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In this article, ferric ion-doped floral graphite carbon nitride (Fe—CN-3, energy donor) was used to construct the
substrate of the immunosensor and copper oxide nanocubes (Cu0O, energy acceptor) were taken as an efficient
ECL quenching probe. A sandwich quench electrochemiluminescence (ECL) immunosensor for soluble cytoker-
atin 19 fragment (Cyfra21-1) detection was preliminarily developed based on a novel resonant energy transfer
donor-acceptor pair. Fe-CN-3, a carbon nitride that combines the advantages of metal ion doping as well as
morphology modulation, is used in ECL luminophores to provide more excellent ECL performance, which makes
a significant contribution to the application and development of carbon nitride in the field of ECL biosensors. The
regular shape, high specific surface area and excellent biocompatibility of the quencher Cuy0 nanocubes facil-
itate the labeling of secondary antibodies and the construction of sensors. Meanwhile, as an energy acceptor, the
UV absorption spectrum of CuyO can overlap efficiently with the energy donor’s ECL emission spectrum, making
it prone to the occurrence of ECL-RET and thus obtaining an excellent quenching effect. These merits of the
donor-acceptor pair enable the sensor to have a wide detection range of 0.00005-100 ng/mL and a low detection
limit of 17.4 fg/mL (S/N = 3), which provides a new approach and theoretical basis for the clinical detection of
lung cancer.

1. Introduction resonance (SPR) [6], fluorescence immunoassay [7], inductively

coupled plasma source mass spectrometry (ICP-MS) detection [8], and

As one of the worst cancers in the world, lung cancer has one of the
highest rates of morbidity and death. Depending on the pathological
form, it can be divided into two categories: small-cell lung cancer (SCLC)
and non-small-cell lung cancer (NSCLC) [1]. Cytokeratin-19-fragment
(Cyfra21-1) is a typical marker of NSCLC, and it is essential for the
rapid identification and diagnostic identification of lung tumors. Its
average content in humans should be less than 3.2 ng/mL. In conse-
quence, the detection of Cyfra21-1 content can determine the survival
status of lung cancer patients [2]. Numerous analytical techniques have
been developed up to this point for Cyfra21-1 detection, including
enzyme-linked immunosorbent assay (ELISA) [3], polymerase chain
reaction (PCR) [4], immunoradiometric assay [5], surface plasmon
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other methods. However, the practical application of these methods was
limited due to several drawbacks, including complicated operation, long
analysis time, low sensitivity, and a hefty cost. Hence, developing a
sensitive technique to detect Cyfra2l-1 is essential. Electro-
chemiluminescence immunoassays have gained popularity because of
their wide detection range, short analysis time, low cost, and small
number of samples required [9-11]. Herein, a sandwich electrochemical
luminescence immunosensor with low background noise and high
selectivity was constructed.

Resonance energy transfer (RET) is an electrodynamic phenomenon
that uses long-range dipole-dipole interactions to generate nonradiative
energy [12]. Besides, in the process of electrochemical luminescence
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(ECL), species generated at electrodes undergo electron-transfer pro-
cedures to produce light-emitting excited states [13]. Further,
electrochemiluminescence-resonance energy transfer (ECL-RET), an
analytical method that combines all the advantages of both, has been
increasingly used to analyze proteins, DNA, and micromolecules.
Additionally, the ECL-RET system depends on a significant overlap be-
tween the energy acceptor’s UV absorption spectrum and the energy
donor’s ECL emission spectrum [14]. The primary way the ECL-RET
system works is that the acceptor can suppress the ECL emission from
the donor, which manifests itself as a quenching probe of the ECL signal
[15].

Graphitic carbon nitride (g-C3N4) finds extensive application in im-
munoassays and life medicine because of its excellent biocompatibility
and electrochemical properties. g-CsN4 consists of large n-bond conju-
gated structures generated through sp? hybridization of N and C, which
are called tri-s-triazine ring and triazine ring structure units [16]. These
units extend indefinitely to form a network structure, and each network
layer is connected by van der Waals force and hydrogen bonds [17]. So
that it is the most stable allotrope among carbonaceous compounds
[18]. However, due to g-C3N4’s drawbacks, such as its slow charge
transport, limited specific surface area, and quick charge recombination,
its wide variety of applications is constrained [19,20]. Fortunately,
several methods can be used to regulate the surface chemical properties
of g-C3Ny4 at the molecular level, such as redox reactions, doping, and
copolymerization due to its polymeric nature [21]. Among these
methods, doping is a valuable technique to alter the electrical structure
and energy band arrangement of the g-C3N4 material [22-25]. To be
specific, doping of Fe3* ions into g-C3N4 can generate a stable
nitrogen-metal hybrid macrocyclic material by means of complexing
with the hepta-nitrogen ring, which has six nitrogen lone pair electrons
in g-C3Ny4 [26,27]. Besides, Fe3* ions can be included in the "nitrogen
tank" structure of g-C3N4 through coordination with the amide group.
Then, the Fe-Ny bond, a key active site of ferric ion-doped graphite
carbon nitride (Fe-CN-3), is formed [28]. In addition to promoting
interfacial electron transfer, inducing intrinsic electrons, and energy
band modulation, Fe>* coordination doping can passivate the carbon
position of the triazine ring and prevent the formation of g-C3Njy crystals,
which favored the formation of excited electronic transition states of
Fe-CN-3 [29,30]. In summary, it can be expected that Fe-CN-3 will
exhibit improved ECL performance in comparison with that of g-CsNg.

Nanoquencher-based biosensors have better sensitivity and stability
in detecting nucleic acids, proteins, metal ions, etc. Therefore, bio-
sensors based on nanoquencher are continuously being developed, such
as Au@UiO66-NH,, BiyS3 nanorods, Si;O@PDA [31-33]. In this paper,
Cuy0 was used as a quenching probe, thus improving the sensor per-
formance. As a p-type semiconductor, cuprous oxide (CuyO) has the
benefits of easy synthesis, non-toxicity, low cost, and high abundance.
Moreover, due to its versatile physicochemical features, it is also one of
the transition metal oxide crystals that has been the subject of the most
current study [34,35]. In addition, due to its regular cubic morphology,
good biocompatibility, and high specific surface area, CuyO nano-
particles functionalized through an amination reaction were designed
here to combine with the second antibodies of Cyfra21-1. Above all, it
was discovered that there was a clear match between the ECL emission
spectrum of Fe-CN-3 and the ultraviolet-visible spectrum of absorption
of Cu0, which allowed the ECL-RET interaction to occur between CusO
and Fe-CN-3. Consequently, the ECL signal of Fe-CN-3 can be sup-
pressed by Cuy0 well [36].

In this study, the novel ECL-RET donor-receptor pair with excellent
properties were used for immunosensor construction, which enabled the
ultrasensitive analysis of Cyfra21-1. The modified carbon nitride Fe-CN-
3, which combines the advantages of shape modulation and ion doping,
was used as an ECL donor for the first time, which not only incorporates
the benefits of carbon nitride materials, but also provides more reactive
sites and faster electro-charge migration and separation compared with
g-C3Ny, thus possessing the advantages of better stability and stronger
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ECL emission. The ECL receptor is an easy-to-synthesise CupO nano-
cubes, which binds well to the antibody and exhibits efficient and stable
quenching effect on Fe-CN-3, improving the sensitivity and selectivity of
the sensor. This research may offer a fresh theoretical foundation and
methodological guide for the medical investigation of numerous addi-
tional biomarkers.

2. Experimental section
2.1. Synthesis of Fe-CN

Fe-CN with different ferric ion doping amounts were synthesized
based on the reported method with slight modifications [37]. Specif-
ically, 40 mL of water was boiled to 100 °C. After that, concentrated
hydrochloric acid (2 mL), melamine (2000 mg), and FeCl3-6H>0 (61.8
mg) were introduced under vigorous stirring. Next, evaporate the so-
lution to dryness at 100 °C to get rid of water. Finally, the acquired
powder was positioned at a porcelain boat wrapped in tin foil and
calcined in a nitrogen atmosphere at 550 °C for 6 h to obtain Fe-CN,
named Fe-CN-3 (the feeding amount of FeCl3-6H>0 accounted for 3 % of
the total solid material). In addition, Fe-CN-1, Fe-CN-5, Fe-CN-6,
Fe-CN-7, and Fe-CN-9 were also synthesized according to the same
operation except for changing the amount of FeCls-6H20.

2.2. Preparation of Fe-CN-3-Ab;

15 mg of Fe-CN-3 was added into phosphate buffered saline (PBS)
solution (5 mL, pH 7.4) containing EDC (191 mg) and NHS (291.7 mg).
After ultrasonic mixing, 250 pL of Ab; (10 pg/mL) was put to the
aforementioned solution and incubated at 4 °C overnight. The solution
was then centrifuged and re-dispersed in PBS solution (5 mL, pH 7.4).
Finally, the prepared Fe-CN-3-Ab; solution was chilled to 4 °C in
preparation for usage.

2.3. Synthesis of Cuy0 nanocubes

Cu,0 nanocubes were created with a few modest modifications to
the prior instructions [38]. Firstly, solution A was produced by dis-
solving 0.25 mM (0.05 g) Cu(CH3COO)3-H20 and 0.005 mM of PVP
(K30) in water (100 mL), and then sodium hydroxide (5 mM) was
dispersed to form solution B in water (20 mL), followed by dissolving
0.75 mM of ascorbic acid in water (15 mL) to prepare solution C. Sec-
ondly, a blue suspension was created by adding solution B dropwise to
solution A and rapidly stirring at ambient temperature. Thirdly, drop by
drop, solution C was added to the suspension above while being vigor-
ously stirred. Finally, the obtained orange-yellow suspension was
centrifuged, rinsed three times with water, and then vacuum-dried at
60 °C for the entire night.

2.4. Preparation of Cuz0-Abz

In the first place, 10 mL of ethanol was applied to disper 0.1 g of
Cuz0. After addition of 0.1 mL of (3-aminopropyl) triethoxysilane
(APTES), the mixture was refluxed for 1.5 h at 70 °C. After centrifuga-
tion, washing, and drying, ammonized Cus0 (CupO-NH>) was obtained.

In the first place, PBS solution (2 mL, pH 7.4) was used to mix with
100 pL of Ab, solution (10 pg/mL) followed by adding EDC (76.4 mg)
and NHS (116.68 mg). Stirring for 4 h at 4 °C was followed by the
addition of 3 mg of CuyO-NHp, then stirring for another 12 h. Lastly, the
nonspecific binding sites were occupied with 100 pL of 0.1 % bovine
serum albumin (BSA). After centrifugation and washing, the obtained
Cuy0-Ab; precipitate was dispersed in 2 mL of PBS solution (pH 7.4),
which was then stored for later use at 4 °C.
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2.5. Construction of quenched biosensor

Fig. 1 showed the manufacturing process of the sandwich-quenched
electrochemical luminescence biosensor. Firstly, a 0.05 pm alumina
slurry was used to polish glassy carbon electrode (GCE, @ = 4 mm) to get
a clean surface. Secondly, 6 pL of Fe-CN-3-Ab; (3 mg/mL) solution was
attached, allowed by BSA (0.1 %, 3 pL) to occupy the non-specific
adsorption sites. Thirdly, the varying concentrations of Cyfra21-1 anti-
gen (6 pL) were applied onto the electrode surface. Finally, after the
immune recognized association of a 6 pL. Cuz0-Ab; solution (2 mg/mL),
the sensor was developed and stored for subsequent use at 4 °C.

2.6. ECL detection

80 mM KCl and 80 mM K3S,0g were dissolved into a pH 7.4 of PBS
solution to derive the co-reactant mixture for the ECL measurement. As
the electrochemiluminescence sensor, the chemiluminescence de-
tector’s chamber was connected to the Ag/AgCl reference electrode, the
prepared working electrode, and the platinum wire counter electrode.
The electrochemical workstation and the chemiluminescence detector
were connected. The photomultiplier tube was configured with a high
voltage of 600 V, a scan rate of 0.15 V/s, and a scan voltage of —1.6-0 V.

3. Results and discussion
3.1. Characterization of materials

In this study, Fe>* and nitrogen atoms in the "nitrogen tank" and
amide groups of g-C3N, interacted to dope Fe®' into the g-C3Ny
framework. The partial structure chart of the molecule before and after
doping was shown in Scheme 1. SEM, EDS, and XPS methods were used
to describe the composition and morphology of Fe-CN. Fig. S1 and
Fig. 2showed the SEM photos of g-C3sN4 and Fe-CN-3 composites. The
original g-C3N4 showed a dense bulk structure (Fig. S1A), while the
morphology of Fe-CN-1 presented a fluffy, lumpy structure (Fig. S1B).
At the same time, Fig. 2A showed that Fe-CN-3 was a flower-like
structure composed of large and thin lamellae. With increasing Fe3*
doping levels, the lamellae structure became thicker until the lamellae
became less pronounced (Fig. S1C ~1F). The EDS results of flower-like
Fe-CN-3 demonstrated that Fe>* was successfully inserted into the g-
C3Ny4 framework (Fig. 2B and C). The morphology and composition of
Fe-CN affect its ECL properties. This is because the rigid two-
dimensional skeleton of metal-free carbon nitride can -effectively
reduce the occurrence of non-radiative leaps. With the introduction of
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Fig. 1. Synthesis of the materials and construction process of ECL
immunosensor.
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Scheme 1. The schematic diagram of introduction of Fe>"
C3N,4 framework.

into g-

Fe3*, the morphology of g-CsN4 gradually transitions from a bulk
structure to a two-dimensional structure. However, excessive doping
will make the structure disappear, and the intensity of the ECL signal
will trend upward and then downward. The changes in the morphology
and composition enhance the intensity of the ECL signal, thereby
improving the sensor’s sensitivity and detection range. Thus, the
sensitivity and detection range of the sensor are enhanced. Additionally,
Fig. 2D displayed the CupO SEM picture, which illustrated that Cup,O
200-300 nm in dimensions, typical square in shape, with a sleek exte-
rior. Cuz0 nanocubes with regular morphology are easy to combine with
secondary antibodies to form secondary antibody markers, which makes
the sensors easy to construct, and due to their excellent quenching
performance for luminophores, the sensors have lower detection limits
and higher sensitivity. Meanwhile, the excellent biocompatibility better
maintains the activity of the antigen-antibody.

The corresponding semaphores of elements C, N, and O can be
noticed in the XPS spectrum of Fe-CN-3 (Fig. 3A), indicating that the
main components of Fe-CN-3 are C and N. The presence of the O 1s
signal in the general spectrum may be caused by the outermost layer of
the Fe-CN-3 catching molecules of Oy or H,O molecules by the Fe-CN-3
surface. The two peaks of the C 1s spectrum in Fig. 3B, which represent
the C atom in the C-N bond, N-C=N bond, or C-(N)3 bond, which are
284.8 eV and 288 eV [30]. In Fig. 3C, the peak of N 1s is decomposed
into four distinct surges located at 404.53 eV, 400.86 eV, 399.63 eV, and
398.65 eV, which corresponded to amino functional groups (C-NH; or
C=NH), connecting nitrogen atoms (N-(C)3), Fe-N bonds, and sp2 hy-
bridized N atoms within the tri-s-triazine ring (C-N—C), correspond-
ingly [26]. In Fig. 3D, the peaks centered at 711.2 eV belonged to Fe 2p
[29]. The binding energy of 711.2 eV is very close to the previous re-
ports, [39] in

which the Fe species was stabilized in the electron-rich g-C3Ny4
structure through Fe-N bonds. In short, These outcomes indicated that
Fe—CN-3 had been successfully synthesized and the Fe3* were connected
to the N atom by Fe-N coordinate bonds.

Between 500 and 4000 cm ™! in wavelength, the functional groups of
the flower-like Fe-CN materials that were produced and bulk g-C3N4
were characterized by the Fourier transform infrared (FT-IR) spectros-
copy. As seen from Fig. S2, all samples showed several similar peaks as
follows. The band at 806 cm™! represented a typical tri-s-triazine
bending vibration. The peak in the 1200-1700 cm ™! region was found to
be caused by the aromatic ring’s C-N bond stretching vibration. How-
ever, it was noteworthy that in the spectra of the flower-liker Fe-CN
samples, the intensity of the band 2173 ¢cm™!, which has to do with
C=N’s stretching vibration, increased with the quantity of Fe doping
and moved towards higher wavelengths, which suggested that during
the doping procedure, a chemical link was formed between the atoms of
Fe and N. Additionally, N-H bond stretching vibrations were identified
as the source of the tiny peak at 887 cm ™. In contrast, large absorption
peaks appeared at 3000-3600 cm ™! were identified as either hydroxy
stretching vibrations of adsorbed water molecules or stretching
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Fig. 2. (A) SEM images of Fe-CN-3, (B) EDS images of Fe-CN-3, (C) Mapping images of Fe-CN-3, (D) SEM images of Cu3O.
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Fig. 3. (A) XPS patterns of Fe-CN-3, (B) C 1s XPS patterns of Fe-CN-3, (C) N 1s XPS of patterns Fe-CN-3 and (D) Fe 2p XPS patterns Fe-CN-3.

vibrations of amino groups. The amino groups were to blame for the
decrease of the peaks at these two sites, with the increasing Fe doping
coordinating with Fe>* to form complexes, which further confirmed that
Fe3* was doped into g-C3N4 by coordination interaction. Moreover,
Fe-CN with different amounts of Fe doping showed comparable bulk g-
C3Ny4 characteristic absorption peaks, suggesting that the chemical
structure of g-C3N4 remains unchanged upon the addition of the Fe

element, which was consistent with the literature [37,40]. Fig. 4A shows
the infrared spectra of g-C3Ny4, Fe-CN-3 and Fe-CN-3-Ab;. The peak
pattern of the antibody-modified Fe-CN-3 was changed in the range of
1518-1673 cm™}, the peak intensity was weakened, and there was also
the appearance of new peaks, which may be due to the stretching vi-
bration of the C=0 bond in the structure of the antibody. At the same
time, it is also the characteristic of amide I and amide II bonds in the
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structure of proteins. The peaks of ~-OH and -NH, at 3000-3600 cm
were extremely weak, indicating that -NHy in Fe-CN-3 was coupled
with the carboxyl group of the antibody. The above structure strongly
confirms the successful connection of the luminophore with the material
[41,42].

Fig. 4B illustrated that the XRD diffraction peak locations of flower-
like Fe-CN and bulk g-C3N4 appeared almost identical. To be specific,
the in-plane reflection of the tri-s-triazine ring, which corresponds to the
(100) diffraction plane, was identified as the cause of the weaker
diffraction peak at 12.8°. The (002) crystal plane was responsible for the
interlayer stacking of conjugated aromatic rings, which was represented
by another stronger diffraction peak at 27.0°. When the amount of Fe
doping in Fe-CN increases, the peak intensity of the (100) crystal plane
gradually drops to almost nonexistent upon comparison with bulk g-
C3Ny. This suggests that Fe was fixed in the g-C3Ny4 frame by the coor-
dination link Fe—Nyx. Similarly, as the amount of Fe doping increased,
the peak intensity at 27.0° corresponded to the (002) crystal plane, also
considerably dropped, indicating that the host-guest interaction and the
inhibition of polymer condensation through the introduction of ferric
ion species destroyed the fundamental units’ periodic arrangement in g-

C3Ny4. Moreover, no other iron oxide peaks were found, which was
consistent with previous studies [30,37]. This indicated that Fe®* had
been successfully incorporated into the g-C3Ny4 structure. Therefore, the
XRD data confirmed that the Fe-CN preparation was successful.

The FT-IR spectra of Cuy0, CusO-NH; and Cup0-Ab, were shown in
Fig. 4C. The Cu-O stretching vibration in CuzO was indicated by the
peak in the Cu,0 spectrum that occurs at 500 to 600 cm ™. Also, the
Cu-O-H bond’s bending vibrational mode was linked to the wide peak at
1000 cm L. The peaks approximately 1500 cm™* and 3000-3500 were
the O-H bond stretching modes in adsorbed HoO molecules [34]. In
addition to the characteristic peaks of CupO, many new peaks have been
found in the CuyO-NH; spectrum. The stretching vibrations of amino
groups or hydroxyl groups in the adsorbed water correlate to the peaks
at 3000-3700 cm ™~ '. However, the stretching vibrations of Si-O-Si and
Si-O-C are represented by new peaks at 1114, 1806 and 500 cm’,
respectively. These new characteristic mounts indicate the successful
amination of CuyO [43]. The IR absorption peaks of CuyO-Ab, at
1540-1890 cm™! are completely different from those of CuyO and
Cu0-NHy, not only the peaks are shifted, but also new IR absorption
peaks appear at 1640 cm ™!, which is a result of the influence of the
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characteristics of amide I (C—=O, C-N stretching and N-H bending).
Meanwhile, CuyO-Aby had a newly appeared weak characteristic ab-
sorption peak at 1245 cm ™!, which was caused by the stretching of the
C-0 bond, and in the range of 1330-1500 cm ™}, the peak shape and the
peak value changed weakly, which might originate from the changes
caused by the amide III bond, and the fingerprint area also showed
different absorption peaks, and all the above results strongly confirmed
the successful binding of the secondary antibody to Cup0 [42,44].

Fig. 4D showed the XRD pattern of CuyO. The diffraction peaks and
diffraction crystal planes of CuyO were consistent with the standard card
(JCPS: 05-0667), with features at 77.4°, 73.56°, 61.4°, 42.32°, 36.44°
and 29.56° correspond to the (222) crystal planes of Cu0, (311), (220),
(200), (111) and (110), respectively. The above results indicated that
the synthesized substance was CuzO with a cubic structure centered at
the surface.

The DRS measurements of g-CsN4 and Fe-CN-3 were carried out. The
g-C3Ny spectrum (black curve) in Fig. 4E shows that the absorption edge
emerged at about 450 nm. On the other hand, Fe-CN-3’s UV-visible
absorption edge was redshifted when compared to pure g-C3N4. These
findings suggested that g-C3N4’s intrinsic electrical and energy band
structure might be modulated by Fe3* doping, and the absorption edge’s
redshift lowered the energy that caused the electron transition of Fe-CN-
3. The formula ahv = A (hv - Eg) "/2 can be applied to compute the band
gap energy. In this formula, « stands for absorption coefficient, h for
Planck’s constant, E; for energy band gap, v for optical frequency, A for
continuous, and n/2 for semiconductor photo transition type [45].
g-C3N4 and Fe-CN-3 were found to have band gaps of 2.77 eV and 2.40
eV, separately, based on the comparison between (ah)'/? and hv in
Fig. 4F. It was obvious that the band gap width of Fe-CN-3 was reduced
by 0.35 eV in contrast to g-C3N4. This could enhance the electron
transfer capability and make it easier to create excited states.

The BET specific surface area and pore information of pristine g-C3N4
and Fe-CN-3 were analysed by Nj absorption/desorption method.
Figs. S3A and B show the type IV isotherms and H4 hysteresis loops of
the respective two, indicating the presence of a pore structure in the
samples, with surface areas of 33.86 m%/g (g-CsN,) and 68.85 m?/g
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(Fe-CN-3), respectively. The results demonstrated that Fe doping can
enhance the specific surface area and 3-13 nm pore distribution of g-
C3Ny, the large specific surface area makes the luminophore contact
with more co-reactants, and the higher porosity can promote the diffu-
sion of co-reactants into the layers of luminescent materials on the
surface of the electrodes, thus generating more Fe-CN-3* in the excited
state, and improving the luminescence performance of Fe-CN-3.

3.2. ECL emission behavior and CuzO quenching mechanism of Fe-CN/
K25,038 system

The ECL performance of six Fe-CN nanocomposites with varying
levels of Fe doping were investigated and the results were displayed in
Fig. S4. Fe-CN-3 exhibited a more robust and consistent ECL signal in
comparison to the other Fe-CN nanocomposites. This might be due to
the fact that the flower-liked structure of Fe-CN-3 with large and thin
lamellae made more ECL emitting groups inside the structure to be
exposed and activated than that of other Fe-CN. In addition, the
quenching performance of CupO was examined, and Fig. 5A displays the
findings. The g-C3N4—modified electrode’s ECL signal was extremely
weak (curve b), while the un-modified bare electrode (curve a) exhibited
nearly no ECL emission under the same test circumstances. However, the
Fe-CN-3-modified electrode (curve c¢) exhibited a remarkable ECL
signal. This result further demonstrated that Fe doping can meaningfully
enhance the g-C3N4’ ECL performance. After further modification of
Cuz0 onto the working electrode (curve d), the ECL intensity sharply
dropped, suggesting that CuzO had an obvious quenching effect on the
Fe-CN-3 ECL signal.

Functionalization or control of the carbon nitride synthesis process
can only modulate its ECL properties but not change its ECL mechanism
[46]. So far, the ECL phenomenon in g-C3N4 has been based on the
co-reactant pathway, where at the cathodic potential, the co-reactants
produce intermediates that react with the free radicals of g-CsN4 to
produce excited states [16,47]. Relies on the luminescence behavior of
Fe-CN-3 and g-C3Ny, the possible ECL mechanism for Fe-CN-3 were
discussed. Concrete term, when the electrode voltage was swept from
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Fig. 5. (A) ECL behaviors of bare GCE (a), GCE/g-C3Ny4 (b), GCE/Fe-CN-3 (c) and GCE/Fe-CN-3/Cu,0 (d) in PBS (pH 7.4, 80 mM K,S,0g); (B) ECL emission spectra
of Fe—CN-3 (red) and UV-Visible light absorption spectrum of Cu,O (blue); (C) The fluorescence spectra of Fe-CN-3 (black) and a mixture of Fe-CN-3 and Cu,O (red);
(D) quenching effect of Cu,0 and calibration curve of Cu,O detection (cut line). Error bars = RSD (n = 5).
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—1.6 to 0 V, Fe-CN-3 was first oxidized to Fe-CN-3°" after gaining
electrons (Equation (1)). Meanwhile, SzOé_ was oxidized to SO3~ after
gaining electrons (Equation (2)). Next, the strong oxidant SO5~ reacted
with Fe-CN-3°" to form Fe-CN-3* (Equation (3)). Finally, when
Fe-CN-3* transformed back into photons and went from the excited
state to the ground state, a powerful emission light quench forth
(Equation (4)). [48].

Fe-CN-3 + e~ — Fe—CN-3*~ €}
S203~ + e~ — SO3™ + S04~ 2
Fe-CN-3 + SO~ — Fe-CN-3* + SO4 2~ 3)
Fe-CN-3* — Fe-CN-3 + hy 4)

The ECL quenching mechanism was further studied and the findings
are displayed in Fig. 5B. The ECL emission spectrum of Fe-CN-3 (red
curve) illustrated that the luminescence range was at 400-600 nm, 440
nm from the highest peak. Moreover, a broad absorption in the 350-800
nm wavelength range was seen in the UV-vis absorption spectrum of
Cuy0 (blue curve). It was noteworthy that the ECL emission spectrum of
Fe—CN-3 and the UV-vis spectrum of CupO showed a discernible overlap.
It manifested that an ECL-RET interaction from Fe-CN-3 (energy donor)
to Cuz0 (energy acceptor) occurred. In addition, to learn more about
Cuy0’s quenching capacity, the fluorescence spectra of Fe-CN-3 and its
mixes with CupO were recorded. Fe-CN-3’s greatest emission peak was
at 430 nm, with an 800 a.u. fluorescence intensity (black curve), as seen
in Fig. 5C. However, when mixing with Cuy0, the fluorescence emission
intensity at 430 nm decreased significantly (red curve), indicating that
Cuz0 can inhibit the fluorescence emission of Fe—CN-3.

For the purpose of further investigating the quenching performance
of the Cuy0 quencher, a series of concentrations of CuyO were used to
explore the ECL quenching experiment towards Fe-CN-3 in 10 mL PBS
dissolved with 80 mM K3S;0g and KCl. And the obtained results were
shown in Fig. 5D. The linear relationship between Iy/I and CuO con-
centrations is depicted inside Fig. 5D. The ECL intensity constantly
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lowers as CuyO concentration rises. I and I, represented the ECL in-
tensity in this stage with and without Cuy0, respectively. The quenching
constant (Kg,) based on the fitted curve, as determined by the Stern-
Volmer equation: Ip/I = 1 + kqro[Q] = 1 + Ks[Q], was 0.865 x 10°
g in the 0-3.0 g/L range (R? = 0.993). All the above results confirmed
that Cuy0 has excellent quenching properties.

3.3. Improvement of the test condition

Based on the ECL strength and stability, the co-reactive reagent
concentration, quenched material concentration, substrate concentra-
tion, and pH were adjusted to obtain the maximum detection efficiency.
As seen in Fig. 6A, the concentration of Fe-CN-3 and the ECL intensity
had a positive correlation when Fe-CN-3 concentration was below 3
mg/mL, but was negatively correlated when Fe-CN-3 concentration was
above 3 mg/mL. So, Fe-CN-3 at a 3 mg/mL concentration was the ideal
level. Furthermore, K5S;0g concentration was also improved. As Fig. 6B
illustrates, as the concentration of KyS,Og increased, so did the ECL
intensity in cases where the K3S2,0g concentration was below 80 mM. In
cases where the K3S,0g concentration exceeded 80 mM, as the con-
centration of K»S;0g increased, the ECL intensity dropped. As a result,
the optimal concentration of the co-reactant KoS>0g was chosen to be 80
mM. Since the reaction between antigen and antibody only occurs in a
suitable pH environment, the pH value of the test solution was subse-
quently explored. The ECL emission intensity peaked at pH 7.4 when
screening was performed from pH 6.0 to 8.5, as Fig. 6C illustrates.
Hence, 7.4 was determined to be the ideal pH level. Finally, the ideal
quenching effect was obtained by optimizing the quantity of CuyO. It can
be seen from Fig. 6D, the quenching effect showed an upward trend
when Cuy0 concentrations was below 1.5 mg/mL. Upon exceeding 1.5
mg/mL of Cuy0, the quenching effect remained almost unaltered.
Therefore, 1.5 mg/mL was the ideal quenching agent concentration.
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Fig. 6. The effects of (A) Fe-CN-3 concentration, (B) K»S,0g concentration and (C) pH of PBS on ECL intensity; (D) The quenching impact of various Cu,O con-
centrations on the ECL signal corresponding to 1 ng/mL Cyfra21-1 detected by the immunosensor (AECL was the difference between GCE/Fe-CN-3-Ab;/BSA/
Cyfra21-1 and GCE/Fe-CN-3-Ab;/BSA/Cyfra21-1/Cu,0-Aby). Error bars = RSD (n = 5).
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3.4. Characterization of the constructed ECL sensor

The relationship between the voltage of the electrodes and the ECL
intensity was investigated to show how the immunosensor is con-
structed. The findings are displayed in Fig. 7A. The ECL signal of the
bare electrode was weak (curve a). When the Fe-CN-3-Ab; compound
was altered on GCE (curve b), the ECL intensity reached the maximum.
After BSA (curve c) and Cyfra21-1 (curve d) were gradually added to the
working electrode, the ECL intensity steadily dropped, possibly as a
result of protein molecules impeding electron transit. Finally, after
modification of CupO-Ab, (curve e), the ECL signal reached the mini-
mum, demonstrating the CupO-Aby quenching probe’s remarkable
quenching efficiency. The immunosensor was successfully constructed,
as evidenced by the above results.

Moreover, the immunosensor’s building process was further
demonstrated by electrochemical impedance spectroscopy (EIS) tests
conducted on several modified electrodes in solutions containing 2.5
mM [Fe(CN)6]3'/4' and 0.1 M KNOs (Fig. 7B). The inset equivalent cir-
cuit can be used to simulate Nyquist plots. Table S1 displayed the rele-
vant values that the ZSimpWin software simulated. Of these parameters,
the most notable is the change in the charge transfer and redox reaction
resistance (Ret), which demonstrated the electroactive marker’s diffu-
sion retardation at the electrode interface. The bare electrode displayed
a little semicircle (curve a), as seen in Fig. 7B, indicating that electrons
can be transferred almost freely. Since Ab;’s non-conductive nature as a
biomaterial, the semicircle diameter increased when Fe-CN-3-Ab; was
applied to the surface of the electrode (curve b). The diameter of the
semicircle kept growing with stepwise modification of non-conductive
BSA (curve c) and Cyfra21-1 antigen (curve d). In the end, the R
value reached the maximum when Cuy0-Ab, was further modified onto
the working electrode, which verified the immunobinding between the
antigen and the Aby biomarker. The quenching ECL immunosensor was
successfully constructed, as seen by the cyclic voltammetry (CV) curves
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in Fig. S5, which matched all of the previously reported results.

3.5. Analytical ability of the constructed sensor

For evaluating the sensing property of the constructed immuno-
sensors, the ECL strengths of Cyfra21-1 at different concentrations were
determined under optimal experimental conditions. Fig. 7C demon-
strated that the ECL intensity steadily decreased as the concentration of
Cyfra21-1 rose from 0.00005 ng/mL to 100 ng/mL. The corresponding
calibration curve was depicted in Fig. 7D, and the equation for linear
regression Igc, = 3719.7-901.5 x 1g ¢ (R? = 0.995) was credible. Here, it
was determined that the limit of detection (LOD) was 17.4 fg/mL (S/N
= 3). The reduced LOD and larger detection range may be the result of
the remarkable ECL emission properties of the flower-like Fe-CN-3 and
the prominent quenching effect of Cuy0, in contrast to other detection
strategies (Table S2).

3.6. Immunosensor performance in application

In order to assess the manufactured immunosensors’ selectivity,
protein indicators that resemble the target antigen, such as alpha-
fetoprotein (AFP), human Serum albumin (HSA), prostate specific an-
tigen (PSA), carcinoembryonic antigen (CEA) and B-type natriuretic
peptide (BNP), were chosen as potential interfering substances. Based on
the results presented in Fig. 8A, there was no discernible effect on the
ECL signal when the immunosensors were tested with either blank
samples or 1 ng/mL of interfering substance. Also, the ECL strength of
the immunosensor was nearly the same whether it was tested with 1 ng/
mL Cyfra21-1 alone or in combination with 100 ng/mL of the afore-
mentioned interferents. Based on the results, it was demonstrated that
the proposed ECL immunosensor exhibited exceptional selectivity.

Repeatability is an essential factor in the application of immuno-
sensors. Assays intra and inter were carried out to evaluate the sensor’s
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Fig. 7. (A) The ECL intensity-potential curves in PBS (pH 7.4) containing 80 mM K»S>0g and 0.1 M KCl and (B) The corresponding EIS curves in 2.5 mM Fe(CN)g’/ 4=
and 0.1 M KNOs: (a) GCE, (b) GCE/Fe-CN-3-Ab,, (c) GCE/Fe-CN-3-Ab;/BSA, (d) GCE/Fe-CN-3-Ab,/BSA/Cyfra21-1, (e¢) GCE/Fe-CN-3-Ab;/BSA/Cyfra21-1/Cu,0-
Ab, (the inset in Fig. 7B is the equivalent analog circuit); (C) ECL responses of immunosensors to different concentrations of Cyfra21-1, from a to k: 0.00005, 0.0001,
0.0005, 0.001, 0.01, 0.1, 0.5, 1, 10, 50 and 100 ng/mL; (D) Standard curve of the immunosensor against different concentrations of Cyfra21-1. Error bars = RSD (n

=5).
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Fig. 8. (A) The selectivity of the constructed ECL immunosensors from a to I: blank, CEA (1 ng/mL), PSA (1 ng/mL), BNP (1 ng/mL), HSA (1 ng/mL), AFP (1 ng/mL),
Cyfra21-1 (1 ng/mL), Cyfra21-1 (1 ng/mL), mixture of Cyfra21-1 (1 ng/mL) and PSA (100 ng/mL), mixture of Cyfra21-1 (1 ng/mL) and BNP (100 ng/mL), mixture of
Cyfra21-1 (1 ng/mL) and HSA (100 ng/mL), mixture of Cyfra21-1 (1 ng/mL) and AFP (100 ng/mL); (B) Reproducibility of the immunosensor for 1 ng/mL Cyfra21-1
by intra- and inter-assay, error bars = RSD (n = 5); Stability tests performed in PBS (pH 7.4) containing 80 mM KS,0g of (C) Fe-CN-3 and (D) ECL immunosensor for

detection of 1 ng/mL Cyfra21-1.

reproducibility. (Fig. 8B). In the same experimental conditions, six
electrodes from the same batch (red bars) and six batches of the same
electrodes (black bars) had their ECL reactions and responses tested
separately. As can be seen from Fig. 8B, the intra- and inter-assay ex-
periment’s RSD values were 2.52 % and 1.97 %, respectively. The
findings that were mentioned earlier have confirmed that the sensor that
was designed has a high level of repeatability.

Good functioning stability is crucial for sensors to be used in real-
world applications. First, the stability of flower-like Fe-CN-3 nano-
material poured onto the surface of the electrode, was detected
throughout the course of 10 consecutive scans. The ECL intensity was
very stable with an RSD of 0.754 % (Fig. 8C). Similarly, the designed
immunosensor applied to detect 1 ng/mL of Cyfra21-1 was constantly
scanned for 10 cycles, which displayed good stability with a 1.18 % RSD
(Fig. 8D). The aforementioned findings showed that the constructed
immunosensor had adequate stability.

3.7. Detection of human serum samples

To investigate this ECL immunosensor’s viability for clinical
Cyfra21-1 detection in more detail, the recovery rate of serum Cyfra21-1
at various concentrations was determined through the standard addition
method. Human serum samples were diluted into three concentrations
(1.86, 2.52, and 3.19 ng/mL), and then a series of Cyfra21-1 standard
solutions were added to obtain samples to be tested. After testing and
calculating, the recoveries had a relative standard deviation of 1.2 %-—
2.9 % and ranged from 98.3 % to 101.5 % (Table S3). This implied that
the constructed immunosensor had a satisfactory recovery rate and
potential practical application value.

4. Conclusion

The evolving development of luminescents and quenchers with more
superior performance is the key to promote the transition from theory to

practice in the field of ECL. Therefore, we have explored the novel
luminophore Fe-CN-3, whose satisfactory morphology, specific surface
area, and band gap energy promote the electron leaps and the formation
of excited states, and improve its ECL performance. It has energised the
continued development of carbon nitride in the ECL field. A suitable
quenching probe can improve the sensitivity of the sensor, and based on
the ECL-RET mechanism, CuyO nanocubes were synthesized for
quenching the ECL emission of Fe-CN-3. The sensor constructed in this
study can be used for the ultrasensitive detection of Cyfra21-1 in the
range of 0.00005-100 ng/mL, with a detection limit as low as 17.4 fg/
mL. Therefore, the proposed new sensing strategy is of great significance
in the diagnosis and detection of lung cancer. However, the constructed
sensor still has some deficiencies. For example, the stability of long-time
storage needs to be improved, and it is limited to the detection of one
disease marker and cannot detect multiple targets at the same time.
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