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ABSTRACT: A label-free impedimetric lab on a chip (iLOC) is fabricated
using protein (bovine serum albumin) and antiapolipoprotein B function-
alized carbon nanotubes−nickel oxide (CNT−NiO) nanocomposite for
low-density lipoprotein (LDL) detection. The antiapolipoprotein B (AAB)
functionalized CNT−NiO microfluidic electrode is assembled with
polydimethylsiloxane rectangular microchannels (cross section: 100 × 100
μm). Cytotoxicity of the synthesized CNTs, NiO nanoparticles, and CNT−
NiO nanocomposite has been investigated in the presence of lung epithelial
cancer A549 cell line using MTT assay. The CNT−NiO nanocomposite
shows higher cell viability at a concentration of 6.5 μg/mL compared to
those using individual CNTs. The cell viability and proliferation studies
reveal that the toxicity increases with increasing CNTs concentration. The
X-ray photoelectron spectroscopy studies have been used to quantify the
functional groups present on the CNT−NiO electrode surface before and
after proteins functionalization. The binding kinetic and electrochemical activities of CNT−NiO based iLOC have been
conducted using chronocoulometry and impedance spectroscopic techniques. This iLOC shows excellent sensitivity of 5.37 kΩ
(mg/dL)−1 and a low detection limit of 0.63 mg/dL in a wide concentration range (5−120 mg/dL) of LDL. The binding kinetics
of antigen−antibody interaction of LDL molecules reveal a high association rate constant (8.13 M−1 s−1). Thus, this smart
nanocomposite (CNT−NiO) based iLOC has improved stability and reproducibility and has implications toward in vivo
diagnostics.
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1. INTRODUCTION

The unique physical, chemical, and electronic properties of
nanomaterials have been extensively explored for application in
biomedical diagnostics including lab on a chip (LOC),
biosensors, implantable medical devices (e.g. in situ monitor-
ing) and bioimaging.1−3 Low-dimensional LOC, field-effect
transistor-based biosensors, and bioelectronic devices based on
carbon nanotubes (CNTs), graphene, and metal oxide/silicon
nanowires have exceptional merits for point-of-care diagnostics
and prognosis.4−6 Sharf et al. have utilized CNTs for
development of field effect transistor-based biosensor to obtain
the improved bioelectronic interface.7 The high conductivity,
mechanical strength, and tunable functionality in conjugation
with biomolecules, and electrochemical and good tribological
characteristics of CNTs make it the promising candidate for
fabrication of an ultrasensitive LOC for biomolecules

detection.8−10 Napier et al. have reported the electrochemical
oxidation of DNA wrapped CNTs.9

The electrochemical properties of the CNTs can perhaps be
enhanced by incorporating metal oxides nanoparticles such as
nickel oxide, manganese oxide, and so on.11 Ali et al. reported
dispersion of CNTs in the presence of nickel oxide to obtain an
efficient microfluidic biosensor for esterified cholesterol
detection.12 The nanostructured nickel oxide (nNiO) provides
large surface-to-volume ratio, high electrocatalytic behavior, and
biocompatibility and does not degrade on exposure to protein,
enzyme, smRNA or DNA, antibody, and so on.13 The nNiO
provides high isoelectric point (IEP ∼ 10.8) that can be helpful
for the immobilization of an antibody (IEP ∼ 4.5) via
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electrostatic interactions or attachment with other nanomateri-
als like CNTs that have a negative electrokinetic surface
potential.14 The nNiO can be used to obtain enhanced
electrochemical characteristics in the presence of mediator or
redox probe due to bulk conduction, tunneling, and enhanced
surface scattering of electrons arising due to high density of
electronic states. It has been reported that CNTs perhaps
provide an electronic path for transport of the charge carriers in
the electrode surface from electrolyte solution. Besides this, the
integrated LOC possesses remarkable characteristics over the
conventional biosensor devices due to reduced consumption of
reagents/samples, power consumption and compact size.15,16

The electrochemical impedance change in electrode interface
can be directly related to the concentration of bound target.17

The high surface-to-volume ratio of electrochemical LOC has
been found to result in shorter assay times as well as label -free
detection of specific biomolecules. The integrated LOC may
perhaps be utilized for multiplex analysis of biorecognition
events.18 On the basis of label-free detection, several detection
strategies have been implemented for highly effective signal
transduction of the biorecognition events via microfluidic
platforms. Ali et al. have fabricated an immunosensor based on
surface plasmon resonance (SPR) and electrochemical
detection system using CdS quantum dots for monitoring
LDL molecules.19 This immunosensor shows the sensitivity of
98.5 Ω/(mg/dl)/cm2 and limit of detection is found to be as
16.03 mg/dl. The kinetics of antibody−antigen interactions of
LDL molecules and their detection have been investigated
using self-assembled monolayer of 4-aminothiophenol by
Matharu et al.20 Thus, a higher sensitive and miniaturized
device for lipid molecules (low density lipoprotein, triglycer-
ides, etc.) quantification is currently a major concern for point-
of-care (POC) diagnostics.
CNTs have recently been used for development of

biosensors/LOC, drug delivery systems, in vivo and in vitro
biodistribution, and toxicity effect.21−23 CNTs coupled with a
metal oxide can play an important role for multimodal
bioimaging.8 However, the biocompatibility and cytotoxicity
effect of CNTs are currently major limitations for the
development of nanomaterials-based in vivo diagnostics
devices. The toxicity associated with CNTs when they come
in direct contact with body fluid has remained a cause of
concern for biological applications.24−26 At the molecular level,
it is important to understand the nature of interaction between
a biosystem with a nanostructured material including CNTs.
Ryoo et al. have described the mammalian cellular (NIH-3T3
fibroblast cells) response in the presence of CNTs/graphene.27

It has been found that these nanomaterials show good
performance for bioapplication including in situ monitoring
of biomolecules, especially for implantable devices without
inducing remarkable deleterious effects. Davoren et al. have
investigated the in vitro cell viability of single walled carbon
nanotubes on human A549 lung cells to evaluate the metabolic,
lysosomal and mitochondrial activity.28 Mooney et al. have
tracked the intracellular movement of CNTs through the
cytoplasm to a nuclear location of human mesenchymal stem
cells and investigated the effects on cellular metabolic activity,
proliferation and differentiation.29 However, the cytotoxicity
effect of metal oxide integrated CNTs hybrid nanomaterial is
still unexplored for application to POC devices. Thus, there is
urgent requirement to conduct a systematic investigation
relating to toxicity of the hybrid nanomaterials that may be in
contact with human cells for in vivo and in situ measurements,

such as in cell-based biosensors, LOC or implantable devices
for biomolecule detection.
Estimation of low-density lipoprotein (LDL) cholesterol in

human serum is urgently required via POC diagnostics.30

Lipoproteins are known to play a vital role toward the transport
of cholesterol in the bloodstream and are catabolized in the
liver and kidneys, and in peripheral tissues via receptor-
mediated endocytosis mechanisms. These lipoproteins are
mainly synthesized in the liver and intestines, and are
assembled at the cell membranes from cellular lipids and
exogenous lipoproteins or apolipoproteins. They can be
categorized by the electrophoretic mobility on agarose gels
into pre-13, and 13 lipoproteins, corresponding to LDL, very-
low-density lipoprotein, intermediate-density lipoprotein, and
high-density lipoprotein, respectively. During cholesterol trans-
portation, the interaction of apolipoprotein with sulfated
glycosaminoglycans results in cholesterol accumulation in the
arterial walls. This may cause plaque formation through arteries
walls and make them less flexible, causing various heart and
vascular diseases, such as atherosclerosis, and accompanying
immune-inflammatory response.31 Nuclear magnetic resonance
spectroscopy, ultracentrifugation, gel filtration, electrophoresis,
Friedewald equation, and affinity chromatography are the
conventional techniques currently used to estimate concen-
tration of LDL molecules.30 However, for general clinical use,
these methods are expensive, time-consuming, and necessitate
invention of alternative strategies. Apolipoprotein B can play an
important role in receptor recognition via antigen−antibody
interactions.
In this study, we demonstrate the fabrication of an

impedimetric lab on a chip (iLOC) for label-free detection of
LDL molecules. In this iLOC, the immunoelectrode has been
fabricated using antiapolipoprotein B (AAB) and bovine serum
albumin (BSA) functionalized carbon nanotubes-nickel oxide
(CNT−NiO) nanocomposite deposited onto indium−tin oxide
(ITO) substrate. The proteins conjugated CNT−NiO
electrode has been characterized and quantified using
spectroscopic and microscopic techniques. In addition, the
cytotoxicity effect of NiO nanoparticles, CNTs, and CNT−
NiO composite in the presence of human lung epithelial cancer
cell (A549) using MTT assay has been investigated.

2. EXPERIMENTAL SECTION
2.1. Chemicals. The SU8−100 negative photoresist and Shipley

1811 positive photoresist for polydimethylsiloxane (PDMS) micro-
channels and ITO electrode fabrication, respectively, are procured
from Microchem (Newton, MA). The Ni(NO3)2 (nickel nitrate) and
KOH (potassium hydroxide) have been procured from Sigma-Aldrich
(St. Louis, MO). LDL antiapolipoprotein B-100 (AAB), N-
hydroxysuccinimide (NHS), N-ethyl-N0-(3-(dimethylamino)propyl
carbodiimide) (EDC) and bovine serum albumin (BSA) are purchased
from Sigma-Aldrich (St. Louis, MO). Five milligrams (5 mg) of
lyophilized LDL powder is used to dissolve in 1 mL of deionized water
with 150 mM NaCl of pH 7.4 and 0.01% ethylene diaminetetra acetic
acid. Then, 50 mM phosphate buffer saline (PBS) of pH 7.4 is used to
prepare the BSA (2 mg/mL) and AAB (1 mg/mL) solutions
containing 150 mM NaCl. Deionized water has been obtained from
the Millipore water purification system.

2.1. Fabrication of LOC. Details of soft lithographic technique for
PDMS microchannels and ITO electrode fabrication have been
reported earlier.32 We carried out a slight modification in PDMS
microchannels and ITO electrode to decrease the channel size. In
brief, the soft lithographically has been utilized to fabricate the PDMS
microchannels having height, length, and width of 100 μm, 2 cm, and
100 μm, respectively. On the other hand, the indium tin oxide (ITO)
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electrode on glass substrate (size; 2 mm × 2.6 cm) has been fabricated
using photolithographic technique followed by wet chemical etching as
shown in Figure S1 (Supporting Information). Prior to use, the ITO is
cleaned with acetone and methanol. A small amount of positive
photoresist (Shipley 1811) is coated onto ITO substrate and allowed
to spin at 3000 rpm for 20 s. The photoresist/ITO substrate is soft
baked using a hot plate for 1 min to remove the solvent. The UV
radiation is used to expose this photosensitive substrate followed by an
optical mask. After UV exposure, the photoresist/ITO substrate is
developed using a developer solution for 10 s. The developed substrate
is then dipped into the ITO etchant (zinc dust + HCL solution 15%)
to etch the ITO on glass substrate from the exposed region. The
remaining photoresist on ITO is washed out by acetone. This ITO
electrode on glass is again cleaned with acetone via sonication (15
min) and with deionized water several times. These clean ITO
electrodes are hydrolyzed using the mixture of H2O/H2O2/NH3

(5:1:1) at 70 °C for 1 h.
To synthesize CNTs and functionalize these with acid, we

performed chemical vapor deposition in the presence of a mixture
of ferrocene acting as a catalyst and toluene as a hydrocarbon source as
described in literature.12 Ali et al. have described the synthesis of NiO
nanoparticles and the in situ synthesis of nanocomposite with CNTs.12

During the NiO synthesis, CNTs (0.2%) are added into Ni(OH)2
solution at a pH of 10.1. Owing to strong electrostatic interactions,
CNTs bind with NiO nanoparticles. This thick gel-like CNT−
Ni(OH)2 solution is selectively deposited onto ITO electrode via dip
coating technique. The modified substrate is dried at ∼110 °C for
about 1 h and annealed at 450 °C for about 2 h to obtain CNT−NiO
composite matrix on ITO surface. Then, 15 μL of AAB solution is
spread onto the CNT−NiO surface via physical adsorption followed
by EDC-NHS coupling chemistry and kept for 4 h in a humid chamber
(4 °C). The carboxylic (−COOH) groups on CNT−NiO surface can
undergo an amidation reaction with −NH2 groups of the proteins
(AAB). The covalently conjugated protein (AAB) molecule provides a
strong covalent (C−N) bond formed between −COOH group of
CNT−NiO and −NH2 group of AAB that has been confirmed via X-
ray photoelectron spectrometry (XPS) and Fourier transform infrared
spectroscopy (FT-IR) studies. BSA molecules are used to block the
nonspecific sites of AAB functionalized CNT−NiO surface. The
fabricated PDMS slab is sealed with glass substrate containing ITO
electrode and BSA−AAB/CNT−NiO/ITO immunoelectrode. A

syringe pump maintains the constant flow rate (1.0 μL/min) to
transport PBS and LDL solution through this chip. An Ag/AgCl wire
introduced in the outlet of the microchannel worked as a reference
electrode while bare ITO acted as the counter electrode. The
fabricated BSA−AAB/CNT−NiO/ITO-based electrode LOC is kept
at 4 °C when not in use. Scheme 1 shows the fabrication of LOC and
the functionalization of BSA−AAB onto CNT−NiO surface for the
detection of LDL molecules.

2.3. Instrumentation. The synthesized CNTs, NiO nanoparticles,
and CNT−NiO nanocomposite have been characterized using
transmission electron microscopy (TEM, JEOL JEM-2000 EX) and
scanning electron microscopy (SEM, Zeiss, EVO, 40). To investigate
the protein (AAB) functionalization on CNT−NiO, we utilized X-ray
photoelectron spectrometry (XPS, Thermo Scientific, Multilab 2000,
with an alpha 110 hemispherical electron energy analyzer and an X-ray
source) and Fourier transform infrared spectroscopy (FT-IR,
PerkinElmer, Model 2000). The electrochemical activity of this
iLOC for LDL detection has been conducted using an electrochemical
workstation (Model AUT-84275) in the presence of phosphate buffer
saline (50 mM, pH 7.4) containing 5 mM (Fe(CN)6)

3−/4− as a redox
species.

2.4. Cell Proliferation Study. The effect of CNTs, NiO
nanoparticles or CNT−NiO nanocomposite on human cell line has
been studied using methyl thiazol tetrazolium (MTT) assay and bright
field microscopy (Figure 1). The lung epithelial cancer cell line A549 is
used as a test cell line. The A549 cells are procured from NCCS, Pune,
India. The cells are maintained in a complete growth medium (10%
FBS containing Rosewell Park Memorial Institute; RPMI-1640) at 37
°C under humidified 5% CO2 environment. For assay, the cells are
plated at 5 × 103 cell/well in 96-well tissue-culture plate and are
allowed to attach for 24 h. The next day, medium on the plated cells is
replaced with fresh growth medium supplemented with CNTs, NiO,
or CNT−NiO nanocomposite. The nanoparticles of NiO, CNTs (1
mg/mL) or their composite comprising of NiO and CNTs in 49:1
ratio are dispersed in deionized water by continuous sonication. This
suspension is kept at room temperature for 1 h to allow the
nondispersed material to settle down. Prior to the addition of
dispersed nanoparticles to the growth medium, the nanoparticles are
again dispersed by sonication using a sonicator bath at room
temperature (10 min at 40 W). The dispersed nanoparticles are

Scheme 1. Schematic Representation of the Lab-on-a-Chip Fabrication For LDL Detection
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added to the cell growth medium at a final concentration of 50, 25,
12.5, and 6.25 μg/mL.
The medium on cells is replaced with MTT containing RPMI-1640

medium after 24 h. The cells are further incubated for 1−2 h at 37 °C
to allow reduction of MTT dye to formazan crystals. The cells are also
observed under the inverted microscope prior to MTT addition and
1−2 h later before solubilization of cells with dimethyl sulfoxide
(DMSO). The cells are solubilized in 100 μL of DMSO, followed by
absorbance measurement at 540 nm. The absorbance value gives a
measure of the cell proliferation. The relative proliferation is calculated
with respect to cells that are not exposed to any kind of nanoparticles.
In each experiment, every treatment group is replicated in three
independent wells. Each experiment is repeated three times, and the
average proliferation is calculated. A representative experiment is
displayed where error bars represent ± average deviation.

3. RESULTS AND DISCUSSION

3.1. Effect of Cytotoxicity. The results of MTT assay
reveal that the NiO nanoparticles and CNT−NiO nano-
composite have much reduced influence on the well being of
A549 cells and consequently the ability of cells to reduce MTT
to formazon at all the concentrations has been investigated as
compared to CNTs alone (Figure 1a). The relative %
proliferation is estimated with respect to growth of the control
cells (Ctrl) that are not exposed to any nanoparticles. Though
the MTT assay (Figure 1a) does not show much difference
among the cells exposed to CNTs, NiO nanoparticles or
CNT−NiO composite up to 12.5 μg/mL concentration, further
increase in the concentration shows incremental detrimental
effect in case of CNTs whereas others appear to have very little
effect. The toxicity of CNTs is more evident from the pattern of
formazon crystal formation in CNTs exposed cells as compared
to the NiO nanoparticles or CNT−NiO composite exposed
cells. The CNTs exposed cells progressively show more
diffused formazon crystal formation and appearance of
extracellular debris with increase in CNTs concentration
while NiO nanoparticles and CNT−NiO composite exposed
cells are relatively unaffected in the investigated concentration
range (Figure 1b).

3.2. X-ray Photoelectron Microscopy (XPS) Studies.
The surface functionalization of AAB on CNT−NiO surface
has been confirmed by XPS studies. The functional groups
including −O-CO, C−C, C−OH, C−O, CO, O−CO,
−NH2 of CNT−NiO film before and after AAB immobilization
have been quantified. The XPS wide scan spectra of CNT−NiO
films shows C 1s and O 1s peaks in both the curves (Figure
2i,ii). The C 1s peak position and the relative atomic
percentage of various functional groups present in CNT−
NiO/ITO and AAB/CNT−NiO/ITO electrodes are shown in
Table S1 (Supporting Information). In curve (ii), an additional
peak at 401 eV is attributed to N 1s of AAB functionalization
on CNT−NiO surface. In spectra b, the prominent C−C peak
observed at 284.6 eV is due to graphitic (sp2) nature of CNTs.
The additional photoemission at higher binding energies is
attributed to the presence of carbon atoms bonded to other
functional groups. A peak seen at 285.6 eV can be ascribed to
photoelectrons emitted from carbon atoms with the sp3

configuration. The deconvoluted peaks at 286.5 and 288.5 eV
arise due to the carboxylic acid functionalization such as −C−
O, and −O−CO, respectively. These results indicate the
functinalization of the CNTs by −O−CO. After AAB
immobilization (curve c), the peak positions of these groups are
slightly changed and an additional peak at 287.7 eV appears due
to amide functionalization (−N−CO− groups). The
covalent surface functionalization of AAB perhaps results in
shift of the binding energies. In curve (d), the peak seen at
399.0 eV is assigned to the core-level electron of N 1s. The
binding energy peak at ∼400 eV corresponds to the formation
of an amide linkage on the CNTs. The binding energy peak at
400.4 eV is due to the presence of amide nitrogen (CO−NH)
in lipid molecules and the peak at 401.5 eV is ascribed to the
presence ofN species. The atomic concentration for O−C
O is found to be as 6.2% for CNT−NiO electrode that
decreases to 1.7% due to AAB incorporation. This reduced
amount of the O−CO groups is perhaps utilized for binding
of -NH2 groups of lipid molecules.

3.3. Fourier Transform Infrared Spectroscopy (FT-IR)
Studies. The FT-IR spectrum of the various electrodes is

Figure 1. (a) CNT−NiO composite has reduced toxicity compared to
that of CNTs alone. The A549 cells plated at 5 × 103 cells per well in
96-well tissue culture plate are exposed to growth medium containing
indicated concentration of nanoparticles for 24 h. The cells are treated
with MTT for 1 h and then relative reduction of MTT to formazon by
cells is calculated. The relative reduction of MTT is presented as %
proliferation with respect to cells not exposed to any nanoparticles
(Ctrl). The error bars show average deviation. (b) CNTs exposure
significantly attenuates the ability of A549 cells to reduce MTT dye to
formazon as compared to NiO or CNT−NiO composite. A549 cells
exposed to indicated concentration of CNTs, NiO or CNT−NiO
composite (COMP) for 24 h are incubated in the presence of 1 mg/
mL MTT for 1 h. The cells are imaged using Nikon eclipse
microscope at 100× magnification.
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shown in the Figure S2 (Supporting Information). The
absorption peak at 503 cm−1 (spectra a) in the fingerprint
region corresponds to Ni−O vibration band. The characteristic

absorption peaks seen at 2839 and 2917 cm−1 are attributed to
CH stretching of COOH−CNTs. The band seen at 1562.5
cm−1 arises due to the CC stretching that forms the

Figure 2. (a) Wide-scan XPS spectra of electrodes, (b) C 1s spectra of CNT−NiO electrode, (c) C 1s spectra of AAB functionalized CNT−NiO
electrode, (d) and N 1s spectra of AAB functionalized CNT−NiO electrode.

Figure 3. TEM image of (a) NiO nanoparticles, (b) lattice fringes of NiO nanoparticles (high-resolution TEM image), (c) CNTs, and (d) high-
resolution image of individual CNT. (e) TEM image of elongated NiO nanoparticle with single CNT and (f) CNT modified with NiO
nanoparticles.
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framework of the CNT sidewall. The bands observed in the
range of 2500−3000 cm−1 wavenumber result from the
carboxylic acid O−H stretching. The absorption bands seen
at ∼1000−2500 cm−1 are assigned to the O−CO symmetric
and asymmetric stretching vibrations and the C−O stretching
vibration indicating CO2 absorption on the CNT−NiO film.
After immobilization of BSA−AAB onto CNT−NiO/ITO
electrode surface (spectra b), the peak found at 850 cm−1 is
assigned to the aromatic C−H bending. The peak at 1040 cm−1

is due to C−OH stretching vibration. The band seen at 3300
cm−1 is attributed to the OH stretching on the film surface. The
bands seen at 1248 and 1650 cm−1 are due to amide III and
amide I groups of BSA−AAB proteins molecules.
3.4. Morphological Studies. To observe the morpho-

logical features such as shape, size, and crystallinity of NiO,
CNTs, and their composite, we have used both SEM and TEM
techniques. The SEM image (Figure S3a, Supporting
Information) shows an overview of the NiO nanoparticles.
On addition of CNTs in NiO nanoparticles (Figure S3b,
Supporting Information), it can be seen that the NiO
nanoparticles are attached with majority of the carbon
nanotubes (size: a few microns), which are well-dispersed on
the electrode surface. These CNTs and NiO nanoparticles bind
via electrostatic interactions resulting from opposite surface
charges. In the case of protein (BSA and AAB) immobilized
COOH-functionalized CNT−NiO electrode (Figure S3c,
Supporting Information), a coating of proteins appears on
the electrode surface. The dotted line indicates the separation
of CNT−NiO electrode before and after proteins immobiliza-
tion. The pore structure of CNT−NiO electrode is uniformly
filled by BSA and AAB molecules due to strong covalent
interactions between them.
The high-resolution TEM image (Figure 3a) shows that the

shape of NiO is elongated and is uniformly distributed. It
appears that some of the nanoparticles are spherical. The size of
these NiO nanoparticles is estimated to be <90 nm. The highly
crystalline nature of nanostructured NiO exhibits two dominant
(111) and (200) planes with lattice spacing of 0.24 and 0.2 nm,
respectively (Figure 3b). The micron size of CNTs with
diameter <100 nm can be seen in Figure3c. The higher
resolution image of CNTs, shows its inner core diameter and
outer diameter (Figure 3d) as 5 and 29 nm, respectively. It can
be clearly seen that the CNTs are multiwalled having 32 walls.
It appears that elongated NiO nanoparticles are occupied on
the core of CNTs (Figure 3e). Figure 3f exhibits that the NiO

nanoparticles are attached on the edges of CNTs on the
electrode surface.

3.5. Chronocoulomerty Studies. To measure the
electrode surface areas, we carried out studies relating to
diffusion coefficients, charges with respect to time, the
mechanisms, and rate constants of chemical reactions coupled
to electron transfer reactions, the chronocoulometry (CC) for
various electrodes at the same step potential (1.0 V) in PBS
containing ferro/ferri cyanide mediator, as shown in Figure 4i.
Typical CC plots (charge-time) for CNT−NiO/ITO electrode
and BSA−AAB/CNT−NiO/ITO bioelectrode (Figure 4ii)
indicate charge-time dependence for linear diffusion control.
It has been observed that the BSA−AAB/CNT−NiO
immunoelectrode shows a fewer charge each time as compared
to that of CNT−NiO/ITO electrode. The analysis of the
chronocoulometric data is based on the Anson equation (eq 1)
which defines the charge-time dependence for linear diffusion
control:

π=Q nFACD t2 1/2 1/2 1/2
(1)

where, Q represents the charge (coulombs). A plot of Q vs t1/2

referred to as the Anson plot, where the slope (a) can be
determined by the following:

π=a nAFCD2 /1/2 1/2 (2)

where n and A represent the number of electrons transferred
and the real electrochemical surface area of the electrode (cm2),
respectively. F is the Faraday constant (96 485 coulombs/mol).
The concentration of the mediator is denoted by C, and the
diffusion coefficient of the mediator (cm2/s) and time (s) are
denoted by D and t, respectively. Therefore, the real
electrochemical surface area of the electrode (Aec) can be
calculated from the slope in eq 3, provided the other four
parameters (n, F, C, and D) are known.

π=A a nFCD/(2 / )1/2 1/2
(3)

The values of diffusion coefficient (D) of the mediator for
the CNT−NiO/ITO electrode and BSA−AAB/CNT−NiO/
ITO bioelectrode are found to be 6.29 × 10−9 and 2.82 × 10−9

cm2/s. The electrochemical active surface area (Aec) is found to
be as 1.9 × 10−2 and 2.0 × 10−2 cm2 for the CNT−NiO/ITO
electrode and BSA−AAB/CNT−NiO/ITO bioelectrode, re-
spectively. Fragkou et al. have reported the magnitude of
electrochemical surface area as 0.08 cm2 for screen printed
carbon electrode (bulk electrode).33 Fotouhi et al. have
estimated the electrochemical surface for CNT-carbon paste

Figure 4. (i) Chronocoulometry studies of the fabricated LOC before and after protein immobilization and (ii) show the plot between charge (Q)
and t1/2.
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electrode as 0.9 cm2.34 Thus, these results reveal a reasonable
agreement with those reported in literature for nanostructures.
Figure S4i (Supporting Information) shows potential-depend-
ent chronocoulometric response recorded for the BSA−AAB/
CNT−NiO/ITO bioelectrode at different potentials (1.0−5.0
V). It has been found that the observed charge-time response
increases with increasing potential. Again, we have recorded CC
curves at different flow rates (0.01−15 μL/min), as shown in
Figure S4ii (Supporting Information). The Q vs t1/2 plot for
different flow rates (Figure S4iii, Supporting Information) and
slope of chronocoulometric curves vs flow rates are shown in
the inset of Figure S4iii (Supporting Information). At a flow
rate of 1.0 μL/min, the slope value is found to decrease, after
which it increases to saturated value perhaps due to increased
fluid velocity.35

3.6. Electrochemical Impedance Spectroscopy (EIS)
Studies. To investigate the nature of antigen−antibody
interaction, we conducted the impedance analysis by applying
a small sinusoidal AC signal as a function of frequency (0.01−
105 Hz) at fixed bias potential. In the EIS measurements, the
equivalent circuit model consists of the electrolyte (Rs), in
series with the capacitance of the dielectric layer (Cdl), the
charge-transfer resistance (Rct), and the Warburg impedance
(Zw). In the EIS measurements (Figure 5a), the Rct value of
nNiO/ITO electrode (i) is found to be 2.3kΩ, which is higher
compared to that of the CNT−NiO electrode (2.4 kΩ). This is
due to incorporation of CNTs in the nNiO matrix, wherein
CNTs play a significant role toward the improved electro-
chemical conductivity for redox conversation. At the electrode
surface, the CNT−NiO nanocomposite acts as a mediator for
electron transfer due to the decreased electron tunneling

distance from the redox probe [Fe(CN)6]
3−/4− in bulk solution

to electrode resulting in decreased Rct. The CPE value of CNT−
NiO/ITO is found to be higher (10.0 μF) compared to that of
the bioelectrode (4.6 μF) due to the BSA−AAB incorporation
onto CNT−NiO/ITO surface. After the BSA−AAB immobi-
lization, Rct value of the CNT−NiO/ITO electrode (iii)
increases to 11.2 kΩ. This is attributed to the covalent
interaction of proteins with the CNT−NiO molecules, which in
turn impedes the ions transfer from bulk solution to electrode.
The insulating characteristics of antibody and BSA on CNT−
NiO/ITO transducer surface perhaps contribute toward the
blocking of charge transfer through the diffusion layer. Thus,
the charge transfer resistance after proteins immobilization is
increased drastically. The results of cyclic voltammetry (CV)
are shown in Figure S5 (Supporting Information). In CV
curves, the electrochemical current for CNT−NiO electrode is
found to be higher than that of nNiO electrode. CNTs provide
electrochemical conduction paths for electrons generated
during the redox processes resulting in enhanced electro-
chemical current.
The kinetic parameters such as the heterogeneous electron

transfer rate constant (k0) and the time constant (τ) of the
iLOC have been evaluated to investigate the interfacial
interactions of biomolecules at electrode/analyte interface.
The k0 and τ of the CNT−NiO/ITO electrode have been
calculated before and after the proteins immobilization using
the relations, k0 = RT/n2F2ARctC and τ = RctCdl = 1/2πfmax,
respectively, where T is the temperature, R is the gas constant, n
is the electron transfer constant of the redox couple, F is
Faraday constant, A is the effective area of the electrode, and C
is the concentration of the redox couple in the bulk solution.

Figure 5. (a) The EIS spectra of the proposed LOC before and after BSA−AAB immobilization, (b) potential studies of the iLOC using EIS
measurements, (c) plot between charge transfer resistance (Rct) and potential, (d) EIS response of the iLOC (BSA−AAB/CNT−NiO) as a function
of LDL concentration.
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The values of k0 are 1.4 × 10−8 and 23.0 × 10−8 cm/s for the
CNT−NiO/ITO electrode and BSA−AAB/CNT−NiO/ITO
bioelectrode, respectively. The immobilization of proteins on
the CNT−NiO surface leads to sluggish charge transfer rate
constant resulting in the generation of low capacitance at the
electrode surface. The value of τ after protein immobilization
estimated to be as 5.15 × 10−2 is attributed to slow diffusion of
the [Fe(CN)6]

3−/4− ions through interface layer compared to
that of the unimmobilized CNT−NiO/ITO (2.4 × 10−2)
electrode. The surface coverage (θ) can be calculated using the
relation; θ = 1 − Rct(electrode)/Rct(bioelectrode), where θ is the
fraction of the occupied binding sites. The Rct(electrode) and
Rct(bioelectrode) are the surface specific charge transfer resistance of
CNT−NiO/ITO electrode and BSA−AAB/CNT−NiO/ITO
bioelectrode, respectively. The value of θ is estimated to be 0.8,
indicating more than 80% surface coverage of the CNT−NiO/
ITO electrode by BSA−AAB molecules. Considering 80%
surface coverage, the number of molecules per unit area is
estimated to be as 1.15 × 10−10 mol/cm2 or 6.94 × 1013

molecules/cm2. Figure 5b shows EIS spectra of iLOC as a
function of potential (0.01−0.5 V). It can be seen that at low
potential, the EIS spectra exhibits the low charge transfer
resistance. At higher potential such as 0.5 V, the iLOC shows a
higher value of charge transfer resistance, as shown in Figure 5c.
Thus, this potential (0.5 V) has been used to conduct the
impedance response analysis.
The impedimetric response of the iLOC (BSA−AAB/CNT−

NiO/ITO bioelectrode) has been measured as a function of
low density lipoprotein (LDL) concentration [5−120 mg/dl]

in PBS containing [Fe(CN)6]
3−/4− with incubation time of

about 5 min (Figure 5d). The various LDL concentrations have
been injected into the inlet of the microchannel by a syringe
pump. The BSA molecules block the nonspecific site of AAB/
CNT−NiO/ITO immunoelectrode. The variation of Rct or
blocking properties of the BSA−AAB/CNT−NiO/ITO
bioelectrode occurs due to presence of antigen−antibody
interactions at electrode/electrolyte interface. The magnitude
of charge transfer resistance (Rct) value increases linearly on
addition of LDL concentration (Figure 6a). The presence of
the insulating layer of LDL molecules on BSA−AAB/CNT−
NiO/ITO bioelectrode surface inhibits diffusion of the redox
species to the electrode resulting in increased diameter of EIS
response. In addition, negatively charged LDL molecules may
block the electron transfer of the [Fe(CN)6]

3−/4− redox probe
resulting in increased impedance. The glycine solution (0.2 M,
pH 2.4) is treated for about 2 min for regeneration of the
iLOC. The variation of Rct with LDL concentration (5−120
mg/dl) is given by

Ω = − Ω + Ω

×

−R ( ) 0.66(k ) 5.3 k mgdl

LDL concentration
ct

1

(4)

The sensitivity of this iLOC is obtained to be as 5.3 kΩ/
(mg/dl) with regression coefficient (r2) as 0.94. It has been
found that the impedimetric LOC exhibits improved character-
istics such as low detection limit of 0.63 mg/dl (Figure 6a). It
may be noted that Ali et al. have utilized protein−conjugated
CdS quantum dots for estimation of LDL molecules and found

Figure 6. (a) Linear plot between the charge transfer resistance (Rct) and LDL concentration of the BSA−AAB/CNT−NiO immunosensor, (b)
sensor calibration plot for BSA−AAB/nNiO-based immunosensor, (c) EIS response of the iLOC by varying LDL concentration without BSA−AAB
immobilization (control studies), and (d) comparison plot of LDL sensing and control experiment using CNT−NiO-based immunoelectrode.
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the sensitivity and detection limit of this biosensor as 98.5 Ω
(mg/dl)−1 and 16.03 mg/dl, respectively.19 Thus, integration of
this CNT−NiO biomaterial-based iLOC device provides
improved sensitivity and a low detection limit for LDL
detection. This is attributed to covalent functionaliztion of
the BSA−AAB with CNT−NiO matrix on transducer surface.
The values of association and dissociation constant of this
iLOC estimated to be as 8.13 M−1 s−1 and 0.12 s−1,
respectively, indicate that LDL molecules have higher affinity
toward this protein immobilized CNT−NiO based bioelec-
trode. Using reduced graphene oxide, association and
dissociation constants for LDL have been found to be as 1.66
M−1 s−1 and 0.6 s−1, respectively.31 It can be noted that the
dissociation constant of this chip is higher as compared to the
value reported in literature.36 The higher value of the
association constant reveals that CNT−NiO matrix has a
good affinity toward LDL molecules. This may perhaps be due
to the nanocomposite formation of CNTs with NiO enabling
functionalization of the antibodies for LDL cholesterol
detection with superior performance as compared to that
based on reduced graphene oxide.31 The sensing performance
using only nNiO has been carried out for detection of LDL
molecules (Figure S6, Supporting Information). It has been
found that the sensitivity of CNT−NiO-based immunosensor is
much higher [5.37 kΩ (mg/dL)−1] than that based on nNiO
alone [0.0518 Ω (mg/dL)−1]. The limit of detection for nNiO-
based immunosensor is higher (34.8 mg/dl) than that of
CNT−NiO immunosensor (0.63 mg/dL). The lower detection
limit of this CNT−NiO smart material for detection of LDL
molecules may perhaps be due to available functional groups of
CNTs as compared to that of nNiO immunosensor.
A control study of this proposed iLOC has been conducted

for LDL detection using EIS method (Figure 6c). The EIS
measurements have been carried out using CNT−NiO
transducer chip. The observed changes in the Rct values in
the presence of LDL concentration are not significant as shown
in Figure 6d. This may perhaps be due to the lesser affinity of
LDL molecules with CNT−NiO electrode. Thus, AAB
functionalized CNT−NiO immunoelectrode is highly specific,
resulting in the observed changes in the impedance values.
The stability of this biochip has been evaluated for 100 days.

This chip shows an excellent stability of up to 60 days with 95%
response of Rct value, after which the response decreases to
78%. The BSA−AAB/CNT−NiO immunoelectrode is stored
at 3 °C when not in use. The reproducibility of the working
electrode has been investigated under similar conditions. The
changes in impedance (Rct) values for electrodes used in the
chip are negligible, as indicated by the relative standard
deviation (RSD) of 3.44%. To determine selectivity of the
iLOC for LDL (90 mg/dl) detection, we performed EIS studies
by incorporating other analytes including triglyceride (150 mg/
dl), free cholesterol (150 mg/dl), and total cholesterol (150
mg/dl). We have observed a low RSD of 4.3%, indicating
negligible interference with other analytes, which in turn
indicates that this biochip exhibits good selectivity and stability.

4. CONCLUSIONS
An impedimetric biochip has been fabricated using function-
alized CNT−NiO for LDL detection. The covalent immobi-
lization of BSA−AAB on CNT−NiO-based LOC surface has
been confirmed by XPS and FT-IR studies. The XPS studies
reveal that 4.5% of O−CO groups present in the CNT−NiO
electrode are utilized to bind with amine groups of BSA−AAB

molecules. This covalent immobilization of specific protein
molecules results in higher sensitivity and a low detection limit
for LDL detection. We have evaluated the binding kinetics of
antigen−antibody interaction in the sensor surface. In addition,
this LOC is found to be highly selective, has a good stability
and a wide detection range of 5−120 mg/dl within the
physiological range of LDL. The cytotoxicity studies of CNTs,
NiO, and CNT−NiO composite have been performed in the
presence of human lung epithelial cancer cells using MTT
assay. The electron microscopic studies of the CNT−NiO
composite in this LOC shows integration of NiO nanoparticles
with COOH-functionalized CNTs. The cytotoxicity test
indicates that a CNT−NiO composite-based biochip is a better
and safer choice for this application. The CNT−NiO
composite provides a biocompatible and favorable environment
due to high surface-to-volume ratio resulting in enhanced
loading capacity of AAB. The application of CNT−NiO
composite not only improves the electrochemical impedance
characteristics for LDL detection but results in enhanced
loading capacity of proteins. The high sensitivity combined with
specificity of LDL-AAB binding toward LDL detection using
CNT−NiO is an interesting platform that can be used to detect
other biomolecules. This iLOC requires a minute amount of
sample, indicating that this miniaturized compact device has
high potential for application as point-of-care diagnostics.
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