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ABSTRACT: Amyloid-f oligomer (A$O) is widely regarded as a
reliable biomarker for the early diagnosis of Alzheimer’s disease
(AD). In this study, a signal on—off ratiometric electrochemical
immunosensor has been developed for ultrasensitive detection of
APO. To achieve the dual-signal ratiometric strategy, ultrasmall
copper sulfide nanoparticle-engineered covalent organic framework
hybrid nanocomposites (CuS@COFs) were utilized as excellent
electrocatalysts toward hydroquinone (HQ) oxidation to produce
detectable signals. Meanwhile, electroactive thionine (Thi) and Af
antibody-modified gold nanoparticles (Thi-AuNPs-Ab bioconju-
gates) were designed as another electrochemical indicator. Based on these two signals, an ultrasensitive sandwich-like
electrochemical immunosensor was established for ASO detection. The introduction of AJO resulted in a remarkable decline in
the electrochemical signal of HQ but an increase in the signal of Thi. Under optimum conditions, the ratios between the double
signals (Iry;/Inq) showed a proportional linear relationship with the ABO concentration (1 pM—1 uM) with a low detection limit of
0.4 pM (S/N = 3), and the biosensor was able to determine the content of AJO in real cerebrospinal fluid samples with satisfactory
results. The ratiometric strategy proposed in our study offers a sensitive and eflicient approach for early diagnosis of AD, and this
work will promote the further applications of engineered COFs in electrochemical sensors.
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Izheimer’s disease (AD) clinically characterized by
memory loss, selective neuronal death, and physical and
behavioral dysfunction is the most prevalent type of
dementia."”” Recent studies reveal that amyloid-# peptide(AS)
aggregation and accumulation are the key pathological factors
involved in AD patients.”* During the aggregation progression
cascade, the formed intermediate Af oligomer (ABO) has been
recognized as the most cytotoxic form. The level of ASO in
cerebrospinal fluid (CSF) in AD patients is higher than that in
normal groups.” ABO as an effective diagnostic marker can
effectively predict the severity and progression at early or
preclinical stages of AD.%"® Therefore, developing simple and
fast assays for quantitative detection of ASO with high
selectivity and sensitivity is vital for early diagnosis of AD.
Indeed, various methods have been employed to detect ABO
including mass spectrometry,9 transmission electron micros-
copy (TEM),' and polyacrylamide gel electrophoresis."'
These methods are extremely time-consuming and low
throughput. Considering the intrinsic features of ABO such
as instability and easy transience to produce heterogeneous
mixtures during the analysis process, fast detection is desirable
for ABO sensors. To this aim, fluorescence assay,>~'* enzyme-
linked immunosorbent assay,'> and surface plasmon resonance
(SPR) biosensors'®"” with the advantage of simplicity, low
cost, and rapidity have attracted great attention in recent years.
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However, because of the great background signals, they are not
suitable for studies in plasma. Detection of ABO in complex
plasma with specific selectivity and high sensitivity is still a big
challenge.

Electrochemical immunosensors that combine the advan-
tages of electrochemistry and immunosensors provide a
promising approach for both sensitive and selective analysis
owing to their high compatibility and repeatability, simplified
operation, as well as excellent controllability. To date, several
studies utilizing electrochemical immune-sensing methods for
ApO detection have been reported. For instance, Han’s group
employed ferrocene confined in a metal—organic framework as
the electrochemical signal tag to develop an electrochemical
immunoassay for highly sensitive detection of AS;'® Lien et al.
proposed a label-less impedimetric Af immunosensor based on
the modified screen-printed electrode;'” Qin et al. utilized an
electrically conductive poly(pyrrole-2-carboxylic acid) linking
agent and a PrP® receptor to construct a label-free electro-
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chemical biosensor for selective detection of ABO.” Li et al.
fabricated a signal-on biosensor based on the analyte-binding
induced change of surface electron transfer for the quantitative
determination of ABO.”" Although promising, these methods
are largely dependent on the transmitter and signal. Hence,
external factors can easily interfere with the responsive signal,
inducing the false-positive results.

The ratiometric electrochemical strategy utilizing the ratio of
two signals from two different transmitters to provide a built-in
correction to the interferences can significantly improve the
reproducibility and precision of the electrochemical immuno-
sensor. The key issue for constructing a ratiometric electro-
chemical immunosensor is to fabricate double spatial-resolved
signals toward analytes in different response manners.

Covalent organic frameworks (COFs), as the newly emerged
porous crystalline materials, are covalently assembled by
organic building blocks. Because of the good thermal stability,
high specific surface area, and unique ordered channel
structures, COFs show a great potential for applications in a
variety of research areas includin§ gas adsorption, energy
storage photovoltaic, and catalysis.”*> Moreover, the rich 7-
conjugation and multiple functional groups in frameworks
enable COFs to be used as excellent scaffolds to establish
immunosensors for the detection of biomarkers.”*™>° How-
ever, the poor electrical conductivity limited the application of
COFs for fabricating electrochemical biosensors. Integrating
COFs with metal nanoparticles (NPs) has been recognized as
an effective method not only to enhance the electrochemical
activity of COFs but also to offer a matrix to immobilize
antibodies/aptamers,”” which thus improves the sensing
performance of electrochemical immunosensors. Combining
the ratiometric strategy and COF-based nanomaterials may
efficiently improve the sensitivity and selectivity of the
biosensing platforms, giving rise to more accurate and reliable
results.

In this work, we developed a novel signal on—off ratiometric
electrochemical immunosensor for the ultrasensitive determi-
nation of AO in the CSF sample based on the electrocatalytic
activity of ultrasmall copper sulfide nanoparticle (CuS NP)-
engineered COF hybrid nanocomposites (CuS@COFs)
(Scheme 1). Briefly, the CuS@COFs were synthesized via a
general encapsulation method. The introduction of CuS
enabled the nanocomposites with electrocatalytic activity to
catalyze the oxidation of hydroquinone (HQ) to p-
benzoquinone (BQ), contributing to a large electrocatalytic
signal. Besides, the fabricated CuS@COFs also served as
substrates to immobilize the ssDNA aptamer. Taking
advantage of the specific interaction between the targeted
ABO and the ssDNA aptamer,”® the aptamer-immobilized
CuS@COFs (ssDNA-CuS@COFs)-modified electrode was
employed for the capture of ABO. In the presence of ASO,
ABO could bind to ssDNA-CuS@COFs, which hindered both
the electron transfer and the exposure of the active sites,
leading to a remarkable decline in the electrochemical signal of
HQ. Subsequently, the electroactive thionine (Thi) and Af
antibody-modified gold nanoparticles (AuNPs) (Thi-AuNPs-
Ab bioconjugates) could bind to the targeted ABO to complete
the sandwich immune interaction and produce another
amplified electrochemical signal. As an excellent redox probe,
Thi has been widely used in electrochemical biosensors.”
Meanwhile, Thi could be self-assembled on AuNPs through
Au—S binding.””*° AuNPs offer large surface areas for the
conjugation of Thi and antibody, which can specifically

Scheme 1. Schematic Illustration for the Construction of
CuS@COFs (A) and Thi-AuNPs-Ab Bioconjugates (B); (C)
Schematic Diagram for the Fabrication of the Ratiometric
Electrochemical Immunosensor
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recognize the ABO, while the electroreduction of Thi can
provide a measurable electrochemical signal, and the high
loading of Thi on the AuNPs facilitates signal amplification,
which results in enhanced sensitivity. On the basis of the two
signal indicators, the dual-signal ratiometric immunosensor
was successfully constructed for ultrasensitive determination of
ABO both in solution and real CSF samples. This proposed
biosensor holds a great potential for the development of
reliable electrochemical devices for early diagnosis of complex
diseases.

B EXPERIMENTAL SECTION

Reagents and Materials. Amyloid-f (1—40) was
purchased from Enzo (New York, USA). Anti-beta amyloid
1—40 antibody [EP1876Y] (ab76317) was supplied by Abcam.
ABO and A fibrils (AfF) were prepared according to previous
work (see Supporting Information). Gold(III) chloride
trihydrate and human serum albumin (HSA) were obtained
from Sigma-Aldrich. 2,5-Dimethoxyterephthalaldehyde
(DMTP), hydroquinone (HQ), 1,3,5-tris(4-aminophenyl)
benzene (TAPB), thionin acetate (Thi), histidine (His),
tryptophan (Trp), glycine (Gly), threonine (Thr), and bovine
serum albumin (BSA) were bought from Aladdin Ltd. All
aqueous solutions were prepared with doubly distilled
deionized water (D.I. water). The ABO aptamer was purchased
from Shanghai Sangon biotechnology, and its sequence was 5'-
OH-(CH,)4-S-S-(CH,)s-GCCTGTGGTGTTGGGGCG-
GGTGCG-3'".

Apparatus. The obtained nanocomposites were charac-
terized by TEM (JEM-2100 microscope, Japan). Powder X-ray
diffraction (XRD) profiles were collected using a SmartLab
Focus diffractometer (Rigaku). X-ray photoelectron spectros-
copy equipped with an Al Ka monochromated X-ray source
(XPS, Thermo Scientific Escalab 250Xi, USA) was employed.
Fourier transform infrared spectrum (FT-IR, TENSOR 37,
Bruker, German) was collected. The UV—vis absorption
spectra were recorded with a UV-5200 spectrophotometer
(Shanghai Yuanxi). All the electrochemical experiments were
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performed on a CHI660D electrochemical workstation. A
conventional three-electrode system was employed with the
modified glassy carbon electrode (GCE) as the working
electrode, an Ag/AgCl electrode (saturated with KCI) as the
reference electrode, and a platinum wire (1 mm diameter) as
the counter electrode.

Synthesis of CuS@COFs. The citrate-coated CuS NPs
were synthesized using a facile hydrothermal method. Briefly,
copper(II) chloride (14 mg) and sodium citrate (20 mg) were
dissolved in 100 mL of deionized (DI) water upon stirring at
room temperature. After S min, sodium sulfide (7.8 mg) was
added into the mixture, and then reacted at 25 °C overnight.
After centrifugation at 15,000 rpm, the citrate-coated CuS NPs
were obtained and washed with DI water three times. Finally,
the obtained CuS NPs were dried at 60 °C in vacuum
overnight.

Incorporating CuS NPs in COFs was performed using a
general encapsulation method.””*" Briefly, 5.25 mg of TAPB
and 2.5 mg of CuS NPs were dissolved in 1000 uL of n-
butanol. Then, 25 uL of acetic acid (12 M) was added and
stirred for 2 h at room temperature. Then, 1 mL of 1,4-
ethylene oxide containing 4.35 mg of DMTP was added to the
reaction system and stirred for another 2 h. Subsequently, 225
uL of acetic acid (12 M) was added, and the reaction was
carried out at 70 °C for 24 h. The obtained CuS@COFs were
washed with butanol, acetone, and water and dried under
vacuum at room temperature overnight.

Synthesis of Thi-AuNPs-Ab Bioconjugates. First,
citrate-stabilized AuNPs were synthesized according to a
previous report with some modifications.”” Briefly, 5 mL of
HAuCl, (10 mM) was brought to a boil with vigorous stirring.
Two minutes later, 5 mL of sodium citrate (38.8 mM) was
added to the solution. After continuing to boil for 10 min, it
was cooled to room temperature. Citrate-stabilized AuNPs
were obtained by filtering. Subsequently, 0.22 mL of saturated
Thi was added into 1.1 mL of AuNP solution and kept mixed
for 24 h. Thi-AuNPs were washed with PBS and then
dispersed in 0.2 mL of PBS. Finally, 5.71 uL of Af antibody
(175 pg/mL) was added into Thi-AuNPs solution, and the
solution was incubated for 24 h at room temperature. Then,
BSA was added into the Thi-AuNPs-Ab biological coupling to
seal the compound for 4 h. Finally, the Thi-AuNPs-Ab
bioconjugates were obtained by centrifugation and washing,
and then resuspended into 200 uL of 0.1 M PBS (pH 7.4).

Fabrication of the Immunosensor. First, the GCE was
polished in turn with 0.3 and 0.05 ym a-alumina powder
successively, followed by ultrasonic cleaning in water and
ethanol. After that, 6 uL of CuS@COFs (1 mg/mL) was
modified on the surface of GCE and dried at room
temperature. Then, the CuS@COFs/GCE was immersed in
100 nM ssDNA aptamer solution at 4 °C for 12 h. After rinsing
with water, the ssDNA-CuS@COFs/GCE was immersed in
BSA solution (1 wt %) for 10 min to eliminate nonspecific
binding sites. After rinsing, the BSA-ssDNA-CuS@COFs/GCE
was incubated in 100 pM ABO solution at 25 °C for 60 min.
Afterward, washing similarly, the ASO-BSA-ssDNA-CuS@
COFs/GCE was immersed in Thi-AuNPs-Ab bioconjugate
suspension at 25 °C for 80 min. Finally, the Thi-AuNPs-Ab-
APO-BSA-ssDNA-CuS@COFs/GCE was obtained. The
whole preparation processes are illustrated in Scheme 1.

Effect of the pH Value of Working Buffer on the
Electrochemical Signal. The electrochemical signal of the
Thi-AuNPs-Ab-AfO-BSA-ssDNA-CuS@COFs/GCE was

monitored using DPV by scanning the potential from —0.4
to 0.7 Vin 0.1 M PBS containing 400 uM HQ with pH values
ranging from 5.8 to 7.8.

Effect of Incubation Time of AO and Thi-AuNPs-Ab
Bioconjugates on the Electrochemical Signal. First, the
BSA-ssDNA-CuS@COFs/GCE was incubated in 100 pM
ApO solution at 25 °C with the incubation time ranging from
20 to 100 min. Then, the modified electrodes were rinsed with
DI water, and the electrochemical signals were recorded using
differential pulse voltammetry (DPV) by scanning the
potential from —0.4 to 0.7 V in PBS (0.1 M, pH 7.0)
containing 400 yM HQ. Next, the ABO-BSA-ssDNA-CuS@
COFs/GCE was immersed in Thi-AuNPs-Ab bioconjugate
suspension at 25 °C for different times (20—100 min). Then,
the electrodes were rinsed, and the electrochemical signals
were measured using DPV.

Effect of Incubation Temperatures of AO and Thi-
AuNPs-Ab Bioconjugates on the Electrochemical Sig-
nal. The BSA-ssDNA-CuS@COFs/GCE was incubated in 100
pM ApO solution under different temperatures (10, 15, 20, 25,
30, and 37 °C) with the incubation time of 60 min. For Thi-
AuNPs-Ab bioconjugates, the ABO-BSA-ssDNA-CuS@COFs/
GCE was immersed in Thi-AuNPs-Ab bioconjugate suspen-
sion under different temperatures (10, 15, 20, 25, 30, and 37
°C) with an incubation time of 80 min. Similarly, the
electrodes were rinsed, and the electrochemical signals were
measured using DPV.

Electrochemical Detection of AO. To detect ABO, the
BSA-ssDNA-CuS@COFs/GCE was incubated with different
concentrations of ASO at 25 °C for 60 min. Afterward, the
APO-BSA-ssDNA-CuS@COFs/GCE was immersed in Thi-
AuNPs-Ab bioconjugate suspension at 25 °C for 80 min.
Finally, the modified electrode was washed for electrochemical
measurements.

Electrochemical impedance spectroscopy (EIS) spectra were
recorded in 0.1 M KCI solution containing 5.0 mM
[Fe(CN)é]s_/ 4~ solution with the frequency ranging from 1
X 107> to 1 X 10° Hz. Cyclic voltammetry (CV) measurements
were performed in 0.1 M KCI solution containing 5.0 mM
[Fe(CN)4]*~ with a scan rate of 100 mV s~'. DPV
measurements were carried out in PBS (0.1 M, pH 7.0)
containing 400 M HQ with scanning the potential from —0.4
to 0.7 V, the pulse amplitude of S0 mV, pulse width of 25 ms,
and sampling width of 16.7 ms.

B RESULTS AND DISCUSSION

Characterization of the Nanocomposites. TAPB and
DMTP were employed as organic ligands to prepare CuS@
COFs via the encapsulation method. The morphology of Cu$
NPs, COFs, and CuS@COFs were characterized by TEM. As
shown in Figure 1A, the obtained COFs showed a spherical
shape with an average diameter of around 400 nm, and CuS
NPs were 13 nm in size with a spherical morphology (Figure
1B). Incorporating CuS NPs in the COFs did not change the
morphology of COFs (Figure 1C). Furthermore, TEM
elemental mappings of C, N, O, Cu, and S for CuS@COFs
indicated that CuS NPs were homogeneously distributed and
confined in the COFs (Figure 1D).

XRD was employed to investigate the structures of these
nanocomposites. As indicated in Figure 2A, the diffraction 26
peaks of pristine CuS NPs (curve a) were well-matched with
the hexagonal phase of CuS NPs (JCPDS No. 06-0464). The
diffraction peaks around 27.68°, 29.27°, 31.76°, 32.52°, 47.89°,
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Figure 1. TEM images of COFs (A), CuS NPs (B), and CuS@COFs
(C); EDS elemental mapping picture of CuS@COFs (D).
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Figure 2. (A) XRD spectra of CuS (a), COFs (b), and CuS@COFs
(c); (B) XPS full survey of the synthesized CuS@COFs; N 1s region
(C), Cu 2p region (D), and S 2p region (E) in the XPS of the Cus@
COFs composite; (F) FT-IR spectra of COFs (a), CuS (b), and
CuS@COFs (c).

and 59.05° can be indexed to the (101), (102), (103), (006),
(110), and (116) reflections of CuS NPs.>* Besides, no
obvious impurity peaks were observed, suggesting that CuS
NPs have been successfully prepared. The strong diffraction
intensity in curve b certified the fine crystallinity of COFs. The

diffraction peaks appearing at 5.54°, 7.39°, 9.67°, and 25.36°
were assigned to the lattice planes of (200), (210), (220), and
(001),** respectively. For the CuS@COFs composites (curve
c), the characteristic diffraction peaks of both CuS and COFs
were presented, demonstrating that CuS@COF composites
have been successfully synthesized.

Subsequently, the XPS analysis was applied to probe the
chemical composition of CuS@COFs. The full wide-scan
spectra revealed the existence of S, C, N, O, and Cu in CuS@
COFs (Figure 2B). The N spectra exhibited two peaks at 401.4
and 399.8 eV (Figure 2C) corresponding to the residual —-NH,
groups and C=N in the COFs.” The peaks at 952.1 and
933.2 eV of Cu 2p spectra (Fi%ure 2D) were ascribed to Cu
2p3/2 and Cu 2p1/2 doublets.” In the case of S 2p spectra
(Figure 2E), two dominant peaks that appeared at 163.3 and
162.2 eV were assigned to S 2p1/2 and S 2p3/2 doublets,
respectively.’

The successfully synthesized CuS@COFs were further
confirmed by FT-IR spectroscopy (Figures S1 and 2F). In
the spectra of COFs and CuS@COFs, the appearance at 1605
cm ™! belonged to the C=N band formed by the Schiff base
reaction between TAPB and DMTP. A significant decrease in
the intensity of —NH stretching bands of TAPB (3100—3500
cm™") and the C=O0 stretching bands of DMTP (1676 cm™")
occurred (Figure S1). Meanwhile, the typical skeleton
vibration bands of the benzene ring at 1600 to 1100 cm™'
were also observed. The peak at 618.3 cm™' was due to the
stretching vibrations of Cu—S.”” All these results demonstrated
that CuS NPs have been engineered in COFs.

The AuNPs were synthesized using citrate as the stabilizer
and displayed an absorption peak at 520 nm (Figure S2) owing
to the size-dependent surface plasmon resonance effect of the
15 nm AuNPs. The successful synthesis of the monodispersed
AuNPs was also certified by the high-resolution TEM image
(Figure S3). Incubation of AuNPs with Af antibody (for
recognition of ASO) and Thi (for electrochemical signal
amplification) generated the Thi-AuNPs-Ab bioconjugates.
Also, an absorbance peak at 600 nm was observed in their
UV—vis absorption spectrum (Figure S2), which was
consistent with the reported results.*®

Electrochemical Characterization of the Immunosen-
sor Fabrication Process. EIS displayed the step-by-step
decorating process of the immunosensor. The EIS results were
fitted using ZSimpWin software with equivalent circuit models.
As established in Figure 3A, the R, of bare GCE was measured
to be 54.9 Q. After CuS@COFs were modified, R, increased
to 158.6 Q mainly because of the steric hindrance of CuS@
COFs. When the ssDNA aptamer was adsorbed on the surface
of CuS@COFs, the R, increased to 260.9 Q, which was
attributed to the repulsion of the negatively charged [Fe-
(CN)4]*/* from the surface of the GCE caused by the
negatively charged phosphate backbone of the aptamer.®” After
blocking the ssDNA-CuS@COFs/GCE surface with BSA, the
impedance was obvious increased, demonstrating that the
protein hindered the electron transfer between the solution
and the electrode surface. When the BSA-ssDNA-CuS@
COFs/GCE was incubated with AfO, the Rct further
increased. After Thi-AuNPs-Ab bioconjugates specifically
bound to ABO, the resistance decreased mainly because the
combination of AuNPs and Thi improved the conductivity and
accelerated the electron transfer.

CV measurements were further employed to validate the EIS
results. As displayed in Figure 3B, the bare GCE exhibited a
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Figure 3. (A) EIS of bare GCE, CuS@COFs/GCE, ssDNA-CuS@
COFs/GCE, BSA-ssDNA-CuS@COFs/GCE, ASO-BSA-ssDNA-
CuS@COFs/GCE, and Thi-AuNPs-Ab-ABO-BSA-ssDNA-CuS@
COFs/GCE in 0.1 M KCl solution containing 5.0 mM [Fe-
(CN)4]¥* solution. The frequency range is from 1 X 1072 to 1 X
10° Hz; (B) CV of bare GCE, CuS@COFs/GCE, ssDNA-CuS@
COFs/GCE, BSA-ssDNA-CuS@COFs/GCE, AfO-BSA-ssDNA-
CuS@COFs/GCE, and Thi-AuNPs-Ab-AfO-BSA-ssDNA-CuS@
COFs/GCE in 0.1 M KCl solution containing 5.0 mM [Fe(CN),]*".

Scan rate: 100 mV s™'.

well-defined pair of redox peaks in a typical [Fe(CN)]*~
solution. When CuS@COFs, ssDNA, BSA, AfO and Thi-
AuNPs-Ab bioconjugates were modified onto the GCE surface
layer by layer, the electron transfer was impeded due to the
poor conductivity of each layer, so the redox peak currents
decreased gradually in the following trend: bare GCE > CuS@
COFs/GCE > ssDNA-CuS@COFs/GCE > BSA-ssDNA-
CuS@COFs/GCE > Thi-AuNPs-Ab-AfO- BSA-ssDNA-
CuS@COFs/GCE > APO-BSA-ssDNA-CuS@COFs/GCE,
which was consistent with the EIS results. These results
demonstrated once again that each layer of materials was
successfully fixed onto the GCE surface.

Feasibility of the Electrochemical Immunosensor.
The electrochemical performance of the materials played a
critical role in the feasibility of the fabricated ratiometric
electrochemical immunosensor. To certify whether the nano-
composite displayed a good electrochemical response signal,
the electrochemical performances of different modified
electrodes were evaluated by DPV. As indicated in Figure
S4, for CuS/GCE, a well-defined oxidation peak appeared,

which attributed to the electro-catalytic oxidation of HQ. The
COFs/GCE had no obvious oxidation peak. When CuS NPs
were introduced to COFs, the peak current became larger,
which demonstrated that CuS@COFs possessed an excellent
electrocatalytic activity toward HQ. Hence, the HQ oxidation
electrocatalyzed by CuS@COFs can act as an inner reference
signal to construct a proportional sensor. By the stepwise
modification of ssDNA and BSA, the peak currents slightly
decreased because of the block effect of the attached
biosubstances on the electron transfer. After capture of ABO
by ssDNA aptamer, ABO located on the surface of CuS@
COFs hindered both the electron transfer and the exposure of
the active sites, leading to a remarkable decline in the current
response of HQ. Upon further incubation with the saturated
Thi-AuNPs-Ab bioconjugates, the current of HQ further
decreased, accompanied by the synchronous emergence of a
new redox peak of Thi at —0.18 V (Figure 4A), indicating the
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Figure 4. (A) Typical DPV curves of ABO-BSA-ssDNA-CuS@COFs/
GCE (1 pM ABO) (a), Thi-AuNPs-Ab-ASO-BSA-ssDNA-CuS@
COFs/GCE (1 pM ABO (b), 1 nM ABO (c), and 1 uM ABO (d)) in
PBS (0.1 M, pH 7.0) containing 400 uM HQ; (B) influences of the
pH (B), the incubation time of ABO (C) and Thi-AuNPs-Ab
bioconjugates (D), and the incubation temperature of ASO (E) and
Thi-AuNPs-Ab bioconjugates (F) on the response currents with 100
pM ABO in PBS (0.1 M, pH 7.0) containing 400 uM HQ.

efficient capture of the bioconjugates. As the signal
amplification labels, AuNPs have been used widely in various
biological detection schemes.’”***' To verify the signal
amplification capability of our proposed ABO detection
method, four immunosensors were parallelly fabricated by
coating Thi-AuNPs, Thi-Ab, AuNPs-Ab, and Thi-AuNPs-Ab
films onto ABO-BSA-ssDNA-CuS@COFs/GCE, respectively,
and their DPV responses were recorded and compared. As
illustrated in Figure S5, a weak DPV current signal of Thi and
an unchanged signal of HQ were observed for Thi-AuNPs
films. The lack of Ab in the Thi-AuNPs films resulted in the
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incapability of recognizing ABO-BSA-ssDNA-CuS@COFs and
thus the failure to immobilize Thi-AuNPs on the electrode
surface. The electrochemical signals of HQ obtained from Thi-
Ab, AuNPs-Ab, and Thi-AuNPs-Ab film-modified ABO-BSA-
ssDNA-CuS@COFs/GCE decreased significantly because the
Ab captured APO via specific interactions, which hindered
both the electron transfer and the exposure of the active sites.
In particular, for Thi-AuNPs-Ab bioconjugates, there was a
significantly increased response current for the signal of Thi
because the surface-captured AuNPs could load a large number
of Thi molecules to enhance the current response,”’ indicating
that AuNPs possessed remarkable signal amplification
capability. Critically, as the concentration of ABO increased,
the response signal of HQ decreased gradually while more
signal probes of Thi-AuNPs-Ab bioconjugates were bound to
the electrode surface and thus boosted the signal of Thi. Based
on the signal generated by the CuS@COFs-mediated oxidation
of HQ and the emergence of signals from the Thi-AuNPs-Ab
bioconjugates, a facile ratiometric electrochemical immuno-
sensor was fabricated to realize sensitive detection of ASO.

Optimization of Experimental Conditions. To achieve
the best performance of the immunosensor, the experimental
conditions such as the pH of the working buffer, incubation
time, and temperature for ASO and Thi-AuNPs-Ab were
optimized based on the peak current ratio of DPV signal
responses (Ipy/Inq)-

The electrolyte pH had an important influence on the
analytical response of the sensor. Figure 4B shows the effect of
the electrolyte pH value on the DPV response of the signal of
HQ and Thi in 0.1 M PBS containing 400 uM HQ with an
incubation time of 60 min for ABO and ssDNA aptamer and
80 min for APO and Thi-AuNPs-Ab bioconjugates at 25 °C.
The electrochemical responses of HQ first decreased and then
increased within the pH scope of 5.8—7.8. The result indicated
that the optimal pH was pH 7.0. For the electrochemical signal
of Thi, the response current achieved the maximum at pH 7.0
in the range of 5.8 to 7.0 and then decreased when further
increasing the pH up to 7.8. Plainly, the Iry,;/Ijzq value showed
a maximum at pH 7.0 (Figure 4B). Hence, pH 7.0 was chosen
for the follow-up experiments.

The incubation times of ABO (Figure 4C) and Thi-AuNPs-
Ab bioconjugates (Figure 4D) were also one of the main
factors that can affect the electrochemical signal. Figure 4C
shows that the response currents of HQ decreased with the
incubation time ranging from 20 to 60 min and reached the
steady state over 60 min, revealing that the combination of
ssDNA aptamer and AfO reached saturation. The incubation
time of Thi-AuNPs-Ab bioconjugates was also optimized based
on the peak current ratio. As indicated in Figure 4D, the Iry;/
Ij;q value reached a maximum at 80 min, and then remained
stable after 80 min, indicating the saturation of immobilized
Thi-AuNPs-Ab bioconjugates after incubation for 80 min.
Therefore, 60 and 80 min were chosen as the optimal
incubation times for ABO and Thi-AuNPs-Ab bioconjugates,
respectively.

In addition, the influence of incubation temperatures of
ABO (Figure 4E) and Thi-AuNPs-Ab bioconjugates (Figure
4F) was also evaluated. When incubated ASO with BSA-
ssDNA-CuS@COFs/GCE at 25 °C, the response current of
HQ was minimum, indicating that 25 °C was the optimal
incubation temperature for ABO and ssDNA aptamers.
Similarly, as displayed in Figure 4F, the ratiometric signal of
Ipyi/Tgq reached its maximum value at 25 °C. Therefore, 25 °C

was selected as the optimal incubation temperature for the
binding of ASO and Thi-AuNPs-Ab bioconjugates.
Analytical Performance of the Electrochemical Im-
munosensor. The electrochemical signals were recorded by
DPV under the optimal experimental conditions to examine
the sensitivity of the prepared ratiometric electrochemical
immunosensor. As shown in Figure SA, with the increase in the
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Figure 5. (A) DPV responses of the proposed ratiometric
immunosensor in PBS (0.1 M, pH 7.0) containing 400 yM HQ
after incubation with different concentrations of ABO; (B) depend-
ence of the ratiometric signal of Iy/Iyq on the logarithm ASO
concentration in the range of 1 pM to 1 uM.

ApO concentration, the HQ responses decreased while the Thi
signals inversely increased, which endowed the sensor with a
ratiometric mode for the assay of ABO. According to the ratio
of the double signal (Ir,/Inq), the prepared immunosensor
could realize highly sensitive analysis of ABO. Figure 5B reveals
that the value of Ity,/I;q gradually increased with the increase
in the ABO concentration. Also, the linear relationship of I'ry;/
Iyq to the logarithmic value of ABO concentration was plotted
with a linear range from 1 pM to 1 yM and a correlation
coefficient of 0.997. The regression equation was Iry,/Iiq (HA)
= 0.298 log Cupo (nM) + 1.38, and the limit of detection
(LOD) was calculated to be 0.4 pM (S/N = 3). Compared
with other previous studies (Table 1), the fabricated

Table 1. Comparison of Different Methods for ABO
Determination

methods LOD linear range reference
SPR sensor 20.0 pM 0.02—1.0 nM 43
colorimetric assay 600 pM 10.5-313.5 nM 44
fluorescence strategy 28.4 pM 0.1-10,000 nM 14
fluorescence sensor 0.1 nM 0.1-40 nM 45
electrochemical assay 600 pM 5.0—-5000 nM 46
electrochemical assay 30.0 pM 0.1-500 nM 39
electrochemical assay 3.5 pM 0.01-2.2 nM 47
electrochemical assay 8.0 pM 0.02—100 nM 48
electrochemical assay 26.0 pM 0.06—6.0 nM 49
electrochemical assay 0.4 pM 0.001-1000 nM This work

electrochemical immunosensor exhibited much better sensing
performance, which was attributed to the ratiometric strategy.
In our sensing system, both of the response signals were
dependent on ABO. In particular, the two signals appeared at
different potentials (HQ at approximately +0.28 V and Thi at
—0.18 V), which could not interfere with each other, and the
two response intensities changed oppositely toward the target
analytes, leading to a signal on—off mode.*” This kind of signal
on—oftf mode can not only correct the results by introducing
the reference signal but also exclude the external interference.
Moreover, COFs provided excellent scaffolds for aptamer
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attachment via z—n stacking and hydrogen bonding inter-
actions and AuNPs offered large surface areas for the
conjugation of Thi and antibody, which were both beneficial
for improving the sensitivity of the sensor and amplifying the
signals. Therefore, the developed ratiometric electrochemical
immunosensor could realize highly sensitive and accurate
detection of ABO samples.

Specificity, Reproducibility, and Stability. To assess the
specificity of the fabricated immunosensor, the effects of
common interfering substances including Af monomers
(ApM), APF, HSA, BSA, Gly, Trp, and His on the sensing
performance were investigated. Figures 6A and S6A show the
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Figure 6. (A) Ratiometric signal of Iyy/Iyq responding to 100 pM
APO and some biological molecules; (B) stability of the
immunosensor.

comparison of the electrochemical response toward AM, ASF,
and APO. It was clear that the constructed immunosensor can
only identify APO but not APM and ASF because of the high
recognition ability of the aptamer to ABO. Obviously, other
proteins and amino acids did not interfere with the detection
of ABO (Figures 6A and S6B), indicating that the proposed
electrochemical immunosensor displayed the satisfactory
specificity for detecting ABO.

What’s more, the reproducibility is another important
parameter of sensors. The reproducibility of the sensor was
investigated by conducting the repeated experiment with five
independent electrodes. The relative standard deviation (RSD)
obtained for the electrochemical signal was 2.5%, suggesting
the excellent reproducibility of the sensor. Moreover, the long-
term stability of the immunosensor was also evaluated by
monitoring the electrochemical signals generated by 100 pM
ApPO every two days for two weeks. As shown in Figure 6B,
after two weeks, the ratiometric signal of Iry/Iyq of the
immunosensor still remained 82.5% of their initial response.
The results indicated that the designed immunosensor
possessed good stability.

Application in CSF Samples. Inspired by the high
selectivity and selectivity of the ratiometric electrochemical
immunosensor toward AfO, we also examined whether the
sensor can be used for the determination of AO in real CSF
samples, which was clinically meaningful for early diagnosis of
AD. To assess the feasibility for real sample analysis, the
detection of ABO was conducted using the standard addition
method. Briefly, different concentrations of ABO were added
to the CSF samples, and then, the concentration of ASO in
CSF samples was measured using the designed immunosensor.
As summarized in Table S1, the recovery values ranged from
95.2 to 105.7%, with the RSD below 4.1%, which
demonstrated that the proposed sensing system can be applied
for qualitatively detecting ABO in real CSF samples with good
recovery and high precision.
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B CONCLUSIONS

In this work, a signal on—off ratiometric electrochemical
immunosensor was successfully developed for ultrasensitive
detection of ABO based on the signal changes of HQ oxidation
catalyzed by CuS@COFs, and the signal arose from the Thi-
AuNPs-Ab bioconjugates. Such a ratiometric electrochemical
immunosensor exhibited a linear response to the concentration
of ABO over the range of 1 pM to 1 uM with a detection limit
of 0.4 pM. (S/N = 3). Critically, this immunosensor with
excellent reproducibility, acceptable stability, high selectivity,
and good accuracy has been successfully applied for detecting
the APO in real CSF samples. The dual-signal ratiometric
electrochemical method can effectually eliminate the back-
ground signal drift to avoid the external interferences on the
sensing performance, thus improving detection precision and
clinical reliability. Our work shows a great potential for early
diagnosis of AD and sheds light on developing a novel
ratiometric electrochemical immunosensor for the analysis of
other disease markers and will promote the further nano-
composite engineering of COF materials for bioapplications.
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