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HIGHLIGHTS

e Spiegelmers are mirror-image L-RNA
oligonucleotides possessing higher
resistance to  degradation by
nucleases.

e An  electrochemical  spiegelmer
sensor was constructed based on
MoS,;NF-GNR@AuNPs.

e EIS response was measured for
detection of hepcidin.

e The sensing platform displayed wide
linear range and low detection limit.

e The spiegelmer sensor was applied to
detect hepcidin in spiked-in human
serum sample.
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ABSTRACT

Spiegelmers, mirror image L- RNA oligonucleotides, possesses high plasma stability and non-
immunogenicity. Herein, a novel spiegelmer based impedimetric biosensor grafted with Au nano-
particles and molybdenum disulfide nanoflowers/graphene nanoribbons nanocomposite has been
designed to detect hepcidin in spiked-in human serum sample. Firstly, molybdenum disulfide nano-
flowers/graphene nanoribbons (MoS;NF-GNR) hybrid was drop-casted onto the FTO electrode followed
by electro deposition of Au nanoparticles (AuNPs). Hepcidin specific thiolated spiegelmer was then
immobilized on the MoS;NF-GNR@AuNPs for hepcidin detection. Electrochemical impedance spectros-
copy was used to assess the performance of the sensing platform based on the variation of charge
transfer resistance (AR) relative to the Fe(CN)g¢ /> electrochemical probe in the presence of hepcidin.
The impedance signals were recorded at the frequency range of 10~ to 10° Hz and potential was set as
0.18 V. Under optimized conditions, the limit of detection of spiegelmer based sensor for hepcidin was
0.173 pgmL~! within a wide linear range of 0.005—10 ngmL™'. The biosensor possesses selectivity,
acceptable reproducibility with RSD as 4.76% and stability for up to 20 days. The satisfactory recovery
result (89.8—103.1 %) in human serum indicates that the sensor has applicability in clinical monitoring of
hepcidin.
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1. Introduction

Ultrasensitive detection of hepcidin, a liver synthesized peptide
hormone, is extremely essential for early diagnosis of iron-related
disorders as well as for examining erythropoietin blood doping
[1]. Though there are conventional methods for the detection of
hepcidin such as mass spectrometry [2,3] and ELISAs [4], but they
are time-consuming and require trained personnel for handling the
expensive instruments or the reagents. To overcome these limita-
tions, the SPR-based biosensors have been developed for hepcidin
detection, however, they lack the real sample analysis for clinical
applicability [5,6]. In addition, the SPR-based biosensors are less
sensitive towards low molecular weight molecules due to the
minute and nonspecific changes in the refractive index. Infact, the
electrochemical biosensors are more advantageous than SPR-based
biosensors in terms of affinity and sensitivity. For instance, gold-
silver core shell nanoparticles based electrochemical immuno-
sensor could detect hepcidin as low as 0.857 pgmL~", which is so far
the lowest limit of detection amongst the other reported biosensors
or traditional methods. However, the biorecognition molecule i.e.
antibodies are expensive to produce and have poor stability as
compared to RNA oligonucleotides. The aptamers have better
sensitivity than antibodies, thus, benefits in achieving lower
detection limit.

Spiegelmers are synthetic oligonucleotides with L-configuration
which not only show high affinity and selectivity towards the
ligand but also possesses biostability due to the resistance against
enzymatic degradation in biological fluids [7]. A study by
Schwoebel et al. [8] reported that hepcidin spiegelmer binds to
hepcidin with high affinity showing dissociation constant of
0.65 + 0.06 nmol L. Since the biological fluids comprises of
various nucleases which are stereospecific, spiegelmers have an
advantage over conventional aptamers as these are L-nucleotides
that do not occur naturally and therefore resistant to nucleases. In
addition, the modification of conventional aptamers is cumber-
some due to the exchange of unprotected nucleotides while
maintaining the overall conformation [9]. The synthesis of spie-
gelmers involves the chiral form of target and D-form oligonucle-
otides during SELEX process followed by chemical synthesis to
prepare L-form target. These macromolecules require fewer re-
sources for production and are inexpensive as compared to other
mimicking molecules [10].

The sensing platform of the biosensor has a crucial role in
improving the sensitivity and thus nanomaterials are widely used
for their fabrication. The carbon-based nanomaterials such as ful-
lerenes, carbon nanotubes (CNTs), carbon-black, graphene and its
derivatives have become increasingly popular as a nanocomposite
for electrode fabrication. Due to the large surface area, greater
electroconductivity and excellent stability, CNTs are suitable for
electrochemical sensing [11,12]. Recently, Paulo et al. [13] devel-
oped a wearable glove-based biosensor embedded with carbon
spherical shells and printex carbon nanoballs for the detection of
carbendazim, diuron, and paraquat and fenitrothion with LOD as
47 x 108 mol L}, 9.2 x 1077 mol L™, 2.4 x 1078 mol L™! and
6.4 x 1077 mol L™, respectively. Another study by Anderson et al.
[14] reported the electrochemical detection of paracetamol in
sweat, saliva and urine with detection limit of 120, 286 and
584 nmol L™, respectively. Graphene nanoribbons (GNRs), on the
other hand, have greater electron transfer rate due to easier ion
diffusion through thinner ribbons and have high aspect ratio than
pure graphene and hence considered to be a potential fabrication
nanomaterial [15,16]. Besides, due to the structural resemblance to
graphene, molybdenum disulfide (MoS;)- a transition metal
dichalcogenides-has received interest in biosensors applications
[17]. Moreover, the MoS; nanostructures embedded on GNRs acts a
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support for the faster permeation of electrolytes [18]. Hence, the
combined properties of MoS,-GNR hybrid provides better electro-
chemical performance by accelerating electron transfer [19,20].
Zhao et al. [21] constructed a sensor to detect quercetin based on
MoS,-GNR hybrid nanocomposite and exhibited good performance
with detection limit of 0.82 nM. Facure et al. [22] designed an
impedimetric biosensor containing graphene oxide and MoS, to
detect antibiotics in liquid media and achieved LOD as 0.5 nM.

In the MoS,-GNR hybrid sensing matrice, MoS; is used as a
supporting material as the unbound sulfur groups on the stacked
S—Mo—S held together by van der Waal interactions acts as a
binding group for metal nanoparticles [23]. These MoS; nanosheets
provide a greater surface area for deposition of metallic nano-
particles, thereby, enhancing the electrocatalytic properties due to
synergistic effect [24,25]. Metallic nanoparticles have gained
enormous attention due to high electrocatalytic activities, better
sensitivity and excellent biocompatibility which helps in holding
the biorecognition receptors such as antibodies or aptamers while
conserving their functionality. Gao et al. [26] developed Au@Pd/
MoS;@MWCNTs based electrochemical immunosensor for detect-
ing hepatitis B e antigen with limit of detection as 26 fgmL ™.

Herein, we demonstrate a first spiegelmer anchored impedi-
metric biosensor for the detection of hepcidin using MoS;NF-
GNR@AuUNPs based biosensing platform. The biosensor has been
constructed by sequential drop casting MoS;NF-GNR nano-
composite and electrodepositing Au nanoparticles (AuNPs) by
chronoampermetry on the FTO electrode followed by immobiliza-
tion of thiolated spiegelmer as biorecognition receptor. The elec-
trochemical impedance spectroscopy (EIS) was used to operate the
sensor with ferricyanide/ferrocyanide as redox probe. In the pres-
ence of hepcidin, the spiegelmer macromolecules capture the
ligand, thus, causing the change in impedance signal. The spie-
gelmer sensor was capable of detecting hepcidin in the picomolar
range and exhibited acceptable reproducibility, regeneration and
reusability with good shelf-life. The satisfactory analytical perfor-
mance of the spiegelmer sensor was observed in spiked-in human
serum samples promising reliable hepcidin detection for broader
applications.

2. Experimental section
2.1. Chemicals and reagents

Human hepcidin-25 trifluoroacetate salt, thiolated spiegelmer,
tetrachloroauric acid (HAuCly), sodium molybdate hydrate
(NapMo04.H,0), thiourea (SC(NH);), somatostatin 28, multi-
walled carbon nanotubes (MWCNTSs), dimethylformamide (DMF),
bovine serum albumin (BSA), fluorine-doped tin oxide (FTO) sheets
and human serum were purchased from Sigma-Aldrich Co., Ltd. (St.
Louis, MO, USA). Potassium ferrocyanide (K4[Fe(CN)g]), potassium
ferricyanide (K3[Fe(CN)g]), sodium sulphate and potassium chlo-
ride were bought from HiMedia Laboratory Pvt., Ltd. (Mumbai, In-
dia). The di-sodium hydrogen phosphate (Na,HPO4), sodium
dihydrogen phosphate dihydrate (NaH,PO4-2H,0) were obtained
from Thermo Fischer Scientific Pvt. Ltd. (Maharashtra, India). All
other chemicals were of analytical grade. The thiolated spiegelmer
stock solution (100 uM) was prepared in TE buffer (containing
10 mM Tris HCl; pH-7.5 and 1 mM EDTA; pH-8.0). The stock solu-
tion of thiolated spiegelmer was further diluted (10 uM) in freshly
prepared TE buffer when used for bioelectrode preparation. The
standard hepcidin solution was prepared in 0.1 M phosphate buffer
(containing 0.1 M NaH,PO4 and 0.1 M Na;HPOg4; pH-7.0). For pre-
paring spiked-in samples, different concentrations of hepcidin
(range- 0.005-10 ngmL~!) were diluted in 10 % human serum at
4°C,
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Hepcidin specific thiolated Spiegelmer sequence [8]: 5’[ThiC6]
GCGCCGUAUGGGAUUAAGUAAAUGAGGAGUUGGAGGAAGGGCGC-
3/

2.2. Synthesis of MoS;NF-GNR@AuNPs nanocomposite

The GNRs were prepared by unzipping the MWCNTs as reported
in the literature [27]. Briefly, 100 mg MWCNTSs were mixed in 50 mL
concentrated sulfuric acid and ultrasonified for 2 h. Then, 7 mL
phosphoric acid was added and stirred vigorously for about 30 min
followed by addition of 2 mM of KMnOg4. The suspension was kept
at 65 °C for 2 h and then left to cool down. Further, 30 % wt H,0,
dissolved in 300 mL of ice water was poured slowly into the above
solution. The prepared GNRs were then filtered and collected for
further use.

MoS;NFs were prepared by green hydrothermal method as
previously reported in literature [28]. 0.43 g sodium molybdate
hydrate and 0.69 g thiourea were dissolved in 80 mL of ultrapure
water followed by addition of 0.46 g citric acid with continuous
stirring for about 20 min. Next, the homogeneous solution was
heated at 190 °C for 24 h in a Teflon-lined stainless steel reactor
(autoclave) and the black precipitates obtained were dried (70 °C
for 12 h) and collected for further use.

For the preparation of MoS;-GNR hybrid, 100 uL MoS,NFs
(1 mgmL~1; dissolved in DMF) and 200 uL GNRs (1 mgmL~'; dis-
solved in DMF) were mixed and then ultrasonificated for 2 h at
power rate of 27 % at 30 °C to form uniform dispersion. Finally, the
resultant suspension was filtered and redispersed in DMF for
fabrication of the electrode.

2.3. Gold-nanoparticles preparation

The preparation of AuNPs was done by the previously reported
Turkevich citrate method [29]. Briefly, 2.5 mM HAuCl4 (10 mL) was
added in 1 mM copper (II) sulphate solution (1 mL) and the volume
was then made up to 100 mL using ultrapure water. The mixture
was stirred and heated to about 90 °C followed by slow addition of
1 % trisodium citrate (5 mL). The color changes from blue to wine
red at the end of the reaction indicating successful synthesis of
AuNPs.

2.4. Fabrication of MoSoNF-GNR@AuNPs on the electrode

The schematic illustration of the electrode modification has
been depicted in Scheme 1. To construct the proposed spiegelmer
sensor, the FTO electrode was washed with 1% acetic acid solution
for 30 min and ethanol-water for 5 min under sonification followed
by drying. Then, 6 uL of MoS;NF-GNR suspension was drop casted
on the electrode and allowed to dry at room temperature. Finally,
the electro deposition of 2.5 mM AuNPs was performed at —0.2 V
for 200 s using chronoamperometry.

2.5. Immobilization of Spiegelmer on MoS;NF-GNR@AuNPs

To immobilize the thiolated spiegelmer, 10 uL of spiegelmer
(10 uM) was drop casted one time onto the MoS;NF-GNR@AuNPs/
FTO electrode and allowed to dry at room temperature followed by
washing with phosphate buffer (0.1 M; pH-7.4) to remove unbound
aptamer from the surface. The fabricated electrodes were stored at
4 °C prior to use. The thiolated spiegelmer shows strong adsorption
onto the gold metal surfaces, thus, making stable bioelectrode for
capturing the target molecule [30].
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2.6. Hepcidin detection

For each electrochemical measurement, different hepcidin
concentrations (10 pL) in the range 0.005—10 ngmL~! were incu-
bated for 40 min on the Spi/MoS;NF-GNR@AuNPs electrode. The
relative change in impedance was recorded to calculate the LOD
after washing the electrode thoroughly with 0.1 M phosphate
buffer (pH 7.0).

All the experiments were performed at room temperature. The
electrolyte solution containing 5.0 mM K3 [Fe(CN)g]/K4[Fe(CN)s]
and 0.1 M KCl was used throughout the experiment. The EIS was
recorded with the frequency ranging from 10~! to 10° Hz at the
potential of 0.18 V. The CVs were obtained at potential range
of —0.4 V to 1.6 V with a scan rate of 10 mV s~

3. Results and discussion

3.1. Principle of electrochemical spiegelmer sensor for hepcidin
detection

The spiegelmer sequence is a good candidate for developing an
electrochemical biosensor to detect hepcidin due to its high affinity
and stability than other biological entities. The spiegelmer binds
hepcidin with high affinity (Kq = 0.65 + 0.06 nmol L~1). Since these
are resistant to nucleases degradation, hence, when exposed to
biological samples they can detect hepcidin at lower concentration.
These advantages allow the biosensor to achieve lowest detection
limit towards hepcidin. As illustrated in Scheme 1, the FTO elec-
trode was fabricated with MoS;NF-GNR@AuNPs nanocomposite
which provides high conductivity, excellent biocompatibility and
greater surface area for immobilization of thiolated spiegelmer. The
Au-thiol linkage allows the stable fabrication of the sensing plat-
form. The redox probe (ferricyanide/ferrocyanide) molecule allows
the electron transfer towards the modified electrode with a certain
resistance in the absence of hepcidin. In the presence of hepcidin,
the spiegelmer folds around the hepcidin and forms a stable
complex resulting in resistance escalation as shown in Fig. 2B.

3.2. Morphology of graphene nanoribbons and molybdenum
disulfide nanoflowers

The morphologies of prepared GNRs and MoS;NF were observed
through FE-SEM and TEM. As shown in Fig. 1A, the TEM image
represents the GNRs formed by unzipping of MWCNTSs as ribbon-
like structures with a diameter of ~50 nm. The TEM (Fig. 1B) and
FE-SEM (Fig. 1D) images of MoS;NF exhibits flower like structure
(average size of 50 nm) with highly dispersed uniformity. The TEM
image of MoS;NF-GNR hybrid (Fig. 1C) shows that the GNRs pro-
vides the space for the MoS; nanostructures deposition as the inner
wall boundaries of CNTs could be slightly seen in the image. The
results demonstrate that the nanomaterials were appropriately
synthesized for its further use in electrode fabrication.

3.3. Electrode surface analysis

The successful modification of the electrode can be assessed by
the change in redox peak in 5 mM ferri/ferrocyanide containing
0.1 M KCl. As seen in Fig. 2A, the conductive nature of MoS;NF-GNR/
FTO (curve b) and MoS;NF-GNR@AuNPs/FTO (curve c) exhibits an
increase in redox peak in comparison to the bare FTO (curve a).
However, on spiegelmer immobilization, the peak current
decreased (curve d) due to the non-conductive properties of oli-
gonucleotides which hinders the electron transfer. Similarly, after
the attachment of hepcidin to the spiegelmer, the redox peak
further decreased (curve e) due to target-spiegelmer complex
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Scheme 1. Schematic illustration of the fabrication steps for constructing spiegelmer sensor to detect hepcidin.

formation which insulated the electrode surface, thus, hindering
the electron flow. The peak current of MoS;NF-GNR@AuNPs/FTO
was almost the same for successive cyclic sweeps (Fig. 2A, inset a)
indicating the acceptable stability of the modified electrode. To
further validate the modification at each step, EIS response was also
studied to observe the charge-transfer resistance (Rc¢). The depo-
sition of MoS;NF-GNR on the electrode surface resulted in decrease
in the R value (curve b, Rt = 1.00 kQ) in comparison to the bare
electrode (curve a, R¢t = 1.16 kQ), implying the formation of hybrid
nanomaterial layer on the electrode surface. Further, on electro-
deposition of AuNPs, a significant decrease in resistance (curve c,
Ree = 799 Q) was observed suggesting the enhanced flow of elec-
tron from MoS;NF-GNR hybrid to AuNPs imposing less resistance
for electron transfer towards the redox probe [31]. However, on
spiegelmer immobilization on the MoS;NF-GNR@AuNPs/FTO
modified electrode, the R increased greatly (curve d, Rt = 1.37 kQ)
confirming the successful anchoring of the spiegelmer on the sur-
face. The incubation of hepcidin on the Spi/MoS;NF-GNR@AuNPs/
FTO biosensor lead to the further increase in the R¢ (curve e,
R = 156 kQ) due to hindrance in the electron mobility on
spiegelmer-hepcidin complex formation. The other EIS data like
double layer capacity (Cq;), admittance to Warburg (Y,-W) and
solution resistance (Rg) have been given in the Supplementary in-
formation (Table S2). The CV and EIS results were in line with each

other indicating that the modifications on the electrode were
successfully carried out.

The XRD spectra of MoS;NF-GNR@AuNPs and MoS;NF-GNR
are exhibited in Fig. 2C. For MoS;NF-GNR (Fig. 2C, spectra a), the
diffraction peaks at 26 of 13°, 30° 37.8° and 57.2° can be indexed
to 002, 100,103 and 110 MoS; crystal planes respectively. The
weak peak 20 of 24.8° represents the 002 diffraction plane of
GNR [32]. These characteristics diffraction peaks confirm the
formation of MoS;NF-GNR hybrid. Whereas diffraction peaks of
Au in MoS;NF-GNR@AuNPs (Fig. 2C, spectra b) were observed at
20 of 36.7° and 40.2° corresponding to 111 and 200 diffraction
plane of Au [33].

As shown in Fig. 2D, the IR spectrum of MoS;NF-GNR/FTO
(spectra a) shows the peak at 3387 cm~! (N—H), 1714 cm~! (C=0)
and 1571 cm~! (C=C) indicating that MWCNTs oxidized to GNRs
and peaks at 482 cm™! (S—S) and 950 cm™! (S—S) depicts the
presence of MoS;NF on the GNRs. Further, the electrodeposition of
AuNPs on MoS;NF-GNR/FTO resulted in the disappearance of the
carboxyl-carbonyl (C=0) and aromatic ring (C=C) peaks, and the
intensity of the bands at 2800-2950 cm~! range (C—H ring
stretching) increases due to the longer alkyl chain (spectra b). In the
spiegelmer coated MoS;NF-GNR@AuNPs (spectra c), the peaks at
1020 cm~! and 1152 cm™! corresponds to the P—O stretch of
phosphate backbone of DNA and the other peaks at 1600 cm~! and
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Fig. 2. (A) CV (scan rate of 10 mV s~ !); (B) EIS (frequency range of 10~ to 10° Hz and potential as 0.18 V) of (a) bare electrode, (b) MoS,;NF-GNR/FTO, (c) MoS,NF-GNR@AuNPs/FTO,
(d) Spi/MoS,NF-GNR@AUNPs/FTO and (e) Hep/Spi/MoS,;NF-GNR@AUNPs/FTO carried out in electrolyte solution containing 5 mM [Fe(CN)s]> /4~ and 0.1 M KCl; inset depicts the
fitted equivalent circuit in the presence of the redox probe; (C) X-ray diffraction data of nanomaterials; and (D) FTIR spectra of various modified electrodes.
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Fig. 3. (A) FE-SEM images of; and (B) Contact angle measurements using deionized water of (a) MoS;NF-GNR/FTO, (b) MoS,;NF-GNR@AuNPs/FTO and (c) Spi/MoS;NF-GNR@AuNPs/

FTO.

1709 cm ! are attributed to C—O stretch of the purine and pyrim-
idine rings of RNA respectively.

3.4. FE-SEM and contact angle measurements

The FE-SEM images of the electrode (Fig. 3A) exhibits the suc-
cessful coating of the nanocomposites on the surface. As shown in
Fig. 3A (a), the roughness on the electrode represents the deposi-
tion of MoS;NF-GNR hybrid composite. Further, the electrodepo-
sition of spherical AuNPs on the surface of the electrode provides
larger surface area for immobilization of the biorecognition
element (Fig. 3A (b)). The immobilization of spiegelmer molecules
shows more rough surface as depicted in Fig. 3A (c), indicating
successful attachment of biomolecule to the nanocomposite. All
these results confirmed that the surface morphology of the elec-
trode was modified at each step. The EDS mapping analysis was also
done to characterize the composition of the fabricated materials
(Fig. S1).

To further confirm the changes with each modification step,
contact angle measurements were done (Fig. 3B). The deposition of
hybrid nanocomposite on the electrode showed the contact angle
of about 48.70° (Fig. 3B (a)). Next, the deposition of hydrophilic
AuNPs lead to the decrease in the contact angle to 31.70° (Fig. 3B
(b)). However, on spiegelmer immobilization, the contact angle was
found to be increased to 41.0° due to the hydrophobic nature of
oligonucleotides (Fig. 3B (c)). All the above observed results
confirmed the proper fabrication of the biosensing platform.

3.5. Detection limit and range of the spiegelmer sensor
The optimal conditions for the best performance of the sensing

platform were assessed. To obtain the optimal analytical perfor-
mance, 10 pM spiegelmer concentration, 40 min of incubation time

for target capturing and buffer of pH-7.0 were selected for per-
forming all the electrochemical measurements. The detailed in-
formation has been provided in the Supplementary Information
(Fig. S2).

The electrochemical measurements were carried out to assess
the detectability of the sensing platform for different concentra-
tions of hepcidin. Each measurement at different concentrations of
hepcidin (n = 3) were examined using different electrode. The
impedance signal increased with the increase in hepcidin concen-
tration due to the formation of kinetic barrier for electron transfer
with increasing hepcidin molecules binding to the immobilized
spiegelmer on the electrode array. To evaluate the role of each
nanomaterial used in the fabrication of FTO electrode, different set
of electrodes i.e. FTO/Spi, FTO/GNR/Spi, FTO/MoS,NF/Spi, FTO/
MoS,;NF-GNR/Spi and FTO/AuNPs/Spi were prepared and the elec-
trochemical measurements were performed. In FTO/Spi, a station-
ary relationship was observed between logarithm of hepcidin
concentration and the impedance due to the non-binding of spie-
gelmer directly onto the electrode (Fig. 4A). In the case of FTO/GNR/
Spi, FTO/MoS,NF/Spi, FTO/MoS;NF-GNR/Spi and FTO/AuNPs/Spi, a
favorable linear relationship between logarithm of hepcidin con-
centration in the range 0.005—10 ngmL~! and the impedance was
observed. Due to the conductive properties of graphene and gold,
the FTO/GNR/Spi and FTO/AuNPs/Spi electrodes exhibited detec-
tion limits of 0.437 pgmL~! (regression coefficient R* = 0.995), and
0.379 pgmL~! (R? = 0.999) as calculated from the linear equations
y = 0.137x+1.168 and y = 0.158x+1.137 respectively (Fig. 4B&E).
The semi-conductive nature of molybdenum disulfide in FTO/
MOoS;NF/Spi increases the detection limit to 0.588 pgmL~!
(R? = 0.996) calculated from the linear equation y = 0.102x+1.233
(Fig. 4C). In FTO/MoS,;NF-GNR/Spi, the graphene in the MoS;NF-
GNR hybrid increases the electron flow which results in detection
of hepcidin as low as 0.476 pgmL~' (R> = 0.998) from the
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Fig. 4. (A—F) Calibration plot (range: 0.005—10 ngmL~) between AR, and logarithm of hepcidin concentration (n = 3) (Frequency: 10~ to 10° Hz and Potential: 0.18 V); (inset i-vi)
Faradaic impedance spectra at different hepcidin concentrations (range: 5 pgmL~'-10 ngmL~") of A) FTO/Spi, B) FTO/GNR/Spi, C) FTO/MoS,NF/Spi, D) FTO/M0oS,NF-GNR/Spi, E) FTO/

AuNPs/Spi and F) FTO/MoS;NF-GNR@AuNPs/Spi.

Table 1
Comparison of biosensors for hepcidin detection with present work.
S.No Method Materials used Sample Analyte Range LOD Ref
matrix
1.  Optical Molecular imprinted polymer nanoparticles/Biotin Human serum Hepcidin 7.2—720 pM 13.5 pgmL~! [37]
NeutrAvidin™
2. Optical Anti-hep/streptavidin/carboxylated dextran CM5 Standard Hepcidin 1-100 ngmL ™! or 0.3—3 1.8 + 0.6 ngmL ! or 341 + 0.6 [5]
biochip samples mgL™! mgL™!
Or Biotin-HBD/streptavidin/carboxylated dextran
CM5 biochip
3. Electrochemical Anti-hep/Cys/Ag@Au NPs/FTO Human serum Hepcidin 0.01-100 ngmL~! 0.857 pgmL~! [38]
4.  Electrochemical Spi/MoS;NF-GNR@AuNPs/FTO Human serum Hepcidin 0.01—100 ngmL~" 0.173 pgmL~! Present
work

y = 0.126x+1.182 equation (Fig. 4D). On the contrary, the proposed
spiegelmer FTO/MoS;NF-GNR@AuNPs/Spi sensor exhibited the
detection limit of 0173 pgmL~! (R = 0.993) from the linear
equation as y = 0.346x+1.165 (Fig. 4F) which was much lower in
comparison to the biosensors fabricated with individual nano-
materials due to the highly conductive nature of the nano-
composite (MoS;NF-GNR@AuNPs). The LOD was determined using
the following equation: 3 s/m, where s represented the standard
deviation of the measured impedance signals for the blank and m
represented the slope of the linear calibration curve [34].

The developed spiegelmer sensor clearly shows the significant
dynamic range as well as LOD in comparison to other biosensors
reported for hepcidin quantification (Table 1). The conventional
competitive ELISA detects hepcidin as low as 21 pgL~! [35] and
HPLC/MS/MS has limit of quantification as 0.1 nmol L1 [36].
Furthermore, the commercially available kits for hepcidin detection
reports quantification in the following dynamic range: R&D Sys-
tems (15.6—1000 pgmL~"), DRG Diagnostics (0.135—81 ngmL™1),
Cloud Clone Corp. (0.320—200 ngmL~!) and Intrinsic Lifesciences

(2.5—1000 ngmL1). As shown in Table 1, the proposed spiegelmer
sensor exhibited excellent performance in terms of detection limit
as well as wider dynamic range as compared to other biosensors.
The L-configuration of the spiegelmer allowed the binding of
hepcidin to it with greater affinity than D-RNA aptamers or anti-
bodies, thus, resulting in lowest LOD towards hepcidin so far.
Hence, this biosensor holds good potential for clinical applications.

3.6. Selectivity and stability assay

To study selectivity of the spiegelmer sensor towards hepcidin,
various interfering agents were used such as BSA (1 pgmL™'),
glucose (1 pgmL~1), cholesterol (5 pgmL~!), somatostatin (SST;
100 nM) and MUC1 (100 nM). As seen in Fig. 5A, the low signal
response was observed for the interfering agents due to non-
specific interactions with the spiegelmer, whereas in case of
mixture, the impedance response was significantly high confirming
the selective binding of hepcidin with the spiegelmer. To further
confirm the specificity, electrochemical measurements were
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Fig. 5. (A) Selectivity of spiegelmer sensor towards hepcidin (n = 3); inset (i) represents the R values of the different interference agents (n = 3); (B) Calibration plot between AR
and logarithm of hepcidin concentration (n = 3); inset (ii) Faradaic impedance spectra at different hepcidin concentrations (range: 5 pgmL~'-10 ngmL~") of FTO/MoS,NF-
GNR@AUNPs.

Table 2

The recovery percentage of hepcidin in spiked-in serum samples.

Sample Spiked (pgmL~!) Found by designed spiegelmer Recovery RSD (%)

sensor (pgmL~!) (%, n=3)
1 5 4.82 96.4 3.22
2 10 9.79 97.9 1.88
3 50 46.5 93.0 0.95
4 100 103.1 103.1 1.02
5 1000 952.7 95.2 14
6 10000 8981.2 89.8 3.62

performed for two different sets of electrodes i.e. FTO/MoS,NF-
GNR@AuUNPs and FTO/MoS;NF-GNR@AuNPs/Spi. Both these elec-
trodes were subjected to different concentrations of hepcidin
ranging from 5 pgmL~! to 10 ngmL~! and the change in impedance
was recorded. It was observed that in absence of spiegelmer onto
the electrode, there was no significant change in the impedance
signal with increasing concentration of hepcidin (Fig. 5B), whereas,
in FTO/MoS;NF-GNR@AuNPs/Spi, a linear relationship was recor-
ded between logarithm of hepcidin concentration in the range
0.005—10 ngmL~! and the impedance (Fig. 4F). Thus, it could be
inferred that spiegelmer is imperative for capturing of hepcidin
molecules.

The stability of Spi/MoS;NF-GNR@AuNPs biosensor was also
investigated under optimal conditions for a period of 25 days. The
spiegelmer sensor retained 88.6% of the original signal until 20 days
and then sharply declined to 73.74% after 25 days (Fig. S3). The
considerably good shelf-life of 20 days at 4 °C by retaining about
88.6% activity of its initial value was most likely due to the stability
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of the immobilized spiegelmer and retention of its biological ac-
tivity on the electrode. The results suggested that the sensor
possessed satisfactory shelf-life.

3.7. Regeneration, reproducibility and repeatability assay

To assess the reusability of the proposed spiegelmer sensor,
regeneration experiment was conducted. The same electrode was
regenerated using 10 mM NaOH and the impedance was recorded
each time. For five cycles, the reduction in impedance response
recorded was 92.8 %, 87.45 %, 84.04 %, 74.36 %, and 64.79 % as shown
in Fig. S4. The decline in signal may be attributed to the disruption
of Au-thiol linkage responsible for spiegelmer immobilization on
the electrode surface.

The reproducibility assay was performed using fifteen inde-
pendent electrodes, each incubated with 100 pgmL~" hepcidin for
40 min. The EIS response was measured and the RSD % of 5.46 % was
observed indicating that the designed biosensor had good repro-
ducibility. For repeatability, the same spiegelmer sensor was used
repetitively for five times in a day at different times and the
impedance signals were recorded. The RSD 4.76 % obtained was
showing acceptable repeatability of the spiegelmer sensor.

3.8. Analysis of spiked-in serum sample

To further validate the analytical performance of the spiegelmer
sensor, different concentrations of hepcidin spiked in 10 % human
serum samples were determined as recovery percentages (Table 2).
The recovery yield was in the range of 89.8—103.1 % for the spiked-
in human serum sample. As shown in Fig. 6A and B, the impedance

284

264

(a)-standard buffer sample
(b)- spiked-in serum sample

T T 1

0s 1.0 | ) 20 25 30 35 40 45
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Fig. 6. (A) EIS recorded for varying concentration of hepcidin in spiked human serum (blank to 10 ngmL™"). (B) The calibration curve between R (kohm) vs. logarithm of con-
centration of hepcidin (pgmL~") in (i) buffer solution and (ii) spiked serum sample.
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spectra and the R value respectively, increased with increasing
spiked-in hepcidin concentration indicating that the proposed
spiegelmer sensor had good accuracy for the determination of
hepcidin in human serum sample.

4. Conclusions

This study presented a novel impedimetric spiegelmer sensor
based on MoS;NF-GNR@AuNPs for the detection of hepcidin. The
thiolated spiegelmer anchored onto MoS;NF-GNR@AuNPs pro-
vided high affinity towards the hepcidin which helped in achieving
lower detection limit (0.173 pgmL~!) within a wide linear range
(0.005—10 ngmL1). The selectivity study revealed that the sensor
had successful anti-interference property and considerably good
shelf life of 20 days. The practical application of proposed sensor
assessed in spiked-in serum samples suggested that the developed
sensing platform offered a reliable diagnostic strategy for the
determination of hepcidin in clinical samples.
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