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nsportable immune device for the
recognition of a-synuclein using KCC-1-nPr-CS2
modified silver nano-ink: integration of pen-on-
paper technology with biosensing toward early-
stage diagnosis of Parkinson's disease†

Arezoo Saadati,a Hossein Navay Baghban, b Mohammad Hasanzadeh *c

and Nasrin Shadjou d

Parkinson's disease (PD), the secondmost frequent neurodegenerative illness, is a neurological ailment that

produces unintentional or uncontrolled body movements, which should be diagnosed in its early stages to

hinder the progression. Monitoring the concentration of a-synuclein (a-Syn) in body fluids can be one of the

most efficient ways for PD early detection. In this work, a paper-based electrochemical immunosensor was

designed for a-Syn bio-assay in human plasma samples based on encapsulation of the biotinylated antibody

on novel dendritic fibrous nanosilica ((KCC-1-nPr-CS2)-Ab). For this purpose, a three-electrode systemwas

prepared using stabilization of silver nano-ink on photographic paper. Then, the (KCC-1-NH-CS2)-Ab was

immobilized on its surface and used to detect the target antigen (a-Syn). After characterization of the

prepared substrate by FE-SEM and EDS, the redox behavior of the biosensor was evaluated using

chronoamperometry techniques. Under optimal experimental conditions and using a label-free strategy,

the engineered immunosensor showed a linear relationship between peak current and antigen

concentration in the linear range from 0.002 to 128 ng mL−1 with the lower limit of quantification of

0.002 ng mL−1. Moreover, this work involves unprecedented use of conductive nano-inks for the

manufacture of a-Syn immunosensor, which is aided by the use of a mesoporous silicate dendrimer in

encapsulating the a-Syn antibody, thus offering a robust and simple point-of-care device for early PD

diagnosis. The ability of the proposed platform to detect small amounts of a-Syn offers a promising

approach to developing low-cost, sensitive, and transportable biosensors for Parkinson's disease

screening in its early stages.
1. Introduction

Parkinson's disease (PD) is the most prevalent movement
condition and the second most frequent neurodegenerative
illness that affects the central nervous system.1 Also, 1% of the
elderly above the age of 60 and 4% of the elderly older than 80
years old are affected by PD.2 The diagnosis of PD typically
occurs aer the appearance of clinical symptoms, which indi-
cates that the disease has already progressed to a moderate or
advanced stage.3 Nevertheless, the process of
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neurodegeneration associated with PD starts many years prior
to diagnosis.4One approach to achieving early detection of PD is
to identify particular biomarkers associated with the disease
and then detect them using a cost-effective and dependable
analytical system. One such biomarker is a-synuclein (a-Syn),
a 14 kDa protein encoded by the SNCA gene, which shows
potential for non-invasive PD detection in clinical settings.5,6

The unusual clustering of a-Syn protein, which leads to the
formation of Lewy bodies and Lewy neurites within neurons of
the substantia nigra, is recognized as a crucial factor contrib-
uting to the PD progression.7 Numerous studies have indicated
that the anomalous concentration of a-Syn can be identied in
bodily uids, including peripheral blood.8 Therefore, sensitive
determination of this biomarker in human biouids is impor-
tant for clinicians.

Several analytical methods including enzyme-linked immu-
nosorbent assays (ELISA),9 immunomagnetic reduction (IMR),10

uorescent immunoassay,11 and real-time PCR12 have been
employed for detection and quantication of a-Syn. The main
© 2024 The Author(s). Published by the Royal Society of Chemistry
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limitations of these approaches are that they need costly labo-
ratory equipment and specialist manpower, and they involve
somewhat a long response time. Owing to these restrictions,
miniaturizing of these methods and their use in places other
than well-equipped laboratories are unimaginable. Electro-
chemical sensors and biosensors which work by interacting
with the target analyte to provide an electrical signal propor-
tionate to the analyte concentration13 can be a suitable option to
overcome these limitations. These analytical devices have been
making strides in becoming reliable analytical tools that can
replace older, more cumbersome, and more costly analytical
equipment.14

One kind of electrochemical biosensor is an immunosensor.
Immunosensors are designed to have a unique electrical
response when an antibody and its specic antigen match and
connect. Immunosensors can be more sensitive and selective
than other biosensors as the antigen–antibody reaction is
unique for every species and can trigger electrochemical
responses even in tiny amounts of the analyte.15 Due to their
excellent sensitivity, low cost, and naturally compact size,
electrochemical immunosensors have recently gained a lot of
attention.16 In this respect, some electrochemical immuno-
sensors for a-Syn have been reported.17–19

The emergence of portable on-site diagnostic tools, also
called point-of-care devices (POCD), has ignited a swily
growing eld of exploration with numerous clinical and
commercial applications.20–22 For devising such devices,
a variety of platforms have been used, including glass, ceramic,
plastic, and paper.23–25 Due to its great sensitivity, mobility, low
production cost, simplicity of use, biodegradability, and
capacity for customization and adjustment, paper has become
more popular than other materials.26–28 Also, paper-based
analytical devices (PADs) have come into existence. Moreover,
because of the excellent electrical resistance and exibility of
paper, PADs have widespread uses in designing electrochemical
biosensors.29,30

The development of nanomaterials as well as conductive
nano-inks has created intriguing novel opportunities for using
them to immobilize biological molecules efficiently in electro-
chemical biosensors and amplify the electrical response pulse.31

Silver, copper, platinum, aluminum, and gold are most
commonly used to make conductive inks.32 Among them, silver
because of its unique properties such as proper thermal and
electrical characteristics as well as low toxicity which can cover
electrocatalytic reactions stands out from other nanomaterials
at a reasonable price.33,34

Although polymers are the most oen used substrates for
immobilizing active bio-species, inorganic substrates such as
silica may offer certain advantages, including greater durability,
chemical and heat resistance, and the absence of swelling in
aqueous or organic solutions.35 Fibrous nano-silica (KCC-1)
with decent appropriated stability could be easily modied
with various functional groups in order to acquire the desirable
properties.36 Notably, the high surface-to-volume ratio of these
advanced mesoporous nanomaterials can be a determinant
factor in the sensitivity of the sensor.37 So far, some of the
modied KCC-1 including KCC-1-NH2-FA for sensing HT 29
© 2024 The Author(s). Published by the Royal Society of Chemistry
cancer cells,38 KCC-1-NH2-DPA for sensing prostate-specic
antigen,39 and KCC-1-NH2-Tb for detection of aatoxin M1 40

have been applied successfully.
Utilizing the numerous benets of the paper-based sensors

and employing encapsulated Abs in dendritic brous nano-
silica for EC immunosensors assembly, we have devised
a portable electrochemical immune platform for the surveil-
lance of a-Syn in human biouids. In the rst step, conductive
Ag nano-ink was synthesized and this ink was drawn on
photographic paper to form three conventional electrodes. In
the second step, the working electrode was modied with the
synthesized (KCC-1-NH-CS2)-Ab which make the a-Syn immu-
nosensor ready to be evaluated by relative electrochemical
techniques.

2. Material and methods
2.1. Substances and chemicals

A human a-synuclein kit was obtained from ZellBio GmbH
(Germany) by Padgin TEB Company. Sodium dihydrogen phos-
phate monohydrate (H2NaPO4$H2O), potassium chloride (KCl),
sodium hydrogen phosphate (Na2HPO4), potassium ferrocya-
nide (K4Fe(CN)6), and potassium ferricyanide (K3Fe(CN)6) were
purchased fromMerck (Germany). Bovine serum albumin (BSA),
glutaraldehyde (GA), silver nitrate (AgNO3), and cysteamine
(CysA) were obtained from Sigma-Aldrich (Ontario, Canada). A
human plasma sample was supplied by the Iranian Blood
Transfusion Research Center (Tabriz, Iran).

2.2. Apparatuses

Paper-based three-electrode system was prepared using
a synthesized conductive silver nano-ink. Electrochemical
measurements were performed using the PalmSens 4c system.
TEM (Transmission electron microscopy), Philips-CM30, Ade-
laide, Australia with an operating voltage of 200 kV was utilized
for the investigation of the crystallographic structure,
morphology, and size of the synthesized Ag nano-ink. FE-SEM
(high-resolution eld emission scanning electron microscope),
Hitachi-SU8020, Czech operated at 3 kV was also employed for
capturing the microstructure images of the bulk nano-ink and
characterization of the surface modication at diverse steps of
immunosensor preparation. Chemical composition was also
evaluated by EDS (energy dispersive spectroscopy) coupled with
the FE-SEM. The resistance of the synthesized Ag nano-ink was
assessed using Ohmmeter (XIOLE, XL830L, China, multimeter).

2.3. Synthesis of conductive Ag nano-ink

Silver nano-ink was synthesized based on our previous work.41

To synthesize conductive nano-ink, rstly, a mixture containing
poly acrylic acid (PAA) as a capping agent, diethanolamine
(DEA) as a reducing agent and water was stirred in a water bath
for about 2 h, aer that, silver nitrate solution was added and
was stirred for 22 h. Aer keeping the solution in an ultrasonic
water bath for about 1.5 h, it was mixed with ethanol and
centrifuged (20 min, 9000 rpm). To wash the resulting precipi-
tate, it was mixed with water and centrifuged (3 times). The nal
RSC Adv., 2024, 14, 8810–8818 | 8811
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precipitate was dissolved in a 2 wt% solution of hydroxypropyl
cellulose and homogenized for 3 min at 2000 rpm.
2.4. Conductivity study of the synthesized Ag nano-ink

On the surface of photographic paper, various templates with
different thicknesses were created and stabilized in order to
evaluate the conductivity of the synthesized Ag nano-ink. For
this purpose, the cathode portion of the battery was connected
to the lines via a conductive wire, and the anode portion was
connected to the lamp. A battery and an LED lamp (both three
volts) were placed on the surface of photographic paper. An
electrical circuit was created and the lamp was turned on when
the current passed from the anode to the cathode. An ohmmeter
was also used to measure the lines' resistance. In addition, in
order to investigate the effect of ink printing on its conductivity,
photographic paper was dipped in ink. Aer drying, its
conductivity and resistance were evaluated. As seen in Fig. 1,
there is not much difference in the resistance which suggests
that the surface of the photographic paper is suitable for the
synthetically created conductive Ag-ink and its stabilization.
2.5. Encapsulation of Ab on KCC-1-NH-CS2

KCC-1-NH-CS2 features two-dimensional pore structures,
enabling efficient transfer of the reactant and product biomol-
ecules. As a mesoporous silica material, KCC-1-NH-CS2 provides
a large surface area (133 m2 g−1), appropriate pore volume (0.4
cm3 g−1), and suitable pore size (12 nm), which allows for high
loading of biomolecules such as antibodies. This high loading
capacity is essential for enhancing the sensitivity of the
immunosensor and achieving excellent detection limits. Addi-
tionally, the uniform pore structure of KCC-1-NH-CS2 ensures
efficient mass transport of analytes to the immobilized
biomolecules, leading to rapid and accurate detection.
Furthermore, the functional groups on the surface of KCC-1-
NH-CS2 can be easily modied to facilitate the immobilization
of specic biomolecules, enabling the development of highly
selective immunosensors and biosensors. Overall, the unique
characteristics of KCC-1-NH-CS2 make it an excellent choice for
Fig. 1 Photographic image of conductivity and resistance of photograp

8812 | RSC Adv., 2024, 14, 8810–8818
the construction of immunosensors, offering great potential for
biomedical monitoring of various biomedicals. Therefore, this
polymeric silica material was synthesized according to our
previous report.42 Following the creation of brous nano-silica
KCC-1-NH-CS2, a biotinylated antibody combined with NHS/
EDC 1 : 1 (v/v) and was stirred for 24 h at room temperature in
the solution of 0.1 M of PBS (pH 7.4) with the addition of KCC-1-
NH-CS2. Centrifugation was used to separate the supernatant at
6000 rpm for 4 min.

2.6. Fabrication of the paper-based electrochemical
immunosensor

To prepare the electrochemical paper-based immunosensor,
the synthesized Ag nano-ink was stabilized on the surface of the
photographic paper using a suitable mask and allowed to dry at
room temperature for 5 minutes. Then, Ab encapsulated into
KCC-1-NH-CS2 was immobilized on the surface of the sensing
zone (working electrode) and incubated for 1 h at 4 °C. In the
next step, aer rinsing the electrode with washing buffer, the
BSA solution was immobilized on the working electrode modi-
ed KCC-1-NH-CS2-Ab for 30 min to block the remaining
connection points. Aer incubation, the electrode surface was
rewashed with deionized water to remove contamination. The
a-Syn antigen was incubated on the surface of the working
electrode. Finally, the working electrode was washed with buffer
and dried at room temperature which is necessary for electro-
chemical evaluation by CV technique. Scheme 1 displays the
fabrication and detection process of the electrochemical paper-
based immunosensor of a-Syn. Also, Scheme S1 (see ESI†)
indicated the connection of the prepared paper-based immu-
nosensor to the three-electrode cell.

3. Results and discussion
3.1. Characterization

FE-SEM imaging was used to investigate the morphology of
the produced silver nano inks. Fig. S1 (see ESI†) depicts the
spherical and homogeneous structure of the silver nano-
particles. Nanoparticle aggregation did not exist.
hic paper impregnated with conductive silver nano-ink.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The construction process of the paper-based immunosensor for the detection of a-Syn biomarker.
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Additionally, as seen in Fig. S1A,† nanoparticles typically have
a size of 50 nanometers or less. FE-SEM imaging was also used
to record the morphology of each stage of the safety sensor
fabrication. As seen in Fig. S1 (see ESI†), conductive silver
nano-inks consist of antibodies encapsulated in the spherical
silicate nanoparticles and cover the surface of the paper
unevenly. The appearance of the surface changes completely
following the incubation of BSA and antigen, indicating that
the antibodies and antigens are successfully immobilized on
the surface of the photographic paper created with Ag ink.
The elements were also examined, and the prepared assign-
ment was examined using an EDS spectrometer. As seen in
Fig. S2 (see ESI†), the abundance of silver nanoparticles
indicates that conductive Ag-ink was successfully synthesized.
In the second stage, aer antibody incubation, the amount of
elemental sulfur increases, which indicates the successful
incubation of biological materials on the electrode surface.
Also, it is obvious that, aer the interaction of the antibody
with a specic antigen of a-Syn, the intensity of the sulfur
element increased, which conrmed the formation of the
immunocomplex.
3.2. Electrochemical evaluation of the constructed
immunosensor

Studying the electrochemical performance of immunosensors
is of considerable importance in examining their analytical
© 2024 The Author(s). Published by the Royal Society of Chemistry
capacity. Therefore, the electrochemical performance of the
preparation steps of the immunosensor was evaluated using
the chronoamperometry technique. Fig. 2 shows the chro-
noamperograms obtained from different steps of the electrode
preparation, which were recorded at a potential of 0.25 V in the
presence of 0.1 M [Fe(CN)6]

3−/4−/KCl as an electrochemical
probe. As can be seen, Ag nano-ink is an effective compound in
shuttling electrons in the presence of ferro/ferry (supporting
electrolytes). Nevertheless, by adding (KCC-1-NH-CS2)-Ab on
the surface of the working electrode a slight decrease in
current was observed. With the addition of BSA (blocking
agent), the current decreases, indicating that the non-
antibody-coated spots from the surface were successfully
blocked with BSA. Aer the introduction of a-Syn to the
structure of the immunosensor, an antigen–antibody complex
was formed, activating the immunosensor and switching it to
the signal-ON mode. KCC-1-NH-CS2 was then able to enhance
conductivity upon exposure to the ferro/ferry solution, leading
to a signicant increment in the observed current. It is
important to point out that, KCC-1-NH-CS2 is an ideal candi-
date for the encapsulation of antibodies due to its unique
properties. The large surface area and high pore volume of
KCC-1-NH-CS2 provide ample space for the immobilization of
antibodies, ensuring efficient encapsulation. Additionally, its
biocompatibility and low cytotoxicity make it a safe option for
use in biomedical applications. The chemical stability of KCC-
1-NH-CS2 further ensures the preservation of the encapsulated
RSC Adv., 2024, 14, 8810–8818 | 8813
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Fig. 2 (A) ChAs of immunosensor fabrication steps in the presence of 0.01 M [Fe(CN)6]
3−/4−/KCl solution as an electrochemical probe in E =

0.25 V, duration time = 150 s, (B) histogram of peak current versus type of the electrode.
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antibodies, making it suitable for long-term storage and use.
Furthermore, the controlled release capabilities of KCC-1-NH-
CS2 allow for the sustained delivery of antibodies, enhancing
their therapeutic potential. Overall, the combination of its
Fig. 3 (A) ChAs of the prepared immunosensor in various concentration
0.01 M [Fe(CN)6]

3−/4−/KCl solution as an electrochemical probe in E =

changes against a-Syn antigen concentrations.

8814 | RSC Adv., 2024, 14, 8810–8818
structural, chemical, and biocompatible properties makes
KCC-1-NH-CS2 an excellent choice for the encapsulation of
antibodies, offering numerous opportunities for biomedical
and pharmaceutical advancements.
s of a-Syn (0.002, 2, 4, 8, 16, 32, and 128 ng mL−1) in the presence of
0.6 V, duration time = 150, (B) calibration curve of current intensity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the analytical performance of various electrochemical biosensors with our designed immunosensor for a-Syn
identification

Platform
Biorecognition
element Technique Linear range LOD/LLOQ Ref.

Screen-printed gold electrode Aptamer DPV, CV 60 pM to 150 nM 10 pM 43
Peptide-PEG mixed layer Peptide EIS, CV — 50 mM (S/N = 3) 44
PEG self-assembled monolayer (SAM) Antibody EIS 7.5 ng mL−1 to 0.15 mg mL−1 ∼3.1 ng mL−1 45
PEG-thiol monolayer Antibody EIS 0.5 to 10 nM 55 � 3 pM 46
AuNCs-graphene Antibody DPV, ELS 4 to 128 ng mL−1 4 ng mL−1 19
Paper-based electrode/Ag ink Antibody ChA 0.002 to 128 ng mL−1 0.002 ng mL−1 This work
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3.3. Analytical performance

The realization of the immunosensor was investigated using Ab
interaction with various concentrations of a-Syn antigen (0.002,
2, 8, 32, and 128 ng mL−1). Fig. 3 shows the chronoampero-
grams in different concentrations of the analyte. The results
indicate an increase in the peak current resulting from an
increase in target Ag concentration. The calibration curve was
plotted from the peak current and the a-Syn concentration
under optimum conditions. Using an engineered immune
device a linear range of 0.002 to 128 ng mL−1 and a lower limit
of quantication (LLOQ) of 0.002 ng mL−1 with regression
equations I (mA) = 2.5153 CAg (ng mL−1) + 280.1 (R2 = 0.9953)
Fig. 4 (A) ChAs of the immunosensor in the presence of various interf
probe in E = 0.25 V, duration time = 150, (B) histogram of current inten

© 2024 The Author(s). Published by the Royal Society of Chemistry
were obtained. The results indicate the suitable capability of the
designed immunosensor for a-Syn identication.

A comparison of the analytical results of this immunosensor
and those from prior studies, presented in Table 1, reveals its
high sensitivity and linear range compared to others. The results
reveal that the engineered immunosensor provides an appro-
priate substrate for monitoring a-Syn at low concentrations.
3.4. Real sample analysis

To study the realization of the prepared immunosensor to
blood-based detection, human plasma was spiked with known
concentrations of a-synuclein antigen (0.002, 0.02, 16, 64, and
erences in 0.01 M [Fe(CN)6]
3−/4−/KCl solution as the electrochemical

sity changes versus type of interferences.

RSC Adv., 2024, 14, 8810–8818 | 8815
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128 ng mL−1) 1 : 1 (v/v). It was drop cast on the surface of the Ag
ink/(KCC-1-NH-CS2)-Ab/BSA paper-based electrode. Fig. S3 (see
ESI†) demonstrates the ChA responses recorded with different
concentrations of the target antigen in a human plasma spec-
imen in [Fe(CN)6]

−3−/−4/KCl as the supporting electrolyte. The
results exhibit that an increase in the concentration of the
analyte leads to an increase in the peak current. The linear
ranges of 0.02 to 32 ng mL−1 and lower limits of quantication
(LLOQ) of 0.02 ng mL−1 were obtained under optimum condi-
tions. Calibration curves plotted the linear regression equation
to ChAs is as follows: I (mA) = 2.8941 Ca-Syn (ng mL−1) + 211.89
(R2 = 0.9466).

3.5. Evaluation of specicity of the biosensor

The selectivity of the sensor was evaluated due to the possibility
that the same concentration of interfering substances such as
CYFRA 21.1, CA 15-3, CEA, and PSA were also detected with the
same method. As shown in Fig. 4, it was clear that the chro-
noamperometric response to the target was higher than the
response to the interferents. This result demonstrates the high
selectivity of the sensor to a-synuclein. However, among the
interferers, CEA has a higher current and shows that it can lead
to interference in target recognition. CA 15-3 has the least
intervention effect.

3.6. Repeatability and stability of the immunosensor

The stability of the designed immunosensor was evaluated by
keeping the paper-based electrode modied with antibody-
encapsulated KCC-1-NH-CS2 in a refrigerator at 4 °C for 5
days. The current response for the designed immunosensor
decreased dramatically aer the rst day (Fig. S4A, see ESI†).
The repeatability of the designed electrodes was evaluated
without the presence of a bioreceptor in the ferrocyanide solu-
tion. The results shown in Table S1 (see ESI†) reveal that the
electrodes have almost similar current responses in different
repetitions (AVESTDV = 2.26). In addition, the stability of the
fabricated paper electrodes was also evaluated in terms of
cycles. For this purpose, rst, 1, 5, 10 and 50 cycles were per-
formed with the cyclic voltammetry technique, and aer each of
them, a response current was recorded using the chro-
noamperometry technique. The obtained results showed that
aer the rst cycle, the current decreased signicantly (Fig. S4C,
see ESI†). The results of the stability investigation show that the
prepared paper electrode is disposable and its best performance
is in its rst use.

4. Conclusion

In this study, a paper-based electrochemical immunosensor was
presented for the quantication of a-Syn antigen towards early-
stage diagnosis of Parkinson's disease. Three working, refer-
ence, and counter electrodes were fabricated on a single
substrate using silver conductive nano-ink using a hand-writing
strategy. The main innovation of the present work is the
encapsulation of the biotinylated antibody on KCC-1-NH-CS2
which led to better performance of the fabricated immunosensor
8816 | RSC Adv., 2024, 14, 8810–8818
toward its interaction with specic antigen (a-Syn). The lowest
amount of antigen that the immunosensor could detect was
0.002 ng mL−1. Therefore, it can be concluded that this platform
has the ability to detect targets at low concentrations which
could be a promising, inexpensive, portable, and disposable
device for Parkinson's screening. To sum up, this work repre-
sents the rst use of conductive nano-inks to create an a-Syn
immunosensor, which offers a reliable and straightforward
point-of-care device for the early detection of PD in place with the
innovative deploying of mesoporous silica dendrimer in the
process of immunosensor fabrication. Beneting from the
simplicity and high sensitivity, the proposed method shows
a potential for employment in clinical applications and high-
throughput screening of Parkinson's disease using POC. It is
expected that the proposed immunosensor (aer full analytical
validation) can be utilized as a versatile system for other
biomarkers quantication especially in clinical diagnostics
owing to good performance and high sensitivity.
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