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Freestanding Nanofiber-Assembled Aptasensor for Precisely
and Ultrafast Electrochemical Detection of Alzheimer’s

Disease Biomarkers

Hui Liu, Xueli Yuan, Tao Liu, Wei Zhang, Heng Dong,* and Zhenyu Chu*

Amyloid beta-protein (ABAP) is a main hallmark of Alzheimer’s disease (AD),
and a low amount of A protein accumulation appears to be a potential
marker for AD. Here, an electrochemical DNA biosensor based on
polyamide/polyaniline carbon nanotubes (PA/PANI-CNTs) is developed with
the aim of diagnosing AD early using a simple, low-cost, and accessible
method to rapidly detect AB42 in human blood. Electrospun PA nanofibers
served as the skeleton for the successive in situ deposition of PANI and CNTs,
which contribute both high conductivity and abundant binding sites for the
Ap42 aptamers. After the aptamers are immobilized, this aptasensor exhibits
precise and specific detection of A$42 in human blood within only 4 min with

pivotal role in causing the progressing cog-
nitive decline in AD.?l Ap plaques con-
sist of intracellular neurofibrillary tangles®!
that encompass hyperphosphorylated tau
protein and diverse Af peptides, including
Ap42 and ApP40, derived from the cleavage
of the amyloid precursor protein.[*] Recent
studies suggest that targeted removal of Af
plaques from the brain can yield notable
clinical benefits, potentially slowing cogni-
tive decline in affected individuals.>! Tradi-
tionally, two well-established techniques are

an extremely fast response rate, lower detection limit, and excellent linear
detection range. These findings make a significant contribution to advancing
the development of serum-based detection techniques for AB42, thereby
paving the way for improved diagnostic capabilities in the field of AD.

1. Introduction

Amyloid beta-protein (Ap) aggregation in the brain is a main hall-
mark of Alzheimer’s disease (AD),!!) and is considered to play a
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used to detect the formation of A plaques:
one utilizes a positron emission tomog-
raphy scan to show the regional distribu-
tion in the brain,® and the other collects
cerebral spinal fluid (CSF) through lumbar
punctures.l”l However, both of these meth-
ods suffer from high costs and invasive
operations, particularly the extraction of CSF, which carries high
surgical risks, making early and onsite screening of potential
Alzheimer’s patients difficult.l®] To address this above issue, sev-
eral blood assay methods have been developed to determine the
Ap level for AD diagnosis, such as enzyme-linked immunosor-
bent assay,l’l immunoprecipitation mass spectrometry,'% and
immunohistochemistry (IHC).['!l These routes often have draw-
backs such as time consumption (normally 2-5 h), high costs,
bulky instruments, and unsatisfactory detection specificity.'?l As
a result, the innovation of a novel blood assay technique that de-
livers fast, low-cost, and sensitive determination of Af without
the need for bulky instruments is desirable.

Electrochemical biosensors facilitate the precise and discrimi-
nating detection of minute biomarkers in bodily fluids, showcas-
ing an exceptional level of sensitivity and selectivity.['*l Moreover,
the device is easy to miniaturize into portable or handheld config-
urations for point-of-care or non-hospital assays.['*) Among the
various electrochemical biosensors, the aptasensors, which em-
ploy oligonucleotide probes with binding properties toward spe-
cific proteins or small non-protein molecules, have an ultralow
detection limit and fast response time.["®] Generally, the perfor-
mance of an aptasensor is determined by the recognition strat-
egy and the electrode material.l'®] For the Ap test, labeled and
label-free aptamers as the probes are the two main strategies
adopted for target binding and signal generation.'’”] For the la-
beled aptasensors, fluorescent dyes, enzymes, biotin, and ami-
nated compounds are often used to supply an electrochemical
signal source to DNA or RNA probes.["®! This method enables
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Scheme 1. Schematic of the detection mechanism of the PA/PANI-CNTs nanofiber-based Af42 aptasensor for ultrafast AD diagnosis. The electro-

chemical biosensor based on PA/PANI-CNTs enables the early diagnosis of AD through a simple, low-cost method that rapidly detects Af42 in human

blood.

the production of a strong electrochemical reaction, which im-
proves the sensitivity. However, owing to the further modifica-
tion of reporter molecules, the high cost, long binding time, and
multiple processes on the oligonucleotide always block the large-
scale applications of the labeled aptasensor.'! To overcome these
deficiencies, the label-free aptasensors have attracted increasing
attention. Nevertheless, owing to the lack of a signal reporter, this
biosensor exhibits a relatively weak signal intensity derived from
the binding reaction between the oligonucleotide and target pro-
tein. Therefore, the conductivity, surface area, and active sites of
the aptamer assembly of the electrode material are essential for
determining the detection performance.?!

In this work, we proposed an ultrafast label-free aptasen-
sor by building a free-standing nanofiber membrane for
loading DNA probes, which achieved the precise detection
of Ap42 within only 4 min (Scheme 1). This membrane
was prepared using an electrospinning technique to weave
the polyamide/polyaniline-carbon nanotubes (PA/PANI-CNTs)
nanofibers as a free-standing skeleton for the aptamer binding.
Based on the reaction between the —NH, group of the DNA
and the —COOH group of the CNTs, the designed single-strand
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DNA matching the Ap42 protein was immobilized on the mem-
brane as both capturer and reporter. This nanofiber membrane
enabled the recognition and locking of trace A#42 on the mem-
brane surface, resulting in an obvious resistance decrease for the
signal change. Using human serum as a sample, the as-prepared
aptasensor exhibited excellent selectivity, detection limit, linear
range, usage repeatability, and storage stability.

2. Results and Discussion

2.1. Structures and Properties of the Electrospun PA/PANI-CNTs
Nanofibers

The main challenge in electrochemical aptasensors is to capture
and amplify the response signal generated upon the binding of
the aptamer to its target. Therefore, the construction of a con-
ductive interface is crucial for providing abundant active sites
to improve the loading capacity of DNA strands, thus playing a
dominant role in the detection performance. PANI, a commonly
used conductive polymer, was adopted as the main aptamer plat-
form owing to its excellent extensibility and biocompatibility.!?!]

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 1. Characterization of nanofiber membranes. A) Schematic of the synthesis process of PA/PANI-CNTs nanofiber membranes. FESEM images and
nanofiber diameter quantitative analysis of different electrospun nanofibers prepared at B,C) 10 wt.%, D,E) 16 wt.%, and F,G) 20 wt.% PA concentrations;
FESEM images of H) PA/PANI nanofiber membranes. |) Elemental content analysis of EDX mapping on PA/PANI-CNTs. ) FESEM images of PA/PANI-

CNTs. K-M) EDX mapping images of PA/PANI-CNTs nanofiber membranes showing the composition of C, N, and O.

To provide a soft growth skeleton for PANI, PA nanofibers
were prepared to investigate the effects of the PA concentra-
tion in the spinning solution on the membrane nanostructure
(Figure 1A). At the mass concentrations of 10 or 16 wt.% PA, the
treated nanofibers showed a cracked surface with many beads
(Figure 1B-E), resulting in lower catalytic activity and effective
electrochemical specific surface area (Figures S1,S2, Supporting
Information). If the mass concentration is increased to 20 wt.%
PA, nanofibers with smooth surfaces and uniformly distributed
diameters of ~#50 nm can be obtained, which is more conducive
to the in situ deposition of PANI (Figure 1F,G). Moreover, the pre-
pared nanofibers containing 20 wt.% PA presented a higher cat-
alytic activity and effective electrochemical specific surface area of
0.25 cm?, which is approximately double those of the nanofibers
at 10 wt.% PA (Table S1, Supporting Information). Upon contin-
uous enhancement to 24 wt.% PA, the attained nanofibers’ diam-
eters were increased to ~120 nm, with a smaller specific surface
area (Figure S3, Supporting Information). However, if we further

Adv. Healthcare Mater. 2024, 13, 2304355 2304355 (3 of 10)

increased the PA concentration to 28 wt.%, the spinning solution
became too sticky to block the production of complete nanofiber
structures (Figure S4, Supporting Information). Therefore, the
prepared nanofibers membrane (Figure 1F) served as the op-
timum growth skeleton. For the PANI synthesis, the obtained
PA nanofibers were immersed into aniline monomers and am-
monium persulfate was added for polymerization. After the for-
mation of PANI (Figures S5,56, Supporting Information), many
nanospikes were created in situ in the radial direction, signifi-
cantly increasing the roughness of the nanofibers (Figure 1H).
As reported, PANI possesses good conductivity owing to its
n—r conjugation.??! In this work, we designed —NH, modified
aptamers matching Ap42. However, PANI cannot provide the
corresponding functional groups to firmly immobilize aptamers
through chemical bonds. Hence, we introduced CNTs as anchors
to contribute abundant —COOH groups to aptamer loading. Car-
boxylic carbon nanotubes (COOH-CNTs) were in situ on the
PANI surface via layer-by-layer self-assembly. According to the

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Performance characterization of nanofiber membranes. A) FTIR spectra of the PA, PA/PANI and PA/PANI-CNTs. B) N1s XPS spectrum of the
PA/PANI-CNTs membrane and C) comparison of the C1s spectra of the PA, PA/PANI, and PA/PANI-CNTs. D) Zeta potential of the PA/PANI-CNTs in
environments of varying pH environments. E) Contact angle and F) anti-protein adsorption performance of the PA, PA/PANI, and PA/PANI-CNTs.

field-emission scanning electron microscopy (FESEM) image in
Figure 1], the tubes dominate the surface of the nanofibers. This
architecture enabled a further increase in the surface area derived
from the cavities produced by the twinning of the nanotubes.
Moreover, the energy-dispersive X-ray spectroscopy (EDX) results
showed a uniform distribution of C, N, and O (Figure 1I) at con-
centrations of 71.4% (C), 12.7% (N), and 5.1% (O), indicating the
existence of oxygen functional groups (Figure 1K-M).

The Fourier transform infrared spectroscopy (FTIR) spec-
tra revealed the characteristic absorption peaks at 1252, 1306,
1468, and 1564 cm™!, corresponding to C=N, C—N, and C=C
functional groups (Figure 2A).[23] Compared to the bare PA
nanofibers, the presence of C—N and C=N functional groups
indicates the successful deposition of PANI. Furthermore, in
the PA/PANI-CNTs composite, the characteristic peaks of C=C
peaks were observed owing to the graphitic structure of the
CNTs.[2* During the synthesis of PA/PANI-CNT, the presence
of carboxyl groups on the CN'T5s surface enhanced its solution dis-
persibility and adhesion, allowing the formation of amide bonds
(—CONH—) through the reactions with amines (—NH,).[?] The
bonding involving C, N, and O in the prepared PA, PA/PANI,
and PA/PANI-CNTs was studied using X-ray photoelectron spec-
troscopy (XPS; Figure S7, Supporting Information). In Figure 2B,
four absorption peaks can be distinguished to represent the =N—,
—NH, —NH—, and =NH— bonds in the PA/PANI-CNTs, con-
firming the typical molecular structure of PANLI[?l Compared
with the Cls spectra of the above three nanofibers (Figure 2C),
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the appearance of C—N and C=N peaks is derived from PANI
deposition, while the O=C—O peak is attributed to the CNTs
loading,?’! which produces an amidation reaction between the
carboxyl groups on acidic CNTs and amine groups on PANI.

The surface properties of the PA/PANI-CNTs were further in-
vestigated to evaluate their biocompatibility with real serum sam-
ples. According to the zeta potential curve result (Figure 2D),
in a serum environment of pH 7.4, the PA/PANI-CNTs were
electronegative. These results indicated that the PA/PANI-CNTs
nanofibers network could effectively inhibit the adhesion of a
large number of negatively charged proteins during a real blood
assay, thereby reducing the detection interferences. Furthermore,
the water contact angle experiment confirmed that after the suc-
cessive modification with PANT and CNTs, the hydrophilicity of
the membrane was obviously increased (Figure 2E). This charac-
teristic is beneficial for the adsorption of the target proteins in the
serum onto the membrane surface, enhancing recognition and
signal generation. After the deposition of both PANI and CNTs,
the membrane exhibited the best anti-protein adsorption ability,
which can effectively avoid the pollution of the nanofibers by non-
target proteins in the blood.[?] In electrochemical biosensor ap-
plications, non-specific protein adsorption frequently poses chal-
lenges that can interfere with sensor performance. As evidenced
by the anti-protein adsorption assay (Figure 2F), the PA/PANI-
CNTs demonstrated the lowest protein adsorption levels com-
pared to PA and PA/PANI, indicating their superior resistance
to protein adsorption.

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Electrochemical behaviors of nanofiber membranes. A) CV curves of the PA, PA/PANI and PA/PANI-CNTs in a solution containing 10 mm Fe
(CN)¢37/4~ and 0.1 m KCL. B) EIS diagram of the above three electrodes in the frequency range of 0.1 Hz to 1 MHz characterized in a solution containing
5 mm Fe (CN)¢3/4~ and 0.1 m KCl. CV diagrams of C) PA, D) PA/PANI, and E) PA/PANI-CNTs-modified electrodes in a solution containing 10 mm Fe
(CN)¢3~/4~ and 3 m KCl scanned at rates of 50, 100, 150, 200, 250 and 300 mV s~'; F) Effective electrochemical surface area characterized in a solution

containing 10 mm Fe (CN)¢3~/4~ and 3 m KCl.

2.2. Electrochemical Performance of the
PA/PANI-CNTs-Modified Electrodes

As mentioned previously, the performance of the electrochemi-
cal biosensors is always determined by the electrocatalytic activ-
ity and conductivity of the electrode material. Hence, the elec-
trocatalytic and conductive behaviors of the different nanofiber-
modified electrodes were systematically evaluated using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS). Figure 3A shows the catalytic activities of the bare PA,
PA/PANI, and PA/PANI-CNTs toward the redox reaction of
Fe(CN)3~/*-. After CNTs loading, the nanofibers exhibited the
highest reduction and oxidation current peaks, confirming that
the best electrocatalyst was derived from the excellent conduc-
tivity of the CN'Ts. Additionally, Figure 3B shows that the above
PA/PANI-CNTs nanofibers provided a smaller Nyquist semicir-
cle, suggesting a lower electron transfer impedance for enhanc-
ing the conductive capability, which is consistent with the CV re-
sults. Furthermore, the electrochemically effective surface areas
of the bare PA, PA/PANI, and PA/PANI-CNTs were investigated
using the Randles—Sevcik equation:

_r _

5 = (269x10°) n*/2Do'/2Co x A
v

1)

where Ip is the redox peak current; v is the scan rate; n is the
total number of electrons transferred during the redox process;
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and Do, Co, and A referred to the molecular diffusion coefficient,
probe molecule concentration, and electrode area, respectively.
Obviously, the effective catalytic area was proportional to Ip/v'/2.
Figure 3C-E presents the CV curves of these three electrodes in
a solution of 10 mM Fe (CN)4*~/#~ containing 3 M KCL. By fitting
Equation (1) (Figure 3F), the effective areas of the PA, PA/PANI,
and PA/PANI-CNTs modified electrodes were calculated as 0.25,
0.451, and 0.504 cm?, respectively (Table S2, Supporting Infor-
mation). As a result, the PANI and CNTs deposited on the PA
nanofibers can evidently increase the surface area of the elec-
trode, which can also contribute to more catalytic sites to generate
more electrons that participate in the reaction and attract more
DNA strands for the signal magnification.

2.3. Biosensing Performance of the as-Prepared Af42 Aptasensor

Specific sequences of DNA probes can form stable spatial config-
urations with protein molecules through coordination or affinity
interactions, enabling specific recognition of protein molecules.
Compared to protein detection through immune reactions, the
reaction time between DNA sequences and protein molecules
is typically shorter, allowing for higher detection efficiency. To
further enhance the specificity of our aptasensor for Af42 pro-
tein detection, we assembled Ap42 aptamers onto the PA/PANI-
CNTs nanofibers to obtain an electrochemical biosensor capable
of recognizing AD biomarkers (Figure 4A). The incubation time
is a critical parameter because both excessively long and short

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Biosensing performance of PA/PANI-CNTs-based aptasensor for detected Ap42. A) Schematic of the Af42 detection process and electrochem-
ical signal generation mechanism of the PA/PANI-CNTs-based aptasensor. B) Response signals of the aptasensor with varying DNA incubation times.
C,D) Response signals of the aptasensor with different hybridization times of DNA and AB42. E) Response signals of the as-prepared aptasensor for the
detection of Af42 with concentrations from 0.1 pg mL™" to 110 ng mL~". F) Linear calibration of the response current versus the Ap42 concentration.

G) Selectivity test of the aptasensor in 1 ng mL™! Ag42 with 100 ng mL~" of various biomarkers as the interfering substances.

incubation times may negatively affect functionalization. We ob-
served that when the incubation time between the aptamer and
PA/PANI-CNTs nanofibers was 12 hours (Figure 4B), the newly
developed aptasensor exhibited the strongest current signal, indi-
cating saturation of the Af42 aptamer binding on the surface of
the PA/PANI-CNTs nanofibers. When the DNA probe was suc-
cessfully loaded on the surface of the PA/PANI-CNTs nanofibers,
the fabricated aptasensor was capable of Af42 detection. Further-
more, it is necessary to determine the reaction time required

Adv. Healthcare Mater. 2024, 13, 2304355 2304355 (6 of 10)

to reach the reaction equilibrium between the DNA probe and
Ap42, which is also related to the rapid recognition and response
of the biosensor to Af42. When the developed aptasensor was
used to assay Ap42 in the detection system of Af42, as shown
in Figure 4C,D, it can be determined that the current signal in-
creases by 72.6% in 2 min and stabilizes within 4 min. The re-
sults indicated that the as-prepared aptasensor for the detection
of Ap42 only needs 4 min to generate a high- intensity, stable
current signal, which can effectively achieve the early warning

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. Electrochemical stability and performance advantages of PA/PANI-CNTs. A) Electrochemical stability of the prepared PA/PANI-CNTs inves-
tigated by 30 repetitive CV scans; B) Reproducibility of the aptasensor in 1 ng mL™! Ap42; C) Long-term stability over 30 days; D) Comparison of the
detection performance of the as-prepared aptasensor with those reported in the literature. The corresponding data and references are listed in Table S3

(Supporting Information).

of AD. The prepared electrochemical aptasensor was utilized to
detect varying concentrations of Af42 to examine the relation-
ship between its response signal and Af42 concentration. Based
on the reaction between the —NH, group of the DNA and the
—COOH group of the CNTs, the designed single-strand DNA
matching the AB42 protein was immobilized on the membrane
as both capturer and reporter. This nanofiber membrane enabled
the recognition and locking of trace Af42 owing to the change in
DNA configuration, which resulted in an obvious resistance de-
crease for the signal change. Therefore, the signal peak intensity
gradually increased as the Af42 concentration increased from
0.1 pg mL~" to 110 ng mL~! (Figure 4E). Furthermore, the fitting
results between the signal change (Ai) and the logarithm of Ag42
concentration demonstrate a good linear relationship. When the
Ap42 concentration increases from 0.1 pg mL~! to 1 ng mL™,
the signal changes caused by the combination of DNA and tar-
get is weak, and the regression equation is Ai = 14.46 + 3.11
Log(Cys4y)- When the Af42 concentration was further increased
from 1 to 110 ng mL™", more DNA strands bind to A42, and the
change of DNA configuration leads to a significant decrease in
resistance. Therefore, in this case, the aptasensor demonstrated
a higher sensitivity. (Figure 4F). Additionally, based on this signal
amplification strategy, the detection limit of the Ap42 aptasensor
reaches as low as 30 fg mL~!, meeting the requirements for trace-
level Ap42 detection. To investigate the effect of free CNTs, we
have designed another PA/PANI-based aptasensor to assay Af42.
As shown in Figure S8 (Supporting Information), the PA/PANI-
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based aptasensor possessed a high detection limit, narrow detec-
tion range, and low sensitivity because PANI cannot provide the
corresponding functional groups to firmly immobilize aptamers
through chemical bonds and can physically adsorb only a few
aptamers. Therefore, in our work, we designed PA/PANI-CNTs
with a 3D network architecture to provide abundant binding sites
for loading the aptamer recognizing Ap42, so that achieving the
rapid signal response and high sensitivity during the detection of
trace Af42.

In addition, the anti-interference performance of the aptasen-
sor is essential for the practical analysis of Af42 in real serum.
The Ap42 selectivity of the fabricated PA/PANI-CNTs-based ap-
tasensor was investigated by comparing the current response val-
ues in Ap42 and other antibiotics, including alpha-fetoprotein,
cardiac troponin I (CTnl), cancer antigen 125 (CA125), and hu-
man chorionic gonadotropin. As shown in Figure 4G, when the
sensor detected 1 ng mL™" Ap42 alone, it generated a signal re-
sponse of ~16 pA. However, when a single interfering protein at
a concentration of 100 ng mL~" was added to the detection sys-
tem, the signal response was only ~2 pA. Furthermore, when a
mixture of proteins at a concentration of 100 and 1 ng mL~! Ap42
was added, the current response signal was similar to that gen-
erated when 1 ng mL™" Ap42 alone was detected. These results
indicate that the PA/PANI-CNTs-based aptasensor in this study
exhibits excellent anti-interference capability and high stability.

The electrochemical stability of the PA/PANI-CNTs-based ap-
tasensor was examined, and the results are shown in Figure 5A.
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Table 1. Detection results of AB42 concentration in real serum samples by u

www.advhealthmat.de

sing the as-prepared aptasensor.

Sample Added [pg mL™"] Detected [pg mL™"] Recovery [%] RSD [%]
1 10 13.05 11.48 8.91 111.50 2.09
2 50 49.50 53.33 43.65 97.65 4.87
3 100 97.72 103.77 111.69 104.39 7.00
4 1000 970 1040 1150 105.33 0.09
5 60000 61650 60340 56230 99.01 2.82

After 30 CV scans, the oxidation-reduction peaks of this aptasen-
sor exhibited only slight variations, with decreases of 8.35% and
7.23% respectively. This suggests that the biosensor prepared
using these nanofibers possesses excellent electrochemical sta-
bility. Furthermore, six independent aptasensors were prepared
using the same method and applied to detect 1 ng mL~! Ap42
(Figure 5B). The results show minimal differences in the re-
sponse signals among these sensors (RSD = 0.96%), confirm-
ing the excellent reproducibility of the aptasensor. To further in-
vestigate the long-term stability of the aptasensor, we prepared
multiple sensors in batches for a one-month testing period, as
shown in Figure 5C. Following a 30-day long-term testing period,
the aptamer-based sensor displayed an exceptional capability to
maintain its initial performance with minimal degradation, indi-
cating a minimal impact on its performance from long-term low-
temperature storage and fatigue testing and demonstrating good
stability. As shown in Figure 5D and Table S3 (Supporting In-
formation), the aptasensor exhibited an ultralow detection limit,
a wide linear range, and, compared to previously reported Ap42
sensors, a significantly better detection time of only 4 min.

2.4. Practical Analysis of Human Serum Samples Constructed
Aptasensor

To evaluate the performance of the sensor in practical applica-
tions, the PA/PANI-CNTs aptasensor was applied for the detec-
tion of A#42 in human serum. Serum is a component of blood
that does not contain red blood cells, white blood cells, or clotting
factors. The serum utilized in this investigation was randomly
sampled from patients and subsequently subjected to protein-
removal procedures, assuming the absence of the Ap42 protein
within the serum. The results (Table 1) showed that when differ-
ent concentrations of Ap42 were added to the serum for detec-
tion, the sensor exhibited recovery rates close to 100% and low
RSD values. This observation underscores the substantial poten-
tial of the PA/PANI-CNTs aptasensor for detecting minute quan-
tities of Ap42.

3. Conclusion

In this study, we innovatively designed an aptasensor based
on PA/PANI-CNTs for the ultrasensitive detection of ApB42.
The PA/PANI-CNTs aptasensor exhibited high sensitivity, strong
specificity, and a rapid response—surpassing similar sensors—
with excellent accuracy and stability in real serum sample detec-
tion. The design of this ultrasensitive label-free aptasensor pro-
vides robust support for the early diagnosis, research, and treat-
ment of AD, offering broad prospects for clinical application.
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4. Experimental Section

Reagents: Polyamide (PA) (Mw ~ 20 000) was purchased from
Shanghai Macklin Biochemical Co., Ltd. Formic acid (HCOOH) was
acquired from Shanghai Ling Feng Chemical Reagent Co., Ltd. Aniline
(AN, 99.5%), and carboxylic carbon nanotubes (COOH-CNTs) were
provided by Sinopharm Chemical Reagent Co., Ltd., China. Ammo-
nium persulfate (APS, 98.0%) was obtained from Nanjing Xianfeng
Nanomaterial Technology Co., Ltd. The Ap42-targeting-aptamer ap-
plied in this work was synthesized, purified, and modified by Sangon
Biotech (Shanghai) Co., Ltd., China and its base sequence was as
follows: Ap42-Apt: 5'-NH,-(CH,)s-CCGG TGGG GGAC CAGT ACAA
AAGT GGGT AGGG CGGG TTGG AAAA-3'.Tris(2-carboxyethyl) phos-
phine hydrochloride (TCEP, 98%), 6-mercapto-1-hexanol (MCH),
tris (hydroxymethyl)aminomethane (Tris-HCl, 99.0%), and ethylenedi-
aminetetraacetic acid (EDTA, 99.5%) were purchased from Aladdin,
China. 1-(3-Dimethylaminopropyl)—3-ethylcarbodiimide hydrochloride
(EDC-HCI, 95%) and N-hydroxysuccinimide (NHS, 98%) were obtained
from Makclin Biochemical Co., Ltd. DNA immobilization buffer (I-buffer,
pH = 7.4): 10 mm Tris-HCl + 1 mm EDTA + 0.1 M NaCl. Washing buffer
(W-buffer, pH = 7.4): 10 mm Tris-HCl. All the chemical reagents were of
analytical grade, and deionized water was used in the whole experiment.

Apparatus:  The JNS-SBS-01 microfluidic spinning device (Nanjing
Janus New Materials Co., Ltd., Nanjing, China) was used for the mi-
crofluidic spinning process. FESEM (Hitachi, Model S-4800ll, Japan) was
used to characterize micromorphology. An X-ray diffractometer (D/MAX
2500 V/PC) with a Cu-Ka line (0.15 419 nm), X-ray photoelectron spec-
trometer (Thermo, ESCALAB 250XI), and Raman spectrometer (Thermo
Scientific DXR) were used to analyze the quality of the prepared materi-
als. In addition, electrochemical measurements, including CV chronoam-
perometry, EIS, and square-wave voltammetry (SWV) were performed at
electrochemical workstations (CHI660E or CHI 920D, Shanghai Chenhua
Instrument Co., Ltd., China).

Fabrication of Electrospun PA Nanofibers: Electrospun PA nanofibers
were synthesized through an electrospinning process. First, 10 g of PA
solid was dissolved in 40 g of HCOOH solvent and stirred at room tem-
perature for 12 h to acquire a 20 wt.% spinning solution. Subsequently,
the solution was electrospun under a positive voltage of 18 kV and a neg-
ative voltage of 6 kV, with a flow rate of 0.6 mL h~" and a rotation speed
of 1000 rpm. The electrospinning conditions were constantly monitored
at an ambient temperature of 25 °C and a relative humidity of 40 + 2%. Fi-
nally, the collected nanofiber membrane was transferred to a vacuum oven
and dried at 60 °C for 10 h to remove the residual HCOOH.

Synthesis of PA/PANI-CNTs Nanofibers: Conductive polymers PANI
were synthesized in situ on the electrospun PA nanofibers through a low-
temperature chemical oxidative polymerization process. First, 0.2 m AN
in 1M H,SO, was prepared to form an AN/H,SO, uniform solution. APS
(0.2 M) in 1 M H,SO, was prepared to form the APS/H,SO, uniform so-
lution. The PA nanofibers were immersed into the AN/H,SO, mixed so-
lution at 2 °C for 2 h. Next, the APS/H,SO, solution was added to the
AN/H,SO, mixed solution and stirred uniformly. After that, PA nanofibers
were incubated in the uniform solution to react for 2 h at 2 °C. Finally, the
PA/PANI nanofibers were washed three times with 1 M H,SO, and deion-
ized water and dried at 60 °C for 8 h. Thus, the PA/PANI nanofibers were
obtained. To provide grafting sites for DNA probes and further amplify
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sensing signals, carboxylic carbon nanotubes (COOH-CNTs) were loaded
onto PA/PANI nanofibers by layer-by-layer self-assembly. Then, the devel-
oped PA/PANI-CNTs nanofibers were washed with deionized water and
dried at 60 °C for 8 h.

Fabrication of PA/PANI-CNTs-Based Af42 Aptasensors: The PA/PANI-
CNTs nanofibers constructed from the novel self-supporting electrode
were immersed in a mixed solution of EDC (100 pL, 0.3 m) and NHS
(100 L, 0.1 m) at 2 °C for 2 h to activate the carboxyl groups in the
PA/PANI-CNTs. Then, the electrode was incubated with Af42-Apt (100 uL,
2 um) in an I-buffer for 12 h at 2 °C. After the reaction was completed, the
physically adsorbed DNA probe was washed and removed with deionized
water. Then, the obtained electrode was treated with 5 mg mL~1 BSA so-
lution for 2 h to block nonspecific sites, washed with W-buffer for three
times to reduce physical adsorption, and used for the performance tests.

Anti-Protein Adsorption Experiment: Using bovine serum albumin
(BSA, Thermofisher, USA) as the model protein, the anti-adsorption per-
formance of the membranes (PA, PA/PANI, and PA/PANI-CNTs) through
static protein adsorption assays was detected. Initially, membrane sam-
ples were trimmed to an effective area of 2 cm? and then rehydrated by
immersing them in 2 mL of deionized water for 30 minutes. Subsequently,
the samples were exposed to a phosphate-buffered saline solution (PBS,
Corning, USA) for another 30 minutes followed by immersion in the BSA
solution (750 ug mL™") at room temperature for 12 h. The concentration of
BSA solution before (Cb = 750 ug mL™") and after (Ca) sample immersion
was measured using a BCA protein assay kit (Thermofisher, USA).

The protein adsorption (C) was determined using the following Equa-
tion:
C=Cb-Ca @)

Detection of AB42 in the Real Serum Samples Using the Constructed Ap-
tasensor: Human serum was obtained from Nanjing Drum Tower Hos-
pital (Nanjing, China). The Institutional Review Board for Clinical Inves-
tigations at Affiliated Drum Tower Hospital of Medical School of Nan-
jing University approved this study on November 27,2018 (No. 2018-252-
01). First, the obtained serum samples were centrifuged and treated for
15 min at a rotating speed of 10 000 rpm to further remove the resid-
ual macromolecular substances in the serum samples. Subsequently, the
serum samples containing Af42 were diluted with PBS (pH = 7.4) at dif-
ferent concentrations as the solution to be tested. The aptasensor was
used to determine the content of AB42. The electrochemical experiments
SWV (the modified PA/PANI-CNTs electrode, a Pt wire, and an Ag/AgCl
(saturated KCI) electrode were utilized as the working electrode, counter
electrode, and reference electrode, respectively) were employed to explore
its signal response in the real serum sample.

Statistical Analysis:  This data was statistically analyzed with one-way
ANOVA, depending on the data set, and visualized using GraphPad Prism
9 software. All statistical results were represented as mean + standard
deviation with a significance of P < 0.05 unless indicated differently (ns:
not significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

H.L. and X.Y. contributed equally to this work. This work was finan-
cially supported by the National Key R&D Program of China, China
(2021YFC2103300), the National Natural Science Foundation of China
(22108120, 22078148 and 82301104), the Natural Science Foundation
of Jiangsu Province (BK20220002, BK20230160), Development Project of
Nanjing University of Technology (No. KL20-01) and the “3456” Cultiva-
tion Program for Junior Talents of Nanjing Stomatological Hospital, Med-
ical School of Nanjing University (0222R212). The authors also thank the
BioRender for providing drawing elements.

Adv. Healthcare Mater. 2024, 13, 2304355 2304355 (9 of 10)

www.advhealthmat.de

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

Alzheimer’s, electrochemical aptasensors, electrospun nanofibers, real
serum detection, ultrasensitive trace Af42 assay

Received: December 7, 2023
Revised: February 7, 2024
Published online: February 28, 2024

1] D.R.Thal,). Walter, T. C. Saido, M. Findrich, Acta Neuropathol. 2015,
129, 167.

[2] E. Mikuta, Curr. Med. Chem. 2021, 28, 4049.

[3] D.Chu, F. Liu, ACS Chem. Neurosci. 2019, 10, 931.

[4] N. E. Kadmiri, N. Said, I. Slassi, B. E. Moutawakil, S. Nadifi, Neuro-

science 2017, 370, 181.

a) A. L. Brand, P. E. Lawler, |. G. Bollinger, Y. Li, S. E. Schindler, M. Li,

S. Lopez, V. Ovod, A. Nakamura, L. M. Shaw, Alzheimer’s Res. Ther.

2022, 14, 195; b) H. Zetterberg, B. B. Bendlin, Mol. Psychiatry 2021,

26, 296; c) A. D. Cohen, S. M. Landau, B. E. Snitz, W. E. Klunk, K.

Blennow, H. Zetterberg, Mol. Cell. Neurosci. 2019, 97, 3.

a) V. Valotassiou, ). Malamitsi, J. Papatriantafyllou, E. Dardiotis, I.

Tsougos, D. Psimadas, S. Alexiou, G. Hadjigeorgiou, P. Georgoulias,

Ann. Nucl. Med. 2018, 32, 583; b) V. Pérez-Grijalba, J. Romero, P.

Pesini, L. Sarasa, I. Monleén, |. San-José, |. Arbizu, P. Martinez-

Lage, ). Munuera, A. Ruiz, L. Térraga, M. Boada, M. Sarasa, J. Prev.

Alzheimer’s Dis. 2019, 6, 34.

[7] O. Hansson, ). Seibyl, E. Stomrud, H. Zetterberg, J. Q. Trojanowski,
T. Bittner, V. Lifke, V. Corradini, U. Eichenlaub, R. Batrla, K. Buck, K.
Zink, C. Rabe, K. Blennow, L. M. Shaw, Alzheimer’s Dement. 2018, 14,
1470.

[8] ). C. Lee, S. ). Kim, S. Hong, Y. Kim, Exp. Mol. Med. 2019, 51, 1.

[9] a) B. Veerabhadrappa, C. Delaby, C. Hirtz, ). Vialaret, D. Alcolea, A.

Lleo, ). Fortea, M. S. Santosh, S. Choubey, S. Lehmann, Crit. Rev. Clin.

Lab. Sci. 2020, 57, 99; b) . Schuster, S. A. Funke, J. Alzheimer’s Dis.

2016, 53, 53; c) W. W. Hsiao, S. Angela, T. N. Le, C. C. Ku, P. S. Hu,

W. H. Chiang, J. Alzheimer’s Dis. 2023, 93, 821.

a) J. R. Chong, N. J. Ashton, T. K. Karikari, T. Tanaka, M. Schall, H.

Zetterberg, K. Blennow, C. P. Chen, M. K. P. Lai, J. Neurol. Neurosurg.

Psychiatry 2021, 92, 1231; b) M. V. Pais, O. V. Forlenza, B. S. Diniz, J.

Alzheimer’s Dis. Rep. 2023, 7, 355; c) S. Janelidze, C. E. Teunissen, H.

Zetterberg, J. A. Allué, L. Sarasa, U. Eichenlaub, T. Bittner, V. Ovod, I.

M. W. Verberk, K. Toba, A. Nakamura, R. ). Bateman, K. Blennow, O.

Hansson, JAMA Neurol. 2021, 78, 1375.

G. M. Shankar, M. A. Leissring, A. Adame, X. Sun, E. Spooner, E.

Masliah, D. J. Selkoe, C. A. Lemere, D. M. Walsh, Neurobiol. Dis. 2009,

36, 293.

a) L. C. Brazaca, |. Sampaio, V. Zucolotto, B. C. Janegitz, Talanta 2020,

210, 120644; b) S. Rani, S. B. Dhar, A. Khajuria, D. Gupta, P. K. Jaiswal,

N. Singla, M. Kaur, G. Singh, R. P. Barnwal, Cell. Mol. Neurobiol. 2023,

43, 2491.

a) M. Ding, S. Ding, D. Du, X. Wang, X. Hu, P. Guan, Z. Lyu, Y. Lin,

TrAC Trends Anal. Chem. 2023, 164, 117087; b) M. Wang, H. Liu, K.

Fan, Small Methods 2023, 7, e2301049.

5

[6

(10]

(1]

(12]

(13]

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED

SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

[14]
[15]

(16]
(17]

(18]

[19]

(20]

Adv. Healthcare Mater. 2024, 13, 2304355

a) E. Mikua, Bentham Sci. Publishers Ltd 2021, 28, 4049; b) T. Li, N.
Cheng, ACS Sens. 2023, 8, 3988.

L. Hosseinzadeh, M. Mazloum-Ardakani, Adv. Clin. Chem. 2020, 99,
237.

M. Negahdary, L. Angnes, Mater. Sci. Eng., C 2022, 135, 112689.

R. E. Wang, Y. Zhang, ). Cai, W. Cai, T. Gao, Curr. Med. Chem. 2011,
18, 4175.

a) A. Rhouati, G. Catanante, G. Nunes, A. Hayat, ).-L. Marty, Sensors
2016, 16,2178; b) F. V. Oberhaus, D. Frense, D. Beckmann, Biosensors
2020, 10, 45.

H.-). Chen, R. L. C. Chen, B.-C. Hsieh, H.-Y. Hsiao, Y. Kung, Y.-T. Hou,
T.-). Cheng, Biosens. Bioelectron. 2019, 131, 53.

V. R. Samuel, K. ). Rao, Biosens. Bioelectron.: X 2022, 11, 100216.

2304355 (10 of 10)

(21]
(22]
(23]
(24]
(25]
(26]

[27]

(28]

www.advhealthmat.de

M. Beygisangchin, S. Abdul Rashid, S. Shafie, A. R. Sadrolhosseini,
H. N. Lim, Polymers 2021, 13, 2003.

Y. Guo, J. Li, F. Meng, W. Wei, Q. Yang, Y. Li, H. Wang, F. Peng, Z.
Zhou, ACS Appl. Mater. Interfaces 2019, 11, 17100.

L. F. W. X. L. W.-F. Z. Zhan, Small 2020, 16, 2003597.

Z.X.Zheng, M. Wang, X. Z. Shi, C. M. Wang, Sci. Rep. 2019, 9, 14162.
H. Li, X. Sun, Y. Li, H. Wang, C. Liang, Biomed. Microdevices 2020, 22,
64.

D. Zhang, T. Wu, X. Qin, Q. Qiao, L. Shang, Q. Song, C. Yang, Z.
Zhang, Nano Lett. 2019, 19, 6635.

R. Bagchi, M. Elshazly, J. N'Diaye, D. Yu, J. Y. Howe, K. Lian, Chemistry
2022, 4, 1561.

X. Chen, ]. Zhou, Y. Qian, L. Zhao, Mater. Today Bio 2023, 19, 100586.

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

	Freestanding Nanofiber-Assembled Aptasensor for Precisely and Ultrafast Electrochemical Detection of Alzheimer80's Disease Biomarkers
	1. Introduction
	2. Results and Discussion
	2.1. Structures and Properties of the Electrospun PA/PANI-CNTs Nanofibers
	2.2. Electrochemical Performance of the PA/PANI-CNTs-Modified Electrodes
	2.3. Biosensing Performance of the as-Prepared A83²42 Aptasensor
	2.4. Practical Analysis of Human Serum Samples Constructed Aptasensor

	3. Conclusion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


