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ARTICLE INFO ABSTRACT

Keywords:
Electrochemiluminescence

Electrochemiluminescence (ECL)-functionalized metal-organic frameworks (MOFs) have become one of the most
favored topics in biomarker immunoassays. Herein, a biocompatible tris(4,4'-dicarboxylic acid-2,2'-bipyridyl)

Immunosensor ruthenium(IT) [Ru(dcbpy)3*] functionalized y-cyclodextrin MOF was freshly prepared as an ECL tag for analyzing
g;fll::ez):t;iln cytokeratin 19 fragment 21-1 (CYFRA21-1), a quintessential biomarker of non-small cell lung cancer. As a green

ECL carrier, y-CD-MOF possessed a large cavity that can absorb enormous Ru(dcbpy)3" molecules, obtaining
consecutive stable ECL signals using N,N-dibutyl-2-hydroxyethylamine (DBAE) as a coreactant. Further func-
tionalization of palladium nanoparticles with Ru@ y-CD-MOF not only facilitated the electron-transfer rate to
boost the ECL emission but also immobilized the detection antibody (Aby) via a Pd-N bond. To fabricate the
sensing substrate, a porous NH2-MIL-125 (Ti) MOF was coated on the electrode to provide many binding sites for
the capture antibody (Ab;). Through the traditional sandwich-type sensing format, the assembled immunosensor
manifested a linear range with a limit of detection of 0.048 pg/mL (S/N = 3) within a concentration gradient of
0.0001-50 ng/mL for CYFRA21-1 detection. Given this strategy’s merits of favorable specificity, reliable ac-
curacy and remarkable stability, this study highlighted the feasibility of fabricating y-CD-based ECL tags for
immunosensor construction, revealing this strategy’s promising aptitude for bioanalysis and the clinical diag-
nosis of biomarkers.

Metal organic frameworks

treatment to prevent the condition from deteriorating. Cytokeratin 19
fragment 21-1 (CYFRA21-1) has been considered an accurate

1. Introduction

Lung cancer, as a fatal disease, has attracted much more concern due
to its intensified incidence and death rate [1]. More than half of lung
cancer cases are caused by non-small cell lung cancer (NSCLC) [2].
Tumor markers are proteins or other substances that cancer cells pro-
duce in larger quantities than normal cells. Various tumor markers have
been identified and are in the clinical stage for diagnosis and treatment
due to their extraordinary specificity and sensitivity [3]. Each kind of
tumor marker is associated with at least one cancer type. Thus, early
detection of tumor makers plays a significant role in lung cancer
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biochemical indicator used for lung cancer clinical diagnosis at an early
stage [4]. As an acid polypeptide, the specific expression of CYFRA21-1
in epithelial cells facilitates NSCLC assays [5]. To date, conventional
methods for the detection of CYFRA21-1 have been exploited, including
fluorometry [6], surface plasmon resonance analysis [7], immunor-
adiometric assay methods [8], immunocytochemistry [9], western
blotting [10], flow cytometry (FCM) [11] and northern blotting poly-
merase chain reaction (PCR) [12]. Moreover, immunosensor technology
is also an influential method we regularly use, such as
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Scheme 1. The illustrated fabrication diagram (A) and sensing mechanism (B) of the ECL immunosensor.

photoelectrochemical immunosensors [13], electrochemical immuno-
sensors [14], fluorescence immunosensors [15] and voltammetric
immunosensors [16]. However, establishing a befitting analytical
method to upgrade the sensitivity, biocompatibility and stability of
CYFRA 21-1 remains a crucial task.

To date, electrochemiluminescence (ECL) stands out due to its sen-
sitive detection, fast response, simple operation and wide linear range
[17], which has been used for metal ion sensing [18], small molecule
sensing [19], protein sensing [20], genosensing [21], and cell, bacterial,
and virus sensing [21-23]. Ru(bpy)%+ and its derivatives can be divided
into ECL-active inorganic systems with many outstanding merits,
including their high ECL efficiency and solubility in water and a variety
of nonaqueous solvents [24]. However, efficient ECL was restrained in
the absence of coreactant, but in the presence of coreactant, the ECL
efficiency will be significantly increased [25] because a coreactant
participates in chemical reactions and the excited states were generated
by the reactions of intermediates that generated from the reaction of
coreactants with luminophores [26]. Amine compounds such as poly-
ethylenimine (PEI), tri-n-propylamine (TPrA), histidine, (2-dibutyla-
mino)ethanol (DBAE) [27-31], etc.

However, the loading amount of Ru molecules directly influences the
luminescence intensity of sensors [32]. Conventional materials for the
loading of Ru(bpy)%'-based materials are used, such as carbon nano-
tubes [33], g-C3N4 nanosheets (g-C3N4 NSs) [34], graphene [35], mes-
oporous silica nanoparticles (MSNs) [36], and Au nanoparticles (AuNPs)
[37]. Thus, it is crucial to find a fitting substrate material for the loading
of Ru molecules. Metal-organic frameworks (MOFs) possess merits of
large surface areas, tunable pores and easy conjugation with bio-
molecules [38]. These merits endow MOFs with applications in gas
storage [39], separation [40], chemical sensing [41] and molecular
magnetism [42]. Furthermore, many luminescent guest species can be
encapsulated in porous MOFs, endowing MOF materials with ECL ac-
tivity and application prospects [43]. Based on the merits above, we
properly introduced y-cyclodextrin into a MOF to synthesize y-CD-MOF
by using potassium ions [44]. Compared with a- and p-CDs, y-CD pos-
sesses -OCCO- binding groups on its primary and secondary faces [45],
which allows y-CD to be used for a wider range of applications in the
preparation of nontoxic MOFs. The synthesized y-CD-MOF exhibits
favorable properties, such as superb biocompatibility, edibility, facile
synthesis and easy modification [46].

Moreover, various functional groups on its surface allow MOFs to be
labeled with a variety of molecules, including luminophores [47] and

antibodies [48]. Noble metals play a prominent role in sensing analysis
due to their special optical effects [49], catalytic capability [50] and
biocompatibility [27]. Palladium nanoparticles (Pd NPs) stand out due
to their excellent biocompatibility and superior electrocatalytic prop-
erties [51]. Simultaneously, the introduction of Pd NPs could signifi-
cantly enhance the electronic transfer, improve the conductivity of the
sensor and provide Pd-N bonds to capture many antibodies [52].

Herein, we utilized Pd NP-functionalized Ru@ y-CD-MOF to form a
versatile ECL immunosensor system for CYFRA21-1 detection. The
y-CD-MOF nanocrystals possessed high biocompatibility and remarkable
adsorption capability because their cavities were utilized to stabilize
volatile Ru(dcbpy)3™ molecules and capture Pd NPs. The secondary
antibody (Aby) was coupled with Pd NPs through Pd-N bonds, and Pd
NPs further facilitated the electron transfer of Ru@ y-CD-MOF. Then, the
capture antibodies (Ab;) were captured on an NHy-MIL-125-decorated
glassy carbon electrode (GCE) to construct the ECL immunosensing
platform. By the merits of the ascendancy of Ru@ y-CD-MOF-Pd and
NH,-MIL-125, the interfacial electron-transfer rate was greatly
enhanced, which further heightened the ECL efficiency. With the opti-
mization of the sensor, the assembled ECL sensor exhibited a wide linear
range and low detection limit in CYFRA21-1 detection, implying its
great potential in ultrasensitive ECL bioanalysis.

2. Experimental section
2.1. Synthesizing NHp-MIL-125

With reference to a previous method [53], 2.905 g 2-aminoter-eph-
talic acid and 1 mL of TiCls4 were distributed in a mixture consisting of
40 mL of DMF and MeOH (with a ratio of 1:1) and stirred for 20 min until
completely dissolved. Then, the mixture was transferred into a
Teflon-lined autoclave and reacted at 120 °C for 72 h. After cooling, the
solid products were washed with MeOH and DMF 3 times and collected
by centrifugation (8000 rpm, 8 min). Finally, the acquired NH2-MIL-125
was dried overnight and stored at room temperature for further use.

2.2. Synthesizing NHy-MIL-125 @Ab;

Initially, 5 mg of NH,-MIL-125 powder, Ab; (500 pL, 10 pg/mL), 100
uL of N-hydroxysuccinimide (NHS, 5 mmol) and 100 pL of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC, 10 mmol) were mixed and
oscillated at 4 °C overnight. After rediffused in phosphate buffer solution
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Fig. 1. (A) XRD pattern; (B) SEM image and (C) elemental mapping of NH,-MIL-125(Ti); (D) XRD pattern, (E) SEM images of y-CD-MOF; (F) TEM image of y-CD-
MOF-Pd (G) and the dispersion of Pd NPs; HRTEM image of Pd NPs (H); Elemental mapping of Ru@ y-CD-MOF-Pd composites (I).

(PBS, pH 7.4), the finally obtained NH3-MIL-125 @Ab; solution was
placed in a 4 °C refrigerator before the next step.

2.3. Preparation of y-CD-MOF

According to a previous method with delicate refinement [54], 30
mL of ultrapure water was used to disperse y-CD (0.810 g) and KOH
(0.280 g) to form a uniform mixture. After filtering the mixture with a
syringe filter (0.45 pm), methanol vapor was then diffused into the
mixture at 40 °C. When sedimentation was observed, the solution was
centrifuged, and the supernatant was collected for a second crystalli-
zation. Next, 200 mg of CTAB and 30 mL of methanol were added and
incubated overnight at room temperature. The emerged crystals were
gathered by centrifugation at 8000 rpm, and the product was rinsed with
i-PrOH 3 times. After that, dichloromethane was used to remove vesti-
gial moisture for 72 h, and the final product was dried at 38 °C
overnight.

2.4. Synthesizing Ru@ y-CD-MOF-Pd

Trisodium citrate dehydrate (400 mM, 500 pL), NayPdCly (32.5 mM,
60 pL), 50 mg y-CD-MOF and 10 mg of PVP were sequentially added into
ultrapure water (10 mL) and stirred for 10 min. At the same time, NaBH4
(200 mM, 20 pL) was dropped slowly into the above solution under

stirring, and immediate darkening of the solution was observed. After 8
h of stirring, the formed y-CD-MOF-Pd was centrifuged and dried
overnight. Afterward, 5 mg of y-CD-MOF-Pd and 500 pL of Ru(dcbpy)3*
(0.5 mmol/L) were mixed and shaken for 12 h, and the obtained solution
was stored at 4 °C before constructing the immunosensor.

2.5. Synthesizing the Ab, @Ru@ y-CD-MOF-Pd

First, 500 pL of EDC/NHS solution with a concentration ratio of 1:5
was added into the mixture containing 2 mL Ru@ y-CD-MOF-Pd solution
(5 mg/mL) and Aby (100 pL, 10 ug/mL). After shaking for 24 h at 4 °C,
the Ab, @Ru@ y-CD-MOF-Pd bioconjugates were formed in 1 mL of PBS
(pH 7.4).

2.6. Fabrication of immunosensor

Scheme 1 showed the assembly process of the sensor. First, the glassy
carbon electrode (GCE, ® = 4 mm) was preprocessed to a mirror-like
surface along with sequential rinsing with deionized water and
ethanol and then dried in Ny flow. Then, 6 pL of 5 mg/mL NHy-MIL-125
@ADb; solution was sprinkled onto the electrodes and incubated at 4 °C.
After 1 h, the GCE/NH2-MIL-125 @Ab; substrate was successfully
formed. Following modification with 3 pL of BSA (wt 1%), the nonspe-
cific binding sites on the electrode surface were hindered. After 1 h, the
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Fig. 2. ECL-time curves (A) of Ru@ y-CD-MOF-Pd and Ru@ y-CD-MOF; (B) ECL-potential curve (black curve) and CV curve (red curve) of the immunosensor. ECL

intensity-time curves of Ru(dcbpy)%+ (C) and Ru@ y-CD-MOF-Pd (D).

excess BSA on the GCE/NH,-MIL-125 @Ab;/BSA surface was washed
with PBS (pH 7.4). Next, 6 pL of CYFRA 21-1 antigen solution with a
certain concentration was incubated on the GCE/NH,-MIL-125 @Ab;/
BSA electrode for 2 h to form the GCE/NH,-MIL-125 @Ab;/BSA/CYFRA
21-1 electrode at 37 °C. Finally, 6 pL of Aby @Ru@ y-CD-MOEF-Pd so-
lution was dripped on the above electrode at 37 °C for 2 h to finish the
sensor assembly process.

2.7. ECL measurements

The three-electrode system was implemented in PBS buffer (10 mL,
pH 7.4) containing 50 mmol/L DBAE. The anodic potential range was
set from O to 1.2 V. The photomultiplier tube (PMT) voltage was applied
at 800 V with a scan rate of 100 mV/s. All ECL data were obtained via an
ECL analyzer using cyclic voltammetry. Details of the materials, re-
agents and apparatus were further presented in the Supplementary
Material.

3. Results and discussion
3.1. Characterization of different nanomaterials

The X-ray diffraction (XRD) pattern of NHy-MIL-125(Ti) was inves-
tigated and shown in Fig. 1A. The diffraction peaks of NHy-MIL-125(Ti)
were in good accordance with the standard XRD pattern of NH,-MIL-125
(Ti) [53], confirming the successful synthesis. The morphologies of
NH,-MIL-125 and y-CD-MOF were characterized by scanning electron
microscopy (SEM), as presented in Fig. 1B, from which it was viewed
that the corn flake-like NH,-MIL-125 had an average diameter of
~300 nm along with an average thickness of ~90 nm. Fourier transform

infrared spectroscopy (FT-IR) was employed to confirm the amino
groups of NHo-MIL-125(Ti). As displayed in Fig. S1, an obvious ab-
sorption band at 3400 cm™! could be attributed to the stretching vi-
bration of the -NH; group, which indicated that the prepared
NH,-MIL-125 can immobilize Ab; via amide bonding. Further EDS
analysis revealed uniformly distributed elements of N, O and Ti in
NH,-MIL-125(Ti), as shown in Fig. 1C.

The XRD pattern of y-CD-MOF was investigated as well, and all the
diffraction peaks in Fig. 1D were well matched with the known pattern
of the y-CD-MOF material[35]. Moreover, the morphology and size of
y-CD-MOF were investigated by SEM (Fig. 1E). The SEM image showed a
block shape with a particle size of approximately 300-500 nm. EDS
mapping (Fig. 1I) was applied to Ru@ y-CD-MOF-Pd, and it could be
seen that Ru, Pd, and C elements were uniformly distributed, indicating
that Pd NPs were successfully combined with Ru@ y-CD-MOF to form
Ru@ y-CD-MOF-Pd nanomaterials. To further support the above results,
TEM and HRTEM were utilized to characterize the formed Pd NPs. The
TEM image in Fig. 1G showed that multitudinous Pd NPs were scattered
on the surface of porous cubes, and the HRTEM in Fig. 1H showed that
Pd NPs had an average size of ~ 6 nm with a 0.22 nm lattice spacing,
which was compatible with the reported value.

Additionally, the specific surface area, pore size distribution and
average pore size of the specimens were evaluated by Ny adsorption-
desorption, and the results were shown in Fig. S2 and Table S1. The
isotherms of y-CD-MOF crystals and NH2-MIL-125 both exhibited a type
I shape, suggesting the existence of micropores. The calculated BET
surface area showed that y-CD-MOF was 804 m? g~! with a pore size of
approximately 2.2 nm. The Barrett—Joyner—Halenda analysis sug-
gested that micropores accounted for the majority with diameters of
~0.6, 0.7, 0.9, and 1.7 nm, which was in accordance with a previous
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Fig. 3. CV curves (A) and EIS responses (B) for (a) bare GCE, (b) GCE/NH,-MIL-125; (¢) GCE/NH,-MIL-125/Ab;; (d) GCE/NH,-MIL-125/Ab,/BSA; (e) GCE/NH-
MIL-125/Ab;/BSA/CYFRA21-1; (f) GCE/NH,-MIL-125/Ab;/BSA/CYFRA21-1/Ab, @ y-CD-MOF-Pd@Ru; (C) ECL-time curves of GCE/NH,-MIL-125/Ab; (red
curve), GCE/NH,-MIL-125/Ab,/BSA/CYFRA21-1 (blue curve), GCE/NH,-MIL-125/Ab;/BSA/CYFRA21-1/Ab, @ y-CD-MOF-Pd@Ru (black curve).

report [54]. The NH»-MIL-125 had a BET surface area of 4.7 m? g’1 with
a pore size of approximately 5.9 nm. The occurrence of the mesoporous
structure was positively confirmed by the Barrett—Joyner—Halenda
method.

Moreover, an inductively coupled plasma optical emission spec-
trometer (ICP—OES) was used to determine the encapsulation ratio of
Ru(dcbpy)%+ in the prepared Ru@ y-CD-MOF-Pd solution. According to
the ICP—OES calibration curve, the linear relationship was presented as
y = 14426 xc+ 4841.7. As shown in Table S2, the obtained results
showed that the encapsulated Ru(dcbpy)%+ was 0.163 pmol, and the
encapsulation ratio was calculated to be approximately 65.28%.

3.2. Possible mechanism of the ECL biosensor

The efficient signal enhancement by Pd NPs was proved by the
obvious difference between the red curve and the black curve in Fig. 2A.
Compared with unmodified Pd NPs, the Ru@ y-CD-MOF-Pd performed a
much stronger ECL intensity, which could be attributed to the good
electrocatalytic activity of Pd NPs toward the ECL reaction, implying
that Pd NPs acted as coreaction accelerators for signal amplification. As
shown in Fig. 2D, obvious constant peaks of Ru@ y-CD-MOF were ob-
tained compared with pure Ru(dcbpy)3t (Fig. 2C), which implied that
the cubic porous structure of y-CD could efficiently stabilize Ru
(debpy)3+ molecules to achieve stable ECL signals for immunosensing
applications.

Benefiting from these merits, the feasible ECL mechanism of this
sensor could be adumbrated as shown below (Egs. 1-4). As displayed in
Fig. 2B, an obvious oxidative process originated along with the injection

of the coreactant DBAE, whose onset potential occurred at 0.74 V and
the oxidation peak potential at 1.09 V, in which process DBAE was
oxidized to DBAE' and then quickly deprotonated to form a large
amount of reductive DBAE® radicals along with catalytic promotion by
Pd NPs (Eq. 1). At the same time, Ru(dcbpy)%+ was oxidized to form
oxidative Ru(dcbpy)g+ (Eq. 2). By that time, the ECL emission process
was triggered from 0.90 V and then reached a maximum at 1.20 V. In
this process, those DBAE® radicals react with those oxidative Ru
(dcbpy)gJr to generate the excited [Ru(dcbpy)%*]* (Eqg. 3). After relaxing
to the ground state, light was emitted (Eq. 4).

Pd NPs

DBAE — e —»DBAE" H* + DBAE" (more) (@)
Ru(dcbpy)3*t — e~ —Ru(dcbpy)3** 2
DBAE"® + Ru(dcbpy)3*"— [Ru(dcbpy)3*t]" 3)
[Ru(dcbpy)3*"]"—=Ru(dcbpy)3*" + hv @)

3.3. Characterization of the Proposed ECL Immunosensor

Cyclic voltammetry (CV) was shown in Fig. 3A to elucidate the
successful fabrication of the immunosensor. A clear reversible redox
peak of bare GCE was observed in 5 mmol/L [Fe(CN)G]B’/ 4 solution
(curve a). After modifying the material of NH2-MIL-125, a conspicuously
decreased peak current (curve b) was observed, which can be ascribed to
its poor electrical conductivity. Meanwhile, with the immobilization of
Ab;, BSA and CYFRA 21-1 (curves ¢, d, and e), the oxidation and
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Fig. 4. Conditions: (A) pH value, (B) concentration of DBAE and (C) volume of Ru(dcbpy)3*. (Error bars: SD, n = 5).

reduction peak currents decreased sequentially due to the non-
conductivity of the proteins for electron transfer. With the final modi-
fication of Ru@ y-CD-MOF-Pd@Ab,, the redox current intensity in curve
f further decreased, proving its successful conjugation with CYFRA21-1.

Furthermore, electrochemical impedance spectroscopy (EIS) was
further conducted to confirm the successful construction of the immu-
nosensor. As shown in Fig. 3B, the electron transfer resistance (Ret) of
NH,-MIL-125 (curve b) was increased relative to that of bare GCE (curve
a) due to the poor electrical conductivity of the NHy-MIL-125 material.
When the electrode was coated with Aby, BSA, and CYFRA21-1 (curves
¢, d and e), the impedance was further expanded, suggesting the suc-
cessful modification of biosubstances on GCE. Moreover, with the Abo
bioconjugate (cure f) coated on the electrode, the impedance value
further increased. Both CV and EIS characterization were identical,

A 8K

. TKA

= (]

< 6K

=

- SK 4

=

& 4K-

£

= 3K A

S 2k .

1K 1
T T T T T T T T T T T
-4 -3 -2 -1 0 1 2
log(c)

which confirmed the successful construction of the immunosensor.

To confirm the successful immobilization of Ru(dcbpy)3" on y-CD-
MOF and the fabrication of the ECL sensor, corresponding ECL intensity-
time curves were collected in PBS (10 mL, pH 7.4) containing 50 mmol/
L DBAE. As shown in Fig. 3C, when the electrodes were separately
coated with NH,-MIL-125/Ab; (red curve) and NH,-MIL-125/Ab;/BSA/
CYFRA21-1 (50 ng/mL) was decorated (blue curve), almost no ECL
signals were detected in the same PBS electrolytes. However, robust ECL
responses was promisingly detected when Ab, @Ru@ y-CD-MOF-Pd
was further attached to the electrode surface (black curve), suggesting
the crucial role of Ab, @Ru@ y-CD-MOF-Pd of being an efficient signal-
indicator in the proposed immunosensor.
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Fig. 5. Calibration curve (A) and (B) the concentrations of CYFRA21-1 from 0.1 pg/mL to 50 ng/mL. The conditions were performed in PBS (10 mL, pH 7.4)

containing 50 mmol/L DBAE. (Error bars: SD, n = 5).
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3.4. Condition optimization for the immunosensor

To investigate the optimal conditions for the sensor to achieve
maximum performance, we optimized the condition of the immuno-
sensor in the evaluation of the pH value of PBS, added volume of Ru
(debpy)3* solution, and the concentration of DBAE. The Fig. 4A illus-
trated the relationship between the pH effect of PBS and the corre-
sponding ECL signal. The ECL intensity reached the highest value when
the pH value of the PBS was 7.4. From Fig. 4B, the maximum value
occurred at 50 mmol/L, which was nominated as the optimum con-
centration of DBAE. Moreover, the added volume of Ru(dcbpy)%+ was
another key factor interfering with the construction of the immuno-
sensor. As revealed in Fig. 4C, the ECL emission of the sensor increased
with increasing volume of Ru(debpy)3+ and reached a plateau at 500 piL.
Therefore, the optimum volume was chosen to be 500 pL for the sub-
sequent investigation.

3.5. ECL detection of CYFRA 21-1

Under optimized conditions, various concentrations of CYFRA21-1
were utilized to investigate the analytical performance of the designed
immunosensor. As depicted in Fig. 5A and B, the ECL signal increased
correspondingly with the level of CYFRA 21-1 from 0.1 pg/mL to 50 ng/
mL. The linear equation was I = 1223.5 log ¢ + 5529.9, and the corre-
lation coefficient was 0.99 along with a low detection limit of 0.048 pg/
mL (S/N = 3). Additionally, compared with other detection approaches
for CYFRA21-1 in Table S3, our developed ECL immunosensor exhibited
a lower detection limit and a wider calibration range. This might be
attributed to the superior ECL properties of Ru(dcbpy)3™ and the

nontoxic biocompatibility of y-CD-MOF. By combining the advantages
of Ru(dcbpy)?t and y-CD-MOF, the ECL efficiency was greatly
improved, and a stable ECL response was obtained. It could be
concluded that the proposed ECL immunosensor had a superior perfor-
mance for CYFRA21-1 measurements.

3.6. Selectivity, stability, and repeatability of the immunosensor

To investigate the selectivity of the ECL sensor for CYFRA21-1
analysis, the study was conducted by using different nontarget sub-
stances, such as neuron-specific enolase (NSE), carcinoembryonic anti-
gen (CEA) and squamous cell carcinoma antigen (SCCA). As illustrated
in Fig. 6 A, nontarget substances, including CEA, NSE and SCCA,
exhibited quite low and near ECL intensities at a 100-fold concentration
(10 ng/mL). Nonetheless, all the mixture samples had similar ECL in-
tensities compared with pure CYFRA21-1 (0.1 ng/mL), and the relative
standard deviation (RSD) values were 1.2%. In addition, the stability
was determined under 0.1 ng/mL CYFRA21-1 by consecutive CV scan-
ning for 13 cycles with an RSD value of 2.2% (Fig. 6B). Moreover, the
repeatability of the proposed immunosensors was presented in Fig. 6 C.
Five electrodes with their own ECL intensities showed a low RSD of
1.8%, demonstrating the superior reproducibility of the fabricated
immunosensor.

3.7. Application of the ECL immunoassay method

We evaluated the possibility of the assembled ECL sensor for
CYFRA21-1 detection in serum specimens with the standard addition
method. The original concentration was properly diluted, and then



X. Lietal

diverse concentrations of CYFRA21-1 were added to the above samples.
As revealed in Table S4, the recovery rate was between 92.7% and
102.0%, and the RSD was between 1.1% and 3.2%, implying that the
assembled ECL sensor had promising applications for CYFRA21-1
detection.

4. Conclusion

In this work, the feasibility of using Ru(dcbpy)3*-encapsulated y-CD-
MOF as an ECL tag to develop a sensitive immunoassay for CYFRA21-1
detection was successfully demonstrated. The obtained Ru@ y-CD-MOF
composite possessed good biocompatibility and remarkable adsorption
capability for stabilizing an enormous amount of Ru(dcbpy)3™ mole-
cules, achieving strong and stable ECL signals in the presence of DBAE as
the coreactant. With the assistance of the electroactive NH,-MIL-125
(Ti) MOFs as a qualified sensing substrate that can efficiently capture
Ab; for target detection, the proposed ECL immunoassay exhibited
promising analytical performance for CYFRA21-1 at an ultratrace level
along with good specificity. This work indicated a practical pathway for
designing biocompatible y-CD-MOF-based ECL active tags for sensitive
immunoassays of CYFRA21-1 and other lung cancer-related biomarkers.
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