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In this work, a novel aptamer-based CA-MoS, hybrid biosensor was developed for diagnosis of Acute Myo-
cardial Infraction (AMI). Specifically, a novel petal-like MoS, nanoflower was used as the active material on
the Screen-Printed Electrode (SPE) for AMI biomarker determination. The aptamer-based CA-MoS,—24
hybrid was able to attain a low limit of detection (LOD) and sensitivity to 10 fM at a linear range from 10 fM
to 1 nM with good reproducibility based on an electrochemical impedance spectroscopy and a ~4 folds
higher selectivity of troponin I compared to the signal from other biomolecules in human serum, retaining a
91% stability after 6 weeks. This novel CA-MoS2 aptamer-based biosensor with a 2.3% RSD value has the
potential to revolutionize medical diagnosis by conducting multiple biomolecule detection on a single sens-

© 2021 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Acute myocardial infarction (AMI) is a life-threatening cardiac dis-
ease when oxygenated blood flow to the heart is disrupted causing
permanent injury to the heart tissues [1]. For good prognosis, early
treatment is critical. Current clinical methods for the diagnosis of an
AMI such as electrocardiogram (ECG), blood test, angiogram and
echocardiogram are time consuming, have poor precision, are expen-
sive and require sophisticated instrumentations [2]. Alternatively, a
troponin I level of more than 0.1 ng mL™' [3], a biomarker that is
released in the blood stream from these damaged tissues after a heart
attack, can be used to diagnose AMI. . While elevated levels of other
biomarkers such as myoglobin, creatine-kinase MB, C-reactive pro-
tein, troponin T and troponin C are present in the blood stream after
an AMI [1,4], troponin I is the standard and preferred biomarker for
AMI diagnosis [3].

AMI biomarkers may be identified using electrochemical and opti-
cal methods such as surface plasmon resonance, chemiluminescence,
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aptasensor, fluorescence, colorimetric, enzyme-linked immunosor-
bent assay and immunosensors [5—7]. Electrochemical biosensing is
considered a good method to diagnose AM], as it has a wider measur-
ing range, higher sensitivity and selectivity, simpler operation, faster
response and lower cost compared to the optical methods.

Zuo et al. developed an electrochemical biosensor based on
moleculary imprinted polymer (MIP) for the detection of troponin I,
with a detection limit of 0.027 nM [8]. Jo et al. reported on troponin I
detection via amperometry with a detection limit up to 1 pM, using
sandwich aptamers and screen-printed carbon electrodes [9].
Aptamers are artificial nucleic acid ligands that are mostly used in
clinical-based biosensors [10]. Aptamer-based biosensors are simple
in construction, have high binding efficiency and provides a good
response [11]. In another study, an AlGaN/GaN-based high electron
mobility transistor (HEMT) biosensor developed by Sarangadharan
et al. was used to detect highly sensitive cardiac troponin I [12] with
a detection limit of 250 fM. On the other hand, Qiao et al. reported an
electrochemical sensing platform based on aptamer-MoS, nanocon-
jugate with a 0.95 pM detection limit [13].

Molybdenum disulfide (MoS,) is a promising transition metal
dichalcogenide that has graphene-like morphology, with extensive
applications in nanoelectronics, energy storage devices, super-
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capacitors and biosensors. MoS, has a unique graphene-like sand-
wich structure of S-Mo-S, with triple layers held by van der Waals
interactions [14,15], with the Mo and S molecules bound via covalent
bonding. Transition metal sulphides are abundant, have large surface
area, are biocompatible and are a cheap analogue to graphene
[16,17]. It is a layered semiconductor (band hole = 1.2 eV, indirect)
that withstands oxidation even in moist air at temperatures of up to
85°C [18] and poor cytotoxicity [19]. Furthermore, the layer spacing
of MoS, (0.62 nm) , enhancing the sensitivity of a device tremen-
dously when compared to the layer spacing of graphene (0.335 nm)
[20]. These unique features make MoS, an important building block
for biomarkers. Significant attempts have been made to develop
MoS, nanomaterials with various morphological structures such as
nanoparticles, nanoflower, nanosheets, nanoball, nanofibers and
nanoflakes to enhance its sensitivity and selectivity.

MoS, is usually fabricated via a hydrothermal method and widely
used as an active material in biosensors [21]. However, MoS, experi-
ences severe restacking due to unstable van der Waals interaction,
which significantly reduces its active sites and causes poor conductiv-
ity when combined with other conductive materials [22,23]. This
leads to the poor energy density, which affects its functionality in the
electrochemical biosensor [24]. To overcome these drawbacks, com-
posite material bonding with MoS; is necessary. In a study, R.Rubio-
Govea recently reported a laccase enzyme immobilised on flower-
like and ribbon-like MoS, morphologies to determine the sensitivity
and detection limit of dopamine in urine samples. The biosensor has
a higher sensitivity of 340.3 nA/uM and a detection limit of up to
10 nM for the lacasse based ribbon-like MoS, biosensor compared to
the flower-like MoS, [25]. M. Sadeghi showed that the coupling of
MoS, nanosheets and PANI polymer enhances reproducibility and
stability of an electrochemical biosensor [26]. Similarly, S. Kubend-
hiran demonstrated that the coupling of high conductivity PPy poly-
mer and high catalytic activity of MoS, improves electrochemical
performance because PPy polymer enhances the transport of electron
property of the SPCEs modified electrode and further enhances the
detection limit of berberine in rat plasma down to 5 uM [27]. Poly-
mer nanofibers have excellent porosity and explicit space region
[28,29], useful properties for a biosensor. A. Sinha et al. [30] found
that the rapid electron transfer kinetics towards electrocatalysis of
diverse targets occurs due to the strong anisotropy and edge plane
active sites of MoS,. Surface functionalization at edge plane active
sites MoS, however, is required to improve their catalytic activity
towards various redox processes.

The addition of carbon filled natural polymers in MoS, results in a
hybrid microstructure capable of improving the electron transfer effi-
ciency and thereby enhancing its conductivity properties [24,31]. In
addition, to enhance the electrochemical performance of MoS,, a nat-
ural carbon filled cellulose acetate (CA) nanofiber, fabricated by elec-
trospinning technique, was coupled with MoS,. CA has outstanding
thermal stability, chemical resistance, biocompatibility, biodegrad-
ability and high interconnectivity [32,33]. However, CA is a poor con-
ductive polymer, and hybridization of CA and MoS; could improve ita
conductivity properties. Polymer intercalation between CA and MoS,
can be achieved by linking CA filled with carbonyl and hydroxyl func-
tional groups in MoS; [24]. These functional groups enable the attach-
ment of MoS, precursor on the surface of CA nanofiber. The
interaction of the functional groups and MoS, creates a new stable
biosensing substrate for analytical detection.

CA bead-free nanofibers have been synthesized using a facile elec-
trospinning. Subsequently, a CA-MoS, hybrid microstructure was
synthesized via a low-cost hydrothermal method with a Mo precur-
sor in conjugation with CA nanofibers at various treatment times (8,
16, and 24 h). MoS, was chosen because it has graphene-like chemi-
cal structure with excellent physical and chemical properties, rich
surface chemistry, large surface area, is biocompatible and is a semi-
conductor material. On the other hand, CA has high mechanical

strength, a large surface area, high binding affinity with other sub-
stances, is biodegradable, biocompatible, as well as displays excellent
thermal and chemical stabilities. As such, a CA-MoS, hybrid was fab-
ricated to enhance the electrical conductivity of CA and to overcome
the drawbacks of MoS, MoS, petal-like nanosheets grew vertically
on the surface of CA nanofibers due to the bonding of MoS, with the
functional groups present in CA. This hybrid microstructure shows
excellent electrical conductivity and numerous expose active sites,
with good electron transfer and excellent electrochemical perfor-
mance. The developed electrochemical aptamer-based CA-MoS,
hybrid biosensor was able to detect Troponin [ with high sensitivity,
high selectivity and a low detection limit through the impedance
spectroscopy analysis.

2. Materials and methods
2.1. Materials and reagents

The initial materials used were Cellulose Acetate (CA,
MW = ~30,000 g mol ), 16 - Mercaptohexadecanoic acid, 1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC), Silver Nanoparticles
(AgNP), N-hydroxysuccinimide (NHS), Streptavidin, 1x Phosphate
Buffered Saline (PBS) and (3-Aminopropyl) triethoxysilane (APTES),
all obtained from Sigma-Aldrich Co., Ltd. (USA). Ammonium Hepta-
molybdate Tetrahydrate, Thiourea, Ethanolamine, Ethanol Absolute,
Acetone and N,N-Dimethylformamide (DMF) were obtained from
Merck & Co (USA). All the chemicals were used as received, without
any purification steps. The Screen —Printed Electrode (SPE) trans-
ducer used in this study was commercially sourced and was pur-
chased from Metrohm (Malaysia) Sdn. Bhd. The oligonucleotides
were purchased from Avantis Laboratory (USA). The details of the oli-
gonucleotide sequences utilized in this current work were as follows:

Probe (Aptamer) — 5" — CGT GCA GTA CGC CAA CCT TTC TCA TGC
GCT GCC CCT CTT AAA AAA AAA AAA AAA AAA AAA AAA A-3'; Biotin
oligo linker — 5’ - / 5Biosg [/ iC6Sp [ TTT TTT TIT TTT TTIT TITTT -3’ ;
Target — Troponin I; Control — Troponin T; Human Serum of male AB
plasma was purchased from Sigma-Aldrich Co., Ltd. (USA).

2.2. Synthesis of cellulose acetate (CA) solution

CA solution for electrospinning was prepared similar to that by
Lee et al. [34]. Initially, 20 ml of DMF and 30 ml of acetone were mea-
sured through a measuring cylinder and poured into a 100 ml beaker.
The solvent mixture was placed on a hot plate (DAIHAN Scientific,
MSH-30D) and a magnetic bar was used to stir the solvent mixture
for 10 min. 10.1 g of CA powder was gradually added in the stirred
solvent mixture to prevent agglomeration. The mixture was continu-
ously stirred for 12 h at room temperature to completely dissolve the
cellulose acetate powder until a transparent polymer solution was
produced.

2.3. Cellulose acetate (CA) nanofiber fabrication through electrospinning

The prepared CA solution was carefully injected into a 15 ml plas-
tic syringe to prevent the formation of bubbles in the syringe. The
parameters utilized in the electrospinning method are: 10 kV applied
voltage, 15 cm tip to collector distance, and 0.4 ml h™! flow rate. The
electrospinning method was performed continuously for 12 h at
room temperature to obtain a uniform nano size fibre thickness. The
CA nanofibers was collected on an aluminium foil, and placed on a
rotating collecting drum for ease of removal, and dried at 80 ° C.

2.4. CA-MoS, hybrid fabrication by hydrothermal method

A CA-MoS; hybrid was prepared using the hydrothermal method.
To form CA-MoS,, 0.1 g of CA nanofiber, 0.6 g of ammonium
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heptamolybdate tetrahydrate and 1.77 g of thiourea were dissolved
in 60 ml of distilled water and sonified for 30 min until a homoge-
nous was obtained. The homogenous solution was then transferred
into a 250 ml Teflon-lined stainless-steel autoclave and heated at a
temperature of 200 ° C for 8, 16 and 24 h, respectively. After heating,
the autoclave was left to cool for few hours. The resulting product, a
black-coloured CA-MoS, hybrid, was collected via centrifugation
using distilled water and ethanol absolute in sequence, for three
times. The CA-MoS, hybrid precipitate was then dried in an oven at
60 °C for 12 h. The CA-MoS, hybrid sample was classified as CA-
MoS,-8, CA-Mo0S,-16 and CA-MoS,-24 based on the hydrothermal
treatment time.

2.5. Surface modification on screen printed electrode (SPE)

The detection of Troponin I by aptamer using SPE electrode was
conducted as follows: (i) 10 nL of 2% APTES was initially dropped on
the bare SPE electrode to modify the SPE sensing surface area with
amine surface and left for an hour; (ii) The amine sensing surface was
further modified with a complex mixture containing 16-mercapto-
hexadecanoic acid, silver nanoparticle, NHS and EDC; (iii) 1 mg of
functionalized CA-MoS, hybrid powder was dispersed in 1 mg of dis-
tilled water and dropped on CM/APTES/SPE modified electrode and
left for 30 min; (iv) Streptavidin was carefully dropped on CA-
MoS,—24/CM/APTES/SPE modified surface and left for 30 min; (v)
Ethanolamine (1 M) was coated on the Streptavidin/CA-MoS,—24/
CM/APTES/SPE for 30 min to block the non-specific site before immo-
bilisation of the aptamer. A buffer solution 10 mM PBS of pH 7.4 was
used to wash thoroughly after each modification. NHS and EDC were
used to enhance and activate the modified SPE electrode. Impedance
analysis was conducted to determine the chemical reaction of the
assembled molecular on the surface modified electrode.

2.6. Immobilisation and interaction of troponin I

The CA-MoS,-24 hybrid modified electrode was used to fabricate
a protein biosensor to detect acute myocardial infarction (AMI). The
direct immobilisation of aptamer onto CA-MoS,—24 hybrid modified
electrode was achieved by dropping 10 uL of biotin attached aptamer
for 15 min, followed by washing the electrode with 10 mM PBS at pH
7.4. The troponin I interaction was successfully accomplished by
dropping different concentrations (1 nM to 10 fM) of Troponin I on
the aptamer modified CA-MoS,-24 hybrid electrode. The unbound
target was washed by buffer solution immediately after the interac-
tion to avoid errors during measurements. Fig. 1 illustrates the com-
plete immobilisation of biotin attached aptamer and its interaction
with Troponin I. The hybridized electrode was stored at 4 °C when

- Aw Surface
B S
Modification
+ Streptavidin

O Ethanolamine

®O®®®D Biotin linked

Aptamer

A > Troponin I

Fig. 1. Schematic illustration of the steps involved in the synthesis of the aptamer-
based CA-MoS,-24 hybrid microstructure on screen printed electrode (SPE).

not in use [35]. The detail description on the dilution of biotinylated-
oligo linker and aptamer is shown in the supplementary information.

2.7. Detection of troponin I in human serum

Human serum was diluted from 1:10 to 1:10,000 using 10 mM
PBS at pH 7.4. These different dilutions of human serum were ana-
lysed through voltammetry to determine the ability of the aptamer
modified CA-MoS,-24 hybrid electrode to capture the specific target
in human serum consisting of bundles of various biomolecules (Sup-
plementary information Figure S1). A 1:10,000 dilution factor was
chosen and used as a buffer solution to dilute the target at different
concentrations (1 fM to 100 nM) to form Troponin I spiked sample,
similar to section 2.6. The rest of the surface chemical modifications
and detections strategies employed were identical to the previous
methods.

2.8. Repeatability and stability analysis

The repeatability of the electrode was analysed by taking meas-
urements using different electrodes to ensure that every electrode
has approximately similar readings when the human serum was
dropped on the aptamer modified CA-MoS,—24 hybrid electrode.
The stability of the interacted electrode was analysed on the weekly
basis by dropping 10 uL of buffer solution on the surface of the elec-
trode [36].

3. Results and discussion
3.1. Field-emission scanning electron microscopy (FESEM)

The surface morphology of the fabricated CA-MoS, hybrid nano-
fibers was characterized via FESEM. The CA-MoS; hybrid, synthesized
by a hydrothermal method at different durations, were classified as
CA-MoS;-8, CA-Mo0S,-16 and CA-MoS,-24 respectively. The attach-
ment of petal-like MoS, was attributed to the high surface roughness
of the hybrid sample. Fig. 2 shows that the uniform petal-like MoS;
nanosheets grew vertically, anchoring around the surface of the fabri-
cated CA nanofiber for all three treatment times. The CA-MoS,-8
hybrid nanofiber is 1.25 pm in diameter (Fig. 2a). The shape and size
of MoS, nanoflower formed around the CA-MoS,-8 hybrid nanofiber
is not uniform and loosely arranged on the CA-MoS,-8 hybrid nano-
fiber surface (Fig. 2b). The CA-MoS,-16 hybrid, shown in Fig. 2c, has a
larger diameter of 1.75 um, due to more MoS; layers on the surface
of the CA-MoS,-16 hybrid. There is two long loosely arranged CA-
MoS;-16 hybrid nanofibers, resulting in an uneven shape and irregu-
lar size of the MoS; nanoflower (Fig. 2d). MoS, is abundant in the CA-
MoS,-24 hybrid nanofibers, as shown in Fig. 2e. The heterogeneous
growth of the MoS, petal-like nanosheets perpendicular to the sur-
face of CA nanofiber results in a larger diameter, dense MoS, petal-
like nanosheets with significant active site edge exposure compared
to the hybrid nanoflowers for other treatment time [37]. The
2.25 um diameter of CA-MoS,-24 is a significant increase in surface
area. Moreover, MoS; petal like nanosheets are well stacked, due to
van der Waals interaction, which induces the formation of MoS,
nanoflower on the surface of the CA-MoS, hybrid nanofibers (Fig. 2f)
[23]. The TEM characterization is provided in the supplementary
information (Figure S2). The amount of flower-like structures of
MoS, attached on the surface of the hybrid nanofiber increases with
increasing hydrothermal treatment time (Fig. 2). Fig. 2f shows the
closely arranged hybrid nanofiber consisting of many specific active
areas, especially when the one-dimensional (1D) cellulose acetate
nanofiber and 2D MoS, flower-like nanosheets forms a 3D micro-
structure, which provides for a large number of probes during the
immobilisation and interaction processes [38]. These FESEM images
prove that as hydrothermal treatment time increases, the diameter of
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Fig. 2. FESEM images of CA-MoS, hybrid microstructure. (a) Low and (b) high magnifi-
cations images at 8 h treatment; (c) Low and (d) high magnifications at 16 h treatment
and (e) Low and (f) high magnifications at 24 h treatment. FESEM images of (g) Low
and (h) high magnifications of CA. FESEM image of (i) Low and (j) high magnifications
of bare MoS, nanoflower were shown. The scanning electron microscope uses a
focused beam of high-energy electrons up to 30 kV.

the hybrid CA-MoS, increases. The morphology of the CA nanofiber
obtained through the electrospinning technique was determined
before proceeding to the hydrothermal method (Fig. 2g). The CA nano-
fibers exhibit a uniform structure, with a high surface area. These uni-
form and bead-free nanofibers have the smallest diameters, ranging
from 100 nm to 200 nm (Fig. 2h). The bare MoS, shown in Fig. 2i has
an irregular flower-like shape and size. The high magnification image
in Fig. 2j show that the MoS; is aggregated due to van der Waals inter-
action forming a 3D flower-like structure, The structure has many
effective sites due to its wider and uneven structure, which facilitates
the interaction of probe and bio-target in detecting Troponin I.

3.1.1. X-ray diffraction (XRD)

The crystallinity and plane orientation of the synthesized CA-
MoS, hybrid at different hydrothermal treatment times were ana-
lysed via XRD. As shown in Fig. 3(a-e), the diffraction peaks obtained

MoS2-24 ]

:

CA_
g
=

N C;tA_M082-16 k

Intensity (a.u)

2 Theta

Fig. 3. XRD images of (a) CA-MoS; hybrid microstructure at 24 h treatment; (b) CA-
MoS2 hybrid microstructure at 16 h treatment; (c) CA-MoS, hybrid microstructure at
8 h treatment; (d) MoS, NF and (e) CA. Showing the semi-crystalline peaks of fabri-
cated microstructures.

for the CA-MoS, hybrids at 8, 16 and 24 h were compared with bare
MoS, NF and CA. The peaks spotted for CA-MoS,-8 (Fig. 3c), CA-
MoS,—16 (Fig. 3b) and CA-MoS,-24 (Fig. 3a), are the hexagonal phase
of MoS, (JCPDS 37-1492), with diffraction peaks at 12.0° (002), 33.1°
(100), 37.2° (103) and 58.1° (110). The peak sharpness at (002) plane
increases as the hydrothermal time increases, indicative of the crys-
tallinity of the sample, with high intensity peaks corresponding to
excellent crystallinity. The (002) plane corresponds to few single
layers of MoS; and are also responsible for the principal characteris-
tics of the semi-crystalline acetylated structure of CA [39-41]. The
layers of MoS, in hybrid microstructure can be clearly observed using
TEM analysis, as shown in supplementary information (Figure S2).
The diffraction peaks of CA-MoS,-8, CA-Mo0S,-16 and CA-MoS,-24
were slightly lower compared to the peaks for bare MoS, NF (Fig. 3d),
due to CA coupling with bare MoS, NF. The expansion of d-spacing
and the presence of strains contributes to variations in peaks [42].
There were no obvious peaks found for CA due to its amorphous
nature.

3.2. Fourier-transform infrared spectroscopy (FT-IR)

Fig. 4 (a-e) shows the FT-IR analysis of CA (Fig. 4e), MoS, — NF
(Fig. 4d) and CA-MoS,; hybrids at 8 (Fig. 4c), 16 (Fig. 4b), and 24 h
(Fig. 4a). The absorption peaks of CA-MoS, hybrid at different
durations are 435.6, 667.4, 758.2, 901.6, 1103.4, 1398.2, 1603.3,
1728.36, 3118.5 and 3436 cm™'. Assuming that the Mo-S stretch-
ing vibration mode is at peak 435.6 cm! and the asymmetric
vibration of the Mo-O group peaks at 667.4 cm', bands 758.2 and
901.6 cm™! reveal the existence of stretching and bending vibra-
tion of the S-S and C—H bond respectively. The absorption peak
at 1103.4 cm™! might be due to the Mo-O group and C—O bend-
ing, whereas the bands observed at 1398.2 cm' are due to O—H
bending and S = O stretching. At 1603.3 cm™! and 1728.3 cm’,
the absorption peaks represent the C = C bond and aldehyde
group respectively, which suggests the presence of CA in the
hybrid heterostructure. The broad and prominent peaks at 3118.5
and 3426 cm’! are the result of the stretching of the O—H bond.
The FT-IR analysis of CA-MoS, hybrid has validated the successful
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Fig. 4. FT-IR spectra images of fabricated (a) CA-MoS, hybrid microstructure at 24 h
treatment; (b) CA-MoS; hybrid microstructure at 16 h treatment; (c) CA-MoS, hybrid
microstructure at 8 h treatment;(d) MoS2 NF and (e) CA. Absorption regions are shown
from 350 to 3700 cm-1.

pairing of MoS, NF and CA in the fabricated hybrid nanofiber via
the hydrothermal method [43,44].
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3.3. Surface modification on SPE electrode

The screen-printed electrode (SPE) was modified to enable immo-
bilisation of probe. The resistance charge transfer (Rct) of the layer by
layer modification was analysed via electrochemical impedance spec-
troscopy (EIS) and the resulting Nyquist plots are shown in Fig. 5a. At
the low frequency region, the semicircle of the CA-MoS, in the
impedance spectrum representing the Rct (0.017 M) corresponds
to the presence of a unique hybrid structure forming an intimate
interface contact between the petal-like MoS, and the cellulose ace-
tate nanofiber, which provides a diffusion path to enhance the charge
transfer by improving the electrical conductivity of the hybrid. More-
over, the MoS, filled polymer has a high intrinsic conductivity that
leads to high energy density, which improves the electron transport
in the microstructure MoS, electrode. With increase surface modifi-
cation (SM), the Rct value increases. These modifications enable CA-
MoS; to bond with streptavidin via silver nanoparticles (Ag NPs),
which acts as a linkage between materials. Furthermore, the Ag NPs
increased the surface area, improving biomolecules interaction.
The oxophilicity of the hybrid material can be ameliorated by
adding Ag NPs, which boost the charge transfer between materi-
als and the liquid based sensing performance [45]. This step
enhances the performance of the sensor, which significantly
improves sensitivity.

A good improvement in the Rct (0.052 M) value was observed
upon dropping streptavidin on the CA-MoS,/SM modified SPE. The
observed increment in charge transfer resistance indicates that strep-
tavidin has successfully attached on the CA-MoS,/SM modified SPE.
Chemical interaction between streptavidin and CA-MoS, hybrid ena-
bles rapid electron transfer in the electrode.
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When ethanolamine as a blocking agent was dropped, there was
an insignificant increase in Rct (0.057 Ms2). This blocking agent is
able to obstruct the unreacted structure, preventing bio-fouling. The
biotin-aptamer has bounded strongly with the four binding sites of
streptavidin, causing the streptavidin-aptamer complex formation to
be high [46]. This complex formation was revealed when the Rct
(0.075 Ms2) value of streptavidin increase significantly, indicative of
successful immobilisation of the probe. An increase of 0.031 M2 to
the streptavidin Rct value shows that the interaction of Troponin I on
aptamer modified electrode surface occurred and bio-sensing of the
developed biosensor was established.

The Electrochemical Impedances Spectroscopy (EIS) measurement
for surface modification on SPE to detect troponin I was carried out in
a redox free environment with parameters plotted as Zimaginary vs
Zreal. The Nyquist plot shown in Fig. 5a reveals the steps involved in
each chemical modification on the developed sensor. The low fre-
quency semicircle in the Nyquist plot correlate to the diffusion-lim-
ited processes, whereas the high frequency semicircle correlated to
the finite electron transfer process [47]. The variation in the electro-
chemical signal during surface modification is due to disparity in the
material—electrolyte interface properties and the electrolyte ion dif-
fusion rates during the charge—discharge processes [48]. Continuous
surface modification reduce the effective sensing surface of SPE. The
semicircles in the Nyquist plot represent the charge transfer resistan-
ces (Rct) on the sensing surface as the number of modification layer
increases. The addition of targets further induces the charge transfer
resistance due to the electrostatic repulsion during the hybridization
of the probe-target. The biosensor was modelled as an Randles equiv-
alent circuit , which consists of charge transfer resistance (Rct), Con-
stant Phase Elements (CPE), and Warburg impedance (W) [49]. The
CPE indicates the double layer formation and is widely used for data
fitting of electrochemical impedances, whereas the Warburg imped-
ance represents the diffusion of redox between solid and liquid inter-
face [50,51]. The equivalent circuit for the step-by-step surface
modification in Fig. 5a is shown in Supplementary Information Table
S2. The change in the Rct value corresponds to the transfer of electron
and ions charges. The sinusoidal perturbation in EIS was 1 V rms.

The CA polymer fibres in the solution were surrounded by
charged ions, whereby the positive ions are attracted to the func-
tional group of fibre surface due to the m-electron interaction from
the fibres and the negatively charged molybdenum compounds were
attracted to the positively charged fibre surface, which causes sub-
oxidation to occur and reduce the compounds to MoS and H,S (thio-
urea) during the hydrothermal process [23]. Due to the formation of
nucleation sites, the molybdenum compounds were attracted to the
surface of fibres. The low surface energy (002) planes of MoS,
resulted in few layers of MoS, growing on the surface of fibres. The
strong coordination bond between the transition metal Mo with the
functional group present in cellulose acetate facilitated the develop-
ment of MoS, on the surface of the CA nanofiber. CA acts as a sub-
strate for the formation petal-like structure on the surface of CA due
to the electrostatic interaction between negatively charged basal
plane MoS, and positively charged aromatic groups of CA [52].

3.4. Selection of CA-MoS; hybrid via voltammetry analysis

The conductivity and resistivity of the CA-MoS, hybrid was deter-
mined using voltammetry. Fig. 5b shows the current versus voltage
readings of the CA-MoS, hybrid at 8, 16 and 24 h on APTES and modi-
fied SPE electrodes. At 2 V, the current measured for CA-MoS,-8, CA-
MoS,-16 and CA-MoS,-24 were 4.5 X 10 A, 5.0 X 10 A and 5.3 X
107 A respectively. With increasing hydrothermal time, the electrical
conductivity of the hybrid materials increases. MoS, has a tuneable
electronic energy states, which causes the accumulation of charges to
occur. Higher current due to high conductivity rate with low resistiv-
ity results in a low gradient value for the CA-MoS,-24 hybrid. As the

electrical conductivity increases, the resistivity reduces, making the
CA-MoS,-24 hybrid the best hybrid material for immobilisation and
hybridisation of probe and bio target to detect Troponin L.

3.5. Biomolecular interaction analyses by impedance spectroscopy

Troponin I interaction studies have been conducted by exposing
aptamer-modified bio-electrode with various concentrations of Tro-
ponin I (1 nM to 10 fM), to determine the limit of detection, as shown
in the Nyquist plot (Fig. 5¢). The interaction of Troponin I on aptamer
modified bio-electrode increases as the concentration increases,
which reduces the charge transfer resistance, as the target concentra-
tion increases. At low frequency, the lowest target concentration of
10 fM registered an impedance, meaning that the protein-binding
nucleotide sequences (Aptamer) have high affinity against Troponin [
even at concentration levels as low as 10 fM, equivalent to
0.24 pg/mL. When Troponin I is present in the sensing surface,
aptamer had a rigid and definite tertiary structure due to specific
binding with target [13]. A summary of previous studies based on
strategy and the method used to detect troponin I are shown in the
supplementary information in Table S1.

3.6. Specificity and validation with human serum

The specificity of aptamer-modified bio-electrode was evaluated
by dropping different concentrations of human serum on the sensing
surface of the prepared bio-electrode under the same experimental
conditions as the target. The Nyquist plot, as shown in Fig. 5d, shows
a similar sequence trend as the target, where the Rct value increases
upon interaction with increasing concentrations of the target in
human serum. These results indicate that the biosensor exhibits a
high specificity for Troponin I detection in human serum, although
there is an abundance of other protein biomolecules in the human
serum. The performance of the developed biosensor was compared
with previously reported biosensors for Troponin I detection and dis-
played in the supplementary information in Table S1. The fabricated
biosensor is more sensitive and selective compared to other biosen-
sors.

3.7. Analytical performances of the CA-MoS, hybrid biosensor

The analytical performance of the aptamer-based CA-MoS; hybrid
bio-electrode was further investigated and the results are shown in
Fig. 6(a-d). The developed biosensor has a limit of detection up to
10fM, as shown in section 3.7 from the impedance analysis during
the hybridization of Troponin I. Troponin I level in a normal healthy
human is <0.04 ng/ml and >0.40 ng/ml after an AMI, well within the
limit of detection for the current biosensor.

The linear regression, R? as shown in Fig. 6a, is 0.9976, which
shows that the sensor has good linearity with target Troponin I and
concentration increment. The sensitivity, which is given by:

Slope of calibration plot, m <,uA mel)
Sensitivity =

Active Surface Area, A (cm?2)

is 39.34 uA mM~! cm~2 for a SPE active surface area of 0.1257cm?.
The limit of detection and sensitivity of the developed hybrid biosen-
sor is better compared to that of previous studies, as shown in sup-
plementary information in Table S1. Furthermore, for selectivity with
other biomolecules, the Rct value for interaction was ~5 folds higher
than the Rct value for immobilisation, as shown in Fig. 6b. These
results indicate that the designed nucleic acid probe binds only to the
specific and selected protein, which shows that the Aptamer-Tropo-
nin I interaction is very selective. The difference in Rct value between
the control (1 nM) and Troponin I in human serum (1 nM) is ~4 folds,
with the aptamer detecting Troponin I even though there were other
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Fig. 6. (a) Linear regression curve. Different concentrations of target with a linear equation of ARct; (b) A bar diagram on selectivity of the biosensor and its Rct value; (c) Reproduc-
ibility of the biosensor using 5 different SPE electrodes. Inset graph is showing the bar chart of reproducibility of 5 electrodes. (d) Stability of the biosensor. Tested for 6 weeks

against Rct was shown.

proteins (albumin, globulin, regulatory proteins) in the human serum
together with Troponin L. There was no obvious change in Rct value
for the control Troponin T (0.074 Ms2) and other proteins (0.073
M), suggesting little or no interaction has taken place. The repeat-
ability curve in Fig. 6¢ of aptamer-based CA-MoS, hybrid bio-elec-
trode has a relative standard deviation (RSD) of 2.3%, with 5
electrodes prepared under the similar processing conditions. The bar
chart shown in the insert shows that there is no significant differen-
ces between the 5 electrodes when parallel measurements were
taken. The hybridized SPE electrode was stored at 4 °C when not in
use to maintain the device capability and to avoid contamination.
Fig. 6d depicts the stability of an electrode for 6 weeks. The devel-
oped biosensor shows high stability despite a 6-week time lapse and
retains up to 91% of the impedance signal. After a period of 6 weeks,
the biosensing device only loses 9% of its sensing capability.

3.8. Novelty and biosensing mechanism

Electrochemical aptasensing is a quick and simple method for
detection of biological analyte. However, the efficacy of a biosensor
depends greatly on the transducer, active materials, probe, and ana-
lyte. The novelty of the present work is the development of a highly
sensitive and selective electrochemical aptasensor of troponin I based
on a chemically modified cellulose acetate-MoS, nanopetal hybrid-
biotin linked aptamer on SPE. The developed biosensor has 5 times
higher selectivity at 39.34 ©A mM~! cm™2, as shown in Fig. 6b, with
the lowest limit of detection of 10fM equivalent to 0.24 pg/mL thus
far, as shown in supplementary information Table S1. We have

successfully grown MoS; nanoflower on smooth, un-beaded cellulose
acetate nanofiber surface through a finely tuned hydrothermal
method. CA nanofiber was assembled using optimum parameters via
ultrafine fibre production method (electrospinning). Through FESEM
observation, the hybrid nanofiber diameter was found to increase
with increasing treatment periods (8, 16, 24 hrs). CA-MoS, hybrid
fabrication was done for the first time and it brought benefits in
enhancing the conductivity of cellulose acetate biopolymer and
molybdenum disulfide composite to detect Troponin I. CA is a poor
conductive polymer but has numerous functional groups with excel-
lent thermal and chemical stabilities, as well as high binding affinity
with other substances, which makes it a suitable polymer to form a
hybrid material with MoS,. On the other hand, MoS; is a semi-con-
ducting material but experiences severe stacking and restacking limi-
tations due to unstable van der Waals interaction, which significantly
reduces its active sites and causes poor conductivity. Thus, the cova-
lent coupling of CA-MoS, hybrid through a finely tuned hydrother-
mal process overcomes the drawbacks of MoS, and enhances the
intrinsic electrical conductivity, without disrupting charge transport.
Numerous functional groups in CA and the rich surface chemistry of
MoS, causes MoS, to grow on CA, forming flower-like MoS, on CA
nanofiber polymer. Furthermore, owing to the large semi-conductive
non-stacking surface area-to-volume ratio of the CA-MoS, hybrid,
more active sites were formed, which facilitates the surface modifica-
tion and immobilization of Aptamers onto the CA-MoS2 hybrid, alter-
ing the dynamic equilibrium of the conductivity. This results in a
decrease in electron concentration transfer, leading to a broadening
of the depletion layer, which lowers the conductivity of each SPE
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modified layer. Surface modification of the active sites of the CA-
MoS2 hybrid electrode is necessary to improve its chemical reactivity
during probe-target interaction. Hence, the electrochemical perfor-
mance improves significantly with the CA-MoS, hybrid as MoS, indu-
ces the transfer of electron properties of the modified SPE, which
further enhances electrical conductivity for Troponin I detection.

Conclusion

In summary, a novel CA-MoS, hybrid aptamer-based biosensor for
the detection of Troponin 1 biomarker with a detection limit of up to
10 fM and a ~4 fold improvement in selectivity was developed via
the hydrothermal method, using a bottom-up and top-down
approach. The CA-MoS, hybrid has a large electroactive surface area
and fast electron transfer, which improves electrochemical perfor-
mance. The detection limit is 10 fM, with high stability of 91% for 6
weeks, when the electrodes are stored at 4 °C. The developed biosen-
sor has excellent sensitivity and selectivity, as it is able to detect Tro-
ponin I at concentrations as low as 10 fM in human serum with other
biomolecules present. The CA-MoS, hybrid can be developed further
to detect multiple biological molecules and a wide range of clinical
biomarkers for a point-of-care analysis. A new approach in improving
the early diagnosis of AMI could improve prognosis. It is a promising
alternative method for early AMI diagnosis. However, the limitation
faced in this research was the usage of SPE as transducer Design and
development of a bespoke electrode, which would be more sensitive,
could potentially enhance bio-capturing efficiency.
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