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High-sensitive quantitative determination of alpha-fetoprotein (AFP) is of crucial importance for early
clinical diagnosis of cancers. Herein, an AuNPs-free electrochemical immunosensor (Ab1-Fc-COF) was
prepared from a carboxylic group enriched COF by post-functionalization with detecting antibody (Ab1)
and ferrocene (Fc), and used for electrochemical detection of AFP. Due to the small, homogeneous pore
size of the COF, Ab1 with a big size was immobilized on the surface of the COF, while Fc with a small
size was covalently modified both on the surface and in the pores of COF. The covalently immobilized
Ab1 was quite stable and beneficial to specifically detect AFP biomarkers. Meanwhile, the enriched Fc
molecules not only improved the conductivity of the COF, but also effectively transferred and amplified
the electrochemical signal. This proposed immunosensor exhibited high sensitivity in detecting AFP with
a detection limit of 0.39 pg/mL (S/N of 3:1) and a wide linear response range spanning from 1 pg/mL
to 100 ng/mL when plotted against logarithmic concentrations. Furthermore, this immunosensor showed
excellent selectivity, stability and reproducibility in the testing of real samples. This study presents an
innovative prototype for construction of a precious metal-free, antibody-directly-immobilized, simple and

stable electrochemical immunoprobe.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer is a multifaceted global health issue because of its seri-
ous lethality. The chances of survival can be substantially improved
if cancer is detected at early stages to allow an appropriate timely
therapy for preventing cancer development. As a consequence,
early detection is very crucial for cancer treatment. Numerous and
continuous efforts with interdisciplinary collaboration have been
made to achieve early detection of cancers [1]. Alpha-fetoprotein
(AFP) is a critical tumor marker, which indicates testicular, gastric
or liver cancers at high levels [2,3]. Therefore, ultra-sensitive quan-
titative determination of AFP concentration in human plasma is of
significant importance for early clinical diagnosis and treatment of
cancers.

Up to now, a variety of methods for AFP detection have been
developed, such as enzyme-linked immunosorbent assay (ELISA)
[4,5], fluorescence immunoassay [6,7], chemiluminescence im-
munoassay [8], photoelectric immunoassay [9,10], as well as elec-
trochemical immunoassay [11,12]. Among them, electrochemical
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immunoassay has attracted more attention due to its good selectiv-
ity, high sensitivity and rapid response [13-15]. The sensitivity of
electrochemical immunosensors can be dramatically improved by
electrochemical signal amplification, thus enabling early AFP de-
tection [16]. In previous reports, nanozymes [17], nanomaterials
[18] and cascade reactions [19] have been employed to amplify the
electrochemical signals and enhance the sensitivity of electrochem-
ical immunosensors. However, in these strategies, the electrochem-
ical signals are usually not directly amplified. The methods with
more effective and direct amplification of electrochemical signals
are obviously advantageous and highly desired in early AFP detec-
tion [16,20].

Covalent organic frameworks (COFs), a kind of ordered crys-
talline organic porous materials connected by covalent bonds,
have been extensively applied in gas adsorption [21,22], pollu-
tant removal [23], catalysis [24], molecular recognition [25,26] and
biomacromolecule fields [27,28]. The large loading capacity and
specific surface area, diverse structures, good stability and remark-
able adsorption properties of COFs make them considerable poten-
tial for the applications in biosensors [29-31]. Nevertheless, most
COFs are lack of electroactivity, which limit their applications in
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electrochemical detections. To solve this problem, the molecules
with electroactivity [32-34] or catalytic activity [35,36] were used
to functionalize COFs. For example, electroactive methylene blue
was used to co-fabricate COF-based electrochemical sensors for
prostate-specific antigen detection [37,38]. A COF was prepared
from an electroactive precursor, thionine (Thi), and further mod-
ified with gold nanoparticles (AuNPs) for the application in elec-
trochemical detection of carcinoembryonic antigen [39]. An iron-
porphyrin COF based immunosandwich sensor with dual signal en-
hancement was fabricated for neuron-specific enolase immunode-
tection [40]. However, in spite of their great success for detection
of biomolecules, these COFs-based electrochemical biosensors still
suffered from a few shortcomings, including instability and poor
reproducibility, especially when some COFs were used as support-
ing materials through hydrogen bonding and/or w-m stacking in-
teractions due to lack of functional groups for directly covalent
modification. Additionally, to tackle the poor inherent conductiv-
ity of COFs, amplify electrochemical signals and facilitate the im-
mobilization of antibody, assembling AuNPs on the surface of COFs
to form complex nanocomposites was usually necessary. However,
this caused those probes fragile and expensive. Consequently, there
is an urgent need to develop a stable and precious metal-free COF-
based probe for electrochemical immunosensor applications.

Ferrocene (Fc) has unique electrochemical properties as an
iconic redox marker [41,42]. The presence of abundant Fc
molecules can remarkably enhance the conductivity of support-
ing materials [43,44], so it is a good choice to introduce Fc as
an electrode constituent for electrochemical sensors. For example,
Wang et al. prepared a Fc-contained COF (Fc-COFNs) for the detec-
tion of cardiac troponin I, where the introduction of Fc molecules
overcame the poor electroactivity limitation of COFs [45]. Unfortu-
nately, the aqueous stability of Fc-COFNs remains a challenge due
to the fragile linkage of B-O bonds. Yang and coworkers reported
the COF functionalized with ferrocene carboxylic acid (Fc-COOH),
AuNPs, and complementary DNA probe (L1) to form the immuno-
probe COF/Au/Fc/L1 for electrochemical determination of MicroR-
NAs [46]. However, the improvement of electrochemical signal by
bonding Fc-COOH to the insufficient terminal amino groups on the
COF was limited and meanwhile, to improve the conductivity of
the COF, amplify electrochemical signals and immobilize antibody,
AuNPs was also used. That is, the electrochemical probe is still a
complex nanocomposite of using expensive gold nanoparticles.

Herein, we designed a highly electroactive, gold nanoparticle-
free, antibody-directly-immobilized electrochemical immunoprobe
based on an Ab1-Fc-functionalized COF for sensitive detection of
AFP. A carboxylic group-rich COF (COF-COOH) was synthesized and
then covalently coupled with antibody (Ab1) and excessive fer-
rocene in sequence by using a simple, effective post-modification
method to form the Ab1-Fc-COF (Schemes 1A and B), which was
subsequently used as a novel electrochemical immunoprobe with-
out AuNPs. In this immunoprobe, the suitable homogeneous pore
size of the COF-COOH, which is smaller than Ab1 and larger than
Fc, allows the Ab1l to be covalently decorated on the surface of
COF, and enables the Fc to be modified in interior pores of the COF
other than on the surface by reacting with the remained COOH.
The interfacial Ab1 can be fully exposed to the antigen and benefi-
cial to acquire good specificity. The abundant electrochemically ac-
tive Fc in the ordered crystal structure of COF can not only improve
the conductivity of COF but also significantly amplify electrochem-
ical signal (Scheme 1C), resulting in a high electrochemical signal
and excellent sensitivity with no use of gold nanoparticles. As ex-
pected, the proposed electrochemical immunosensor exhibited ex-
cellent analytical performance for AFP detection and was success-
fully applied in the analysis of practical samples.

The COF-COOH was synthesized from the precursors 2,4,6-
triformylphloroglucinol (TP) and 4,4’-diamino-[1,1’-biphenyl]-3,3’-
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dicarboxylic acid (DBA) using acetic acid as a catalyst at 120°C for
3 days in a mixed solvent of 1,4-dioxane/trimethylbenzene accord-
ing to a similar previously reported procedure (Scheme 1A) [47].
The resulting COF-COOH was systematically characterized. The FT-
IR spectrum (Fig. 1A) showed that the C=0 bonds (1638 cm~') and
C-H bonds (2899cm~1) of aldehydes in TP, as well as the N-H
bonds (3380, 3497cm~!) in DBA were absent after the conden-
sation, while new peaks appeared at 1702, 1575 and 1224cm™!
attributing to the C=0, C=C and C-N bonds, respectively, in-
dicative of the formation of keto-form structure in COF-COOH
[48,49]. Meanwhile, the peaks at 184, 147, and 110ppm in the
13C solid-state nuclear magnetic resonance (SNMR) spectrum of
COF-COOH further proved the presence of C=0, C-N, C=C bonds
(Fig. S1 in Supporting information). The COF-COOH was then post-
functionalized by Ab1 and excessive Fc-NH,, successively. As it
could be seen in the FT-IR spectrum, the absorption peak of C=0
shifted from 1702cm~! to 1740cm~! with a decreased intensity
and the peak of C-N shifted from 1224cm~! to 1236cm~! after
post-functionalization. Additionally, a new peak at 489 cm! be-
longing to Fc was observed, which further confirmed successful
functionalization [50].

The powder X-ray diffraction (PXRD) pattern of COF-COOH
showed a highly intense peak at 3.4° corresponding to the (100)
plane and an intense peak at 6.1° corresponding to the (110) plane
(Fig. 1B). These planes closely matched the eclipsed AA-stacking
model, which was characterized by a space group P6/m and lattice
parameters of a=b=29.6A, c=3.9A, «=8=90°, and y =120°.
The relevant Ryp and Rp values were 2.57 % and 1.85 %, respectively.
The PXRD patterns of COF-COOH and Ab1-Fc-COF confirmed that
the crystal structure was maintained after post-functionalization.
The Brunauer-Emmett-Teller (BET) surface area of COF-COOH was
determined to be 178 m2/g (Fig. S2 in Supporting information),
with a pore size distribution of 1.94 nm as calculated by fitting the
nonlocal density functional theory (NLDFT). Obviously, this pore
size is smaller than the molecular size of Ab1 but larger than that
of Fc, which implies that Ab1 was modified only on the surface
of COF allowing it to be fully exposed to the antigen and Fc was
enriched both on the surface and in the pores of COF which am-
plified the electrochemical signal efficiently. After functionalization,
the pores of COF were nearly filled with Fc, leading to the disap-
pearance of pores and a significant reduction in BET surface area
to 3 m2/g (Fig. 1C).

The morphology of the materials was directly observed by scan-
ning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM). The synthesized COF-COOH displayed a rough,
rod-like morphology with a diameter of approximately 100 nm and
a length extending to several micrometers (Fig. 1D). The TEM im-
age (Fig. 1F) revealed that the rough surface of COF-COOH was
due to the presence of irregular protruding structures. After mod-
ification with Ab1l and Fc, the SEM image of Ab1-Fc-COF re-
tained the rod-shaped morphology (Fig. 1E), though slight bend-
ing was observed. This deformation was possibly attributed to the
introduction of Ab1 and Fc, which increased the interlayer spac-
ing, consequently weakening the hydrogen bonding and/or w-m
stacking interactions between the COF layers. The TEM image of
Ab1-Fc-COF (Fig. 1G) showed relative decreases of both roughness
and protrusions as compared with that of COF-COOH (Fig. 1F),
which could be attributed to the surface modification with Ab1
and Fc.

To further confirm the successful functionalization, Ab1-Fc-COF
was conducted to act with AF488-conjugated secondary antibody.
Strong fluorescence of Ab1-Fc-COF was seen from confocal laser
scanning microscopy (CLSM) (Fig. S3 in Supporting information),
proving the successful decoration of Ab1 on the COF surface. More-
over, the abundant Fc loaded on the surface and interior of COF
was directly observed in the elemental mapping of Ab1-Fc-COF, in
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Scheme 1. The preparation of (A) COF-COOH and (B) Ab1-Fc-COF. (C) The operational procedure and mechanism of the electrochemical immunosensor for AFP detection.

which the elements C, N, O and Fe uniformly distributed through-
out the rod-shaped structure of COF (Fig. S4 in Supporting infor-
mation).

The as-prepared Ab1-Fc-COF was subsequently utilized as an
immunoprobe for the detection of AFP. The processes of elec-
trode modification and immunodetection (Scheme 1C, detailed
procedures provided in Supporting information) were character-
ized using electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) techniques. Fig. 2A illustrated the electrochemi-
cal impedance of the bare gold electrode (curve a), which displayed
low impedance due to the lack of hindrance to electron transfer.
Upon 3-mercaptopropionic acid (MPA) modification, there was a
significant increase in the impedance (curve b). The presence of
capturing antibody (Ab2) on the electrode led to a larger semi-
circular arch in curve c as compared to curve b, confirming its
successful binding. The loading of bovine serum albumin (BSA) fur-
ther increased the electrochemical impedance (curve d), and a sub-
sequent increase in impedance was observed after capturing AFP
(curve e), indicating successful recognition of AFP. Furthermore, the
immunobinding of Ab1-Fc-COF with AFP resulted in a continuous
increase in impedance (curve f). Fig. 2B showed a corresponding
decrease in peak current of CV curves. These results provided solid

evidence for the successful assembly of the proposed electrochem-
ical immunosensor.

The mechanism of signal amplification by Ab1 and Fc was sub-
sequently investigated. As shown in Fig. 3A, a significant electro-
chemical signal was observed when Ab1-Fc-COF was utilized for
AFP detection. Conversely, when Fc-functionalized COF (Fc-COF)
was employed for AFP detection, a weak electrochemical signal
was observed, attributed to non-specific adsorption. Notably, the
utilization of Ab1-modified COF (Ab1-COF) resulted in complete
absence of electrochemical signal. The results indicated that Ab1
served to identify AFP and fix Ab1-Fc-COF onto the electrode sur-
face, while the enriched Fc groups generated and amplified elec-
trochemical signal for quantitative detection of AFP. The signal am-
plification is mainly decided by the amount of Fc groups and the
conductivity of functionalized COF. Thus, the conductivity of Ab1-
Fc-COF was further studied. As shown in Fig. 3B, the impedance
of Ab1-Fc-COF was obviously lower than that of Ab1-COF, indicat-
ing that the enriched Fc groups remarkably enhanced the conduc-
tivity of COF. The good conductivity can be owing to the excel-
lent electroactivity of Fc and the favorable electron transfer in the
nanochannels of COF which facilitates the electrochemical signal
transmission from Fc to the electrode surface (Scheme 1C) [51].
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Fig. 1. (A) The FT-IR spectra of DBA, TP, COF-COOH and Ab1-Fc-COF. (B) The PXRD patterns of COF-COOH, Ab1-Fc-COF and simulated pattern of COF-COOH from the eclipsed
AA-stacking mode. (C) N, adsorption-desorption isotherms and pore size distribution profiles (insert) of COF-COOH and Ab1-Fc-COF. SEM images of (D) COF-COOH and (E)

Ab1-Fc-COF. TEM images of (F) COF-COOH and (G) Ab1-Fc-COF.
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Fig. 3. (A) DPV of the immunosensors detecting 1 ng/mL AFP with (a) Ab1-Fc-COF,
(b) Ab1-COF and (c) Fc-COF. (B) EIS of (a) Ab1-Fc-COF and (b) Ab1-COF.

To optimize the performance of the electrochemical im-
munosensor, the amount and incubation time of Ab1l and Fc in
preparing Ab1-Fc-COF were investigated by detecting 1ng/mL of
AFP as a model. As illustrated in Fig. S5 (Supporting information),
the maximum current responses were obtained when 0.4 mg/mL
Fc and 10pg/mL Ab1 were incubated at 4°C with activated COF-
COOH during 6 and 12 h, respectively. The recognition performance
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Fig. 4. (A) DPV of immunosensors incubated with various concentrations of AFP. (B)
The corresponding calibration plot for AFP concentrations and DPV peak currents.

of Ab1-Fc-COF seldom increased or even decreased when a higher
amount or longer incubation time of Fc and Ab1 were performed
(Figs. S5A-D). On the other hand, the concentration and incubation
time of Ab1-Fc-COF for detection of AFP were also optimized. As
shown in Fig. S5E, the maximum value of the response peak cur-
rent was acquired at a concentration of 0.2 mg/mL Ab1-Fc-COF, so
it was selected as the optimized concentration of Ab1-Fc-COF. The
current response increased with the prolongation of incubation
time of Ab1-Fc-COF, and reached a satisfactory level after a 60-min
incubation. Extending the incubation time beyond 60 min did not
apparently enhance the current response. Therefore, 60 min was
established as the optimal incubation time (Fig. S5F). As shown in
Fig. S6 (Supporting information), the optimal concentration and in-
cubation time of Ab2 for the electrode were 0.2 mg/mL and 12h,
respectively.

The analytical performance of the Ab1-Fc-COF was subsequently
investigated for the detection of AFP under the optimized experi-
mental conditions. The corresponding DPV curves that related to
the concentrations of AFP were obtained. It was found that the
peak currents of the immunosensor enhanced continuously as the
concentrations of AFP increased (Fig. 4A). The detection limit of
AFP was determined to be 0.39 pg/mL (S/N of 3:1). Furthermore,
good linear relationship between the peak current and the log-
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arithm of AFP concentration, covering a range from 1 pg/mL to
100 ng/mL, was obtained with a high linear correlation coefficient
of 0.997 (Fig. 4B). In comparison to other recently developed AFP
detection immunosensors (Table S1 in Supporting information),
this immunosensor with no use of gold nanoparticle exhibited
comparable or even superior sensitivity and meanwhile had a rel-
atively wide linear range thanks to the enriched Fc on and in the
COF and Ab1 doped on the surface of COF.

The specificity of the immunosensor was then assessed by de-
tecting other antigens, including carcinoembryonic antigen (CEA),
prostate specific antigen (PSA), human chorionic gonadotropin
(HCG) and neuron-specific enolase (NSE). The results in Fig. 5A
revealed that the electrochemical signals for CEA (10 ng/mL), PSA
(10 ng/mL), HCG (10ng/mL) and NSE (10ng/mL) were similar to
that of the blank sample and significantly lower than that of the
AFP (1ng/mL) sample. In contrast, the electrochemical signal of a
mixture containing AFP (1ng/mL), CEA (10 ng/mL), PSA (10 ng/mL),
HCG (10ng/mL) and NSE (10ng/mL) closely resembled that of
the AFP sample. From these results, it can be concluded that the
proposed immunosensor has excellent specificity.

Subsequently, five independent batches of immunosensors were
repeatedly fabricated to detect AFP (1 ng/mL) under standard ex-
perimental conditions to evaluate the reproducibility of Ab1-Fc-
COF. As shown in Fig. 5B, the relative standard deviation (RSD)
value was 2.5% (n=>5), indicative of a good reproducibility of the
probe. The stability of the immunosensor was further evaluated
by storing it at 4°C for different durations. As shown in Fig. 5C,
the immunosensor exhibited only a slight decrease in the electro-
chemical signal after 4 weeks, confirming its outstanding stability,
which could be derived from the good stability of the Ab1-Fc-COF
immunoprobe.

Furthermore, the practicality of this COF-based immunosensor
was proven by analyzing real samples using the standard addition
method (Table S2 in Supporting information). The samples with
different concentrations of AFP in 10% diluted human serum were
prepared and each sample of diluted human serum was repeatedly
measured three times (in triplicate). The results presented in Table
S2 showed a recovery range of 95.7% to 108.5%, indicative of the
good practicality and promising potential of this immunosensor for
clinical applications in the analysis of actual biological samples.

In conclusion, a novel COF-based electrochemical immunoprobe
Ab1-Fc-COF with excellent electrochemical properties and good
stability, however without use of AuNPs, was successfully prepared
by post-modification of a carboxylic acid-rich COF with Ab1 and
Fc. Due to the small, homogeneous pore size of the COF, Ab1 was
immobilized on the surface of the COF, which allowed it to be fully
exposed to the antigen and exhibit good specificity for AFP detec-
tion. A large amount of Fc being covalently decorated on the sur-
face and in the pores of the COF not only can improve the conduc-

tivity of the COF, which is beneficial to the transfer of the electro-
chemical signal from COF to the electrode, but also can directly
amplify the electrochemical signal without use of AuNPs. Under
optimal experimental conditions, the established electrochemical
immunoprobe demonstrated excellent sensitivity with a detection
limit of 0.39 pg/mL and a wide linear response range spanning
from 1 pg/mL to 100ng/mL. The covalent linking of Ab1 and Fc
with the COF enabled its high stability, while the straightforward
preparation process led to good reproducibility of the probe. Addi-
tionally, high recoveries were obtained in detection of AFP in real
human serum samples, indicating its good practicality. Although
this new immunosensor is highly effective and promising, con-
siderable challenges still need to be overcome for implementing
its large-scale clinical application, such as difficulties in large-scale
preparation of COF-COOH at mild conditions. Efforts to solve the
synthesis problem or find new porous materials will be made in
the future in our labs to enable the application of this type of elec-
trochemical immunoprobe in the large-scale clinical analysis of tu-
mor markers.
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