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Abstract
Vitamin D (VD) deficiency is a global health concern due to its serious health impacts, and at present, the monitoring of VD
status is expensive. Here, a novel immunosensor for sensitive and label-free detection of 25-hydroxy vitamin D3 (25VD3) is
reported. Nanostructured cerium(IV) oxide (nCeO2) was anchored onto carbon cloth (CC) via electrophoretic deposition to
fabricate a nanoplatform (nCeO2/CC). Subsequently, bioactive molecules (anti-25VD3 and BSA) were introduced to fabricate
the nanobioplatform BSA/anti-25VD3/nCeO2/CC as an immunosensor. The analytical performance of the developed
immunosensor was studied towards 25VD3 detection. The immunosensor provides a broad linear range of 1-200 ng mL-1, high
sensitivity of 2.08 μA ng−1 mL cm−2, a detection limit of 4.63 ng mL−1, and a response time of 15 min, which is better than that
of previous reports. The biosensor exhibited high selectivity, good reproducibility, and excellent stability for about 45 days. The
potential application of the proposed immunosensor was observed for real serum samples towards 25VD3 detection that dem-
onstrated a high correlation with the conventional enzyme-linked immunosorbent assay.
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Introduction

Vitamin D (VD) deficiency is a global health concern due to
its serious health impacts including bone disorder, cardiovas-
cular diseases, infections, diabetes, osteoarthritis, tuberculosis,
hypertension, and even cancer. Besides this, there are many
other physiological functions in which VD endocrine system
helps to modulate and they have a direct relation with VD, viz
immune response, regulation of cell proliferation, and differ-
entiation [1, 2]. Recently, scientists have also correlated VD
deficiency with the COVID-19 cases. Various reports showed
a correlation between VD deficiency and risk of COVID-19.
The study also showed that peoples having lower VD level
developed more inflammatory markers (ferritin and D-dimer)
that are linked to poor COVID-19 outcomes. It has been re-
ported that VD might be helpful to prevent “cytokine storms”
seen in few COVID-19 patients by attenuating the immune
system response. Also, supplementation of VD3 could be a

promising approach to reduce the risk of COVID-19 [weblink
1, weblink 2, weblink 3, and weblink 4]. VD is available in
two major forms, namely VD2 and VD3, and the available
research reports suggest the preferable form is VD3 over
VD2. Further, out of all the available analytical forms of
VD3, clinical research considered 25-hydroxy vitamin D3

(25VD3) as the best parameter to indicate VD status. It is
due to the reason that 25VD3 has a much higher serum con-
centration (~ 99%) and a longer half-life (about 3 weeks) and
is therefore measured mainly during the VD test in clinical
diagnosis [3]. Therefore, human plasma/serum 25VD3 is
widely used as a biomarker [4, 5]. The standard physiological
range of VD is 30–70 ng mL−1 and a value below 30 ng mL−1

indicates an alarming situation of VD deficiency. Hence, time-
ly assessment of VD levels in body fluid can avoid nutritional
deficiencies and also prevents irreversible damage caused to
vital organs.

Currently, the analysis methods adopted for VD monitor-
ing are liquid chromatography-mass spectrometry (LC-MS),
radioimmunoassay (RIA), high-performance liquid chroma-
tography (HPLC), and enzyme-linked immunoassays
(ELISA) [6]. Although HPLC and ELISA can be routinely
performed by trained technicians still these methods have
some limitations. In HPLC, large quantities of expensive
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organics are required that increases the cost of analysis. Also,
HPLC have low sensitivity for certain compounds, and some
cannot be detected as they are irreversibly adsorbed. In the
case of ELISA, a format consisting of a 96-well plate is used
and it requires 100–200 μL of sample for each well during
testing. Such a large demand for sample volume will hinder
how many targets can be quantified from the test sample and
severely limit the ability to add replicates for more accurate,
reliable results. The possibility of false-positive or negative
results is high in ELISA due to insufficient blocking of
immobilized antigen [7]. Thus, there is an urgent need to fab-
ricate a fast and cost-effective point of care (POC) device like
an immunosensor to monitor VD levels. In order to minimize
delays in diagnosis, POC are useful diagnostic alternatives,
which is vital since delays or ineffective procedures can result
in high casualties. Chip, carbon cloth, and paper-based bio-
sensors were established for quick detection with the improve-
ments of POC research. It provides several incentives to users
such as being affordable, flexible, sensitive, specific, user-
friendly, rapid, robust, equipment-free, and deliverable
[8–10]. The result can be achieved rapidly and conveniently,
allowing for quick decision-making, thus minimizing the risk
of human-to-human transmission. Few reports are available in
the literature for the development of VD biosensors including
the previous work done in our lab for VD detection [4, 11–16].
However, the biosensor developed for 25VD3 is very limited
as shown in Table 1. Ozbakir et al., reported the enzyme-
modified electrode-based electrochemical detection of
25VD3 in a range of 5–200 ng mL−1 [14]. The process for
the synthesis of the enzyme was time-consuming and follows
a long procedure to do the cloning followed by expression
study, and purification of proteins. Further, Carlucci et al. de-
tected 25VD3 through electrochemical and surface plasmon
resonance (SPR) techniques utilizing screen-printed gold (Au)
electrode and sensitivity obtained as 0.020 μA ng−1 mL cm−2

and limit of detection (LOD) as 10 ngmL−1. However, the use
of the Au electrode is costly, and also the SPR technique
requires expertise to handle the instrument [15]. One recent
report for 25VD3 detection by Kaur et al. utilized gold-
p l a t i n u m b i m e t a l l i c n a n o p a r t i c l e s c o a t e d
3-(aminopropyl)triethoxysilane (APTES) for immunosensor
(Ab-25(OH)D3/Glut/Au-Pt/APTES) to detect 25VD3 [16].

The main shortcomings of the previous reports are the lack
of validation study through a conventional technique of
ELISA and also the real samples were not analyzed to test
the efficiency of the electrodes. Thus, there is a wide scope
to fabricate VD3 biosensors by utilizing different
nanomaterials on appropriate substrates to improve the bio-
sensing parameters.

Metal oxide nanostructured ceria (nCeO2) demonstrates
exciting features, and many reports are available for the detec-
tion of various analytes including glucose, DNA, cholesterol,
hydrogen peroxide, cancer biomarkers, food toxins, and pes-
ticides [17–20] for biosensor applications. Due to its unique
features including electrical conductivity, nominal swelling,
high mechanical strength, wide bandgap (3.4 eV), oxygen
storage capacity, and ability to switch oxidation states (Ce3+/
Ce4+) [19, 20]; it provides a suitable biosensing platform.
Moreover, it is non-toxic, shows chemical inertness, high ad-
sorption capability, high electron transfer kinetics, and high
isoelectric point IEP (9.2) [18] which makes nCeO2 a prom-
ising material for conjugation of desired bioactive molecules
on the electrode surface.

The incorporation of nanomaterials onto a suitable sub-
strate provides a synergetic effect to accelerate signal trans-
duction leading to high sensitivity [21, 22]. Among other sub-
strates, carbon-based substrate exhibits good electrocatalytic
activity, fast electron transfer kinetics, non-fouling effects,
biodegradable, biocompatible, and cost-effective [23, 24].
Carbon cloth (CC) is a flexible textile material and has carbon
filaments of 5–10 μm in diameter. CC is different from other
rigid substates like Iindium tin oxide (ITO), fluorine tin oxide
(FTO), and glassy carbon electrode (GCE). The application of
CC as an electrode substrate provides enhanced diffusion of
electrolyte and more channels to transport ion rapidly from
electrolyte to electrode material [25]. In addition, CC exhibit-
ed high conductivity, chemical stability, lightweight, low-cost
material, and three-dimensional structures showing its great
potential in the fabrication of electrochemical biosensor.
Moreover, CC possess interesting characteristics such as faster
adsorption due to larger surface area, good biocompatibility, a
low barrier to mass transfer. This substrate is mainly reported
for supercapacitor applications. But, Mahesh et al. [26] report-
ed an electrochemical sensor for dopamine detection. They

Table 1 Summary of the biosensors developed for VD detection until now

Electrode Technique used Range LOD Sensitivity Ref

Ab-25OHD/SPE/FMTAD SPR 5–50 μg mL−1 1000 ng mL−1 4.8 m° mL μg−1 [15]
DPV 20–200 ng mL−1 10 ng mL−1 0.020 μA ng−1 mL cm−2

CYP27B1/GCE CV 5–200 ng mL−1 - - [14]

BSA/AB-25OHD3/CAEF/RCP Chrono amperometry 10–100 ng mL−1 10 ng mL−1 0.16 μA ng−1 mL cm−2 [4]

Ab-25(OH)D3/Glut/Au-Pt/APTES DPV 0.1–106 pg mL−1 0.0049 ng mL−1 - [16]

BSA/anti-25VD3/nCeO2/CC DPV 1–200 ng mL−1 4.63 ng mL−1 2.08 μA ng−1 mL cm−2 Present work
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studied the catalytic activity of dopamine on iron oxide nano-
particles deposited on acid-treated CC. Therefore, CC sub-
strate can be utilized for other electrochemical biosensor
fabrication.

In this work, a simple electrochemical, label-free, stand-
alone, and cost-effective immunosensor has been reported for
25VD3 detection based on nCeO2 anchored CC. The nCeO2

was synthesized through the bottom-up approach and anchored
to the CC substrate via electrophoretic deposition (EPD) to ob-
tain the nanoplatform (nCeO2/CC). Subsequently, bioactive
molecules like antibodies specific to 25VD3 (anti-25VD3) and
bovine serum albumin (BSA) were immobilized on the
nanoplatform for the development of nanobioplatform (BSA/
anti-25VD3/nCeO2/CC) as an immunosensor. The analytical
performance of the developed immunosensor was observed
and the results exhibited a better sensitivity, wide detection
range, and good lowest detection limit in comparison to previ-
ously reported work for 25VD3 detection (Table 1). Moreover,
the validation studies were also conducted using real samples
and the results were found in good agreement with ELISA
results.

Experimental techniques

Chemicals and characterization techniques

All the chemicals and reagents were of analytical grade and
detailed information has been provided in the supplementary
data. The detailed information of characterization techniques
used for analysis is also given in the supplementary data.

Synthesis of nCeO2 and fabrication of nanoplatform
(nCeO2/CC)

nCeO2 was prepared by the bottom-up approach according to
previous reports as mentioned in the supporting data [27, 28].
CCwas utilized for the nanoplatform fabrication for which the
surface of CC was pre-treated before the deposition of nCeO2.

A large piece of CC was treated with a mixture of concentrat-
ed H2SO4 and HNO3 (1:3) at 80 °C for 5 h followed by
washing with de-ionized water (D.I. water) and ethanol sev-
eral times and dried at 60 °C for 12 h. This acid treatment
promotes the activation of reactive functional groups available
on CC [26]. After activation, desired dimensions (0.5 ×
1.5 cm) of CC were used for the deposition of nCeO2 using
the EPD technique. For the EPD process, a suspension of
nCeO2 (2 mg mL−1) was prepared in IPA through sonication
for 2 h at room temperature. EPD was carried out using a two-
electrode system in which CC (cathode) and a platinum wire
(anode) were vertically oriented and separated by 1 cm in a
container having a suspension of nCeO2 (4 mL). A uniform
and stable film (nCeO2/CC)was fabricated using an optimized

parameter of 80 V potential for a duration of 3 min. Further,
the nanoplatform was rinsed with D.I. water to remove the
excess material and then left for drying at 60 °C for 12 h to
improve the binding. EPD is a versatile technique and has
several advantages like short deposition time, simple appara-
tus requirement, and suitability for mass production and hence
used for the deposition of nCeO2 onto CC. Also, EPD allows
easy modifications as per the requirement of a specific appli-
cation. For example, deposition can be performed on any type
of substrate, viz flat, cylindrical, or any other shaped substrate
with only minor changes in electrode design and positioning.
Further, EPD offers easy control over the deposition thickness
and morphology of deposited film by varying the deposition
time and applied potential [29, 30]. The fabricated
nanoplatform was observed to check the flexibility and an-
choring of nCeO2 onto CC (Supp data: Figure. S1).

Fabrication of immunosensor through conjugation of
bioactive molecules

Initially, the stock solutions of anti-25VD3 and BSAwere made
in PBS saline (pH 7.0) with a concentration of 1.15 mg mL−1

and 1mgmL−1, respectively. Further, a final working dilution of
anti-25VD3 (50 μg mL−1) was made from the initial stock solu-
tion for further experiments. The effective conjugation of anti-
25VD3 onto the surface of nCeO2/CC nanoplatform was done
with the help of covalent binding using EDC-NHS chemistry.
Solutions of anti-25VD3, NHS (0.1 M), and EDC (0.4 M) were
prepared by mixing them in a ratio of 2:1:1 (v/v) and kept for
about 30 min at 4 °C resulting in activation of anti-25VD3 car-
boxyl (COO−) groups. Thereafter, 20 μL solution of activated
anti-25VD3 was drop cast onto nCeO2/CC nanoplatform and
kept in a humid chamber for 6 h so that activated anti-25VD3

binds effectively with nCeO2. This fabricated nanobioplatform
anti-25VD3/nCeO2/CC was washed with PBS for the removal
of excess anti-25VD3 from the surface. The blocking of non-
binding sites was done by introducing 10 μL of BSA onto
nanobioplatform (anti-25VD3/nCeO2/CC) and incubated for
4 h . The ob ta ined BSA/an t i -25VD3/nCeO2 /CC
nanobioplatform was washed with PBS and stored at 4 °C to
maintain the activity of the immobilized bioactive molecules
(BSA and anti-25VD3). The stepwise fabrication process of
the immunosensor is illustrated in Scheme 1.

Results and discussions

Characterization of nCeO2

To identify the crystallographic structure of nCeO2, XRD
analysis was done and the XRD patterns (Fig. 1) showed eight
well-resolved and intense peaks in the range of 2θ = 10–80°.
The diffraction peaks appeared at an angle (2θ) were 28.56,
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33.01, 47.50, 56.20, 59.10, 69.35, 76.69, and 78.99 which
correspond to the crystal planes ascribed as (111), (200),
(220), (311), (222) (400), (311), and (420), respectively [27,
31]. The XRD pattern demonstrated that all characteristic
peaks are remarkably close to the face-centered-cubic (fcc)
fluorite structure of CeO2 crystal (JCPDS: 34-0394). The fluo-
rite structure consists of an arrangement where each cerium
atom is surrounded by 8 oxygen atoms in an fcc arrangement
and each oxygen atom has a cerium atom in a tetrahedron
arrangement around it. No other peak was detected indicating
the good crystallinity and preparation of nCeO2 in the pure
phase.

The average crystallite size corresponds to the highest in-
tensity peak (111) which was calculated using the Debye
Scherer equation and found to be 10.35 nm. The formula used
for the calculation is as below:

D ¼ Kλ=βcosθ ð1Þ
where K is the Scherer constant having a value in the range of
0.9 to 1, β denotes the full width at half maximum of various
diffraction peaks, θ denotes Bragg’s diffraction angle, and λ
shows the wavelength of target Cu-Kα.

The morphology and size of synthesized nCeO2 were ob-
served using TEM studies. Figure 1 (b–d) shows TEM, HR-
TEM, and selected area electron diffraction (SEAD) patterns,
respectively. It is apparent from image (b) that almost all
nanoparticles were spherical in shape, well dispersed, and uni-
form in size. Image (c) shows the well-resolved HR-TEM
image that is comprised of organized lattice planes of nCeO2

with a cubic phase. The continuous and clearly visible lattice
fringes are indicative of the crystallinity of nCeO2. Further,
the interfringe distances (d) of 0.33 nm calculated using
ImageJ software can be indexed to the (111) plane of cubic
nCeO2 and strongly supported the XRD data. The inset of
image (c) shows the particle size distribution graph which
revealed the average size of nCeO2 to be 14.38 ± 1.5 nm.
The SEAD pattern (image d) showed very bright spots of
the rings which revealed the highly crystalline nature of
nCeO2. The bright spots obtained on these rings were well
indexed to (222), (220), (220), and (111) planes of cubic
nCeO2 (JCPDS card 34-0394).

FTIR, Raman, and UV-visible spectroscopy (Fig. 2) tech-
niques were employed to confirm the synthesis of nCeO2. FT-
IR spectrum analysis of nCeO2 (image a) shows some

Carbon cloth

Carbon cloth
Carbon cloth

Carbon cloth

EPD

BSAanti-25 VD3

Serum sample

FESEM of BSA/anti-25VD3/nCeO2/CC 
nanobioplatformResponse study 

n CeO2

Scheme 1 Fabrication process of immunosensor BSA/anti-25VD3/nCeO2/CC
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absorption bands in the region of 400 to 4000 cm−1. The band
appeared at 660 cm−1 corresponds to Ce-O stretching vibra-
tion. Another stretching band observed at 1320 cm−1 revealed
carbonate-like species (O–C–O). The next band at 1635 cm−1

represents the “scissor” bending mode of molecular H2O (H–
O–H). Finally, a broad absorption band at 3410 cm−1 corre-
sponds to –OH stretching vibration mode of (H-bonded) water
molecules present due to physically absorbed H2O or surface
–OH groups, respectively [32–34].

Figure 2 (b) shows the Raman spectrum of nCeO2 which
exhibits one strong peak at 465 cm−1 and three other peaks of
low intensity at 270, 605, and 1051 cm−1. The strong peak at
465 cm−1 belongs to the first-order Raman line and represents
the characteristic peak of the cubic form of nCeO2 [33].
This peak may be attributed to triply degenerated Raman ac-
tive optical phonon mode (F2g). The shoulder peak at
270 cm−1 is attributed to transverse optical (TO) doubly de-
generate mode. Further, another two peaks at 605 and
1051 cm−1 belong to the second-order Raman line and were
assigned to the longitudinal optical (LO) mode. Due to the

presence of oxygen vacancies and the intrinsic defects in the
nCeO2, a peak at 605 cm−1 was observed [35]. Also, the
Raman analysis confirms the presence of a cubic fluorite
structure with oxygen vacancies in the synthesized nCeO2.

Figure 2 (c) shows the UV/Vis absorption spectrum of syn-
thesized nCeO2 (dispersed in D.I. water), recorded in the range
of 250–600 nm. The spectrum showed a strong absorption peak
at 310 nm which is due to charge-transfer transitions from O
atom through 2p orbital to Ce atom in 4f orbital [33, 36].

All these spectroscopic characterizations clearly supported
the successful synthesis of nCeO2 without any impurity.

Characterization of nCeO2/CC nanoplatform and
BSA/anti-25VD3/nCeO2/CC immunoelectrode

Figure 3 (a–c) shows the morphology of nCeO2/CC
nanoplatform and images (d–f) represent the conjugation of
bioactive molecules (anti-25VD3 and BSA) on the surface of
nCeO2/CC nanoplatform, using the FE-SEM technique. Image
(a) shows the FE-SEM image of nCeO2/CC nanoplatform
where CC appears to be fibrous and deposition of nCeO2 onto
this fibrous CC is also visible. However, image (b) shows the
rough surface due to the uniform deposition of nCeO2, which
provides a suitable platform for the immobilization of bioactive
molecules. Figure 3 (c) shows the magnified view of nCeO2/
CC nanoplatform which suggests a globular morphology of
uniformly deposited nCeO2 (spherical shaped) that are embed-
ded onto the fibrous structure of CC. Therefore, good contact
was established between nCeO2 and CC fibers.

Figure 3 (d, e, and f) shows the morphology of biomole-
cules conjugated nCeO2/CC nanoplatform. Image (d) reveals
the increment in the roughness and appearance of some island
like entities at the surface. This large increment in roughness
and alteration in morphology is due to the conjugation of
bioactive molecules onto the surface of the nCeO2/CC
nanoplatform. Image (f) also shows the appearance of some
Y-shaped structures bound to nCeO2 due to the presence of
anti-25VD3 attachment. All these morphological changes re-
vealed the successful conjugation of bioactive molecules and
the fabrication of immunosensor (BSA/anti-VD3/nCeO2/CC).

(220)
(222)

(111)

d111= 0.33 nm
1 nm

20 nm

0.5 nm

a b

c d

Fig. 1 (a) XRD spectrum of nCeO2, (b) TEM image, (c) HR-TEM image
(inset shows size distribution of nCeO2), and (d) SEAD pattern for
nCeO2, respectively

Fig. 2 (a) FTIR spectrum, (b) Raman spectrum, and (c) UV-visible spectrum of nCeO2
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Electrochemical studies

The electrochemical techniques such as cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) measurements
were carried out for characterization as well as for label-free
detection of 25VD3. All measurements were done in PBS
(0.1 M, pH 7.0, 0.9% NaCl) containing 5 mM of [Fe(CN)6]

3

−/4− as a redox probe using a conventional three-electrode sys-
tem. The three-electrode system has the BSA/anti-25VD3/
nCeO2/CC immunoelectrode (0.25 cm2) as a working elec-
trode, an Ag/AgCl reference electrode, and platinum wire
(0.25 mm) as the counter electrode. CV was carried out at a
scan rate of 50 mV s−1 in the potential range of −0.6 V to 0.8 V,
while DPVwas recorded in a potential range of −0.6 V to 0.7 V
with a pulse width of 50 ms and pulse height of 25 mV.

pH study and electrochemical characterization studies

The influence of different pH of PBS ranging from 6.0 to 8.0
was evaluated to analyze the behavior of antibodies [37] pres-
ent on the immunosensor (BSA/anti-25VD3/nCeO2/CC) and
the highest peak current was found at pH 7.0 (Figure S2).

Figure 4 (a) shows the CV of (i) bare ITO, (ii) CC, (iii)
nCeO2/CC, (iv) anti-25VD3/nCeO2/CC, and (v) BSA/anti-

25VD3/nCeO2/CC immunosensor in PBS (pH 7.0) containing
[Fe(CN)6]

3−/4− as a redox probe. CC exhibited oxidation and
reduction in peak current much higher (1118.6 μA) than that
of ITO (367 μA) which is a typical characteristic of CC. The
higher current value obtained is due to the good electrical
conductivity, larger specific surface area and a higher carbon-
ization degree of CC. After the inclusion of nCeO2, the oxi-
dation peak current is enhanced to 1855.6 μA (curve iii;
nCeO2/CC nanoplatforms). This confirms the deposition of
nCeO2 onto CC and increases the overall electroactive surface
of the nanoplatforms, resulting in acceleration of electron
transport between the redox probe and the platform surface
[38]. The magnitude of the current was decreased to
1480.7 μA (curve iv) after the conjugation of anti-25VD3

and to 1342.6 μA (curve v) after BSA immobilization. This
decrease could be attributed to the insulating effect of bioac-
tive molecules (anti-25VD3 and BSA) that obstructed the dif-
fusion of the electrons generated from the redox probe to the
platform surface [39], which confirmed the sequential modi-
fication. These CV results were found in good agreement with
DPV results (Fig. 4 (b)). Moreover, electrochemical impednce
spectroscopy (EIS) study has been performed which further
support sequential modification of electrodes (Fig. S3).

Fig. 3 (a, b, and c) FE-SEM images of nCeO2/CC nanoplatform, and (d, e, and f) BSA/anti-VD3/nCeO2/CC immunosensor at different scales,
respectively
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Besides this, the evaluation of the scan rate effect from 10
to 100 mV s−1 has been done to explain the electrochemical
activity of fabricated nCeO2/CC nanoplatform and BSA/anti-
25VD3/nCeO2/CC immunosensor (Figure S4). The variation
of anodic and cathodic peak currents (Ipa/Ipc) as a function of
the square root of the scan rates (√ ) showed a straight line and
the value of Ipa/Ipc was found as ~1 for BSA/anti-25VD3/
nCeO2/CC immunoelectrode revealing the transfer to be
quasi-reversible kinetics. Also, for both platforms, the peak
current Ipa (anodic) and Ipc (cathodic) were increased linearly
with √ , indicating a diffusion-controlled process between the
immunosensor surface and the redox probe.

Analytical performance of the immunosensor

The response of the fabricated immunosensor (BSA/anti-
25VD3/nCeO2/CC) was studied as a function of 25VD3. The
optimization of incubation time for the interaction of 25VD3

(1 ng mL−1) with the immunosensor platform was conducted
at an interval of 3 min (Fig. 5 (a)) up to 15 min. The peak
current was decreased from 0 to 9 min and then became al-
most constant from 10 to 15 min. Therefore, 15 min was set as
an optimized incubation time for the response studies.

The response of the developed immunosensor towards de-
tection of 25VD3 from 1 to 200 ng mL−1 was measured
through the DPV technique. The decreasing trend in peak
current was found after the addition of each 25VD3 concen-
tration (Fig. 5 (b)) and became constant at 180 ng mL−1. The
decreasing trend in the peak current was attributed to the in-
teraction of 25VD3 with anti-25VD3 that led to the formation
of an electrically insulating complex. This complex obstructed
the transfer of electrons between the redox probe and
immunosensor. A 200 ng mL−1 of 25VD3 concentration was
found enough for saturation of available anti-25VD3 present
on the nanobioplatform surface. Here, 1 ng mL−1 was the

lowest concentration of 25VD3 that could be detected with
the present immunosensor.

The mechanism behind the decreasing trend in the peak
current was attributed to the charge transfer factor and shift
in the Fermi level between nCeO2 and bioactive molecules.
The size of 25VD3 is bulky in comparison to nCeO2 (nm),
therefore preventing the flow of electrons to immunosensor
from the redox probe. The chemical bond formation between
the bioactive molecules (anti-25VD3, BSA, and 25VD3) at the
semiconductor surface (nCeO2) is analyzed that showed the
presence of two factors contributing to adsorption energy: one
is bond creation and the second is charge transfer. The charge
transfer factor decides the direction of the Fermi level shift in
the bandgap region either from semiconductor to bioreceptors
or vice versa. Electron transfer from the 25VD3 molecule will
take place to the conduction band of the working electrode
followed by the transition to its valence band leading to
electron-hole (e–h) pair recombination. As a result, the hole
concentration in the valence band will be reduced; conse-
quently, the extrinsic Fermi level will be shifted away from
the valence band, leading to downward band bending and a
decrease in the current trend [40].

Figure 5 (c) shows the calibration curve between the
change in peak current obtained through the DPV study and
the 25VD3 concentrations. The calibration curve clearly re-
vealed a linear and inverse relationship between current values
and 25VD3 concentrations. The experiments were repeated
thrice and the error bar shows the standard deviation.
Sensitivity was estimated from the formula: calibration curve
slope/surface area of immunosensor (0.25 cm2) and found to
be 2.08 μA ng−1 mL cm−2 with R2 of 0.989. The
immunosensor lower detection limit and the linear range were
observed as 4.63 ng mL−1 and 1–160 ng mL−1, respectively.
These obtained biosensing parameters of are much better than
the previously reported biosensors (Table 1). All the

Fig. 4 (a) CV and (b) DPV studies of (i) ITO, (ii) CC, (iii) nCeO2/CC, (iv) anti-25VD3/nCeO2/CC, and (v) BSA/anti-25VD3/nCeO2/CC immunosensor,
respectively
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measurements were performed three times to check the repeat-
ability and reproducibility of the developed immunosensor.

The linear plot between peak current and 25VD3 concen-
tration provided the equation:

Ip ¼ 0:52 conc: ng mL−1� �þ 292:18μA; R2 ¼ 0:989 ð2Þ

Specificity, reproducibility, and stability

Specificity is an important and vital parameter for the majority
of the biosensor as the nonspecific bindings can hinder and
mislead the results of 25VD3 detection. Thus, the specificity
of the fabricated immunosensor was evaluated by introducing
some interfering species that are present in serum samples
such as glucose (GLU), ascorbic acid (AA), urea, uric acid
(UA), and oxalic acid (OA) and keeping a 25VD3 concentra-
tion of 100 ng mL−1 onto BSA/anti-25VD3/nCeO2/CC
immunosensor. The evaluation has been shown in terms of a

bar graph (Fig. 6 (a)). Results revealed an excellent specificity
of immunosensor towards detection of 25VD3. Biosensors are
specific in nature rather than selective as the development of a
biosensor is based on the utilization of bioactive molecules
(antibody, enzyme, tissue, etc.) which are specific to their
respective analyte. The present immunosensor utilized anti-
bodies (anti-25VD3) specific to the target analyte (25VD3)
and hence detect 25VD3 significantly and did not respond to
other interfering species. However, the fabricated platform
nCeO2/CC can be applied for the detection of various other
diagnostic biomarkers (vitamins, cancer, food toxins, antibi-
otics, and pesticides, etc.) by simply changing the analyte-
specific bioactive molecules.

Six different nanobioplatforms (BSA/anti-25VD3/nCeO2/
CC) were prepared under similar conditions and used individ-
ually for reproducibility studies (Fig. 6 (b)). The peak value of
all independent electrodes remained nearly the same and the
value of RSD was calculated to be 4.62%, suggesting high
precision and acceptable range. This showed that the

Fig. 5 (a) Incubation time study, (b) analytic performance of BSA/anti-25VD3/nCeO2/CC immunosensor in term of DPV as a function of 25VD3

concentration (1–200 ng mL−1), and (c) calibration plot of peak current and 25VD3 concentrations
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fabricated immunosensor represented good reproducibility
apart from specificity.

Moreover, the stability of fabricated immunosensor is a key
factor that must be observed over a period of time and it was
determined by observing the value of peak current after a
regular interval of 1 week for 8 weeks. As shown in Fig. 6
(c), the value of peak current showed a certain degree of de-
crease which was not significant for up to 6 weeks. The ob-
tained results revealed excellent stability of immunosensor for
about 45 days. After 6 weeks, a notable decrease in peak
current was observed which was almost 30% of the initial
peak current value. The decrease became almost 50% after
8 weeks of the time.

Generally, the stability of a biosensor is influenced by deg-
radation of the bioactive molecules over a period of time [41,
42]. Hence, in the present immunosensor, the reason of per-
formance deterioration in the stability is due to the activity loss
of the antibodies (anti-25VD3).

Fig. 6 (a) Specificity, (b) reproducibility, and (c) stability of fabricated BSA/anti-25VD3/nCeO2/CC immunosensor

Fig. 7 Serum sample analysis onto fabricated BSA/anti-25VD3/nCeO2/
CC immunosensor
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ELISA and real sample analysis

The serum samples were obtained from U Healthcare &
Diagnostic Laboratory, New Delhi (India). The quantification
of serum samples was done with ELISA using a kit having an
antigen (25VD3) precoated 96-well plate in triplicate. ELISA
was performed according to manual instructions and absor-
bance was recorded using an ELISA plate reader (450 nm) to
get the quantified concentration of serum samples. The obtain-
ed concentrations of 25VD3 in serum samples were 66.48,
99.15, 12.17, 9.63, and 37.68 ng mL−1 as shown in the second
column of Table S3. After quantification, serum samples were
incubated for 15 min and electrochemical analysis (DPV re-
sponse) was observed onto the fabricated immunosensor to
check its performance towards serum samples. It was found
that a reasonable correlation existed between the magnitude of
the DPV current response of the fabricated immunosensor
incubated with the serum samples (25VD3 determined by
ELISA) and with the standard 25VD3 concentrations
(Fig. 7). The observed results exhibited % RSD values less
than 10% indicating high accuracy of fabricated
immunosensor. A tabular representation for the serum sample
analysis is also summarized in Table S3.

Conclusion

Here, a novel electrochemical immunosensor based on CC for
detection of 25VD3 was proposed. nCeO2 was synthesized
through a simple bottom-up approach and further utilized for
immunosensor development. EPD was applied for anchoring
nCeO2 onto CC to get a highly conductive nCeO2/CC
nanoplatform. CC confers higher conductivity and provides
a large surface area than other substrates (ITO, GCE, etc.) and
the inclusion of nCeO2 onto CC facilitates faster electron
transfer. The developed immunosensor showed excellent bio-
sensing parameters along with high specificity, reproducibili-
ty, and stability. The proposed immunosensor was then ap-
plied to detect 25VD3 levels in human serum samples. The
immunosensor showed promising results and faster detection
(15 min) compared to traditional methods of ELISA with ac-
ceptable relative error. This study proves the combination of
CC and nCeO2 as a promising platform for biosensor devel-
opment because of their remarkable properties. It is to be
noted that CC-based low-cost, disposable, and highly
electroactive-based nanobioplatform added advantages to-
wards the production of wearable sensors, developing lab-
on-biochip and POC diagnosis platforms. However, in the
present work, drop cast was not successful to fabricate the
nanoplatform as CC is permeable. Hence, to overcome this,
EPD was applied for anchoring nCeO2 onto CC to get
a tightly bound and highly conductive nCeO2/CC
nanoplatform that can adhere the bioactive molecules well

onto its surface to develop immunosensor. Further, we believe
that the developed platform can be applied for the detection of
different diagnostic biomarkers just by replacing the
bioreceptors specific to target analyte.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04751-y.
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