Biosensors and Bioelectronics 190 (2021) 113371

ELSEVIER

Contents lists available at ScienceDirect
Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios l 5

8

Biosensors&
Bioelectronics

t.)

Check for

Ru(bpy)3" encapsulated cyclodextrin based metal organic framework with | %
improved biocompatibility for sensitive electrochemiluminescence

detection of CYFRA21-1 in cell

Yunfei Wang, Yixiao Li, Xuming Zhuang , Chunyuan Tian, Xiuli Fu, Feng Luan

College of Chemistry and Chemical Engineering, Yantai University, Yantai, 264005, China

ARTICLE INFO ABSTRACT

Keywords: Metal-organic frameworks (MOFs) have attracted strong interest from researchers. Here, for the first time, we
Electrochemiluminescence biosensor report a sandwich-type electrochemiluminescent biosensor as a signal probe prepared from cyclodextrin-based
Cyclodextrin MOF (CD-MOF)-encapsulated Ru(bpy)3". Due to the combination of the two materials, the obtained CD-
Ig;;g’;f_almc framework MOF@Ru(bpy)3" nanocomposites exhibited excellent biocompatibility and electrochemical performance. At the
Biomarker same time, CD-MOF@Ru(bpy)3" adhered to the electrode surface closely because Ru(bpy)3* was successfully

encapsulated by the CD-MOF. In this paper, CD-MOF@Ru(bpy)3" and glutaraldehyde were modified on a glassy
carbon electrode (GCE) surface to provide excellent conductivity and to immobilize primary antibodies. Under
the optimal experimental conditions, the established biosensor exhibited high sensitivity, a low limit of detection
and a great linear range for cytokeratin 19 fragment antigen 21-1 (CYFRA21-1). Finally, this designed biosensor
was further applied to the determination of CYFRA21-1 in A549 lung cancer cells. According to the results of the
toxicity test, CD-MOF@Ru(bpy)3" exhibited hypotoxicity to living bodies. These results all indicate that this

Lung cancer

biosensor has great potential for a promising approach to the evaluation of biomarkers.

1. Introduction

According to statistics, tens of millions of new cancer cases emerged
every year, and half of them end in cancer death [Bray et al., 2018].
Therefore, cancer has proven to be the deadliest disease in the world to
date. Among the different kinds of cancers, lung cancer is the leading
cause of cancer deaths worldwide [Aizer et al., 2015; Torre et al., 2015;
Waki et al., 2014]. In general, lung cancer can be divided into two main
subtypes: small cell lung cancer (SCLC) and non-small-cell lung cancer
(NSCLQC) [Han et al., 2008; Yang et al., 2019]. It has been reported that
the NSCLC type accounts for approximately 80-85% of total lung cancer
cases [Chen et al., 2015]. Therefore, it is important diagnosis NSCLC in a
timely manner, which could be helpful in improving the survival rate of
patients. It has been proven that the level of tumour markers in the
serum of some cancer patients is relevant to the severity of the cancer
[Fang et al., 2019; Zeng et al., 2018]. Thus, the accurate determination
of tumour markers has attracted worldwide attention in the search for
early diagnosis [Fang et al., 2019; Zeng et al., 2018]. For this, the
cytokeratin 19 fragment (CYFRA21-1), a 36 kDa fragment of cytokeratin
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19 located in the cytoskeleton of epithelial cells, has been considered an
effective tumour marker for the detection of lung cancer, and especially
for the diagnosis of NSCLC [Ferrigno et al., 2003]. Various methods have
been reported for the detection of CYFRA21-1, including electro-
chemical immunoassay [Zhu et al., 2015], electrochemical DNA bio-
sensing [Chen et al., 2018], electrochemical immunoassay [Yu et al.,
2016], electrochemiluminescence (ECL) [Xu et al., 2015], etc. Among
these methods, ECL has received considerable attention due to its simple
instrumentation, easy miniaturization and high sensitivity.

With the development of ECL methods, an increase number of lu-
minous materials have been found and applied to ECL analysis in recent
years [Li et al., 2009]. Ru(bpy)%+ is one of the materials with particular
promise due to its high solubility in water, high stability and long
excited state life. In addition, Ru(bpy)3 " is sensitive and quick to use for
ECL detection, and no additional light source or spectroscopic system is
required for the analysis, which greatly improves the reproducibility of
the experiment [Li et al., 2009; Miao et al., 2008, Richter, 2004]. This
material has been widely used in the determination of persulfate [White
and Bard et al., 1982], alkylamines [Lee and Nieman, 1995], organic
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acids [Rubinstein and Bard et al., 1981] and so on. In addition, ac-
cording to the results reported by Rubinstein and Bard, Ru(bpy)3" can
be regenerated at the electrode surface during an ECL reaction [Rubin-
stein and Bard et al., 1981]. Therefore, it maybe significant to develop
an effective method to immobilize Ru(bpy)%+ on the electrode surface.
However, there are some drawbacks of Ru(bpy)%*, such as low stability,
which encourages researchers to introduce other materials to improve
performance.

Metal organic frameworks (MOFs), which are made up of organic
ligands and metal ions, are yet another kind of new material [Hua et al.,
2014]. They have attracted increasing attention from researchers and
have been favour in the last few years because of their large specific
surface areas, permanent porosities, and high electron transfer rates on
the electrode surface [Peng et al., 2020; Trino et al., 2021]. In recent
years, MOFs have been applied in storage, catalysis, electrochemical and
so on, and they also have potential applications as biosensors and in
other fields [Al-Kutubi et al., 2015]. However, the shortcoming of MOFs
is that they often exhibit poor biocompatibility. On this basis, cyclo-
dextrin (CD) was introduced into a MOF to synthesize CD-MOF, which
had exhibited great biocompatibility, and CD as a kind of edible natural
products, it could build the cubic CD-MOF by combining with K™ under
the suitable temperature and pressure. Besides, the MOF for excellent
electrochemical performance was used to encapsulate Ru(bpy)3* suc-
cessfully and build an ECL sensor, and the obtained sensor had the
synergistic amplification effect of the CD-MOF and Ru(bpy)3™ and could
further make up the shortcomings of the Ru(bpy)%+ which mentioned
above.

Herein, a sandwich-type ECL sensor was developed in this study
which is based on CD-MOF encapsulated Ru(bpy)%+ (CD-MOF@Ru
(bpy)3™) by the hydrothermal method, and further used it to determine
CYFRA 21-1, the principle was shown in Scheme 1. In this paper, the
electron transfer process of Ru(bpy)3* was facilitated and the stability of
the sensor was improved [Huang et al., 2008; Li et al., 2009]. Further-
more, to connect the CD-MOF@Ru(bpy)3" nanocomposites to the anti-
body protein, the common bifunctional crosslinking agent
glutaraldehyde (GA) was used. Moreover, 0.1 M Tris-HCl containing
tripropylamine (TPA) was used as the co-reactant, and CdTe nano-
particles (NPs) were used in this project as quenching agents to scavenge
ECL energy from the CD-MOF@Ru(bpy)3™ electrode. Finally, the
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proposed ECL biosensor was successfully used for the determination of
CYFRA21-1 in serum and A549 lung cancer cells, and the results showed
that this sensor was capable for clinical assays and exhibited great
promise in the future.

2. Experimental
2.1. Reagents and apparatus

Beta-cyclodextrin (3-CD), potassium hydroxide (KOH), absolute
ethanol (CoHsOH), Nafion, acetone (CH3COCH3), C3oH24CloNgRugH,O
(Rubpy)sCly, glutaraldehyde (GA), chromium dichloride (CdCly), so-
dium borohydride (NaBH,4) and TPA were obtained from Sinopharm
Chemical Reagent Co. Ltd. (Beijing China). Bovine serum albumin
(BSA), 3-(4,5dimethylthiazolyl)-2,5 dimethylthiazol-2-y1)-2,5 diphe-
nyltetrazolium bromide (MTT), 3-mercaptopropionic acid (MPA),
dimethyl sulfoxide (DMSO), ascorbic acid (AA), and uric acid (UA) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Cytokeratin 19
fragment antigen21-1 (CYFRA21-1) and cytokeratin 19 fragment
antigen21-1 antibodies (antiCYFRA21-1) were purchased from Linc-Bio
Science Co. (Shanghai, China). Prostate protein antigen (PSA), carci-
noembryonic antigen (CEA) and fetoprotein (AFP) were purchased from
the Huayang Zhenglong Biochemical Lab (Chengdu, China). Nanopure
deionized and distilled water (DDW) (18.2 MQ cm™ ) was used
throughout the experiments.

The ECL measurements were performed on a CHI660B electro-
chemical workstation (Chenhua Instruments, Shanghai, China). The
microstructure and morphology of the samples were characterized by
transmission electron microscopy (TEM, JEOL-2010F, 200 kV) and
elemental mapping (APOLLOX). X-ray diffraction (XRD, LabX XRD-
6000) was used to characterize the crystallinity of the obtained nano-
materials. The cells were cultured in a humidified incubator (Thermo
Scientific 3111). X-ray photoelectron spectroscopy (XPS) was conducted
on a Thermo ESCALAB 250 (USA). A conventional three-electrode sys-
tem was used to carry out all electrochemical measurements, that is
glassy carbon electrode (GCE), platinum wire, and Ag/AgCl (in 3 M KCI)
as the working, auxiliary, and reference electrodes, respectively. All
experiments were performed room temperature.
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2.2. Preparation of CD-MOF and CD-MOF@Ru(bpy)§+

CD-MOF was obtained following the procedure reported in the pre-
viously previous [Moussa et al., 2016]. On this basis, CD-MOF@Ru
(bpy)3" was synthesized as follows. Briefly, 1.2 g p-CD, 0.5 g KOH, and 2
mg Ru(bpy)%Jr were dissolved in 15 mL DDW/ethanol (4:6) solution
under magnetic stirring for 30 min. Then, the solution of the mixture
was transferred to a reactor, and the reactor was placed in an electric
blast air drying box for 3 day at 100 °C. The resulting substance was
centrifuged three times in the DDW/ethanol (4:6) solution and dried in
air to obtain CD-MOF@Ru(bpy)3". The CD-MOF was prepared and
treated under the same experimental conditions but without adding Ru
(bpy)3™.

2.3. Synthesized of the CdTe NPs

The CdTe NPs were synthesized according to reference [Tian et al.,
2012]. At first, CdClye2.5H20 was dissolved in ultrapure water, then
MPA was added and N, was used to deaerate the solution. After then,
tellurium powder and NaBH4 were dissolved in water at 60 C under
vigorous stirring to prepare an oxygen-free NaHTe solution. Following,
the NaHTe solution was added to the mixture solution (described
above), and the new solution was refluxed at 100 "C for approximately 3
h to get CdTe NPs.

Then, the obtained CdTe NPs were treated to activate the carboxyl
groups on the surface according to the following steps. At first, 1.0 mg
CdTe NPs was dispersed in 1-methylimidazol aqueous solution (0.1 M,
pH = 7.4) containing 25 mg mL ! EDC and 12 mg mL~! NHS. Subse-
quently, the mixed solution was left at room temperature for 1.5 h. After
activation, CdTe NPs were separated by centrifugation and alternately
washed with water and PBS three times. And then, the mixture was
redissolved in 1.0 mL PBS (0.1 M, pH = 7.4). The activated CdTe NPs
were obtained and kept at 4 "C until use.

2.4. Fabrication of the ECL biosensor

Before nanocomposites were modified on the GCE, it was polished
for approximately three or 4 min using aluminite powder. And then, the
GCE was cleaned ultrasonically three times using DDW and ethyl alcohol
respectively. Every GCE was tested by determining the cyclic voltam-
mogram for a 1.0 mM K3Fe(CN)g solution containing 0.1 M KCl and the
amperometry signals were recorded at a constant potential (—0.08 V).
To modify the GCE, 10 pL of the CD-MOF@Ru(bpy)3t (2 mg mL™1)
nanocomposites were dropped on the GCE surface and evaporated in air.
After drying of the electrode, 10 pL of 0.25% Nafion was also dropped on
the electrode in order to fix the Ru(bpy)3" onto the electrode effectively.
The thickness of the membrane directly affects the ion-exchange ca-
pacity and electron transfer velocity. When it was dried in air at room
temperature, the GCE was denoted as CD-MOF@Ru(bpy)%*/GCE.

Then, the CD—MOF@Ru(bpy)%*/GCE was activated with 2.5% GA for
2 h at room temperature followed by the washing with ultrapure water.
Subsequently, 5 pL of 50 pg mL™! Ab1 was added to the CD-MOF@Ru
(bpy)3*/GCE with a reaction time of 15 h and temperature of 4 ‘C. Then,
3% BSA was added to the electrode for approximately 1 h to block
remaining active sites. After being washed with water and PBS, the
prepared Abl/GA/CD-MOF@Ru(bpy)3t/GCE was incubated with
different concentrations of CYFRA21-1 for 1 h at 37 "C. Finally, the cells
were further incubated with 100 pL of Ab2/CdTe solution for 1 h at
room temperature. In the end, the obtained biosensor was washed with
0.1 M PBS and water, and then stored at 4 C before use for the detection
of CYFRA21-1.

2.5. Cell toxicity assay

In order to test the toxicity of CD-MOF@Ru(bpy)3" to A549 cells,
MTT was used to measure the absorbance. In this experiment, A549 lung
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carcinoma cells were cultured in a 96-well cell culture plate, at a final
level of 8000 cells per well. Next, different volumes (1, 2.5, 5, 7.5, 10,
15 pL) of CD-MOF@Ru(bpy)%+ (2mg mL 1) were added into wells, and
then the cells were incubated at 37 "C under 5% CO,. After approxi-
mately 24 h, MTT was added to the wells to a final concentration of 5 mg
mL~}, and then the cell culture plate was incubated under the same
conditions for approximately 4 h. Finally, MTT formazan was dissolved
in 150 pL. DMSO and the absorbance at 570 nm was measured by
enzyme-linked immunoassay.

3. Results and discussion
3.1. Characterizations of the nanocomposites

TEM was employed to investigate the surface morphologies of the
prepared nanocomposites, as shown in Fig. 1. In the absence of Ru
(bpy)%+ (Fig. 1A), the CD-MOF exhibited a single uniform fold structure,
and showed a uniformly dispersed morphology. It was clear that the two
materials were successfully attached after they were combined (Fig. 1B),
and Ru(bpy)%+ was well dispersed in the CD-MOF. Therefore, this
proved that the CD-MOF@Ru(bpy)3" nanocomposites were synthesized
successfully. In addition, EDX analysis (Fig. S1) was also performed to
confirm the presence of C, O, K, Ru and Cl in CD—MOF@Ru(bpy)%*, and
these elements were homogeneously distributed throughout the
nanocomposites.

Furthermore, XRD was carried out to study the composition and
crystal structures of the prepared CD-MOF@Ru(bpy)3* nanocomposites.
As shown in Fig. S2, the characteristic diffraction peaks at 20 = 12.7,
17.6 and 40.5° corresponded to the crystalline planes of CD-MOF
nanoparticles, which was consistent with reports in the literature
[Luan et al., 2020; Panella and Hirscher et al., 2010]. In addition, the
XRD peaks at 20 = 28.37, 50.29 and 58.71° corresponded to the crys-
talline planes of Ru(bpy)3". Altogether, the XRD spectra confirmed that
Ru(bpy)3" was successfully wrapped in the CD-MOF.

XPS was performed to analyse the elemental composition and
valence states of the elements in the prepared CD-MOF@Ru(bpy)3"
nanocomposites. Ru, C, O, and Cl were all detected throughout the
nanocomposite material. Fig. 1C clearly shows that there are six peaks at
approximately 199.01, 268.59, 284.33 and 534.85 eV, which could be
attributed to Cl 2p, Ru 3d, C 1s and O 1s ionizations, respectively. In
addition, Fig. 1D shows that two kinds of carbon bonds were found: C-O
at 289.47 eV and C-C at 286.80 eV in the C 1s spectra. These results
confirmed that the CD-MOF@Ru(bpy)3* nanocomposites were synthe-
sized successfully.

In addition, the ECL intensity of CD-MOF@Ru(bpy)3'/GCE was
measured from 400 nm to 680 nm under a series of optical filters, and
the results are shown in Fig. S3A. The maximum ECL intensity was at
approximately 600 nm. To further explore its properties, the fluores-
cence intensity of the nanocomposite was measured with an excitation
wavelength of 365 nm. The result in Fig. S3B displays its maximum
emission wavelength at 600 nm, which corresponds to the results ob-
tained with optical filters.

To further explore the performance of CdTe NPs as quenching agents,
TEM images were obtained and are shown in Fig. S4A. This shows CdTe
NPs with diameters of approximately 5-10 nm. In addition, Fig. S4B
shows the normalized UV-Vis spectrum of CdTe NPs; there was broad
absorption in the wavelength range 300-900 nm and no exciton emis-
sion peak. These results demonstrate that CdTe NPs are a black-body-
like material and can be used as an effective quencher of ECL in this
experiment.

3.2. Optimizations of detection conditions
According to previous literature [Luan et al., 2020], the concentra-

tion of Ru(bpy)3" and the pH both affect the ECL performance. There-
fore, the concentration of Ru(bpy)3t and pH were optimized first, and
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Fig. 1. TEM images of (A) CD-MOF, and (B) CD—MOF@Ru(bpy)%Jr nanocomposites. (C) XPS spectrum and (D) High-resolution Cls of CD—MOF@Ru(bpy)%Jr

nanocomposites.

the results were shown in Fig. SS5A. The ECL intensity exhibited the
strongest signal when the concentration was 0.2 mM within the range of
0.02-1.00 mM. Thus, 0.2 mM Ru(bpy)3" was selected as the optimal
concentration.

Next, the same GCE was fabricated and investigated within the pH
range 3.0-13.0. Fig. S5B showed that the ECL intensity increased as the
pH increased from 3.0 to 7.4 and then, decreased gradually as the pH
was raised from 7.4 to 13.0. Thus, a pH 7.4 Tris-HCl (0.1 M) buffer so-
lution was selected as the optimal environment for detection in all

experiments.

3.3. ECL behaviour of CD-MOF and CD-MOF@Ru(bpy)3"

The electrochemical and ECL behaviours of CD-MOF and CD-
MOF@Ru(bpy)3" were investigated with 0.1 M Tris-HCl that contained
TPA as the co-reactant. It was clearly seen in Fig. 2A that there was no
significant ECL intensity of CD-MOF, and when Ru(bpy)3* was modified
on the CD-MOF, the ECL response increased about to 60,000. According
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Fig. 2. (A) The ECL curves of the CD-MOF and CD—MOF@Ru(bpy)%* in 0.1M Tris-HCI containing TPA at pH 7.4 and a 600 V PMT at a scan rate of 100 mV sL.(B)
ECL emission from the CD-MOF@Ru(bpy)3" under continuously cyclic scans in 0.1 M Tris-HCl with a pH of 7.4 and a 600 V PMT.



Y. Wang et al.

to the results reported in the previous literature [Huang et al., 2013; Jia
etal., 2009; Sun et al., 2009], the mechanism for the ECL generated with
CD-MOF@Ru(bpy)%+ in buffer solution could be illustrated as follows:

Ru(bpy);" - e~ — Ru(bpy)3" 0
Ru(bpy)it + TPA - TPA*" + Ru(bpy)}" )
TPA —e~ — TPA*" 3)
TPA*t -H' — TPA® ()]
Ru(bpy)3"+TPA— TPA+ + Ru(bpy)}" 5)
Ru(bpy)3 " *— Ru(bpy)3 -+ hv (6)

In this experiment, CD-MOF@Ru(bpy)3" was chosen as the ECL-
emitting material, and it produced strong ECL phenomenon in the co-
reagent 0.1 M Tris-HCl (pH 7.4) containing TPA. At the same time,
CdTe NPs were used to as the quenching agent and absorbed the light
emitted by CD-MOF@Ru(bpy)3t. Utilizing this mechanism, an ECL
biosensor was built and used to detect the CYFRA21-1 cell marker.

3.4. ECL response of the biosensor to the CYFRA21-1

The obtained electrochemical biosensor was further investigated
using different concentrations of the CYFRA21-1 as shown in Fig. 3. It
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could be found from Fig. 3A, when the Abl was captured on the CD-
MOF@Ru(bpy)%+ (blue line), the ECL intensity decrease slightly, which
could be attributed to the fact that Abl was not conductive. After
CYFRA21-1 was assembled onto the electrode (red line), the ECL in-
tensity obviously decreased, which is because of the blockage of electron
transfer by inert protein molecules. Finally, after the CD-MOF@Ru
(bpy)%*/Abl/CYFRAZl—l was incubated in the solution of CdTe/Ab2
(black line), the ECL intensity was quenched by approximately 92%.
This result was attributed to the immunoreaction of CYFRA21-1 with
immobilized anti-CYFRA21-1, which produced a nonconductive com-
plex that blocked electron transfer between ECL reagents and the elec-
trode surface. Additionally, the corresponding cyclic voltammetry (CV)
curves of the CD-MOF@Ru(bpy)3" nanocomposite and antibody-
conjugated materials were showed in Fig. S7A. A reduction current
was seen when the potential was approximately 1.2 V, which was
attributed to the reduction of TPA on the electrode surface. And the
different values of the currents could be due to the effects of steric
hindrance between the CD-MOF@Ru(bpy)3"™ nanocomposite and
different antibody-conjugated materials.

Fig. 3B was the ECL intensity response of CD-MOF@Ru(bpy)3" in
HCI-Tris (pH = 7.4) containing TPA and different concentrations of
CYFRA21-1 ranging from 0.1 to 200 ng mL~". It was showed that with
the concentration of CYFRA21-1 was increased, the ECL intensity clearly
decreased (Fig. 3C). However, Fig. 3D showed that when the
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Fig. 3. (A) Cyclic ECL curves of CD-MOF@Ru(bpy)%+ (pink curve), CD-MOF@Ru(bpy)%*/Abl (blue curve), CD-MOF@Ru(bpy)%*/Abl /protein (red curve), and CD-
MOF@Ru(bpy)%*/Abl/CYFRA21-1/CdTe/Ab2 (black curve) in HCI-Tris buffer solution. (B) The ECL intensity response of the obtained CD-MOF@Ru(bpy)%+ in 0.1
M Tris-HCI (pH 7.4) containing TPA at different concentrations of CYFRA21-1 from 0.1 to 200 ng mL~'. (C) The line relationship of the ECL intensity and the
concentrations of CYFRA21-1 from 0.1 to 200 ng mL L. The electrolyte was 0.1 M Tris-HCl (pH 7.4) containing TPA. (D) The linear relationships of the ECL intensity
and concentrations in 0.1-50 ng mL 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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concentration of the CYFRA21-1 was 0.1-50 ng mL™}, the great line
relation could be expressed as AI = 0.06915c¢ + 0.4088 (R2 =0.9964). In
this equation, AI was Iy — I, Iy was the ECL intensity from CD-MOF@Ru
(bpy)3*/Ab1/CYFRA21-1 and I was the ECL intensity from CD-
MOF@Ru(bpy)%*/Abl/CYFRAZ]—1/CdTe/Ab2. In addition, the detec-
tion limit was 0.006 ng mL™!, which was obtained as three times the
standard deviation of the blank signal.

Furthermore, the linear range and detection of the proposed ECL
biosensor were compared with those of other CYFRA21-1 sensors. The
results are shown in Table S1. The biosensor in this work had a low
detection limit and satisfactory linear range in comparison with other
methods.

3.5. Stability, biocompatibility and selectivity

To investigate the stability of the prepared sensor, CD-MOF@Ru
(bpy)3+ was subjected to 20 continuous cycles with 0.1 M Tris-HCl
containing TPA as the co-reagent. As it was shown in Fig. 2B, there
was no significant change in the intensity in the resulting ECL curve. In
addition, the prepared biosensor was stored at 4 'C and removed for an
electrochemical test once a day for 7 days. The results in Fig. S7B dis-
played that there was no obvious decrease or increase in the response for
CYFRAZ21-1. In brief, these results illustrated that CD—MOF@Ru(bpy)%*/
GCE exhibited high stability and reusability.

Before the biological sample was tested, CD-MOF@Ru(bpy)3+ was
assessed for cytotoxicity using the MTT. The results in Fig. 4A show that
the survival rates of A549 lung cancer cells decreased as the volume of
CD-MOF@Ru(bpy)%+ increased. However, more than 85% of the cells
survived after being treated with CD-MOF@Ru(bpy)3", which proved
that CD-MOF@Ru(bpy)3" nanocomposites exhibit low toxicity.

To verify the selectivity of the proposed CYFRA21-1 electrochemical
biosensor, potential interfering species were also studied, including PSA,
CEA, AFP, UA and AA. As shown in Fig. 4B, none of these species caused
any observable interference, suggesting acceptable selectivity of the
fabricated immunosensor for the determination of CYFRA21-1.

3.6. Application in the real sample analysis

The prepared CD-MOF@Ru(bpy)3"/GCE sensor was used to detect
CYFRA21-1 in a serum using the standard addition method. That is, the
real serum sample was diluted 50 times with 0.1 M PBS (pH = 7.4), and
then it was measured by ECL after adding to the 5, 10, and 20 ng mL ™
CYFRA21-1 protein solution separately. The results were found in
Table S2 that the recoveries ranged from 91.60 to 102.2%, suggesting
that CD—MOF@Ru(bpy)%*’/GCE has practical utility and could be used
for the detection of CYFRA21-1 in blood samples.

In addition, to further test the reliability and feasibility of the
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developed CD-MOF@Ru(bpy)3™, it was used to determine the CYFRA21-
1 in A549 lung cancer cells which from mouse. That is, certain con-
centrations of A549 mouse living cells and broken cells were added into
the detection system. Then the ECL intensity changes were recorded,
and the correlation concentrations were calculated from Fig. 3D. The
results were shown in Table 1. It was found that the concentration of the
CYFRA21-1 in living cells was between 1.392 and 1.505 ng mL !, while
the concentration of the CYFRA21-1 in broken cells was 10.539-11.283
ng mL'. In detail, the RSD were 4.0% and 3.5% respectively. Thus,
these results showed that this obtained immunosensor was expected to
be used for the clinical diagnosis effectively. Besides, in order to deter-
mine the reliability of the developed sensor, enzyme-linked immuno-
sorbent assay (ELISA) method had been carried out, and the results were
shown in Table 1 and Table S2. It was found that there had the great
correlations and coincidences between these two methods.

4. Conclusions

In this work, an enhanced sandwich-type ECL biosensor was con-
structed for the first time which based on CD-MOF@Ru(bpy)%+ modified
on the GCE. The CD-MOF with large specific surface area and excellent
biocompatibility were perfectly combined with the of Ru(bpy)3" which
had excellent ECL traits. In summary, the sensor showed good sensi-
tivity, high stability and excellent selectivity for the ECL determination
of CYFRA21-1. The most important advantage was that the CD-
MOF@Ru(bpy)3 " nanocomposites exhibited low toxicity towards A549
lung cancer cells. This design could be expected as an alternative
analytical method to application the ECL biosensors in biological
detection.
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2 1.505 1.497

3 1.392 1.403
Broken cells 4 11.088 11.072 3.5

5 10.539 10.545

6 11.283 11.266
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Fig. 4. (A) Survival rate test of A549 cells cultured in a medium with different volumes of CD»MOF@Ru(bpy)%*. (B) Selectivity of the obtained ECL biosensor was
tested in PSA, CEA, AFP, UA, and AA compare to CYFRA21-1 under the same experiment conditions.
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