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amplifying electrochemical aptasensor of self-polymerized dop-
amine-decorated Au and coordinated with Fe-MOF (Au@PDA@
Fe-MOF) for the detection of carcinoembryonic antigen (CEA).
Remarkably, Au@PDA@Fe-MOF features high sensitivity, multi-
ple active sites, good biocompatibility, and excellent selectivity,
which is attributed to abundant —COOH in porous Fe-MOF and
unsaturated Fe®* sites on the surface of Fe-MOF as the active Mishconductiviy Bio-recognidonunic ¥ BsA g CEA & Other cancer markers
binding sites grafting more NH,-functionalized CEA-specific
aptamer and redox PDA and Fe-MOF accelerating the movement of electrons for dual signal amplifying. Meanwhile, the
electrochemical aptasensor shows favorable repeatability with 1.82% relative standard deviation (RSD) under five independent
aptasensors and strong stability with only 3.3% degradation after 12 days of storage. In addition, the aptasensor has wide CEA
detection range from 1 fg mL™" to 1 ug mL™" with a low detection limit of 0.33 fg mL™" (S/N = 3). Furthermore, the aptasensor is
feasible for accurate and quantitative detection of CEA in serum samples with RSD below 2.32%. The satisfying results demonstrate
promising applications of the CEA aptasensor in practical sample analysis and lay an important foundation for other biomarker
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B INTRODUCTION

Nowadays, people are scared of cancer for the extremely high
mortality rate." One of the main reasons for the poor survival
rate of cancer is the later diagnosis and once founded to be
advanced stage. Therefore, the early and precise detection of
cancer, which is vital for clinical diagnosis, and real-time
monitoring along with effective treatment can significantly
reduce mortality and save lives.” At present, a great deal of
efforts has been devoted to explore various promising
detection methods based on the specific recognition of cancer
biomarkers. Carcinoembryonic antigen (CEA) as a most
widely used clinical tumor marker overexpressed in colorectal
cancer,3 pancreatic,4 breast,5 cervical carcinoma,6 cystadeno-
carcinoma,” and others. Therefore, developing an accurate,
convenient, and sensitive detection method for CEA detection
is crucial, which can diagnose earlier and improve survival rate
markedly.

CEA detection methods include polymerase chain reaction,”
enzyme-linked immunosorbent assay (ELISA),® surface-
enhanced Raman sgectroscopy, electrophoresis,” surface
plasmon resonance,” electrochemical assay,'’ colorimetric
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assay,12 fluorescence methods,'® and so forth. These detection
methods are abundant and highly efficient. Among these
means, the electrochemical detection method is widely used in
biomarker detection due to its innate high sensitivity,
simplicity, miniaturization, real-time monitoring, and so
on.'*'® In recent years, aptasensors have received a lot of
attention owing to the specific binding to their corresponding
target molecules with high affinity.'® Aptamer that is able to
bind with the target molecule noncovalently has been used as
ideal recognition elements in the biosensing field."” Aptamers
have prominent advantages, such as simplicity, good chemistry
stability, repeatability, high selectivity, and low cost, which are
superior to antibodies."* > Currently, novel electrochemical
aptasensors have been widely used to detect CEA with the
advantage of high sensitivity, simplicity and fast response.”"*”
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Scheme 1. Schematic Representation for the Preparation Process (a) and the Functioning Mechanism (b) of Au@PDA@Fe-

MOF and Electrochemical Aptasensor for CEA Detection
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To date, aptamers are assembled with the redox nanomaterials
as label-free sensors, which can amplify signals for improving
the detection sensitivity in a biosensor assay. Furthermore,
hybrid bio/nano-structures hold great promise in amplifying
signals to increase the sensitivity of a biosensor and bringing
forth higher accuracy and precision.” Thus, the functional
materials with redox property for dual amplifying signals will
be more beneficial for the sensitive detection of CEA.

Metal—organic frameworks (MOFs) consisting of metal ions
and organic ligands”>** have recently emerged as a promising
candidate that attract considerable attention for application in
electrochemical sensing”” by their various grafting groups (e.g.,
—NH, or —COOH),*® 7—7 stacking, hydrogen bonding, and
electrostatic interactions with negatively charged nucleic acid
sequences,”’ for example, some redox MOFs including Co-
MOF,”® Ce-MOF,” Fe-MOF,*® Ru-MOF,”" and so forth.
Among various MOF materials, Fe-based MOFs (Fe-MOFs)
stand out for that iron is an earth-abundant element and these
MOFs possess excellent stability, nontoxic property, and redox
activity with abundant Fe centers in their crystalline structure.
Despite that MOFs have many merits, MOF-based aptasensors
still suffer from poor conductivity, and the dual binding sites of
Fe-MOFs have scarcely been concerned.

Owing to these demands in advanced materials and our
interest, we designed a dual binding sites and dual signal
amplifying electrochemical aptasensor of self-polymerized
dopamine (DA)-decorated Au NPs and coordinated with Fe-
MOF (Au@PDA@Fe-MOF), which possess high sensitivity,
good biocompatibility, high selectivity, and strong stability.
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Gold (Au) nanoparticles, a high conductive material, have
been favored as a biosensor material with excellent chemical
stability, biocompatibility, and catalytic activity.”>* DA, as a
redox surface modifier for adhesion function to amplify
signal,”® has wide application in cancer therapy due to its
strong adhesive properties, biocompatibility,”> and PDA
modification.”**” The self-polymerizing of DA on the surface
of Au nanoparticles can not only regulate the size of Au
nanoparticles but also ensure the strong interaction with
biomolecules, which has excellent biocompatibility.*® On the
one hand, there are abundant —COOH in porous Fe-MOF
and unsaturated Fe®* sites on the surface of Fe-MOF as the
active sites, which lead to expose more sites for grafting the
NH,-functionalized CEA-specific aptamer. On the other hand,
the redox PDA and Fe-MOF can accelerate the movement of
electrons, which ultimately improves the electrochemical signal
and sensitivity toward the determination of CEA. The
preparation process of the electrochemical aptasensor was
illustrated in Scheme 1.

B EXPERIMENTS SECTION

Regents and Apparatus. More information about the regents
and apparatus were provided in Supporting Information.

Preparation of Au Nanoparticles (Au NPs). Globular Au
nanoparticles of 13 nm were prepared by reducing HAuCl4 with
trisodium citrate based on previously reported literature.”® First, 55
4L of 9 wt % HAuCl, was added into 49.95 mL of ultrapure water and
refluxed at boiling. Then, adding 0.75 mL of sodium citrate (10 mg
mL™") as a reducing agent, the mixture was continuously stirred for
15 min. A wine red uniformly dispersed solution containing Au NPs
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Figure 1. SEM images of Au@PDA@Fe-MOF (a,b), TEM images of Au (c), Au@PDA (d), Au@PDA@Fe-MOF (e), and FTIR spectrum (f) of

Au@PDA@Fe-MOF and NH,-aptamer/Au@PDA@Fe-MOF.

was obtained. At last, SO mL of as-synthesized Au nanoparticles (20
nm) was centrifuged at 12000 rpm for 1S min, and then, the
precipitates were redispersed in 2 mL of ultrapure water.

Preparation of Au@PDA. The Au NPs prepared above were
decorated with DA, which were modified with the previously reported
procedures.40 The condensed Au NPs (500 L) were added dropwise
in a clean conical flask containing 16 mL of Tris buffer (0.1 mol/L,
pH = 8.5) under constant stirring, and then 3-hydroxytyramine
hydrochloride was added in the mixture for 0.2 mg mL™". The mixed
solution was stirred for 18 h and centrifuged with ethanol and
ultrapure water to obtain the dark product. At last, the purified Au@
PDA was redispersed in 2 mL of ultrapure water.

Synthesis of Au@PDA@Fe-MOF. We synthesized the functional
material of Au@PDA@Fe-MOF. Au@PDA (0.5 mL) was dissolved in
15.0 mL of N,N-dimethylformamide (DMF), and iron(III) chloride
hexahydrate (FeCly-6H,0, 0.35 mmol L™") and 1,4-dicarboxybenzene
acid (H,BDC, 0.76 mmol L™") were added to the mixture in order.
The samples were dissolved in DMF by ultrasound and dispersed
uniformly. Under the ultrasonic condition, 0.5 mL of acetic acid was
then added dropwise into this mixed solution. The mixture was
heated and stirred in an oil bath at 120 °C and refluxed for 4 h to
crystallize it. Then, the product Au@PDA@Fe-MOF was collected
through centrifugation and washed with DMF and ethanol three times
to remove the excess reactants. Finally, the purified Au@PDA@Fe-
MOF nanocomposite was vacuum freeze-dried.

Preparation of the MOF-Based Aptasensor. Self-polymerized
DA-decorated Au NPs and coordinated with Fe-MOF as a dual
binding sites and dual signal-amplifying electrochemical aptasensor
was prepared as illustrated in Scheme 1a, and the mechanism for the
reaction process was elaborated in Schemes 1b and S1. Under the
condition of oxygen and alkaline condition, the monomers of DA
were oxidized and rearranged to the intermediate of polydopamine
and coated on the surface of Au nanoparticles uniformly. Then, PDA
provided anchoring sites for Fe** to form Fe**—catechol complexes,
owing to their strong coordination capability. Finally, under the
precursor of H,BDC, they formed octahedrons. Among the reaction
process, acetic acid, as a regulator, plays an important role of
increasing the number of —COOH and regulating the nucleation and
growth rate of MOFs.*'™* Then, the NH,-aptamer was covalently
binding with abundant —COOH in porous Fe-MOF and sufficient
unsaturated Fe sites on the surface of Fe-MOF based on N-
ethylcarbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling.
The strong Fe(Il[)-N bond is on a par with typical covalent
bonds.** The successful conjugation of NH,-aptamer with Au@
PDA@Fe-MOF was confirmed by Fourier-transform infrared spec-
troscopy (FTIR) (Figure 1f), X-ray photoelectron spectroscopy (XPS,
Figure 3), and electrochemical behavior (Figure 5).
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The functioning mechanism of the prepared aptasensor was clearly
described in Scheme 1b. Au@PDA@Fe-MOF has the merits of high
sensitivity, multiple active sites, the high conductivity of Au NPs, good
biocompatibility, excellent selectivity, and redox PDA and Fe-MOF
for dual signal amplifying. On the one hand, the prepared aptasensor
has sufficient COOH in porous Fe-MOF and unsaturated Fe®' sites
on the surface of Fe-MOF as the active binding sites to graft with the
NH,-functionalized CEA-specific aptamer for the sensitive detection
of CEA, which can expand the detection range and increase the
sensitivity markedly. On the other hand, the redox PDA and Fe-MOF
can accelerate the electron transfer on the electrode interface of
[Fe(CN)¢]>~/*, which will amplify the signals of current. Generally
speaking, signal amplifying leads to enhancement of sensitivity."
Before detection, the electrode of Au@PDA@Fe-MOF was modified
by EDC/NHS to activate COOH, and then the active COOH and
unsaturated Fe®* will graft with a biological recognition unit of NH,-
aptamer. Bovine serum albumin (BSA), as blocking protein, was then
covered on the electrode to prevent off-target binding. Finally, specific
recognition of NH,-aptamer and CEA can be used to select binding-
specific proteins, and the nonspecific antigen will not be binding to
NH,-aptamer. Once the NH,-aptamer bind with CEA, a protein layer
will be formed on the electrode surface, which will obstruct the
electron transfer of [Fe(CN)¢]>/*" and the current of differential
pulse voltammetry (DPV) will be reduced. The current will decrease
gradually with the increase of the CEA concentration.

Before modification, the glassy carbon electrode (GCE) was
polished with alpha alumina slurry (1.0, 0.3, and 0.05 ym) to obtain a
mirror-like clean surface and then dried by nitrogen. Au@PDA@Fe-
MOF (1 mg) was added to a mixture solution of 10 yuL of 5% w/w
Nafion, 590 mL ethanol, and 460 mL deionized water, and then, the
suspension was sonicated for 30 min. The homogenous suspension (§
uL) was dripped on the surface of GCE to obtain a modified Au@
PDA@Fe-MOF/GCE electrode. After being dried at room temper-
ature, 10 uL of EDC/NHS (150 mmol L™ EDC, 100 mmol L™
NHS) mixture solution was added dropwise onto the Au@PDA@Fe-
MOEF/GCE electrode and stored in a 4 °C refrigerator for 1 h to
activate —COOH groups in porous Fe-MOF. Subsequently, 8 uL of
3.5 ug mL™" (3.5 uM) specific NH,-aptamer solution of CEA was
grafted for S0 min to obtain the NH,-aptamer/Au@PDA@Fe-MOF/
GCE electrode and rinsed in phosphate-buffered saline (PBS) to
remove physically absorbed NH,-aptamer. Then, the modified
electrode was covered by 40 pL of 0.05% BSA for 30 min at 4 °C
to cover the unspecific binding sites. Then, the BSA/NH,-aptamer/
Au@PDA@Fe-MOF/GCE electrode was formed and washed with
PBS thoroughly. Ultimately, the prepared BSA/NH,-aptamer/Au@
PDA@Fe-MOF/GCE electrode was incubated with 40 yL of CEA
solution of different concentrations for 35 min at 4 °C and then
washed thoroughly with PBS to wash off nonspecifically bound
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Figure 2. XPS spectra of Au@PDA@Fe-MOF. (a) Survey, (b) C 1s, (c) O 1s, (d) N 1s, (e) Fe 2p, and (f) Au.

conjugations. The resulting CEA/BSA/NH,-aptamer/Au@PDA@Fe-
MOF/GCE aptasensor was used for later electrochemical measure-
ments, such as the electrochemical behaviors of the each step
modification of the aptasensor were studied by electrochemical
impedance spectroscopy (EIS) and cyclic voltammograms (CV) in
Figure S.

B RESULTS AND DISCUSSION

Characterization of the Au@PDA@Fe-MOF. The
morphologies were observed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As
presented in Figure 1a,b, SEM of Au@PDA@Fe-MOF exhibits
a regular concave octahedral shape with 8 facets and 12 edges,
and the side length was 240 nm. As shown in Figure Ic,d, the
size of citrate-stabilized Au NPs was 13 nm and Au NPs were
successfully coated by DA without aggregating in Figure 1d.
During polymerization, PDA formed an inerratic and
continuous coating layer at the surface of Au via the strong
binding affinity of catechol functional groups. From Figure le,
the uniform star-like profile with an octahedral sketch was
observed, which was consistent with the SEM image. Au NP
(13 nm) was observed in Fe-MOF (Figure le) but not on the
surface of Fe-MOF (Figure la,b), indicating that Au NP was
encapsulated in Fe-MOF. The X-ray diffraction (XRD)
patterns in Figure S1 also proved the successful synthesis of
Au@PDA@Fe-MOF.

Au@PDA@Fe-MOF (a) and NH,-aptamer/Au@PDA@Fe-
MOF (b) were analyzed by FTIR spectroscopy in Figure 1f to
study the molecular structure and chemical bond. The FTIR
spectrum of H,BDC is in Figure S2, and the regions of 2551—
3054 cm™! are matched to the typical wide vibrational bands of
the O—H association peak from the carboxylic acid. The peak
at 1693 cm™' represents the C=O stretching of the free
carboxyl group, while 1550 cm™ means the carboxyl group
that coordinated to the Fe metal centers (Figure 1f). As shown
in Figure 1f, the peak at 1693 cm™' represents the C=0
stretching of the free carboxyl group and the disappeared C=
O results from the covalent binding with NH,-aptamer. The
result illustrated that Au@PDA@Fe-MOF had adequate
COOH as binding sites to graft NH,-aptamer. The broad
absorption about 1300 cm™! indicated water and/or other
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gases, which have been adsorbed in the frameworks. The
similar phenomenon for some other MOFs has been reported
by Tan, et al.*® The adsorption band at 1101 cm™ refers to
O—H deformation in plane (Figure S2). Moreover, FTIR
signals at 747, 550, and 538 cm™' in Figure 1f (curve a) are
corresponding to the C—H bending vibrations of the benzene
rings, the vibration band of strong Fe—O* and Fe—O on
benzene rings, respectively. Such differences of Au@PDA@Fe-
MOF and H,BDC demonstrated the coordination of the
bridging ligand with Fe and the formation of metal—oxo bond.
After binding with the NH,-aptamer, the characteristic peaks
of the amide bond*® can be observed in Figure 1f (curve b):
FTIR signals at 1280 and 3417 cm™' represent the stretching
vibration of P=0 from NH,-aptamer and N—H from HN—
C=O0. These results confirmed that NH,-aptamers were
successfully grafted with Au@PDA@Fe-MOEF.

XPS was conducted to study the surface chemical
composition of Au@PDA@Fe-MOF. The XPS survey
spectrum (Figure 2a) proved that C, O, N, Fe, and Au
elements coexist in Au@PDA@Fe-MOF. As shown in Figure
2b, the spectrum of the C 1s displayed two surface
components, which are corresponding to carbon components
on the benzene ring (284.7 eV) and carboxylate (COOR)
groups from the H,BDC linkers (288.6 V) 139 The spectrum
of the O 1s was fitted into two peaks (Figure 2c), which were
located at the binding energies (BEs) of 530.2 and S31.5 eV
corresponding to C=0 and Fe—O bonds of Fe-MOF,”" and
the oxygen components on BDC linkers,*” respectively. The
spectrum of the N 1s (Figure 2d) from PDA was fitted to the
BE of 398.4 eV, which also proved the binding of the catechol
groups to the Au NP surface.””** Figure 2e shows a high-
resolution XPS spectrum of the Fe 2p with the content of
6.47%. As XPS is a means of surface analysis, a great deal of
unsaturated Fe sites on the surface of Fe-MOF can be used to
graft NH,-aptamer. The typical peaks at 712.1 eV were
ascribed to Fe 2p;,, and peaks at 726.0 eV were assigned to Fe
2p1/»> The high-resolution XPS spectrum of the Au was fixed
at Au 4f;/, (83.6 eV) and Au 4f,,, (87.1 eV) in Figure 2678

To further confirm the successful binding of Au@PDA@Fe-
MOF with NH,-aptamer, XPS of NH,-aptamer/Au@PDA@
Fe-MOF was conducted in Figure 3. The XPS survey spectrum
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Figure 3. XPS spectra of NH,-aptamer/Au@PDA@Fe-MOF. (a) Survey, (b) C 1s, (c) N 1s, (d) Fe 2p, (e) P 2p, and (f) Au.
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(Figure 3a) indicated that NH,-aptamer/Au@PDA@Fe-MOF
contained C, O, N, Fe, Au, and P elements. The presence of P
element (Figure 3e) and the increase of N element (Figure 3c)
from NH,-aptamer proved the successful binding of Au@
PDA@Fe-MOF and NH,-aptamer. It was worth noting that
the two BEs at 711.8 and 725.7 eV of Fe (Figure 3d) acting as
the electron acceptor had reduced 0.3 eV comparing to 712.1
and 726.0 eV of Fe (Figure 2e). However, the BEs at 398.7 €V
of N (Figure 3c) acting as the electron donor had increased 0.3
eV comparing to 398.4 eV of N (Figure 2d), which illustrated
the coordination of unsaturated Fe®' sites on the surface of Fe-
MOF with NH,-aptamer. The XPS and FTIR results together
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proved that Au@PDA@Fe-MOF as dual binding sites were
feasible and promising to graft NH,-aptamer for the sensitive
detection of CEA.

The specific surface area and porosity of the samples were
characterized by nitrogen-sorption measurements. As shown in
Figure 4, NH,-aptamer/Au@PDA@Fe-MOF (Figure 4a) and
Au@PDA@Fe-MOF (Figure 4b) exhibited typical type I
isotherms with a H, hysteresis loop according to IUPAC’s
classification. NH,-aptamer/Au@PDA@Fe-MOF had a lower
Brunauer—Emmett—Teller surface area (54.7622 m” g”') than
Au@PDA@Fe-MOF (199.8562 m* g™'), indicating the
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successful grafting of NH,-aptamer, and this may block the
flexible pores of Fe-MOF.

Electrochemistry Behaviors of Aptasensor. The CV
and EIS results of layer-by-layer assembled materials are shown
in Figure S. In Figure SA, Au@PDA@Fe-MOF/GCE (Figure
Sa) had a great conducting ability with a larger reversible redox
peak in CV than that of the bare GCE (Figure Sb), which was
attributed to the redox couple of PDA*® and Fe-MOF*” as the
electroactive species acceleratm; the electro transfer process of
the redox probe {[Fe(CN)s]*/*71°% on the electrode surface.
The mechanism was elaborated in Schemes 1b and S1. Then,
the Au@PDA@Fe-MOF was modified by EDC/NHS to
carboxylated —COOH in porous Fe-MOF MOF. The peak
current of NH,-aptamer/Au@PDA@Fe-MOF/GCE (Figure
Sc) also decreased when NH,-aptamer was covalently fixed to
COOH in the porous Fe-MOF and coordinated to unsaturated
Fe®* site on the surface of Fe-MOF, that is because the grafted
negative charge aptamer with phosphate groups repelled the
negative redox probes and blocked electron transfer to the
electrode surface.”” Then, the NH,-aptamer/Au@PDA@Fe-
MOF/GCE-modified electrode was covered with BSA to cover
the unspecific sites on the sensor interface. Figure 5d shows
that the peak current declined after the covering of BSA
because BSA as an insulating layer can prevent electron
migration to the electrode interface.*’ Finally, the peak current
of CEA/BSA/NH,-aptamer/Au@PDA@Fe-MOF/GCE apta-
sensor (Figure Se) was further reduced for capturing CEA (10
ng mL™'), which formed a protein layer on the electrode
surface and changed the steric barrier. o1

EIS is made up of a semicircle part representing for finite
electron transfer and a linear part on behalf of the diffusion
limited process to monitor electrode interface properties
during the electrochemical aptasensor construction pro-
cesses.”” The corresponding equivalent circuits are inserted
in Figure SB. The electron-transfer resistance (R,) of Au@
PDA@Fe-MOF (Figure Sa, 40 Q) was much smaller than
those of bare GCE (Figure Sb, 60.3 ), NH,-aptamer/Au@
PDA@Fe-MOF (Figure Sc, 81.5 ), BSA/NH,-aptamer/Au@
PDA@Fe-MOF (Figure 5d, 299.8 2), and CEA/BSA/NH,-
aptamer/Au@PDA@Fe-MOF (Figure Se, 402.2 ) under
optimal conditions. As the electrode is gradually modified, R,
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increases (Figure SB). That was in good agreement with CV
analysis. The smaller impedance was attributed to the dual
redox electroactive PDA and Fe-MOF, which accelerated the
electro transfer of [Fe(CN),]>™/# on the electrode surface and
enhanced electrochemical signal. The experimental results
show that the dual signal amplifying aptasensor was effectively
constructed, and the electrochemical aptasensor had good
performance.

Optimization of the Analytical Conditions. The
immobilization condition of the aptamer has an important
influence on the performance of the sensor. Therefore, we had
optimized the grafting concentration and grafting time of NH,-
aptamer, the covering time of BSA, the incubation time of
CEA, and the pH value of PBS buffer solution successively
under DPV measurement for the merits of low background
current, high detection sensitivity, and low detection limit.

First, we optimized the concentration of the NH,-aptamer,
and the Au@PDA@MOF/GCE electrodes were incubated
with different concentration of NH,-aptamer solution (1.5—4.0
uM) for the same time. As shown in Figure 6a, the
electrochemical signal decreased sharply with increasing
concentration of CEA aptamer below 3 uM owing to the
negative charge of NH,-aptamer, which can increase steric
hindrance and make it difficult to the electron transfer of
[Fe(CN)4]*/3" on the electrode surface,” and the electro-
chemical signal had insignificant difference with increasing
concentration of NH,-aptamer above 3 yM for the saturation
equilibrium. Therefore, 3.5 uM was chosen as the optimal
concentration of NH,-aptamer because there will be too many
unspecific sites in CEA biosensor fabrication at lower
concentration, but when the concentration is too high, it
may cause a big background interference owing to more
nonspecific adsorptions.64

In order to further investigate the influence of the grafting
time of NH,-aptamer, the NH,-aptamer/Au@PDA@MOE/
GCE electrodes were incubated with different times (10—60
min) of 3.5 yuM NH,-aptamer and then tested by DPV. In
Figure 6b, the electrochemical signal decreased evidently with
the increasing grafting time of NH,-aptamer from 10 to 40
min, and the electrochemical signal became almost the same
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Figure 7. (A) DPV response of BSA/NH,-aptamer/Au@PDA@Fe-MOF/GCE aptasensor after incubating with different concentration of CEA (1

fM to 1 uM); (B) Calibration curve for CEA detection.

with the time continued. Thus, the grafting time of NH,-
aptamer was set as 50 min for saving time.

Generally, BSA was used for covering the unspecific sites on
the sensor interface. The NH,-aptamer/Au@PDA@MOEF/
GCE electrodes were incubated in BSA solution for different
times and followed by DPV detection. The results showed that
the curve remains stable after 20 min (Figure 6¢c). Therefore,
25 min was selected as the optimal covering time of BSA. The
reason was that there will be too many uncovered nonspecific
binding sites on the surface under insufficient time resulting in
an inaccurate detection results, but when the time exceeds 20
min, it will form the “insulating layer” hindering the diffusion
of electroactive substance and the electron transfer on the
sensing interface.

The incubation time of CEA (10 ng mL™") was also studied
by adjusting the different incubation time of BSA/NH,-
aptamer/Au@PDA@MOF/GCE electrodes from 10 to 40
min. As illustrated in Figure 6d, the electricity showed a rapid
reduction with time going from 10 to 30 min and nearly
remained unchanged after 30 min. The results suggested that
35 min was a binding saturation between CEA and NH,-
aptamer.®® Therefore, 35 min was selected as the optimal CEA
incubation time of the electrochemical sensing detection.

The pH value of PBS buffer solution has a significant
influence on the electrochemical performance of the
aptasensor because the highly acidic or alkaline environment
affect the biological activity of the immobilized protein® and
reduce the specific recognition of CEA and NH,-aptamer,
which will lead to a high current. As shown in Figure 6e, the
signal response rapidly reduced with pH increasing from 6.0 to
7.0 and sharply increased with pH increasing from 7.0 to 8.5.
Thus, pH 7.0 was selected as the optimal pH with the minimal
current density for binding the maximum CEA, which was near
the pH of the human body.

Electrochemical Detection of CEA. Different concen-
trations of CEA were measured by an electrochemical
aptasensor under optimized conditions. As shown in Figure
7A, DPV curves responded to the different concentrations of
CEA (1 fM to 1 uM), and the peak current decreased
successively with the increase of CEA concentration. There
was a good linear relationship between the peak current and
CEA concentration of 1 fM to 1 uM (Figure 7B), and the
linear regression equation was I (¢A) = —1.9019 log[C (10
pM)] + 1.23465 in which the correlation coefficient is 0.99739.
Limit of detection (LOD) was 0.33 fg mL™" (S/N = 3).
Compared with some previously reported methods (Table S1),
our aptasensor has significant advantages in relatively wider
linear range and lower detection limit for redox PDA and Fe-
MOF as the electroactive species for dual signal amplifying.
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Meanwhile, these analysis parameters also proved that the
electrochemical aptasensor can be used for quantitative
detection of CEA.

Electrochemical Detection of CEA. The reproducibility
test of the aptasensor was further evaluated in Figure 8a. Five
independent aptasensors were used to detect CEA (10 ng
mL™") under optimal conditions. The relative standard
deviation (RSD) obtained was about 1.82%, indicating that
the changes in the detection results of different sensors can be

1 2 3 4 5

Sample

0 3 6 9 12

Days

Blank

(a)
7.0
6.0
= 5.0
= 40
g 3.0
520
© 10
0.0

Mixture

CEA
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Figure 8. (a)Reproducibility of the BSA/Aptamer/Au@PDA@Fe-
MOF/GCE sensor was examined by detecting 10 ng mL™" of CEA
with five independent aptasensors at the same analysis condition. (b)
Stability of the aptasensor was examined by detecting 10 ng mL™" of
CEA with different storage time. (c) Selectivity of the electrochemical
aptasensor to CEA compared with interfering cancer makers. The
concentration of the proteins: 200 ng mL™" AFP and 200 ng mL™"
PSA, 200 ng mL™" AFP, 200 ng mL™" PSA, 10 ng mL™" CEA and 10
ng mL™' CEA mixed with 200 ng mL™" AFP and 200 ng mL™" PSA,
respectively.
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ignored. This value was much lower than that in the literature
studies.”” Furthermore, the aptasensor was stored in 4 °C
refrigerator for 12 days to study the stability. As shown in
Figure 8b, the peak current slightly reduced by 3.3% of the
original value after 12 days of storage with the same
experimental conditions. Besides, the stability of the electro-
chemical biosensor in the detection process was studied in
Figure S3. During the test, the stable signal before and after
100 cycles suggests that the materials modified on the
electrode surface did not change. The results showed that
the electrochemical aptasensor had strong stability.

The selectivity of the aptasensor was also important, and it
can be evaluated by detecting some potential interferers, such
as prostate-specific antigen (PSA, 200 ng mL™") and alpha-
fetoprotein (AFP, 200 ng mL™"). In this study, 200 ng mL™"
PSA, 200 ng mL!AFP, 10 ng mL™! CEA mixed with 200 ng
mL~! PSA, and 200 ng mL™" AFP were used as the control
groups, and 200 ng mL™" PSA together with 200 ng mL~" AFP
was used as the blank control group. As can be seen from
Figure 8c, the current response of the CEA and CEA mixture
were almost the same value but far lower than other solutions,
which indicated that the aptasensor possesses an excellent
selectivity in detecting CEA. The high selectivity of the
aptasensor was attributed to the high specificity of molecular
recognition between the aptamer and corresponding antigen.
The inspiring results demonstrated that the prepared
aptasensor can be used to detect CEA in complex serum
samples with high reproducibility, stability, sensitivity, and
specificity.

Control Experiment. The control experiment was carried
out to prove the availability of the aptasensor for CEA
detection. First, the carboxyl Au@PDA@Fe-MOF (Figure 9a)

80
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Potential (V vs.Ag/AgCl)
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Figure 9. CV signals for (a) Au@PDA@Fe-MOF/GCE, (b) BSA/
Au@PDA@Fe-MOF/GCE, (c) CEA/BSA/Au@PDA@Fe-MOF/
GCE, (d) BSA/NH,-aptamer/Au@PDA@Fe-MOF/GCE, (e)
CEA/BSA/NH,-aptamer/Au@PDA@Fe-MOF/GCE, respectively.

was covered by BSA directly without the modifying of the
NH,-aptamer. After 30 min of covering with BSA, the CV test
was conducted on the prepared BSA/Au@PDA@Fe-MOF/
GCE (Figure 9b). The peak current of CEA/BSA/Au@PDA@
Fe-MOF/GCE (Figure 9c) was approximately equal to BSA/
Au@PDA@Fe-MOF/GCE. The change of current before and
after the incubation of CEA was not obvious without the
modifying of NH,-aptamer. However, the peak current of
BSA/NH,-aptamer/Au@PDA@Fe-MOF/GCE (Figure 9d)
was significantly changed after incubation with 10 ng mL™"
CEA (Figure 9¢). The results proved that the decrease of
current of BSA/NH,-aptamer/Au@PDA@Fe-MOF/GCE was
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caused by the binding of NH,-aptamer and CEA. When the
NH,-aptamer binds to the CEA molecule, a protein formed on
the surface of the electrode, which led to slower electron
transfer and decreased peak current.

CEA Detection in Human Serum Samples. Whether
human serum samples can be accurately analyzed is an
important indicator of electrochemical biosensors. In order to
evaluate the applicability of the electrochemical aptasensor, the
CEA concentration in the original human serum sample was
determined to be 0.3 ng mL ™" by ELISA method first, and then
the standard addition method was adopted to detect the
recovery of CEA in the human serum samples. The detection
results listed in Table 1 showed that the recovery ratio was

Table 1. Detection of CEA in Diluted Human Serum
Samples (n = 3) with the As-Fabricated Electrochemical
Aptasensor

Cinitial serum C recove RSD

Crneasure

(ngmL™')  sample (ng a@x:;lid_l) (ng mL™) (%) (%, n =3)
0.30 1 1.00 1.33 102.3 1.57
2 5.00 5.26 99.2 1.64
3 50.00 50.84 101.1 2.32

ranging from 99.2 to 102.3% with RSD below 2.32%,
indicating that it is feasible for accurate and quantitative
detection of CEA in serum samples. Thus, the aptasensor
possess excellent sensing performance, including high
sensitivity, excellent selectivity, strong stability, and good
reproducibility, and can be effectively applied to the clinical
detection.

B CONCLUSIONS

In summary, a dual binding sites and dual signal-amplifying
electrochemical aptasensor of self-polymerized DA decorated
Au and coordinated with Fe-MOF (Au@PDA@Fe-MOF) for
the detection of CEA was constructed. This aptasensor has
excellent electrochemical performance because of good
bioaffinity, high sensitivity, multiple active sites, good
biocompatibility, and excellent selectivity. Under optimal
conditions, the aptasensor had wide linear concentration
range of 1 fg mL™' to 1 ug mL™', and LOD as low as 0.33 fg
mL™" (S/N = 3). Concurrently, the electrochemical aptasensor
also owns superior sensitivity and selectivity, good reproduci-
bility, high stability, and satisfactory applicability in human
serum. Therefore, the electrochemical aptasensor provides a
teasible platform for biomarker detection in early clinical
diagnosis.
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