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The magnetic-nanoparticle-assisted sensitive
detection of nitrated a-syn in blood based on a
sensitizing electrochemical layert
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Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease. Nitrated a-synuclein

(x-syn) in the blood is a potentially efficient biomarker for PD in its early stages. In this work, an ultra-

sensitive electrochemical immunosensor was developed for the specific detection of nitrated a-syn.

Supramolecule-mediated AuNP composites (GNCs) were modified on the gold electrode as a sensing

film to capture anti-nitrated a-syn. Basic characterization studies revealed that GNCs were composed of

abundant binding sites and had high conductivity with a large surface area, biocompatibility, and remark-

able electrochemical activity. Anti-a-syn-modified magnetic nanoparticles (MNPs) were used as signal

amplification tags to construct a sensitive sandwich assay. With a high specific surface area, strong con-

ductivity, and abundant active sites, GNCs as an amplifying matrix can enhance the performance of the

immunoassay and obtain preliminary signal amplification. MNPs showed excellent stability and led to a net
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1. Introduction

Parkinson’s disease (PD) is one of the more common neurode-
generative diseases, with a prevalence of 2-3% in the popu-
lation over 65 years old." To date, the diagnosis of PD relies
mostly on clinical features, but by that time, PD patients have
lost many dopaminergic neurons and show functional system
disability. The time frame between the first events initiating
neuron loss and clinical manifestation may be decades.” There
is an increased need to diagnose PD as early as possible, as
early diagnosis and treatment may be a key step in ensuring
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decrease in the charge-transfer resistance due to their unique spherical structure and high conductivity,
resulting in a sensitive electrochemical signal change according to the nitrated a-syn concentration in the
sample. Therefore, this simple nitrated a-syn immunoassay with sensitivity and selectivity has potential for

the survival of dopaminergic neurons and promoting improve-
ments in the prognosis of Parkinson’s disease. a-Synuclein
(a-syn) represents the main component of amyloid aggregates
formed during Parkinson’s disease. Nitrated a-syn is an unde-
sirable modification associated with oxidative and nitrative
damage, and it has been found extensively in Lewy bodies in
patients with neurodegenerative diseases such as PD, demen-
tia with Lewy bodies, the Lewy body variant of Alzheimer’s
disease, and multiple system atrophy.>* The nitro group
(-NO,) is added to replace a hydrogen atom in the 3’ position
of the tyrosine phenolic ring, forming 3-nitrotyrosine. The four
Y39, Y125, Y133, and Y;36 residues of a-syn are all susceptible to
nitration. Our group has demonstrated that nitrated o-syn is
neurotoxic through the injection of nitrated a-syn into the sub-
stantia nigra pars compacta (SNpc) of rats, which recapitulated
many of the pathological features of PD.? Nitrated a-syn exists
in the early stage and is probably a promising biomarker of
PD.° Also, nitrated a-syn is a highly transferable protein,
causing an enlarged spreading of a-syn from the affected
neuron toward more rostral brain regions.” Recently, reports
showed that the a-syn levels in monocytes from PD patients
were similar to those in normal controls, whereas the a-syn
nitration levels were significantly higher and correlated with
the levels of reactive oxygen species.® Another report also
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identified that the levels of Yzo-nitrated a-syn in a PD group
were significantly elevated compared to those in a control
group via examining the nitrated a-syn levels in erythrocytes
from 58 PD patients and 30 age-matched healthy individuals.’
As the above-mentioned studies strongly suggest that nitrated
a-syn in the blood may be a potential early-stage biomarker for
PD, we want to develop a more sensitive and convenient
method to detect nitrated a-syn in the blood.

Electrochemical sensing is an analytical assay approach for
determining target concentrations based on a bio-specific
recognition reaction, which converts a biological interaction
into an electrical signal, such as current, voltage, or impe-
dance.” An insulating layer can be formed when target pro-
teins bind to a probe on a modified electrode, which hinders
electron transfer and results in the impedance increasing.
Based on the impedance variations, a linear equation relating
to the target concentration can be drawn for the impedance
sensor. Though many impedance biosensors have been fabri-
cated, the sensitive detection of trace targets in the blood still
presents a huge challenge. To overcome these limits, two
methods can be applied to enhance the impedance sensor
signal. One is to enhance the substrate conductivity before
target capture.’* The other is to design sandwich signal ampli-
fication strategies to increase the impedance.?

Currently, various kinds of substrates, such as polyamide
film,"? graphene,'* molybdenum disulfide, and metal organic
frameworks (MOFs), are used to make sensitive impedance
sensors."™'® Due to the complexity of fabrication, the need for
multi-step production, excessive background signals, and the
easily destroyed activities of immune molecules (aptamers,
peptides, and antibodies), the above-mentioned sensing sub-
strates suffer from lower repeatability and sensitivity. Given the
high conductivity, large specific surface area, and excellent
biocompatibility of gold nanoparticles (AuNPs), they have great
potential for use in the construction of electrochemical impe-
dance sensors.'”'° Recently, supramolecule-complex-modified
nanomaterials have combined the properties of nanomaterials
and molecular recognition, and they have been widely used in
drug delivery, imaging, and sensing.’® In addition, the mild
nature of the supramolecules on the surface of AuNPs will
allow the native activity of the immobilized immune molecules
to be maintained. In our previous study, supramolecule-
mediated AuNPs can self-assemble to form AuNP composites
(GNCs) after the addition of diamine guests, with a high
specific surface area, strong conductivity, and various active
sites.>" The one-step modification process not only reduces the
time cost but also prevents poor repeatability caused by
tedious operations. Therefore, GNCs as an amplifying matrix
can enhance the performance of the immunoassay and obtain
preliminary signal amplification. Further signal amplification
strategies, such as sandwich assays, play a vital role in the fab-
rication of precise impedance sensors. Magnetic nanoparticles
(MNPs) exhibit interesting properties, such as a high specific
surface area, high biocompatibility, excellent dispersibility,
and efficient separation abilities, which have significant appli-
cations in the field of sensing.?>** Zheng’s group reported that
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Fe;0,/polyaniline nanoparticles show increased electrical con-
ductivity, which is caused by a circuit formed as a result of
contact between some ions.”* The formation of the corres-
ponding circuit enhanced the electronic hopping process
between the Fe>" and Fe®" ions of MNPs; this can increase the
electrical conductivity when utilized on the electrode interface,
which paves the way to applying MNPs in electrochemical
sensing.”

In short, an efficient sandwich assay has been successfully
designed for the sensitive measurement of nitrated a-syn. This
is, to the best of our knowledge, the first time that a nitrated
a-syn immunosensor utilizing GNCs has been developed as a
sensing platform, fixing anti-nitro-a-syn and anti-a-syn-modi-
fied MNPs as signal amplifiers (Fig. 1). GNCs provide a fast
electron transfer rate and large specific surface area, and the
incorporation of supramolecules offers abundant binding sites
for the immobilized antibodies through host-guest inter-
actions, ensuring the activity of anti-nitro-a-syn via noncova-
lent interaction forces.*® Anti-a-syn-modified MNPs have been
used as signal amplification tags, and their unique spherical
structure and high conductivity resulted in excellent stability
and a net change of the charge-transfer resistance (R.).
Moreover, the MNPs in the sandwich assay not only provide
hydrophilic abilities, which can reduce the nonspecific
binding, but also the alignment of MNPs in a specific direc-
tion induced by the electric field promotes the flow of elec-
trons, resulting in a significant decrease in R..>” This allows
the constructed electrochemical biosensor to output enlarged
impedance signal changes during target detection. Antibody-
modified MNPs integrate the specificity of target recognition
and the ability to promote electron transfer, which can effec-
tively improve the detection sensitivity of the immunosensor
to meet clinical application requirements. Finally, the specially
developed impedance-based nitrated a-syn detection platform
has been applied to practical clinical sample measurements.
The results showed that this proposed nitro-a-syn sensor pos-
sesses tremendous potential for use in the clinical diagnosis
and personalized treatment of PD, and related scientific
research.

2. Experimental
2.1. Reagents and apparatus

Paraquat (PQ), tetraethyl orthosilicate (TEOS), aminopropyl-
triethoxysilane (APTES), glutaric anhydride, 1-ethyl-3-(3-di-
methylaminopropyl)ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), hydrogen tetrachloroaurate trihy-
drate (HAuCl,-3H,0), and sodium borohydride (NaBH,) were
purchased from Sigma-Aldrich, Inc. (Shanghai, China). para-
Sulfonatocalix[4]Jarene (pSC,) was purchased from TCI
Development Co., Ltd (Shanghai, China). Trisodium citrate
dihydrate, potassium ferricyanide, 3-morpholinosydnonimine
(SIN-1), and bovine serum albumin (BSA) were acquired from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Anti-a-syn antibodies, anti-nitro-a-syn (Tyr39) antibodies, and
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Fig. 1 A schematic view of the sensitizing layer and MNP-based dual-signal amplification electrochemical immunosensor for detecting nitrated

a-syn.

a-syn were purchased from Abcam (Shanghai, China). All solu-
tions were treated with deionized water purified using a Milli-
Q distillation system to a determined electrical resistance of
18.2 MQ cm (Barnstead, USA).

Transmission electron microscopy (TEM) images were
recorded using a JEM-2010F microscope (JEOL, Japan). The
modification of materials was studied using atomic force
microscopy (Agilent Technologies Co Ltd, USA) in tapping
mode (scan rate: 325 kHz). UV-vis spectra were recorded using
a Shimadzu UV-2450 PC UV-vis spectrophotometer (Shimadzu,
Japan) with a quartz cuvette, having a volume of 50 pL and a
path length of 10 mm. The potential change and dynamic dia-
meter were observed using Malvern Nano Zetasizer apparatus
(Malvern Panalytical, England). Fourier-transform infrared
(FT-IR) spectra were obtained using Bruker 70 apparatus
(Bruker, Germany). Cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) measurements were
obtained using an Autolab PGSTAT128N system (Metrohm

This journal is © The Royal Society of Chemistry 2021

Autolab, Switzerland) with a conventional three-electrode set-
up.

2.2. Functionalization of magnetic nanoparticles (MNPs)

The synthesis of MNPs is based on a previous work.”® Briefly,
3 mL of 25 mg mL™" Fe;0, NPs and 1 mL of 28% ammonia
water were injected into 20 mL of ethanol and sonicated for
10 min. 125 pL of TEOS was added and then the mixture was
mechanically stirred at room temperature for 4 h. 750 puL of
APTES was added in drop-wise, and stirring was continued for
another 4 h. Following reflux at 90 °C for 1 h, the product was
washed with ethanol and dried at 60 °C under vacuum for 6 h
to gain amino-functionalized MNPs. 10 mL of 2 mg mL ™"
amino-functionalized MNPs in ethanol was mixed with 10 mL
of 0.2 M glutaric anhydride and stirred at 200 rpm for 24 h to
synthesize carboxyl-functionalized MNPs.

1 mL of 10 mg mL™" carboxyl-functionalized MNPs was
mixed with 1 mL of 20 mg mL ™" EDC and 1 mL of 10 mg mL™"

Nanoscale, 2021,13, 8107-8117 | 8109
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NHS thoroughly, and this was reacted for 1 h. After applying
an external magnet for magnetic separation, the product was
washed 3 times with PBS. The above solution was injected into
714 pL of 14 pg mL™" anti-a-syn and reacted at room tempera-
ture. Afterwards, magnetic separation was performed, and the
product was washed with PBS to obtain MNPs-Ab.

2.3. Synthesis of nitrated o-syn

1 mL of 50 pM a-syn solution was mixed with 1 mL of 100 pM
SIN-1 at 37 °C for 30 min. After that, it was dialyzed in PBS for
24-48 h. It is worth noting that PBS should be replaced several
times during this process, and unreacted SIN-1 was removed
using an ultrafiltration membrane which can retain 5 kDa
proteins.*’

2.4. Preparation of GNCs

AuNPs were synthesized via the classic method of the citrate
reduction of HAuCl,-3H,0. Herein, all glassware used for syn-
thesis was thoroughly soaked in aqua regia (HCl: HNO; = 3: 1,
v/v) for 30 min and rinsed with deionized water (DW). 1 mL of
25.39 mM HAuCl,-3H,0 was pipetted into 94.5 mL of boiling
DW for 5 min, and then 3.5 mL of 10 mg mL ™" sodium citrate
was quickly added to the boiling solution, which was stirred
for 20 min. Heating was stopped when the color changed from
light yellow to wine red, and the reaction was continued for
another 40 min. After cooling the solution to room tempera-
ture, AuNPs were obtained and stored at 4 °C for subsequent
experiments.

GNCs should be prepared for immediate use in each experi-
ment, and the synthesis method is as follows. After mixing
freshly prepared AuNPs and DW at a ratio of 1:1, 0.5 mM PQ
and diluted AuNPs were mixed at a ratio of 1:4 and reacted
for 30 min for subsequent experiments. The GNC structure
formed from PQ-mediated AuNPs was studied based on TEM
images.

2.5. Modification of gold electrodes

50 pL of 10 mM pSC, was dropped onto the surface of gold
electrodes and left overnight. After rinsing with DW, GNCs
were added to form a sensitized layer. 50 pL of 10 pg mL ™
anti-nitro-a-syn (Tyrse) antibodies were added and modified
was carried out for 1.5 h. 0.1 mg mL™" BSA was utilized to
avoid non-specific binding. Thereafter, 50 pL of 280 ng mL™"
nitro-a-syn was modified on the surface of the electrode for
1.5 hours, and then 50 pL of 50 pg mL~" MNPs-Ab was reacted
on the surface of the electrode for 1.5 h. The gold electrode
modification process was studied using atomic force
microscopy in tapping mode, and the scan rate was set at 325
kHz.

In order to study the influence of the anti-nitro-a-syn con-
centration and modification time on the EIS changes of the
electrochemical surface, after modifying with GNCs, different
concentrations of anti-nitro-o-syn (2 pg mL™", 4 pg mL™", 6 pg
mL™", 8 pg mL™, and 10 pg mL™") were used to modify the
surface of the gold electrode. Electrochemical measurements
were performed every 0.5 h for a total of six measurements.
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2.6. Sensor measurements

Electrochemical impedance spectroscopy (EIS) and cyclic vol-
tammetry (CV) measurements were performed using a typical
three-electrode cell (WE, CE, and RE). The CV and EIS experi-
ments using this electrochemical sensor were carried out in
6 mL of [Fe(CN)s]**~ solution. The CV scanning potential was
from —0.8 V to 0.8 V, and the scanning rate was 50 mV s~ '. The
frequency range of EIS measurements was set from 0.1 Hz to
100 kHz. The working electrode was rinsed carefully with DW
after each modification, and then electrochemical detection
was performed.

In order to conduct research into the sensor selectivity,
2.8 pg mL™' dopamine (DA), histidine (His), Siglec 15, pro-
grammed death ligand 1 (PD-L1), and a-synuclein were modi-
fied on the surface of the gold electrode. The EIS changes were
compared with 280 ng mL ™" nitro-a-synuclein.

2.7. Clinical serum sample analysis

The serum samples of patients at different stages of disease
and healthy donors were gathered from Changzheng Hospital
in Shanghai, China. All experiments were performed in accord-
ance with WHO guidelines (clinical use of blood) and
approved by the Ethics Committee of Shanghai Changzheng
Hospital, affiliated to Naval Medical University. Informed
consent was obtained from all human subjects prior to the col-
lection of blood samples. The collected serum samples were
centrifuged at 1500 rpm for 20 min to obtain the crude super-
natant. The crude supernatant was further centrifuged at 1200
rpm for 20 min to obtain the supernatant with the centrifuged
product, and this was stored at —20 °C for subsequent use.
After being diluted ten-fold with PBS, 50 pL of the sample was
dropped onto the surface of the gold electrode and it was
modified for 1.5 h at room temperature for clinical sample
testing.

3. Results and discussion
3.1. Characterization of the nanomaterials

The characterization results relating to AuNPs and MNPs are
illustrated in Fig. 2. The diameter of AuNPs, with good uni-
formity and dispersion, was approximately 8 + 1.5 nm
(Fig. 2A). Based on the host-guest recognition interactions
between pSC, and PQ, the TEM image of GNCs after AuNP
self-assembly showed a spider-web-like network structure
(Fig. 2B), which was continuous, tight, and staggered. The
spider-web-like network structure could provide a larger
specific surface area for the loading of immune probe mole-
cules, which is beneficial for improving the sensitivity of the
sensor. To further prove the successful synthesis of GNCs, the
host-guest recognition interactions between PQ and pSC,-
AuNPs were also measured via UV-vis spectroscopy.’® As
shown in Fig. 2C, the maximum absorption of the synthesized
PpSC,-AuNPs appeared at 525 nm. After mixing PQ with pSC,-

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 TEM images of (A) pSC,—AuNPs and (B) GNCs. (C) UV-vis spectra of pSC,—AuNPs with (red trace) and without (black trace) PQ. (D) A TEM
image showing MNPs encapsulated in a SiO; shell ranging between approximately 200 and 220 nm in diameter. (E) FT-IR spectra before (black) and
after (red) the anti-a-syn modification of MNPs. (F) The Z-potential values of MNPs, MNPs—COOH, and MNPs—Ab.

AuNPs, the absorption peak at 525 nm decreased, and a
typical aggregation peak corresponding to interparticle-
coupled plasmon excitons appeared at 650 nm. As shown in
Fig. S1,f wupon the addition of PQ, DLS studies
showed a change in the particle size from 33.83 nm to
498.2 nm, and the { potential also changed from —31.1 mV to
—14.9 mV. These results revealed that interactions occur
between PQ and pSC,-AuNPs, and the successful synthesis of
GNCs is achieved for subsequent sensing interface
modification.

The prepared MNPs were characterized via TEM, as shown
in Fig. 2D. The overall shape of the particle was a uniformly
dispersed spherical structure. The particle size was 210 =+
10 nm, including a magnetic core and an encapsulating SiO,
shell (about 10 nm), facilitating chemical modification on the
surface and imparting specific functionality. After the carboxyl
functionalization of MNPs, specific antibodies were chemically
linked to MNPs through EDC/NHS activation. The FT-IR spec-
trum of the modified MNPs in Fig. 2E shows peaks related to
the N-H bond at 3420 cm™", and the C=0 bond peak shifted
from 1600 cm™"* to 1610 cm ™', which confirmed the formation
of peptide bonds. The C-N bond peak at 1105 cm™" also indi-
cated the successful combination of anti-a-syn and MNPs.*°
Finally, the { potential of MNPs in water was measured to be
38.5 mV, while that of carboxyl-functionalized MNPs was
—10.3 mV. Coupling MNPs-COOH with positively charged anti-
bodies led to a change in the potential from —10.3 mV to
—7.8 mV (Fig. 2F). These results confirmed the successful

This journal is © The Royal Society of Chemistry 2021

functionalization and modification of MNPs to facilitate
nitrated a-syn signal amplification.

3.2. Feasibility of the biosensor

In order to investigate the response process of the strategy
more intuitively, real-time dynamic monitoring was performed
using SPR (Fig. 3A). The modification of pSC, and GNCs on
the gold chip resulted in increases in the SPR angles of 89 m°
and 142 m°, respectively. These results indicated that the
GNCs effectively modified the surface of the gold chip as a
sensing substrate. The binding of anti-nitro-a-syn to pSC, of
GNCs on the gold-chip surface resulted in a significant
increase (194 m°) in the SPR angle. BSA was used for blocking
non-specific adsorption and it resulted in a change similar to
the SPR angle shift caused by antibody modification. During
this process, MNPs functionalized with anti-a-syn were bound
with analytes in complex matrices and then efficiently separ-
ated using an external magnet. Finally, the MNP complexes
were injected onto the gold chip surface. This coupling
resulted in a considerable 78 m° SPR angle change, which
demonstrated the successful binding of analytes and MNPs—
Ab. Hence, these results illustrate that this detection strategy
has good feasibility.

CV and EIS studies were performed to characterize the step-
by-step modification process of the constructed sensor, as
shown in Fig. 3B and C. Due to the great electron transfer
capabilities of GNCs, they exhibited better sensing perform-
ance than the bare gold electrode, which includes a higher CV
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peak current and lower interfacial electronic resistance.®!
Given the poor conductivity of antibodies and proteins, the CV
peak current decreased when the value of EIS impedance
increased after anti-nitro-a-syn, BSA and nitrated a-syn modifi-
cation. Due to better electronic conductivity and the direction
effect in the electric field, MNPs promoted ion exchange at the
interface and resulted in a significant decrease in the impe-
dance value.** In summary, these results demonstrated the
stepwise modification of the electrode interface.

Afterwards, AFM was used to characterize the successful
modification of nanomaterials onto the surface of the gold
chip. Fig. 4A and B depict 2D images and typical cross-sec-
tional line drawings before and after modification with
GNCs, respectively. The bare gold chip presented good uni-
formity, and the relative surface roughness was less than
3 nm. However, as seen in Fig. 4B, after the incorporation of
GNCs and proteins, the height of the surface increased to an
average of 40 nm, which corresponded to the size of three
layers of AuNPs. After further interaction with MNPs-Ab,
MNPs were modified onto the chip, as shown in Fig. 4C,
and the surface exhibited higher roughness, with a height of
around 110 nm. Therefore, AFM image results confirmed the
feasibility of the amplified signal and sensing platform
based on MNPs.

3.3. Immunosensor amplifying matrix analysis

EIS was used to monitor the supramolecular assembly of
GNCs mediated by different concentrations of PQ on the gold
surface (Fig. 5). One of the most commonly used electro-
chemical sensitization strategies is to modify gold electrodes
with materials with a high specific surface area, such as
MOFs.**2* MOFs have been used as a basal layer to increase
the binding of immune molecules, given their porous crystal
structures, high specific surface areas, and rich compositions.
However, the improvement of sensitivity for electrochemistry is
limited due to the inherent deficiencies of MOFs, including
poor electron transfer abilities, significantly increased impe-
dance values, and instability in aqueous environments. The
gold electrode modified with GNCs exhibited a higher CV peak
current, and the interfacial electronic resistance also
decreased. It was confirmed that GNCs not only increased the
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and protein-functionalized gold film (B), and the MNPs—Ab modified
gold surface (C).

specific surface area and created more active sites, but they
also obviously facilitated nanoparticle-mediated electron trans-
fer.>> As shown in Fig. 5A, the electron-transfer resistance
decreased as the concentration of PQ increased from 0.1 mM
to 10 mM because of the host-guest recognition resolved gold
network. A gradual increase in PQ concentration may lead to
an increase in the content of pSC,-AuNPs in the GNCs, and
the interfacial electronic resistance significantly decreased.
Excessive PQ may cause some of the calixarene cavities on the

This journal is © The Royal Society of Chemistry 2021
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surface of the GNCs to be occupied by PQ, and the negative
interface correspondingly inhibited the redox reaction of
[Fe(CN)s]**~, thus increasing the R, value (Fig. 5B).
Therefore, GNCs mediated using 1 mM PQ may form the most
conductive amplifying matrix and are used in the following
experiments.

Fig. 5C shows CV studies of GNCs carried out at different
scan rates (0.01-0.2 V s™') in ferricyanide solution, which were
recorded to calculate the effective electrochemical active
surface area of the modified electrode. Evidently, the peak
current value increases upon elevating the scan rate. Most sig-
nificantly, a linear relationship was established between the
peak current values of the cathode and anode versus the
square root of the scan rate; the R* values were 0.99943 and
0.99909 for the cathode and anode, respectively. The above
results demonstrated that the redox reaction of the amplifying
matrix involved a diffusion-controlled process.*® The corres-
ponding data from the bare electrode are illustrated in
Fig. S2.7 The fitting curves of the anode peak and the cathode
peak (Fig. 5D) have the forms: ip, = 0.3668V*'* + 0.0034; and

ip. = —0.3786V"* — 0.0017, respectively. The electrochemical

This journal is © The Royal Society of Chemistry 2021

surface areas were calculated via the Randles-Sevcik

equation:®’
ip = 2.69 x 10°D'/2v/232AC (1)

where ip, D, V, n, A, and C refer to the redox peak current (4),
the diffusion coefficient (cm” s™'), the scan rate (V s, the
number of electrons transferred, the effective working area of
the modified electrode (cm?), and the concentration of Kj[Fe
(CN)] (mol em™), respectively. Based on the above eqn (1),
the effective working areas were calculated to be 0.1102 and
0.0729 cm” for GNCs and bare gold, respectively. The obtained
effective working area was enlarged about 1.5 times compared
with the electrode without GNC modification, which was
attributed to the larger specific surface area and higher con-
ductivity of the GNC spider-web-like network structure.*® The
results implied that GNCs increased the electroactive surface
area, which, combined with their good biocompatibility, make
them a good electrochemical amplification matrix.

The number of immune probes can affect the subsequent
capture of target and signal amplification molecules.*® The
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Fig. 6 Optimization of the experimental parameters: (A) the reaction time of GNC formation, (B) the concentration of anti-nitro-a-syn, and (C) the
anti-nitro-a-syn incubation time; the inset of (A) shows the UV-vis absorption spectra for GNCs after different reaction times, and the insets of (B)
and (C) show EIS diagrams for anti-nitro-a-syn at different concentrations and for different incubation times (8 pg mL™). (D) EIS diagrams for
different nitrated a-syn concentrations. (E) EIS diagrams of MNPs—Ab bound with the electrodes from (D). (F) The resistance response vs. the con-
centration of nitrated a-syn; inset: the linear relationship between the resistance response and the logarithm of the nitrated a-syn concentration.

number of immuno-probes on the substrate surface should be
considered in order to make an effective biosensor. Anti-
nitrated-a-syn was utilized as a model probe to study immune
molecule adsorption on the GNC-matrix-modified interface.
Fig. 5E showed the sensor signal changes compared between
electrodes constructed with and without GNC modification.
The signal after anti-nitrated-a-syn immobilization on the
GNC-modified immuno-probe was 1.6 times that on a bare
gold electrode, which may be due to the larger specific surface
area and more abundant calixarene cavities of the GNCs
(Fig. 5F). In addition, the signal relating to MNPs-Ab showed a
further enhancement in difference when in the presence and
absence of GNCs, and the signal change was 5 times larger
than the signal change caused by nitrated a-syn on a bare elec-
trode. The signal difference in the presence of GNCs was
increased 3.8-fold compared to in the absence of GNCs. The
extremely large signal changes caused by MNPs may be related
to their alignment under an electric field and the electronic
2740 Hence, with
two-step signal amplification, the fabricated EIS immunosen-
sor provided a significant gain in sensor sensitivity.

hopping process between Fe*" and Fe®" ions.

3.4. Optimization of the experimental conditions

Several experimental conditions of the bioassay were opti-
mized to achieve maximum sensing sensitivity. The following
parameters were optimized: (a) the reaction time during GNC
formation, (b) the concentration of anti-nitro-a-syn, and (c) the
anti-nitro-a-syn incubation time. We investigated the effects of

8114 | Nanoscale, 2021,13, 8107-8117

the reaction time between AuNPs and PQ using UV-vis absorp-
tion spectroscopy. The aggregated state was represented by
Aso0/As20; the larger the value of Aggo/Aszo, the higher the level
of aggregation.*" As shown in Fig. 64, in the first 22 min the
value of Agpo/Asyo rose rapidly, and then it reached a plateau,
indicating that AuNPs and PQ completely reacted after 22 min.
Therefore, we chose 22 min as the reaction time for sub-
sequent experiments. The concentration and incubation time
of anti-nitro-a-syn were optimized based on impedance spec-
troscopy. R.. gradually increased with increasing anti-nitro-
a-syn concentration and remained stable after a concentration
of 8 pg mL™" was reached (Fig. 6B). Hence, the best concen-
tration of anti-nitro-a-syn in this experiment was 8 pug mL™".
R after 2.5 h was more than 90% of that after 3 h, so the
amount of surface anti-nitro-a-syn binding was not very
different, as shown in Fig. 6C. In order to cut the time required
for a single test, 2.5 h was selected as the anti-nitro-a-syn reac-
tion time for subsequent experiments.

3.5. Sensor sensitivity for nitrated o-syn detection

Under the abovementioned optimized experimental con-
ditions, the analysis performance of the constructed biosensor
was tested via measuring the EIS responses to o-syn at
different concentrations (1 ng mL™'-1000 ng mL™") in 5 mM
[Fe(CN)s]*™*7, as shown in Fig. 6D-E. As the second step of
the signal amplification strategy, MNPs-Ab had a more signifi-
cant effect on AR, than nitrated o-syn. The AR, values
induced by MNPs-Ab bound to different concentrations of

This journal is © The Royal Society of Chemistry 2021
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nitrated a-syn are shown in Fig. 6F. Furthermore, the relation-
ships between the AR, responses before and after MNPs-Ab
modification and the logarithmic values of the nitrated a-syn
concentrations (Ig C nitrated a-syn) are displayed in the inset
of Fig. 6F. The signal was amplified about 2.5-fold after com-
bining with MNPs-Ab compared with the signal change from
the protein alone, achieving higher detection sensitivity and a
lower detection limit. The linear equation of MNPs-Ab was
AR (2) = 459.541g C + 14.99 (R* = 0.9676) in the linear range
of 1 ng mL™'-1000 ng mL". The calculated limit of detection
(LOD) was 310 pg mL ™" (S/N = 3) based on three standard devi-
ations. Relative to other earlier reported biosensors for neuro-
degenerative disease detection (Table S17), these results
demonstrate the lower LOD and superior analytical perform-
ance of the designed sensing platform. Based on the two-step
signal amplification strategy utilizing GNCs and MNPs, the
sensing platform can achieve more sensitive quantification
than immunohistochemistry, which is the gold standard for
nitrated a-syn detection.>*® This sensing strategy based on
dual-recognition also showed greater clinical application value
than most sensors developed for neurodegenerative diseases.
The signals obtained using the GNC-modified electrode were

PD-L1 Siglec 15 a-syn DA HisNitrated a-syn

View Article Online
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amplified about 5-fold compared with the bare electrode,
which was attributed to the larger specific surface area of
GNC, which could capture more immuno-probes, and the
higher conductivity of the spider-web-like
(Fig. $31).*%

structure

3.6. Selectivity and stability of the constructed sensor

In order to verify the selectivity of our method, five possible
interfering substances were tested, including PD-L1, Siglec 15,
DA, His, and o-syn (multiple interferents widely present in
serum), as shown in Fig. S4.f Compared with the high AR
obtained in response to nitrated a-syn, all five interferents dis-
played negligible and similar signal changes (Fig. 7A). It is
notable that the concentrations of interferents were far greater
than that of nitrated o-syn. The favorable selectivity arises
from utilizing anti-nitrated-a-syn as the Tyr;o specific reco-
gnition element toward nitrated a-syn, which enhanced the
specificity of recognition.

To evaluate the stability of the immunoassay, different
sensors were stored in a dry and dark environment at 4 °C for
a certain period of time, and then the corresponding impe-
dance signals were detected in potassium ferricyanide solution

600 -

500 1

400 4

S 3004

AR Q)

200

100

T,

Healthy donors

PD patients

Fig. 7 (A) AR responses of the assay toward different interferents: PD-L1, Siglec 15, a-syn, DA, and His, all at concentrations of 2 ug mL™* (nitrated
a-syn was 200 ng mL™%). (B) The long-term stability of the biosensor for measuring different concentrations of nitrated a-syn. (C) A comparison of
the AR responses caused by serum nitrated a-syn detected via the electrochemical sensor between healthy donors (n = 8) and PD patients (n = 8).
Statistical comparisons between the two groups were performed via t-tests.
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(Fig. S5t). The impedance value was 103.3% of the original
impedance value after one month of storage (Fig. 7B). These
data indicate that the sensor has good stability.

3.7. Nitrated a-syn detection in real samples

First, the potential utility of the immunoassay was assessed
utilizing the standard addition method.** Three concen-
trations of nitrated a-syn were added to 50% real serum
samples for detection. The results illustrated that the average
recovery rate and RSD values of the biosensor were 90.40%-
94.70%, and 2.41%-6.31%, respectively (Table S2}). The good
practicability of the sensing strategy was proved.

We then tested the applicability of the biosensor via
measuring the levels of nitrated o-syn in diluted serum
samples from healthy donors and PD patients (all donor infor-
mation is shown in Table S3}). As shown in Fig. S6,T the AR,
values of different clinical samples were compared. Due to the
significantly improved sensitivity of the immunoassay caused
by the GNCs and MNPs, we found that the AR, responses due
to the serum nitrated a-syn concentrations of healthy blood
donors and PD patients were significantly different (t-test, P <
0.001), as shown in Fig. 7C. These results confirm that this
electrochemical immunoassay has potential clinical appli-
cation value, and it could serve to assist existing detection
methods and guide precision medicine.

4. Conclusions

In summary, a sandwich-type electrochemical immunoassay
for the detection of nitrated a-syn was developed using GNCs
as a sensing platform and MNPs-Ab as a signal amplification
source. The high conductivity, large specific surface area, good
stability, and supermolecule surface of GNCs provided suitable
binding sites for immobilized antibodies, consequently result-
ing in higher specificity for nitrated o-syn detection. The
addition of MNPs-Ab further enhanced the sensing advan-
tages of the amplifying matrix. Under the best experimental
conditions, the sensing platform showed an excellent and
wide linear detection range (1-1000 ng mL™"), a low detection
limit (310 pg mL™"), and good selectivity, stability, and feasi-
bility. Based on the experimental results from the analysis of
clinical samples, the developed immunosensor has great
potential for clinical applications relating to nitrated o-syn.
However, there are still some issues that need to be optimized,
such as the simplification of the sensor preparation method
and the portability of the device, which are critical for advan-
cing the pace of clinical applications.
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