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Abstract Nanostructured nickel oxide (NiO) thin film has
been explored as a matrix to develop a reagentless biosensor
for free and total cholesterol as well as low density lipoprotein
(LDL) detection. The redox property of the matrix has been
exploited to enhance the electron transfer between the enzyme
and the electrode as well as to eliminate the toxic mediator in
solution. X-ray diffraction, scanning electron microscopy,
atomic force microscopy, and Fourier transform infrared spec-
troscopy were carried out to characterize the NiO thin film.
Biosensing response studies were accomplished using cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and differential pulse voltammetry (DPV). The devel-
oped biosensors exhibited a high sensitivity of 27 and 63 μA/
mM/cm2 over a linear range of 0.12–10.23 and 1–12 mM,
respectively, for free and total cholesterol. Reagentless estima-
tion of LDL was also achieved over the wide range 0.018–
0.5 μMwith a sensitivity of 0.12 mA/μM/cm2. The results are
extremely promising for the realization of an integrated bio-
sensor for complete detection of cholesterol in the serum
samples.
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Introduction

Cholesterol is a vital component of cell membranes and acts as a
precursor for hormones, apart from having several biological
functions [1]. It is a sterol molecule which is transported in the
blood through lipoproteins. Low density lipoprotein (LDL) is
the main carrier of cholesterol which consists of cholesterol
molecules in free (30%) as well as esterified form (70%) [2]. It
is a large protein made up of cholesteryl esters, free unesterified
cholesterol, triglycerides, and a protein molecule, apolipoprotein
B-100. A higher concentration of cholesterol in the blood is
related to various heart diseases and other disorders such as
hypertension, arteriosclerosis, myocardial infarction, and cere-
bral thrombosis [3, 4]. Hence, the measurement of cholesterol
levels is crucial and an integral part of clinical diagnosis.

The complete quantification of cholesterol in the blood re-
quires the estimation of free cholesterol and total cholesterol as
well as LDL. The existing diagnostic techniques include spec-
trophotometric assay and high performance liquid chromatogra-
phy (HPLC) [5, 6]. Besides, LDL is usually quantified indirectly
using the Friedwald equation [7, 8]. However, these methods
lack sensitivity and specificity and are time consuming.
Moreover, they are costly and require pretreatment of samples.
Therefore, a simple, accurate, fast, and low cost method capable
of complete cholesterol determination is highly desirable [9]. In
this context, electrochemical biosensors propose an attractive
alternative because of their sensitivity, low detection limits,
and rapid response. Electrochemical biosensors can be miniatur-
ized into portable handheld devices for point of care diagnostics
[10]. Majority of electrochemical biosensors demand the addi-
tion of some external mediator (such as potassium ferricyanide)
in solution for transfer of electrons which are toxic and hinder
the realization of integrated and implantable devices [11]. There
are few reports on reagentless biosensors, including those
for cholesterol detection, where the mediator has been co-
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immobilized along with the enzyme on the electrode [12–14].
But these sensors suffer from amajor issue of leaching out of the
mediator from electrode surface leading to stability issues.
Zhang et al. developed a reagentless H2O2 biosensor by co-
immobilizing methylene blue mediator along with the enzyme.
However, it had a comparatively poor shelf life of 8 weeks [12].
The reagentless biosensor developed by Gao et al. for glucose
with a redox polymer electrodeposited on the electrode also
exhibited a poor shelf life of 4 weeks [13]. Vidal et al. demon-
strated a reagentless cholesterol biosensor with a similar poor
shelf life and low sensitivity of 2.5 μA/mM [14]. Hence, signif-
icant efforts are needed to improve the electrode design by in-
corporating the redox property in the matrix itself so that
reagentless biosensor could be realized with improved stability.

Matrix is the heart of a biosensor and the key step in devel-
opment of a biosensor is the immobilization of the
biorecognition molecule on to the matrix [15]. In order to elim-
inate the mediator in solution, either the matrix should be capa-
ble of direct electron transfer from the redox center of enzyme to
the electrode or possess a redox couple that can shuttle the elec-
trons efficiently [16]. Nanostructured nickel oxide (NiO) thin
film is an ideal choice for electrochemical biosensors owing to
its high isoelectric point, biocompatibility, chemical stability,
and rapid electron communication feature [17]. Further, NiO
possesses a redox couple of its own (Ni(III)/Ni(II)) thus paving
the way towards realizing a reagentless biosensor which is pref-
erable for practical use [18]. The presence of mediating species
inside the matrix itself will not only eliminate the hindrance
caused by leaching of mediator but also improve the perfor-
mance of the biosensor by increasing the electron transfer be-
tween the enzyme and the electrode.

The present work is an effort to develop a reagentless bio-
sensor for estimation of free and total cholesterol as well as
LDL using nanostructured NiO thin film deposited via chem-
ical route. A good quality and reproducible thin film, where
the particles are in nanostructured form, has been deposited on
ITO-coated corning glass substrates using spin coating of the
precursor solution. Enzymes cholesterol oxidase, cholesterol
esterase, and antibody apolipoprotein B-100 (AAB) were
employed as biorecognition elements for free cholesterol, total
cholesterol, and LDL respectively. Biosensing response char-
acteristics were studied using cyclic voltammetry (CV), dif-
ferential pulse voltammetry (DPV), and electrochemical im-
pedance spectroscopy (EIS).

Experimental

Materials and solutions

Cholesterol oxidase (ChOx) from streptomyces species has been
procured from SRL Pvt. Ltd., India. LDL lyophilized powder
and anti-LDL (AAB) monoclonal antibody were acquired from

Calbiochem (Merck Millipore). Cholesterol esterase (ChEt)
from Pseudomonas species, Triton X-100, polyoxyethylene-9-
lauryl ether, N-hydroxisuccinimide (NHS), N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide) (EDC), free cho-
lesterol, and nickel acetate tetrahydrate (Ni(OAc)2·4H2O) were
procured from Sigma-Aldrich, USA. The chemicals were uti-
lized without any further purification.

ChOx, ChEt, and AAB solutions (1 mg/ml) were prepared in
50 mM phosphate buffer saline (PBS) of pH 7.0 containing
0.9% NaCl. The stock solution of free cholesterol was made
using 10% Triton X-100 and stored at 4 °C. Stock solution of
cholesteryl oleate was prepared in polyoxyethylene-9-lauryl
ether. Total cholesterol consists of 30% free cholesterol and
70% cholesterol oleate. For preparation of stock solution of
LDL, the LDL powder was dissolved in de-ionized (DI) water
containing 50 mM NaCl and 0.01% ethylene diamine tetra
acetic acid (EDTA).

Preparation of bioelectrodes

For the preparation of nanostructured NiO thin film, 0.5 M
Ni(OAc)2·4H2O was dissolved in DI water. A separate solu-
tion was prepared by dissolving 0.5 M NaOH in de-ionized
water containing PVP keeping the ratio of NaOH:PVP as 3:1.
PVP was added as a surfactant to prevent aggregation of the
particles. The second solution was added dropwise to the first
solution. The resulting dispersion was spin coated on an ITO
(indium-doped tin oxide)-coated corning glass substrate of
area 2 cm × 1 cm of which 1 cm × 1 cm area was masked for
electrical contacts. This deposition was repeated six times and
the films were dried at 150 °C after each coat. Finally, the
films were annealed in air at 300 °C for 2 h to obtain pure
and crystalline NiO structure.

ChOx, ChOx-ChEt, and LDL were covalently immobilized
on three separate NiO thin films via EDC-NHS chemistry. The
filmswere subjected to hydrolysis and silanization to activate the
surface for covalent bonding as reported previously [19].
Twenty microliters of ChOx solution having 0.4 M EDC and
0.1 M NHS was then spread on one of the films and incubated
for 2 h at 27 °C proceeded by rinsing with DI water to remove
unbound enzyme molecules present on the surface of the
bioelectrode (ChOx/NiO/ITO/glass). The bioelectrode was
stored at 4 °C when not in use. Similarly, 20 μl each of ChOx-
ChEt and AAB solutions were immobilized on other NiO films
using the same protocol to obtain the respective bioelectrodes
(ChEt-ChOx/NiO/ITO/glass and AAB/NiO/ITO/glass). For to-
tal cholesterol estimation, ChOx and ChEt (10 μl each) were co-
immobilized on the surface of NiO thin film.

Measurements and apparatus

Characterization of the prepared NiO thin film was carried out
by X-ray diffraction (XRD, Bruker D8 Discover), Fourier
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transform infrared (FTIR, Perkin Elmer Frontier) spectrosco-
py, and scanning electronmicroscopy (SEM, TescanMIRA3).
All electrochemical measurements were performed on Gamry
Reference 600 Potentiostat/Galvanostat by means of a three-
electrode cell configuration in PBS (pH 7.0) utilizing Ag/
AgCl as the reference electrode and platinum as the counter
electrode. All measurements were taken in the absence of any
artificial mediator except for the EIS measurements where
[Fe(CN)6]

3−/4− was added in to PBS.

Results and discussion

Structural and morphological characterization

The XRD pattern of the deposited NiO thin film, as shown in
Fig. 1, shows characteristic peaks at 36.8°, 43.1°, and 62.8°
related to (111), (200), and (220) planes of cubic NiO [20].
The crystallite size was determined from the Scherrer equation
and was found to be 5 nm for the crystallites oriented along the
(200) plane. The lattice parameter was evaluated to be
a = 4.212 Å which is larger as compared to the bulk value
(4.177 Å) indicating the existence of tensile stress in the
NiO thin film leading to expansion of the unit cell [21].
Thus, XRD studies indicate the growth of polycrystalline
NiO thin films having nanosized crystallites.

Figure 2a–d depicts the SEM images of NiO thin film de-
posited over ITO/glass electrode, ChOx/NiO/ITO/glass, ChEt-
ChOx/NiO/ITO/glass, and AAB/NiO/ITO/glass bioelectrodes,
respectively. Presence of spherical-shaped nanostructures can
be seen from the SEM image of NiO thin film. Highly porous
structure consisting of nanosized grains (30–40 nm) was ob-
served in the film which is advantageous for successful loading
of various biomolecules [22]. Upon immobilization of enzymes
ChOx and ChOx-ChEt, large globular structures were seen on
the surface of NiO thin films (Fig. 2b, c). Large Y-shaped struc-
tures were observed on the AAB/NiO/ITO/glass bioelectrode

confirming the immobilization of the antibody on NiO thin film.
For more clarity, the images at higher magnification are also
included (see Electronic Supplementary Material (ESM)
Fig. S1(a to d)). Nanograins in NiO are clearly visible in the
image at lower scale. For the bioelectrodes, similar morphology
can be observed from the SEM images at higher magnification.
Surface morphology and modification has also been studied
using AFM measurements (ESM Fig. S2(a to d)). Stetsyshyn
et al. have also utilized AFM measurements to study the varia-
tion in surface morphology of poly(ethylene terephthalate) be-
fore and after modification by oligoperoxides and dextran [23].
A distinct change in the topography can be seen for NiO thin
film after modification by biomolecules. Significant increase in
height and roughness is also observed with immobilization of
biomolecules.

FTIR studies

The optical characterization of the films before and after im-
mobilization of biomolecules was carried out using FTIR
spectroscopy and the corresponding spectra are shown in
Fig. 3a–d. NiO thin film exhibits bands at 435, 521, and
648 cm−1 corresponding to the stretching vibration modes of
Ni–O and Ni–O–Ni bond (Fig. 3a) [24]. After immobilization
of enzyme ChOx, additional bands were observed at 864 and
1010 cm−1 that are associated with stretching vibrations of C–
N amine linkages and C–O stretching of amide band of the
enzyme confirming the immobilization of the enzyme
(Fig. 3b) [25]. Further bands were seen at 1420, 1569, and
1640 cm−1 related to C–N axial deformation and carbonyl
stretch of amide II and N–H bending of amide I band [26].
Similar absorption bands were observed after co-
immobilization of ChOx-ChEt enzymes at 863, 1006, 1411,
1564, and 1652 cm−1 which validate the presence of enzyme
on the NiO thin film (Fig. 3c). Figure 3d illustrates the FTIR
spectrum of the film upon immobilization of the antibody.
Additional bands characteristic of the proteins were observed
at 852, 1009, 1560, and 1649 cm−1 analogous to the enzyme-
based bioelectrodes [27]. Another band at 1289 cm−1 related
to the amide III linkages was also seen. The existence of these
bands reveals the successful binding of the antibody on the
NiO film. A broad band at around 3450 cm−1 was observed in
all the bioelectrodes which may be due to the presence of
water molecules (O–H bond) or due to amide B band of the
biomolecules. FTIR studies clearly confirm the immobiliza-
tion of enzymes on the NiO thin film surface.

Cyclic voltammetry studies

Figure 4 shows the cyclic voltammograms of bare ITO-coated
corning glass electrode, NiO/ITO/glass, ChOx/NiO/ITO/
glass, ChEt-ChOx/NiO/ITO/glass, and AAB/NiO/ITO/glass
bioelectrodes in PBS solution without any external mediator
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Fig. 1 XRD spectra of the nanostructured NiO thin film
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in solution in the voltage range −0.3 to +0.8 V. Bare ITO does
not give a CV curve in the absence of mediator as it lacks a
redox couple of its own. However, NiO thin film deposited
over ITO exhibits proper CV curve with well defined oxida-
tion and reduction peaks. These peaks correspond to the re-
duction and oxidation potential of Ni(III) and Ni(II) present in
NiO. The redox peaks are due to the reversible reaction of
Ni(III)/Ni(II) states of NiO/NiOOH which can be illustrated
by the following reaction:

NiOþ OH−−e−→NiOOH

Thus, the matrix employed in this case (NiO) itself shows
redox activity and eliminates the need of any external media-
tor in solution [18].

Upon immobilization of the enzyme ChOx on NiO thin
film, the peak oxidation current decreased drastically from
695 to 420 μA. This may be attributed to the insulating nature
of the bulky enzyme molecules. The ChEt-ChOx/NiO/ITO/
glass bioelectrode also showed similar behavior with a reduc-
tion in the value of peak oxidation current to 315 μA. The
AAB/NiO/ITO/glass bioelectrode showed further decrease in
current to 260 μA following immobilization of the antibody.
The presence of large antibody molecules on the film

obstructs the flow of current leading to a considerable de-
crease in the peak oxidation current.

The scan rate variation studies were carried out for all the
three bioelectrodes in order to determine the charge transfer
process involved in the electrochemical reactions as well as to
estimate the concentration of ionic species on the surface of
the respective bioelectrodes. All the three bioelectrodes
displayed similar behavior with variation in scan rate from
80 to 170 mV/s and the corresponding CV curves are shown
in Fig. 5a–c. With an increase in scan rate, the oxidation po-
tential was found to shift to higher value whereas the reduction
potential shifts towards lower potential proposing a quasi-
reversible process [28]. The peak oxidation (Ipo) and reduction
currents (Ipr) were found to be proportional to the scan rate
indicative of a surface controlled process (inset: Fig. 5a–c).

The surface concentration of the ionic species (Γ) on the
surface of the bioelectrode was evaluated by employing the
following equation-

Ipo ¼ F2ΓAv
4RT

where, F is the Faraday constant, v is the scan rate, R is the gas
constant, T is the temperature, andA is the area of the electrode in

Fig. 2 SEM images of the a
nanostructured NiO thin film, b
ChOx/NiO/ITO/glass
bioelectrode, c ChEt-ChOx/NiO/
ITO/glass bioelectrode, and d
AAB/NiO/ITO/glass bioelectrode
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square centimeter [29]. As per 2014 IUPAC Recommendation
[30], it is difficult to directly extract the number n of electrons
involved in the rate-determining step from the true transfer coef-
ficient, without making some arbitrary hypothesis on the elec-
trode reaction mechanism. In view of this, n is removed (i.e.,

replaced by unity) from the equations. The value of
Ipo/v can be computed from the slope of the plot of peak
oxidation current and scan rate. The value of Γ was found to
be 2.6 × 10−7 mol cm−2 for ChOx/NiO/ITO/glass bioelectrode
which is higher than the corresponding values previously report-
ed [31]. ChEt-ChOx/NiO/ITO/glass bioelectrode showed a value
of Γ = 2.8 × 10−7 mol cm−2 implying enhanced loading of en-
zyme molecules on the surface of nanostructured NiO thin film.
A higher value of Γ was estimated (5.4 × 10−7 mol cm−2) for
AAB/NiO/ITO/glass bioelectrode which may be attributed to
efficient loading of antibody molecules. The heterogeneous elec-
tron transfer rate constant (ks) of the bioelectrodes can be deter-
mined using the Laviron equation

logks ¼ αlog 1−αð Þ þ 1−αð Þlogα−log RT
Fν

−
α 1−αð ÞFΔEp

2:3 RT

whereΔEp is the peak to peak separation at a scan rate of ν and
other symbols have their usual meanings [32]. The charge trans-
fer coefficient α can be calculated from the slope of the graph
between oxidation peak potential and log of scan rate using the
relation
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Fig. 3 FTIR spectra of a NiO
thin film, b ChOx immobilized
NiO thin film, c ChEt-ChOx
immobilized NiO thin film, and d
AAB immobilized NiO thin film
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Slope ¼ 2:3RT
1−αð ÞF

Taking the value of α = 0.67, the value of ks was found
to be 3.45 s−1 for the ChOx/NiO/ITO/glass bioelectrode
which is much larger as compared to other reports imply-
ing a fast electron transfer which may be an attribute of
the nanostructured NiO matrix [33]. The NiO nano-
structures in the bioelectrode act as good acceptors of
the electrons generated during oxidation of the enzyme,
which are transferred to the underneath ITO electrode,
resulting in higher electron transfer rate constant.
Further, the nanostructures provide high surface-to-
volume ratio for immobilization of biomolecules. The
electrons are transferred efficiently through the defects
present in the semiconducting NiO matrix thereby giving
enhanced electron transfer. Similarly, the corresponding
values for ChEt-ChOx/NiO/ITO/glass and AAB/NiO/
ITO/glass bioelectrodes were computed to be 3.9 and
1.65 s−1, respectively. The lower value in case of AAB/
NiO/ITO/glass bioelectrode may be due to the presence of
large-sized antibody molecules due to which shuttling of
electrons may not be as efficient as in case of the other
two bioelectrodes.

Biosensing response characteristics

The biosensing response studies for free and total cholesterol
were carried out using cyclic voltammetry. Figure 6a illustrates
the CV curves obtained for the ChOx/NiO/ITO/glass
bioelectrode with varying concentrations of free cholesterol in
the solution. The peak oxidation current was observed to in-
crease continuously with consecutive addition of cholesterol
ranging from 0.12 to 10.23 mM (Fig. 6a). The detection mech-
anism can be explained as follows: ChOx immobilized on the
NiO film oxidizes the free cholesterol into cholestenone and in
the process itself gets reduced. In order to get re-oxidized, ChOx
loses an electron to Ni present in the NiO matrix in the Ni(III)
state converting it into Ni(II), which transfers the electron to the
electrode returning to the Ni(III) state. With increase in concen-
tration of cholesterol, more number of electrons are generated as
a result of increased oxidation leading to higher peak oxidation
current. The opposite process proceeds in the reverse voltage
scan. Inset of Fig. 6a shows the calibration curve depicting a
linear increase in the peak oxidation current with increasing
concentration of cholesterol which is due to the loss and gain
of electrons in the biochemical reaction via NiO matrix. The
sensitivity of the biosensor towards free cholesterol, as comput-
ed from the calibration curve, was found to be 27 μA/mM/cm2.
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The high value of sensitivity even in the absence of any external
mediator can be accredited to the swift electron communication
feature of prepared nanostructured NiO thin film [34]. The bio-
sensor exhibited a fast response time of 5 s.

Similarly, for total cholesterol estimation, CV curves were
recorded with different concentrations of total cholesterol in
the PBS solution (Fig. 6b). The value of peak oxidation cur-
rent increases linearly with increase in concentration of total
cholesterol from 1 to 12 mM (physiological range: 3.1–
6.5 mM). The sensing mechanism for total cholesterol is anal-
ogous to that of free cholesterol except that two enzymes
(ChOx and ChEt) are involved in this case. Total cholesterol
consists of both free cholesterol and cholesterol esters (cho-
lesterol oleate). ChEt enzyme transforms the cholesterol esters
into free cholesterol and then ChOx catalyzes the oxidation of
free cholesterol and the process continues in the same way as
in the case of free cholesterol estimation. The sensitivity in this
case was evaluated to be 63 μA/mM/cm2 (Inset: Fig. 6b). The
sensingmechanism for both free and total cholesterol has been
depicted using a schematic in ESM Fig. S3. Majority of re-
ports on cholesterol biosensors have utilized some external

mediator (generally, potassium ferricyanide) and hence, the
present work offers additional advantage apart from the high
value of sensitivity which is higher than the corresponding
values reported in literature [34, 35].

In case of LDL, the change in current in CV for various
concentrations was not appreciable. Hence, electrochemical im-
pedance spectroscopy (EIS) and differential pulse voltammetry
(DPV) were exploited for the biosensing response studies. The
results obtained by the DPV measurements carried out for the
AAB/NiO/ITO/glass bioelectrode in PBS devoid of any external
artificial mediator are shown in Fig. 6c. The bioelectrode was
incubated with different concentrations of LDL for 3 h in a
humid chamber before taking DPV and EIS measurements.
The DPV curve of the AAB/NiO/ITO/glass bioelectrode which
shows awell defined oxidation peak at around 0.49Vis observed
exhibiting a current of 0.11mA. This oxidation peak is due to the
oxidation of the Ni(II) state of the NiO matrix into Ni(III) state.
This is a single electron transfer process between the two oxida-
tion states of Ni in NiO matrix. Upon incubation with LDL, the
current decreases due to the insulating nature of the antibody-
antigen immunocomplex. However, there is no significant shift
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in the peak voltagewhich is related to the oxidation of Ni(II). The
peak oxidation current decreased continuously with increase in
LDL concentration. The observed decrease is a consequence of
formation of large insulating antibody-antigen immunocomplex
which prevents the electron transfer to the external circuit. Inset
of Fig. 6c shows the calibration curve depicting a linear decrease
in oxidation current over a concentration of LDL ranging from
0.018 to 0.5 μM with a sensitivity of 0.12 mA/μM/cm2 (physi-
ological range 0.144–0.30μM). Figure 6d represents the Nyquits
plots (EIS curves) of the AAB/NiO/ITO/glass bioelectrode in the
frequency range 0.01–105 Hz. These measurements were, how-
ever, performed in the presence of [Fe(CN)6]

3−/4− as mediating
species (5 mM in PBS). Typical semicircle behavior in EIS is
observed in all the cases where diameter of the semicircle sig-
nifies the charge transfer resistance (RCT) offered by the elec-
trodes. The semicircle part, observed at higher frequencies, is
associated with the electron transfer limited process, while the
linear part seen at lower frequencies is characteristic of a diffu-
sion limited process. The EIS data has been modeled using
equivalent electrolyte resistance (RS), in series with a parallel
combination of capacitance of the dielectric layer (CDL) with a
series combination of charge-transfer resistance (RCT) and
Warburg impedance (ZW). The value of RCT is related to the
hindrance to the current flow produced by redox reactions at
the interface of prepared electrodes with PBS and was found to
increase to 554 kΩ when antibody was immobilized over the
NiO thin film. These results are consistent with the CVmeasure-
ments. After incubation with LDL, the value of RCT further in-
creased owing to the creation of the antibody-antigen
immunocomplex and due to the charge hindrance generated by
the proteinmolecules.RCTshowed a linear increase with increase
in concentration of LDL from 0.018 to 0.5 μM. The observed
increase in RCT value is attributed to the increase in accumulation
of antigen-antibody immunocomplex on the surface of AAB/
NiO/ITO immunoelectrode which functions as a barrier for

charge communication. Moreover, LDL is negatively charged
at pH 7.0 and offers electrostatic force of repulsion to the elec-
trons transferring from negative redox couple [Fe(CN)6]

3−/4−,
thereby resulting in an increase in the RCT value.

In order to investigate the enzyme kinetics, the Michaelis-
Menten constant (Km) was calculated for both the enzyme-
based bioelectrodes. ESM Fig. S4(a) and (b) shows the
Hanes plots of ChOx/NiO/ITO/glass and ChEt-ChOx/NiO/
ITO/glass bioelectrodes, respectively. The Km value was ob-
tained to be 0.47 mM for ChOx and 1.9 mM for ChEt-ChOx.
A lower value of Km suggests higher affinity of the enzyme
towards its substrate highlighting the effective immobilization
of the enzymes on the NiO matrix [36].

For the AAB/NiO/ITO/glass bioelectrode, the surface cover-
age of the LDL molecules was calculated using the expression

Θ ¼ 1−
Ro

Ri

where Ro is the charge transfer resistance of AAB/NiO/
ITO/glass bioelectrode and Ri is the charge transfer resis-
tance of the bioelectrode after incubation with a specific
concentration of LDL. Θ gives a measure of the binding
sites of the antibody which are occupied by the antigen
[37]. The values of Θ were estimated for different con-
centrations of LDL and the corresponding curve is shown
in ESM Fig. S4(c). It can be observed that it increases
with the increase in the concentration of LDL and tends
to saturate at higher values implying that at higher con-
centrations, higher number of molecules bind to the anti-
bodies at the binding sites available. All the electro-
chemical measurements throughout the study were repeat-
ed ten times and the observations are within ±3% error.
This shows repeatability of the results over the same
bioelectrode.

Table 1 Comparison of the response characteristics of the present biosensor with previous reports in literature

Analyte Matrix Sensitivity Linear range Limit of detection Shelf life Reagentless Reference

Free cholesterol
Total cholesterol

ATP SAM 542.3 nA mM−1,
886.6 nA mM−1

0.6–10.3 mM – 16 weeks Yes [33]

Total cholesterol Au nanowire 0.85 μA mM−1 0.01–0.06 μM – 10 days No [25]

Total cholesterol MWCNT-chitosan 0.2 μA mM−1 0.5–5 mM – 20 days No [38]

Total cholesterol MWCNT-SiO2-chitosan 3.8 μA mM−1 2.5–12.93 mM – 10 weeks No [39]

Free cholesterol Fe3O4 2.15 μA mM−1 cm−2 0.25–12.5 mM 0.92 mM 9 weeks Yes [40]

Free cholesterol NiFe2O4-CuO-FeO 21.5 μA mM−1 cm−2 0.12–12.93 mM 0.8 mM 12 weeks No [41]

Free cholesterol ZnO nanoparticles-chitosan 2.28 μA mM−1 Up to 7.75 mM 0.12 mM 8 weeks No [31]

LDL Chitosan-CNT 31Ω μM−1 cm−2 Up to 0.36 μM 0.03 μM 7 weeks – [42]

LDL Polyaniline 11.25 k Ω μM−1 0.018–0.39 μM – – – [43]

Free cholesterol
Total cholesterol
LDL

NiO 27 μA mM−1 cm−2

63 μA mM−1 cm−2

0.12 mA μM−1 cm−2

0.12–10.23 mM
1–12 mM
0.018-0.5 μM

0.1 mM
0.5 mM
0.015 μM

18 weeks Yes Present work

G. Kaur et al.



Table 1 compares the present work with some of the pre-
vious reports on cholesterol biosensors. The main advantage
of the present work is the absence of any external redox me-
diator. There are very few reports on the realization of a
reagentless biosensor for cholesterol. As compared to those
reported, the present results exhibit high sensitivity and low
limit of detection. Also, the samematrix has been fabricated in
triplicate and utilized for the detection of free cholesterol, total
cholesterol, and LDL. Due to the high stability and biocom-
patibility of the nanostructured film, the shelf life of these
biosensors is found to be much longer than previous reports.
The linear range and limit of detection of the present biosensor
are better or comparable to those reported previously. In case
of LDL, there are very few reports on electrochemical biosen-
sors specially those that are label free. Moreover, NiO in the
form of nanostructures provides high surface-to-volume ratio
and strong adsorption ability which further aids in biosensing
applications.

Reproducibility, validation, stability, and selectivity
of the biosensor

Each bioelectrode was fabricated in triplicate and tested
for a fixed concentration of free cholesterol, total choles-
terol, and LDL (2.56 mM, 4 mM, and 0.216 μM, respec-
tively) using CV and DPV, and the value of peak oxida-
tion current was found to be almost same with a relative
standard deviation (RSD) of 1.06, 1.18, and 1.30%, re-
spectively (ESM Fig. S5(a to c)). To validate the fabricat-
ed biosensor, its testing was done in two real human se-
rum samples. However, it is important to note that cho-
lesterol is found in blood in the free form (about 30% of
the total content) or as cholesterol esters (approximately
70% of the total content). The laboratory value of free
cholesterol is generally not available, and hence, only to-
tal cholesterol bioelectrode was tested. The results indi-
cate that the cholesterol concentration in serum
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Fig. 7 Interference studies for a
ChOx/NiO/ITO/glass, b ChEt-
ChOx/NiO/ITO/glass, and c
AAB/NiO/ITO/glass
bioelectrodes in the presence of
different analytes

Table 2 Real sample analysis of ChEt-ChOx/NiO/ITO/glass bioelectrode

Sample
number

Total cholesterol concentration
(mM)

R.S.D. of developed
biosensor (n = 3)

Spike
(mM)

Data after spike

Biosensor Spectrophotometric Cholesterol
concentration (mM)

Recovery
(%)

R.S.D. of developed
biosensor (n = 3)

1 3.81 3.86 1.8% 2 5.82 98.1 1.7%

2 4.68 4.63 2.1% 2 6.68 101 2.2%

Nanostructured NiO-based reagentless cholesterol biosensor



determined using the developed biosensor agreed well
with the spectrophotometric data obtained from the labo-
ratory tests (Table 2). Real samples were then spiked with
known concentration (2 mM) of cholesterol and the re-
covery tests for cholesterol were performed. The amounts
of added cholesterol were then evaluated by using the
fabricated biosensor. These results demonstrate that the
developed biosensor is accurate and precise and its per-
formance is comparable with the commercially accepted
methods. The selectivity of the biosensors was examined
by taking the sensing response after addition of normal
concentrations of various interferents including glucose
(5 mM), uric acid (0.1 mM), ascorbic acid (0.05 mM),
and high density lipoprotein (30 mg/dl) in the buffer
along with cholesterol (free, total, and LDL separately)
(Fig. 7a–c). The maximum interference that was obtained
was less than 3% which is well within the acceptable
limits. Hence, the biosensors are highly specific towards
cholesterol.

The stability of the fabricated biosensors was investi-
gated by examining the current response for a specific
concentration of analyte at regular intervals over a period
of 18 weeks. ChOx/NiO/ITO/glass and ChEt-ChOx/NiO/
ITO/glass bioelectrodes maintained 90% activity whereas
the AAB/NiO/ITO/glass bioelectrode retained 88% activ-
ity even after 18 weeks demonstrating the long shelf life
of the biosensors. The high shelf life of the biosensors can
be ascribed to the extraordinary stability and biocompati-
bility of NiO matrix.

Conclusion

The results illustrate that the nanostructured NiO matrix is
a promising candidate for application in reagentless bio-
sensors. There is hardly any report in literature which
demonstrates the complete detection of cholesterol (free,
total, and LDL). Moreover, the presence of the mediating
species in the matrix itself is highly beneficial .
Consequently, the deposited NiO thin film is capable of
detecting free cholesterol, total cholesterol, and LDL over
a wide linear range with a high sensitivity and long shelf
life.
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