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Abstract
A superior photoelectrochemical (PEC) aptasensor was manufactured for the detection of Escherichia coli (E. coli) based 
on a hybrid of triazine-based covalent–organic framework (COF) and cuprous oxide (Cu2O). The COF synthesized using 
1,3,5-tris(4-aminophenyl)-benzene (TAPB) and 1,3,5-triformylphloroglucinol (Tp) as building blocks  acted as a scaffold 
for encapsulated Cu2O nanoparticles (denoted as Cu2O@TAPB-Tp-COF), which then was employed as the bioplatform for 
anchoring E. coli-targeted aptamer. Cu2O@Cu@TAPB-Tp-COF demonstrated enhanced separation of the photogenerated 
carriers and photoabsorption ability and boosted photoelectric conversion efficiency. The developed Cu2O@TAPB-Tp-COF-
based PEC aptasensor exhibited a lower detection limit of 2.5 CFU mL−1 toward E. coli within a wider range of 10 CFU mL−1 
to 1 × 104 CFU mL−1 than most of reported aptasensors for determining foodborne bacteria, together with high selectivity, 
good stability, and superior ability and reproducibility. The recoveries of E. coli spiked into milk and bread samples ranged 
within 95.3–103.6% and 96.6–102.8%, accompanying with  low RSDs of 1.37–4.48% and 1.74–3.66%, respectively. The 
present study shows a promising alternative for the sensitive detection of foodborne bacteria from  complex foodstuffs and 
pathogenic bacteria-polluted environment.

Keywords  Photoelectrochemical aptasensor · Foodborne bacteria · Covalent–organic framework · Escherichia coli · 
Cuprous oxide nanoparticles

Introduction

Diverse foodborne pathogenic bacteria such as Salmo-
nella, Escherichia coli (E. coli), Staphylococcus aureus (S. 
aureus), Vibrio parahaemolyticus, Botulinum, and Listeria 

can cause foodborne diseases, seriously endangering peo-
ple’s lives [1]. As traditional culture-based methods are 
time-consuming, a variety of analysis approaches such as 
polymerase chain reaction (PCR) [2], enzyme-linked immu-
nosorbent assay (ELISA) [3], and molecular imprinting tech-
nology (MIP) [4] have been extensively employed to detect 
foodborne pathogens [5]. In addition, different determination 
approaches have been developed by integrating advanced 
biosensing strategies established using diverse antibodies 
and aptamers as probes and modern means such as electro-
chemical approach [6], photoelectrochemical (PEC) tech-
nique [7], electrochemiluminescence [8], fluorescence [9], 
surface-enhanced Raman scattering (SERS), colorimetry, 
or paper sensor [10]. Amongst, PEC biosensing technique 
has been widely applied in the sensitive detection of diverse 
targets [11]. Comparing with PCR, ELISA, fluorescence, 
surface-enhanced Raman scattering (SERS), or MIP sensing 
methods, PEC aptasensing technique exhibits the advantages 
of high sensitivity, fast response, low cost, and simple equip-
ment. Thereby, it is highly expectable for the construction of 
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the PEC biosensor to sensitive and rapid detection of patho-
genic bacteria.

Usually, to gain the high photoelectric efficiency of PEC 
electrodes, semiconductors with narrow band gap such as 
CuO, TiO2, SnO2, In2S3, and BiOI have been used as the 
electrode materials [12]. However, their fast recombination 
rate of the photogenerated electron–hole pair hampers their 
applications in PEC biosensors. To address this issue, mul-
tiple components are often integrated and employed for the 
manufactures superior PEC biosensors to detect foodborne 
bacteria. Recently, covalent–organic frameworks (COFs) 
formed via covalent bonds often possess regular porosity, 
tunable structure, and enhanced chemical stability, showing 
the widespread applications in the fields of photo-/electro-
catalysis, biosensing, and biomedicals [13]. In light of the 
homogeneous distributed pores, good biocompatibility, and 
rich functionality, COFs are widely utilized as the platforms 
for the fabrication of biosensors to sensitively analyze vari-
ous analytes [14]. Also, due to diversified properties of 
COFs such as good fluorescence, wide photoabsorption 
ability, enhanced photoelectric conversion, or highly con-
jugated nanostructure, various techniques such as fluores-
cence, electrochemical, PEC, or electrochemiluminescence 
were combined with COFs for the construction of sensors 
[14]. Diverse COFs can be served as antibacterial platforms 
due to their photosensitivity, specific pore size matches, and 
pH-responsive release [15], but scarcely as sensing platform 
for the detection of foodborne pathogen. For instance, Li 
et al. employed a COF for loading biologic interference-free 
Raman reporters and specific antibodies to detect foodborne 
pathogens [16]. Unfortunately, no report on the COF-based 
PEC biosensor the detection of foodborne bacterium has 
been found. The utilization of COF-based photoelectrode for 
the construction of PEC aptasensor is still in a big challenge 
for the rapid, sensitive, and selective detection of foodborne 
bacteria.

To this end, a novel photoactive COF network confined 
with Cu2O was established as the PEC platform for the sen-
sitive and selective detection of E. coli. As known, E. coli 
can cause severe, hemorrhagic diarrhea, and hemolytic ure-
mic syndrome even at a low level of 10 CFU mL−1 [17]. In 
this regard, it is essential to construct the sensitive detection 
method for the analysis of E. coli in environment or food 
stuffs. The COF synthesized using 1,3,5-tris(4-aminophenyl)-
benzene (TAPB) and 1,3,5-triformylphloroglucinol (Tp) as 
building blocks was acted as the scaffold for encapsulating 
Cu2O nanoparticles (denoted as Cu2O@TAPB-Tp-COF). 
Given high photoelectric conversion efficiency, large porous 
structure, rich functionality, and encapsulation ability toward 
metal nanoparticles of Cu2O@TAPB-Tp-COF, the manufac-
tured PEC aptasensor exhibited an ultralow detection limit 
of 2.5 CFU mL−1 within a range of 10 to 1 × 104 CFU mL−1 
toward E. coli, lower than most of reported electrochemical 

or PEC biosensors for the analysis of foodborne bacteria. The 
developed PEC aptasensor can provide a general aptasensing 
strategy for the determination of food contaminants only by 
replacing the corresponding aptamer strand.

Experimental

The other experimental parts are presented in the S1 section 
(Supporting Information), including reagents and materials, 
pretreatment of glass electrode (GCE), preparation of all 
solutions, bacterial culture, characterizations, electrochemi-
cal and photoelectrochemical measurement, and synthesis of 
Cu2O and TAPB-Tp-COF.

PEC sensing mechanism

As demonstrated in Scheme 1b, due to the amplified pho-
tocurrent response, Cu2O@TAPB-Tp-COF was selected to 
be served as the PEC aptasensing platform for anchoring 
the E. coli-targeted aptamer through π-π stacking, electro-
static attraction, and van der Waals forces via the two ways, 
including the adsorption on the surface and the penetration 
into the interior channels of Cu2O@TAPB-Tp-COF. To 
eliminate the non-specific adsorption, the fabricated aptasen-
sor was blocked by the bovine serum albumin (BSA, 1%). 
Afterwards, E. coli can be combined with aptamer strands 
immobilized over Cu2O/TAPB-Tp-COF via specific binding 
based on conformational transition of aptamer. During each 
step of the construction of the aptasensor for the detection 
of E. coli, the photocurrent decreases owing that electron 
transfer at the interface of the electrode/electrolyte is inhib-
ited. Thereby, the constructed aptasensor can be employed to 
detect E. coli through the change of the photocurrent related 
to the E. coli concentration.

Synthesis of Cu2O@TAPB‑Tp‑COF

TAPB-Tp-COF was synthesized according to the reported 
literature [18]. The chemical structure of TAPB-Tp-COF 
was characterized by the 13C-NMR spectrum (Fig. S1). 
As for the preparation of Cu2O@TAPB-Tp-COF, TAPB-
Tp-COF (20 mg) was dispersed in 3 mL of Milli-Q water 
under stirring for 10 min, following by adding 4 mL of 
Cu(NO3)3·6H2O solution (2 mg mL−1). After stirred for 1 h, 
3 mL of NaBH4 (1 mg mL−1) was dropped into and kept at 
room temperature for 0.5 h. Finally, Cu2O@TAPB-Tp-COF 
was obtained by washing with Milli-Q for several times, 
following by dried under vacuum at 60 °C for 8 h. Two 
additional hybrids were prepared by the similar approach 
and using the different dosages of Cu(NO3)3·6H2O (4 and 
16 mg), denoted as Cu2O@TAPB-Tp-COF-1 and Cu2O@
TAPB-Tp-COF-2, respectively.
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Fabrication of the PEC aptasensor

Both TAPB-Tp-COF and Cu2O@TAPB-Tp-COF were 
utilized as scaffolds for anchoring aptamer to manufac-
ture the aptasensors for the detection of E. coli. Firstly, 
TAPB-Tp-COF or Cu2O@TAPB-Tp-COF (10 mg) was dis-
persed into Milli-Q water (10 mL) for the preparation of a 
uniform suspension with the concentration of 1 mg mL−1. 
Afterward, 10 μL of the Cu2O@TAPB-Tp-COF suspen-
sion was coated onto the GCE (denoted as Cu2O@TAPB-
Tp-COF/GCE). Then, the modified electrode was washed 
with Milli-Q water to remove the loosely attached Cu2O@
TAPB-Tp-COF. Subsequently, the Cu2O@TAPB-Tp-COF/
GCE was incubated in the aptamer solution (100 nM) for 
50 min (denoted as Apt/Cu2O@TAPB-Tp-COF/GCE). 
Afterward, the Apt/Cu2O@TAPB-Tp-COF/GCE was 
rinsed by phosphate buffer saline (PBS, 0.01 M, pH 7.4) 
to remove the unbound aptamer. Prior to the detection 
of E. coli, the non-specific adsorption of E. coli on the 
Apt/Cu2O@TAPB-Tp-COF/GCE was blocked by using 
BSA (represented by BSA/Apt/Cu2O@TAPB-Tp-COF/
GCE). All the prepared biosensors were stored at 4 °C 
for further use. For comparison, the construction of the 
TAPB-Tp-COF-based aptasensor was carried out by the 
similar method by replacing Cu2O@TAPB-Tp-COF with 
TAPB-Tp-COF.

The detection of E. coli using the Cu2O@
TAPB‑Tp‑COF‑based aptasensor

The development of the aptasensor and the analysis of E. 
coli were investigated by using the PEC technique. Prior 
to the investigation of the aptasensing performance toward 
E. coli, the determination conditions were optimized, 
including the concentration of Cu2O@TAPB-Tp-COF, the 
aptamer concentration, the adsorption time of aptamer, and 
the binding time of E. coli with aptamer. Under the optimal 
conditions, the limit of detection (LOD) of the proposed 
aptasensor was studied by separately detecting different con-
centrations of E. coli (10, 50, 100, 500, 1 × 103, 5 × 103, and 
1 × 104 CFU mL−1). By taking the variation of the photocur-
rent response ((ΔI = IE. coli – IBSA), which represents photo-
current of the modified electrode before and after the detec-
tion of E. coli) as the function of the logarithm of the E. coli 
concentration (lgConE. coli), the LOD of the PEC aptasensor 
was deduced.

Moreover, to investigative the selectivity of the fabricated 
aptasensor, varieties of other kinds of bacteria, which are 
possibly existed together with E. coli in foodstuffs, including 
Bacillus subtilis (B. subtilis), S. aureus, Salmonella typh-
imurium (S. typhimurium), and their mixtures with E. coli, 
were used to detect E. coli. The concentration of these inter-
ferents and their mixture with E. coli was 1 × 104 CFU mL−1, 

Scheme  1   a The synthesis route of Cu2O@TAPB-Tp-COF and b 
fabrication of the Cu2O@TAPB-Tp-COF-based PEC aptasensor for 
the detection of E. coli, including (i) the immobilization of aptamer 

strands (Apt/Cu2O@TAPB-Tp-COF), (ii) the treatment with BSA 
(BSA/Apt/Cu2O@TAPB-Tp-COF), and (iii) the detection of E. coli 
(E. coli/BSA/Apt/Cu2O@TAPB-Tp-COF)
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which was 100-fold of E. coli (100 CFU mL−1). In addition, 
the reproducibility of the aptasensor was investigated via the 
analysis of E. coli (100 CFU mL−1) using five same fresh 
BSA/Apt/Cu2O@TAPB-Tp-COF/GCEs. The stability was 
evaluated by continuously recording the PEC responses for 
the analysis of E. coli (100 CFU mL−1) using the same PEC 
aptasensor.

Further, the regeneration ability was measured by 
immersing the E. coli/BSA/Apt/Cu2O@TAPB-Tp-COF/
GCE in 100 mM NaOH for 2 min at room temperature, 
followed by rinsing with excess PBS (0.01 M, pH 7.4). 
Therefore, the aptamer–E. coli complex could be dissoci-
ated, resulting in the removal of E. coli. The refreshed elec-
trode was immersed into E. coli solution (100 CFU mL−1) 
again until the photocurrent response was up to the original 
level. The whole regeneration procedure was repeated by 15 
cycles to evaluate the regeneration ability of the developed 
aptasensor.

Real samples

To assess the applicability of the developed aptasensor, it 
was used to detect E. coli commonly containing in food 
samples (such as raw milk and bread). Raw milk and bread 
were purchased from a local supermarket. Before used, 10 g 
of bread was put into sterile homogeneous bag containing 
10 mL of PBS (0.01 mM pH 7.4) and sonicated for 10 min to 
obtain bread sample. As for milk sample, 0.2 mL of NaOH 
(100 mM) and 0.8 mL of acetonitrile were mixed with the 
sample in a centrifuge tube. Then, these milk samples were 
centrifuged for 5 min at rotating speed of 5000 rpm min–1 
for the removal of biological impurities (such as proteins 
and lipids proteins). All pretreated real samples were diluted 
100 times with PBS (0.01 M, pH 7.4) and sterilized in an 
autoclave for further use. E. coli was diluted to different 
concentrations (10, 50, 100, 500, 1 × 103, 5 × 103, and 
1 × 104 CFU mL−1) with the treated milk and bread super-
natants to form real sample solutions.

Results and discussion

Choice of materials

Given porous structured COF-based substrates have dem-
onstrated the tunable components, regular skeleton, high 
functionality, and large specific surface area and pore size, 
it could afford the enhanced bioaffinity toward bioprobes 
such as antibodies, DNAs, and aptamers [19]. In addition, 
COFs with highly conjugated structure usually exhibit the 
improved UV–vis light adsorption ability. By integrating 
with photoactive Cu2O nanomaterials, the band gap of COFs 
can be narrowed, which thus boosts the photogenerated 

carrier transfer and promotes the photoelectrochemical 
response. In this work, TAPB-Tp-COF synthesized using 
TAPB and Tp as building blocks was combined with Cu2O 
to serve as the PEC electrode material. And the photoelec-
trochemical signal of the Cu2O@TAPB-Tp-COF-modified 
electrode and the aptamer immobilization capability can be 
optimized by tuning the dosage of TAPB-Tp-COF for attain-
ing the superior aptasensing performance toward E. coli.

Basic characterizations of Cu2O@TAPB‑Tp‑COF

As depicted in the field emission scanning electron micros-
copy (FE-SEM) image of Cu2O@TAPB-Tp-COF (Fig. 1a), 
the nanosphere-like shape is maintained but showing a 
certain aggregation and accompanying with some small 
particles. The transmission electron microscopy (TEM) 
image of Cu2O@TAPB-Tp-COF (Fig. 1b) shows some deep 
black particles are entrapped within COF nanospheres. An 
apparent lattice spring with the distance of 0.242 nm in the 
high-resolution TEM image (Fig. 1c) corresponds to Cu2O 
(111) crystal face [20]. The energy-dispersive X-ray spec-
troscopy (EDX) image of Cu2O@TAPB-Tp-COF (Fig. 1d) 
demonstrates the homogeneous dispersion of C, N, O, and 
Cu elements.

The powder X-ray diffraction (PXRD) pattern of TAPB-
Tp-COF (Fig. 1e, curve i) indicates there is no signifi-
cant diffraction peak. However, a weak diffraction peak at 
2θ = 36.4° is gained in the XRD pattern of Cu2O@TAPB-
Tp-COF (Fig.  1e, curve ii), which is indexed to Cu2O 
(JCPDS#05–0667). As indicated in the Fourier transform 
infrared (FT-IR) spectrum of TAPB-Tp-COF (Fig. 1f), the 
peak located at 1580 cm−1 is assigned to C = N vibration 
band. Notably, the two peaks of 3433 and 3353 cm−1 cor-
responded to N–H vibration bond in TAPB, and the peak at 
1668 cm−1 due to C = O bond is absent. The similar FT-IR 
spectrum of Cu2O@TAPB-Tp-COF can be found, hinting 
the incorporation of Cu2O into the porous TAPB-Tp-COF 
network cannot change its chemical structure. The typi-
cal features of type IV isotherms with H3 hysteresis loop 
in the nitrogen sorption and desorption curves of TAPB-
Tp-COF Cu2O@TAPB-Tp-COF indicate their mesopore 
structure (Fig. 1g). Further, TAPB-Tp-COF has a larger 
Brunauer–Emmett–Teller surface area (193 m2 g−1) than that 
of Cu2O@TAPB-Tp-COF (47.6 m2 g−1) due to the introduc-
tion of Cu2O nanoparticles. However, the average pore diam-
eter obtained by fitting the Barrett–Joyner–Halenda (BJH) 
model to the nitrogen desorption plot of TAPB-Tp-COF is 
around 11.5 nm, smaller than that of Cu2O@TAPB-Tp-COF 
(19.9 nm). The large specific surface area and pore size of 
Cu2O@TAPB-Tp-COF can expose the binding sites toward 
aptamer.

Figure 2a shows the Cu 2p high-resolution XPS spec-
trum of Cu2O@TAPB-Tp-COF comprises Cu 2p3/2 and 
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Cu 2p1/2, which are fitted into Cu2+ (936.1 and 953.1 eV) 
and Cu+ (934.2 and 954.2 eV), together with their satellite 
peaks. The C 1 s XPS spectrum of includes four groups 
of C–C (284.6 eV), C-N (286.1 eV), COO (288.1 eV), 
and π-π* (290.9 eV) (Fig. 2b), in which π-π* bond hints 
the highly conjugated structure of Cu2O@TAPB-Tp-COF. 
As depicted in Fig. 2c, pyrrolic N (399.3 eV) and gra-
phitic N (400.1 eV) species are composed in the N 1 s 
XPS spectrum, originating from triazine structure. Nota-
bly, the O 1 s XPS spectrum (Fig. 2d) can be deconvoluted 
into oxygen vacancy (530.4 eV), C = O (531.5 eV), C-O 
(532.8 eV), and adsorbed O (535.8 eV). It is apparent that 
Cu–O in Cu2O (Fig. S5b) is not present in the Cu2O@
TAPB-Tp-COF heterojunction, hinting the full entrapment 
of Cu2O within the porous COF network.

Evaluation of the photoelectrochemical performance 
of Cu2O@TAPB‑Tp‑COF

As illustrated in Fig. 3a, the Mott–Schottky curve slopes 
of TAPB-Tp-COF and Cu2O are positive, revealing their 
features of n-type semiconductors. Furthermore, the flat 
band potentials (Efb) of all samples versus (vs.) to the 
AgCl electrode (statured KCl solution) were obtained 
by drawing a tangent line from Mott–Schottky curve. 
Accordingly, the Efb values of TAPB-Tp-COF and Cu2O 
are − 0.37 and − 0.34 V, respectively. Accordingly, the Efb 
vs. normal hydrogen electrode (NHE) of TAPB-Tp-COF 
and Cu2O are − 0.17 V and − 0.14 V, respectively. As the 
potential of conduction band (ECB) or the lowest unoc-
cupied molecular orbital (LUMO) is negative 0.2 V than 

Fig. 1   a–c FE-SEM, TEM, and HR-TEM images, d HAAD-STEM 
image and corresponding EDX element mapping images of Cu2O@
TAPB-Tp-COF (C (red), Cu (green), O (purple), and N (blue)). e 

XRD, f FT-IR, and g N2 adsorption/desorption isotherms (i) TAPB-
Tp-COF and (ii) Cu2O@TAPB-Tp-COF
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Fig. 2   High-resolution a Cu 2p, 
b C 1 s, c N 1 s, and d O 1 s 
XPS spectra of Cu2O@TAPB-
Tp-COF

Fig. 3   a Mott–Schottky plots, 
b UV–vis DRS spectra, and c 
corresponding to Tauc plots 
of (i) TAPB-Tp-COF and (ii) 
Cu2O. d Schematic illustration 
of the PEC process on Cu2O@
TAPB-Tp-COF
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Efb, the ELUMO of TAPB-Tp-COF is − 0.37 V, while the 
ECB of Cu2O is − 0.34 V. To figure out the valence band 
potential (EVB), the UV–visible diffuse reflection (UV-
DRS) spectra of Cu2O and TAPB-Tp-COF were measured 
(Fig. 3b). The band gap (Eg) of Cu2O and TAPB-Tp-COF 
was derived from the Tauc-plot (Fig. 3c), being 1.75 and 
2.38 eV, respectively. Furthermore, based on the equa-
tion (EVB = Eg-ECB), the potential of VB and the highest 
occupied molecular orbital (HOMO) of Cu2O and TAPB-
Tp-COF were calculated to be 1.61 and 2.21 V, respec-
tively. Based on the above results, the energy level of 
HOMO and LUMO of TAPB-Tp-COF is at lower level 
than the energy level of the VB and CB of Cu2O (Fig. 3d). 
Consequently, the migration of the photo-induced e− and 
hole (h+) between TAPB-Tp-COF and Cu2O heterojunc-
tion can be promoted, forming the type I heterojunction. 
Under visible light irradiation, the photogenerated elec-
trons and holes of TAPB-Tp-COF transfer to the CB and 
VB of Cu2O, respectively. Additionally, photogenerated 
electrons of TAPB-Tp-COF also transfer to the GCE, thus 
generating an anode photocurrent response. The produced 
h+ of Cu2O is consumed by electron–hole pairs. Hence, a 
high pathway of photogenerated electron–hole pairs can be 
established between TAPB-Tp-COF and Cu2O, markedly 
boosting the change transfer and quenched photocurrent 
signaling. It thus provides the promising applications of 
Cu2O@TAPB-Tp-COF to be utilized as the PEC biosensor 
platform with the amplified output sensing signal [21].

PEC performance of Cu2O@TAPB‑Tp‑COF

The construction procedure of the Cu2O@TAPB-Tp-COF-
based aptasensor was simultaneously probed by PEC and 
EC techniques. Figure 4a indicates the Cu2O@TAPB-Tp-
COF/GCE demonstrates an amplified photocurrent density 
(0.53 μA) comparing with the TAPB-Tp-COF/GCE (0.28 
μA). This finding reveals the recombination of photogen-
erated electrons and holes can be effectively suppressed on 
Cu2O@TAPB-Tp-COF. After the Cu2O@TAPB-Tp-COF/
GCE was incubated with the aptamer solution (100 nM), 
the corresponding photocurrent density declines to 0.30 
μA. Distinctly, the aptamer immobilization over Cu2O@
TAPB-Tp-COF can increase the hindrance effect on charge 
transfer at the interfacial between electrolyte and the GCE. 
In addition, the clear P 2p XPS signal (Fig. S10) can be 
achieved in the Apt/Cu2O@TAPB-Tp-COF complex, which 
is originated from the phosphate group bearing on aptamer. 
Notably, blocking with BSA cannot cause the significant 
decrease in the photocurrent density, revealing that unsub-
stantial non-specific binding between target with the plat-
form. When detecting E. coli, the generated complex of E. 
coli–aptamer over the photoelectrode surface substantially 
results in the decrease of the photocurrent (0.23 μA). It can 
be attributed to the change of surface structure and poor con-
ductivity of the complex layer. Also, it increases the steric 
hindrance, inhibiting electron transfer to the electrode sur-
face and reducing the photocurrent.

Fig. 4   a Photocurrent responses 
and b EIS Nyquist plots 
recorded by the construc-
tion procedure of the Cu2O@
TAPB-Tp-COF-based aptasen-
sor and the detection of E. coli 
(10 CFU mL−1). c Photocurrent 
responses for the detection of 
E. coli with different concentra-
tions (10, 50, 100, 500, 1 × 103, 
5 × 103, and 1 × 104 CFU mL.−1) 
using the Cu2O@TAPB-Tp-
COF-based aptasensor. d 
Calibration curve between ΔI 
and the E. coli concentration 
(inset: the linear fit plot of ΔI as 
a function of the logarithm of E. 
coli concentration)
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Meanwhile, the electrochemical impedance spectros-
copy (EIS) Nyquist plots of the construction of the Cu2O@
TAPB-Tp-COF-based aptasensor are shown in Fig. 4b. The 
bare GCE has a small resistance of charge transfer (Rct, 
85 Ω), suggesting its excellent electrochemical conductiv-
ity. The Cu2O/GCE shows the Rct (506.7 Ω), smaller than 
that of the TAPB-Tp-COF/GCE (551.9 Ω), hinting its out-
performed electrochemical activity. Further, the Cu2O@
TAPB-Tp-COF/GCE shows an even smaller Rct value 
(396.8 Ω) than that of the TAPB-Tp-COF/GCE, verify-
ing the enhanced electrochemical activity by introducing 
Cu2O nanoparticles. Further, the Apt/Cu2O@TAPB-Tp-
COF/GCE results in a larger Rct (652.5 Ω) than that of 
Cu2O@TAPB-Tp-COF/GCE. It is due to the increased 
steric hindrance for electron transfer caused by the aptamer 
immobilization at the interface of the electrolyte/electrode. 
Subsequently, the BSA/Apt/Cu2O@TAPB-Tp-COF/GCE 
demonstrates a slightly increased Rct value (670.4 Ω). In 
the presence of E. coli, the E. coli/BSA/Apt/Cu2O@TAPB-
Tp-COF/GCE shows an apparently increased Rct (1012.5 
Ω). It is ascribed to the change of surface structure and 
poor conductivity of the complex layer on the electrode. 
These results confirm that the qualitative analysis of E. 
coli can be realized by the manufactured Cu2O@TAPB-
Tp-COF-based aptasensor.

To gain the superior detection performance, some 
experimental conditions or parameters have been opti-
mized in advance. As indicated in Figs. S11 and S12 and 
described in the S3 section, the optimal parameters can 
be summarized as the usage of Cu2O@TAPB-Tp-COF for 
the modification of the GCE of 1.5 mg mL−1, the aptamer 
concentration of 100 nM, the adsorption time of aptamer 
of 50 min, and the binding time of E. coli of 40 min.

Qualitative analysis of the developed PEC 
aptasensor

Under the optimal conditions, the analysis sensitivity of the 
constructed PEC aptasensor based on Cu2O@TAPB-Tp-
COF was investigated according to the concentration titration 
method within the E. coli concentration ranging from 10 to 
1 × 104 CFU mL−1. Figure 4c demonstrates the photocurrent 
decreases with increasing the E. coli concentration. The caused 
variation in the photocurrent (∆I) dramatically increases from 
63 nA to 0.22 μA with increasing the E. coli concentration from 
10 to 1 × 104 CFU mL−1, revealing the increasing formation of 
the complex of E. coli/aptamer. When the E. coli concentration 
is larger than 1 × 104 CFU mL−1, the ∆I approaches to a plat-
form, hinting the saturated combination of E. coli and immobi-
lized aptamer. A well linear relationship is found between the 
∆I and the logarithm of the E. coli level (lgCE.coli) and can be 
represented by ∆I (nA) = 11 + 51lgCE.coli (CFU mL−1) within 
a range of 10 to 1 × 104 CFU mL−1 (Fig. 4d). According to 3 
S/K, where S represents the standard deviation of 10 meas-
urements of the blank sample without oligos (n = 10) and K 
indicates the slope of the standard curve [22], an ultralow LOD 
of 2.5 CFU mL−1 can be deduced. Clearly, the manufactured 
PEC aptasensor demonstrates the substantially lower LOD than 
those of previous PEC aptasensors for the detection of food-
borne pathogens (Table 1). As aforementioned, Cu2O@TAPB-
Tp-COF exhibits plenty of amino moieties, oxygen vacancies, 
and abundant active sites, greatly facilitating large amounts of 
aptamer strands to anchor. In addition, coupling Cu2O nano-
particles and porous nanostructure of COF can result in the 
excellent electrochemical activity and high photoelectronic 
conversion rate of Cu2O@TAPB-Tp-COF, thus enlarging the 
PEC detection response.

Table 1   Comparison of the 
linear range and LOD of our 
work for E. coli detection with 
previously reported work

Materials Detection method Detection range (CFU mL−1) LOD 
(CFU 
mL−1)

Refs

Au-Cys-Ab EIS 3–3 × 107 30 [23]
CQDs-MNPs Fluorescence 500–1 × 106 487 [24]
CDs@colistin-3 Fluorescence 381–2.44 × 104 460 [25]
Pt–Au NPs Immunochromatographic 10–1 × 108 100 [26]
Polymer Microcontact imprinting 100–1 × 107 70 [27]
AuNPs Colorimetric 50–5 × 104 50 [28]
p-Benzoquinone Cyclic voltammetry 1 × 103 to 1 × 109 1000 [29]
pAb-N-GQDs Electrochemiluminescence 10–1 × 107 8 [30]
AgBiS2/Cu2O PEC 25–5 × 107 8 [7]
Cu2O@TAPB-Tp-COF PEC 10–1 × 104 2.5 This work
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Specificity, reproducibility, stability, and regeneration 
performance of the Cu2O@TAPB‑Tp‑COF‑based PEC 
aptasensor

The specificity of the manufactured PEC aptasensor was 
estimated by detecting diverse interferents (E. coli DH5α, 
B. subtilis, S. typhimurium, and S. aureus) and their mixture 
with E. coli, which could be co-existed with E. coli in real 
samples. The concentration of used interferents was set as 
1 × 104 CFU mL−1, 100-fold of the E. coli (100 CFU mL−1). 
The gained variations of the photocurrent for the determi-
nation of interferents, E. coli, and their mixture are illus-
trated in Fig. 5a. It shows the insignificant ∆I signals caused 
by the analysis of the interferents, while the detection of 
the mixed samples demonstrates the comparable response 
with that of the analysis of E. coli. These appearances hint 
that the present PEC aptasensor has a high selectivity for 
the analysis of E. coli from the complex environment. In 

addition, five same PEC aptasensors have been developed 
to analyze the same sample for the judgment of reproduc-
ibility. Figure 5b indicates the deduced ∆I signals originated 
from the determination of E. coli are very close, showing the 
relative standard deviation (RSD) of 1.83%. It manifests the 
ascendant reproducibility of the established PEC aptasensor. 
Moreover, the storage ability of the provided aptasensor was 
appraised by recording the ∆I responses each day for contin-
uously measuring for 20 days using the same aptasensor. As 
indicated in Fig. 5c, the relatively equivalent ∆I signals can 
be gained, demonstrating the RSD of 2.46%. It insinuates 
the good stability of the developed aptasensor for long-term 
storage. Notably, the engineered PEC aptasensor also dis-
plays the expected revived ability to cut the fabrication cost 
and construction procedure. As indicated in Fig. 5d, when 
refreshed the used aptasensor for the first time, the photo-
current variation returns to 0.295 μA, which is close to the 
fresh one. After the detection of E. coli again, it can cause 

Fig. 5   a Photocurrent responses for the detection of E. coli 
(100  CFU  mL−1) and E. coli DH5α, B. subtilis, S. typhimurium, S. 
aureus, (1 × 104  CFU  mL−1), and BSA, as well as the mixture of 
E. coli and all interferents (1 × 104  CFU  mL−1). b Photocurrent 
responses of the five independent Cu2O@TAPB-Tp-COF-based 

aptasensor for detecting E. coli (100  CFU  mL−1). c Photocur-
rent responses of the same aptasensor for the detection of E. coli 
(100  CFU  mL−1) per day for 20  days. The error bars are standard 
deviations for n = 3. d The regenerability of the Cu2O@TAPB-Tp-
COF-based aptasensor
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the decrease of the photocurrent to 0.182 μA, leading to the 
∆I of 0.113 μA. This finding denotes that the regenerated 
PEC aptasensor has a superior recycling ability. The whole 
procedure for the construction of the PEC can be recycled 
for 15 times, reserving the signal of 97.3% of the initial one. 
The above aptasensing performances of the constructed PEC 
biosensor based on Cu2O@TAPB-Tp-COF afford the great 
potential real applications.

Practicality

Based on the above superior biosensing abilities of the con-
structed PEC aptasensor, the assessment of its practicality 
in the detection of E. coli was performed in raw milk and 
bread. All real samples were pretreated according to the 
detailed description in the “Real samples” section. After 
spiking different concentrations of E. coli into these sam-
ples, the actual level of E. coli was determined using the 
manufactured aptasensor and compared with the added 
values. All results are summarized in Tables S1-S2. As 
for the analysis of E. coli in raw milk, the recoveries are 
ranged from 95.3 to 103.6%, accompanying with the low 
RSDs of 1.37–4.48%. Similarly, the relative comparable 
recoveries of bread are observed in the detection of E. coli 
in 96.6–102.8%, respectively, along with the low RSDs of 
1.74–3.66%. Also, the level of E. coli in diverse real samples 
was also determined by plate count method. Fig. S13 depicts 
the comparable results with those detected by the proposed 
aptasensor. These findings can purport the acceptable and 
extensive applications of the developed aptasensor.

Conclusion

We have proposed a new PEC aptasensor based on the 
organic–inorganic hybrid for the sensitive analysis of E. coli. 
The efficient heterojunction of Cu2O@TAPB-Tp-COF was 
generated via the incorporation of Cu2O nanoparticles into 
the highly porous TAPB-Tp-COF network. As compared 
with the PEC aptasensors for the detection foodborne bac-
teria, the currently developed aptasensor demonstrated the 
three advantages: (i) the large specific surface area and func-
tionality of TAPB-Tp-COF afforded high bioaffinity toward 
aptamer, resulting in large amounts of aptamer anchored; (ii) 
the junction of inorganic Cu2O nanoparticles and TAPB-Tp-
COF simultaneously facilitated the separation ability of elec-
trons and holes and stabilized the aptamer–E. coli complex, 
improving the sensing ability; and (iii) the enhanced solution 
stability of Cu2O@TAPB-Tp-COF provided the regenerated 
ability of the constructed aptasensor, extenuating the man-
ufacture cost and detection procedure. The manufactured 
PEC aptasensor based on Cu2O@TAPB-Tp-COF gave an 
ultralow LOD toward E. coli within a wide range. However, 

the fabricated Cu2O@TAPB-Tp-COF-based aptasensor still 
illustrated some limitations, such as the fussy preparation of 
the aptasensor, somehow limiting its widespread application. 
This work can propose a good PEC aptasensor based on 
COF for the sensitive analysis of food containments.
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