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Abstract: An electrochemical sensor based on a molecularly imprinted polymer membrane (MIP) was
developed. The electrochemical sensor was prepared by electropolymerization of o-phenylenediamine
(O-PD) on the surface of glassy carbon electrode (GCE), modified by AuNPs@covalent organic
framework (COF) microspheres with ascorbic acid (AA) as template molecule. First, ultrasmall
polyvinylpyrrolidone (PVP)-coated AuNPs were prepared by a chemical reduction method. Then,
1,3,5-tri(p-formylphenyl)benzene (TFPB) and N-boc-1,4-phenylene diamine (NBPDA) underwent
an ammonaldehyde condensation reaction on PVP-coated AuNPs to form AuNPs@COFTFPB-NBPDA

microspheres. The porous spherical structure of AuNPs@ COFTFPB-NBPDA could accelerate the mass
transfer, enlarge the specific surface area, and enhance the catalytic activity of PVP-coated AuNPs. The
electrochemical sensors, based on AuNPs@ COFTFPB-NBPDA/GCE and nMIPs/AuNPs@COFTFPB-NBPDA/
GCE, were applied for the detection of AA, with a detection limit of 1.69 and 2.57 µM, as well as
linear ranges of 5.07 to 60 mM and 7.81 to 60 mM. The nMIPs/AuNPs@COFTFPB-NBPDA sensor had
satisfactory stability, selectivity, and reproducibility for AA detection.

Keywords: covalent organic framework; ascorbic acid; molecularly imprinted polymer; electrochem-
ical sensor

1. Introduction

Covalent organic frameworks (COFs) are composed of organic building blocks con-
nected by strong covalent bonds. Recently, COFs have attracted great interest, due to a
series of advantages, such as unique porous crystalline structure, easy functionalization,
and tunable building blocks [1–4]. However, their poor electrical conductivity and low
catalysis activity limit their applications in electrocatalysis and electrochemical sensors. In
order to solve the above problems, the proposed solution is to dope the metal nanoparticles
into the organic framework of COFs [5–7] or change the electronic structure of the compos-
ite material; accordingly, a large number of active sites can be generated to promote the
catalytic reaction. The traditional hybrid method was to complex metal precursor into the
organic skeleton of COF through coordination, followed by in-situ reduction, and the metal
nanoparticles are dispersed and supported on the COF. However, this template-directed
approach limits the tunability of the size and shape of the metal particles [8].

Ascorbic acid (AA), commonly known as vitamin C, is a polyhydroxy compound that
is widely present in fruits and vegetables [9–11]. It plays an important role in the human
body and can remove the radicals produced by metabolism in the human body [12–14].
Additionally, it participates in the synthesis of various hormones and neurotransmitters
in the body [15]. AA has strong antioxidant properties and can remove organic toxins
in the body through auto-oxidation and reduce the rate of liver disease. In the medical
field, the detection of AA in urine can rule out false negatives or positives. Therefore,

Chemosensors 2022, 10, 407. https://doi.org/10.3390/chemosensors10100407 https://www.mdpi.com/journal/chemosensors

https://doi.org/10.3390/chemosensors10100407
https://doi.org/10.3390/chemosensors10100407
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://doi.org/10.3390/chemosensors10100407
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors10100407?type=check_update&version=1


Chemosensors 2022, 10, 407 2 of 11

it has been widely studied in drug prevention and combination [16–18]. However, the
excessive intake of AA can also lead to other diseases. For example, long-term fasting or
oral intake will stimulate the gastric mucosa and damage gastrointestinal health, while
long-term consumption of AA may lead to infertility in women [19]. Therefore, the accurate
determination of the concentration of AA has important significance [20–22].

AA can be detected by many methods, such as fluorescence [9], chromatography [23],
and ultraviolet detection [24], but the electrochemical methods offer the advantages of high
sensitivity, accuracy, low cost, ease of use, and portability of equipment [25–31]. Up until
now, many researchers have reported a series of related works. For example, Jiang et al.
fabricated a facile ratiometric electrochemical sensor for the online measurement of AA in
brain micro dialysates in vivo [32]. Wang at al. constructed a ratiometric electrochemical
AA sensor by growing electroactive COF on the surface of multi-walled carbon nanotubes
and modifying the composites onto a glassy carbon electrode (GCE) [33]. Ma et al. loaded
PtNPs on the GCE surface by electrodeposition method, and then deposited a layer of
zeolite imidazolate framework material (ZIF-8) film on the surface for the detection of
AA [34]. The molecular imprinting technology combines molecularly imprinted polymers
(nMIPs) with electrochemical sensors to simulate antigen-antibody complexes in organisms,
so as to improve the selectivity of the electrochemical sensors [35–37]. The essential
idea is to use the detected molecules as templates to form MIPs with relevant functional
monomers, through covalent or non-covalent bonds. After eluting and removing the
detected molecules, nMIPs with a particular identification ability and high stability can be
obtained [38–40].

Therefore, in this work, a MIP-based electrochemical sensor for the detection of
AA was designed. Ultrasmall polyvinylpyrrolidone (PVP)-coated AuNPs were firstly
prepared. Then, COFTFPB-NBPDA was grown on PVP-coated AuNPs by amine-aldehyde
condensation reaction between 1,3,5-tri(p-formylphenyl)benzene (TFPB) and N-boc-1,4-
phenylene diamine (NBPDA) to prepare the AuNPs@COFTFPB-NBPDA microspheres. The
porous spherical structure of AuNPs@COFTFPB-NBPDA can accelerate the mass transfer,
enlarge the specific surface area, and enhance the catalytic activity of PVP-coated AuNPs.
The AuNPs@COFTFPB-NBPDA also has good electrical conductivity and catalytic activity;
accordingly, the AuNPs@COFTFPB-NBPDA directly catalyzes the oxidation reaction of AA.
Finally, an electrochemical sensor based on nMIPs/AuNPs@COFTFPB-NBPDA/GCE was
prepared by electropolymerization of o-phenylenediamine (O-PD) on the surface of GCE
modified by AuNPs@COFTFPB-NBPDA microspheres, with AA as the template molecule.
The electrochemical sensor based on nMIPs/AuNPs@COFTFPB-NBPDA/GCE was applied
for the detection of AA, showing satisfactory performances.

2. Experimental
2.1. Reagents

The 1,3,5-tris(p-formylphenyl)benzene (TFPB) and N-boc-1,4-phenylene diamine
(NBPDA) were obtained from Yanshen Technology Co., Ltd. (Jilin, China). Trifluo-
roacetic acid (TFA), triethylamine, and ethanol were purchased from Inoke Technology
Co., Ltd. (Beijing, China). Chloroauric acid, glucose, uric acid, ascorbic acid (AA), o-
phenylenediamine (O-PD), acetic acid (HAc), sodium acetate (NaAc), NaCl, and KCl are
supplied from Aladdin Reagent Network. Glassy carbon electrode (GCE) was purchased
from Chenhua Instrument Co., Ltd. (Shanghai, China). Effervescent tablets were purchased
from Yabao Phamarceutical Group Co., Ltd. (Shanxi, China). The 0.2 M phosphate buffered
solution was prepared from 0.2 M sodium dihydrogen phosphate and disodium hydrogen
phosphate solutions in different proportions. Acetic acid buffer solution with pH = 5.2 was
prepared by mixing 0.2 mol/L HAc solution with 0.2 mol/L NaAc solution, at a volume
ratio of 2.1:7.9. The ultrapure water used in the experiment was purified by Millipore-Q
System (ρ ≥ 18.2 MΩ cm).
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2.2. Instruments

Transmission electron microscopy (TEM) images were acquired using JEM-2010 (HR)
(Japan Electronics Co., Ltd., Tokyo, Japan). Scanning electron microscopy (SEM) images
were collected by using HITACHI S-3400N instrument (Hitachi Limited, Tokyo, Japan),
and the breakdown voltage was set to 15 kV. X-ray powder diffraction (XRD) analysis was
performed using a D/Max 2500 V/PC (Rigaku Corporation, Tokyo, Japan) instrument,
with Cu Kα radiation from 2◦ to 35◦, at a scanning rate of 1◦/min. Fourier transform in-
frared spectroscopy (FTIR) was obtained on a spectrometer model Perkin-Elmer Spectrome
100 (Perkin-Elmer, Waltham, MA, USA). N2 adsorption/desorption isotherm tests were
carried out by Autosorb-iQ (Quantachrome, Boynton Beach, FL, USA) under 77 K. All
electrochemical studies were performed on an electrochemical workstation, model CHI
760D (Chenhua Instrument Co., Ltd., Shanghai, China). A conventional three-electrode
system was used, where the reference electrode was a saturated calomel electrode (SCE), the
counter electrode was a platinum wire electrode, and the working electrodes were different
modified electrodes. Cyclic voltammetry (CVs) and electrochemical impedance spec-
troscopy (EIS) were performed in 0.1 M KCl solution containing 5.0 mM [Fe(CN)6]3−/4− at
frequencies ranging from 0.01 to 100 KHz and open circuit voltages. AC impedance is used
to analyze the electron transport rate and interface state of ion transport at various stages.
Differential pulse voltammetry (DPV) tests were performed in 0.2 M static phosphate
buffered solution (pH = 7.0).

2.3. Synthesis of AuNPs@COFTFPB-NBPDA

The HAuCl4 solution (50 mL, 10 mM) was added in a 250 mL round-bottom flask
under stirring. Then, the round-bottom flask was heated. When the temperature reached
60 ◦C, trisodium citrate solution (2 mL, 200 mM) was added. It was observed that, after
1 min, the solution changed from yellow to red. Heating was stopped after stirring for
10 min, and the solution was cooled down to room temperature. Then, 10 mg PVP was
added into 10 mL AuNPs solution to obtain PVP-coated AuNPs. The schematic diagram of
the preparation process of PVP-coated AuNPs was shown in Figure 1a.
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Figure 1. Schematic diagram of the preparation process of (a) PVP-coated AuNPs, (b) AuNPs@
COFTFPB-NBPDA, and (c) nMIP/AuNPs@COFTFPB-NBPDA/GCE.

The COFTFPB-NBPDA was prepared according to the solvothermal synthesis method.
The 0.06 mM TFPB and 0.1 mmol NBPDA were dissolved in 2 mL of ethanol. After the
solution was completely dissolved, 240 µL TFA was added, and the reaction was carried
out in a 120 ◦C oven for 12 h. The resulting pellet was diluted to 10 mL with ethanol and
centrifuged at 10000 r.p.m. for 10 min in a centrifuge. A total of 500 µL of triethylamine
was added to the above solution, and the solution changed from red to yellow. The product
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(COFTFPB-NBPDA) was then washed with ethanol several times, until the supernatant was
clear. The procedure to prepare AuNPs@COFTFPB-NBPDA was similar to the preparation of
COFTFPB-NBPDA. After 0.06 mM TFPB and 0.1 mmol NBPDA were dissolved in 2 mL of
ethanol, the 500 µL of the AuNPs solution was added. The subsequent steps were the same
as above. The schematic diagram of the preparation process of AuNPs@ COFTFPB-NBPDA is
shown in Figure 1b.

2.4. Preparation of nMIP/AuNPs@COFTFPB-NBPDA and NIP/AuNPs@COFTFPB-NBPDA

A total of 5 µL 2 mg mL−1 AuNPs@COFTFPB-NBPDA was dropped on the polished GCE
to obtain AuNPs@COFTFPB-NBPDA/GCE. Then, 0.0162 g of O-PD and 0.0528 g of AA were
dissolved in 10 mL acetic acid buffer solution (pH = 5.2). A high template concentration
is required for obtaining more imprinted holes. Then, electrodeposition was carried out in
the above solution by cyclic voltammetry, at a potential of 0–0.8 V for 20 cycles, in order to
obtain MIP/AuNPs@COFTFPB-NBPDA/GCE. The NIP/AuNPs@COFTFPB-NBPDA/GCE was
prepared in the same way as MIP/AuNPs@ COFTFPB-NBPDA/GCE, except that AA was
not added to the solution. The model electroactive molecule AA was eluted by soaking
MIP/AuNPs@ COFTFPB-NBPDA/GCE in ultrapure water for 30 min to obtain the nMIPAuNPs@
COFTFPB-NBPDA/GCE. The preparation process of nMIP/AuNPs@COFTFPB-NBPDA/GCE is
shown in the Figure 1c.

2.5. Preparation of Real Samples

Vitamin C tablets (100 mg/tablet) were ground in an agate mortar and weighed, and
1/20 of them was dissolved in 10 mL phosphate buffered solution (pH = 6.5) as the mother
liquor of real samples.

3. Results and Discussion
3.1. Characterization of COFTFPB-NBPDA and AuNPs@COFTFPB-NBPDA

SEM images of COFTFPB-NBPDA showed that the COFTFPB-NBPDA exists in spherical
form, with a diameter of about 2–3 µm (Figure S1). Next, the COFTFPB-NBPDA was investi-
gated by FT-IR spectra (Figure S2a). Compared with TFPB and NBPDA, the COFTFPB-NBPDA
had a new peak at 1675 cm−1, which belonged to the C=N stretching vibration peak
formed by amino aldehyde condensation. This result proves the successful synthesis of
COFTFPB-NBPDA. XRD was used to study the crystallinity of the synthesized COFTFPB-NBPDA
material. Figure S2b shows that a high-intensity diffraction peak of COFTFPB-NBPDA ap-
peared in the low-angle region of 2θ = 2.72◦, which belongs to the (100) crystal plane. In
addition, there was a broad and weak peak at 2θ = 19.95◦ in the XRD, which belongs to
the (001) crystal plane. The above results confirm that the COFTFPB-NBPDA material has
good crystallinity. Figure S2c is the N2 isotherm adsorption and desorption curve of the
material. It can be seen that the specific surface area of the COFTFPB-NBPDA materials was
about 66.09 m2 g−1, which may be due to the accumulation of COFTFPB-NBPDA. Figure S2d
shows that the pore size of COFTFPB-NBPDA was around 3 nm.

The morphology of the AuNPs@COFTFPB-NBPDA was investigated by TEM. Up un-
til now, many researchers have synthesized a series of nano-gold materials, such as
AuNPs, gold nanorods, and gold nanoclusters, and most of them have uniform mor-
phologies [41–43]. However, in order to expose more active sites of AuNPs and improve
the catalytic effect of the material, a large number of small-sized AuNPs were prepared
here by the chemical reduction method (Figure 2a). Figure 2b shows that the resulting
AuNPs were about 7 nm in diameter and had good crystallinity. From the TEM images, the
AuNPs@COFTFPB-NBPDA was observed to be clustered, and the clusters were superimposed
by many two-dimensional sheets (Figure 2c). The diameters of these clusters were about
200 nm, and a large number of small-sized AuNPs were distributed inside them, which
were prepared in the previous step (Figure 2d). After the AuNPs were functionalized
with PVP, there was many -NH2 on the AuNPs surface that could be covalently bound to
COFTFPB-NBPDA. With the addition of monomers, the -CHO of TPBA reacted with -NH2 to
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produce COFTFPB-NBPDA, with AuNPs as the core and two-dimensional flakes growing on
the outer shell.

Chemosensors 2022, 10, x FOR PEER REVIEW 5 of 11 
 

 

were about 7 nm in diameter and had good crystallinity. From the TEM images, the 
AuNPs@COFTFPB-NBPDA was observed to be clustered, and the clusters were superimposed 
by many two-dimensional sheets (Figure 2c). The diameters of these clusters were about 
200 nm, and a large number of small-sized AuNPs were distributed inside them, which 
were prepared in the previous step (Figure 2d). After the AuNPs were functionalized 
with PVP, there was many -NH2 on the AuNPs surface that could be covalently bound to 
COFTFPB-NBPDA. With the addition of monomers, the -CHO of TPBA reacted with -NH2 to 
produce COFTFPB-NBPDA, with AuNPs as the core and two-dimensional flakes growing on 
the outer shell. 

 
Figure 2. (a,b) TEM images of AuNPs under different magnification; (c,d) TEM images of AuNPs@ 
COFTFPB-NBPDA under different magnification. 

3.2. Electrochemical Behaviors of COFTFPB-NBPDA/GCE and AuNPs@COFTFPB-NBPDA/GCE 
The electrochemical performance of AuNPs@COFTFPB-NBPDA/GCE was evaluated by 

CV and EIS, and the inset in Figure 3b shows the equivalent circuit diagram. Figure 3a 
shows the CVs of GCE, COFTFPB-NBPDA/GCE, and AuNPs@COFTFPB-NBPDA/GCE in the 0.1 M 
KCl and 5.0 mM Fe [(CN)6]3−/4− solution. It can be seen that, after the modification of 
COFTFPB-NBPDA or AuNPs@COFTFPB-NBPDA on the GCE surface, the peak-to-peak potential 
difference of the modified electrodes increased from 0.08 to 0.095 or 0.090 V, while its 
peak current decreased, instead. In contrast, AuNPs@COFTFPB-NBPDA/GCE showed similar 
electrochemical properties to bare GCE, thus proving that the as-prepared 
AuNPs@COFTFPB-NBPDA had good electrical conductivity. 

Compared with bare GCE, the resistance of the modified COFTFPB-NBPDA/GCE was 
significantly increased, about 500 Ω (Figure 3b). The reason for this result might be the 
existence of interlayer π–π interaction in 2D organic framework materials, which hin-
dered the electron transport. However, when AuNPs@COFTFPB-NBPDA was modified on the 
surface of GCE, AuNPs enhanced the conductivity of the bulk material, thus resulting in 
the decrease in its resistance value. These results are consistent with that shown in Figure 
3a, indicating that the as-prepared AuNPs@COFTFPB-NBPDA can enhance the electron 
transport of the electrode, which is beneficial to the electrochemical sensor. 

Figure 2. (a,b) TEM images of AuNPs under different magnification; (c,d) TEM images of AuNPs@
COFTFPB-NBPDA under different magnification.

3.2. Electrochemical Behaviors of COFTFPB-NBPDA/GCE and AuNPs@COFTFPB-NBPDA/GCE

The electrochemical performance of AuNPs@COFTFPB-NBPDA/GCE was evaluated by
CV and EIS, and the inset in Figure 3b shows the equivalent circuit diagram. Figure 3a
shows the CVs of GCE, COFTFPB-NBPDA/GCE, and AuNPs@COFTFPB-NBPDA/GCE in the
0.1 M KCl and 5.0 mM Fe [(CN)6]3−/4− solution. It can be seen that, after the modifica-
tion of COFTFPB-NBPDA or AuNPs@COFTFPB-NBPDA on the GCE surface, the peak-to-peak
potential difference of the modified electrodes increased from 0.08 to 0.095 or 0.090 V,
while its peak current decreased, instead. In contrast, AuNPs@COFTFPB-NBPDA/GCE
showed similar electrochemical properties to bare GCE, thus proving that the as-prepared
AuNPs@COFTFPB-NBPDA had good electrical conductivity.

Chemosensors 2022, 10, x FOR PEER REVIEW 6 of 11 
 

 

 
Figure 3. (a) CVs and (b) EIS (inset: equivalent circuit diagram) of GCE (curve a, green line), 
COFTFPB-NBPDA/GCE (curve b, red line), and AuNPs@COFTFPB-NBPDA/GCE (curve c, black line) in 0.1 M 
KCl solution containing 5 mM Fe[(CN)6]3−/4− probe. 

3.3. Electrochemical Detection of AA by AuNPs@COFTFPB-NBPDA/GCE and 
nMIPs/AuNPs@COFTFPB-NBPDA/GCE 

The preparation of AuNPs@COFTFPB-NBPDA/GCE and its use in AA detection are sus-
ceptible to many factors, including the pH of the electrolyte solution, the volume of the 
AuNPs solution during the preparation process, and the volume of the 
AuNPs@COFTFPB-NBPDA dispersion on the electrode surface. In order to obtain the opti-
mum detection effect, the above three parameters were optimized. First of all, the elec-
trochemical responses of the electrodes in different pH electrolyte solutions under the 
same conditions were investigated by DPV, and the electrolyte solutions were prepared 
from Na2HPO4 (0.2 M) and NaH2PO4 (0.2 M) solutions. As can be seen from Figure S3a, 
with the increase of pH, the oxidation peak current of AA showed a trend of firstly in-
creasing and then decreasing. When pH = 6.5, the electrochemical response value reached 
the maximum, thus pH = 6.5 was adopted as the optimal condition for subsequent de-
tection. As shown in Figure S4, the peak current of AA slightly increased as the pH in-
creased from 6 to 6.5, companied by the peak potential negatively shifted. With the in-
crease of pH from 6.5 to 7.5, the peak current decreased and peak potential almost un-
changed. 

Then the electrocatalytic performance of AuNPs@COFTFPB-NBPDA/GCE constructed by 
AuNPs@COFTFPB-NBPDA prepared with different volumes of AuNPs solution was explored, 
and the results are shown in Figure S3b. The volume of AuNPs solution was changed 
while TFPB was maintained as 0.06 mmol and NBPDA was maintained as 0.1 mmol. 
When the volume of AuNPs solution was increased from 250 μL to 500 μL, the response 
value of AA increased significantly and reached a peak value. The reason can be at-
tributed to with the increase of the volume of AuNPs solution, the active sites in the 
AuNPs@COFTFPB-NBPDA material also increased, and the enrichment of AA on its surface 
achieved the best catalytic effect. While the volume was further increased from 500 μL to 
1000 μL, the response value decreased instead. Perhaps excessive AuNPs would lead to 
the aggregation of the target material and cause the decrease of the catalytic effect of 
AuNPs@COFTFPB-NBPDA/GCE. Therefore, 500 μL of AuNPs was chosen as the optimal 
volume for the preparation of AuNPs@COFTFPB-NBPDA. 

Next, the modification amount of AuNPs@COFTFPB-NBPDA on the electrode surface 
was optimized. 2 mg mL−1 AuNPs@COFTFPB-NBPDA solution was prepared, and different 
volume of 2.5 μL, 5.0 μL, 7.5 μL and 10.0 μL were modified to the electrode surface, re-
spectively. The results are shown in Figure S3c. With the increase of modification vol-
ume, the peak current density of AA on the AuNPs@COFTFPB-NBPDA/GCE increased first 
and then decreased, and reached the maximum at 5.0 μL. The reason may be that the 
catalytic sites gradually increased as the AuNPs@COFTFPB-NBPDA material increased at first, 
the current response increased accordingly. After reaching the maximum loading, 
AuNPs@COFTFPB-NBPDA material would accumulate on the electrode surface, and the 

Figure 3. (a) CVs and (b) EIS (inset: equivalent circuit diagram) of GCE (curve a, green line),
COFTFPB-NBPDA/GCE (curve b, red line), and AuNPs@COFTFPB-NBPDA/GCE (curve c, black line) in
0.1 M KCl solution containing 5 mM Fe[(CN)6]3−/4− probe.



Chemosensors 2022, 10, 407 6 of 11

Compared with bare GCE, the resistance of the modified COFTFPB-NBPDA/GCE was
significantly increased, about 500 Ω (Figure 3b). The reason for this result might be the
existence of interlayer π–π interaction in 2D organic framework materials, which hindered
the electron transport. However, when AuNPs@COFTFPB-NBPDA was modified on the
surface of GCE, AuNPs enhanced the conductivity of the bulk material, thus resulting in
the decrease in its resistance value. These results are consistent with that shown in Figure 3a,
indicating that the as-prepared AuNPs@COFTFPB-NBPDA can enhance the electron transport
of the electrode, which is beneficial to the electrochemical sensor.

3.3. Electrochemical Detection of AA by AuNPs@COFTFPB-NBPDA/GCE and
nMIPs/AuNPs@COFTFPB-NBPDA/GCE

The preparation of AuNPs@COFTFPB-NBPDA/GCE and its use in AA detection are suscep-
tible to many factors, including the pH of the electrolyte solution, the volume of the AuNPs
solution during the preparation process, and the volume of the AuNPs@COFTFPB-NBPDA
dispersion on the electrode surface. In order to obtain the optimum detection effect, the
above three parameters were optimized. First of all, the electrochemical responses of the
electrodes in different pH electrolyte solutions under the same conditions were investi-
gated by DPV, and the electrolyte solutions were prepared from Na2HPO4 (0.2 M) and
NaH2PO4 (0.2 M) solutions. As can be seen from Figure S3a, with the increase of pH, the
oxidation peak current of AA showed a trend of firstly increasing and then decreasing.
When pH = 6.5, the electrochemical response value reached the maximum, thus pH = 6.5
was adopted as the optimal condition for subsequent detection. As shown in Figure S4, the
peak current of AA slightly increased as the pH increased from 6 to 6.5, companied by the
peak potential negatively shifted. With the increase of pH from 6.5 to 7.5, the peak current
decreased and peak potential almost unchanged.

Then the electrocatalytic performance of AuNPs@COFTFPB-NBPDA/GCE constructed by
AuNPs@COFTFPB-NBPDA prepared with different volumes of AuNPs solution was explored,
and the results are shown in Figure S3b. The volume of AuNPs solution was changed while
TFPB was maintained as 0.06 mmol and NBPDA was maintained as 0.1 mmol. When the
volume of AuNPs solution was increased from 250 µL to 500 µL, the response value of AA
increased significantly and reached a peak value. The reason can be attributed to with the
increase of the volume of AuNPs solution, the active sites in the AuNPs@COFTFPB-NBPDA
material also increased, and the enrichment of AA on its surface achieved the best catalytic
effect. While the volume was further increased from 500 µL to 1000 µL, the response value
decreased instead. Perhaps excessive AuNPs would lead to the aggregation of the target
material and cause the decrease of the catalytic effect of AuNPs@COFTFPB-NBPDA/GCE.
Therefore, 500 µL of AuNPs was chosen as the optimal volume for the preparation of
AuNPs@COFTFPB-NBPDA.

Next, the modification amount of AuNPs@COFTFPB-NBPDA on the electrode surface
was optimized. 2 mg mL−1 AuNPs@COFTFPB-NBPDA solution was prepared, and different
volume of 2.5 µL, 5.0 µL, 7.5 µL and 10.0 µL were modified to the electrode surface,
respectively. The results are shown in Figure S3c. With the increase of modification
volume, the peak current density of AA on the AuNPs@COFTFPB-NBPDA/GCE increased
first and then decreased, and reached the maximum at 5.0 µL. The reason may be that
the catalytic sites gradually increased as the AuNPs@COFTFPB-NBPDA material increased
at first, the current response increased accordingly. After reaching the maximum loading,
AuNPs@COFTFPB-NBPDA material would accumulate on the electrode surface, and the
modified layer became thicker, which hindered the electron transport and reduced the
catalytic effect of AuNPs@COFTFPB-NBPDA/GCE. Therefore, 5.0 µL was chosen as the
optimal modification amount for the assay.

In order to test the electrocatalytic performance of the prepared materials, different mod-
ified electrodes including GCE, COFTFPB-NBPDA/GCEs and AuNPs@COFTFPB-NBPDA/GCE
were prepared and used to detect AA by DPV in 0.2 M phosphate buffered solution
(pH = 6.5) (Figure 4a). After the addition of 30 mM AA, the loaded COFTFPB-NBPDA ma-
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terial showed higher peak current density values, and the peak potential also negatively
shifted slightly. This indicated that the prepared COFTFPB-NBPDA had certain catalytic
activity and could catalyze the oxidation of AA. However, after AuNPs@COFTFPB-NBPDA
was modified on the electrode surface, the peak current response value was further in-
creased, and the peak potential was further negatively shifted. This proved that the
AuNPs@COFTFPB-NBPDA has better catalytic activity toward AA. The high electrical con-
ductivity of AuNPs@COFTFPB-NBPDA accelerated the electron transfer to AA during oxi-
dation process, and the rich aromatic system in COFTFPB−DHzDS facilitated π–π stacking
interactions with AA. Furthermore, the large surface area of AuNPs@COFTFPB-NBPDA pro-
vided abundant sites for AA binding. Due to the existence of AuNPs, the overpotential
of the oxidation was reduced, making AA easier to be oxidized, so the more negative the
oxidation potential was shifted negatively.
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Under these optimal conditions, the electrochemical sensor based on the AuNPs@
COFTFPB-NBPDA/GCE was used to detect AA, and the specific results are shown in Figure 4b.
With the addition of different concentration of AA, the peak current density value of the
AuNPs@COFTFPB-NBPDA/GCE increased accordingly, and the correlation reaches 0.99,
indicating a good linear correlation (Figure 4c). In addition, the peak potential of AA also
gradually positively shifted with the increase of its concentration, which might be due to
the accumulation of the oxidation products of AA on the electrode surface. The constructed
AuNPs@COFTFPB-NBPDA/GCE had a linear range of 5.07 µM–60 mM, and its detection
limit was 1.69 µM. In addition, the selectivity was also an important factor in evaluating
the performance of the sensor. Different interfering substances was added into the solution
of 30 mM AA, including dopamine, uric acid and glucose, etc. The variation was only
3.7%, indicating that the proposed sensor had acceptable selectivity for standard samples
(Figure 4d).
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Then, the electrochemical performance of nMIP/AuNPs@COFTFPB-NBPDA was stud-
ied. The AA-O-PD molecularly imprinted membrane (MIP) was electropolymerized to
the AuNPs@COFTFPB-NBPDA surface using cyclic voltammetry to improve the selectiv-
ity and stability of electrochemical sensors. As illustrated in Figure 5a, the area of CVs
curve diminished gradually, which implied that the MIP was gradually electropolymer-
ized on the AuNPs@COFTFPB-NBPDA/GCE surface. The area of CV curves approached
zero due to the weak conductivity of MIP [44]. The encapsulation of AA in MIP was
confirmed by Figure S5, in which an obvious oxidation peak of AA appeared. As a
comparison, in the absence of AA, NIP/AuNPs@COFTFPB-NBPDA/GCE did not show ox-
idation peak (Figure S6). This could be the extremely poor conductivity of the Po-PD
polymeric film, which led to the inability transport and transfer of electron. The AA model
electroactive molecules were eluted to form nMIP/AuNPs@COFTFPB-NBPDA/GCE. Then,
the nMIP/AuNPs@COFTFPB–NBPDA/GCE was utilized to detect AA, and the results was
showed in Figure 5b. The peak current density increased accordingly as different concen-
trations of AA were added, and the correlation reached 0.99, demonstrating high linear
correlation (Figure 5c). The nMIP/AuNPs@COFTFPB-NBPDA/GCE was applied for the de-
tection of AA as an electrochemical sensor with a linear range of 7.81 µM to 60 mM and a
detection limit as low as 2.57 µM. In addition, the selectivity was also assessed. The interfer-
ents were the same as those of AuNPs@COFTFPB-NBPDA/GCE. The variation was only 2.6%
indicating that the proposed sensor had acceptable selectivity (Figure 5d). Compared with
other electrochemical sensors, the nMIP/AuNPs@COFTFPB-NBPDA/GCE sensor has certain
advantages (Table S1) [34,45–53]. Compared with NOCC-O, S-fs-ERG, ZIF-8/PtNPs/GCE,
ZnHCFSSQ-H/GPE and MVCM materials, the prepared nMIP/AuNPs@COFTFPB-NBPDA
had lower detection limit; while compared with Ni3(HITP)2/SPCE, film-1/ITO, rGO-
AuNPs, GO/NNO100, and CuO, the nMIP/AuNPs@ COFTFPB -NBPDA/GCE had a wider
detection range.
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Figure 5. (a) CVs of nMIP/AuNPs@COFTFPB-NBPDA during electropolymerization; (b) DPV of AA
detected by nMIP/AuNPs@COFTFPB-NBPDA/GCE; (c) Linear relationship between response current
of nMIP/AuNPs@COFTFPB-NBPDA/GCE and AA concentration; (d) Diagram of nMIP/AuNPs@
COFTFPB-NBPDA/GCE to different interfering substances.

3.4. Detection of AA in Effervescent Tablets

To test the feasibility of the sensor in practical applications, a nMIP/AuNPs@
COFTFPB-NBPDA/GCE sensor was used to detect AA in effervescent tablets. The standard
addition method was used. The results are shown in Table S2. It can be seen that the recov-
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eries of three different concentrations of AA were in the range of 99–101%, and the RSD of
those results were less than 7%. The result show that nMIP/AuNPs@COFTFPB-NBPDA/GCE
had the potential for the detection of real sample.

4. Conclusions

In conclusion, ultrasmall-sized, PVP-capped AuNPs were synthesized first, and then
AuNPs@COFTFPB-NBPDA was prepared by one-pot method. The AuNPs@COFTFPB-NBPDA
is a nanosphere with a diameter of about 200 nm, and there are numerous two-dimensional
nanosheets on its surface. The abundant functional groups and well-ordered pores of
COFTFPB-NBPDA caused the AuNPs to be uniformly loaded on the COFTFPB-NBPDA, and the
good electrical conductivity and catalytic activity of AuNPs improved the catalytic effect
of the AA oxidation. The obtained AuNPs@COFTFPB-NBPDA composite had smaller size
and better catalytic activity than COFTFPB-NBPDA. Additionally, an electrochemical sensor
based on nMIP/AuNPs@COFTFPB-NBPDA was designed using AA as a model electroactive
molecule and O-PD as a functional monomer for the selective detection of AA. Anyway, the
proposed nMIP/AuNPs@COFTFPB-NBPDA/GCE electrochemical sensor had good selectivity
and stability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors10100407/s1. Figure S1: SEM images of COFTFPB-NBPDA.
Figure S2: (a) FT-IR spectra of COFTFPB-NBPDA, TFPB, and NBPDA. (b) Wide-angle XRD pattern of
COFTFPB-NBPDA. (c) N2 adsorption-desorption isotherm of COFTFPB-NBPDA. (d) COFTFPB-NBPDA pore
size distributions. Figure S3. Effects of (a) pH of electrolyte solution, (b) volume of AuNPs solution, and
(c) volume of AuNPs@COFTFPB-NBPDA dispersion on electrode surface on the peak current density of
AuNPs@COFTFPB-NBPDA/GCE for detection of AA. Figure S4: DPV of AuNPs@COFTFPB-NBPDA/GCE
in 0.2 M phosphate buffered solution different pH in the presence of 30 mM AA. Figure S5: DPV of
MIP/AuNPs@COFTFPB-NBPDA/GCE in 0.2 M phosphate buffered solution (pH = 6.5). Figure S6: CVs
of NIP/AuNPs@COFTFPB-NBPDA/GCE in 5 mM K3[Fe(CN)6] with 0.1 M KCl. Table S1: Performance
comparison of different AA electrochemical sensors. Table S2: Detection of AA in effervescent tablets
by nMIP/AuNPs@COFTFPB-NBPDA/GCE in 0.2 M phosphate buffered solution (pH = 6.5).
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