44.24° assigned to (111)
and (200) planes of Au, respectively, verified the successful
loading of Au nanoparticles onto the surface of the composites.
Also, the XRD pattern in Figure 2B identified the successful
preparation of monoclinic CuO (JCPDF 48-1548, Tenerife).

Figure 2C,D show the Fourier transform infrared (FT-IR)
spectra of CNT, g-C;N,, acidified g-C;N,, g-C;N,—CNT,
CuO, PDA, and CuO@PDA. In the CNT spectrum, the peak
of the O—H stretch vibration appeared at 3140 cm™'. The
presence of carboxylic acid and carboxylate anion was verified
by the peaks at 1706 and 1533 cm .***' In the g-C;N,
spectrum, a breathing vibration peak of the s-triazine ring
appeared at 806 cm™.** Four peaks located at 1248, 1325,
1416, and 1570 cm ™" can be assigned to the typical stretching
of C—N aromatic skeletal.*’ In addition, the peak at 1636 cm™
was ascribed to the stretching vibration of C—N bond. The
wider absorption band at around 3160 cm™" corresponded to
the stretching vibration of amino and hydroxyl group.*
Compared to the original g-C;N,, the band strength at 3160
cm™" of acidified g-C;N, was stronger, which was due to the
fact that the acidified g-C;N, adsorbed more water molecule
than bulk g-C;N,.** So acidified g-C;N, showed good water
solubility, which was beneficial for sensor construction. In the
g-C;N,—CNT spectrum, the characteristic peaks of g-C;N,
were so strong that the adsorption peaks of CNT were
overlapped. This can be explained by the low CNT content in
the g-C;N,—CNT nanocomposite.

In the CuO spectrum, the peak at 524 cm™" corresponded to
the Cu—O stretch vibration, verifying the monoclinic structure
of CuO.* Those peaks in the spectrum of PDA at 3430, 1642,
1430, and 1147 cm™' were respectively attributed to the
stretch vibration mode of O—H and N—H in the phenolic ring,
the symmetric C—C stretching vibration, the bending vibration
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Figure 3. Effect of different doses of CNT (A), the concentration of g-C;N,—~CNT@Au (B) and K,S,04 (D), pH (C) on the response of ECL

intensity from g-C;N,—CNT@Au/GCE. Error bars = RSD (n = 3).

of phenolic C—O—H, and the heterocyclic N—H in-plane
deformation breathing.” In the CuO@PDA spectrum, the
characteristic peaks of CuO and PDA both appeared, which
implied that PDA and CuO were combined successfully
through the in situ polymerization of DA on the outside of the
CuO nanoparticle.

3.2. ECL Emission Behavior of the g-C;N,—CNT@Au/
K,S,05 System and Quenching Mechanism of CuO@
PDA. In this work, the ECL signal amplification tactic was
illustrated by control experiments. As depicted in Figure 2E,
the emission signal of g-C;N,—CNT-modified electrode (curve
b) was stronger than that of g-C;N,-modified electrode (curve
a), proving that CNT could facilitate the ECL emission of g-
C;N, because the prominent electroconductibility of CNT
accelerated the ECL redox reaction. Moreover, the ECL
intensity of g-C;N,—CNT@Au-modified electrode (curve c)
further increased. It was due to the fact that Au nanoparticles
also had excellent conductivity, which can promote the transfer
of electrons. The possible ECL mechanisms were discussed
according to relevant reference reports."® When the electrode
was scanned from —1.2 to 0 V, the g-C;N, was first reduced to
g-C;N,"™ (eq 1). Meanwhile, S,05> was reduced to SO,°~
(eq 2). Then the strong oxidant SO,*~ reacted with g-C;N,*~
to generate g-C;N,* (eq 3). Finally, an intense emission was
released when g-C;N,* returned to the ground state from the
excited state in the form of photons (eq 4).

gCN, +e” = g-CN,*™ (1)
$,0,°” + e — SO, + SO,"” (2)
gCN,"" + 8O, — g-C;N* + 5042_ (3)
g-C.N* — g-C;N, + hv (4)
Meanwhile, the quenching effect of CuO (Figure 2E, curve

d) and CuO@PDA (Figure 2E, curve e) toward the ECL
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emission of g-C;N,—CNT@Au was respectively investigated.
It can be seen that both CuO and CuO@PDA can effectively
quench the ECL emission of g-C;N,—CNT@Au. To study the
possible quenching mechanism of CuO@PDA toward g-
C;N,—CNT@Au, the UV—vis absorption spectra of CuO and
CuO@PDA composites and the ECL emission spectrum of g-
C;N, were tested. The results depicted in Figure 2F show that
the ECL emission range of g-C;N, was about 400—650 nm
(curve c). At the same time, the UV—vis spectra of CuO
(curve a) and CuO@PDA (curve b) both showed a broader
absorption range. An obvious overlap was observed between
the ECL emission spectrum of g-C;N, and the UV—vis
absorption spectrum of CuO@PDA, making the RET process
from the g-C;N,—CNT@Au (energy donor) to CuO@PDA
(energy acceptor) possible.

3.3. Optimization of the Experimental Conditions.
The CNT content in the g-C;N,—CNT nanocomposites was
one of the important factors that affected the ECL property of
the immunosensor. The ECL properties of six kinds of
nanocomposites prepared by different doses of CNT were
explored and the results are shown in Figure 3A. Correspond-
ing detailed ECL response spectra are depicted in Figure S1
(Supporting Information). The ECL intensity reached the
maximum at a S mg CNT dosage (Figure 3A). This can be
explained as follows. In the g-C;N,—CNT nanocomposites, the
g-C3N, component is the luminescent material, but the poor
conductivity of g-C;N, semiconductor limits its ECL intensity;
however, the CNT component with no or very weak ECL
signal has good conductivity, which can enhance the ECL
intensity of g-C;N,. As a result, the ECL signal increased
continuously along with the increase of the CNT dose from 0
to 5 mg, which was due to the fact that the increased content
of CNT endowed better conductivity of g-C;N,—CNT
nanocomposites. However, a further increase of the CNT
dosage from $ to 50 mg resulted in a reduced ECL intensity. It
could be due to the fact that as the content of CNT in the g-
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Figure 4. (A) ECL intensity—potential curves of GCE (a), g-C;N,/CNT@Au/GCE (b), Ab,/g-C;N,—~CNT@Au/GCE (c), BSA/Ab,/g-C;N,—
CNT@Au/GCE (d), PCT/BSA/Ab, /g-C;N,~CNT@Au/GCE (e), and CuO@PDA-Ab,/PCT/BSA/Ab, /g-C;N,—~CNT@Au/GCE (f) in PBS
(pH 7.4) containing 80 mM K,S,0, and 0.1 M KCL. (B) Corresponding EIS in 2.5 mM Fe(CN)>~/#~ and 0.1 M KNO,. (C) ECL response of the
immunosensor to different concentrations of PCT, from (a) to (h): 0.0001, 0.0005, 0.001, 0.01, 0.1, 0.5, 1, and 10 ng mL™". (D) Calibration curve

of the immunosensor for different concentrations of PCT.

C;N,—CNT nanocomposites further increased, the excess
CNT piled up with each other. This process could hinder the
electron transfer and result in a weakening of the ECL signal.
On the basis of the above, a S mg CNT dosage was chosen for
the preparation of g-C;N,—CNT nanomaterials.

For the purpose of getting the best immunosensor
performance, other experimental conditions were further
optimized. Figure 3B exhibited the effect of different substrate
concentrations on the ECL response of the biosensor. At the
beginning, the ECL intensity was positively correlated with the
concentration of g-C;N,—CNT@Au. When the concentration
was above 1.0 mg mL™', the ECL intensity exhibited a
sustained downward trend because the excessive substrate
blocked the electron transmission. Consequently, 1 mg mL™"
was the optimum concentration of the g-C;N,—CNT@Au. As
can be seen from Figure 3C, the corresponding emission
intensity reached the maximum at pH 7.4. Thus, pH 7.4 was
selected as the optimum condition. In addition, the
concentration of the coreactant K,S,04 was also important
for the ECL performance of g-C;N,—CNT@Au. As demon-
strated in Figure 3D, the ECL signal strengthened with the
increasing concentration of K,S,05 in detection solution and

leveled off after 80 mM K,S,04. Thus, 80 mM K,S,04 was
determined as the optimum concentration of the coreactant.

3.4. Characterization of the Immunosensor. To prove
the successful fabrication of the proposed immunosensor, we
investigated the relationship between ECL intensity and
voltage during the construction process and displayed the
results in Figure 4A, which were carried out under the best
experimental conditions. The bare GCE showed a weak ECL
(curve a), whereas g-C;N,—CNT@Au-modified electrode
exhibited obvious ECL response (curve b). When Ab, (curve
c), BSA (curve d), and PCT (curve e) were successively coated
onto the electrode surface, the ECL intensity gradually
decreased, which was due to the Ab;, BSA, and PCT hindering
the electron transfer. The electrode experienced a remarkable
ECL inhibition after the decoration of the quenching probe of
CuO@PDA-Ab, (curve f), verifying the high quenching
efficiency of CutO@PDA-AD,.

The construction process of the biosensor was also verified
through electrochemical impedance spectroscopy (EIS) tested
at differently modified electrodes. The equivalent circuit for
EIS was provided in Figure 4B, and their relevant data, which
were simulated by ZSimPWin software, are listed in Table S1
(Supporting Information). As demonstrated in Figure 4B, the
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Figure 5. (A) Selectivity of the proposed ECL immunosensor in order: blank, CEA (1 ng mL™"), AFP (1 ng mL™"), BNP (1 ng mL™"), HSA (1 ng
mL™!), CRP (1 ng mL™"), PCT (1 ng mL™"), and the mixture (containing CEA (100 ng mL™"), AFP (100 ng mL™!), BNP (100 ng mL™!), HSA
(100 ng mL™"), CRP (100 ng mL™"), and PCT (1 ng mL™"). (B) Interassay study of the ECL immunosensor with 1 ng mL™" PCT. Error bars =
RSD (n = 3). (C) Stability of g-C;N,—~CNT@Au/GCE in pH 7.4 PBS containing 80 mM K,S,0; and 0.1 M KCL (D) Stability of ECL intensity
under continuous scanning for 16 cycles in PBS (pH 7.4) containing 80 mM K,S$,05 and 0.1 M KClI for detection of 10 pg mL™' PCT.

diameter of the semicircle, which was related to the electron-
transfer resistance (R,) at the electrode—solution interface,
represented the restricted diffusion of the redox probe
[Fe(CN)(> 7+ accessing the modified layers on the electrode.
The EIS curve of bare GCE was nearly a straight line (curve a),
which was ascribed to the fact that the electron-transfer
process was almost free,"” whereas the curve of the working
electrode modified with g-C;N,—CNT@Au displayed a small
semicircle (curve b), indicating Au NPs and CNT endowed
the substrate material with relatively favorable conductivity.
After successive modification of Ab; (curve c), BSA (curve d),
and PCT protein antigen (curve e), the semicircle diameter of
the EIS was gradually increased, which was due to the fact that
the Ab,, BSA, and PCT proteins as nonelectroactive substances
blocked the electron transfer. When the electrode was
decorated with CuO@PDA-Ab,, the hindrance of electron
transfers further increased, resulting in the maximum R, value
(curve f) and proving the occurrence of the immunoreactions
between Ag and Ab, bioconjugates. All the results above were
consistent with the CV profiles in Figure S2, manifesting the
successful construction of the quenching ECL immunosensor.

3.5. Analytical Performance of the Fabricated ECL
Immunosensor. Different concentrations of PCT were tested
to evaluate the sensing performance of the proposed
immunosensor under the optimized experimental conditions.
As shown in Figure 4C, the ECL intensity decreased along
with the PCT concentration gradually increasing. The
calibration curve in Figure 4D showed that ECL intensity
versus the logarithm of PCT concentration was linear from
0.0001 to 10 ng mL™". The linear relation was I = 2412.1 —
1109.6 X lg ¢ and the correlation coeflicient was 0.994. The
detection limit was 25.7 fg mL™" (S/N = 3). Compared with
other detection methods (Table S2), a wider detection range
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and a lower detection limit were realized here. The lower
detection limit might be because of the remarkable ECL
property of g-C;N,—CNT@Au and prominent quenching
efficiency of CuO@PDA.

3.6. Selectivity, Reproducibility, and Stability of the
Fabricated Immunosensor. To assess the specificity of the
fabricated immunosensor, carcinoembryonic antigen (CEA),
alpha fetoprotein (AFP), B-type natriuretic peptide (BNP),
human serum albumin (HSA), and C-reactive protein (CRP)
were chosen as possible interfering agents. First, PCT antigen
of 1 ng mL™! was selected as the reference, a mixture solution
was prepared through mixing 1 ng mL™' PCT with 100 ng
mL™' CEA, 100 ng mL™" AFP, 100 ng mL™' BNP, 100 ng
mL™" HSA, and 100 ng mL™" CRP, respectively. As can be
seen from Figure SA, the ECL response of the immunosensor
constructed by the mixed solution was nearly the same as that
by 1 ng mL™" PCT. Moreover, ECL responses of the
immunosensor for 0 ng mL™! PCT, 1 ng mL™! CEA, 1 ng
mL™! AFP, 1 ng mL™! BNP, 1 ng mL™! HSA, and 1 ng mL™!
CRP were also investigated. The results indicated the
prominent selectivity of the fabricated ECL immunosensor.

Prominent reproducibility is necessary for the practical
application of the immunosensor, which was inspected by
inter- and intra-assay precision. Five immunosensors were
constructed for analyzing 1 ng mL™" PCT in the same batch
(Figure SB). Then the same ECL immunosensors incubated
with 1 ng mL™" PCT were detected in five different batches
(Figure S3). The RSD values of the intra- and interassay study
were 2.01% and 1.13%, indicating that the immunosensor has
good reproducibility.

Operating stability is crucial for practical application of the
ECL sensor. First, the stability of g-C;N,—~CNT@Au, which
was cast onto the electrode surface, was detected via
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consecutive cyclic potential scan for nine cycles. The ECL
intensity shown in Figure SC was quite stable and the RSD was
0.97%. Besides, ECL emission of the immunosensor for
detecting 10 pg mL™' of PCT under consecutive scanning
potential for 16 cycles is displayed in Figure 5D, and the RSD
was 1.75%. The results demonstrated that the ECL signals
were reliable on the basis of the excellent stability of the
proposed immunosensor.

3.7. Application in Real Samples of Human Serum.
The standard addition method was used to conduct the
recovery experiment in real samples of human serum to
evaluate the feasibility of this ECL immunosensor in clinical
PCT detection. The results listed in Table S3 show that the
recovery was in the range of 94.0—110%,which demonstrated
reliability and practicality of the proposed biosensor.

4. CONCLUSION

In brief, a sandwich-type ECL immunosensor dependent on
ECL-RET in the g-C;N,—CNT@Au donor and CuO@PDA
acceptor system was developed for sensitive detection of PCT.
In the proposed system, g-C;N,—CNT@Au nanocomposite
was first prepared and used as the emission substrate. For
realization of high quenching efficiency, CuO@PDA was
employed as the quenching probe via resonance energy
transfer toward g-C;N,—CNT@Au. A wider linear detection
range for PCT from 0.0001 to 10 ng mL ™" and a low detection
limit of 25.7 fg mL™" (S/N = 3) were achieved in this proposed
strategy. The immunosensor exhibited prominent selectivity,
reproducibility, and stability. So, the new sensing method may
be applied to sensitive analysis of biological molecules in early
disease diagnostics.
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