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ARTICLE INFO ABSTRACT

Keywords: Herein a novel electrochemiluminescence resonance energy transfer (ECL-RET) pair of isoreticular metal organic
ECL-RET framework-3 (IRMOF-3) enriched nitrogen-doped graphene quantum dots (N-GQDs) luminescent material (N-
Coreaction accelerator GQDs@IRMOF-3@N-GQDs, donor) and Au nanoparticles modified zinc oxide nanorod (ZnO@Au, acceptor) were
N-GQDs . . . . . . e .

Dual-quenchin firstly designed to fabricate a dual-quenching sandwich-type ECL immunosensor for ultrasensitive analysis of
MOF q & procalcitonin (PCT). IRMOF-3 not only acted as a carrier for abundantly enriching luminescent N-GQDs by in-

ternal encapsulation and external decoration, but also a coreaction accelerator which could boost the trans-
formation of persulfate ion szo§* to generate more anion radical SO, so as to promote the ECL emission of N-
GQDs. Additionally, Au nanoparticles were loaded onto the ZnO nanorods through in-situ modification to obtain
ZnO@Au, which was firstly applied as a dual-quencher of ECL signal. In the best test environment, a wide
detection range from 0.0001 to 100 ng mL~! was obtained and the limit of detection is 12.58 fg mL~! (S/N = 3).
With excellent reproducibility and sensitivity, the practical test consequence of PCT in human serum samples was
satisfactory. These results suggested that this sensing system could provide a reference model for effective
detection of disease markers in clinical medicine.

1. Introduction used by clinicians [7-9]. Therefore, sensitive measurement of minute

amount of PCT is very helpful for early diagnosis of infections and

Procalcitonin (PCT) is composed of protein and mainly secreted by
thyroid C cells. Its concentration is very low in the heathy human body.
However, when the patient is infected with bacteria, PCT will be
released into the blood and the blood concentration of PCT will increase
[1]. So PCT can usually be used as a marker for diagnosing infections
[2-4]. With the extensive use of antibiotics, antibiotic resistance has
become an inevitable problem in contemporary medicine. Researchers
have found that PCT can be applied as an indicator to tailor antibiotic
treatment to help reduce antibiotic resistance [5,6]. If the PCT content in
the individual is below 0.25 ug L™}, the use of antibiotics is not rec-
ommended. When it is above 0.25 ug L™}, antibiotic treatments can be

slowing down the development of antibiotic resistance. The traditional
methods for the detection of PCT, such as microfluidic immunoassay
[10], fluorescence analysis [11], radioimmunoassay [12] and colloidal
gold colorimetry [13], which usually have some disadvantages, such as
long detection time or narrow detection range. Therefore, it is still ur-
gent to explore new methods with the advantage of a rapid, simple, wide
detection range and ultrasensitivity for detection of PCT.
Electrochemiluminescence resonance energy transfer (ECL-RET) is
the most widely used method in the detection of biomolecules based on
its unique advantages, such as undisturbed by scattered light, high
sensitivity and low cost [14-16]. Nevertheless, this system has a great
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challenge about finding a well-overlapping ECL donor-acceptor pair
[17]. ECL-RET method exists between a donor and an acceptor is real-
ized by means of energy transfer at the nanoscale. In addition, ECL-RET
requires an overlapping relationship between the ECL spectrum of the
donor and the UV-vis absorption spectrum of the acceptor [18-20].
Luminescent graphene quantum dots (GQDs), marked as small-sized
zero-dimensional nanomaterial, are composed of graphene [21,22].
Due to their tunable size [23-25], low toxicity and biocompatibility
[26-28], GQDs were used a lot in biosensing, catalysis, drug delivery,
and on the like [29-32]. However, GQDs show a low quantum yield due
to lack of surface passivation [33,34]. The conductivity and electro-
chemical properties of GQDs can be effectively regulated by doping
[35]. Among them, nitrogen atoms have been frequently used to prepare
nitrogen-doped graphene quantum dots (N-GQDs) [36,37]. N-GQDs
have many surface oxygen-containing groups, which can improve their
water solubility and facilitate their combination with other materials
[38]. Besides, N-GQDs have higher quantum yields and more active sites
than those of GQDs [39]. However, compared with classical luminescent
substances, N-GQDs still have weaker ECL signals. So, it is important to
explore new strategies to improve their ECL signals.

Metal-organic framework materials (MOFs) are a kind of coordina-
tion polymer, which generally use inorganic metals as the combining
site, and organic ligand as the support to constitute 3D extension in
space [40-42]. Because of the huge specific surface area, good chemical
stability, adjustable pore size and topological diversity [43,44], MOFs
have attracted considerable interest in separation [45,46], drug delivery
[47,48], catalysis [49,50], sensing [51,52] and so on. Herein, N-GQDs
are not only encapsulated into the inside of isoreticular metal organic
framework-3 (IRMOF-3), but also loaded on the surface of IRMOF-3 by
van der Waals interaction or strong chemical interaction through
oxygen-containing functional groups to obtain IRMOF-3 enriched
N-GQDs luminescent material (N-GQDs@IRMOF-3@N-GQDs), which
greatly enhances the loading amount of luminescent material and im-
proves the ECL signal of the composite. In addition, IRMOF-3 can act as a
co-reaction promoter and further strengthen the ECL intensity on ac-
count of that its organic ligand 2-amino terephthalic acid (2-NHy-BDC)
can facilitate the transformation of co-reactant SZO&Z;’ into SO3~ [53].

Pure metal oxide nanoparticles (MO) typically exhibit weak ab-
sorption of visible light. For example, only when the wavelength is less
than 387 nm, the light can be absorbed by titanium dioxide [54,55].
Therefore, a lot of research has been done to enhance the light capture
capability of MO, including modification [56,57], dye sensitization
[58], and doping [59,60] with noble metal (NM). When MO is combined
with NM, the light absorption range of the wide band gap MO can be
extended [61]. MO core and NM surface deposition are one of MO-NM
nanostructures. In this work, Au nanoparticles modified zinc oxide
nanorod (ZnO@Au) was prepared and firstly used as ECL-RET acceptor
because of the large surface area and high stability [62]. The UV-vis
absorption spectra of ZnO nanorod and ZnO@Au nanocomposite were
discovered to overlap with the ECL emission spectrum of N-GQDs@IR-
MOF-3@N-GQDs, respectively. Therefore, both ZnO and ZnO@Au can
effectively quench the emission of N-GQDs@IRMOF-3@N-GQDs.
Moreover, the UV-vis absorption spectrum of ZnO@Au can overlap
more area with the ECL emission spectrum of N-GQDs@IR-
MOF-3@N-GQDs compared with that of Au nanoparticles and ZnO
nanorod, respectively. Therefore, ZnO@Au can achieve the double
quenching effect on N-GQDs@IRMOF-3@N-GQDs emmission. Consid-
ering the above, a double quenching ECL immunosensor based on
N-GQDs@IRMOF-3@N-GQDs as an illuminant and ZnO@Au as a double
quencher were firstly constructed for sensitive detection of PCT. This
study may provide new ideas for practical detection of other analytes.
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2. Experimental section
2.1. Synthesis of N-GQDs@IRMOF-3@N-GQDs

N-GQDs@IRMOF-3@N-GQDs was prepared according to the litera-
ture with minor modification [53]. First, 0.2 g of PVP and 15 mg of
N-GQDs (detailed synthetic method was shown in the supplementary
material) were dispersed in a 40 mL mixed solution (DMF: ethanol =
3:2), while 68.9 mg of Zn(NO3),-6H,0 and 16.5 mg of 2-NH,-BDC were
dispersed in 6 mL of DMF solution. These two solutions were mixed and
stirred for 0.5 h, followed by transferring them to a 50 mL polytetra-
fluoroethylene autoclave and reacted for 20 h at 100 °C. Afterwards, the
solution was separated by centrifugation with DMF for three times, and
the obtained solid was vacuum-dried for 12 h to obtain N-GQDs
encapsulated IRMOF-3 (N-GQDs@IRMOF-3). Then, 10 mg of N-GQDs
were dispersed in 15 mL of ultrapure water, 1 mL of EDC (400 mM)/NHS
(100 mM) were added and stirred for 1 h at 4 °C, then 15 mg of
N-GQDs@IRMOF-3 were added and the mixture were stirred continu-
ously. Subsequently, the solid was collected by centrifugation. After
drying, the product N-GQDs@IRMOF-3@N-GQDs were dissolved in
chitosan (2 mg mL™!) and placed in a 4 °C refrigerator when not in use.

2.2. Preparation of ZnO@Au

ZnO@Au was synthesized on the basis of the reported method with
slight modifications [63]. 50 mg of ZnO nanorods (detailed experi-
mental steps were shown in the supplementary material) were dispersed
into 65 mL of ultrapure water and reacted for half an hour. Then, 0.09
mmoL CTAB was dispersed in the above solution at 50 °C. 1 mL of 2%
HAuCl, was added after the above solution was cooled to room tem-
perature. Then the solution color changed from yellow to purple when
15 mL of 0.7 mmoL NaBH,4 were added. Finally, solids were collected by
multiple centrifugations and dried to obtain ZnO@Au.

2.3. The establishment of the sandwich-type ECL immunosensor

Scheme 1 showed a brief description of the assembly process of the
sensor on glassy carbon electrode (GCE, 4 mm in diameter). At first, the
electrode was buffed with Al,O3 powder and a mirror-like surface was
obtained after being washed thoroughly by ultrapure water. After that 6
pL of N-GQDs@IRMOF-3@N-GQDs composites were coated on the GCE
and air-dried. Next, 4 pL of EDC (0.01 mol L~1/NHS (0.002 mol L™ 1)
was dropped onto the electrode and incubated for 1 h, followed by
rinsing with ultrapure water to remove the unreacted EDC/NHS. After
drying, the electrode was coated with 6 pL of Ab;. The unbound Ab; was
then carefully rinsed off with PBS (pH 7.4). The modified electrode was
further coated with 0.1 wt% BSA to take up the nonspecific site. Washing
with PBS was also required after drying. Later on, the modified electrode
was incubated with different concentrations PCT (6 pL) for 1 h at 4 °C
and then the unbound antigen was similarly washed off with PBS.
Finally, the ZnO@Au-Ab; (6 pL) was added to the electrode surface, and
then rinsed with PBS once the electrode surface was dried. The ECL
immunosensor (GCE/N-GQDs@IRMOF-3@N-GQDs/Ab,/BSA/PCT/
ZnO@Au-Ab,) was obtained and kept at 4 °C.

2.4. ECL detection

10 mL of pH 8.0 PBS with 0.1 M KCl and 0.1 M K3S20g were selected
as the co-reactant system for ECL measurements. The reference
electrode-Ag/AgCl electrode, the counter electrode-platinum wire
electrode and the prepared working electrode were connected to the
chemiluminescence detector’s chamber as the electrochemical lumi-
nescence sensor. The electrochemical workstation and chem-
iluminescence detector were connected together. The high voltage of the
photomultiplier tube was set as 800 V, and the scanning voltage was set
as—1.6 ~0V.



L. Huetal

100°C
e
N-GQD:s ..... 24h
2-NH,-BDC-}
Zn(N03)2 ------ <

GCE 7o

N-GQDs@IRMOF-3

r’s ’
/_n‘mrc SO,

Sensors and Actuators: B. Chemical 346 (2021) 130495

EDC/NHS

N-GQDs@IRMOF-3@N-GODs

O

S
¥
"TOH

LA TOA

Scheme 1. Fabrication process of the proposed ECL immunosensor.

3. Results and discussion
3.1. Characterization of the prepared materials

Transmission electron microscopy (TEM) and scanning electron mi-
croscopy (SEM) technologies were applied to characterize the
morphology and size of the synthesized materials. Representative results
were exhibited in Fig. 1. In Fig. 1A, the N-GQDs have a uniform distri-
bution, and its average size was less than 10 nm. Meanwhile, the inside
high resolution TEM (HRTEM) image of N-GQDs showed a regular lat-
tice structure. 0.21 nm of lattice spacing was consistent with a previous
report [64]. Fig. 1B and C were scanning electron micrograph and
transmission electron micrograph of IRMOF-3, respectively. As can be
seen, the IRMOF-3 was a sphere structure with a diameter of about 500
=+ 50 nm [65]. When N-GQDs were encapsulated into the inside of the
IRMOF-3 (Fig. 1D), there was no obvious size change compared with
that of the pure IRMOF-3. N-GQDs@IRMOF-3 still exhibited
well-demarcated spherical structure and good dispersion. In addition,
the enlarged TEM image of individual N-GQDs@IRMOF-3 shown in
Fig. 1E further verified the encapsulation of the N-GQDs. Fig. 1F showed
that the globular surface of the N-GQDs@IRMOF-3@N-GQDs were
covered with lots of dots. Meantime, from the HRTEM image (Fig. 1G),

the well lattice planes of N-GQDs can be clearly found on the outer shell
of N-GQDs@IRMOF-3@N-GQDs, meaning N-GQDs have been success-
fully functionalized onto the outer shell of N-GQDs@IR-
MOF-3@N-GQDs. In addition, the results of high angle annular dark
field-scanning transmission electron microscopy (HAADF-STEM)
image and energy dispersive spectroscopy (EDS) mapping of
N-GQDs@IRMOF-3@N-GQDs further confirmed the successful prepa-
ration of N-GQDs@IRMOF-3@N-GQDs (Fig. S1 in supplementary ma-
terial). The scanning electron micrograph in Fig. 1H showed that the
prepared ZnO nanomaterial had a rod-like nanostructure with a slippy
surface. The average diameter of ZnO was about 150 nm and the axial
length was nearly 500 nm. In contrast, the surface of the ZnO@Au were
rough, uneven and covered by apparent protrusions, manifesting that Au
nanoparticles were uniformly dispersed on the ZnO surface (Fig. 11I).
Fig. S2 in supplementary material showed the EDS of ZnO@Au. The
existence of Au, O, and Zn elements further confirmed that ZnO@Au
nanocomposites were successfully synthesized (Fig. S2 in supplementary
material). In addition, the TEM images of ZnO and ZnO@Au were shown
in Fig. S3 in supplementary material. It can be seen that a lot of Au
nanoparticles with a diameter of approximately 5-10 nm were suc-
cessfully loaded onto the surface of ZnO.

The functional groups of the prepared materials were analyzed by
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Fig. 1. TEM image of N-GQDs (A), SEM (B) and TEM (C) images of IRMOF-3 (C), TEM image of N-GQDs@IRMOF-3 (D), HRTEM image of individual N-
GQDs@IRMOF-3 from the marked region in D (E), TEM image of N-GQDs@IRMOF-3@N-GQDs (F), HRTEM image of individual N-GQDs@IRMOF-3@N-GQDs from

the marked region in F (G), SEM images of ZnO (H) and ZnO@Au (D).

Fourier transform infrared (FTIR) method (Fig. S4A in supplementary
material). For N-GQDs (line a), C=0 stretching vibration band can be
found at 1675 cm™}. C=C stretching vibration band can be found at
1538 cm™ L. Two vibration bands at 1304 cm™! and 1374 cm™! were
observed, which can be assigned to the C—N bond vibration. The exis-
tence of alkyl groups, carboxyl groups and amino groups on N-GQDs can
be speculated from the stretching of C—H, O—H and N—H at about
2640-3400 cm . The asymmetric and symmetric stretching vibrations
of NH, in the FTIR spectrum of IRMOF-3 can be found at 483 cm™ and
3365 cm?, respectively. The existence of C—C in the benzene ring,
C—N and C—O can be verified from the characteristic peaks at 1576
em™}, 1377 em ™! and 1252 em ™2, respectively (line b). Compared with
that of the pure IRMOF-3, due to the N-GQDs in N-GQDs@IRMOF-3
were wrapped inside the IRMOF-3, and the peak position and intensity
of N-GQDs@IRMOF-3 spectrum have not changed much (line c). This
might be due to that the encapsulation amount of N-GQDs was relatively
small. In the N-GQDs@IRMOF-3@N-GQDs spectrum, three main bands
at around 1380 em™!, 1600 cm ™! and 3300 cm™ became broader and
nearly unification, which can be attributed to that many N-GQDs were
covered on the outer-surface of N-GQDs@IRMOF-3@N-GQDs, and the

typical groups of IRMOF-3 and N-GQDs were similar in structure,
leading to the infrared absorption peaks overlapped with each other.

In order to demonstrate whether the nanoparticles were successfully
prepared, X-ray diffraction (XRD) was further measured. The XRD
pattern of N-GQDs was displayed in Fig. S4B in supplementary material.
A broad peak at about 26.5° was (002) plane, whose d value of 0.389 nm
was nearly the same as that of graphene [66]. The XRD pattern of
IRMOF-3 was displayed in Fig. S4C in supplementary material, and the
diffraction peaks at 6.9°, 9.8° and 13.97° correspond to (200), (220) and
(400) planes, respectively [67]. The lower line in Fig. S4D in supple-
mentary material was the ZnO pattern. A hexagonal wurtzite structure
of ZnO can be indexed from the lattice parameters, which were consis-
tent with the JCPDS-36-1451 file of ZnO [68]. The upper line was the
XRD curve of ZnO@Au. The additional peaks at 38.37°, 44.24°,64.57°
and 77.54° respectively corresponded to (111), (200), (220) and (311)
planes of Au, indicated that Au NPs were Face Centered Cubic (FCC)
phase, which corresponded to the file JCPDS NO: 4-0784.
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3.2. ECL emission mechanism of N-GQDs/IRMOF-3/K3S20g ternary
system and the quenching mechanism of ZnO@Au

ECL emission mechanism of N-GQDs/IRMOF-3/K3S20g ternary sys-
tem was explored through ECL and CV measurements. In Fig. 2A, curve a
and curve b were the ECL emission spectra of GCE and IRMOF-3 in
K3S20g solution, respectively. The maximum emission wavelength of
curve a and curve b was both at 575 nm, which could be assigned to the
emission of 1(02)2* in the O,/ SZO§’ system [69]. The emission intensity
of curve b was stronger than that of curve a, which indicated that
IRMOF-3 may promote the ECL emission of the OZ/SZO% system. The
curves of ¢ and d were the ECL emission result of N-GQDs and
N-GQDs@IRMOF-3@N-GQDs in K5S,0g solution, respectively, and both
the maximum emission wavelength were at about 640 nm, indicating
that the dominant luminescent substance in the N-GQDs/K3S,0g system
were N-GQDs with K3S20g as the coreactant. Corresponding ECL signals
were shown in Fig. 2B. Line a and line b were the ECL responses of
N-GQDs and N-GQDs@IRMOF-3 in PBS solution without K3S2Osg,
respectively. It was shown that the ECL signal of both N-GQDs and
N-GQDs@IRMOF-3 were weak. However, the ECL intensity of
N-GQDs-modified GCE was obviously increased when measured in PBS
solution with K3S»0g, meaning K2S,0g played the role of coreactant of
N-GQDs (Fig. 2B, line c). It’s worth noting that When N-GQDs were
wrapped inside the IRMOF-3 to form N-GQDs@IRMOF-3 composite, the
ECL signal tested in PBS solution with KyS;Og was significantly
enhanced (Fig. 2B, line d), which revealing that IRMOF-3 can promote
the ECL emission of N-GQDs/K3S20g system. In addition, the ECL signal
of N-GQDs@IRMOF-3@N-GQDs modified electrode (Fig. 2B, line e) was
further strengthened. It was due to more N-GQDs were combined with
IRMOF-3 in N-GQDs@IRMOF-3@N-GQDs to produce higher ECL in-
tensity. Similarly, the CV responses of electrodes with different modi-
fications under different conditions were further tested to deeply
investigate the effect of IRMOF-3 in the N-GQDs/K3S20g system. It can
be seen from Fig. S5 in supplementary material, IRMOF-3 showed an

A B
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oxidation peak at E, , = —1.11 V and N-GQDs showed a reduction peak
at E,, = —0.97 V in PBS solution without K2S;0g. When N-GQDs and
IRMOF-3 were combined together, the peak current of N-GQDs@IR-
MOF-3@N-GQDs did not show significant change, indicating that
IRMOF-3 did not react with N-GQDs directly. However, when the
modified electrodes were tested in PBS solution with K;S,0g, the CV
curves behaved differently from the above results. As shown in Fig. 2C,
when IRMOF-3 was coated on the GCE, the reduction peak of K3S20g
shifted negatively and the peak current increased compared with those
of pure GCE, meaning IRMOF-3 can boost szoé' to generate more SOy
[70]. Moreover, the reduction peak of N-GQDs in K2S>0g solution was at
—1.29, which was offset in a negative direction compared to the CV of
N-GQDs tested without KS»Og. Actually, the interaction between
K2S20g and N-GQDs resulted in this increased overpotential. Finally,
when IRMOF-3 was combined with N-GQDs, the peak current of
N-GQDs@IRMOF-3@N-GQDs in PBS solution containing K3S20g
increased significantly, which further demonstrated that IRMOF-3 may
accelerate the reaction between N-GQDs and K3S20g.According to the
above, IRMOF-3 might be concluded as the coreaction accelerator, who
can effectively enhance the ECL emission of N-GQDs/ K3S20g system
through interacting with KyS;Og rather than N-GQDs. The possible
mechanisms of the new ternary ECL system are proposed as follows:
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Fig. 2. (A) ECL emission spectra of GCE (a), IRMOF-3 (b), N-GQDs (c) and N-GQDs@IRMOF-3@N-GQDs (d) in PBS (pH 7.4, 0.1 M K5S,0g) solution; (B) ECL re-
sponses of N-GQDs (a), N-GQDs@IRMOF-3 (b) in PBS (pH 7.4) solution. ECL responses of N-GQDs (c), N-GQDs@IRMOF-3 (d) and N-GQDs@IRMOF-3@N-GQDs (e) in
PBS (pH 7.4, 0.1 M K»S,0g) solution; (C) CV responses of GCE, IRMOF-3, N-GQDs and N-GQDs@IRMOF-3@N-GQDs in PBS (pH 7.4, 0.1 M K,S,0g) solution; (D)
UV-vis absorption of Au, ZnO, ZnO@Au and ECL emission spectrum of N-GQDs@IRMOF-3@N-GQDs; (E) ECL behavior of N-GQDs@IRMOF-3@N-GQDs (a), N-
GQDs@IRMOF-3@N-GQDs/ZnO (b) and N-GQDs@IRMOF-3@N-GQDs/ZnO@Au (c); (F) ECL responses of N-GQDs@IRMOF-3@N-GQDs in the presence of 0, 0.1, 0.5,
1,2,3,4and 5¢g L~! ZnO@Au; The diagram inside corresponds to linear relationship.
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The quenching mechanism between N-GQDs@IRMOF-3@N-GQDs
and ZnO@Au was further studied. It can be seen from Fig. 2D that pure
ZnO had a broad UV absorption spectrum, which partially overlapped
with the ECL emission spectrum of N-GQDs@IRMOF-3@N-GQDs. This
result indicated that the resonance energy transfer interaction could
occur between N-GQDs@IRMOF-3@N-GQDs (donor) and ZnO@Au
(acceptor) to quench the ECL signal. After surface modification of Au
nanoparticles, the absorption peak of ZnO@Au became wider and the
absorption intensity between 480 nm and 670 nm also increased, which
further enhanced the overlap and quenching effect. And the corre-
sponding ECL response was displayed in Fig. 2E. It can be observed that
the combining of Au nanoparticles could enhance the quenching effi-
ciency of ZnO. It can be demonstrated that ZnO@Au had dual-quenching
effect to the ECL signal of N-GQDs@IRMOF-3@N-GQDs. To further
investigate the performance of the ZnO@Au quencher, a series of con-
centrations of ZnO@Au (0, 0.1,0.5,1,2,3,4and 5¢g L~1) were used to
quench the N-GQDs@IRMOF-3@N-GQDs. The ECL signal depicted in
Fig. 2F gradually decreased when the concentration of quencher
increased, and the corresponding linear relationship was shown inside of
Fig. 2F in the range from 0 to 5.0 g L' (R? = 0.995). The quenching rate
constant (ky) was evaluated according to the Stern-Volmer equation: Ip/I
=1 +kqro[Q] = 1 + Ky [Q] [71]. According to the fitted curve, the
quenching constant (Kgy) was 3.268 x 10° g'l. All the above results
suggested the excellent dual-quenching effect of ZnO@Au.

3.3. Optimization of experimental conditions

The substrate concentration, co-reactant concentration, pH and
quencher concentration were optimized based on the ECL strength and
stability as the criterion to obtain the best testing efficiency of the
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constructed immunosensor. To achieve the highest ECL intensity, the
concentration of the N-GQDs@IRMOF-3@N-GQDs was first selected. It
can be seen from Fig. 3A, when the concentration of N-GQDs@IRMOF-
3@N-GQDs was lower than 1.5 mg mL ™, the ECL response and con-
centration were positively correlated. While the ECL response and
concentration were negatively correlated when the concentration sur-
passed 1.5 mg mL~. So, the best concentration of N-GQDs@IRMOF-
3@N-GQDs was defined as 1.5 mg mL ™. Secondly, the concentration of
K3S,0g was also optimized. Fig. 3B showed that the ECL response was
primary increased with the increase of KoS20g concentration before 100
mM, and then decreased. So, 100 mM of K5S,0g was selected as the test
condition. Subsequently, the pH value of PBS was optimized. The pH
value that too high or too low was not studied in the organism, so it was
chosen to optimize in the pH range of 6.4-8.5. In Fig. 3C, when the pH
value was 8.0, the ECL response reached the strongest, thus, the opti-
mum pH value of PBS was 8.0. Finally, in order to achieve high-
efficiency quenching effect, the concentration of ZnO@Au was
selected. In Fig. 3D, the effect of quenching showed an upward trend
when the concentration of ZnO@Au was below 2 mg mL™'; when it was
more than 2 mg mL™}, the quenching effect was basically not changed.
Hence, the best quenching concentration of ZnO@Au was defined as 2
mg mL~L

3.4. Characterization of the sensor

To explore the immunosensor construction process, different modi-
fied electrodes were studied by ECL intensity-potential measurement. In
Fig. 4A, line a shown that a bare GCE in PBS (pH 8.0) containing 100 mM
of K3S20g had a weak ECL signal. ECL intensity was significantly
enhanced after modification of N-GQDs@IRMOF-3@N-GQDs on the
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Fig. 3. The effect of concentration of N-GQDs@IRMOF-3@N-GQDs (A), concentration of K;S,0g (B), the pH of PBS (C) on the ECL response from GCE/N-
GQDs@IRMOF-3@N-GQDs. (D) The quenching effect of different concentration of ZnO@Au on the ECL immunosensor for detection 0.01 ng mL~! PCT (AECL in-
tensity was the difference between GCE/N-GQDs@IRMOF-3@N-GQDs/Ab,/BSA/PCT and GCE/N-GQDs@IRMOF-3@N-GQDs/Ab,/BSA/PCT/ZnO@Au-Ab,). The
insert diagrams are the corresponded ECL-time curves. Error bars = RSD (n = 3).
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Aby/BSA/PCT/ZnO@Au-Abs (f).

GCE (line b). The ECL intensity gradually decreased when Ab; (line c),
BSA (line d) and PCT (line e) were added on the GCE surface step-by-
step. This can be ascribed to that the electron transfer was blocked by
these nonconducting protein molecules. When ZnO@Au-Ab, was finally
incubated on the GCE (line f), the ECL response was minimized due to
ECL inhibition of the quenching probe ZnO@Au-Ab,. The above results
manifested the successful construction of the immunosensor.

In addition, the construction process of the immunosensor was
further illustrated by electrochemical impedance spectroscopy (EIS).
Fig. 4B showed the EIS consequence of different modified states. The
insert diagram at the lower right corner of Fig. 4B was an equivalent
circuit. In detail, the bare electrode exhibited a tiny semicircle (line a),
which represented the lowest electro-transfer resistance (Re) and indi-
cated the most free diffusion process of [Fe(CN)6]3’/ 4- accessing
modified electrode. When N-GQDs@IRMOF-3@N-GQDs was modified

A

on the GCE, the semicircular domain was small (line b), suggesting that
N-GQDs improved the conductivity of the composite material. The
semicircular domain continued to increase when Ab; was modified on
the electrode. Because Ab; acted as a non-conductive biological material
blocked the electron transport (line c¢). When BSA (line d), PCT antigen
(line e) continued to be modified, the semicircular domains continued to
increase, indicating the above non-conductive biological substances
have been successfully connected to the electrode. Finally, the semi-
circular domain was maximized when ZnO@Au-Ab, was modified, due
to ZnO@Au-Ab, further hindered electron transport, proving the im-
mune binding between antigen and Ab, biomarkers. It can be concluded
according to the results above that the dual-quenching ECL immuno-
sensor was successfully built. The corresponding values simulated by
ZSimpWin software were shown in Table S1.
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Fig. 5. The calibration curve (A) and ECL response (B) of the immunosensor to different concentrations of PCT: 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1,
5,10, 50 and 100 ng mL™%; (C) Selectivity of the proposed ECL immunosensor in order: CEA (1 ng mL™1), PSA (1 ng mL™1), BNP (1 ng mL™1), HSA (1 ng mL~1), AFP
(1 ng mL™Y), Blank, 1 ng mL~! PCT with 100 ng mL ! interference (CEA + PCT, PSA + PCT, BNP + PCT, HSA + PCT, AFP + PCT), and PCT (1 ng mL™'); (D) The
reproducibility of the immunosensor for 1 ng mL~! PCT investigated by intra- (a) and inter-assay (b) precision. Error bars = RSD (n = 3); (E) Stability of GCE/N-
GQDs@IRMOF-3@N-GQDs for 9 cycles; (F) Stability of the ECL immunosensor for 9 cycles. All were tested in 100 mM K,S,0g in PBS (pH = 8.0).
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3.5. Analysis of PCT

To evaluate the detection property of incubated immunosensor
under optimal conditions, the ECL responses were obtained by detecting
PCT at a certain concentration. The ECL intensity to the corresponding
concentrations and the simulated linear correlation curves were shown
in Fig. 5A and B. When the PCT concentration increased from 0.0001 to
100 ng mL ™}, the ECL response showed a regular downward trend. The
linear regression equation was Igc;, = 4609.57—1007.48 x 1g ¢ (R? =
0.998) and the LOD was 12.58 fg mL! (S/N = 3). In addition, the
comparison was made between this work and other reports (Table S2) to
further illustrate the superiority of this method. The outstanding
detection limit and detection range obtained in the end result might be
due to the remarkable ECL property of N-GQDs@IRMOF-3@N-GQDs
and excellent quenching performance of ZnO@Au.

3.6. Selectivity, repeatability, and stability of the immunosensor

Five common species in serum were selected as interfering sub-
stances, including carcinoembryonic antigen (CEA), prostate specific
antigen (PSA), B-type natriuretic peptide (BNP), human serum albumin
(HSA) and alpha fetoprotein (AFP) to evaluate the specificity of the
constructed sensor. As shown in Fig. 5C, when detection object only
contained 1 ng mL ™! of CEA, 1 ng mL ™! of PSA, 1 ng mL ™! of BNP, 1 ng
mL ! of HSA or 1 ng mL ™! of AFP, the ECL responses showed no obvious
change when compared with the blank experimental. In addition, when
the immunosensor was incubated with 1 ng mL™~! of PCT or the mixture
of 1 ng mL ! of PCT with 100 ng mL ! of interference (CEA, PSA, BNP,
HSA or AFP), the ECL responses were almost the same. In addition, more
interferences such as ascorbic acid, uric acid, dopamine, cholesterol,
myoglobin, serotonin and immunoglobulin, were further selected to
evaluate the selectivity of the proposed sensor (Fig. S6 in Supplementary
material). The above results indicated that the constructed sensor had
acceptable selectivity.

Outstanding repeatability was an important factor for the immuno-
sensor application. Therefore, inter- and intra-assay precision were
investigated to test whether the reproducibility of the constructed sensor
meets the requirements (Fig. 5D). Under the same experimental condi-
tion, the ECL responses of five electrodes in a same batch (cure a), and
the same electrodes constructed in five batches (cure b) were analyzed,
respectively. The RSD of intra- and inter-assay were 1.87 % and 2.39 %.
The above results indicated that the constructed sensor had good
reproducibility.

Stability was a major point for practical application of ECL immu-
nosensor. N-GQDs@IRMOF-3@N-GQDs composites exhibited fairly
stable ECL intensity under 9 consecutive scans (Fig. 5E), and the RSD
was 0.644 %. Besides, the electrode modified with 5 ng mL ™! of PCT was
scanned under consecutively potential (—1.6 V to 0 V) for 9 cycles, and
the RSD was 2.21 % (Fig. 5F). The above results illustrated the construed
immunosensor had acceptable stability.

3.7. Application of the fabricated ECL immunosensor in human serum

To further test the feasibility of the constructed sensor in PCT
detection, recovery experiments were carried out in human serum
samples by standard addition method. Herein, the serum was obtained
from a local hospital and diluted 10 times before use. The PCT con-
centration of the diluted serum was measured to be 0.31 ng mL™! by
using immunosensor fabricated here (denoted as Detected concentra-
tion). Then the samples were divided into four groups, and each group
was spiked with 0.05, 0.1, 0.5, 1 ng mL" of PCT standard samples,
respectively (denoted as Added). After measurement, the corresponding
PCT concentrations of these samples were obtained (denoted as Found).
As listed in Table 1, the recoveries ranged from 96.8 % to 105.3 %,
manifesting the developed immunosensor had satisfactory recovery and
was expected to be used in practical detection.
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Table 1
Recovery results of PCT in human serum samples detected by the proposed ECL
biosensor.

Sample Detected concentration ~ Addition Found Recovery  RSD

number (ng mL’l) (ng (ng (%) (%, n
mL™) mL™) =3)

1 0.31 0.05 0.357 99.2 2.8

2 0.31 0.10 0.421 102.7 3.4

3 0.31 0.50 0.853 105.3 4.1

4 0.31 1.00 1.268 96.8 3.7

4. Conclusion

To sum up, a quenching ECL immunosensor on the basis of N-
GQDs@IRMOF-3@N-GQDs as a new multifunctional luminescent sub-
strate (donor) and ZnO@Au as a novel dual-quencher (acceptor)
through ECL-RET interaction was firstly developed to realize ultrasen-
sitive detection of PCT. In the current system, N-GQDs were firstly
decorated on the inside and outside of the co-reaction accelerator
IRMOF-3, which improved the load of luminous reagent and shortened
the electron transmission distance, resulting in a high-efficiency signal
probe N-GQDs@IRMOF-3@N-GQDs. Meanwhile, ZnO nanorods and Au
nanoparticles were firstly combined to realize dual-quenching effect,
which could greatly increase the sensitivity of the immunosensor. All in
all, a wider linear detection range for PCT (0.0001-100 ng mL’l), a
lower detection limit of 12.58 fg mL ™! (S/N = 3), satisfactory sensitivity,
specificity and reproducibility endowed this new sensing method po-
tential application prospect in clinical diagnosis.
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