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Abstract Elevated levels of Troponin I, a cardiac
biomarker, is indicative of an Acute Myocardial
Infarction. However, current immunosensing methods
to detect the presence of Troponin I such as Enzyme-
Linked Immunosorbent Assay (ELISAs) has poor
detection accuracy and unreliable quantitative results
due to its single model readout. On the other hand,
impedance spectroscopy detection using aptamer-
modified electrodes is a more reliable and robust
detection method, with higher sensitivity and better
selectivity. In this paper, we propose a molybdenum
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disulphide/cellulose acetate (MoS,/CA) nanofiber
composite on screen printed electrodes for detecting
troponin I by Electrical Impedance Spectroscopy. The
MoS,/CA nanofiber was electrospin at various amount
of MoS, nanosheets (0.025 g, 0.05 g, 0.1 g and 0.2 g).
Morphological, structural and optical characterization
was conducted to discover the functional group as well
as crystallinity formed in the MoS,/CA composite
nanofiber. The developed electrochemical nano-
biosensor can detect up to 10 fM of Troponin I with
90% stability after 6 weeks, ~ 5 folds improvement
compared to other proteins (selectivity), 0.89 pA
mM ™" ecm™ ? sensitivity of sensor and RSD value of
3.8% (repeatability).

Keywords Troponin I - Molybdenum disulphide -
Cellulose acetate - Nanofiber - Electrical impedance
spectroscopy

Introduction

Cardiovascular diseases (CVDs) are the primary cause
of death universally, with 31% of every death
worldwide (~17.7 million deaths) in 2017 due to
CVDs. Acute Myocardial Infarction (AMI), a CVD,
can be diagnosed by the presence of elevated levels of
Troponin I in the blood. Troponins are the protein fiber
segments of the contractile cardiovascular and skeletal
muscles, and are absent in smooth muscle. When a
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patient has a heart attack or stroke, the troponin level
in the blood increases.

Cardiac troponin complex has three subunits;
Troponin I, which quells actin—-myosin interchanges;
Troponin C, which binds calcium and Troponin T,
which joins the troponin complex and energizes
narrowing. Enzyme-Linked Immunosorbent Assays
(ELISAs) have been utilized for Troponin I and
Troponin T detection and quantification (Cho et al.
2009). However, ELISA’s is expensive and the assay
procedure is tedious and laborious. Thus the need for a
lower cost and process that is easy to automate
(Perumal and Hashim 2014; Nezami et al. 2017). An
obvious solution is the use of a nano biosensor.
However, no commercially available nano-biosensor
for the detection of a troponin is available in the
market (Lee et al. 2019a).

Developing an efficient and effective nano biosen-
sor requires nanoparticles that can sense the specific
biomarker. Molybdenum Disulphide, MoS, has been
widely used for its functionality, for example as a
reactant hydride in the sulfurization of oil, for wear
restriction and for nonaqueous lithium batteries. MoS,
is a layered semiconductor (band hole = 1.2 eV,
indirect) that withstands oxidation in moist air at
temperatures of up to 85 °C (Nagaraju et al. 2007).
This characteristic makes MoS, the nanomaterial of
choice in the medical field. To further enhance its
physical properties, many attempts have been made to
develop MoS, nanomaterials.

MoS,/CA nanofiber is formed by mixing MoS,
nanosheet powder with cellulose acetate derivation
(CA) and electrospinning the resulting mixture. Elec-
trospinning has relative low cost, ease of use, is fast,
supports many types of materials, and is adaptable,
with the ability to control fiber arrangement,
microstructure, and diameter (Teo and Ramakrishna
2009). Nanofiber-type cellulose acetate has it’s a high
surface to-mass ratio, high porosity with excellent
pore interconnectivity and adaptability (Gopiraman
et al. 2018).Cellulose acetate’s chemical structure
contains ether, hydroxyl and carboxyl, is ionic in
nature and is ideal for binding metal nanoparticles to a
polymer surface (Lee et al. 2005).
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Materials and methods
Materials and reagents

Cellulose Acetate (Sigma 180955), N,N-Dimethylfor-
mamide (Merck 103053), Acetone (Merck 100014),
Toluene (Merck 108325), Ethanolamine (Merck
822184), 16-mercaptohexadecanoic acid (Sigma
674435), 1 X Phosphate Buffered Saline (PBS)
(BUF-2040-1 x 1L), (3-Aminopropyl) triethoxysi-
lane (Sigma A3648), Hydrochloric acid 37% (Merck
822871), Molybdenum (VI) oxide (Sigma M0753), L-
Cysteine (Merck 102838), N-(3-Dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloric (Sigma
E176), Acrylic acid N-hydroxysuccinimide ester
(Sigma A8060). All of the chemicals were utilised as
received without any extra purification steps. The
oligonucleotides were purchased from Avantis Labo-
ratory (Malaysia). The details of the oligonucleotide
sequences utilized in this current work are as follows:

Oligo linker sequence of 5'-Biotin-C6-TTT TTT
TTT TTT TTT TTT TT-3'.

Aptamer sequence of 5'- CGT GCA GTA CGC
CAA CCT TTC TCA TGC GCT GCC CCT CIT
AAA AAA AAA AAA AAA AAA AAA AAA A -3
Target—Troponin I; Control—Troponin T; Human
Serum from human male AB plasma purchased from
Sigma-Aldrich Co., Ltd. (Malaysia).

Commercialized transducer Screen-Printed Elec-
trode (SPE) was purchased from Metrohm DropSens
(Malaysia).

Preparation of cellulose acetate (CA) solution

Preparation begins with 30 mL of Acetone poured into
the beaker. Next, with the aid of pipette, 20 mL of
dimethylformamide (DMF) added into the same
beaker and the mixture stirred using magnetic stirrer
with hot plate. Meanwhile stirring, 10.1 g of cellulose
acetate powder weighed using precision weigh
machine to get most accurate amount before the next
procedure. After weighed, the cellulose acetate pow-
der added into the solution in the beaker. Slowly the
powder being added into the mixture to prevent
coagulation of the powder inside the solution. The
beaker covered with beaker cover lid to prevent
contamination of the solution during stirring process.
In order to ensure the cellulose acetate powder
dissolve completely with the Acetone/DMF solution,
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it stirred for 12 h, under room temperature and at 400
rpm (Lee et al. 2018).

Synthesizing molybdenum disulphide (MoS,)
nanosheet powder

The first procedure to fabricate MoS, nanosheet
powder was having amount of 0.25 g of molybdenum
(VD) oxide powder dissolving in 20 mL of distilled
water where later proceeded with 20 min of sonication
process by utilizing the sonication bath. Then, 50 mL
of distilled water had been prepared as a dissolving
medium for the 0.3 g L-cysteine. 100 mL beaker was
prepared to accumulate the mixture solution after L-
cysteine solution and molybdenum (VI) oxide solution
mixed together in the beaker. In order to alter the pH of
the mixture to pH 2.5, hydrochloric acid was utilized
to serve mentioned purpose before pouring the solu-
tion into 250 mL Teflon—lined stainless steel auto-
clave. Right after the Teflon positioned in the oven,
hydrothermal process carried out by applying the
parameter of 16 h under 200 °C. Under room
temperature the Teflon was left to cool down after
completion of hydrothermal process for 16 h. After the
cool down activity, black product obtained and
washed three times continuously with ethanol and
distilled water. Next, the black precipitate which was
the MoS, nanosheet placed into crucible and dried at
45 °C for 8 h where afterwards it was transferred and
stored inside a desiccator (Vasudevan et al. 2020).

Developing of MoS,/CA solution

As this research studies the different mass of MoS,
nanosheet powder reacting with the CA solution, the
first experiment should be carried out with 0.025 g of
MoS,. After stirring the CA solution for 12 h, with the
aid of precision weigh machine, the MoS, powder
should be weighed to 0.025 g. Next, MoS, powder
mixed into the CA solution in the same beaker and
stirred for 1 h and under room temperature to ensure
the MoS, disperse completely with the CA solution as
existence of powder particles can cause blockage in
tube during electrospinning process. Depends on the
amount of MoS, being mixed with CA solution, the
solution to be in the range of slight black to dark black
as MoS, is in black in colour while CA solution
normally colourless.

MoS,/CA nanofiber via electrospinning

Electrospinning is the most convenient and cheapest
method to produce MoS,/CA. The interior of the
electrospinning machine was first cleaned with an
acetone solvent, and an aluminium foil which covered
the drum used as a medium to collect the nanofiber.
The feeding rate of the fibre is 0.4 mL/h with a fixed 15
cm distance between the needle and the drum, which
rotates at a speed of 1200 rpm at a supply voltage of 10
V. After a 1 h stirring process, 20 mL of the MoS,/CA
solution was injected into the syringe. Electrospinning
was performed for 8 h to obtain uniform nanofiber
thickness and distribution. The specifications for the
electrospinning machine were supply voltage fixed at
10 V, drum speed at 1200 rpm.

Surface functionalization

Screen-Printed Electrodes (SPE) were washed with 10
pL of 10 mM PBS at pH7.4 and the reading for bare
SPE chips were subsequently taken to detect any
manufacturing errors of the electrodes. The chips were
incubated with 2% of aminopropyltriethoxysilane
(APTES) for 1 h at room temperature. The chip was
periodically check during the incubation process to
ensure that the APTES was present on the chip. After 1
h of incubation, the unattached APTES was removed
using 10 mM PBS of pH7.4. The pre-modified SPE
chips with APTES were further enhanced by incubat-
ing with 10 pL r of 16-mercaptohexadecanoic acid
mixed with N-hydroxysuccinimide (NHS) and ethyl-
carbodiimide (EDC) for 15 min. The 16-mercapto-
hexadecanoic acid powder was diluted with 250 pL of
ethanol and 250 pL of water. The diluted 16-mercap-
tohexadecanoic acid was further mixed with 25 pL of
NHS and 25 pL of EDC. The mixture was centrifuged
for 2 min to produce white pellets for the electrode
surface,

Next, the liquid form of MoS,/CA nanofibers was
prepared with 0.005 g of MoS,/CA nanofiber and 5
mL of Toluene. The solution was sonicated for 80 min
at 60 °C. The previous solution was added onto the
modified SPE electrode, by letting the solution
incubate for 30 min. The MoS,/CA SPE electrodes
were then modified by adding 10 pL of 1 Molar
Streptavidin and incubated for 30 min. To block the
unwanted Streptavidin/MoS,/CA SPE structure, the
electrodes were further modified by dropping 1 M of
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ethanolamine as a blocking agent and incubated for 30
min. After each immobilisation steps, the SPE elec-
trodes were washed with 10 pL of 10 mM PBS and
impedance readings were taken (Gopinath et al. 2017).

Immobilisation and hybridisation of aptamer-
biotin linker and target

The dilution of the probe is crucial before surface
immobilization of the probe onto the electrode
surface. For the biotin end of the linker to bind onto
the streptavidin modified electrode surface, 973 pL of
buffer solution was used to dilute the oligo linker
sequence of 5'- /5Biosg//IC6Sp/TTT TTT TTT TTT
TTT TTT TT-3' which has 97.3 nM. For 100 uM of
Aptamer with the sequence of 5'- CGT GCA GTA
CGCCAACCTTTCTCATGC GCTGCCCCTCTT
AAA AAA AAA AAA AAA AAA AAA AAA A -3,
which consists 62.3 nM, 623 pL of buffer solution was
used for dilution. The biotin linkers were immobilised
on the Streptavidin/MoS,_CA/ SPE electrodes before
immobilising the aptamer linker on the same modified
electrodes, thus completing the probe (Biotin-Ap-
tamer linker) immobilisation process. All washings
were done with 10 pL. of 100 mM PBS (pH 7.4) and
readings were taken between each immobilization
step.

For target detection, hybridization between the
target (Troponin I) and probe was achieved by diluting
Troponin I in 10 mM PBS of pH 7.4 at room
temperature at different concentrations of troponin I
ranging from 10 fM to 1 nM with the sequence of 10
fM, 100 fM, 1 pM, 10 pM, 100 pM and 1 nM, to obtain
sequential data readings. Each target concentration
dropped onto the electrode surface was incubated for
30 min and subsequently washed with 10 mM PBS of
pH 7.4 before readings were taken. All steps are
illustrated in Fig. 1a.

The steps were repeated using control protein
(Troponin T) instead of Troponin I, with concentra-
tions of 100 pM and 1 nM. Troponin T is the negative
control protein to determine the detection sensitivity
of the modified Aptamer /Streptavidin/MoS,_CA/
SPE for different target besides Troponin I.

Microscopic-nanoscale imaging

Field-emission  scanning electron  microscopy
(FESEM; Carl Zeiss AG ULTRASS, Gemini) used
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to investigate the morphology and structural proper-
ties of MoS,/CA nanofiber samples. Transmission
Electron Microscope (TEM) were used to analyse the
image in nanoscale level. HITACHI HT 7830 series up
to 120 kV used to carry out high resolution TEM
(HRTEM) images of MoS,/CA nanofiber. Preparation
of the sample carried out by dispersing the MoS,/CA
nanofiber in toluene and sonicated for one hour.

Structural analysis

Crystallization and structural properties of MoS,/CA
nanofiber analysed with X-ray diffraction (XRD,
Bruker D8, Bruker AXS, Inc., Madison, WI, USA.
The X-ray diffraction (XRD) pattern was recorded in
the range of 30° to 60° operating at a voltage of 40 kV
and a current of 40 mA. The X-ray spectra peak
analysis was carried out by Diffraction plus 2003
version of Eva 9.0 rev.0 software.

Impedance spectroscopy

Impedance spectroscopy readings were obtained by
utilizing NOVA control alpha high-frequency analy-
ser (Hundsangen, Germany). To describe the MoS,/
CA nanofiber, arranged example was drenched in PBS
(pH 7.4) containing a blend of 2 mM K3[Fe(CN)6]/
K4[Fe(CN)6]. Zs' and Zs”, where reflect onto real and
imaginary parts were acquired by clearing the fre-
quency of 1-100 MHz with an applied AC adequacy
of 1 V RMS. Every one of the readings and measure-
ment were done at room temperature.

Optical measurements

The consumed chemical exacerbates that left on the
surface of MoS,/CA nanofiber was created on SiO2/Si
substrate were distinguished utilizing the Fourier
transform infrared spectroscopy (FTIR, PerkinElmer
Spectrum 400 spectrometer, PerkinElmer, Waltham,
MA, USA).

Results and discussion

MoS,/CA nanofiber morphology analysis

The morphology structure of all samples were studied
through FESEM. For the 0.025 g of MoS, nanosheet
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Fig. 1 a Schematic illustration of surface functionalization
processes from bare electrode until aptamer immobilization and
target detection. b FESEM image of low magnification

with CA, as shown in Fig. 2a, the surface of the
nanofiber is smooth with less spores observed. The
diameter of each nanofiber is not similar in size with a
randomly oriented network structure and a beads-free
structure, as there is no undissolved MoS, nanoparti-
cles (Huang et al. 2003). The MoS,/CA is a homoge-
nous solution, as the MoS, nanosheet powder was
completely dispersed (Liu et al. 2015). The nanofibers
are stacked layer by layer, as shown by the different
colour concentration of nanofibers, where at upper
layers brighter and the bottom layers darker. As shown
in Fig. 2b,c, the nanofibers formed exhibits a similar
structure with the nanofibers in Fig. 2a, with the only
difference being the diameters of the nanofibers. Thus,
it can be concluded that more nanofibers can be
produced by adding more MoS, nanosheet powder
into the solution. However, the amount of MoS,
nanosheet powder that can be added into the solution
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revealing smooth surface nanofiber structure of MoS, dispersed.
¢, d Low- and high-magnification TEM images of MoS,
nanosheet successfully dispersed into CA nanofiber

to produce MoS,/CA nanofibers has a limit. As shown
in Fig. 2d, there is coiling of small diameter nanofibers
onto another nanofiber. This phenomenon, known as
micro-coiling, is a common phenomenon when using
electrospinning to produce nanofiber, due to bending
instability. Micro-coiling can be seen when the
amount of MoS, increases when mixed with a fixed
amount CA, compared with previous samples which
do not exhibit any coiling. Viscosity plays a vital role
in contributing to bending instability (Yarin et al.
2001). The viscosity of a sample increases due to
increasing amount of MoS, added, as it makes the
solution more concentrated. As the amount of MoS, is
increased, more micro-coiling is observed, as shown in
Fig. 2d. Thus, a maximum of 0.2 g of MoS, nanosheet
powder is recommended to avoid micro-coiling, as
this phenomenon disrupts the mechanical and physical
properties of MoS,/CA nanofiber and makes the
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Fig. 2 FESEM image on
morphology structure of

a 0.025 g MoS,/CA
nanofiber, b 0.05 g MoS,/
CA nanofiber, ¢ 0.1 g MoS,/
CA nanofiber, d 0.2 g MoS,/
CA nanofiber

surface functionalization process more complex. As
such, only the 0.025 g, 0.05 and 0.1 g of MoS,/CA
samples were used, as the 0.2 g MoS,/CA exhibited
poor nanofiber structure due to presences of micro-
coiling that can obstruct biomolecules from binding on
the surface of the biosensor. In conclusion, we devised
to carry our further analysis using 0.05 g of MoS2/CA
sample as the morphology structure resembles an
optimum structure for a nanofiber and suitable for
other characterization processes.

The MoS,/CA-0.05 nanofiber (0.05 g MoS,
nanosheet) morphology was analyzed using Trans-
mission Electron Microscope (TEM). As observed in
Fig. 1c,d, the MoS, nanosheet is embedded with
nanofibers. This demonstrates that the MoS,
nanosheets are highly dispersed within the cellulose
acetate nanofibers. This structural feature is an
advantage for increasing surface area per volume ratio
(Chen et al. 2019). For more TEM figures, please refer
to Supplementary Fig. 1.
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Fourier transform-infrared (FT-IR) spectroscopy

FTIR spectroscopy was performed to determine the
functional group or elements present based on their
vibrational characteristic. The peak observed at 606
cm™ ' in Fig. 3a corresponds to the Mo—S bond shifting
from its original spectra value, which is 469 cm™ !, due
to mixture reaction of MoS, with CA, with electrons/
synergistic interaction occurring at a molecular level
(Zhao et al. 2013; Sudiarti et al. 2017; Ahmad et al.
2020). The peak at 1036 cm ™" is due to the vibration of
sulphur from MoS, together with oxygen from CA,
from the S—O bond (Feng et al. 2013). The absorption
peak at 906 cm ™' is attributed to the stretching of S—S
present in MoS,. The presence of CA can be proven by
the presence of the C—O—C and C=0 bonds, observed
at 1234 cm ™" and 1758 cm ™! respectively (Song et al.
2012). The —CH2 deformation vibration at 1372 cm ™!
for pure cellulose acetate has been shifted to 1369
cm™! for MoS,/CA. The peak FTIR spectras values
for pure cellulose acetate and MoS, nanosheet are
shown in Fig. 3b, c respectively. The wavenumber
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Fig. 3 FT-IR spectrum a MoS,/CA nanofiber hybridisation, b pure cellulose acetate, ¢ MoS, nanosheet

obtained for each peak of functional group present in
MoS,/CA hybridization had exhibited almost similar
wavenumber of the cellulose acetate FTIR spectra and
MoS, nanosheet FTIR spectra, proving the presence of
CA and MoS, nanosheet in the MoS,/CA nanofiber
hybridization.

X-ray diffraction (XRD)

As shown in XRD spectrum in Fig. 4a, it can be
deduced that the sample is in amorphous form, as there
is no clear diffraction peak observed on the XRD
spectrum (Yu and Park 2016). However, there is
diffraction at peak of 15° in the XRD spectrum from
the MoS,/CA nanofiber hybridisation, which
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Fig. 4 XRD spectrum a MoS,/CA nanofiber hybridisation, b pure cellulose acetate, ¢ MoS, nanosheet

resembles the diffraction of the cellulose acetate
spectrum, indicating the presence of cellulose acetate
in the hybridisation. From Fig. 4c, the diffraction
peaks found at 26.1°, 32.8°, 36.9°, 53.5°, 60.6°, 66.9°,
72.9° and 79.5° reflecting onto the T(11 —1),
TR(10 — 2), T(200), T(31 —1), T(130), TM(021),
M@311) and TM(040) planes resembles the XRD
spectrum of the MoS, nanosheet only (Vasudevan
et al. 2020). In Fig. 4a, the spectrum exhibited some of
the same diffraction peaks with XRD spectrum
obtained in Fig. 4b and c, such as the T(11 —1),

@ Springer

T(200), T(31 —1) and T(130) planes, indicating the
presence of MoS, nanosheet in MoS,/CA nanofiber
hybridisation. The reason behind the shape of peak
diffraction at the same degree in the hybridisation
compared to MoS, nanosheet diffraction, is because
the MoS, nanosheet were dispersed and layered into
the CA nanofiber, as can be observed in morphology
analysis earlier.
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Impedance measurement for MoS,/CA composite

EIS was carried out to investigate the electrochemical
process at various doping amount of MoS, nanosheets
in CA polymer solution forming MoS,/CA composite
nanofiber and further analyze the impedance spec-
troscopy on the surface modified SPE electrode at
room temperature as shown in Supplementary Fig. 2.
The interception of the semicircle with the X-axis in
high-frequency regions represents the equivalent
series resistance (Rs) of the electrode materials,
whereas the diameter of the semicircle corresponds
to the resistance of the transfer of charge (Rct) due to
redox reaction. At low impedance frequency regions,
the line axis that is almost parallel to the imaginary
shows that 0.05 g of MoS,/CA composite has an ideal
capacitive behavior and lower transfer resistances.
Furthermore, the variation in semicircle for all the
compositions indicates the non-Debye nature and the
distribution of the relaxation time (Ali et al. 2013;
Monisha et al. 2016; Shanmuga Priya et al. 2018). 0.05
g of MoS,/CA composite displayed the lowest Rct and
impedance value compared to other concentrations.
The result also revealed that addition of 0.05 g of
MoS, in CA polymer gives high ionic conductivity as
the number of charge carries increase (Mahalakshmi
et al. 2019). The number of charge carries rises in such
a way that the sulfide salt dissociate into Mo®" and $*~
ions, due to that more charge carries is formed. Thus,
the maximum number of charge carriers is formed in
0.05 g of MoS,/CA composite which also leads to
faster charge transfer rates and higher flexibility of the
polymer chain for intercalation. Besides that, addition
of lower or higher amount of MoS, than 0.05 g in
composite, decreases the conductivity which directly
affects the aggregation of ions in polymer network.
The results indicated improvement in storage and
transport of charges within the electrode attributed
highly by 0.05 g of MoS,/CA composite compared to
other concentration. At low frequencies, the 0.05 g of
MoS,/CA composite had pure capacitive behaviors as
that composite demonstrates nearly vertical straight
line (Wang et al. 2015). Hence, the 0.05 g of MoS,/CA
composite has been used to further elucidate the
biosensing capacity via impedance spectroscopy
analysis.

Impedance measurement for surface
functionalization

Before detection of the target, the surface functional-
ization was verified by analysing its impedance
spectra using Electrical Impedance Spectroscopy
(EIS). Specifically, the Rct, Ra and CPE of a Randles
equivalent circuit, where Rct is the charge transfer
resistance, Ra is the bulk solution resistance and CPE
is for constant phase element, were determined. From
the EIS, the semicircles of a Nyquist plot, as shown in
Fig. 5a, corresponds to the charge transfer resistance,
Rct. The increase in Rct was due to the expansion in
charge transfer resistance. The changes of each
semicircle diameter in Fig. 5a indicates the changes
in electrical properties of the modified electrode
surface upon each immobilization step. The MoS,/
CA nanofiber immobilization has the lowest impe-
dance reading, with a peak value of 948 Q. With
immobilization of streptavidin, the peak value
increases to 1335 Q, indicating the streptavidin has
successfully immobilized on the MoS,/CA modified
electrode. The charge transfer resistance of the surface
increases due to existence of protein molecules in
Streptavidin, causing the surface to be less conductive,
thus increasing resistance. A further increment of
impedance of 1774 Q was obtained when Ethanola-
mine, a blocking agent, was dropped onto the modified
surface. The impedance increased due to ethanolamine
blocking target binding onto the surface and onto
streptavidin instead. As for the aptamer with biotin-
linker added onto the modified electrode, the impe-
dance spectrum is almost similar to streptavidin’s
impedance spectra, but with slightly higher value of
impedance of 1382 Q. This prove that rather than
binding onto the surface, the aptamer-biotin linker had
bound completely to the streptavidin binding sites,
hence exhibiting almost similar electrical characteris-
tics with the impedance spectrum of streptavidin.
Moreover, it also proves that ethanolamine, as block-
ing agent, had prevented bio-fouling i.e. binding of the
aptamer-biotin linker onto the non-streptavidin cov-
ered electrode surface.

Detection of Troponin I
Having achieved surface functionalization by the

immobilization of aptamer, the electrode was further
analysed to determine the detection limit. Various

@ Springer
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Fig. 5 a Impedance spectra of each steps done in surface
functionalization procedure to study the electrical properties and
charge transfer resistance to determine the immobilization
succeed or failure. b Impedance analysis for the interaction
aptamer and target with different concentration. The impedance
spectra of the real and imaginary parts of impedance, Zs' and
Zs", were plotted using Nyquist plot. The target concentration

Troponin I concentrations (10 fM-1 nM) was applied
onto the aptamer modified electrode and measured by
EIS. As shown in Fig. 5b, the charge transfer
resistance increases with increasing concentrations
of Troponin I hybridized on the modified electrode.
The lowest concentration of Troponin I, 10 fM,
recorded an impedance value of 2423 Q and the 100
fM concentration of Troponin I had an impedance
value of 3163 Q. The impedance for 1 pM, 10 pM, 100
pM and 1 nM are 3805 Q, 4801 Q, 6220 Q and 8131 Q
respectively. The Rct value increases significantly as
the concentration increases because the number of
binding sites increases on the surface of the electrode
due to the increase of negative charge ions in proteins
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detected with range of 10fM to 1nM. ¢ Impedance analysis for
the interaction aptamer and human serum with different
concentration. The impedance spectra of the real and imaginary
parts of impedance, Zs' and Zs”, were plotted using Nyquist
plot. The human serum concentration detected with range of 10
fMto 1 nM

and an increment in the surface coverage of Troponin I
(Wang et al. 2016).

Troponin I detection in human serum

Figure 5c shows the EIS readings for the detection of
Troponin I in human serum to assess the sensitivity of
the modified electrode to detect Troponin I when
mixed with other proteins in the human serum. The
charge transfer resistance increases as the human
serum concentration increase. The sensor successfully
detected Troponin I as only the specified protein
captured by aptamer on the electrode. Therefore, the
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modified aptamer-biotin linker acts as a biological
recognition molecule to specifically detect Troponin I.

High analytical performance sensor

The biosensor can detect Troponin I in concentrations
as low as 10 fM (1 x 10~'* M). As shown in Fig. 6a,
the linear regression, Rz, has a value of 0.96022
indicating good linear relationship between sensitivity
and increment of Troponin I concentration. The
sensitivity is (Balakrishnan et al. 2014; Vasudevan
et al. 2021):

Slope of calibration plot,m (MA mM’l)

Sensitivity = .
y Active Surface Area, A (cm?)
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Fig. 6 a Linear regression analysis to determine the linearity of
detection based on different concentration of target. Mean data
from different electrodes were calculated and plotted. R2 value
implies the significance. b The bar diagram shows selectivity of
the SPE sensor towards detection of Troponin I and other

©

Rct

The active surface area of SPE, A = 0.1257 cm?
and the sensitivity of the sensor is 0.894 A mM ™'
cm™ % The sensitivity or detection limit of this
biosensor is better compared to other Tropinin I
biosensors, with 90% more sensitivity than a recently
developed sensor with a detection limit of 110 fM (Lee
etal. 2019b). Table 1 shows the comparison of limit of
detection among the currently available researches on
detection of Troponin I.

To determine the selectivity of the biomolecules
detection, different combinations were used, such as
control (Troponin T), other proteins and human serum.
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proteins in form of human serum and control (Troponin T).
¢ Repeatability analysis on five different electrodes under same
processes. d Stability analysis throughout 6 weeks continuously
to determine the performance rate and durability of the
developed sensor
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Table 1 Comparison of the currently available detection of Troponin I

Method Strategy Limit of References
Detection
Immunosensor A functionalized SnO2 nanobelt field-effect transistors (FETs) with integrated 100 pM Cheng et al.
microfluidics (2011)
Immunosensor  Silicon nanowire FET-based biosensor 5 pM Kim et al.
(2016)
Aptasensor DNA aptamers against Troponin I were identified by the Systematic Evolution of 1 pM Jo et al.
Ligands by Exponential enrichment (SELEX) method (2015)
Aptasensor A sandwich aptamer-based screen-printed carbon electrode (SPCE) using 1 pM Jo et al.
chronoamperometry (2017)
Aptasensor Multi-functional DNA (MF-DNA) on Au nanocrystal (AuNC) using an 110 ftM Lee et al.
electrochemical method (EC) and a localized surface plasmon resonance (LSPR) (2019b)
method
Aptasensor SPE modified with Molybdenum Disulphide/Cellulose Acetate nanofiber and 10 tM This work

detection using EIS

Figure 6b shows the Rct value for each type of
combination immobilized on the electrode. The
charge transfer resistance does not significantly
change or differ when unrelated molecules such as
the control and other protein were introduced. The Rct
values are almost the same Rct value of the immobi-
lized electrode, meaning the sensor does not detect
unrelated biomolecules, as the aptamer was modified
to capture Troponin I proteins only. For Troponin I
with human serum, the Rct readings where higher
when compared to the control and other protein
concentration. The aptamer-biotin linker can therefore
be functionalized on the electrode surface to capture
and detect Troponin I proteins only.

The repeatability was checked by analysing the
impedance spectrum for SPE electrodes used for target
concentration, human serum and control detection. As
shown in Fig. 6c, the impedance spectra of all
electrodes used after MoS,/CA nanofiber immobiliza-
tion on electrode surfaces showed almost similar
impedance spectrum with no significant differences.
The sensing system of each electrode used in this
experiment with immobilisation of MoS,/CA nanofi-
ber has therefore high sensitivity and specificity. The
immobilized electrode was tested from 1st week to 6th
week, to ensure it was robust and reliable. Based on
Fig. 6d, the functionality declined slightly over the
weeks, with a performance percentage rate of 90%.

@ Springer

Conclusions

In this research, a highly selective and sensitive nano
biosensor using Screen-Printed Electrodes (SPE) and
EIS was developed for the detection of Troponin I.
The advantage of this sensor includes its high sensi-
tivity, low detection limit for low concentrations of
Troponin I (target), great stable surface and remark-
able specificity. The higher surface capture ability is
due to the MoS,/CA nanofiber, which immobilized
beneath aptamer, facilitated target hybridization. Even
in the presence of human serum, the results obtained
from the detection shows a significant increment in the
sensitivity of sensor, with a detection limit of up to 10
fM with RSD value of 3.8% and ~ 5 folds selectivity.
This study has shown promising results and may
possibly be extended for the detection of other
biomarkers.
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