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Abstract

Aminopropyltrimethoxysilane (APTMS)-functionalized zinc oxide (ZnO) nanorods and carboxylated graphene nanoflakes (c-
GNF) were used in a composite that was electrophoretically deposited on an indium tin oxide (ITO) coated glass substrate.
The modified ITO electrodes were characterized using various microscopic and spectroscopic techniques which confirm the
deposition of the APTMS-ZnO/c-GNF composite. The electrodes have been used for the covalent immobilization of an
Escherichia coli O157:H7 (E. coli)-specific DNA prob. Impedimetric studies revealed that the gene sensor displays
linear response in a wide range of target DNA concentration (10" M to 10® M) with a detection limit of 0.1 fM. The studies
on the cross-reactivity to other water-borne pathogens show that the bioelectrode is highly specific.
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Introduction

Nanostructured materials have gathered interest as functional
materials in various aspects of designing biomedical devices
[1-5]. Nanostructured metal oxides (NMOs) have been widely
used in biosensing applications due to their various character-
istics, such as large surface to volume ratio, high electrocatalyt-
ic activity, their small band gap that enhances their electron
conductivity and the adsorption ability [6] which helps in
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increasing the loading of biomolecules per unit mass of parti-
cles. The employment of NMOs may open the possibility of
new signal transduction due to their sub-micrometer dimension
and can be useful for in vivo analysis. The NMOs reported to
have their potential application in the field of biosensor are of
zing, iron, cerium, tin, zirconium, titanium and magnesium [7].
Among these zinc oxide (ZnO), has been widely used for the
development of various sensing platforms. ZnO has gained
much interest due to its novel characteristics such as biocom-
patibility, catalytic efficiency, non-toxicity, as well as chemical
and electrical stability [8—11]. ZnO shows various nanostruc-
tures of different morphologies such as nanowires, nanoflakes,
nanorods, nanobelts, nanoneedles and nanocombs [12—16].
Though NMOs have shown excellent properties as mate-
rials for biosensing fabrication, but there are some limitations
such as low conductivity as compared to carbon materials, low
surface area and high resistance. So, it will be logical to de-
velop a composite material containing both carbon and tran-
sition metal oxide as the electrode material, combining the
merits and mitigating the shortcomings of both the individual
components [17, 18]. The use of graphene in nanostructured
carbon-metal oxides composites not only provides physical
support to metal oxides but also serve as channels for charge
transport due to its high surface area and the robust conductive
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structure. In graphene-metal oxide composite, the graphene
provides the benefit of high electron conductivity while
electro-activities of metal oxides contribute to high specific
capacitance. The performance of biosensors based on such
materials is governed by the interface between the nanostruc-
tured composite material and biomolecule [19]. The nano bio-
interface formation and its properties depend upon nature of
the nanostructured material and also other parameters related
to effective surface area, roughness, porosity, conductance,
functional groups etc. The biomolecules are said to bind the
metal nanocomposites generally by physical adsorption or
chemical binding [20] and the activity of the biomolecule
can be retained by establishing a biocompatible microenviron-
ment on the biointerface [21, 22]. Thus the use of nanostruc-
tured composite material would decide the sensitivity, selec-
tivity, detection limit, cost and shelf-life of the biosensor.

The enter-hemorrhagic stereotype of bacterium
Escherichia coli is E. coli O157:H7 and its infection can lead
to kidney failure and hemorrhagic diarrhea [23]. Various
methods such as culture and colony counting are available
for the detection of the pathogen. The traditional methods
require an excess of time and the results are also ambiguous
[24]. Some methods involve enrichment of culture by growing
it for a specific time and then separated and identified using
polymerase chain reaction or immunological methods of iden-
tifying genes. These methods are quite complicated and costly
in terms of requirement of labeled antibodies and their pre-
separation or pre-enrichment. Thus, there is an urgent require-
ment for a rapid, sensitive and cost-effective technique to
overcome these problems. An alternative technique to the
methods mentioned above is the use of biosensors for patho-
genic bacterial genome detection [25, 26].

The biosensors based on nanostructured composite mate-
rials for nucleic acid detection have aroused much more inter-
est due to their efficiency of converting the hybridization
event into an analytical signal. Wang et al. reported a biosen-
sor based on ZnO nanowires, multiwalled carbon nanotubes
(MWCNT) and gold nanoparticles composite utilizing
thiolated single-stranded DNA probe to immobilize it on the
gold nanoparticle surface. The detection limit of this DNA
sensor was found to be 0.35 pM using [Ru(NH;)s]** as a
redox indicator [27]. Sol-gel derived nanostructured ZrO, film
for the detection of 16 s rRNA coding region for E.coli has
been reported with a sensitive determination in the range of
107 to 10° pM of complementary DNA [28]. Yang et al.
reported a composite based on nano ZrO,, Chitosan and
MWCNT for the development of DNA sensor on glassy car-
bon electrode. The composite provided good charge transport
characteristics with high surface area favoring the increase in
loading capacity and enhanced selectivity with a detection
limit of 75 pM [29]. For point of care analysis, an ideal detec-
tion method should be such that it may detect the disease
directly from food and water samples with minimal
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requirement of sample preparation. However, the drawbacks
with nucleic acid based biosensor are that the extraction of
DNA from culture samples and processing involve laborious
pre—treatment steps. Thus efforts are being made to develop
affinity based biosensors (using antibody—antigen interac-
tions) and aptasensors to allow the detection of E. coli
O157:H7 cells directly from food and water samples but till
date they are not very applicable and have not been fully
developed into technology. Hence, it becomes imperative to
design such materials which can overcome these drawbacks.

The present work reports studies conducted to exploit the
properties of ZnO nanorods by combining it with a new class
of graphene material known as carboxylated graphene
nanoflakes (c-GNF) [30]. The ZnO nanorods were firstly
modified with aminopropyltrimethoxysilane (APTMS) to in-
troduce NH, groups on the surface of ZnO nanorods. Then the
electrostatic interaction of this APTMS functionalized ZnO
nanorods (APTMS-ZnO) with the carboxylic acid groups on
c-GNF was done for the formation of APTMS functionalized
ZnO nanorods-carboxylated graphene nanoflakes composite
(APTMS-ZnO/c-GNF) composite. Further, the composite
was electrophoretically deposited using magnesium (II) elec-
trolyte which provided overall positive charge to the colloid
suspension for the fabrication of impedimetric biosensor for
E. coli DNA detection.

Chemicals and materials required

Zinc(Il) nitrate hexahydrate (www.alfa.com),
aminopropyltrimethoxysilane (www.sigmaaldrich.com),
glutaraldehyde (www.spectrochem.co.in) and sodium
hydroxide pellets (www.sdfine.com). The specific sequence
of E. coli probe (17 mer.) has been identified from the 16 s
rRNA coding region of the E. coli genome. The
complementary, non-complementary and one-base mismatch
target sequences were procured from Sigma Aldrich (www.
sigmaaldrich.com). Sequences of oligonucleotide probes used
are:

Probe I- probe DNA (pDNA): amino-5'-GGT CCG CTT
GCT CTC GC-3'.

Probe II- complementary DNA (cDNA): 5°-GCG AGA
GCA AGC GGA CC-3'.

Probe I1I- non-complementary DNA: 5’-CTA GTC GTA
TAG TAG GC-3".

Probe IV- one-base mismatch DNA: 5’-GCG AGA GAA
AGC GGA CC-3'.

The solution of oligonucleotide was made in Tris—-EDTA
buffer (1 M Tris—HCI, 0.5 M EDTA, pH 8.0) (www.merck.
com) and was stored at —20° C prior to use.
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Apparatus and measurements

X-ray diffraction (XRD) analysis was performed using D8
Advance/Discover Bruker, Germany, Diffractometer
with Cu K. The UV-vis spectra was recorded using
Hitachi U-3900 spectrophotometer while the transmission
electron microscopy (TEM) and energy dispersive X-ray
analysis (EDX) were carried out using TECNAI 12 G2FEI
microscope, operating at 120 kV instrument. FT-IR spec-
troscopic study was done using PerkinElmer spectrometer
(Spectrum two, UK), the scanning electron microscopy
(SEM) images were recorded using a JEOLJSM-6700F
field-emitting scanning electron microscope (FESEM,
15 kV) while the contact angle was measured using
contact angle meter (Data physics OCAISEC).
Electrochemical characterization were carried out on an
Autolab potentiostat/galvanostat (www.metrohm-autolab.
com) using a three-electrode system with ITO as working
electrode, Ag/AgCl as a reference electrode, and platinum
foil as a counter electrode in phosphate buffer solution
(PBS of 100 mM concentration with pH 7.0 in 0.9%
NaCl).

Experimental section
Synthesis of APTMS functionalized ZnO nanorods

The synthesis of ZnO nanorods are discussed in section 1 of
supp. Material [31]. For functionalization of the ZnO nano-
rods, APTMS was used. For amino functionalization of ZnO,
0.2 g ZnO powder was ultrasonicated in 20 mL toluene
followed by addition of 400 pL of APTMS under nitrogen
atmosphere in a round bottom flask and refluxed at 110 °C for
6 h to get APTMS functionalized ZnO nanorods (APTMS-
ZnO) [32, 33].

Synthesis of APTMS functionalized ZnO
nanorods-carboxylated graphene nanoflakes
composite

The ¢c-GNF were synthesized as reported in the literature
[30]. A dispersion of c-GNF was made using DI water (0.5
mgmL ") via ultrasonication for 2 h. Further 10 mg of
APTMS-ZnO nanorods were added to the above dispersion
and ultrasonicated for 2 h followed by subsequent stirring
(4 h). Then the suspension was centrifuged at 10,000 rpm
for 1 h to obtain APTMS-ZnO nanorods-c-GNF composite
(APTMS-ZnO/c-GNF). Finally, the obtained material was
washed with distilled water and then dried at 70 °C under
vacuum (Scheme 1a ).

Electrophoretic deposition of APTMS-ZnO/c-GNF

Prior to deposition, the ITO coated glass electrode were hy-
drolyzed by immersing in H,O,/NH4OH/H,O solution (1:1:5,
v/v) for about 30 min at 80 °C. For the deposition, APTMS-
ZnO/c-GNF (5 mg) were dispersed in 10 mL acetonitrile. The
electrophoretic deposition was carried using the DC source by
applying a voltage of 120 V for 2 min. 10°* M of
Mg(NOs),.6H,0O was added to the colloidal suspension
(APTMS-ZnO/c-GNF in acetonitrile) acting as an electrolyte
(for creating a charge on the colloids).

Immobilization and hybridization of probe DNA
on APTMS-ZnO/c-GNF/ITO electrode

The coupling of amine terminal of probe DNA (pDNA) and
APTMS-ZnO/c-GNF/ITO electrode was done by
immobilizing 20 uL of pDNA on the modified electrode using
glutaraldehyde as cross linker (0.1%, v/v; 4 h). The fabricated
pDNA/APTMS-ZnO/c-GNF/ITO bioelectrode was employed
for the detection of . coli complementary DNA (cDNA). The
different concentrations of pDNA and cDNA were prepared in
Tris-EDTA buffer (1 M Tris—HCI, 0.5 M EDTA) of pH 8.0
from the stock solution of 1x 107 M concentration. The
pDNA/APTMS-ZnO/c-GNF/ITO was subjected to different
concentrations of cDNA for 30 min and the corresponding
Rct value was measured using electrochemical impedance
spectroscopy. The different steps involved in the fabrication
of APTMS-ZnO/c-GNF/ITO and pDNA/APTMS-ZnO/c-
GNF/ITO has been depicted in scheme 1b.

Extraction and pretreatment of DNA from bacterial
clinical samples

The extraction of DNA was carried out using the panel of
strains comprising E. coli, Salmonella Typhimurium,
Neisseria meningitides and Klebsiella pneumonia. The DNA
was extracted by suspending the bacterial colonies and
vortexing and pouring them into 100 mL of MilliQ water.
The suspension was further boiled for 10 min and centrifuged
at 10,000 rpm for 5 min and equal volume (100 mL) of 24:1
(v/v) chloroform—iso-amyl alcohol was added to the boiled
and separated suspension. This solution was again centrifuged
at 12,000 rpm for 10 min, which resulted in the formation of
an aqueous layer containing DNA. This aqueous layer was
carefully separated out and kept at -20 °C prior to use. For
denatured single-stranded DNA, the DNA samples extracted
from the above-mentioned method were heated on water bath
(95 °C) for 5 min and were immediately chilled in ice. These
aliquots of samples were subjected to sonication for 15 min at
120 V to break the long DNA strands into smaller fragments.
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Results and discussion

Morphological characterization of the deposited
materials

The morphology of the electrodeposited APTMS-ZnO/c-
GNF on ITO electrode was studied using SEM (Fig. 1). The
SEM image of APTMS-ZnO/c-GNF/ITO shows dendritic
structure that might be due to the assembly of APTMS-ZnO
nanorods with ¢c-GNF on applying potential during the elec-
trodeposition (Fig. 1a and b at different magnification). Even
the rods of the ZnO have not lost its morphology and dendritic
structure (Fig. 1c) would lead to a greater surface area of the
APTMS-ZnO/c-GNF/ITO which will provide an excellent
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platform for pDNA attachment. While in the case of electro-
deposition of APTMS-ZnO no such assembly is observed and
smoothsheet-like morphology can be seen for APTMS-ZnO/
ITO (Fig. 1d).

Electrochemical characterization
Electrochemical impedance spectroscopy

The electrochemical properties of the deposited material are
evaluated using electrochemical impedance spectroscopic
(EIS) studies since it is a powerful tool for observing the
charge transfer processes at the electrode-electrolyte interface
[25]. The impedimetric spectra are seen in Fig. 2a called as the
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Fig. 1 (a) (b) (c) SEM images of APTMS-ZnO/c-GNF/ITO electrode at
different magnifications and (d) SEM image of APTMS-ZnO/ITO
electrode

Nyquist plot which consists of two parts one semicircular part
at high frequency and the other linear plot at a lower frequen-
cy. The semicircular high-frequency part signifies the electron
transfer mediated process. The linear lower frequency part
corresponds to the diffusion-limited process. The
impedimetric spectrum of the fabricated biosensor was fitted
using a modified Randles equivalent circuit. This circuit is
made up of different elements such as electrolyte resistance
(Rs), Warburg impedance (Zy), double layer capacitance
(CPE) and the electron transfer resistance (Rct). The Rs is
the resistance which is observed between the working and
the reference electrode. Zy, is the element associated with
the process at the electrode-electrolyte interface due to diffu-
sion of redox probe ions. CPE is related to the double layer
capacitance. The numerical value of Ret is helpful in deriving
the electrochemical response of the fabricated biosensor. The
measurements of the impedance were made to carry out at the
open circuit voltage and the test frequency was in the range of
100 kHz to 0.1 Hz with amplitude of £5 mV [25].

The EIS technique was adopted to investigate the electro-
chemical behavior of APTMS-ZnO/c-GNF/ITO electrode,
pDNA/APTMS-ZnO/c-GNF/ITO electrode and
pDNA/APTMS-ZnO/c-GNF/ITO electrode incubated with
E. coli cDNA by comparing their Ret values (Fig. 2a). The
semicircular region of the impedance curve reflects the numer-
ical value of Rct, derived by fitting a Randles and Ershler
model circuit. Also, the presence of a functional group on
the composite material APTMS-ZnO/c-GNF might chemi-
sorb the complementary target of the oligonucleotide. To
avoid the false positive signal due to chemisorption, there is
aneed to optimize the concentration of pDNA. The optimized
concentration of pDNA was found to be 10°® M, which

showed the leveling of the Rct value (optimization data not
shown).

Cyclic voltammetry

The cyclic voltammetry studies were used to investigate the
electrocatalytic behavior of the fabricated electrodes towards
the redox behavior of [Fe(CN)g]* "+ [25].The outcome of the
cyclic voltammetry as the function of scan rate (v) for
APTMS-ZnO/c-GNF/ITO and pDNA/APTMS-ZnO/c-GNF/
ITO can be seen in Fig. 2b and c. The anodic and cathodic
peak corresponds to oxidation and reduction of [Fe(CN)s]> '+
redox couple respectively. The anodic and cathodic peak cur-
rents were found to vary linearly with v in the range of 10 to
300 mVs ' indicating the electrochemical reaction of the re-
dox pair at the working electrode to be diffusion-limited (Fig.
S7 A and B).

Electrochemical response study

The electrochemical response of the DNA hybridization was
studied using the EIS technique [34]. Upon immobilization of
pDNA on APTMS-ZnO/c-GNF/ITO an increase in the Rct
value (754 €2) was observed because of the repulsion between
the [Fe(CN)g]* "+ electrolytic redox couple and the phosphate
backbone of the pDNA (Fig. 3a curve (i)). There was a further
increase in Rct value after the hybridization of complementary
DNA (889 €2) due to an increase in the number of phosphate
backbone in the double-stranded DNA (Fig. 3a curve (ii-xii)).
It can be inferred that with a change in the negative charge and
conformation transition, the interfacial properties changes and
this becomes the basis of sensitive determination of cDNA of
E. coli. The signal used for the measurement was the differ-
ence in the Rct value of pDNA immobilized electrode and the
electrode after hybridization with cDNA {ARct = Rct(cDNA)
— Ret(pDNA)}. There was a linear relationship between the
analytical signal (ARct) and the log of concentration of cDNA
target ranging from 10~ to 107® M (Fig. 3b) and follows the
following regression eq. (1):

ARct = 3840.02
+ 235.14 [log (concentration of cDNA)] (1)

with linear regression of 0.9952. The detection limit of the
fabricated pDNA/APTMS-ZnO/c-GNF/ITO based biosensor
is 0.1 fM. As the APTMS-ZnO/c-GNF contain ample func-
tional groups which provide a conducive platform for the im-
mobilization of pDNA, leading to higher loading of pPDNA on
to the APTMS-ZnO/c-GNF/ITO electrode, resulting in in-
creased hybridization efficiency. From the data obtained it
can be easily concluded that compared with other previously
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Fig. 2 (a) Nyquist diagram (Z; vs. Z,) for the Faradic impedance in the
frequency range from 100 kHz to 0.1 Hz for (i) APTMS-ZnO/c-GNF/ITO
electrode, (ii) pDNA/APTMS-ZnO/c-GNF/ITO bioelectrode, and (iii)
cDNA on pDNA/APTMS-ZnO/c-GNF/ITO bioelectrode., (b) Cyclic

reported methods which have their inherent limitations as
discussed in preceding section 1 and other works reported
based on hybridization this genosensor shows a wider detec-
tion range, better sensitivity and low detection limit (cf.
Table S3 and S4).

Selectivity study

The pDNA/APTMS-ZnO/c-GNF/ITO bioelectrode was
found to be selective towards different target DNA sequences
such as non-complementary, one base mismatch and comple-
mentary sequences. The selectivity was studied using EIS
technique (Fig. S9). There was only slight increase in the
Rct value after incubating the bioelectrode with non-
complementary DNA sequence (844 ) (Fig. S9 curve (ii))
as compared to pDNA (curve (i)). This is very obvious since
the non-complementary DNA base sequences do not match
with the pDNA base sequence and no hybridization would
lead to a negligible change in the charge distribution of elec-
trode surface and therefore very less change in Rct value.
When the pDNA/APTMS-ZnO/c-GNF/ITO bioelectrode
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voltammogram of APTMS-ZnO/c-GNF/ITO electrode and (c)
pDNA/APTMS-ZnO/c-GNF/ITO electrode (in 5 mM [Fe(CN)g]* '+,
PBS, 100 mM, pH 7.0, 0.9% NaCl)

was incubated with one-base mismatch DNA sequence (curve
iii), there was a slight increase in the Ret value in comparison
to pDNA/APTMS-ZnO/c-GNF/ITO bioelectrode which can
be clearly seen by the semicircular diameter of the curve (i)
and curve (iii) of Fig. S9. This might be due to partial hybrid-
ization of pDNA with bases of one-base mismatch DNA as a
result of which there is increase in negative charge at the
electrode surface. The negatively charged electrode surface
now applied a blocking effect i.e. repulsion towards the redox
ions. While on exposure of pPDNA/APTMS-ZnO/c-GNF/ITO
bioelectrode with cDNA there is complete hybridization of
bases takes place leading to increase in negative charge and
higher blocking effect towards the redox ions (curve iv) as can
be ascertained from high Rct value.

Specificity study

The specificity of pPDNA/APTMS-ZnO/c-GNF/ITO
bioelectrode was checked towards the isolated DNA from
the panel strains of E. coli and various other water-borne path-
ogens such as Salmonella Typhimurium, Neisseria
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meningitides and Klebsiella pneumonia using EIS study (Fig.
S10). There was a marked increase in Rct value when the
bioelectrode was incubated with clinical E. coli strains indi-
cating the complete hybridization. Whereas, negligible change
was recorded when the electrodewas incubated with other
pathogenic stains S. Typhimurium, N. meningitides and
K. pneumonia. While the strains of other bacteria such as
S. Typhimurium do not affect the hybridization of the
bioelectrode with the strains of E. coli revealing the specificity
of the fabricated biosensor.

The reusability of the fabricated electrode was evaluated by
immersing the electrode in a buffer solution (pH 8.0) contain-
ing Tris buffer (10 mM) and EDTA (1 mM) at 100 °C for
5 min, followed by cooling in an ice bath for about 25 min.
This process completely removes the cDNA via thermal de-
naturation. The Rct value of the nucleic acid sensor was found
to decrease after each regeneration process (5 cycles) with a
total loss of 10.42% of the original Rct value. This reduction
in signal may be due to surface fouling during the regeneration
process indicating that the biosensor can be used for atleast 5
times (data not shown).

Conclusion

In summary, the work emphasizes the synthesis of
APTMS functionalized ZnO-carboxylated graphene
nanoflakes composite using wet chemical route and its
electrophoretic deposition on ITO supported electrode at
120 V. This fabricated platform was immobilized with
probe DNA sequences for the selective determination of
E. coli O157:H7 DNA using impedemetric technique. The
proposed E. coli O157:H7 DNA sensor retained its activ-
ity for 5 repetitive uses with a loss of approximately 10%
activity. The lowest concentration of E. coli O157:H7
DNA detection using the fabricated biosensor was found
to be 0.1 fM. The sensing platform can be interestingly
used for the detection of other water borne pathogenic
DNA sequences. Besides all this, efforts are being made

to develop affinity based biosensors (using antibody—
antigen interactions) to allow the detection of E. coli
O157:H7 cells directly from water samples.
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