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� Stable and controlled deposition of
Am-Si@ZnO nano-assemblies using
LB technique.

� Uniform monolayer deposition of the
Am-Si@ZnO LB film within the
nanometer range.

� Am-Si@ZnO LB film shows enhanced
electrochemical properties.

� Fabricated nucleic acid sensor is ul-
trasensitive (1 � 10�16 M) for CML
detection.

� Validation with clinical samples of
CML positive patients shows its po-
tential for clinical diagnosis.
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a b s t r a c t

We report results of the studies relating to controlled deposition of the amino-functionalized silica-
coated zinc oxide (Am-Si@ZnO) nano-assemblies onto an indium tin oxide (ITO) coated glass substrate
using Langmuir-Blodgett (LB) technique. The monolayers have been deposited by transferring the spread
solution of Am-Si@ZnO stearic acid prepared in chloroform at the air-water interface, at optimized
pressure (16 mN/m), concentration (10 mg/ml) and temperature (23 �C). The high-resolution trans-
mission electron microscopic studies of the Am-Si@ZnO nanocomposite reveal that the nanoparticles
have a microscopic structure comprising of hexagonal assemblies of ZnO with typical dimensions of
30 nm. The surface morphology of the LB multilayer observed by scanning electron microscopy shows
uniform surface of the Am-Si@ZnO film in the nanometer range (<80 nm). These electrodes have been
utilized for chronic myelogenous leukemia (CML) detection by covalently immobilizing the amino-
terminated oligonucleotide probe sequence via glutaraldehyde as a crosslinker. The response studies
of these fabricated electrodes carried out using electrochemical impedance spectroscopy show that this
Am-Si@ZnO LB film based nucleic acid sensor exhibits a linear response to complementary DNA (10�6
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e10�16 M) with a detection limit of 1 � 10�16 M. This fabricated platform is validated with clinical
samples of CML positive patients and the results demonstrate its immense potential for clinical diagnosis.

© 2016 Published by Elsevier B.V.
1. Introduction

Leukemia is a progressive diseasewherein the bonemarrowand
other blood-forming organs produce increased numbers of
abnormal leukocytes, leading to anemia and other manifestations
[1]. Chronic myeloid leukemia (CML) is one of the most common
type of leukemia, which is induced by the active breakpoint cluster
region (BCR)/Abelson (ABL) oncogene [2]. The abnormality is pro-
duced by reciprocal translocation of chromosome 9 and 22 and it
usually occurs in more than 95% of the CML patients [3,4]. The
molecular analysis of this translocation shows that the breakpoints
on chromosome 22 occur within 5.8 kilobases (kb) of the break-
point cluster region (BCR) gene [3]. Thus, BCR/ABL is an important
biomarker for early diagnosis of the disease, and for detection of
minimal residual leukemia cells in the CML patients, especially
after the bone marrow transplantation [5]. The conventional
techniques like chromosome analysis, fluorescence in situ hybrid-
ization, flow cytometry, real-time quantitative reverse transcrip-
tion polymerase chain reaction can be used for the BCR/ABL fusion
gene detection [6]. However, some of the major drawbacks of these
techniques include poor precision, cost and long delay etc. [7].

The electrochemical DNA biosensors based on nucleic acid hy-
bridization have recently been explored for diagnosis of blood
cancer [8e10]. DNA biosensors offer a new approach for rapid,
sensitive, simple and low-cost detection of specific nucleic acid
sequences [9,11]. Some electrochemical DNA sensors based on
quantum dots (QD) and conducting polymers have been reported
for detection of BCR/ABL oncogene [12,13]. It has been found that
the immobilizing matrix plays an important role towards the
fabrication of a biosensor [14,15]. In this context, an important issue
for QD application in biosystems is the short/long-term toxicity of
QDs [16]. Quantum dots are known to damage DNA and reduce the
activity due to factors such as the surface coating [17]. Lin et al.
fabricated an electro-chemical DNA biosensor based on glassy
carbon electrode using methylene blue (MB) as the hybridization
indicator [18]. This sensor shows the detection limit of
5.9 � 10�8 M. An impedance biosensor for detection of CML, based
on DNA immobilized gold nanoparticles/gold modified electrode
with a detection limit of 1.0 � 10�12 mol L�1 was fabricated by
Ensafi et al. [19]. However, validation with the clinical patient
samples was not reported. In spite of these developments, there is
an urgent need for the availability of a sensitive, specific and
mediator free reusable biosensor that can be used for early and
reliable detection of CML.

The assembly of a modified material onto an electrode surface is
crucial for the construction of an electrochemical biosensor as
biomolecules are known to get denatured quickly due to physio-
logical changes [20e22]. For the fabrication of a high-performance
miniaturized biosensor, an important step is the deposition of
ultra-thin ordered structures because the performance of the de-
vice depends strongly on the molecular arrangement [23,24]. In
this regard, the composition of a monolayer based matrix has been
found largely based on the LangmuireBlodgett (LB) technique that
involves the transfer of a monolayer, assembled at the gaseliquid
interface to a solid substrate [25,26]. Recently, nanostructured ox-
ides of metals like zinc, iron, titanium, have been found to play a
significant role since they provide desired orientation to the
y, et al., Controlled deposition
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biomolecules with negligible conformational changes [27e29].
Among the variousmetal oxides, zinc oxide nanoparticles (ZnONPs)
due to their easy fabrication, biocompatibility, environmental
friendly nature, and non-toxic synthesis route can be used for
biosensor application [30e32]. Zinc oxide is a wide band gap
semiconductor (Eg ¼ 3.37 eV), which makes it more attractive for
fabrication of high-efficiency nano-devices because of its high
exciton binding energy of 60meV and highmechanical and thermal
stabilities [33,34].

We report results of studies relating to the fabrication of a novel
electrochemical DNA sensor based on amino-functionalized silica
coated ZnONPs (Am-Si@ZnONPs) using LB technique. This platform
has been utilized for the detection of BCR-ABL fusion gene of CML
by covalently immobilizing probe sequence specific to CML. This
optimized Am-Si@ZnO nano-assembly shows excellent specificity
for single-base mismatch and complementary DNA after hybridi-
zation and the specific probe has been used for the assay of a PCR
clinical sample of CML patient.
2. Material and methods

2.1. Chemicals

Zinc nitrate hexahydrate (Zn(NO3)2$6H2O), tetraethyl orthosili-
cate (TEOS, 98%), n-(2- aminoethyl)-3-
aminopropyltrimethoxysilane (AAPS, 80%), lithium hydroxide
(LiOH$H2O), glutaraldehyde were purchased from SigmaeAldrich
(USA). The other reagents were of analytical grade andwere used as
received. CML specific probe oligonucleotide sequence, comple-
mentary, non-complementary and one-base mismatch target
sequence used in this work are procured from Sigma-Aldrich, USA
and are as follows.

Probe DNA (pDNA): Aminee50eTGT CCA CAG CAT TCC GCT
GACCe30

Complementary: 50eGGT CAG CGG AAT GCT GTG GACAe30

One-base mismatch: 50eGCT CAG CGG AAT GCT GTG GACAe30

Non-complementary: 50eTAC TCG CAA TAA CGT GAT CTCCe30

The reagents were prepared in deionized water (Millipore,
18.0 MU cm), and the solutions and glassware were autoclaved
prior to use. Tris-E buffer (1M Tris-HCl and 0.5M EDTA, pH 8.0) was
used to prepare all oligonucleotide solutions and stored at �20 �C.
2.2. Synthesis of zinc oxide nanoparticles

Zinc oxide nanoparticles (ZnONPs) were synthesized by a pre-
viously reported method with slight modifications [35,36]. The
alkaline solution was prepared by dissolving Zn(NO3)2$6H2O and
LiOH of equal concentration (0.1 M) in water and ethylene glycol
(5:1) [37]. The solution was kept for 6 h without stirring, and the
temperature was maintained at 100 �C. After the hydrolysis reac-
tion, the white precipitates thus formed were collected by centri-
fugation and thoroughly washed with deionized water (5 times)
and dried in vacuum oven (60 �C) [35].
of functionalized silica coated zinc oxide nano-assemblies at the air/
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2.3. Synthesis of silica-coated zinc oxide nanoparticles

Surface modification of ZnONPs with silica was carried out in
two steps using modified sol-gel process [38,39]. Solution (A) was
prepared by adding ethanol and water (7:3) in a round bottomed
flask that was continuously stirred andmaintained at pH 12.0 using
NH4OH. For the preparation of solution (B), TEOS (30 wt %) was
added to the prepared ZnONPs, and the solutionwas ultrasonicated
for 15e20 min (Fig. 1(A)) [40]. For modification of the surface, TEOS
was contemplated, to render the surface more hydrophobic and
make them compatible with other organic media [41]. This solution
was thus injected into solution (A) with continuous stirring for
12 h at room temperature. The silica coated ZnONPs (Si@ZnONPs)
were centrifuged and washed with ethanol (5e6 times), and dried
overnight, in a vacuum oven at 80 �C.

2.4. Functionalization of Si@ZnO nanoparticles

The amino functionalization of the Si@ZnO NPs was carried out
using APTES to render them suitable for covalent immobilization of
biomolecules on the surface. Functionalization of Si@ZnO (500 mg)
was carried out using 0.075mmol of AAPS by overnight refluxing in
toluene [40].

2.5. Langmuir-Blodgett film preparation

Prior to deposition, ITO was hydrolyzed by immersing in the
H2O2/NH4OH/H2O solution (1:1:5, v/v) for about 30 min at 80 �C.
The Langmuir trough was used for the preparation of Langmuir
films of Am-Si@ZnO nanoparticles on hydrolyzed ITO glass
(2 mm � 1 mm). Freshly prepared solution of Am-Si@ZnO NPs was
diluted in chloroform (10 mg/ml) with stearic acid (1 mg/ml) in the
ratio of 2:1, respectively and ultrasonicated for 30 min just before
spreading (Fig. 1(B)). An optimized amount (30 ml) of the prepared
material was spread at the water/air interface of the trough. After
Fig. 1. Schematic illustration for the (A) synthesis of Am-Si@ZnO and (B) LB depo
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15 min (chloroform evaporation), the particles were compressed
with a barrier speed of 30 cm2/s to record the surface area isotherm.
The value of pressure at which quasi-solid behavior of monolayer
appeared was found to be 16 mN/m at 23 �C. At this optimized
pressure and temperature, the monolayers (2, 3 and 6) were
transferred by vertical deposition, with interval of 300 s and 60 s for
top and bottom dipper position, respectively.

2.6. Immobilization of probe DNA and hybridization

Glutaraldehyde was used as a cross-linker for bioconjugation of
aminated pDNA to the Am-Si@ZnO/ITO electrode surface. For this
purpose, the Am-Si@ZnO/ITO surface was activated by incubation
in aqueous glutaraldehyde solution (0.1% v/v) for 1 h followed by
washing with deionized water [42]. For coupling between the
amine terminal of pDNA and the glutaraldehyde-modified Am-
Si@ZnO/ITO electrode, 20 mL of pDNAwas spread onto the modified
electrode surface and kept in a humid chamber at room tempera-
ture (25 �C) for 4 h. The pDNA/Am-Si@ZnO/ITO bioelectrode was
then rinsed with TriseHCl (10 mM) and EDTA (1 mM) buffer so-
lution (TE, pH 8.0) to remove any physically adsorbed pDNA on the
electrode surface. This bioelectrode was further used for detection
of CML by hybridizing various concentrations (10�6-10�16) of
complementary target DNA.

2.7. Instruments

Monolayers deposition was done in an LB trough (NIMA 601A).
Ultravioletevisible (UV-Vis) absorption studies were carried out on
UV-Vis spectrophotometer (Phoenix 2200DPCV). Fourier transform
infrared (FTIR) measurements were employed in attenuated total
reflection (ATR) mode, with germanium waveguide, on a Per-
kin�Elmer Spectrum BX II spectrophotometer. The FTIR signal was
obtained by averaging 64 scans at the resolution of 4 cm�1. Contact
angle (CA) measurements were taken on a contact angle meter
sition Am-Si@ZnO on ITO electrode and subsequent DNA sensor fabrication.

of functionalized silica coated zinc oxide nano-assemblies at the air/
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(Data Physics OCA15EC). The morphological characterization was
carried out on a field emission transmission electron microscope
(TEM; JEOL JEM-2100F) at an accelerating voltage of 200 keV and on
a scanning electron microscope (SEM, LEO 440). Electrochemical
characterization was conducted on an Autolab potentiostat/galva-
nostat (Eco Chemie, Netherlands) using a three-electrode system
with ITO as the working electrode, Ag/AgCl as a reference electrode,
and platinum foil as a counter electrode, in phosphate-buffer saline
(PBS 100 mM, pH 7.4, and 0.9% NaCl).

3. Results and discussion

3.1. Characterization

The results of X-ray diffraction studies conducted on ZnO NPs
show presence of the sharp peaks at 2q¼ 36.25� (101), 31.77� (100),
34.42� (002), 56.60� (110), 62.86� (103), indicating polycrystalline
structure (JCPDS 36-1451), having hexagonal shape with lattice
constants a ¼ b ¼ 0.32 nm and c ¼ 0.52 nm (Fig. S1). No other
characteristic peaks of any impurities were observed, suggesting
that high-quality ZnONPs were synthesized. The crystalline size of
the synthesized ZnONPs was found to be 10.25 nm using the
Debye-Scherrer formula. Further, the UVeVis absorption specta of
ZnO nanoparticles shows an excitonic absorption peak at about
290 nm (Fig. S2(A)), that lies much below the band gap wavelength
of 388 nm of bulk ZnO. The peak at ~290 nm in the spectra is due to
the interband transition of the copper electrons from a deep level of
valence band [36]. The blue shift in the peak centered at ~290 nm in
absorption spectra is ascribed to the transition of electrons from the
most inner shell of copper to the uppermost shell as the time
passes. This behavior is typically shown by many semiconductors
which arise due to internal electric fields within the crystal and
inelastic scattering of the charge carriers by photons [36]. In case of
the Am-Si@ZnO NPs, a peak is observed around ~375 nm
(Fig. S2(B)) shows a red shift, in the peaks.

3.2. Zeta potential studies

The size distribution profile of the aqueous suspension of
ZnONPs exhibits a particle size of around 15 nm determined via
dynamic light scattering technique (Fig. S3(A)). On coating, the
ZnONPs with silica the average particle size increased to 60 nm due
to coating of the ZnONPs by silica (Fig. S3(B)). The total surface
charge of the synthesized ZnONPs was determined using the
Smoluchowski method, and the results are shown in Fig. S3. The
ZnONPs exhibit a zeta potential value of 10 mV (Fig. S3(C)). After
encapsulationwith SiO2 the zeta potential was found to be�34 mV
(Fig. S3(D)). To investigate the effect of APTES functionalization on
the Si@ZnO, the surface charge of the nanoparticles was measured,
and an increase in the zeta potential from �34 mV to �25 mV was
observed indicating presence of the positively charged eNH2
groups. This is indirect evidence showing that the amino group is
perhaps conjugated to the Si@ZnO NPs, due to hydrolysis between
the APTES and TEOS.

3.3. Microscopic analysis of the nanocomposite ZnONPs and
Si@ZnO NPs

The TEM images of the ZnONPs and Si@ZnO NPs are shown in
Fig. 2. It appears that ZnONPs are polydispersed in size and that the
nanoparticles are spherical or hexagonal in shape (Fig. 2(A)). The
diameter of the ZnONPs is in the range of 10e15 nm which is in
agreement with the apparent crystallite size determined by XRD.
Fig. 2(B) shows hexagonal morphology of the ZnONPs while
Fig. 2(C) shows high-resolution TEM image of a hexagonal ZnO in
Please cite this article in press as: C.M. Pandey, et al., Controlled deposition
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the same sample and the lattice image shows (002) plane of ZnO
with d-spacing value as expected for perfect crystalline ZnO. The
TEM image of bare silica shows the size of the particle to be as
50 nm (Fig. 2(D)). After surface modification, spherical aggregates
of silica coating on hexagonal ZnONPs were observed with size of
70e80 nm (Fig. 2(E)). The HRTEM images of Si@ZnO are shown in
Fig. 2(F), which clearly shows wrapping of the ZnO with SiO2.

3.4. Surface measurements of Am-Si@ZnO Langmuir monolayer

The pressure area isotherms of Am-Si@ZnO Langmuir mono-
layer on air-water subphase were recorded at different tempera-
tures with varying ratio of the material with respect to stearic acid.
Stearic acid acted as a spacer between the particles, as it reduced
the aggregate formation and improved the spreading behavior of
monolayer on the surface [43]. At 23 �C an optimized quantity
(30 ml) of prepared solutionwith stearic acid (in 2:1 ratio), the area-
pressure curve (Fig. 3(A)) showed a sharp kick. The pressure at
which material showed the quasi-solid behavior of monolayer was
found to be 16 mN/m and the collapsing pressure was found to be
38 mN/m. The observed mean molecular area of the surface was
determined to be 2315 Å2/particle, when the surface pressure was
set at 0 mN/m.

3.5. Transfer characteristics of Am-Si@ZnO Langmuir monolayers

Langmuir monolayers of Am-Si@ZnO nanoparticles were
transferred on hydrolyzed ITO substrate with surface pressure of
16 mN/m at 23 �C. The hydrophobic substrate was positioned
perpendicular to the air-water interface, and the monolayers were
subsequently deposited by vertical dipping at a rate of
10 mm min�1 to obtain Y-type multilayer film (6 layers) shown in
Fig. 3(B). The single monolayer of Am-Si@ZnO was transferred onto
the hydrophobic substrate in each upward and downward stroke.
Transfer onto the substrate as estimated from the change in surface
area at the air-water interface, was nearly the same for each
monolayer and the results of kinetic measurements as a function of
time reveals that it took 30 min for stable monolayers formation
(Fig. 3(C)).

3.6. FTIR studies

FT-IR spectra of the bare ZnONPs shows a prominent peak at
~453 cm�1 (Fig S4 (i)), due to the stretching vibration of ZneO
bond. While the peaks observed at 1550e1700 cm�1 and
3100e3600 cm�1 can be attributed to the hydroxyl groups [44]. The
SieOeSi asymmetric stretching vibration band of 980e1190 cm�1

is found only in the Am-Si@ZnO NPs spectrum (Fig S4 (ii)),
compared to the bare ZnONPs. In Am-Si@ZnO NPs, NeH stretch and
hydroxyl group at 3300-3400 cm�1 and 3250-3330 cm�1 respec-
tively are observed, indicating presence of the primary amine in
nanocomposite [40,45].

3.7. Morphological characterization of the electrode and
bioelectrode

The morphological studies of the different layers of Am-Si@ZnO
LB film on the ITO electrode were studied using SEM. The SEM
image of four layers of Am-Si@ZnO nanoparticles (Fig. 4(A)) shows
that particles are far apart whereas in the six layers (Fig. 4(B)) the
particle distribution is denser (Fig. 4(C)). After immobilization of
pDNA on the 6 layered Am-Si@ZnO/ITO electrode globular struc-
tures appeared onto the Am-Si@ZnO LB film confirming the
attachment of DNA onto the Am-Si@ZnO LB film (Fig. 4(D)). Further,
experiments were carried out by directly depositing the Am-
of functionalized silica coated zinc oxide nano-assemblies at the air/
), http://dx.doi.org/10.1016/j.aca.2016.07.024



Fig. 2. (A) TEM image of ZnO NPs (B) Magnified image showing hexagonal structure of ZnONPs (C) HRTEM image of ZnONPs (D) TEM image of Silica NPs (E) TEM image of Si@ZnO
NPs (F) HRTEM image of Si@ZnO NPs.
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Si@ZnO onto ITO coated glass substrate (Fig. 4(E)). It was observed
that aggregation of the nanocomposite occurred on the electrode
that upon immobilization of pDNA showed an uneven distribution
of the pDNA (Fig. 4(F)).
3.8. Electrochemical characterization

3.8.1. Electrochemical studies of the monolayers
Electrochemical impedance spectroscopic (EIS) studies were

conducted to evaluate the electrical properties of the multilayer
assembly to provide the information during the step deposition of
the Am-Si@ZnO LB layers. Impedance spectra were recorded after
deposition of each layer of Am-Si@ZnO LB film to investigate the
effect of the structure and thickness of the multilayer on the overall
interfacial properties. The impedance spectra seen in the Nyquist
plot consists of a semicircle portion observed at higher frequencies
indicating electron transfer process, whereas the linear part at low
frequencies corresponds to the diffusion controlled process [11].
The modified Randles equivalent circuit (inset Fig. 5(B)) was
employed to fit the impedance spectra of the fabricated biosensor.
The circuit consists of the electrolyte resistance (Rs) between the
working and the reference electrode, theWarburg impedance (ZW),
associated with the diffusion process of redox probe ions from the
bulk solution to the electrodeesolution interface, the electron
transfer resistance (Rct) and the constant phase element CPE
(related to the double layer capacitance) [24]. The impedance
measurements were carried out at the open circuit voltage. The
tested frequency range was from 1 Hz to 100 kHz with an ampli-
tude of ±5 mV. With increase in the number of layers of Am-
Si@ZnO from two to six, the RCT value decreases (Fig. 5(A))
Please cite this article in press as: C.M. Pandey, et al., Controlled deposition
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correspondingly. Changes can be clearly seen in the spectra during
the stepwise formation of the multilayer assemblies (2 layers
(curve iii), 4 layers (curve ii) and 6 layers (curve i)). The diameter of
the semicircle decreases with an increasing number of Am-Si@ZnO
LB film, which is due to increase in the film thickness and change in
the apparent charge transfer resistance. The interfacial properties
of the electrode after each different monolayer (2, 4, 6 layers) were
investigated as shown in Table 1. It was found that with increase in
the number of Am-Si@ZnO monolayer there was an increase in the
exchange current per unit geometric area and the apparent elec-
tron transfer rate constant (Kapp) and it was maximum for 6 layers.
To avoid any non-specific adsorption of the cDNA, the optimization
of the pDNA on the Am-Si@ZnO/ITO electrode was conducted by
varying the pDNA concentration from 10�5 M to 10�10 M. As shown
in Fig. S5, the RCT value leveled off at 10�6 M pDNA concentration
suggesting that maximum immobilization was achieved at this
concentration.

Cyclic voltammetry studies were performed, using a three-
electrode system in PBS solution (100 mM, pH 7.0, 150 mM NaCl)
containing 5 mM [Fe(CN)6]�3/�4. The results of cyclic voltammetric
studies, obtained as a function of scan rate (ʋ, 10e300 mV s�1), for
Am-Si@ZnO/ITO electrode and pDNA/Am-Si@ZnO/ITO bioelectrode
are shown in Figs. S6(A) and (B), respectively. The observed positive
and negative peaks correspond to the oxidation and reduction re-
actions of the [Fe(CN)6]�3/�4 redox pair, respectively. The peak
currents (Ip) for both oxidation and reduction follow a linear rela-
tionwith respect to square root of the scan rate (inset (i), Fig. S6(A),
(B)) indicating the existence of diffusion-controlled electro-
chemical reaction rates for the redox pair at the electrode. It was
observed that the oxidation peak shifted to a more positive value
of functionalized silica coated zinc oxide nano-assemblies at the air/
), http://dx.doi.org/10.1016/j.aca.2016.07.024



Fig. 3. (A) Surface pressure�area isotherm of Am-Si@ZnO NPs (B) Deposition curve of Am-Si@ZnO NPs on ITO substrate (C) Kinetic measurements showing variation in the
particulate surface area at the air�water interface as a function of time at a constant surface pressure.
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and the reduction peak to more negative values where both the
peak potentials were linearly dependent on the log of the scan rate
(inset (ii), Fig. S6(A), (B)). Using Laviron's equations, the value of
electron transfer coefficient (a), for n number of electrons, was
determined from the slope of two straight lines with anodic and
cathodic slopes of 2.303RT/(1�a)nF and �2.303RT/anF, respec-
tively [42]. The diffusion coefficient (D) was determined by a con-
centration gradient of [Fe(CN)6]3�/4� ions between bulk and
interface and was calculated via the Randles�Sevick equation (1):

Ip ¼
�
2:69� 105

�
a1=2n3=2ACD1=2y1=2 (1)

where C is the molar concentration of [Fe(CN)6]3�/4�, and A is
the electrode surface area that is immersed in the electrolyte so-
lution (0.5 cm2). The D value for Am-Si@ZnO/ITO electrode was
found to be greater than that of the pDNA/Am-Si@ZnO/ITO elec-
trode. By using the calculated diffusion coefficient, the electroactive
surface area (Ae) for the Am-Si@ZnO/ITO electrode and pDNA/Am-
Si@ZnO/ITO electrode was calculated to be 1.1685 mm2 and
0.9239 mm2, respectively (Table 2) [42].
3.8.2. Electrochemical response studies
For the electrochemical response studies, 6 layers of Am-Si@ZnO
Please cite this article in press as: C.M. Pandey, et al., Controlled deposition
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LB film were used. When pDNA was immobilized onto the Am-
Si@ZnO/ITO electrode, an increase in RCT value was observed due
to the negatively charged phosphate backbone of pDNA exposed to
the electrolyte, which in turn perhaps repelled [Fe(CN)6]�3/�4

(Fig. 5(B); curve ii). When the pDNA was incubated with its com-
plementary target DNA sequence (cDNA), the hybridization reac-
tion occured and more negatively charged phosphate backbones
were introduced. Hence, the RCT value increased following the
formation of double-stranded DNA (Fig. 5(B); curve iii). Thus with a
change in negative charge and conformation transition, there was a
change in the interfacial properties. The difference between the
value of RCT for the pDNA immobilized electrode and after hy-
bridizationwith cDNA (DRCT ¼ RCTcDNA- RCTpDNA) was used as the
measurement signal. The analytical signal (in terms of DRCT)
showed a linear relationship with the logarithmic value of the
complementary target DNA concentration ranging from 10�16 to
10�6 M (Fig. 5(D); curve (i)) and follows the following equation:

DRCT ¼ 1840:18þ 105:26½logðconcentration of cDNAÞ� (2)

with a linear regression coefficient of 0.9960. The detection limit
was calculated using the expression, 3s/sensitivity, where s is the
standard deviation of the blank electrode. The detection limit for
of functionalized silica coated zinc oxide nano-assemblies at the air/
), http://dx.doi.org/10.1016/j.aca.2016.07.024



Fig. 4. SEM image of (A) 4 layered LB film of Am-Si@ZnO/ITO, (B) 6 layered LB film of Am-Si@ZnO/ITO. (C) Magnified SEM image of 6 layered LB film of Am-Si@ZnO/ITO. SEM image
of (D) pDNA immobilized on 6 layered LB film of Am-Si@ZnO/ITO; (E) Self assembled layers of Am-Si@ZnO on ITO substrate (F) pDNA immobilization on Am-Si@ZnO/ITO (self
assembled).

C.M. Pandey et al. / Analytica Chimica Acta xxx (2016) 1e10 7
pDNA/Am-Si@ZnO/ITO electrode was found to be 1 � 10�16 M,
which is quite higher in comparison to pDNA/ZnO/ITO electrode
(1 � 10�13 M, Fig. 5(D); curve (ii)). The enhanced sensitivity is
probably due to the favourable orientation of the pDNA onto Am-
Si@ZnO LB films. The reproducibility of the fabricated pDNA/Am-
Si@ZnO/ITO electrode was investigated by using the interassays
coefficient of variation, which was evaluated by analysis of the
same concentration of cDNA (10�16 M and 10�12 M) using five
equally prepared electrodes [46]. Five independently made geno-
sensor exhibited similar RCT response and the interassay variation
coefficient of interassays was 5.1% (10�16 M) and 4.4% (10�12 M).
The low relative standard deviation indicates that the proposed
Am-Si@ZnO LB film based nucleic acid sensor has good repeat-
ability. Further, Langmuir isotherm approach was used to deter-
mine the association constant (Ka) for binding interaction assuming
equal binding energy for all binding sites [47]. The Kawas estimated
from the slope of the regression equation and found to be 0.584 M
Please cite this article in press as: C.M. Pandey, et al., Controlled deposition
water interface for blood cancer detection, Analytica Chimica Acta (2016
[46,47]. The fabricated pDNA/Am-Si@ZnO/ITO bioelectrode showed
enhanced sensitivity and linearity range as compared to other
biosensors reported for CML detection (Table ST1).
3.8.3. Specificity studies of the bioelectrode
The specificity of the pDNA/Am-Si@ZnO/ITO bioelectrode to-

wards different target DNA sequences (complementary, non-
complementary and one base mismatch) was studied using EIS
(Fig. S7). On incubation of the bioelectrode with non-
complementary DNA (Fig. S7, curve ii), there was a slight or negli-
gible change in the Rct value with respect to the pDNA (curve i).
Since the non-complementary DNA bases do not match with the
pDNA bases it is expected that there is no hybridization taking place
and hence the Rct should result in a semicircle diameter similar to
that of pDNA/Am-Si@ZnO/ITO bioelectrode. When the pDNA/Am-
Si@ZnO/ITO bioelectrode was immobilized with one-base mis-
match DNA sequence, there was a slight increase in semicircle
of functionalized silica coated zinc oxide nano-assemblies at the air/
), http://dx.doi.org/10.1016/j.aca.2016.07.024



Fig. 5. (A) Nyquist diagram (Zim versus Zre) for the Faradic impedance of (i) 6, (ii) 4, (iii) 2 LB layers of Am-Si@ZnO/ITO. (B) Nyquist diagram (Zim versus Zre) for the Faradic impedance
of (i) 6 layers of Am-Si@ZnO/ITO, (ii) pDNA/Am-Si@ZnO/ITO (iii) cDNA/pDNA/Am-Si@ZnO/ITO. (C) Nyquist diagram (Zim versus Zre) for the Faradic impedance of cDNA
(10�6 M � 10�16 M) on pDNA/Am-Si@ZnO/ITO. (D) Linearity relation curve between DRCT and log of concentrations of cDNA for (i) pDNA/Am-Si@ZnO/ITO electrode and, (ii) pDNA/
ZnO/ITO electrode.

Table 1
Kinetic parameters calculated for the different Am-Si@ZnO LB layers deposited on
ITO electrode using EIS.

No. of Layers RCT (U) Kapp (cm/s) Io (A/cm2)

6 layers 606.880 1.75 � 10�7 4.23 � 10�5

4 layers 731.853 1.45 � 10�7 3.51 � 10�5

2 layers 819.643 1.29 � 10�7 3.13 � 10�5

pDNA 986.864 1.07 � 10�7 2.604 � 10�5
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diameter in comparison to that of the pDNA/Am-Si@ZnO/ITO bio-
electrode (curve iii). This explains partial hybridization of pDNA
with the complementary bases of the one-base mis-match DNA
resulting in increased negative charge of the electrode surface
which repelled the marker ion [42]. These results reveal selectivity
Table 2
Kinetic parameter calculated for the Am-Si@ZnO/ITO electrode and pDNA/Am-Si@ZnO/IT

Name of electrode Electron transfer
coefficient (a)

Charge transfer rate constant
(ks; s�1)

Diffusion
cm2s�1)

Am-Si@ZnO/ITO 0.596 0.0121 3.08 � 10
pDNA/Am-

Si@ZnO/ITO
0.5158 0.0738 1.89 � 10

Please cite this article in press as: C.M. Pandey, et al., Controlled deposition
water interface for blood cancer detection, Analytica Chimica Acta (2016
of the pDNA/Am-Si@ZnO/ITO bioelectrode towards different target
DNA sequences. The negligible change in the value of RCT was
observed when pDNA/Am-Si@ZnO/ITO bioelectrode was treated
with non-complementary DNA and one-base mismatch, which
shows that fabricated bioelectrode is highly specific for CML
detection.
3.9. Validation of the biosensor with patient samples

To test real application of the fabricated DNA biosensor, positive
real samples of CML patient, were procured from Rajiv Gandhi
Cancer Institute and Research Centre, Delhi, India after PCR
amplification. Prior to performing the electrochemical assay with
PCR amplicons of BCR-ABL fusion gene, the samples were ultra-
sonicated to allow shearing. Gel electrophoresis experiment of the
O electrode.

coefficient (D; Electroactive surface area
(A; mm2)

Average surface concentration (G;
mol cm2)

�11 1.1685 3.55 � 10�8

�11 0.9239 2.56 � 10�8

of functionalized silica coated zinc oxide nano-assemblies at the air/
), http://dx.doi.org/10.1016/j.aca.2016.07.024
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fragmented cDNA samples was performed to obtain an estimation
of fragments length with respect to the sonication time (Fig. S7). It
was revealed that fragmentation in the length range of about 50
bases occurred after 15 min of sonication (Fig. S7; panel iii). The RCT
value of the positive real sample gave a mean average of 2.3 KU and
2.45 KU (Fig. S8; curve v and vi), which were similar to that of the
cDNA (curve iv). The analysis of EIS results shows that the fabri-
cated nucleic acid sensor performed equally well despite the fact
that BCR-ABL from real sample is much longer than that of the
synthetic target DNA [48].

4. Conclusions

An impedimetric nucleic acid sensor based on covalently
immobilized CML specific DNA onto Am-Si@ZnO LB films has been
developed. The sensing results carried out using EIS studies reveal
that the pDNA/Am-Si@ZnO/ITO nucleic acid sensor shows linear
range, 10�16 M-10�6 M with an increased sensitivity of 10�16 M for
CML detection. This LB based nucleic acid sensor has been suc-
cessfully used to distinguish CML positive patient samples. Efforts
are being made to integrate the Am-Si@ZnO LB film with the
microfluidic techniques to execute on-chip electrochemical DNA
sensor in a single platform. Thus this platform holds great promise
for development of ultrasensitive bioassay for cancer monitoring.
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