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Abstract
An impedimetric sensing strategy was developed for sensitively determining diethylstilbestrol (DES) based on a platform of 
porphyrin-containing covalent-organic framework (p-COF). The p-COF was synthesized using 5,10,15,20-tetra (4-aminophe-
nyl) porphyrin (TAPP) and 1,3,6,8-tetrakis(4-formylphenyl) pyrene (TFPy) as building blocks via condensation reaction, for 
which p-COF was named as TAPP-TFPy-COF. Considering the large specific surface area (302.9 m2 g−1), high porosity, rich 
nitrogen functionality, superior electrochemical activity, and strong bioaffinity toward DNA strands, the TAPP-TFPy-COF-
based platform exhibited enhanced, non-label, and amplified electrochemical signal, large number of immobilized DES-
targeted aptamer strands, and fast-response toward the analyte. Electrochemical results reveal that the TAPP-TFPy-COF-based 
aptasensor promoted the sensing performance for the detection of DES, resulting in an extremely low limit of detection of 
0.42 fg mL−1 within a DES concentration ranging from 1 fg mL−1 to 0.1 pg mL−1, which was substantially lower than those 
of most reported DES sensors. Furthermore, the TAPP-TFPy-COF-based aptasensor possessed outperformed stability, high 
selectivity, ascendant reproducibility, and acceptable applicability in diverse environments. The recovery values for DES 
detection in milk, tap water, and frozen shrimp were in the range 91.80–118.50% with low relative standard deviation of 
0.11–4.26%. This work provides a new sensing electrochemical approach based on COF network for DES detection and shows 
a deep insight into the construction of COF-based biosensors, which can be extended to be used for other target compounds.

Keywords  Impedimetric aptasensor · Porphyrin COF · Covalent-organic framework · Diethylstilbestrol · Electrochemical 
biosensor

Introduction

Diethylstilbestrol (DES), 4-[(E)-4-(4- hydroxyphenyl)hex-3-
en-3-yl] phenol, is a growth promoter in meat-producing ani-
mals and fowl, which is vastly applied as clinical medicine 

[1]. The high-level DES can cause remarkable environmen-
tal problem and damage human health. Diverse approaches, 
such as high-performance liquid chromatography [2], 
enzyme-linked immunosorbent assay [3], fluorescence [4], 
gas chromatography–mass spectrometry, electrochemical 
immunosensors [5], and electrochemiluminescence [6], 
are being utilized for the detection of DES to control its 
abuse. However, sophisticated equipment and large number 
of separate analytical procedures are required, resulting in 
more complex, time-consuming, and laborious screening 
procedures [7]. For an efficient probe, DNA aptamer for 
specific binding with DES has been synthesized and used 
for DES analysis through electrochemical approaches [8]. 
In comparison with other electrochemical sensors, aptasen-
sors illustrate some advantages of highly sensitivity, good 
stability, and low cost.

Diverse nanomaterials, such as conducting polymers [9], 
conductive nanomaterials [10], and porous-organic frame-
works [11], have been employed as sensing platforms for 
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the construction of biosensors. Covalent-organic frameworks 
(COFs), as one important category of porous-organic frame-
works, are prepared using organic molecules as building 
blocks into porous networks via covalent bonds [11], which 
often act as promising candidates for biomedical applica-
tions because of abundant functionality [12]. This feature 
can endow COFs with strong bioaffinity toward diverse 
kinds of aptamers [11]. Accordingly, some COF-based bio-
sensors have been constructed for detecting different targets. 
The basic performances of the COF networks depend on 
their used building blocks. Among different COFs, porphy-
rinic COFs (p-COFs) comprise highly conjugated π-electron 
macrocycles, which demonstrate high surface area and elec-
trochemical activity, thus having promising applications as 
electrode materials for constructing diverse biosensors [13]. 
Varieties of p-COFs have been prepared and explored as 
sensing platforms for RNA [14], uracil-DNA glycosylase 
[15], antibiotics [11], exosome [16], or C-reactive protein 
[17] detection. Although several samples have been found on 
the construction of p-COF-based electrochemical sensors, 
no studies have reported a p-COF-based electrochemical 
biosensor for the detection of DES.

Considering that the p-COF networks exhibit excellently 
electrochemical activity, large specific surface area, and 
high bioaffinity toward the probe molecules, we aimed to 
develop an electrochemical aptasensor for DES detection 
based on the porous p-COF network. The p-COF was pre-
pared using TAPP and TFPy as building blocks via conden-
sation polymerization by solvothermal method (Scheme 1). 
The synthesized TAPP-TFPy-COF was proposed to serve 

as both the platform for immobilizing the DES-targeted 
aptamer and electrochemical transducer. Due to highly con-
jugated structure, superiorly electrochemical activity, and 
rich functionality of TAPP-TFPy-COF, a large amount of 
aptamer strands can be adsorbed over the TAPP-TFPy-COF 
networks via the complex interaction including π-π stack-
ing stacking, electrostatic interaction between aptamer and 
amino group bearing on COF network, and hydrogen bond 
[18]. Therefore, the TAPP-TFPy-COF-based aptasensor 
exhibited excellent sensing performances, such as high sen-
sitivity, good selectivity, and excellent stability. Notably, the 
constructed TAPP-TFPy-COF-based aptasensor shows wide 
potential applications for the analysis of DES from different 
real samples, including seafood, milk, and tap water. In com-
parison with other electrochemical DES sensors, the sensing 
strategy based on TAPP-TFPy-COF possesses three innova-
tion points as follows: (i) the feasible construction procedure 
by directing anchoring DES-targeted aptamer and detecting 
DES from aqueous solution; (ii) label-free aptamer, no-use 
of the electroactive redox, and no-blocking by using BSA 
to further simplify, lower the cost, and shorten the detection 
time of the development of the aptasensor; (iii) low usage 
of TAPP-TFPy-COF and good reproducibility of aptasensor 
afford the TAPP-TFPy-COF-based aptasensor the commer-
cialization application. Consequently, the present work can 
provide a sensing strategy for the sensitive detection of DES 
based on the COF networks, which also can be extended to 
be used in other detection systems when adsorbing different 
types of probes.

Scheme 1   Schematic diagram of the synthesis of TAPP-TFPy-COF and construction of the TAPP-TFPy-COF-based aptasensor for detecting 
DES
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Experimental section

The parts of materials and chemicals, preparation of all solu-
tions, the pretreatment of Au electrode (AE), basic charac-
terization of p-COF, and electrochemical measurements are 
shown in the S1 section (See the Supplementary Material).

Synthesis of TAPP‑TFPy‑COF

TAPP-TFPy-COF was synthesized according to the litera-
ture through the solvothermal method [19], but with slight 
modification. The detailed description was provided in the 
S1.2 section (See the Supplementary Material).

Construction of the TAPP‑TFPy‑COF‑based 
aptasensor

Ten milligramam of TAPP-TFPy-COF was dispersed 
in 10 mL of Milli-Q water to form homogeneous disper-
sion, which were utilized for the assessment of the effect 
of the COF dosage on the sensing performance. After-
ward, 5 μL of TAPP-TFPy-COF dispersion was coated on 
the pre-treated AE, and naturally dried for 6 h. The con-
structed TAPP-TFPy-COF-modified AE (denoted as TAPP-
TFPy-COF/AE) was stored for further use. Afterward, the 
TAPP-TFPy-COF/AE was incubated in the aptamer solution 
(100 nM) at 4 °C for 1 h (represented by Apt/TAPP-TFPy-
COF/AE), ensuring the sufficient and saturated immobili-
zation of aptamer over TAPP-TFPy-COF network via the 
integrated interaction of π-π stacking, Van der Waal force, 
hydrogen bond, and electrostatic adsorption between neg-
ative-charged phosphate group bearing on aptamer and 
positive-charged amino group of p-COF reserved after con-
densation reaction. The manufactured aptasensor was stored 
at 4 °C for further detecting DES. The whole construction 
procedure of the TAPP-TFPy-COF-based aptasensor and the 
detection of DES were monitored by electrochemical imped-
ance spectroscopy (EIS) method. The detailed description 
of electrochemical measurements were provided in the S1.6 
section and Fig. S1 (See the Supplementary Material).

Detection of DES Using the TAPP‑TFPy‑COF‑Based 
Aptasensor

To obtain the optimal experimental conditions, the effects 
of the concentration of TAPP-TFPy-COF, the concentra-
tion of the aptamer, and the binding time toward DES on 
electrochemical performances TAPP-TFPy-COF-based 
aptasensor were investigated. The optimal parameters were 
used for the analysis of DES. The limit of detection (LOD) 
of the TAPP-TFPy-COF-based aptasensor was determined 
by separately incubating Apt/TAPP-TFPy-COF/AE in a 
series of DES solutions with various concentrations (from 

1 fg  mL−1 to 1 ng  mL−1). According to the criteria of 
IUPAC [20], the LOD was deduced from the EIS responses 
of each measurement.

Furthermore, the selectivity of the TAPP-TFPy-COF-
based aptasensor was performed in detecting diverse inter-
ferents which may be existed in food pollutants, includ-
ing antibiotics, such as enrofloxacin (ENR), salbutamol 
(SAL), zearalenone (ZEA), aflatoxin (AFT), deoxynivale-
nol (DON), oxytetracycline (OTC), and metal ions (Cr3+, 
Cu2+, and Ag+). The concentration of interferents were 
1 ng mL−1, which is 100-fold of that of DES (10 pg mL−1). 
In addition, the reproducibility was evaluated by detect-
ing DES (10 pg mL−1) independently using five paral-
lel TAPP-TFPy-COF-based aptasensors. The storage 
stability was assessed though continuously measuring 
the DES/Apt/TAPP-TFPy-COF/AE per day after stor-
ing at 4 °C for 15 days. Furthermore, the regenerability 
of TAPP-TFPy-COF-based aptasensor was evaluated by 
treating the DES/Apt/TAPP-TFPy-COF/AE with 0.05 M 
NaOH for 2 min and rinsing thoroughly with water. After-
ward, the refreshed Apt/TAPP-TFPy-COF/AE was used to 
detect DES (100 pg mL−1) again. The same procedure was 
repeated for 15 runs, for which electrochemical responses 
of the reprocess of the aptasensor and DES detection were 
recorded.

Applicability of the TAPP‑TFPy‑COF‑based 
aptasensor

The practical application of the TAPP-TFPy-COF-based 
aptasensor was performed in diverse situations, including 
frozen shrimp, milk, and tap water. The frozen shrimp was 
purchased from the Dazhang supermarket. After spiked with 
different amounts DES, the frozen shrimp was triturated 
and further transferred to a 15-mL centrifuge tube. After 
shaken vigorously by sonication for 1 h, the sample was 
centrifuged at 1000 rpm for 5 min at room temperature. The 
supernatant was collected and then dried at 40 °C. After-
ward, the solid residue was re-dissolved into 1.0 mL of 50% 
methanol solution and reconstituted in phosphate buffer (PB) 
(10 mM) for further use. Milk was purchased from Dazhang 
supermarket of Zhengzhou. Different amounts of DES were 
added to milk. Then, milk was treated by adding 0.2 mL of 
NaOH (0.1 M) and 0.8 mL of acetonitrile, then centrifuging 
at 5000 rpm for 5 min at room temperature, the supernatant 
was collected and stored at 4 °C ready for use. Tap water 
is taken directly from the water pipe. Different amounts of 
DES were added to tap water. Then, the TAPP-TFPy-COF-
based aptasensor was used to analyze the spiked real sam-
ples by EIS (see the Electronic Supplementary Material). 
The electrochemical responses were analyzed according to 
the calibration curve and compared with the added values.
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Results and discussion

Basic characterizations of TAPP‑TFPy‑COF

The field emission scanning electron microscopy (FE-
SEM) images of TAPP-TFPy-COF (Fig. 1a and b) indi-
cates the present of large amounts of nanoparticles, which 
are loosely stacked together. The corresponding energy 
dispersive spectroscopy results show that C, N, and O 
elements are uniformly dispersed in the TAPP-TFPy-COF 
(Fig. S2). The atomic percentages of each element in all 
samples are summarized in Table S1. It demonstrates that 
the atomic percentage of C in TAPP-TFPy-COF is the larg-
est (44.42%), along with 35.88% of N. The transmission 
electron microscopy (TEM) image (Fig. 1c) suggests that 
the TAPP-TFPy-COF nanostructure is composed of sev-
eral flakes with layered structure, in which a few particles 
were embedded within the nanosheet structure. Generally, 
the ultrathin COF nanosheets can be aggregated by multi-
ple layers under the influence of π-stacking and hydrogen 
bonding interaction [21]. No apparent lattice spring can be 
found in the high-resolution TEM image of TAPP-TFPy-
COF (Fig. 1d), revealing the low crystallinity. Further-
more, the X-ray diffraction pattern, FT-IR spectra, the 13C 
cross-polarization magic-angle spinning NMR spectrum, 

and N2 adsorption–desorption isotherms was investigated 
to analyze the structure and surface area of TAPP-TFPy-
COF (Fig. S3). The results were analyzed in the Section 
S3 of the Electronic Supplementary Material. It suggests 
that the large specific surface area can improve the fixed 
amount of aptamer strand, and small size of pore is con-
ducive to the more stable immobilization of the aptamer 
strand to enhance the detection sensitivity of DES.

The chemical structure and component of TAPP-TFPy-
COF were further probed by X-ray photoelectron spectros-
copy (XPS). Figure 2a shows that the C 1 s XPS spectrum 
of TAPP-TFPy-COF can be deconvoluted into six parts at 
the binding energies (BEs) of 283.8, 284.2, 284.5, 285.8, 
288.3, and 290.9 eV, which are attributed to C = C, graphite 
C, C–C, C–N, N–C = O, and π-π* respectively [22]. The co-
existence of C = C and weak π-π hints the highly conjugated 
structure of TAPP-TFPy-COF, which can greatly facilitate 
the electrochemical activity and boost the binding affinity 
toward aptamer strands via π-π stacking [11]. Three compo-
nents were obtained in the N 1 s XPS spectrum at the BEs 
of 397.8, 399.2, and 401.6 eV, corresponding to pyridinic N, 
pyrrodic N, and graphitic N, respectively. These N-relevant 
groups bearing on TAPP-TFPy-COF can boost the DNA 
immobilization [23]. Prior to electrochemical measurements, 
the change in chemical structure of TAPP-TFPy-COF before 
and after DNA immobilization was investigated by XPS. 

Fig. 1   a, b Low- and high-mag-
nification SEM and c, d TEM 
images of TAPP-TFPy-COF
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Figure 2c shows that the C 1 s XPS spectrum of the Apt/
TAPP-TFPy-COF complex is separated into four groups 
of C–C, C–N, C–O, and C = O at the BEs of 284.3, 285.1, 
286.2, and 287.5 eV, respectively. Besides, two additional 
peaks at 292.7 and 295.5 eV caused by K+ are present, 
which can be attributed to the residual of PB. The C 1 s 
XPS signal generated by C = C group on TAPP-TFPy-COF 
is absent, while C–O and C = O groups are originated from 
aptamer strands. Furthermore, two species of pyrrolic N and 
graphitic N were observed in the N 1 s spectrum of the Apt/
TAPP-TFPy-COF complex (Fig. 2d). Notably, substantial 
P 2p signal was found, which is an important indicator of 
the aptamer immobilization and originated from phosphate 
groups bearing on DNA strands [13, 14]. The P 2p XPS 
spectrum was split into two species at the BEs of 132.9 and 
133.9 eV caused by P 2p3/2 and P 2p1/2, respectively (Fig. 
S2f). These findings reveal the successful immobilization of 
aptamer strands on the TAPP-TFPy-COF networks.

Electrochemical sensing performance 
of TAPP‑TFPy‑COF

Figure 3a displays the series EIS Nquist plots of each 
stage during the construction of the TAPP-TFPy-COF-
based aptasensor and DES analysis. The semicircle diam-
eter in Nyquist plots corresponds to the charge transfer 
resistance (Rct), which reflects the electron transfer kinet-
ics of the redox probe at the electrode surface [17]. The 
bare AE has a small Rct of 84.8 Ω, revealing the excellent 

conductivity. After coated with TAPP-TFPy-COF (TAPP-
TFPy-COF/AE), a large Rct value of 493.4 Ω was obtained. 
It indicates that TAPP-TFPy-COF exhibits poorer elec-
trochemical conductivity than that of the bare AE, thus 
hindering the electron transfer of the electrode/electrolyte 
interface. However, the Rct value of the TAPP-TFPy-COF/
AE is smaller than those of most reported COFs and MOFs 
(Table S1), hinting the relatively high electrochemical 
activity. Generally, porphyrin moieties bearing on TAPP-
TFPy-COF can greatly enhance electron transfer [13], 
making it a promising bioplatform for the manufacture of 
electrochemical aptasensors. After immobilizing aptamer 
over TAPP-TFPy-COF, the Rct value of the Apt/TAPP-
TFPy-COF/AE increased to 851.4 Ω, which is ascribed to 
the adsorbed aptamers. In aqueous solution, the negatively 
charged phosphate group on the atpamer was formed, lead-
ing to repulsion interaction with [Fe(CN)6]3−/4−, which 
greatly hampered electron transfer at the solid/solution 
interface. Subsequently, the Rct value of the electrode 
increased. When detecting DES, the Rct value of the DES/
Apt/TAPP-TFPy-COF/AE continuously increased to 
1.44 kΩ, which is attributed to the formed G-quadruplex 
between DES and aptamer [13]. The insulated aptamer-
DES complex further prevented the electron transfer at 
the electrode/electrolyte interface, which is consistent with 
other reported sensing COF-based systems [24]. From the 
impedance data, the coverage (θ) value can be calculated 
using the equation: (1 − θ) = Rct,i/Rct,i+1 [25]. The θ values 
obtained for aptamer anchored on the TAPP-TFPy-COF/

Fig. 2   High-resolution XPS 
spectra of a, b C 1 s and N 1 s 
of the TAPP-TFPy-COF and c, 
d C 1 s and N 1 s of the Apt/
TAPP-TFPy-COF complex
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AE and DES adsorbed on the Apt/TAPP-TFPy-COF/AE 
are 0.42 and 0.41, respectively.

Furthermore, cyclic voltammetry (CV) measurements 
(Fig. 3b) indicate identical results for the TAPP-TFPy-COF-
based aptasensor. The peak current density of the oxidation 
peak for each stage continuously decreased in the order of 
bare AE, TAPP-TFPy-COF/AE, Apt/TAPP-TFPy-COF/AE, 
and DES/Apt/TAPP-TFPy-COF/AE. Therefore, the modi-
fication of TAPP-TFPy-COF, immobilization of aptamer, 
and detection of DES can successively impede the elec-
tron transfer, thus decreasing the peak current density [26]. 
In addition, considering large amounts of aptamer can be 
immobilized on the porously nanostructured TAPP-TFPy-
COF and penetrate into the interior of the COF network; 
no redundant active sites of TAPP-TFPy-COF was reserved 
to generate the weak non-specific adsorption of DES. Con-
sequently, blocking agents such as BSA are not required 
in this novel sensing system. To verify this viewpoint, we 
constructed the TAPP-TFPy-COF-based aptasensor by using 
BSA as the blocking step. The adsorption of BSA over the 
Apt/TAPP-TFPy-COF/AE was measured by EIS (Fig. S4). 
It reveals that the Rct value of the electrode for the BSA 
adsorption is 872 Ω, which is comparable to that of the Apt/
TAPP-TFPy-COF/AE. Therefore, no substantial adsorption 
of BSA occurred onto the modified electrode, verifying the 
above hypothesis.

To obtain the optimal sensing performances of the 
TAPP-TFPy-COF-based aptasensor for DES detection, 
the determination conditions for the construction of the 
biosensor were optimized. As demonstrated in Fig. S5, 
the optimal conditions for obtaining the superiorly sensing 
performances of the aptasensor are as follows: dosage of 
the TAPP-TFPy-COF suspension, 1 mg mL−1; the concen-
tration of the aptamer strands, 100 nM; and binding time 
for DES with aptamer, 1 h. Under these conditions, EIS 
measurements were performed for the detection of DES 
with different concentrations by using the TAPP-TFPy-
COF-based aptasensor (Fig. 3c), for which the radius of 
semi-circles in Nyquist plots increase proportionally to 
the increase of the DES concentration. This finding can be 
explained by the G-quadruplex formation between aptamer 
and DES [8]. The calibration curve of Rct measured for 
each concentration of DES with repeated measurements of 
n = 3 is illustrated in Fig. 3d. The linear dependence of the 
change of Rct before and after the detection of DES (ΔRct) 
on the logarithm of DES concentration (LogConDES) was 
determined within the DES concentration from 1 fg mL−1 
to 1  ng  mL−1. In a narrow range from 1  fg  mL−1 to 
0.1 pg mL−1, the corresponding calibration plot of the ΔRct 
versus the logarithm of the DES concentration shows a 
good linear regression equation of the following:

Fig. 3   a EIS Nyquist plots and 
b CV curves of the construc-
tion of the TAPP-TFPy-COF-
based aptasensor for the 
detection of DES in 0.1 M 
PB (pH 7.4) containing 5 mM 
[Fe(CN)6]3−/4−, including (i) 
AE, (ii) TAPP-TFPy-COF/AE, 
(iii) Apt/TAPP-TFPy-COF/AE, 
and (iv) DES/Apt/TAPP-TFPy-
COF/AE. c EIS responses of 
the TAPP-TFPy-COF-based 
aptasensor for the detection of 
DES with different concentra-
tions (0.001, 0.005, 0.01, 0.05, 
0.1, 1, 10, 100, 1000 pg mL−1). 
d Dependence of ΔRct on the 
concentration of DES (inset: 
the linear parts of calibration 
curves, n = 3)
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with a square correlation coefficient (R2) of 0.9965 (inset 
of Fig. 3d). According to the IUPAC method [20], the LOD 
is calculated to be 0.42 fg mL−1 as follows:

in which Sb represents the standard deviation, and m rep-
resents the slope in reference to the gradient of calibration 
graph. In comparison with the other reported sensors for 
detecting DES (Table 1), the present TAPP-TFPy-COF-
based aptasensor exhibits extremely lower LOD for DES 
detection despite it is suitable for the narrow detection range. 
Actually, DES can be electrochemically oxidized and thus 
can be determined by electrochemical techniques [27]. 
However, these sensors often suffer from low sensitivity for 
the detection of DES because of the disadvantage of the 
slow electron transfer of DES. By contrast, the present DES 
aptasensor based on TAPP-TFPy-COF exhibits low LOD 
and fast response. That can be ascribed to following fac-
tors: (i) the as-synthesized TAPP-TFPy-COF not only can 
act as the sensitive bioplatform for anchoring a large amount 
of aptamer via the complex interaction, but also can serve 
as the electron transducer for boosting the electrochemical 
response; (ii) the large specific surface area, porous nano-
structure, and large pore size of the TAPP-TFPy-COF impel 
the aptamer to bind both over the surface and into interior 
of TAPP-TFPy-COF, thus improving the detection sensitiv-
ity; and (iii) the relatively large occupation of large aptamer 
over TAPP-TFPy-COF can avoid the non-specific adsorp-
tion between the DES and TAPP-TFPy-COF matrix. Con-
sequently, TAPP-TFPy-COF can serve as a sensitive plat-
form for binding a number of aptamer strands, indicating 
the superior detection performance of DES.

Apart from the low LOD of the TAPP-TFPy-COF-based 
aptasensor toward DES, the selectivity of the aptasensor 

ΔRct = 0.1317LogCDES + 0.4858

LOD = 3Sb∕m

was also investigated by detecting some inferents which 
possibly co-existed with DES in wastewater, such as other 
organic pollutants (e.g., ENR, SAL, ZEA, AFT, DON, and 
OTC) and heavy metal ions (Cr3+, Cu2+ or Ag+). Fig. S6a 
indicates the EIS responses of the separate detection of 
the TAPP-TFPy-COF-based aptasensor toward different 
inferents at the concentration of 1000 pg mL−1, which is 
100-fold higher than that of DES (10 pg mL−1). The EIS 
response obtained by testing these inferents can be negligi-
ble, while the detection of DES using the aptasensor leads 
to a substantial response. Moreover, when the TAPP-TFPy-
COF-based aptasensor was used to analyze the mixed solu-
tion of DES and all interferents, the EIS response is only 
4.9% of that of DES. Therefore, the aptasensor illustrates 
high selectivity in a complex environment.

In addition, the reproducibility and stability of the 
TAPP-TFPy-COF-based were evaluated toward DES (Figs. 
S6b–S6d). Five independent electrodes were utilized for 
the construction of the same aptasensor for DES analysis, 
for which the EIS responses were obtained, resulting in 
RSD of 3.25%. Therefore, the TAPP-TFPy-COF-based 
sensor shows good reproducibility. After continuously 
testing the same aptasensor for 15 days, the deduced EIS 
responses were recorded. The result shows a low RSD of 
2.75%, hinting the excellent stability of the constructed 
aptasensor. Furthermore, the regenerated ability of the 
aptasensor was determined by immersing it in 0.1  M 
NaOH solution for 2 min. DES molecule was disassociated 
from the DES-aptamer complex owing to the conformation 
change in strong base solution. This process resulted in a 
small EIS response. When the refreshed aptasensor was 
applied to detect DES again, the EIS response returned 
a value that is close to the original one. The whole pro-
cedure of the regeneration and detection by using the 
TAPP-TFPy-COF-based aptasensor can be repeated for 
five runs. Although the number of regeneration is small, 
it still shows great potential application in real samples.

Table 1   Comparison with other 
reported techniques for DES 
detection based on other method

Materials Detection method Detection range
(ng mL−1)

LOD
(fg mL−1)

Refs

MIP-CdSe/CdS/ZnS QDs Fluorescence 50 ~ 2 × 104 4 × 103 [28]
Lumino-AuNPs@Mo2C Electrochemiluminescence 1 × 10−4 ~ 30 3.8 [29]
(Ru(bpy)32 + /UiO-67 Electrochemiluminescence 1 × 10−5 ~ 50 3.27 [30]
Silica–Au Nps-MWCNTs Electrochemical immunosensor 0.33 ~ 4.5 × 103 1.2 × 105 [31]
Au/UiO-66(NH2)/CdS Photoelectrochemical immunosensor 1 × 10−4 ~ 20 60 [32]
AuNPs Competitive immunoassay 16 ~ 500 1.3 × 107 [33]
CdTe NC/rGO Electrochemiluminescence 0.002 ~ 2 1 × 103 [34]
DIB-Cl HPLC-FLD 1.5 ~ 300 5 × 105 [35]
TAPP-TFPy-COF Electrochemical 1 × 10−6 ~ 1 0.37 This work
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Real samples

To further investigate the possible application of the TAPP-
TFPy-COF-based aptasensor, we applied it for DES detec-
tion in three kinds of real samples, including frozen shrimp, 
milk, and tap water. The original concentration of the target 
analyte (before the sample being spiked) in the real samples 
was firstly investigated (Fig. S7). The results show that the 
ΔRct of the TAPP-TFPy-COF-based aptasensor before and 
after the detection of DES in frozen shrim, milk, and tap 
water is negligible. This finding verifies that no DES exists 
in real samples. Consequently, the applicability of the devel-
oped aptasensor can be assessed by spiking DES solution 
into real samples. The DES solutions with different concen-
trations (0.001–1000 pg mL−1) were separately spiked into 
these real samples, and then detected using the aptasensor 
and measured using EIS technique. Afterward, the con-
centrations of the series of DES solutions were deduced 
according to the calibration curve and compared with the 
added values. The recovery values for DES detection in fro-
zen shrimp are in the range of 97.12–107.60% with small 
relative standard deviation (RSD) of 1.96–3.11% (Table 2). 
Furthermore, the recoveries for the determination of DES 
in milk and tap water samples were 99.42–117.60% and 
95.16–114.5% with low RSDs of less than 4.26% and 2.27%, 
respectively (Tables S2 and S3). Therefore, the TAPP-TFPy-
COF-based aptasensor has great promising application for 
the real analysis of DES in various environments.

Conclusion

An electrochemical aptasensor was constructed based 
on porphyrin-COF for DES detection in diverse systems. 
The synthesized TAPP-TFPy-COF was composed of large 
amounts of nanoparticles, had high porosity, and displayed 
highly conjugated structure and rich amino functionality. 
These features of TAPP-TFPy-COF afforded the superior 
performances for anchoring a large amounts of aptamer. The 

TAPP-TFPy-COF-based aptasensor exhibited excellent sens-
ing properties for DES analysis, such as selectivity, stabil-
ity, and reproducibility. Furthermore, it was verified that 
the TAPP-TFPy-COF-based aptasensor can be employed 
to detect DES in diverse environments, such as frozen 
shrimp, milk, and tap water. The present work provides a 
deep insight into the construction of the COF-based sen-
sors, which can further widen their applications in differ-
ent real samples. Nonetheless, the TAPP-TFPy-COF-based 
aptasensor still presents some unsatisfied features such as 
poor regenerability and low linear range when detecting 
DES, which should be addressed in future research.
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