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Abstract
An effective strategy for enzyme-enhanced electrochemical detection of human epidermal growth factor 
receptor 2 (HER2) is proposed for breast cancer diagnosis. This strategy utilizes a three-dimensional mesoporous 
covalent organic framework (COF), immobilized horseradish peroxidase (HRP), and a novel redox mediator, 
4-acetamidophenol (APAP). The mesoporous structure, with encapsulation effect, and good biocompatibility of COF, 
makes the functionalized COF an efficient carrier for HRP immobilization (HRP-Ab-AuNPs@COF). It demonstrates 
superior catalytic activity, stability, and electrochemical performance compared to free HRP, thus making it an ideal 
probe for simultaneous target recognition and signal amplification. APAP is screened from four candidate phenolic 
compounds based on its high formal potential (0.32 V vs. Ag/AgCl), rapid electron transfer activity (kapp = 2.80 × 105 
M− 1 s− 1), excellent solubility and stability. These properties prove significantly better than the conventional 
mediator hydroquinone (HQ), achieving a higher signal-to-background ratio. By integrating decorated multi-walled 
carbon nanotubes as substrate materials, the electrochemical aptasensor achieves a low HER2 detection limit 
(0.418 pg mL− 1) with high specificity. This method’s selectivity surpasses that of the HQ-mediated method by 
59–73%. Moreover, the aptasensor can effectively distinguish breast cancer patients and healthy individuals, as well 
as patients at different stages of the disease with high accuracy (AUC = 0.928). This performance exceeds traditional 
biomarkers CEA and CA15-3. This work paves novel avenues for innovative applications of COF-immobilized 
enzymes and the novel mediator APAP in electrochemical biosensing, thus holding significant promise for 
individualized breast cancer diagnosis and treatment.
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Introduction
Breast cancer poses a significant global health threat to 
women, representing the leading cause of cancer-related 
deaths among them [1]. The World Health Organiza-
tion (WHO) established the Global Breast Cancer Ini-
tiative in 2021 to combat this issue, aiming to decrease 
the global breast cancer mortality rate by 2.5% annually. 
In accordance, early detection and prompt diagnosis are 
crucial to achieving this objective [2]. Compared to cur-
rent invasive pathological biopsy and radioactive imaging 
examination for breast cancer diagnosis, liquid biopsy, 
a non-invasive, non-radioactive, and simple approach, 
represents as a promising alternative [3, 4]. It primar-
ily focuses on detecting biomarkers, particularly human 
epidermal growth factor receptor 2 (HER2, as one of the 
few potential biomarkers approved by the U.S. Food and 
Drug Administration [FDA] for breast cancer diagno-
sis and holds particular significance in this context) [5, 
6]. Serum HER2 level is significantly correlated with the 
development and metastasis of breast cancer; however, 
detecting serum HER2 is challenging due to its extremely 
low concentration [7]. Therefore, developing a highly 
sensitive and specific HER2 assay is pivotal to meet the 
demand for clinical diagnosis.

Electrochemical biosensing has attracted significant 
attention for its simplicity, high sensitivity, and rapid 
response compared to traditional clinical laboratory 
methods [8]. Aptamer has similar or even higher speci-
ficity and affinity than antibodies and small molecules, 
however, it is easier to obtain with more stable and less 
costly properties. Moreover, aptamer binds the target 
molecules with smaller spatial resistance, which is con-
sidered more beneficial to the sensitivity of electrochemi-
cal biosensing compared with antibodies. Therefore, it 
is becoming increasingly popular for electrochemical 
biosensors to adopt aptamer as a recognition element. 
Numerous reaction strategies augment the effective-
ness of electrochemical aptasensors; among which, 
enzymatic reaction strategies not only enhance the sen-
sitivity, but the specificity of enzymes also ensures high 
selectivity [9, 10]. Thus, enzymatic reaction is a leading 
strategy, and enzyme-catalyzed electrochemical aptas-
ensor is becoming increasingly compelling. Horseradish 
peroxidase (HRP) is a widely utilized labeled enzyme, 
known for its rapid catalysis, generating large quanti-
ties of electrochemically active products in the presence 
of H2O2 for quantitative analysis [11]. However, HRP 
exhibits the drawbacks common to natural enzymes, 
such as poor stability and stringent storage require-
ments [12]. Immobilized enzyme technology addresses 
these limitations by confining the enzyme to a specific 
region, promoting non-homogeneous catalysis, and 
thereby improving catalytic activity and stability [13]. 
Significantly, the immobilization carrier is a critical 

factor influencing immobilization efficiency and enzyme 
catalytic performance. Therefore, identifying an efficient 
and feasible carrier is paramount for successful enzyme 
immobilization.

Covalent organic frameworks (COFs) have emerged as 
a fascinating class of porous crystalline materials [14]. 
Constructed from lightweight organic building blocks 
connected by covalent bonds, COFs have found extensive 
applications in recent years in drug delivery, adsorption, 
separation, catalysis, and sensing [15–17]. Their adjust-
able structures, large surface areas, high porosity, and 
ease of modification render them particularly well-suited 
for enzyme immobilization. COFs effectively retain 
enzyme activity by offering sufficient space for immo-
bilization while simultaneously preventing aggregation 
and promoting efficient substrate mass transfer [18]. 
These remarkable features position COFs as promising 
candidates for enhancing the performance of enzyme-
catalyzed electrochemical aptasensors. However, the 
exploration of COF-based immobilized enzymes for elec-
trochemical aptasensing remains in its early stages.

Redox mediators are vital to the performance of 
enzyme-catalyzed electrochemical aptasensors, directly 
affecting their sensitivity and accuracy. Hydroquinone 
(HQ) is a commonly utilized mediator for HRP-based 
enzymatic reactions [19]. It is catalytically oxidized to 
benzoquinone in the presence of hydrogen peroxide 
(H2O2). This benzoquinone is then electrochemically 
reduced, a process which can be effectively monitored 
to measure the reaction by measuring electron transfer. 
To achieve even better sensing performance, however, 
researchers are seeking more efficient redox media-
tors capable of even faster electron transfer between the 
enzyme and the electrode [20]. These sought-after 
mediators should ideally have a higher formal potential 
than HQ, allowing them to be rapidly oxidized by HRP 
in a reversible reaction. Besides, ideal candidates would 
exhibit high solubility and stability in the reaction envi-
ronment, coupled with exceptional electron-mediating 
capacity. The discovery and implementation of such 
a novel redox mediator would represent a substantial 
advance in the field, paving the pathway for sensors with 
superior signal-to-background ratios and significantly 
lower detection limits.

Herein, we report an enzyme-enhanced electrochemi-
cal aptasensor based on COF-immobilized HRP and 
employing 4-acetamidophenol (APAP) as a novel media-
tor (Scheme 1). Functionalized COF acted as a nano-
carrier for HRP immobilization to form the complexes 
(named HRP-Ab-AuNPs@COF) that displayed supe-
rior catalytic and electrochemical properties compared 
to free HRP. Representing a signaling probe, HRP-Ab-
AuNPs@COF integrated target recognition with signal 
amplification, which were then combined with highly 
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conductive, decorated multi-walled carbon nanotubes 
(MWCNTs) to construct the aptasensor. In an effort to 
optimize the system, several potential HRP mediators 
were screened: catechol (CAT), 4-aminophenol (p-AP), 
APAP, and 2-acetamidophenol (2AP). APAP demon-
strated superior performance across all aspects and was 
chosen as a novel mediator in place of HQ, showcas-
ing a high electrochemical signal-to-background ratio. 
When the target HER2 was present, HRP, in conjunction 
with H2O2, effectively catalyzed the oxidation of APAP. 
This oxidized form was then electrochemically reduced, 
generating an amplified electrical signal through the 
H2O2-APAP-HRP catalytic oxidation cycle, leading to 
the quantification of HER2. This novel electrochemical 
platform for HER2 detection had a low detection limit 
and high specificity. Furthermore, compared to detect-
ing traditional biomarkers using conventional methods, 
the platform displayed greater accuracy and reliability in 

distinguishing between benign and malignant breast dis-
eases, as well as breast cancer patients at different clinical 
stages. This work establishes a new platform for utiliz-
ing COF-immobilized enzymes and the novel mediator 
APAP in electrochemical biosensing, offering a power-
ful tool for early diagnosis and metastasis prediction of 
breast cancer.

Experimental section
Reagents and materials
Acetonitrile, acetic acid, HQ, and p-AP, were purchased 
from Shanghai Macklin Biochemical Co., Ltd. MWCNTs 
were purchased from Nanjing XFNANO Materials Tech 
Co., Ltd. Chloroauric acid (HAuCl4), 1,3,5-tris(4-amin-
ophenyl)benzene (TAPB), albumin from bovine serum 
(BSA), 2,5-dimethoxyterephaldehyde (DMTP), polyethyl-
enimine (PEI), tris(2-carboxyethyl)phosphine hydrochlo-
ride (TCEP), APAP, 2AP, 3,3’,5,5’-tetramethylbenzidine 

Scheme. 1 Schematic illustration of the proposed electrochemical aptasensor for HER2 detection in breast cancer. (A) Design and synthesis of the 
functionalized COF-immobolized HRP. (B) Schematic of the screening process for novel redox mediator. (C) Detection principle and clinical application 
of the aptasensor. Created with Figdraw
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(TMB), and 6-Mercapto-1-hexanol (MCH) were obtained 
from Bide Pharmatech Co., Ltd. Sodium borohydride 
(NaBH4) and CAT were from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. Anti-HER2 antibody 
(HER2 Ab) was obtained from Proteintech Group, Inc. 
Phosphate buffer saline (PBS, 0.1  M, pH 7.4) and ultra-
pure water were supplied by Nanjing SenBeiJia Biological 
Technology Co., Ltd. HAc-NaAc buffer solution (0.2 M, 
pH 4.0) was from Shanghai yuanye Bio-Technology Co., 
Ltd. H2O2 was purchased from Sigma-Aldrich. HRP was 
provided by Beijing Solarbio Science & Technology Co., 
Ltd. Thiol terminated HER2 aptamer (5’-SH-(CH2)6-AAC 
CGC CCA AAT CCC TAA GAG TCT GCA CTT GTC 
ATT TTG TAT ATG TAT TTG GTT TTT GGC TCT 
CAC AGA CAC ACT ACA CAC GCA CA-3’) [21] and 
tris-ethylenediaminetetraacetic acid (TE) buffer were 
supplied by Sangon Biotechnology Co., Ltd. Carcino-
embryonic antigen (CEA) and carcinoma antigen 15 − 3 
(CA15-3) were purchased from Beijing Key-Bio Biotech 
Co., Ltd. HER2 and PD-L1 was provided by Novoprotein 
Scientific Inc.

Synthesis of MWCNTs-PEI-AuNPs
The MWCNTs-PEI-AuNPs nanohybrids were synthe-
sized according to the previous study with a slight modi-
fication [22]. Typically, 1 mg of MWCNTs and 25 mg of 
PEI were dispersed in 4 mL of ultrapure water, followed 
by sonicating for 30  min. Next, 1 mL of 10  mg mL− 1 
HAuCl4 was added to the above solution and stirred for 
2 h at 70 °C. After centrifugation and washing with ultra-
pure water, the MWCNTs-PEI-AuNPs nanohybrids were 
obtained by drying in vacuum at 55 °C overnight.

Synthesis of AuNPs@COF
The COF was synthesized via an uncomplicated solution-
phase method. Briefly, 12  mg of DMTP and 12  mg of 
TAPB were dissolved into 24 mL of acetonitrile and soni-
cated for 1  min. Then, 0.6 mL of acetic acid was added 
under vigorous stirring and stirred for 24 h at room tem-
perature. The precipitate was centrifuged and washed 
with ethanol, and then dried under vacuum at 55 °C for 
12  h. The AuNPs@COF composites were prepared by 
in-situ growth of gold nanoparticles (AuNPs) on COF. 
Firstly, 10 mg of the as-prepared COF was suspended in 
10 mL of ultrapure water, and sonicated for 10 min. Next, 
2 mL of 1.5 mg mL− 1 HAuCl4 was added dropwise to the 
above solution under stirring. After stirring for 4  h at 
room temperature, 2 mL of 2 mg mL− 1 NaBH4 was added 
rapidly and stirred for another 2 h at room temperature. 
Afterwards, the precipitate was collected by centrifuga-
tion and washing with ultrapure water for 3 times. The 
obtained AuNPs@COF was dried overnight at 55 °C 
under vacuum.

Preparation of HRP-Ab-AuNPs@COF
To prepare HRP-Ab-AuNPs@COF, 10  µg HER2 Ab 
was added to 1 mL of 1  mg mL− 1 the above-obtained 
AuNPs@COF and stirred at 4  °C for 4  h. Subsequently, 
1 mL of 1  mg mL− 1 HRP was added to the above solu-
tion and stirred at 4  °C overnight. Then, 1 mL of 1% 
BSA was added and further stirred at 4  °C for 2  h. The 
resultant precipitate was centrifuged and washed with 
PBS and resuspended in PBS for future use. The detailed 
experimental method for determining the immobiliza-
tion efficiency of HRP was presented in the Supporting 
Information. All comparative experiments with free and 
immobilized enzymes utilized HRP quantities adjusted 
according to the measured immobilization efficiency.

Study on kinetics of enzyme-catalyzed reaction
The kinetics of the enzymatic reaction were evaluated 
in the presence of H2O2 utilizing TMB, a chromogenic 
substrate for HRP. A typical reaction procedure was con-
ducted as follows: 4 µL of HRP or HRP-Ab-AuNPs@COF 
(13.125  µg mL− 1) and 1 µL of H2O2 (0.105, 0.21, 0.42, 
0.84, 1.05  M) were introduced to 100 µL of TMB (1.68 
mM) in HAc-NaAc buffer solution (0.2 M, pH 4.0). The 
final concentrations of HRP or HRP-Ab-AuNPs@COF, 
H2O2, and TMB were 0.5 µg mL− 1, 1 to 10 mM, and 1.6 
mM, respectively. The absorbance change of the reac-
tion system at 652  nm was monitored by a microplate 
reader at 30  s intervals for 6  min. The initial reaction 
velocity (V0) was determined utilizing the Beer-Lambert 
Law (Eqs. 1 and 2). Then, to quantify the enzymatic reac-
tion kinetics, the maximum reaction velocity (Vmax) and 
the Michaelis-Menten constant (Km) were calculated 
employing the Michaelis-Menten equation (Eq.  3) and 
Lineweaver-Burk plot (Eq. 4) [23].
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where k is the molar absorbance coefficient of oxTMB 
(39,000 M− 1 cm− 1), Δt is 60 s, ΔA is the change in absor-
bance from 0 to 60 s, and [S] is the H2O2 concentration.

Analysis of the catalytic stability of the enzyme
HRP or HRP-Ab-AuNPs@COF was prepared in solu-
tion to maintain a constant HRP concentration of 0.5 mg 
mL− 1 and stored at 4 or 37 °C for 7 or 15 days until use. 
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The specific analysis procedure was carried out as fol-
lows: 4 µL of HRP or HRP-Ab-AuNPs@COF (13.125 µg 
mL− 1) prepared under different storage conditions and 1 
µL of H2O2 (1.05 M) were added to 100 µL of TMB (1.68 
mM) in HAc-NaAc buffer solution (0.2 M, pH 4.0). The 
final concentrations of HRP or HRP-Ab-AuNPs@COF, 
H2O2, and TMB were 0.5 µg mL− 1, 10 mM, and 1.6 mM, 
respectively. After a 5  min reaction period, the absor-
bance at 652  nm was measured utilizing a microplate 
reader.

Construction of the apatasensor and HER2 detection
Prior to the modification, GCE electrodes were polished 
with aluminum powder and ultrasonically cleaned with 
ethanol and ultrapure water. After drying under nitro-
gen flow, 10 µL of 1  mg mL− 1 MWCNTs-PEI-AuNPs 
was drop cast onto the electrode and dried at 37  °C for 
2  h. Afterwards, 10 µL of 1 µM TCEP-activated HER2 
aptamer was added dropwise to the electrode and incu-
bated at 4  °C for 30  min. Followed by washing with TE 
buffer, 10 µL of 1 mM MCH was drop-casted onto the 
electrode and incubated at room temperature for 2 h for 
blocking non-specific binding sites. After rinsing with 
TE buffer, 10 µL of different concentrations of HER2 
was added dropwise onto the electrode and maintained 
at 4 °C for 30 min, followed by washing with PBS. 10 µL 
of 10 µg mL− 1 HRP-Ab-AuNPs@COF was dropped onto 
the electrode and incubated at 4 °C for 30 min, followed 
by rinsing with PBS. Chronocoulometry was carried out 
at 0.0 V in PBS (0.1 M, pH 7.4) containing 2 mM APAP 
and 3 mM H2O2 under dark for 10 min.

Clinical samples detection
Serum samples from healthy individuals, patients diag-
nosed with benign breast disease, and patients diag-
nosed with breast cancer were collected at the Affiliated 
Taizhou People’s Hospital of Nanjing Medical Univer-
sity. This study received ethical approval from the Ethics 
Committee of Taizhou People’s Hospital under protocol 
KY2022-146-01. Analysis of both cell culture superna-
tants and clinical serum samples followed the procedure 
described previously (Construction of the apatasensor), 
where the aliquot of HER2 solution was replaced by an 
aliquot of the respective clinical sample for analysis.

Statistical analysis
Data were expressed as mean ± SD. Statistical analy-
sis of the data was obtained utilizing GraphPad Prism 
10.1.1 (GraphPad Software, USA) employing either the 
unpaired t test or one-way ANOVA. A p-value less than 
0.05 was considered statistically significant.

Results and discussion
Characterization of MWCNTs-PEI-AuNPs nanohybrids
Transmission electron microscopy (TEM) was utilized 
to characterize the morphology of the MWCNTs-PEI-
AuNPs nanohybrids (Synthesized diagram shown in Fig. 
S1A). As presented in Fig. S1B and S1C, the diameter of 
the MWCNTs (around 14  nm) increased after coating 
with PEI (around 18  nm). High-resolution transmission 
electron microscopy (HRTEM) images (Fig. S1D) clearly 
exhibited the interface between the sidewalls of the 
MWCNTs and the PEI. After HAuCl4 treatment, dark 
particles were observed attached to the nanotubes (Fig. 
S1E). HRTEM image in Fig. S1F indicated that AuNPs 
with a diameter of approximately 8  nm were uniformly 
dispersed on the sidewalls of the nanotubes, forming 
MWCNTs-PEI-AuNPs. The UV-vis spectra (Fig. S1G) 
exhibited an absorption peak near 520 nm after loading 
with AuNPs, which can be attributed to the absorption 
of the AuNPs [22]. These results confirmed the suc-
cessful construction of MWCNTs-PEI-AuNPs nanohy-
brids. To analyze the electrochemical performance of 
the MWCNTs-PEI-AuNPs, Cyclic voltammetry (CV) 
responses of different modified electrodes were exam-
ined. Fig. S2 illustrated that, compared to the bare GCE, 
the peak currents sequentially increased after modify-
ing with MWCNTs and MWCNTs-PEI-AuNPs. This 
indicated faster and more excellent electron transfer in 
the nanohybrids, suggesting their excellent electrical 
conductivity. Therefore, electrodes functionalized with 
MWCNTs-PEI-AuNPs could significantly accelerate 
electron transfer and act as anchoring substrates for bio-
molecules, such as aptamers, thereby enhancing the per-
formance of electrochemical biosensors.

Solubility, stability, formal potential and kinetic 
parameters of candidate mediators
The electrochemical aptasensor was constructed based 
on HRP with H2O2 and a redox mediator, with HQ 
being the conventional mediator for this reaction sys-
tem. To achieve higher analytical sensitivity and speci-
ficity, we sought a novel and efficient mediator for the 
following HER2 aptasensor construction. An effective 
redox mediator should exhibit good solubility and stabil-
ity, high electron transfer activity, and a suitable formal 
potential relative to Ag/AgCl [24]. To select the optimal 
mediator, we comparatively evaluated the solubility, light 
stability, formal potential (vs. Ag/AgCl), and apparent 
rate constant (kapp) of the phenolic compounds, CAT, 
p-AP, APAP, and 2AP, in comparison with HQ. The basic 
properties of these five compounds were summarized in 
Table 1.

HQ, CAT, and APAP exhibited greater solubility and 
dissolved by oscillation, whereas 2AP required sonica-
tion, and p-AP, with even lower solubility, dissolved only 
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after prolonged sonication (Table 1). Therefore, the solu-
bility of HQ, CAT, APAP, and 2AP can be considered suf-
ficient. Ideally, the mediator should be highly resistant 
to light, so we dissolved the five compounds in PBS and 
left them at room temperature without light protection 
for 1 h. Fig. S3 demonstrated that APAP did not change 
color, demonstrating better light stability than the other 
compounds. 2AP remained largely undiscolored, indicat-
ing basic stability to light, while the light stability of HQ, 
CAT, and p-AP was poor.

To optimize electron transfer rates and signal ampli-
fication in this reaction system, the mediator’s formal 
potential should be carefully tuned. Ideally, it should 
be higher than the conventional mediator HQ’s formal 
potential, yet lower than that of HRP (0.7  V) [25]. We 
recorded CV curves (Fig.  1A) of the five mediators in 

PBS with a GCE electrode to study their electrochemical 
behaviors, and Fig. S4 demonstrated the electron trans-
fer mechanisms of the five compounds. Table  1 listed 
the approximate formal potentials derived from the peak 
potentials in the CV curves. In PBS, the formal poten-
tials were as follows: HQ (0.14  V), CAT (0.25  V), p-AP 
(0.21 V), APAP (0.32 V), and 2AP (0.23 V). Specifically, 
APAP possessed the most suitable formal potential for 
our electrochemical aptasensor. Upon modification of the 
GCE with MWCNTs-PEI-AuNPs, a significant enhance-
ment in redox peak currents and a narrowing of peak 
spacing were observed for the mediators (Fig. 1B and S5). 
This observation highlighted the electrocatalytic activity 
of MWCNTs-PEI-AuNPs in mediating the redox reac-
tion of the mediator (in the absence of an electrochemi-
cal reaction). This catalytic activity facilitated charge 

Table 1 Comparative evaluation of the properties of the conventional and candidate mediators
Mediators Solubility

(PBS, pH 7.4)
Light stablility
(PBS, pH 7.4)

Formal Potential
(V vs. Ag/AgCl, pH 7.4)

Diffusion Coefficient
(cm2 s-1)

kapp
(M-1 s-1)

HQ Soluble with shake Unstable 0.14 8.98 × 10− 6 5.34 × 104

CAT Soluble with shake Unstable 0.25 9.50 × 10− 6 1.72 × 104

p-AP Soluble with long-time sonication Unstable 0.21 1.01 × 10− 5 1.02 × 105

APAP Soluble with shake Stable 0.32 7.60 × 10− 6 2.80 × 105

2AP Soluble with sonication Basically stable 0.23 7.43 × 10− 6 2.84 × 105

Fig. 1 Evaluation of the candidate redox mediators. (A) CV responses obtained using GCE electrodes in 0.1 M PBS (pH 7.4) containing 2 mM different me-
diators. Inset: CV response of 2AP. (B) CV responses obtained using MWCNTs-PEI-AuNPs modified- or bare GCE electrodes in 0.1 M PBS (pH 7.4) containing 
2 mM HQ or APAP. (C) Chronocoulometric curves obtained using GCE electrodes at 0.0 V in 0.1 M PBS (pH 7.4) containing 2 mM APAP, PBS containing 2 
mM APAP and 3 mM H2O2, PBS containing 2 mM APAP and 40 µg mL-1 HRP, and PBS containing 2 mM APAP, 3 mM H2O2, and 40 µg mL-1 HRP. (D) Charge 
values at 100 s from chronocoulograms using GCE electrodes in 0.1 M PBS (pH 7.4) containing 2 mM mediators and 3 mM H2O2, and PBS containing 2 
mM mediators, 3 mM H2O2, and 40 µg mL-1 HRP
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transfer and amplified current signals, consistent with 
the findings presented in Fig. S2. Importantly, even with 
the electrode modification, APAP maintained the highest 
formal potential among the five mediators. As depicted 
in Fig. 1B, the formal potential of APAP remained signifi-
cantly higher than that of the conventional mediator HQ 
(approximately 0.18 V higher).

To verify the viability of the candidate compounds 
as mediators in the electrochemical-enzymatic redox 
cycle, bare electrodes were subjected to chronocoulom-
etry after incubation in various solutions. As depicted in 
Fig. 1C, the charge values exhibited a marginal increase 
when either H2O2 or HRP was added to the APAP solu-
tion, implying the direct reaction between APAP and 
H2O2 or HRP was sluggish. However, the chronocoulo-
gram exhibited a significantly steeper slope when both 
H2O2 and HRP were introduced to the APAP solution. 
This indicated the occurrence of a rapid and highly effi-
cient electrochemical-enzymatic redox cycle, facilitating 
electron transfer. This observation aligned with the phe-
nomenon observed in HQ (Fig. S6A). Likewise, similar 
results were obtained for CAT, p-AP, and 2AP (Fig. S6B-
D), suggesting their feasibility as candidate mediators in 
the electrochemical-enzymatic redox cycle of HRP.

Then, we evaluated the electron transfer kinetics of the 
five compounds. This assessment utilized kapp calculated 
utilizing Eq. 5 for the HRP-mediated redox system [26].

 Ilim = 2FACM

√
DkappCE  (5)

where Ilim, F, A, CM, D, and CE represent the background-
corrected limit current, Faradaic constant, electrode sur-
face area, mediator concentration, mediator diffusion 
coefficient, and HRP concentration, respectively. Values 
for Ilim were obtained from the chronoamperograms 
depicted in Fig. S7. Diffusion coefficients for each of the 
five compounds were determined by measuring limit 
currents. This measurement employed an ultramicro-
electrode through linear scanning voltammetry (Fig. S8) 
and was calculated according to Eq. 6 [26].

 Ilim = 4nFDCr  (6)

where n is the number of transferred electrons, C is the 
mediator concentration, and r is the radius of the ultra-
microelectrode. Calculated diffusion coefficients, as well 
as kapp, for the five compounds in PBS, were presented 
in Table 1. The kapp values for both APAP and 2AP were 
similar, at approximately 2.8 × 105 M− 1 s− 1. These values 
were higher than those of the other compounds, espe-
cially HQ, revealing their potential to be utilized as highly 
efficient electron mediators for enzymatic reactions.

To effectively utilize the mediator in the following elec-
trochemical analysis, achieving a low detection limit and 

high selectivity required minimizing the electrochemi-
cal signal in the absence of HRP, while maximizing sig-
nal enhancement upon HRP introduction. Therefore, we 
evaluated the signal-to-background (S/B) ratios of the 
different mediators by measuring their charges at 100 s. 
Among the five mediators evaluated, APAP demon-
strated the highest S/B ratio (Fig.  1D), suggesting that 
APAP was a superior mediator for sensitive and specific 
electrochemical analysis compared to the conventional 
mediator, HQ. These results collectively pointed to APAP 
as the optimal redox mediator for this electrochemical-
enzymatic reaction system, leading to its deployment in 
the following electrochemical aptasensor studies.

Design, synthesis and characterization of HRP-Ab-AuNPs@
COF composites
AuNPs@COF composites were synthesized through a 
facile solution-phase method utilizing TAPB and DMTP 
as precursors. The spherical COF, acting as a growth tem-
plate for the AuNPs, was prepared through an aldimine 
condensation reaction. Then, antibodies were immo-
bilized onto the composite via Au-NH2 bonding, while 
HRP was integrated in the COF pores through host-guest 
interactions (Scheme 1  A) [27]. TEM was employed to 
analyze the morphology of the synthesized materials. As 
depicted in Fig. 2A, the COF exhibited a uniform spheri-
cal morphology with a rough surface. Following the in-
situ growth of AuNPs on the COF, uniformly dispersed 
dark particles were observed on its surface, with no evi-
dence of aggregation or free AuNPs (Fig. 2B). This obser-
vation implicated that the COF structure facilitated the 
growth of AuNPs. Energy dispersive X-ray spectroscopy 
(EDS) elemental mapping confirmed the presence of C, 
N, O, and Au elements, all essential for the successful 
synthesis of AuNPs@COF. In addition, the mapping anal-
ysis verified the uniform distribution of Au on the COF 
surface (Fig. 2C-I).

The Fourier transform infrared spectra (FT-IR) were 
presented in Fig. 3A. The absorption peaks at 3430, 3346, 
and 3208 cm− 1 for TAPB arose from N-H vibrations [18]. 
The absorption peak at 2759 cm− 1 for DMTP was attrib-
uted to C-H vibrations in the aldehyde group, while the 
peak at 1676 cm− 1 corresponded to C = O bonding. The 
synthesized COF exhibited characteristic peaks at 1618, 
1465, and 1288 cm− 1, assigned to C = N, CH3, and C-O, 
respectively [28]. These were accompanied by a weaken-
ing of the N-H stretching vibration peaks of TAPB and 
the C = O stretching vibration peak of DMTP, offering 
strong evidence for successful aldimine condensation. 
Upon the introduction of AuNPs to the COF, the posi-
tions of the characteristic absorption peaks remained 
largely unchanged, indicating that the AuNPs did not sig-
nificantly affect the COF structure. However, a slight shift 
was observed for the peak at 3372  cm− 1 to 3366  cm− 1, 
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potentially due to interactions between [AuCl4]− and 
NH3

+. The XRD pattern of AuNPs@COF, depicted in 
Fig.  3B, indicated additional diffraction peaks at 38.08°, 
44.28°, and 64.47° compared to COF. These peaks corre-
sponded to the (111), (200), and (220) reflective surfaces 
of Au, respectively [7]. X-ray photoelectron spectros-
copy (XPS) (Fig. S9) confirmed the presence of C, N, O, 
and Au elements in AuNPs@COF, consistent with the 
EDS results (Fig. 2). In the N 1s spectrum (Fig. 3C), two 

fitted peaks were observed, corresponding to C = N and 
residual -NH2, further supporting the successful syn-
thesis of COF. The Au 4f spectrum displayed two peaks 
at 87.38 and 83.68  eV, representing the Au(0) 4f5/2 and 
4f7/2, respectively (Fig. 3D) [29]. Specifically, the binding 
energy of N 1s in AuNPs@COF was lower compared to 
COF, suggesting a strong interaction between AuNPs and 
-NH2. Considering the results holistically, the successful 
synthesis of AuNPs@COF could be confirmed.

Fig. 2 TEM images of (A) COF and (B) AuNPs@COF. (C-H) EDS-elemental mapping images of AuNPs@COF. (I) EDS spectrum of AuNPs@COF
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Nitrogen suction-desorption experiments were 
employed to analyze the pore characteristics of AuNPs@
COF. As depicted in Fig. 3E, COF displayed type IV iso-
therms at 77  K, indicating mesoporous properties. The 
Brunauer-Emmett-Teller (BET) specific surface area of 
COF decreased from 246.1 m2 g− 1 to 35.6 m2 g− 1 after 
the introduction of AuNPs, while the mesoporous struc-
ture was retained. NLDFT analysis (Fig.  3F) indicated 
that the pore volumes of COF before and after load-
ing with AuNPs were 0.425 cm3 g− 1 and 0.144 cm3 g− 1, 
respectively. This reduction in BET specific surface area 
and pore volume suggested that the AuNPs were likely 
located either inside or on the surface of the COF. In 
addition, thermogravimetric analysis (TGA) indicated 
good thermal stability for both COF and AuNPs@COF 
up to 400 °C (Fig. 3G). The abundance of open mesopores 
in the synthesized AuNPs@COF not only facilitated the 
loading of antibodies and enzymes but also enhanced 
charge transfer and molecular diffusion during the cata-
lytic process.

Finally, to verify the successful synthesis of HRP-Ab-
AuNPs@COF, we employed CV to appraise electrodes 
modified with various components. These electrodes 
were immersed in PBS solution containing both APAP 
and H2O2. As shown in Fig. S10, the bare electrode, along 
with electrodes modified with AuNPs@COF and Ab-
AuNPs@COF, exhibited only capacitive currents. In con-
trast, the electrode modified with HRP-Ab-AuNPs@COF 
displayed significant cathodic currents. This observation 
pointed to the presence of enzymatic redox reactions, 

facilitating electron transfer, and thus confirming the 
successful synthesis of HRP-Ab-AuNPs@COF.

Catalytic and electrochemical performance of HRP-Ab-
AuNPs@COF
Leveraging the catalytic properties of HRP, the inter-
action with H2O2 leads to the formation of the 
[HRP + H2O2] complex. This complexation, accord-
ingly, facilitates the oxidation of a range of hydrogen 
donors, with TMB representing a suitable candidate, 
significantly exhibiting significant absorption at 652  nm 
upon oxidation (ox-TMB) [23]. To evaluate the cata-
lytic activity of both free HRP and HRP-Ab-AuNPs@
COF in the presence of H2O2, the TMB colorimetric 
method was employed. It should be noted that immobi-
lized HRP quantities were normalized to equivalent free 
HRP amounts utilizing the immobilization efficiency 
(see more discussion in Table S1). Our initial analyses 
focused on steady-state catalytic kinetics utilizing a mix-
ture of free or immobilized HRP with TMB, while vary-
ing the concentrations of H2O2 (Fig. S11). The V0 of HRP, 
determined at different H2O2 concentrations, was then 
calculated through the Beer-Lambert Law, facilitating a 
comprehensive evaluation of catalytic activity. Michaelis-
Menten curves were plotted, representing the relation-
ship between H2O2 concentration and corresponding 
V0 values (Fig. 4A and C). In addition, Lineweaver-Burk 
plots were constructed utilizing linear double inverse 
transformations (Fig. 4B and D). The kinetic parameters 
Vmax and Km were then calculated to offer a quantitative 

Fig. 3 Synthesis and characterization of AuNPs@COF. (A) FT-IR spectra of TAPB, DMTP, COF, and AuNPs@COF. (B) XRD patterns of COF and AuNPs@COF. (C) 
XPS spectra of N 1s in COF and AuNPs@COF. (D) XPS spectra of Au 4f in AuNPs@COF. (E) Nitrogen adsorption-desorption isotherms, (F) pore size distribu-
tion, and (G) TGA curves of COF and AuNPs@COF
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assessment of catalytic capacity. Specifically, our results 
demonstrated that the Km value (2.69 mM) of HRP-Ab-
AuNPs@COF was lower compared with that of free HRP, 
indicating a significant increase in catalytic efficiency. 

This was primarily attributed to the mesoporous struc-
ture and domain-limiting effect of COF. These proper-
ties allowed for coupling between internal diffusion and 
the catalytic reaction, effectively eliminating diffusion 

Fig. 4 Comparative analysis of the catalytic and electrochemical performance between free HRP and HRP-Ab-AuNPs@COF. Michaelis-Menten fitting 
curves of (A) free HRP and (C) HRP-Ab-AuNPs@COF. Lineweaver-Burk plots obtained from Michaelis-Menten fitting curves of (B) free HRP and (D) HRP-Ab-
AuNPs@COF. (E) Stability test of free HRP and HRP-Ab-AuNPs@COF under different storage conditions. (F) CV responses and (G) histogram for the current 
values of free HRP and HRP-Ab-AuNPs@COF in 0.1 M PBS (pH 7.4) containing 2 mM APAP and 3 mM H2O2. *p < 0.05 by unpaired t test
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barriers. Accordingly, this increased the concentration of 
local catalytic sites and mediators, finally enhancing sub-
strate mass transfer efficiency. Meanwhile, the host-guest 
interaction between HRP and COF scaffold resulted in a 
partial reduction in the maximum reaction rate, as evi-
denced by the lower Vmax by the immobilized enzyme. 
However, for certain immobilized enzymes, a slight 
increase in the initial reaction rate was observed, which 
we hypothesized to be a consequence of the substrate 
channeling effect, i.e., the overall catalytic turnover rate 
of the immobilized enzyme was higher than that of the 
randomly distributed free enzyme in solution [30]. Addi-
tionally, the synergistic effect introduced by the Au par-
ticles attached in the COF pores, potentially exhibiting 
enzyme-mimicking activity, may have acted as a synergis-
tic booster, thereby enhancing the initial reaction rate to 
a certain extent [31, 32].

The catalytic stability of HRP-Ab-AuNPs@COF was 
evaluated utilizing a colorimetric TMB assay. As depicted 
in Fig.  4E, HRP-Ab-AuNPs@COF retained 97.5% of its 
catalytic activity after 15 days of storage at 4 °C, margin-
ally surpassing free HRP (94.1%). Additionally, HRP-Ab-
AuNPs@COF exhibited remarkable stability at 37  °C, 
retaining 91.9% of its catalytic activity after 15 days. 
In contrast, free HRP displayed a significant decline in 
activity under identical conditions, with its activity drop-
ping below 90% after only 7 days (compared to 95.1% for 
HRP-Ab-AuNPs@COF) and declining to a mere 81.8% 
after 15 days. This superior catalytic stability of HRP-
Ab-AuNPs@COF could be attributed to the protective 
encapsulation and anchoring interactions offered by the 
COF structure.

To verify the advantages of HRP-Ab-AuNPs@COF, 
we evaluated the electrochemical properties of both the 
novel structure and free HRP. Figure  4F demonstrated 
the CV curves of both free HRP and HRP-Ab-AuNPs@
COF in PBS containing APAP and H2O2. Specifically, the 
current of HRP-Ab-AuNPs@COF was 53.3% higher than 
that of free HRP (Fig. 4G). This confirmed that the HRP-
Ab-AuNPs@COF structure exhibited significantly stron-
ger catalytic performance and signal amplification. These 
results suggested that HRP-Ab-AuNPs@COF could be 
utilized as an efficient catalyst for future studies.

Fabrication and optimization of the aptasensor
An electrochemical aptasensor was developed for 
sensitive and specific detection of HER2. The sen-
sor’s electrode surface was modified with a layer of 
MWCNTs-PEI-AuNPs, which enhanced electron trans-
fer and offered a scaffold for aptamer immobilization. 
Upon introduction of HER2, the aptamer selectively 
bound to the target, which was then captured by the 
HER2 Ab conjugated to COF-based composites (Fig. 5A). 
This complexation then facilitated an enzymatic reaction: 

HRP immobilized on the COF catalyzed the oxidation of 
APAP in the presence of H2O2. The oxidized APAP was 
then reduced electrochemically, creating an electrochem-
ical-enzymatic redox cycle that amplified the signal for 
detection (Scheme 1 C). Specifically, the binding sites of 
the aptamer and the antibody against HER2 were evalu-
ated utilizing surface plasmon resonance (SPR) assay, 
which demonstrated that they two targeted different 
HER2 binding sites and were suitable for the construc-
tion of the aptasensor (see Fig. S12 for more discussion).

CV was employed to study the stepwise assembly of 
the aptasensor. As depicted in Fig.  5B, the bare GCE 
exhibited a well-defined [Fe(CN)6]3− redox peak with 
a peak-to-peak separation of less than 80 mV (curve a), 
indicating facile electron transfer kinetics. The incorpo-
ration of MWCNTs-PEI-AuNPs, known for their excel-
lent electron transfer properties, led to a significant 
increase in peak current at the functionalized electrode 
(curve b). The successive change with the aptamer, MCH, 
HER2, and HRP-Ab-AuNPs@COF resulted in a progres-
sive decrease in peak currents. This observation was 
attributed to the hindered penetration of the redox probe 
and impeded electron transfer caused by the presence of 
non-electroactive proteins and molecules. These findings 
confirmed the successful assembly of the aptasensor.

To achieve optimal signal output from the aptasensor, 
we conducted a series of optimization experiments, uti-
lizing chronocoulometry to monitor the effects of vary-
ing construction conditions. Recognizing the direct effect 
of aptamer concentration on detection effectiveness, we 
first optimized this parameter. As illustrated in Fig. S13A, 
the absolute charge value recorded at 100  s exhibited 
an increasing trend with increasing aptamer concentra-
tions, finally reaching a plateau at 1 µM. This saturation 
point indicated complete binding of the aptamer to the 
MWCNTs-PEI-AuNPs substrate, establishing 1 µM as 
the optimal aptamer concentration for the following 
experiments. Then, we explored the significant effect 
of incubation temperature on detection sensitivity. We 
selected two representative incubation temperatures, 
4 °C and 37 °C, for this analysis. As depicted in Fig. S13B, 
both HER2 and HRP-AuNPs@COF yielded maximum 
absolute charge values when incubated at 4 °C. Therefore, 
we designated 4  °C as the optimal incubation tempera-
ture for both HER2 and HRP-Ab-AuNPs@COF. Finally, 
we evaluated the critical role of incubation time in opti-
mizing the detection signal. Our findings demonstrated 
that an incubation time of 0.5 h consistently yielded the 
highest absolute charge values for the aptamer, HER2, 
and HRP-Ab-AuNPs@COF (Fig. S13C). Based on these 
results, we established 0.5  h as the optimal incubation 
time for the aptamer, HER2, and HRP-Ab-AuNPs@COF.
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Analytical performance of the HER2 aptasensor
Under optimal experimental conditions, the developed 
aptasensor, utilizing chronocoulometry with APAP as 
the redox mediator, successfully detected HER2. As 
expected, the absolute charge exhibited a positive cor-
relation with increasing HER2 concentrations (Fig.  5C). 
A linear relationship was observed between the absolute 
charge at 100 s and the logarithm of HER2 concentration 
over a range of 0.5 pg mL− 1 to 100 ng mL− 1 (Fig. 5D). This 
relationship was defined by the linear regression equa-
tion Q (µC) = − 47.766 lg [HER2 (ng mL− 1)] − 208.13, with 
a correlation coefficient of 0.993. In addition, the limit 
of detection (LOD) was determined to be 0.418 pg mL− 1 
(S/N = 3). This aptasensor demonstrated superior ana-
lytical performance compared to numerous previously 
reported biosensors designed for HER2 detection (Table 
S2). To evaluate stability, the constructed aptasensors 

were stored at 4 °C for 2, 7, and 15 days. Specifically, the 
electrochemical signal responses remained at 97.638%, 
94.025%, and 93.150% of the initial response, respectively 
(Fig. 5E), indicating satisfactory stability. The coefficient 
of variation (RSD) of charge, representing the determina-
tion of 1 ng mL− 1 of HER2 utilizing five independently 
fabricated aptasensors, was 3.275% (Fig. S14). This result 
confirmed the good reproducibility of the aptasensing 
platform.

To determine the selectivity of the newly developed 
electrochemical analytical method, 1 ng mL− 1 PD-L1, 
CEA, CA15-3, and mixtures of these potential interfer-
ents with HER2 were individually evaluated alongside 
HER2 under identical experimental conditions. Figure 5F 
illustrated that the absolute charges of the interferents at 
100  s were significantly lower than that of HER2. How-
ever, the absolute charges of the mixture were similar to 

Fig. 5 Establishment and analytical performance of the aptasensor. (A) Schematic description of the HER2 aptasensor assembly. (M-P-A refers to MW-
CNTs-PEI-AuNPs, H-A-A@C refers to HRP-Ab-AuNPs@COF). (B) CV responses of (a) bare GCE, (b) MWCNTs-PEI-AuNPs/GCE, (c) HER2 aptamer/MWCNTs-PEI-
AuNPs/GCE, (d) MCH/HER2 aptamer/MWCNTs-PEI-AuNPs/GCE, (e) HER2/MCH/HER2 aptamer/MWCNTs-PEI-AuNPs/GCE, (f) HRP-Ab-AuNPs@COF/HER2/
MCH/HER2 aptamer/MWCNTs-PEI-AuNPs/GCE in 0.1 M PBS (pH 7.4) containing 2 mM K3Fe(CN)6. (C) Chronocoulometric curves and (D) calibration plot 
of the presented aptasensor with different concentrations of HER2 in 0.1 M PBS (pH 7.4) containing 2 mM APAP and 3 mM H2O2. (E) Stability of the as-
fabricated aptasensor for 1 ng mL− 1 HER2 after a storage of 2, 7, and 15 days. (F) Charge values of the as-fabricated aptasensor for HER2 and interfering 
substances with a concentration of 1 ng mL− 1. ***p < 0.001 and ns, not significant by one-way ANOVA. (G) Comparison of charge values of the APAP-
mediated system and the HQ-mediated system for PD-L1, CEA, CA15-3, and HER2
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that of HER2, indicating excellent aptasensor selectiv-
ity. This was likely attributable to the efficient enzymatic 
reaction and the high affinity and specific recognition 
of HER2 by the aptamer or antibody. For comparison, 
an aptasensor utilizing HQ as the electron mediator 
was also constructed (schematic demonstrated in Fig. 
S15). As depicted in Fig.  5G, the APAP-mediated apta-
sensor detected only 59–73% of the interfering agent 
signals compared to the HQ-mediated counterpart. 
This result clearly demonstrated that APAP exhibited 
superior selectivity and immunity to interferents com-
pared to HQ, the most commonly utilized mediator. To 
evaluate the accuracy of this method, recovery experi-
ments were performed utilizing the developed aptasen-
sor for various concentrations of HER2 in healthy human 
serum. The analytical recoveries ranged from 91.104 to 
102.925% with an RSD in 7.531% (Table S3), confirming 

the aptasensor’s accuracy and reliability. The high sensing 
performance was attributed to the highly efficient elec-
tron mediator APAP and the high catalytic performance 
of COF-immobilized HRP.

Clinical application of the HER2 aptasensor
To explore the clinical viability of a newly developed 
enzyme-enhanced electrochemical aptasensor, we uti-
lized it to analyze HER2 levels in the culture supernatants 
of several cell lines, including the human mammary epi-
thelial line MCF-10 A and the human breast cancer cell 
lines MDA-MB-231, MCF-7, and ZR-75-1. Our analysis 
indicated that the breast cancer cells possessed a higher 
absolute charge compared to normal mammary epithe-
lial cells (Fig. S16). This suggested that breast cancer cells 
may release more HER2 than their normal counterparts, 
thus illustrating the practical utility of the aptasensor.

Fig. 6 Application of the aptasensor in clinical serum samples. (A) HER2 levels in clinical serum samples derived from healthy individuals (n = 10), BBD 
patients (n = 10), and BC patients (n = 10) measured using the aptasensor. (C) HER2 levels in clinical serum samples derived from non-metastatic (n = 8) 
and metastatic (n = 7) BC patients measured using the aptasensor. (B and D) Box plots reflected the statistical results of the determined HER2 levels shown 
in (A and C), respectively. *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired t test. (E) ROC curve and diagnostic testing evaluation elucidated the value of this 
method for breast cancer diagnosis
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Subsequently, the aptasensor was employed to analyze 
serum samples from patients with benign and malig-
nant breast diseases. Patient information was available in 
Tables S4 and S5. As presented in Fig. 6A, we measured 
the charge of clinical samples from healthy individuals, 
patients with benign breast disease (BBD), and patients 
with breast cancer (BC). By analysis, HER2 levels were 
found to be significantly higher in BC patients compared 
to both BBD patients and healthy individuals (Fig.  6B). 
Then, we compared HER2 levels in BC patients at dif-
ferent clinical stages (Fig.  6C; patient information was 
available in Tables S6 and S7). We determined that sam-
ples from metastatic BC patients displayed significantly 
higher absolute charge than those from non-metastatic 
BC patients (Fig.  6D). Importantly, the varying intensi-
ties of electrochemical signals observed in samples from 
BC patients were largely consistent with BC progres-
sion, suggesting that HER2 may be a valuable biomarker 
for the clinical diagnosis of BC. Utilizing receiver oper-
ating characteristic (ROC) curve analysis, an optimal 
diagnostic cut-off value of -220.90 µC for HER2 was 
established (Fig. 6E). The aptasensor demonstrated high 
diagnostic accuracy for breast cancer (area under the 
curve, AUC = 0.928), with good accuracy (84.44%) and 
high positive (PPV) and negative (NPV) predictive values 
(Table-Fig. 6E, PPV = 90.91%, NPV = 78.26%). Specifically, 
the AUC value and accuracy of HER2 detection utilizing 
the developed aptasensor were significantly higher than 
those achieved with conventional biomarkers, such as 
CEA (AUC = 0.702, see Fig. S17A for specific informa-
tion) and CA15-3 (AUC = 0.807, see Fig. S17B for specific 
information), as measured by clinical immunoassay anal-
ysis. These results indicated that, compared to the use of 
classical biomarkers in standard methods, this aptasensor 
more effectively differentiated between BC patients and 
healthy individuals, as well as between BC patients at dif-
ferent clinical stages, significantly improving the accuracy 
of breast cancer diagnosis. Thus, this high-performance 
aptasensor had strong potential for clinical application.

Conclusion
In summary, we demonstrated a novel COF-immobi-
lized enzyme-enhanced electrochemical aptasensor for 
the ultrasensitive and ultraspecific detection of HER2 
employing APAP as mediator, enabling the accurate 
diagnosis of breast cancer. Selected from several candi-
dates (CAT, p-AP, APAP, and 2AP), APAP represented 
the optimal choice, replacing the conventional mediator 
HQ in HRP-catalyzed aptasensors. APAP exhibited high 
formal potential (0.32  V) and excellent stability. Impor-
tantly, HRP-based enzymatic reaction involving APAP 
possessed high kapp value (2.80 × 105 M− 1 s− 1), indicating 
strong electron exchange properties to facilitate superior 
signal amplification and enhance signal-to-background 

ratio. The COF’s abundant, open mesoporous structure 
effectively immobilized HRP, offering spatially separated 
and catalytically active sites. This efficient immobiliza-
tion, as demonstrated through enzyme-catalyzed kinetic 
analysis, accelerated the overall reaction rate by mini-
mizing mass transfer time and maximizing mass trans-
fer efficiency. In addition, the biocompatible COF, with 
its encapsulation properties, functioned as a protective 
shell, ensuring a stable environment for the enzyme-cat-
alyzed reaction. Exhibiting remarkable catalytic activity 
and stability, HRP-Ab-AuNPs@COF acted as an efficient 
catalyst, underpinning its exceptional electrochemical 
performance. This performance was further augmented 
when combined with functionalized MWCNTs com-
posites, known for their excellent electrical conductivity. 
This combination enabled the ultrasensitive detection 
of HER2, achieving a detection limit of 0.418 pg mL− 1. 
Compared to methods relying on HQ as the mediator, 
this method demonstrated a significant improvement 
in selectivity, ranging from 59 to 73%. Remarkably, this 
method accurately differentiated between breast can-
cer patients and healthy individuals, and further dis-
tinguished between breast cancer patients at different 
stages with high accuracy (AUC = 0.928), outperform-
ing the current classical methods focused on traditional 
biomarkers such as CEA and CA15-3. This work holds 
immense promise in guiding individualized diagno-
sis and facilitating effective monitoring of breast cancer 
progression.
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