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Abstract

A voltammetric immunosensor based on molybdenum sulphide (MoS,) and gold nanoparticles (Au NPs) for the determination of
25-hydroxy vitamin D3 (25(OH)D;) is reported. Anti-vit D (Ab-25(OH)D5) was immobilized onto the cysteamine-modified
MoS,; and Au NPs which were deposited onto a fluoride tin oxide (FTO) electrode (Ab/Cys/Au/MoS,/FTO). The MoS, sheets
were prepared by hydrothermal method followed by an in situ growth of Au film onto the MoS,/FTO surface. Self-assembled
monolayer (SAM) of cysteamine was synthesized onto the Au/MoS,/FTO which acts as a linker to covalently bind Ab-
25(0OH)D;. The Ab-25(OH)Dj;-immobilized Cys/Au/MoS,/FTO was used to detect 25(OH)D; using differential pulse voltamm-
etry. The electrochemical system provided an anodic peak current at a potential of +0.21 V vs. Ag/AgCl (satd. KCl) of
ferricyanide/ferrocyanide redox couple. The detection principle relies on the inhibition of electron transfer at the electrode surface
owing to the hindrance caused by the formation of immune complex between Ab-25(OH)D3 and 25(OH)D5. The immunosensor
shows linear response from 1 pg mL ™" to 100 ng mL ™" 25(OH)Ds and a sensitivity of 189 A [log (pg mL )] ™! cm 2 along with
a low limit of detection (LOD) of 0.38 pg mL™". The immunosensor is highly selective towards 25(OH)D5 and presented a long
shelf life of 28 days. Also, the immunosensor exhibits satisfactory performance towards spiked human serum samples with
recovery between 95.1 and 102% (RSD 1.15-3.22%).

Keywords Molybdenum sulphide - Vitamin D - Electrochemical biosensor - Differential pulse voltammetry - Gold nanoparticles -
Cysteamine

Introduction

The widespread prevalence of vitamin D deficiency and recent
evidence of its co-relationship with various non-skeletal fatal
diseases such as cancer, heart disease, depression, and type 1
diabetes has led to its emergence as a major global health
concern [1, 2]. Additionally, the low serum levels of vitamin
D (< 20 ng mL™") are associated with higher susceptibility
towards respiratory problems which in turn can elevate the
mortality rate due to COVID-19 infection [3]. Therefore, vi-
tamin D supplementation is a key element for the prevention
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and management of various chronic diseases, resulting in an
increased demand for regular monitoring of vitamin D
levels in patients. Despite of efforts being made for
incorporation of vitamin D dosage to combat with var-
ious ailments, a precise and reliable method for vitamin
D estimation is still a challenge [4].

The conventional methods for the estimation of serum 25-
hydroxy vitamin D (25(OH)D) levels, the major circulating
form of vitamin D, are HPLC-MS, radioimmunoassay (RIA),
and chemiluminescence [5]. HPLC-MS method is a gold stan-
dard method which is efficient to detect vitamin D up to
femtomolar concentrations and can distinguish between the
two forms of vitamin D: 25(OH)D, and 25(OH)Ds. With such
a remarkable sensitivity, HPLC-MS method still suffers
with the major limitation of interference of the isobaric co-
ionized components present in the sample. Moreover, the
HPLC-MS method is quite expensive and time consuming,
hence, not specifically suitable for routine analysis [6]. RIA
is highly sensitive and the most used method for clinical anal-
ysis of vitamin D, but its high cost and the disposal of
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radioactive waste are the major challenge [7]. Further, chemi-
luminescence is a user-friendly method as it allows the direct
detection of vitamin D from the sample eliminating the te-
dious extraction procedure. Nevertheless, the only limiting
factor is its inability to detect 25(OH)D, which is crucial for
the overall assessment of vitamin D status [8]. Furthermore,
some of the reports suggest that these methods give fallacious
and unreliable results [9, 10]. Hence, it is paramount to have
accurate, quick, and reliable method for vitamin D testing
which is easily affordable.

Biosensors can provide us a user-friendly, precise, and in-
expensive technique with the possibility to perform point-of-
care diagnosis which could considerably shorten the analysis
time and open the prospect for on-site monitoring of vitamin
D [11]. Presently, only few electrochemical biosensing strat-
egies for the detection of vitamin D have been explored.
Carlucci et al. presented a pioneering report on electrochemi-
cal sensing of 25(OH)D; utilizing gold screen-printed elec-
trode modified with 4-ferrocenylmethyl-1,2,4-triazoline-3,5-
dione for the detection of 25(OH)Dj3. The biosensor presented
a linear range of 20-200 ng mL™" with LOD of 10 ng mL™"
[8]. Sarkar et al. described an electrochemical sensor with
carbon dots/chitosan-modified ITO (indium tin oxide) surface
as an immunosensing platform. The biosensor possesses
1.35 ng mL ™' LOD and a linear response within 10—
50 ng mL™' [12]. Another report on electrochemical
immunosensing of 25(OH)D; was published by Chauhan
et al. They designed a bioelectrode based on Fe;O,/polyacry-
lonitrile fiber composite which could detect 25(OH)D5 up to
0.12 ng mL™" with a linear range of 10-100 ng mL™" [13].
Furthermore, Chauhan et al. presented an electrochemical de-
tection of vitamin D employing BSA/Ab-VD/Asp-
Gd,O;NRs/ITO immunoelectrode obtaining LOD of
0.10 ng mL ™" and linear range within 10-100 ng mL ™' [14].
In our previous attempt, a Au-Pt NPs supported on
3-(aminopropyDtriethoxysilane-modified FTO (fluoride tin
oxide) electrode as a biosensing platform for the electrochem-
ical detection of 25(OH)D; was designed. The LOD was
0.49 pg mL ™" with stability of 10 days [15]. Herein, we have
designed a strategy to further improve the analytical perfor-
mance of the biosensor for detection of 25(OH)Ds.

Two dimensional materials such as MoS, and graphene are
being extensively used in electrochemical biosensing due to
their excellent electro-catalytic performance, ease of synthe-
sis, high surface area, and tremendous physicochemical prop-
erties [16, 17]. Govindasamy et al. employed glassy carbon
electrode modified with MoS,-graphene nanocomposite for
sensitive amperometric determination of methyl parathion up
to 3.2 nM concentration [18]. In another report, Govindasamy
et al. reported an electrochemical determination of chloram-
phenicol based on MoS, nanosheet-coated functionalized
multiwalled carbon nanotubes (MWCNTS) hybrid. They fur-
ther stated that MoS,-MWCNTs hybrid possesses excellent
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electro-catalytic property towards chloramphenicol [19].
Despite of various properties, the low conductivity of MoS,
limits its utility in electrochemical sensing [20]. To overcome
this, the in situ growth of Au NPs onto the MoS, film could be
a potential solution as this not only improves the conductivity
but also provides additional mechanical strength by utilizing
the novel Au-S interaction [21, 22]. In this context, Sreeprasad
et al. presented a mechanistic approach towards incorporating
Au NPs onto the MoS, via leveraging the stable sulphur-noble
metal interaction [23]. Mani et al. employed graphene nano-
sheet (GNS)-MoS, composite as template for the growth of
Au NPs for the electrochemical determination of folic acid
which displayed a low LOD of 38.5 nM [24]. Thus, Au/
MoS, composite holds superior electro-catalytic properties,
high conductivity, and biocompatibility, owing to the syner-
gistic effect of both MoS, and Au, making it highly effective
electrochemical platform [25]. Based on this, the present work
describes the estimation of 25(OH)Dj5 using cysteamine mod-
ified Au/MoS,/FTO electrode. SAM of cysteamine was syn-
thesized onto the Au/MoS,/FTO electrode surface to ensure
robust and directional binding of Ab-25(OH)D; [26].

Experimental section
Materials

All the chemicals were of analytical grade and were
used as obtained without any prior purification.
Sodium bicarbonate (NaHCO3, > 99%), bovine serum
albumin (BSA), buffer RWT (wash buffer), 3,3',5,5'-
tetramethyl benzidine, sodium molybdate hydrate
(Na;M004.H,0), thiourea (SC(NH,),), hydroxylamine
solution (NH,OH) (50%), chloroauric acid (HAuCly)
(99% pure), 25(OH)D; (= 99% HPLC grade purity),
dimethyl formamide (DMF), hydroxyl amine (50 wt%),
human serum, cysteamine solution, citric acid, absolute
ethanol, and FTO were purchased from Sigma Aldrich,
USA. Mouse monoclonal Ab-25(OH)D; and HRP-linked
anti-rabbit (IgG) secondary antibodies were purchased
from GeneTex Inc., USA. Sodium dihydrogen ortho-
phosphate dihydrate (NaH,PO,4.2H,0) and disodium hy-
drogen orthophosphate anhydrous (Na,HPO,) were pro-
cured from Thermo Fisher Scientific Pvt. Ltd., Mumbai,
India. Potassium ferricyanide (K3Fe(CN)g) (99%), potas-
sium ferrocyanide trihydrate (K4Fe(CN)s.3H,0) (99%),
hydrochloric acid, and sodium hydroxide pellets (98%)
were purchased from HiMedia Laboratory Pvt. Ltd.,
Mumbai, India. The Ab-25(OH)D; solution was pre-
pared in 0.1 M phosphate buffer (PB) (780 mg
NaH,P04.2H,0 and 708 mg Na,HPO, in 50 mL dis-
tilled water) at pH 7.4, and a range of 25(OH)Dj;
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Fig. 1 Schematic illustration of step-wise fabrication of immunosensor for 25(OH)D; detection

concentrations was prepared by serial dilution method in
absolute ethanol as solvent.

Synthesis of MoS,

MoS, was prepared by following green hydrothermal method.
Sodium molybdate hydrate (0.43 g) and thiourea (0.69 g) were
dissolved in 80 mL ultrapure water followed by the addition of
citric acid (0.46 g), and the reaction mixture was stirred con-
tinuously for 20 min. The obtained homogeneous solution
was allowed to react for 24 h in 100 mL teflon-lined stainless
steel reactor (autoclave) maintained at 190 °C. The black pre-
cipitates formed were washed thoroughly with distilled water
and ethanol to remove any unreacted precursor and were left
to dry at 70 °C for 12 h [27].

Modification of working electrode (FTO) surface

Prior to the use, FTOs were thoroughly cleaned via
sonication in 2% acetic acid solution for 30 min follow-
ed by sonication in ethanol and distilled water for
15 min each. The prepared MoS, was dissolved in

DMF and was sonicated for 2 h using probe sonicator
(operating at 45% power of 230 V input voltage). After
the complete dispersion, 10 pL of MoS, solution was
drop casted onto the predetermined surface of treated
FTO (0.25 cm?) and was dried at room temperature
(RT). Further, the Au NPs were deposited onto the
MoS,/FTO surface by following an in situ approach that
involves immersion of the electrode in 1 mM solution
of chloroauric acid (10 mL) followed by addition of
15 pL hydroxylamine solution (50 wt%) that acts as a
mild reducing agent to accelerate the reduction of Au
(ITI) to Au (0). The solution was then kept undisturbed
for 10 h [23]. The Au/MoS,/FTO electrode was washed
thoroughly by distilled water and left to dry at RT.

Immobilization of bio-recognition element

Ten microliters of aqueous cysteamine solution (10 mM)
was drop casted onto the Au/MoS,/FTO electrode for 4 h
at RT. Cysteamine acts as a bi-functional agent, —SH
group of cysteamine forms SAM on Au/MoS,/FTO elec-
trode, and the free -NH, group interacts with —COOH
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Fig. 2 Surface characterizations: a FESEM images of (i) MoS,/FTO and
(i1)) Au/MoS,/FTO electrode; elemental mapping of Au/MoS,/FTO elec-
trode, representing (iii) Mo, S and Au; (iv) Mo; (v) S; and (vi) Au

group at Fc region of Ab-25(OH)D; ensuring robust co-
valent attachment of Ab-25(OH)D; via amide linkage
[28]. After 4 h, the electrodes were washed consecutively
with distilled water, and 5 pL of Ab-25(OH)Dj3 solution
(15 pg mL ") was casted onto the Cys/Au/MoS,/FTO
electrode and incubated at 4 °C for 12 h in a humid
chamber. The electrodes were washed thoroughly with
PB to remove any loosely bound antibodies. The
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elements, and b FT-IR spectrum of (i) MoS,/FTO, (ii)) Au/MoS,/FTO,
(iii) Cys/Au/MoS,/FTO, and (iv) Ab/Cys/Au/MoS,/FTO

immunoelectrodes were stored at 4 °C, while not in
use. Figure 1 represents the schematic illustration of
step-wise fabrication of immunosensor.

Characterization of immobilization matrix

The electrodes were characterized by Fourier transform infra-
red spectroscopy (FT-IR) (Nicolet 1S50 FTIR), field emission
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Fig. 2 (continued)

scanning electron microscopy (FE-SEM), energy dispersive
spectroscopy (EDS, Hitachi SU 8010), X-ray diffraction
[XRD, Panalytical X Pert Pro X-Ray Diffractometer using
CuK« as radiation (A = 1.54 A)], and contact angle measure-
ment [Sessile drop (KRUSS apparatus)]. To evaluate the
electrochemical behavior of electrodes, electrochemical
characterizations such as cyclic voltammetry (CV), differ-
ential pulse voltammetry (DPV), and electrochemical im-
pedance spectroscopy (EIS) were carried out on Autolab
Potentiostat/Galvanostat [AutoLab 302NFRA32M]. The
electrochemical studies were conducted using a three-
electrode system. The potential of the working electrode
(modified FTO) was measured with respect to the reference
electrode, i.c., Ag/AgCl (satd. KCl), and Pt wire was used
as a counter electrode. All electrochemical studies (CV,
DPV, and EIS) were performed in 5 mM ferricyanide/
ferrocyanide redox probe prepared in 50 mM PB with
0.9% NaCl as an electrolyte and pH 7.4. Each DPV mea-
surement was carried out by keeping the step potential
0.02 V, modulation amplitude 0.1 V, and modulation time
0.05 s with an interval of 0.5 s. All electrochemical exper-
iments were performed in triplicates, and error bars repre-
sent the standard deviation of three independent set of
experiments

To confirm the binding of Ab-25(OH)D; with 25(OH)Ds3,
ELISA was performed. The detailed description of ELISA
procedure is given in electronic supplementary material
(Section 4, Fig. S4, Table S1).

Electro-active surface area

The effect of the surface modifications on the electro-
active surface area of the electrodes was evaluated by

performing cyclic voltammetry at different scan rates (v)
ranging from 10 to 100 mV s~ in 5 mM [Fe(CN)g]> "+
solution at each modification step. The variation of oxida-
tion peak current (/,,) with increasing scan rate was ex-
amined, and the electro-active surface area was obtained
using Randles-Sevcik equation [29] as described below:

Lo =2.69 x 10° An*? CD,!/2y!/2 )

Here, 1,,, is the oxidation peak current (A) and v represents
the scan rate (Vs ).

A is the electro-active surface area in cm?

n is the number of electrons involved in redox reaction (n = 1)

C represents the concentration of redox species, i.e.,
[Fe(CN)6]> ™ (5% 10°° mol cm )

D, is the diffusion coefficient (7.6 x 10° cm* s ")

The electro-active surface area was procured by
interpreting the slope of the plot between I,,, and v! for each
modification at the electrode surface.

Optimization of method

Prior to the electrochemical sensing studies, the following
parameters were optimized: (a) pH of PB, (b) concentration
of Ab-25(OH)D; to be immobilized, and (c) response time
required for interaction of Ab-25(OH)D; with 25(OH)Dj.
Respective texts and figures are given in electronic supple-
mentary material (Section 1, Fig. S1). In short, the following
experimental conditions were found to give best results: (a)
PB pH=7.4, (b) concentration of Ab-25(0OH)Ds =
15 ug mL™', and (c) response time = 25 min.

Electrochemical detection procedure

Various dilutions of stock 25(OH)D; solution (1 mg mL ™),
ie, 1 pgmL™ 10 pg mL™", 100 pg mL™", 1 ng mL ",
10 ng mL_l, 100 ng mL_l, and 1 ug mL_l, were prepared in
absolute ethanol. For electrochemical detection of 25(OH)D3,
10 uL of predetermined concentration of 25(OH)Dj; solution
was incubated onto the Ab/Cys/Au/MoS,/FTO electrode for
25 min at room temperature, and three independent electrodes
were prepared for each concentration. After this, the electrode
was washed three times with PB to remove loosely bound
target molecules and subjected to DPV measurements. The
DPV studies were carried out using Ag/AgCl (satd. KCl so-
lution) as reference electrode and Pt wire as counter electrode
in 5 mM [Fe(CN)¢]*"* solution (pH 7.4) containing 0.9%
KCI within potential window from 0.0 to 1.2 V. The variation
in anodic peak current for different concentrations of
25(OH)D; was analyzed to obtain the limit of detection, sen-
sitivity, and linear response range.
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<« Fig. 3 Electrochemical characterizations: (i) MoS,/FTO, (ii) AwMoS,/FTO,
(iii) Cys/Au/MoS,/FTO, (iv) Ab/Cys/Au/MoS,/FTO, and (v) VitD/Ab/Cys/
Au/MoS,/FTO using a CV measurements at a scan rate of 50 mV s7!; inset
shows the DPV response at step potential of 0.02 V with modulation ampli-
tude of 0.1 V; b Nyquist plot recorded over a frequency range of 0.1-10° Hz
at open circuit potential; inset represents the (I) Randles equivalent circuit and
(1) equivalent circuit; and ¢ the plot of Ipa vs. 2 at each modification step;
inset represents the CV response of Aw/MoS,/FTO electrode at scan rates
ranging from 10 to 100 mV s ! allin 5 mM [Fe(CN)(,]’M* redox couple
prepared in 50 mM PB (pH 7.4, 0.9% KCI)

Analytical performance of electrochemical biosensor

The variation from electrode to electrode was evaluated by
performing reproducibility analysis. The reproducibility was
checked by preparing two sets of Ab/Cys/Au/MoS,/FTO elec-
trodes, each containing five immunoelectrodes incubated with
1 ng mL ™" and 10 ng mL™" concentration of 25(OH)Ds, re-
spectively. After washing with PB, the electrodes were sub-
jected to DPV studies. The peak current value in DPV was
evaluated to test the reproducibility of biosensor. To check the
stability of the immunosensor, a set of Ab/Cys/Au/MoS,/FTO
electrode was preserved at 4 °C for 35 days, and DPV exper-
iment was conducted for three electrodes each time at an in-
terval of 7 days. Further, the effect of various interferents such
as glucose (4 mM), cholesterol (4 mM), oxalic acid (1 mM),
uric acid (0.5 mM), and 25(OH)D; (25 ng mL™) on electro-
chemical determination of 25(OH)D; was studied by taking
the concentrations equivalent to their abundance in the serum.
For selectivity study, a fixed volume (10 uL) of each of these
interferents was mixed with the same amount of 25(OH)D;
(25ng mL ). The resultant solution was allowed to react with
immunoelectrodes for 25 min, and after washing with PB,
DPV analysis was performed. Experiment was performed in
triplicate. For better comparison, the DPV response of the
blank immunoelectrode and the immunoelectrode incubated
with 25(OH)D5 (25 ng mL ™) was also registered.

Spike in studies

To assess the applicability of the immunosensor in serum
samples, immunoelectrodes were tested by estimation of
25(0OH)D5 concentration in spiked human serum samples.
The various concentrations of 25(OH)D5 (1, 10, 102, 103,
and 10* pg mL™") were spiked into standard 10% v/v diluted
human serum in PB (pH 7.4). The spiked samples (5 pL) were
incubated onto the Ab/Cys/Au/MoS,/FTO electrode, each in
triplicate, for 25 min, and DPV measurement was performed
after washing with PB. Further, the peak current value was
noted, and it was compared with the standard calibration plot
in order to calculate the recovery percentage by implying the
following formula:

Concentration found
= (spiked sample peak current/standard peak current)

x concentration spiked
()

Recovery%

= (concentration found/concentration spiked) x 100 (3)

Results and discussions
Choice of materials

Layered materials such as carbon nitride, graphene, and MoS,
have been widely explored in the field of electrochemical
sensing. Among these, MoS, has attracted immense attention
owing to its porous structure, tunable band gap, and high
adsorption capability. Furthermore, it provides a robust plat-
form for further incorporation of NPs [30]. Despite of its var-
ious unique properties, MoS, suffers from a major drawback
of lower conductivity. To overcome this limitation, gold NPs
have been in situ grown on the surface of MoS, film. Au/
MoS, composite imparts excellent conductivity and enhanced
robustness to the immunosensor owing to the strong affinity
of Au towards the sulphur atom which significantly promotes
the strength of the immobilization matrix [22]. A self-
assembled monolayer of cysteamine was also introduced onto
the Au/MoS,/FTOs to allow the chemical binding of Ab-
25(OH)D; via amide bond formation between amine group
of cysteamine and carboxylic group at Fc region of antibody.
This not only allows the chemical binding of antibody onto
the electrode surface but also promotes its controlled and di-
rectional binding rendering the antigen binding site of anti-
body free for efficient interaction with analyte [28].

Surface characterization studies

The morphological features of the modified electrodes were
assessed by FESEM analysis. The FESEM image of MoS,/
FTO (Fig. 2a (i)) shows a well-dispersed sheet-like structure
indicating the formation of MoS, sheets. The scattered round
structures obtained in FESEM image of Au/MoS,/FTO elec-
trode (image ii) depict the deposition of Au NPs over the
surface of MoS,/FTO electrode. This is attributed to the high
affinity of Au towards the S in MoS, which leads to uniform
distribution of Au onto the MoS,/FTO electrode. Figure 2a
(iii)—(vi) shows the elemental mapping of Au/MoS,/FTO
electrode [(iil) Mo, S, Au; (iv) Mo; (v) S; and (vi) Au]. The
elemental mapping also supports the uniform deposition
of Au with a weight percentage of 27.5 (+ 2.58). The
composition of the matrix was further confirmed by
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<« Fig. 4 Electrochemical detection of 25(OH)D;: a DPV response of
immunosensor incubated with different concentrations of 25(OH)Ds
[blank (without 25(0H)D;), 1 pg mL™", 10 pg mL™", 100 pg mL™",
IngmL ™", 10 ng mL ™", 100 ng mL ™", and 1 pg mL '] in 50 mM PB
containing 5 mM [Fe(CN)(,]H + redox couple (pH 7.4, 0.9% KCl), b the
variation of peak current value with the concentration of 25(OH)D;
ranging from 1 to 10° pg mL™"; inset represents the change in peak
current value for a narrow 25(OH)D5 concentration (1 to 100 pg mL ™),
and c calibration plot of current vs. log conc. 25(OH)D; for which a linear
response was obtained at a working potential of +0.21 V vs. Ag/AgCl
(satd. KCl) electrode. The error bars show the standard deviation of three
independent set of values

EDS and XRD analysis, given in electronic supplemen-
tary material (Section 2, Fig. S2).

The FT-IR spectra of MoS,/FTO show prominent peaks at
1600, 1423, 1112, 898, and 628 cm ' which are the charac-
teristic peaks for MoS, [31] (Fig. b, curve i). In case of Au/
MoS,/FTO, no notable peaks were seen that indicates the full
coverage of the MoS,/FTO electrode surface with the Au NPs
(curve ii). In FT-IR spectra of Cys/Au/MoS,/FTO (curve iii),
the appearance of characteristic peaks at 2928 cm ' (C—H),
1486 cm™ ' (CH, bending), 1326 cm™' (C-N stretching), 691
(C-S stretching), 3342 cem ' (N-H stretching), and 1632 cm !
(NH, group scissoring) substantiate the presence of self-
assembled monolayer of cysteamine. Moreover, the absence
of stretching peak of S—H bond at about 2260 cm ' further
confirms that there were no free —SH groups present ensuring
the efficient interaction of Au with the —SH group present in
cysteamine [32]. After the introduction of Ab-25(OH)D; onto
the Cys/Au/MoS,/FTO electrode, the signature peak of N—H
bond stretching at 3260 cm™ ' due to the NH, group present at
Fab region of antibody confirms the presence of Ab-
25(OH)D5 onto the electrode surface. Furthermore, the absor-
bance peak at 3455 cem ' (N-H stretching) and 1625 cm !

(carbonyl group) of amide group validate the covalent binding
of Ab-25(OH)Djs onto the electrode surface via interaction of
NH, group of cysteamine layer with the carboxyl group which
is present at Fc region of antibody leading to the formation of
amide bond. Also, the emergence of peak at 2300 cm ' cor-
responding to C=N stretching mode confirms the partial dou-
ble bond character of the amide bond formed (curve iv). The
contact angle measurements were also performed to assess the
effect of modifications on hydrophilic nature of electrode sur-
face. The detailed description is given in electronic supple-
mentary material (Section 3, Fig. S3).

Electrochemical characterizations

CV was performed at a scan rate of 50 mV s~ ' and step po-
tential 0£ 0.02 V within 0.6 to 1.2 V potential window in 5 mM
[Fe(CN)s]> ™ solution prepared in 50 mM PB (0.9% NaCl).
Figure 3 a depicts the variation of current density (A cm )
with the applied potential for (i) MoS,/FTO, (ii)) Au/MoS,/
FTO, (iii) Cys/Au/MoS,/FTO, (iv) Ab/Cys/Au/MoS,/FTO,
and (v) Vit D/Ab/Cys/Au/MoS,/FTO electrodes. As com-
pared to the MoS,/FTO electrode (curve i, 7.0 x 0% A
cm ?), there was a huge increase in the peak current density
(curve ii, 1.2x 107> A cm ?) upon deposition of Au NPs
which conveys an enhanced electron transfer kinetics between
the working electrode and [Fe(CN)s]*>"*" redox probe.
Furthermore, a gradual decrease in the anodic peak current
density has been observed upon introduction of cysteamine
(curve iii, 9.1 x 10~* A em %), Ab-25(0OH)D; (curve iv, 8.3 x
10 A em™), and 25(0H)D; (curve v, 6.6 10* A cm™).
This is ascribed to the non-conductive nature of these proteins
creating a hindrance to the flow of electrons, hence, resulting
in reduced electro-catalytic property of electrode towards the
redox reaction. Also, the electrochemical behavior of

Table 1 Comparison of analytical performance of current immunosensor with the previously reported sensors

Nanocomposite Analyte LOD Linearity range Shelf life Reference
MPA?%/Au SPE° 25(0H)D; 10 ng mL™! 20-200 ng mL™" - [8]

Carbon dots/chitosan/ITO® 25(0OH)D, 1.35 ng mL™! 10-50 ng mL™" 25 days [12]
Fe;O4/polyacrylonitrile fibers/ITO 25(0H)D; 0.12 ng mL™" 10-100 ng mL™" - [13]
Asp-Gd,0sNRs/ITO 25(0OH)D; 0.10 ng mL™ 10-100 ng mL ™! 56 days [14]
Glut/Au-PYAPTESY/FTO" 25(0H)D; 0.49 pg mL™! 0.1-10° pg mL™ 10 days [15]
Cys®/Au/MoS,/FTO 25(0H)D; 0.38 pg mL™! 1-10° pg mL™" 28 days [Current study]

# MPA mercaptopropionic acid

® Au SPE gold screen-printed electrode
€ ITO indium tin oxide

9 Glut glutaraldehyde

¢ APTES 3-aminopropyltriethoxysilane
fFTO fluorine tin oxide

€ Cys cysteamine
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<« Fig. 5 a Reproducibility study: DPV response of two sets of five
independent Ab/Cys/Au/MoS,/FTO electrodes incubated with (i)
1 ngmL ™" and (ii) 10 ng mL™" 25(OH)Ds;, respectively; b stability study:
peak current value of DPV measurements of Ab/Cys/Au/MoS,/FTO elec-
trode for 35 days at an interval of 7 days (n = 3); and ¢ selectivity study:
peak current value of DPV measurements of Ab/Cys/Au/MoS,/FTO
immunoelectrode incubated with (i) blank, (ii) 25(OH)D; (25 ng mL ),
(iii) 25(OH)Ds + glucose (4 mM), (iv) 25(OH)D; + cholesterol (4 mM),
(v) 25(OH)D; + oxalic acid (1 mM), (vi) 25(OH)D; + uric acid (0.5 mM),
and (vii) 25(OH)D; +25(OH)D, (25 ng mL ). Each study was per-
formed in triplicates in 50 mM PB (pH 7.4, 0.9% KCl) containing
5 mM [Fe(CN)g]* ", and RSD value corresponds to the deviation in
response of three independent measurements

modified electrodes was further investigated by DPV analysis
under similar electrochemical conditions. Inset of Fig. 3a rep-
resents the DPV response at each modification step. The de-
tails are discussed in electronic supplementary material
(Section 5). Importantly, the DPV results well comply with
the cyclic voltammogram obtained for modified electrodes
pointing towards the successful formation of immobilization
matrix.

EIS studies were also conducted within the frequency
range 0.1-10° Hz and operating at open circuit potential in
5 mM [Fe(CN)6]3_/ 4~ solution. The EIS data was interpreted
in terms of Nyquist plot (Fig. 3b), and equivalent circuit (inset
to Fig. 3b) was fitted to extract the parameters such as solution
resistance (Ry), charge transfer resistance (Rct), capacitance
of constant phase element which is a representative of double
layer capacitance at the interface (CPEy;), double layer capac-
itance of capacitor indicating electrode-electrolyte interface
(Cq1), and Warburg impedance (W). The Randles circuit
(Fig. 3b (I)) explains the Nyquist plot (i), whereas the
Nyquist plots (ii)—(v) are represented by modified equivalent
circuit (Fig. 3b (II)). The electrical parameters obtained are
given in electronic supplementary material (Table S2). The
Rt value follows the trend; MoS,/FTO (2110+4.43 Q) >
Vit D/Ab/Cys/Au/MoS,/FTO (308 +6.11 ) > Ab/Cys/Au/
MoS,/FTO (224 +6.80 €2) > Cys/Au/MoS,/FTO (194 +
3.11 Q) > Au/MoS,/FTO (112 £ 1.40 Q). It is noteworthy that
the Au film considerably decreased the impedance at electrode
surface which is attributed to its high conductivity, facilitating
the electron transfer at electrode-electrolyte interface. Further,

Table 2 Recovery studies of 25(OH)D5 in spiked human serum
samples (7 =3)

S.No. Conc. of spiked Conc. found Recovery (%) RSD (%)
sample (pg mL ) (pg mL ™

1. 1 0.997 99.7 2.02

2. 10 10.2 102 3.22

3. 10 95.1 95.1 126

3. 10° 982 98.2 1.15

4. 10* 9954 99.5 1.40

— () 1pgmL"

——(ii)10 pg mL"
(iii) 10° pg mL"'
(iv) 10> pg mL™"
(v)10* pg mL"
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Fig. 6 Electrochemical detection of 25(0OH)Dj in spiked samples: a DPV
response of Ab/Cys/Au/MoS,/FTO electrode incubated with spiked
human serum with different concentrations of 25(OH)D;s (1, 10, 102,
10%, and 10* pg mL™!) in 5 mM [Fe(CN)(,]}*M*solution containing
0.9% KCl maintained at pH 7.4 and b calibration plot of peak current
value vs. spiked concentration of 25(OH)D5 for n=3

the formation of SAM of cysteamine on Au/MoS, electrode
hindered the electrode surface which is supported by the in-
crease in Rt value. Furthermore, an increase in Rt value
upon coating of 25(OH)D; was observed. This rise in RCT
value is indicative of formation of immune-complex between
Ab-25(0OH)D; and 25(OH)D3 which prohibits the diffusion of
[Fe(CN)s]> ™ redox probe towards the electrode surface.

Electro-active surface area

The dependence of anodic peak current on the scan rate was
evaluated. Figure 3 c inset clearly depicts that the anodic peak
current increases linearly with the increase in the scan rate which
is the characteristic of diffusion controlled redox reaction. Also,
the oxidation potential and reduction potential shift towards more
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positive and negative values, respectively, as the scan increases,
which indicates smooth electron transfer kinetics.

Figure 3 c represents the plot of anodic peak current vs.
(scan rate)l/2 for modified electrodes indicating a linear vari-
ation of anodic peak current with scan rate. By fitting the
linear equation, the value of slope and intercept was obtained
which was further implied to calculate electro-active surface
area. The Randles-Sevcik equations obtained by incorporating
the values are as follows:

Lpa (Mos2/FT0) = (4.60 x 1074 A Vs!) v!/2
+30.4 uA,R
=0.98 (4)
L (Au/MoS2/FTO)

= (11.5x 10* A Vs ") v/22.87uA,R =0.99  (5)

Ipa (Cys/Au/MoS2/FTO) — (846 X 10_4 A VS_I) V1/2

1 8.64 pA,R
~0.99 (6)
La (Ab/Cys/Au/MoS2/FTO)
= (723 x 10* A Vs ) v/20.01 uA,R =0.99  (7)
Loa (Vit D/Ab/Cys/Au MoS2/FTO)

= (554x10*AVs ") V"2 + 108 uA,R =099 (8)

By incorporating above values in Eq. (1), the electro-active
surface area was obtained. The electro-active surface area ob-
tained at each modification step was MoS,/FTO (0.12 cm?),
Au/MoS,/FTO (0.31 ecm?), Cys/Au/MoS,/FTO (0.23 cm?),
Ab/Cys/Au/MoS,/FTO (0.19 ¢cm?), and Vit D/Ab/Cys/Au/
MoS,/FTO (0.15 sz)_ It is notable that there was significant
increase in the electro-active surface area of Au/MoS,/FTO
electrode (0.31 cm?) as compared to the MoS,/FTO electrode
(0.12 cm?), signifying the superior electrocatalytic property of
Au/MoS; hybrid.

Electrochemical detection of 25(0H)D;

DPV response of the immunosensor incubated with increased
concentrations of target 25(OH)D; (1 pgmL ' to 1 pgmL ™)
revealed an inversely proportional dependence of peak current
value on the concentration of target 25(OH)D; (Fig. 4a). The
DPV response of bare immunoelectrode, i.¢., in the absence of
the target, was also recorded. Figure 4 b shows the variation of
peak current value with the concentration of 25(OH)D; in pg
mL™'. The biosensor presented a linear response within
1 pg mL ! to 100 ng mL ! 25(0H)D; concentration. Also,
the immunosensor exhibits a linear response even for a narrow

@ Springer

range of 25(OH)Ds concentration (1-100 pg mL™") (inset of
Fig. 4b). Further, a calibration plot was drawn between the
peak current value and the log of concentration of 25(OH)Dj3
(Fig. 4c). Equation (9) represents the linear regression equa-
tion representing the calibration plot with a regression coeffi-
cient of —0.9.

Y =(-3.6x107°)X +65x 107" (9)

Here, Y represents the peak current value in A; X is
the log (concentration of 25(OH)D; in pg mL ™). From
the linear regression equation, the sensitivity was calcu-
lated by dividing the slope of calibration curve with
electro-active surface area of the electrode and the value
comes out to be 189 pA [log (pg mL ™ H] ™" cm 2. To find
the theoretical limit of detection of the immunosensor,
the following formula was used:

LOD =3 x SD/m (10)

Here, SD is the standard deviation of blank electrode sig-
nal, and m is the slope of the calibration plot. By incorporating
the values in Eq. (10), the theoretical limit of detection obtain-
ed was 0.38 pg mL™". Table 1 shows the comparison of the
present work with the already reported literature related to
biosensor for vitamin D detection.

Reproducibility, selectivity, and stability of
electrochemical immunosensor

Figure 5 a shows the reproducibility study of the Ab/Cys/Au/
MoS,/FTO electrodes for 1 ngmL ™" and 10 ng mL™" concen-
tration of 25(OH)Ds. The relative standard deviation (RSD)
obtained was 4.77% and 1.89% for 1 ngmL " and 10 ngmL ™"
concentration of 25(OH)Ds, respectively, indicating the min-
imal variation in electrode preparation and performance. The
shelf life of the immunosensor was estimated by taking DPV
response of immunoelectrode consecutively after an interval
of 7 days for 35 days. It was observed that the immunosensor
retained its 90.3% current response after 28 days and 85.7%
current response after 35 days (Fig. 5b). Hence, the biosensor
has an acceptable shelf life of 28 days.

Further, the possible interference of the different biomole-
cules in electrochemical signal of 25(OH)D; was assessed.
The results represent a considerable decrease in the peak cur-
rent value of immunoelectrode after incubation with
25(0OH)D; as compared to the blank (without target), implying
the formation of antibody-antigen immune complex. The peak
current value obtained from the DPV response of 25(OH)D;
mixed with glucose, uric acid, cholesterol, and oxalic acid was
almost similar to the response of 25(OH)Dj; (Fig. 5¢); hence,
there was no interference of aforementioned biomolecules to-
wards the electrochemical measurement. On the other hand, a
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relative decrease in the peak current value by 15% was ob-
served in the case of 25(OH)D,. This might be due to the
interaction of Ab-25(OH)D; with 25(OH)D,, because of the
structural similarity of 25(OH)D, with 25(OH)Ds. Since both
25(0OH)D, and 25(0OH)Dj; contributes towards the total vita-
min D status [6], thus, the Ab/Cys/Au/MoS,/FTO
immunoelectrode could be selectively and efficiently utilized
to assess the total vitamin D status.

Spike in studies

Figure 6 a represents the DPV response of the immunosensor
incubated with human serum spiked with various concentra-
tions of 25(0H)D; (1, 10, 102, 10%, and 10* pg mL™"). The
peak current value obtained was noted, and a calibration plot
of DPV response of spiked samples was obtained (Fig. 6b).
The results obtained were compared with the standard calibra-
tion plot, and the recovery percentage was calculated. The
immunosensor exhibits reliable performance towards spiked
human serum sample with recovery % ranging from 95.1 to
102% and RSD value within 1.15-3.22% (Table 2). Hence,
the immunosensor could be efficiently utilized for the real
sample analysis.

Conclusions

An electrochemical biosensor based on antibodies has been de-
veloped for the estimation of 25(OH)D5. The Au NP-supported
MoS, template has emerged as a stable and robust platform for
the efficient binding of antibody onto the electrode surface. The
in situ growth of Au NPs onto the MoS, film greatly improved
the conductivity of the biosensor and, hence, the sensitivity and
LOD. Also, the SAM of cysteamine on the gold surface provides
an opportunity for robust chemical binding of antibody rather
than the weak physical adsorption, which impart additional
strength to the biosensor as reflected in high storage stability of
immunosensor. Furthermore, the biosensor was able to detect
concentration as low as 0.38 pg mL ™", which comfortably meets
the clinical requirement for the estimation of 25(OH)D;. The
immunosensor has various points of merit such as fast response
time, high selectivity, adequate reproducibility, and stability. In
addition to this, the immunosensor responded well with the
spiked human serum samples with high recoveries which support
its potential applicability in clinical analysis. However, the selec-
tivity and stability can further be improved by using aptamers as
biorecognition molecules. Also, other conductive nanocompos-
ites could also be explored to enhance the performance factors
such as response time, sensitivity, and LOD.
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