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Abstract

The early diagnosis of major diseases such as cancer is typically a major issue for humanity. Human a-fetoprotein (AFP) as a
sialylated glycoprotein is of approximately 68 kD molecular weight and is considered to be a key biomarker, and an increase
in its level indicates the presence of liver, testicular, or gastric cancer. In this study, an electrochemical AFP immunosensor
based on Fe;0,NPs@covalent organic framework decorated gold nanoparticles (Fe;0, NPs@COF/AuNPs) for the electrode
platform and double-coated magnetic nanoparticles (MNPs) based on SiO,@TiO, (MNPs@SiO,@TiO,) nanocomposites
for the signal amplification was fabricated. The immobilization of anti-AFP capture antibody was successfully performed on
Fe;0, NPs@COF/AuNPs modified electrode surface by amino-gold affinity, while the conjugation of anti-AFP secondary
antibody on MNPs@SiO,@TiO, was achieved by the electrostatic/ionic interactions. Transmission electron microscopy
(TEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) analysis, cyclic voltammetry (CV), square
wave voltammetry (SWV), and electrochemical impedance spectroscopy (EIS) techniques were used to characterize the
nanostructures in terms of physical and electrochemical features. The limit of detection (LOD) was 3.30 fg mL~". The find-

ings revealed that the proposed electrochemical AFP immunosensor can be effectively used to diagnose cancer.

Keywords a-Fetoprotein - Voltammetry - Nanocomposite - Immunosensor

Introduction

Cancer, which is one of the most serious risks to human
health, is a disease that may be cured with a high rate or the
adverse effects of it may be reduced if early detection and
treatment approaches are developed [1]. Hence, from the
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past to the present, a great deal of study in the field of cancer
has been focused on developing the appropriate and early
diagnosis of the disease. a-Fetoprotein (AFP), an important
tumor biomarker of primary lung cancer, gonadal or extrago-
nadal yolk sac tumor, testicular tumor, or gastric cancer, is
a glycoprotein with a molecular weight of ca.70 kDa and
produced by the yolk sac and liver during the early embry-
onic period [2—4]. It has been reported that the concentration
of AFP, which is approximately 25.0 ng mL~! in healthy
human blood serum, reached approximately 30-folds of it in
cancer patients [5-9]. Therefore, engineering high sensitiv-
ity, selective, rapid, and efficient analytical methods for the
quantitative determination of AFP level in human plasma is
of great importance for cancer diagnosis. Until now, numer-
ous analytical methods including enzyme-linked immuno-
sorbent assay [10], electrochemiluminescence [11], surface
plasmon resonance imaging [12], radioimmunoassay [13],
fluorescence [14], and atomic absorption spectrometry [15]
techniques have been suggested for the monitoring of AFP
level. Although most of these methods have advantages such
as broad detection range and low determination limit, they
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are not effective due to the high cost, long time of analysis,
and even their complicated processes [16—18]. Therefore,
there is still a need for a cost-effective, swift, high accuracy,
and easily applicable alternative method for the monitoring
of AFP level.

Electrochemical immunosensors provide a number of
advantages over other techniques, including a simple appli-
cation procedure, instrument simplicity, small sample vol-
umes, good sensitivity, and selectivity [19, 20]. It is also
possible to boost the detection capability of the electrochem-
ical sensors with some modifications. The signal amplifica-
tion strategy is the most favored and adequate method for
increasing their sensitivity [21]. Recently, numerous types
of nanostructures such as carbonaceous materials, quantum
dots, metal oxides, metal sulfides, and metal nanoparticles
have been employed to amplify the performance of the elec-
trochemical immunosensor. In literature, some AFP electro-
chemical immunosensors were presented for highly selec-
tive assay. For example, Eu-MOF nanorods functionalized
with heterocyclic ionic liquid were prepared and utilized for
photoelectrochemical immunoassay of AFP. The photoelec-
trochemical immunosensor showed a LOD of 0.16 pg mL ™"
[22]. In addition, CoFe Prussian blue analog combined PdAg
hybrid nanodendrites were produced for electrochemical
sensing of AFP. The fabricated immunosensor demonstrated
a linear range of 100.00 fg mL~'-200.00 ng mL~" and a
LOD of 18.60 fg mL™" at the optimal operating conditions
[23]. Finally, photoelectrochemical AFP immunosensor
based on MIL-101(Cr) and CdSe quantum dots was devel-
oped. The AFP immunosensor can not only provide highly
sensitive detection, but also provide the high accuracy and
assay ability. Thus, the prepared photoelectrochemical AFP
immunosensor showed a LOD of 0.054 ng mL~! [3]. Hence,
the applicability of electrochemical immunosensor technol-
ogy for the high sensitivity and selectivity determination of
AFP appears to be appropriate.

Metal nanoparticles as a significant catalyst in biosen-
sor applications have been frequently used owing to a sim-
ple synthesis process with minimal waste, efficient surface
modification, and high stability [24, 25]. They have been
usually incorporated into two- (2D) or three-dimensional
(3D) nanomaterials via chemical reduction reaction since
they can prevent aggregation, thanks to their high surface
energies [26, 27]. Nonetheless, their irregular distributions
on 2D or 3D nanostructures may directly affect the efficient
contact area in between the substrate and target molecules,
resulting in a decrease in the catalytic performance of the
hybrid nanomaterial. Hence, bearing the aforementioned
obstacles in mind, in this work, it was aimed to fabricate the
three-dimensional Fe;O,NPs@covalent organic framework
(COF) decorated gold nanoparticles to get benefit from its
superior catalytic features. Porous framework materials as
COFs have great interest for biosensor applications. COFs
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serve as electrochemical transducers for modification mate-
rial to improve the surface areas, crystallinity, and thermal
stability [28-30]. Hence, the uniform incorporation of COFs
into Fe;O,NPs@COF/AuNPs architecture not only avoid
AuNPs’ accumulation but also enhance nanoparticles’ order,
providing the contact between the substrate and target mole-
cules. Hence, it is expected that the proposed immunosensor
system will offer a promising electrochemical performance.

Magnetic nanoparticles (MNPs) have been recently inves-
tigated in nanotechnology applications such as nanosensor/
biosensor development, environmental water treatment, and
industrial effluents [31, 32]. Especially, iron oxide—based
MNPs such as magnetite (Fe;O,) and maghemite (y-Fe,05)
demonstrate noteworthy magnetic properties [33]. Thus,
the employment of these nanostructures in environmental
or medical applications could be an important tool owing to
easy separation via magnetic field, providing environmen-
tally friendly production. Several techniques including the
sol-gel approach, microemulsion, and hydro- or solvother-
mal production pathways can be utilized for the fabrication
of MNPs [34]. The reactions in hydrothermal method can
take place in an aqueous solution in a reactor/autoclave
at about 200 °C [35], as such high temperatures provide
efficient nucleation and nanoparticles having the increased
growth, resulting in MNPs’ formation [34]. Nonetheless, due
to the tendency of aggregation of the nanoparticles, the sta-
bilization of MNPs is a critical problem. MNP functionaliza-
tion by organic/inorganic agents is an efficient technique to
overcome this challenge [32]. For example, MNP coating is
commonly utilized for the development of core—shell struc-
tures especially in environmental remediation applications.

Mesoporous silica is one of the most important coating
materials and offers a high surface area with ordered pore
size, thereby preventing aggregation [31]. Especially, sol—gel
method is frequently utilized for mesoporous silica prepa-
ration. According to the Stober method, the alkyl silicates’
hydrolysis can occur in alcoholic solutions and silicic acid’s
condensation is performed by NH; catalyst [36].

TiO,, on the other hand, has recently garnered substantial
attention owing to heterogeneous nature and the reusabil-
ity properties. In addition, it can be employed in long-term
applications [37]. Although TiO, and its composites can be
utilized as catalysts thanks to their high solubility in water,
because of the high-cost process in phase separation, there
are some disadvantages for large-scale utility. These nano-
composites can be engineered by some specific methods
such as solvothermal, pyrolysis, and sonochemistry [38].
Especially, the growth of the produced nanoparticles can be
controlled the by sol-gel technique [39].

Herein, an electrochemical a-fetoprotein immunosensor
based on Fe;O, NPs@COF/AuNPs as the electrode plat-
form and double-coated magnetic nanoparticles based on
the signal amplification was proposed for the first time. The
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exceptional selectivity with no interference in real samples
enhanced sensitivity with the limit of detection value of
3.30 fg mL~! and convenience of usage, as well as environ-
ment and health compliance were all acquired by the fabri-
cated electrochemical AFP immunosensor. As a result, this
research lays the framework for the development of a highly
selective and sensitive electrochemical AFP immunosensor
for cancer diagnostics.

Experimental section
Materials

a-Fetoprotein (AFP), anti-AFP capture antibody (anti-
AFP-Ab,), anti-AFP secondary antibody (anti-AFP-Ab,),
prostate-specific antigen (PSA), carcinoembryonic anti-
gen (CEA), bovine serum albumin (BSA), squamous cell
carcinoma antigen (SCCA), human serum albumin (HSA),
neuron-specific enolase (NSE), human immunoglobu-
lin (IgG), L-cysteine (L-CYS), glucose (GLU), iron(I1I)
chloride hexahydrate (FeCl;-6H,0), iron(II) chloride tet-
rahydrate (FeCl,-4H,0), ammonium hydroxide (NH,OH),
1,3,5-tris (4-aminophenyl) benzene (TAPB), 2,5-dimethoxy-
terephtaldeyde (DMTP), chloroauric acid (HAuCl,-3H,0),
sodium borohydride (NaBH,), ethylene glycol (EG), poly-
ethylene glycol (PEG), tetraethyl orthosilicate (TEOS), and
titanium(I'V) isopropoxide (TIP) were acquired from Sigma-
Aldrich. The phosphate-buffered saline (PBS) with a con-
centration of 0.1 mol L™! and the pH value of 7.0 was used
as both a supporting electrolyte and dilution buffer solution.

Physicochemical and electrochemical
characterization techniques

The surface morphologies of nanostructures were explored
through JEOL 2100 TEM, whereas a Rigaku X-ray diffrac-
tometer (4 =0.154 nm) was employed to collect XRD spec-
tra to gain further knowledge about the crystalline structure
of the nanomaterials. The electrochemical features of the
developed electrochemical sensors, on the other hand, were
evaluated by CV, EIS, and SWYV techniques through Gamry
Reference 600 workstation (Gamry, USA).

Fabrication of Fe;O,NP, Fe;0,NPs@COF,
and Fe;0,NPs@COF/AuNP nanocomposites

Following the preparation of FeCl;-6H,0O (2.0 g) and
FeCl,-4H,0 (1.0 g) solution in de-ionized (DI) water
(25.0 mL), NH,OH (30.0%, 5.0 mL) was gently introduced
into the preceding solution at 25 °C under stirring over
30 min, and pH was set to ca.10. The resultant Fe;O,NP
was collected by a magnet and washed with ultra-pure

water three times to eliminate the excess ammonia, fol-
lowed by Fe;0,NP drying and storing at 25 °C [40].

After DMTP (100.0 mg) and TAPB (120.0 mg) were
dissolved in mixture including butanol (25.0 mL) and
1,4-dioxane (25.0 mL), Fe;O,NPs (25.0 mg) was progres-
sively added into the prepared DMTP-TAPB solution.
After the addition of CH;COOH (0.10 mL) was performed
to the above solution under vigorous stirring at 25 °C over
90 min, Fe;0,NPs@COF was rinsed with DI water 3
times and allowed to dry at 25 °C.

The prepared Fe;O,NPs@COF (150.0 mg) was dis-
solved in tetrahydrofuran (40.0 mL), and HAuCl,-3H,0
(0.1%, 10.0 mL in methanol) was added into Fe;O,NPs@
COF solution and stirred vigorously at 25 °C for 90 min.
Fe;O /NPs@COF/AuNP nanocomposite was collected
using a magnet upon adding NaBH, (1.0 mol L7,
15.0 mL) solution to the aforesaid dispersion. It was then
washed twice with DI water and allowed to be dried at
ambient temperature [41].

Fabrication of electrochemical sensor platforms

The glassy carbon electrode (GCE) was kept ready for
its upcoming use according to the previously described
cleaning technique [42]. Over a 10-min period, alumina
slurries of varied particle sizes (0.1 pm and 0.05 um) were
loaded onto cleaning pads, and GCE was gleamed with
these alumina slurries. Fe;O,NPs@COF/AuNP dispersion
(20.0 mL, 0.2 mg mL~') was deposited onto the surface of
clean glassy carbon electrode after rinsed by acetonitrile
at 25 °C to eradicate the remaining Al,O;. The infrared
lamp was employed to evaporate the residual solvent over
30 min, resulting in Fe;O,NPs@COF/AuNPs modified
GCEs (Fe;0,NPs@COF/AuNPs/GCE). Eventually, the
same technique was implemented to construct Fe;O,NPs@
COF modified GCE (Fe;0 ,NPs@COF/GCE).

A total of 20.0 pL of anti-AFP-Ab; solution
(20.0 pg mL~') was poured over Fe;0,NPs@COF/AuNPs/
GCE, leading to anti-AFP-Ab,/Fe;0 ,NPs @ COF/AuNPs/
GCE through amino-gold affinity among the primer anti-
AFP-Ab, and Fe;O,NPs @COF/AuNPs/GCE over 20 min
at a temperature of 37.0 °C. Subsequently, BSA (2.0%
w/v) was dropped on anti-AFP-Ab,/Fe;O,NPs@COF/
AuNPs/GCE at the same operating conditions and duration
to abolish the non-specific interactions (BSA/anti-AF P-
Ab/Fe;0 ,NPs@COF/AuNPs/GCE). Following the incu-
bation of antigen AFP proteins with varied concentrations
on BSA/anti-AFP-Ab,/Fe;0,NPs@COF/AuNPs/GCE via
antibody-antigen interaction, the eventual electrode (AFP/
BSA/anti-AFP-Ab,/Fe;0 ,NPs@COF/AuNPs/GCE) was
washed by PBS solution to detach non-contacted proteins.

@ Springer
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Scheme 1 Schematic illustration of the fabrication procedure of electrochemical AFP immunosensor

Fabrication of MNP, MNPs@SiO,, and MNPs@SiO,@
TiO, nanostructures and signal amplification
and anti-AFP-Ab, conjugation procedures

Upon the fabrication of FeCl;-6H,0 (20.0 mmol) solu-
tion in EG (100.0 mL) at 80 °C under vigorous stirring,
PEG (4.0 g) and sodium acetate (100.0 mmol) solution
were introduced to this solution. The MNP was acquired
by thermal treatment of the resultant dispersion at 200 °C
over 8 h. The resultant powder was washed with ethanol
twice times and stored at 25 °C [43].

After dispersing MNPs (4.0 mg) in sodium acetate
(1.0 mol, 100.0 mL) at 80 °C for 8 h via ultrasonication,
NH,OH (30.0%, 5.0 mL), TEOS (2.0 mL), and ethanol
(5.0 mL) were introduced into the MNP dispersion under
strong stirring at 60 °C for 8 h. Finally, the obtained
MNPs@Si0, was washed with ethanol twice times and
stored at 25 °C [44].

For MNPs@SiO,@TiO, preparation, following the
stabilization of MNPs@SiO, by sodium acetate, it was
dispersed in ethanol (100.0 mL) by ultrasonication. Sub-
sequently, NH,OH (30.0%, 5.0 mL) and TIP (2.0 mL) were
added into the resultant stabilized MNPs@SiO, disper-
sion under strong stirring at 60 °C for 24 h. The resulting
MNPs@Si0,@TiO, was magnetically separated by an
external magnet and preserved at 25 °C.

Following the getting ready of 20.0 pL anti-AFP-
Ab, (20.0 pg mL™"), anti-AFP-Ab, was interacted with
MNPs @SiO,@TiO, through sustained electrostatic/ionic
attractions over 20 min at the operating temperature of
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37.0 °C. Afterwards, the obtained anti-AFP-Ab,/MNPs @
Si0,@Ti0, was preserved in a PBS solution.

The electrochemical performance evaluation
of the constructed immunosensors

The eventual electrochemical AFP immunosensor was con-
structed as a result of the interactions among the AFP/BSA/
anti-AFP-Ab,/Fe;0,NPs@COF/AuNPs/GCE and anti-AFP-
Ab,/MNPs@SiO,@TiO, through distinctive antibody-anti-
gen dealings. A total of 25.0 pL of anti-AFP-Ab,/MNPs @
Si0,@TiO, (20.0 mg mL~!) was manufactured on AFP/
BSA/anti-AFP-Ab,/Fe;0,NPs@COF/AuNPs/GCE for
25 min to assure this interlinkage. The resultant AFP immu-
nosensor (7i0,@Si0,@MNPs @anti-AFP-Ab,/AFP/BSA/
anti-AFP-Ab /Fe;0 ,NPs @ COF/AuNPs/GCE) was held in
PBS (3.0 mL, 0.1 mol L™}, pH=7). In all electrochemical
tests, a normal three-electrode configuration electrochemi-
cal cell with Ag/AgCl (sat KCI) as a reference electrode
and Pt-wire as a counter electrode was utilized. Even before
conducting the electrochemical measurements, the solution
including 1.0 mmol L~! H,0, in PBS solution was purged
with argon gas (>99.9%) over 5 min to eliminate the oxy-
gen from the solution. A total of 1.0 mmol L™ H,0, was
utilized as a redox probe thanks to its facile oxidation into
oxygen, the stable electrostatic/ionic interactions on immu-
nosensor surface, and preferable availability in immunosen-
sor technology [45, 46]. After the purging treatment with
argon gas (>99.9%), the electrochemical potential in range
from+ 0.0 to+0.3 V was applied to electrochemical cell



Microchim Acta (2022) 189: 242

Page50f12 242

and the observed voltammograms were evaluated. Scheme 1
portrays a schematic illustration of the electrochemical AFP
immunosensor fabrication pathway depending on the reac-
tion of H,0,<> O,+2H* +2e¢".

Pathway for sample preparation

The general technique to getting ready of the samples is
discussed in detail in the Supplementary Data file [47].

Results and discussion

Characterizations of Fe;0,NPs@COF/AuNP
nanocomposite

The structural characterization of Fe;O,NPs@COF/AuNP
nanocomposite was carried out through TEM and HRTEM
images (Fig. 1). According to Fig. 1A, Fe;O,NPs@COF/
AuNP nanocomposite as core—shell nanospheres offered an
average particle diameter of 600—700 nm. The outer shell
with 120 nm and the uniform AuNPs with about 3—-5 nm
size confirmed the homogeneous distribution in the pore
channels. In addition, AuNPs with 0.233-nm interplanar
space and (111) plane in face centered cubic are observed
in Fig. 1B. Hence, it was confirmed that the successful
preparation of Fe;O,NPs@COF/AuNP nanocomposite was
achieved in this study.

FTIR spectra (Fig. S1A) depicted the absorption peak
at ca. 580 cm™! that could be ascribed to Fe—Q vibration,
whereas the peaks at about 1600 and 1413 cm™! were attrib-
uted to the asymmetric stretching and symmetric stretch-
ing, respectively, owing to -COOH groups on Fe;O,NPs
structure. In the FTIR spectrum of Fe;O,NPs@COF, the
absorption band belonging to —C = N- group was observed
at about 1589 cm™!. Following the inclusion of AuNPs into
the pore space, the same absorption band detected at almost

Fig.1 A TEM and B HRTEM
images of Fe;O,NPs@COF/
AuNP nanocomposite

1589 cm™! proved the existence of the C=N- functionali-
ties. Hence, it was revealed that the chemical structure of
COFs could not be altered [48]. XRD spectra (Fig. S1B)
depicted the crystal structures of Fe;O,NPs@COF and
Fe;0,NPs@COF/AuNP nanocomposite. XRD peaks of
Fe;O,NPs@COF at 29.91, 35.47, 42.97, 54.18, 57.49, and
63.13° were attributed to Fe;0, phase. XRD peaks at 5.62,
7.50, 9.73, and 25.71° also corresponded to (200), (210),
(220), and (001) planes of TAPB-and DMTP-based COF
material, respectively [49]. Finally, the XRD pattern of
Fe;O,NPs@COF/AuNP nanocomposite was almost the
same in comparison with Fe;O,NPs@COF, suggesting the
incorporation of AuNPs into Fe;0,@COF could not cause
an important change in crystallinity owing to AuNPs’ small
dimension.

Characterizations of MNPs@SiO,@TiO,

TEM and HRTEM images were also acquired to assess the
surface morphology of MNPs, MNPs@SiO,, and MNPs @
Si0,@TiO, nanostructures (Fig. 2). The aggregated MNP
is detected in Fig. 2A as a nanoflower-like morphology [50].
According to the HRTEM image of the smallest MNPs
(Fig. 2B), it was confirmed that the synthesis of the small-
est MNPs with about 4-6 nm size and 0.250-nm interplanar
space attributing to (311) crystalline plane was successfully
accomplished. In addition, it was concluded that these nano-
particles were aggregated as quasi-spherical with average
size of 110+2 nm (Fig. S2A). TEM image of MNPs@SiO,
(Fig. 2C) confirmed the silica-coated magnetite nanoparti-
cles having a core—shell structure. In addition, the average
size of MNPs@SiO, was obtained as 150+ 3 nm (Fig. S2B),
and a silica layer thickness of about 18-20 nm was observed
[51,52]. TEM image of MNPs@SiO, @TiO, (Fig. 2D) dem-
onstrated the prepared double-layer coated MNPs with SiO,
and TiO, by hydrolysis and condensation techniques, pro-
viding the growth of TiO, on silica layer, and its average

@ Springer
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Fig.2 A TEM image of MNPs, B HRTEM image of MNPs, C TEM image of MNPs@SiO,, D TEM image of MNPs@SiO,@TiO,, and E

HRTEM image of MNPs@SiO,@TiO,

size was calculated as 200+ 2 nm (Fig. S2C). Furthermore,
0.350-nm interplanar space corresponding to (101) crystal-
line plane of TiO, phase was determined by HRTEM micro-
graph (Fig. 2E). EDX measurements (Fig. S3) were also
conducted for the determination of chemical composition. In
the P1 region of Fig. 2D, iron oxide presence was observed
on the core region whereas titania and silica presence were
observed majorly on the shell region (P2) of Fig. 2D, con-
firming the double coating of magnetite nanoparticles.
Magnetic features and their changes with the coating
process were also explored. Figure 3 demonstrates the mag-
netization versus magnetic field plots of MNPs, MNPs@
Si0,, and MNPs@Si0O,@TiO, at 300 K (Fig. 3A) and 2 K
(Fig. 3B). According to the inset of Fig. 3A, the coercive
field and remanent magnetization were nearly zero at 300 K
for MNPs, MNPs @Si0O,, and MNPs @Si0O,@TiO,, reveal-
ing the superparamagnetism’s thermal relaxation states after
the coating. Nonetheless, the inset of Fig. 3B illustrates the
hysteresis curves with non-zero coercive fields (Hc =about
195 Oe) for MNPs that remained unchanged during SiO, and
Si0,@TiO, coating. The values of the saturation magnetiza-
tion for MNPs at 2 K and 300 K were computed as 85.2 emu

@ Springer

g 'and 75.1 emu g~!, respectively. The saturation magneti-
zation value at 2 K showed about 90% of the reported value
for bulk magnetite (920—100 emu g~!) [53]. The decrease
on saturation magnetization value was corresponding to the
magnetic surface disorder contributions, the oxidation of
Fe?*, and magnetite’s crystallization during the synthesis.
The saturation magnetization values of MNPs@SiO, and
MNPs @8Si0,@TiO, were lower than that of MNPs, indi-
cating the non-magnetic mass relating to MNPs@SiO, @
TiO, [54]. On the other hand, the values of the saturation
magnetization for MNPs@SiO, and MNPs @SiO, @TiO, at
2 K were determined as 17.6 and 10.3 emu g™, respectively.
Due to the significant decrease of the saturation magnetiza-
tion for MNPs@SiO,@TiO,, it could be separated by an
external field.

The evaluation of the sensor platform and the signal
amplification electrochemical performances

To evaluate the electrochemical performance of the con-
structed sensor platform in the existence of 1.0 mM
[Fe(CN)4]>™*, CV and EIS were implemented. At first, by
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using bare GCE, at the potentials of +0.300 V and+0.150 V,
an anodic and a cathodic peak, respectively, were observed
(curve (a) of Fig. 4A). Following the employment of
Fe;0,NPs@COF/GCE (curve (b) of Fig. 4A), the substantial
increment in the signals was detected due to the combined
effect of Fe;O,NPs and COF providing the large surface
area [48]. When Fe;O,NPs@COF/AuNPs/GCE (curve (c)
of Fig. 4A) was applied to 1.0 mM [Fe(CN)¢]*~*~, the aug-
mented electrochemical performance was achieved owing
to AuNPs’ superb conductivity and catalytic effect [55]. As
predicted, the inhibiting effect of anti-AFP-Abl resulted in
apparent decreases in anodic and cathodic signals (curve (d)
of Fig. 4A). Furthermore, immobilizations of BSA (curve (e)

of Fig. 4A) and antigen AFP (curve (f) of Fig. 4A) resulted
in a significant electron transport preventing impact. Con-
sequently, the immobilizations of BSA and antigen AFP
were successful, as shown by curves (e) and (f) in Fig. 4A.
Finally, additional declines in anodic and cathodic signals
were recorded via the eventual immunosensor (curve (g) of
Fig. 4A).

Following that, EIS measurements were used to validate
the CV results (Fig. 4B). The charge transfer resistances
were computed as 300 Q for bare GCE (curve (a)), 260 Q for
Fe;O,NPs@COF/GCE (curve (b)), 180 Q for Fe;O,NPs@
COF/AuNPs/GCE (curve (c)), 200 Q for anti-AFP-Ab,/
Fe;0,NPs@COF/AuNPs/GCE (curve (d)), 220 Q for BSA/

A 300 Cc d
40 B
- A -_—a
< —
e : 200 - (t:’
g - d A\ £ —d |3uA
5 0 e \Y77. ~ —e
© - f N 100 —f a
-40 0 0.0 0.1 0.2 0.3
T T T Potential, V
. . . . 0 100 200 300
0 100 200 300 2’/ ohm

Potential, mV

Fig.4 A Cyclic voltammograms, B EIS responses at (a) bare GCE,
(b) Fe;O0,NPs@COF/GCE, (c) Fe;O,NPs@COF/AuNPs/GCE, (d)
anti-AFP-Ab,/Fe;0,NPs@COF/AuNPs/GCE, (e) BSA/anti-AFP-
Ab,/Fe;O,NPs@COF/AuNPs/GCE, (f) AFP/BSA/anti-AFP-Ab,/
Fe;O,NPs@COF/AuNPs/GCE, and (g) the final immunosensor
including anti-AFP-Ab,, antigen AFP, and anti-AFP-Ab, (scan rate of
100 mV s in 1.0 mmol L™! [Fe(CN)6]3_ containing 0.1 mol L™

KCl, and C SWYV responses of the developed immunosensors incu-
bated with 0.50 pg mL~! antigen AFP using anti-AFP-Ab,/MNPs
(curve (b)), anti-AFP-Ab,/MNPs@SiO, (curve (c)), and anti-AFP-
Ab,/MNPs@SiO,@TiO, (curve (d)) in the absence of H,0, (curve
(a)) and in the presence of 1.0 mmol L.} H,0, (parameters are
frequency of 100 Hz, pulse amplitude of 25 mV, scan increment of
5 mV for SWV measurements)
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anti-AFP-Ab,/Fe;O,NPs @ COF/AuNPs/GCE (curve (e)),
240 Q for AFP/BSA/anti-AFP-Ab,/Fe;O,NPs@COF/
AuNPs/GCE (curve (f)), and 250 Q for the final immunosen-
sor (curve (g)). As a result, the findings may point to the
notion that CV and EIS results agreed well.

Finally, three separate electrochemical AFP immunosen-
sors which comprised of 0.50 pg mL~! antigen AFP were
created employing various signal amplifications for the
sequential electrochemical assessment of the obtained signal
amplification (Fig. 4C). In this regard, anti-AFP-Ab,/MNPs
(curve (b)), anti-AFP-Ab,/MNPs@SiO, (curve (c)), and
anti-AFP-Ab,/MNPs @Si0O, @TiO, (curve (d)) were used for
25 min. In the presence of 1.0 mM H202, SWV responses
were obtained. The significant electrochemical signals
(about 3.0 pA) at 0.15 V were monitored by using anti-AFP-
Ab,/MNPs (curve (b)). Due to MNPs@SiO,’s large surface
area and electrochemical activity [56], the boosted elec-
trochemical signals (about 7.5 pA) were acquired by using
anti-AFP-Ab,/MNPs@SiO, (curve (c)). Finally, the highest
electrochemical immunosensor signals were recorded via
anti-AFP-Ab,/MNPs@SiO,@TiO, (curve (d)) owing to
superior biocompatibility, and the readily tailored surfaces
[57, 58]. Finally, to confirm the enhancement of electro-
chemical activity resulted from surface area, the electro-
chemical surface areas of bare GCE, MNPs/GCE, MNPs @
Si0,/GCE, and MNPs@Si0,@TiO,/GCE were evaluated
by the Randles—Sevcik formula (i,=2.69x 10° A n*”* D'
C vl/z) [47, 59]. In conclusion, 0.174+0.001 cm? for bare
GCE, 0.541 +0.002 cm” for MNPs/GCE, 1.289+0.001 cm?
for MNPs @SiO,/GCE, and 1.617 +0.003 cm? for MNPs@
Si0,@TiO,/GCE were calculated, suggesting the obvious
electrochemical surface enhancement.

Determining the optimal conditions

In optimization experiments, the effects of solution pH,
immunological reaction time, H,0,, and anti-AFP-Ab,/
MNPs@SiO,@TiO, solution concentration were explored
in depth (Fig. S4).

Limit of detection and limit of quantification
calculations

Figure 5 depicts the calibration equation ([
(UA)=22.407C \pp (pg mL™1)+0.217, R?=0.9978) obtained
by escalating antigen AFP concentrations and SWV sig-
nals. The limit of quantification (LOQ) (Eq. 1) and limit of
detection (Eq. 2) values were obtained as 0.01 pg mL~! and
3.30 fg mL~!, respectively.

Limitof quantification = 10.0S/m €))
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Fig.5 Concentration effect (from 0.01 to 1.0 pg mL.”' AFP) on
immunosensor signals. Inset: Calibration curve for electrochemical
AFP immunosensor (potential range is+0.0/4+0.3 V; parameters are
frequency of 100 Hz, pulse amplitude of 25 mV, scan increment of
5 mV for SWV measurements) (n=6)

Limitofdetection = 3.3S/m 2)

Herein, S stands for the intercept’s standard deviation,
while m is the slope of the regression line. In terms of sen-
sitivity and linearity, Table 1 shows how the constructed
electrochemical AFP immunosensor surpassed existing
techniques. Initially, in comparison to any of the other
approaches, the sensitive electrochemical AFP detection
with a LOD of 3.30 fg mL~! was accomplished satisfacto-
rily. Moreover, the proposed synthetic strategy of MNPs@
Si0,@TiO,, and Fe;O,NPs@COF/AuNPs in immunosensor
construction was especially time-efficient and environmen-
tally benign. As a consequence, it can be speculated that
considering its outstanding electroanalytical performance,
the fabricated immunosensor was of substantial potential
for AFP detection.

Recovery

Four separate plasma samples (plasma samplel, plasma
sample2, plasma sample3, and plasma sample4) were pre-
pared for the recovery studies. The characteristics of solu-
tions are represented in the Supplementary Data file. The
close to 100.00% values in Table S1 of recovery studies
verified the electrochemical immunosensor’s exceptional
accuracy, allowing for successful AFP detection with-
out interference. To validate the excellent selectivity for
plasma samples, the standard addition procedure was also
conducted, and the calibration equation was derived as fol-
lows: I (UA)=22.917Czgp (pg mL™") +10.084 R*=0.9998.
Thereby, both the close slope values between direct
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Table 1 The collation of the

. Material/Method Linear range LOD Ref

electrochemical performance

metrics of the fabricated MIL-101(Cr)/CdSeQDs 0.10-300.0 ng mL"™" 0.054 ng mL™! [3]

‘C‘(‘)‘r‘:t’:;‘;oerziirp‘:;g;g;};:: Eu-MOF@ AuNPs 0.002-15.0 ng mL~"! 0.16 pg mL~"! [22]
SERS 1.00 pg mL~'-10.0 ng mL! 0.03 pg mL™! [60]
AuNS@Ag@SiO, 3.00 pg mL~'-3.00 uyg mL™! 0.72 pg mL™! [61]
Fe,0,@AuNPs 1.00-200.0 ng mL~! 0.65 ng mL™! [62]
Thionine-AuNPs 0.05-100.0 ng mL™! 0.012 ng mL™! [63]
CdTeQDs/TiO, 0.50 pg mL~'-10.00 ug mL~! 0.13 pg mL™! [64]
N-GQDs 0.005-100.0 ng mL™! 1.20 pg mL™! [65]
PdAg NDs/CoFe PBA 100.00 fg mL~'-200.00 ng mL™! 18.60 fg mL ™! [23]
Sandwich-type immunosensor 0.01-1.00 pg mL™’ 3.30 fg mL™! This study

MIL-101(Cr)/CdSeQDs, metal organic frameworks/cadmium selenide quantum dots; Eu-MOF@AuNPs,
gold nanoparticle-modified europium-metal organic frameworks; SERS, surface-enhanced Raman spec-
troscopy; AuNS@Ag@Si0,, silica-coated gold/silver core—shell nanostars; Fe;O,@AuNPs, iron oxide@
gold nanoparticles; Thionine-AuNPs, thionine-gold nanoparticles; CdTeQDs/TiO,, CdTe quantum dots/
titanium dioxide; N-GQDs, nitrogen-doped graphene quantum dots; PdAg NDs/CoFe PBA, PdAg nanoden-
drites modified CoFe Prussian blue analog.

calibration (inset of Fig. 5) and standard addition approach
confirmed the selective AFP assay.

The validity of the electrochemical AFP immunosen-
sor was evaluated by SERS [60] and when the comparison
results (Table S2) were investigated, there was no important
difference between the two methods (7.yicutated > Ttabulateds
p>0.05).

Performance evaluation of the fabricated
immunosensor

The performance of the fabricated AFP immunosensor
was investigated in terms of its selectivity, stability, repeat-
ability, and reusability values. In this regard, ten distinct
electrochemical AFP immunosensors were constructed to
illustrate the enhanced selectivity of electrochemical immu-
nosensors. The prepared protein solutions were used to test
the electrochemical AFP immunosensors. With this purpose,
the following solutions were utilized: (i) 200.00 pg mL™!
PSA +200.00 pg mL™' BSA +200.00 pg mL~' CEA,
(ii) 0.500 pg mL~' AFP+200.00 pg mL~! PSA, (iii)
0.500 pg mL™' AFP+200.00 pg mL~' BSA, (iv)
0.500 pg mL~! AFP+200.00 pg mL~! CEA, (v)
0.500 pg mL~! AFP+200.00 pg mL~! SCCA, (vi)
0.500 pg mL~! AFP +200.00 pg mL~' HSA, (vii)
0.500 pg mL~" AFP +200.00 pg mL~! NSE, (viii)
0.500 pg mL~! AFP+200.00 pg mL™!' IgG, (ix)
0.500 pg mL~! AFP +200.00 pg mL~! L-CYS, and (x)
0.500 pg mL~" AFP+200.00 pg mL~' GLU in the presence
of 1.0 mM H,0, solution. Figure S5A verifies that the other
proteins (PSA, BSA, CEA, SCCA, HSA, NSE, IgG, L-CYS,
and GLU) had no effect on the performance of the highly
selective electrochemical AFP detection [66].

The collection of SWV data (Fig. S5B) over a 7-week
period further revealed the electrochemical immunosensor’s
remarkable stability. As per Fig. S5B, the acquired current
signal at the end of the seventh week was about 99.18% of
the signal collected at the end of the 1st week, showing the
excellent stability of the constructed electrochemical AFP
immunosensor.

To assess the repeatability of the immunosensor, 30
individual electrochemical AFP immunosensors were con-
structed according to the previously described approach in
the immunosensor fabrication sections. The relative standard
deviation of the recorded current signals was determined to
be 0.19%, implying the satisfactory reliability of the protocol
of immunosensor fabrication.

Finally, the reusability feature of the fabricated AFP
immunosensor was assessed. Over the 30 times utilization of
the fabricated immunosensor, the relative standard deviation
(RSD) value of the recorded current signals was computed
to be 0.19%, proving a significant reusability level.

Conclusions

In this work, a reliable, selective, and sensitive electro-
chemical AFP immunosensor was constructed based on
GCE modified Fe;O,NPs@COF/AuNPs to immobilize a
particular anti-AFP capture antibody for antigen AFP rec-
ognition, and MNPs@SiO,@TiO, for signal amplification.
The fabricated immunosensor demonstrated the simple use
of the immunosensor in the early detection of cancer. In
addition, the proposed electrochemical AFP immunosen-
sor showed superior stability, repeatability, and reusability
features, providing long-term availability. Moreover, the
developed immunosensor has a highly selective ability in
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electrochemical AFP detection in the presence of other pro-
teins. This study may pave the way for the engineering and
design of a highly selective and sensitive electrochemical
immunosensor for cancer detection in its early stages.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-022-05344-z.
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