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a b s t r a c t

Creating novel nanostructures is a primary step for high-performance analytical sensing. Herein, a new
worm like nanostructure with Zinc Oxide-gold (ZnO/Au) hybrid was fabricated through an aqueous
hydrothermal method, by doping Au-nanoparticle (AuNP) on the growing ZnO lattice. During ZnO
growth, fine tuning the solution temperature expedites random curving of ZnO nanorods and forms
nano-worms. The nano-worms which were evidenced by morphological, physical and structural ana-
lyses, revealed elongated structures protruding from the surface (length: 1 mm; diameter: �100 nm). The
appropriate peaks for the face centred cubic gold were (111) and (200), as seen from X-ray diffractogram.
The strong interrelation between Au and ZnO was manifested by X-ray photoelectron spectroscopy. The
combined surface area increment from the nanoparticle radii and ZnO nanorod random curving gives
raise an enhancement in detection sensitivity by increasing bio-loading. ‘Au-decorated hybrid nano-
worm’ was immobilized with a probe DNA from Vibrio Cholera and duplexed with a target which was
revealed by Fourier Transform Infrared Spectroscopy. Our novel Au-decorated hybrid nano-worm is
suitable for high-performance bio-sensing, as evidenced by impedance spectroscopy, having higher-
specificity and attained femtomolar (10 fM) sensitivity. Further, higher stability, reproducibility and re-
generation on this sensing surface were demonstrated.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Success in nanotechnology has been driven in most cases by
bottom-up and top-down approaches with inter- and multi-dis-
ciplinary strategies (Gopinath et al., 2009; Fujimaki et al., 2010;
Nomura et al., 2013; Simpson et al., 2011). These two approaches
are highly involved in the creation of nanostructures, evidenced by
a complete platform for research and development, forms roads
from laboratory to Industry and bridging the gaps in all disciplines
(Balakrishnan et al., 2015; Dong et al., 2010; Gopinath et al., 2008a;
2008b; Lakshmipriya et al., 2013). In laboratory conditions, bot-
tom-up or self-assembly approaches, involving nanofabrication by
chemical or physical forces operating at the nanoscale level to
assemble basic units into complete structures, met great success
(Li et al., 2011; McAlpine et al., 2007). In the recent years, with
these approaches, nanostructured metal oxides have been the
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.

focus for biosensor development (Köck et al., 2014; Perumal and
Hashim, 2013; Solanki et al., 2011). Among various types of na-
nostructured metal/semiconductor hybrids that have been devel-
oped, nanostructured Zinc oxide (ZnO) has been intensively stu-
died because of its unique nano-morphology, functional bio-
compatibility, chemical stability, sensitivity, non-toxicity, and high
catalytic properties (Foo et al., 2013; Jiang et al., 2014). Further-
more, ZnO nanostructures possess excellent electrical properties,
which are suitable for fast and accurate sensing applications (Ali
et al., 2012; Tak et al., 2014). The biocompatibility characteristics
exhibited by ZnO is highly desired for surface functionalization
and interfacing with chemical and biological compounds at pH
extremes (Haarindraprasad et al., 2015; Liu et al., 2008; L. Wang
et al., 2010a). Recently, optical, electrical and magnetic properties
of ZnO nanostructure have been reported to be enhanced through
the incorporation of novel metal nanoparticles, with advantages
for improvements in biosensing characteristics owing to their
potential for enhanced catalytic activity, surface to volume ratio
and multiple functionality (Khoa et al., 2015; Kumar et al., 2015). It
is expected that the judicious application of nanoscale structures
via these combinations with novel metals, will yield new
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strategies and avenues for diagnosis and therapeutics (Geng et al.,
2012; Lee et al., 2011). ZnO nanostructures prepared by bottom-up
approach are catalytically synthesized by chemical and physical
vapour depositions and vapour liquid solid method, where struc-
tures are assembled from basic units into larger structures (Suh
et al., 2010; Wang et al., 2005). Unfortunately, bottom up approach
through this method is not promising due to several limitations,
such as low yield assembly, catalyst dependence, high cost and
limited lab-settings, which require knowledge of complicated
technologies (Bai et al., 2013; Kashif et al., 2013). Looking at ease of
fabrication, sol–gel spin coating combined with an aqueous hy-
drothermal technique is an easy and convenient method for the
synthesis of various ZnO nanostructures through the bottom-up
approach. This technique has promising advantages, such as cap-
ability for production upscaling at low temperatures and produc-
tion of epitaxial, anisotropic nanostructures (Polsongkram et al.,
2008; Zhang and Que, 2010). Using this method and varying the
growth parameters, such as reaction temperature, solution mo-
larity, and pH, various ZnO nanostructure can be formed (Foo et al.,
2014; Kashif et al., 2012; Perumal et al., 2015; Tak et al., 2014).
However, there has not been much focus on the ZnO/Au hybrids to
create novel nanostructures through the hydrothermal growth
method. Herein, we report a new structure formation through
AuNP mediated random curving of ZnO nanorod. In this study, we
took the advantage of ZnO/Au properties and generated a new
hybridized nanostructure possessing worm-like morphology on a
silicon substrate. We demonstrated a simple, low-cost hydro-
thermal growth method to synthesize ZnO/Au hybrid worm,
generated by doping Au on the ZnO nanorods. Further, the effects
of AuNP on the surface topology, structural and optical char-
acteristics of ZnO/Au hybrid nano-worm has been investigated.
This study involves the process to obtain nano-worm like struc-
ture, the way developed remarkably creates an avenue for other
new nanostructure creations.
2. Methods

2.1. Fabrication of Interdigitated Electrodes (IDEs)

A p-type silicon wafer was cleaned using RCA1, RCA2 and BOE
to remove organic and inorganic contaminations and native oxide
layer on the wafer surface (Adam and Hashim, 2014; Balakrishnan
et al., 2014). Next, the silicon wafer was rinsed and cleaned with
deionized water. 200 nm thick SiO2 layer was produced on the
cleaned wafer surface using a wet oxidation furnace. Using a
conventional lithography process, an IDE device of 7 mm�5 mm
in size was patterned using negative resists (NR7-6000PY) on the
SiO2/Si substrate. A thermal evaporator (Auto 306 thermal eva-
porator; Edwards High Vacuum International, Wilmington, MA,
USA) was used to deposit a Titanium/Au (500/3000Å) layer on the
SiO2/Si substrate and were patterned through lift-off process.
Eventually, the negative photoresist sacrificial layer which formed
was removed using acetone. In this work, an IDE with 16 fingers
was fabricated where the width and length of each finger was
0.1 and 3.9 mm, respectively, and the spacing between the two
adjacent fingers was 0.1 mm.

2.2. Preparation of ZnO thin films (ZnO-TFs)

ZnO-TFs were prepared using spin coating technique as fol-
lows; 8.78 g of Zn(CH3COO)2 �2H2O was dissolved in 200 ml of
ethanol solvent (ZnO seed solution sol–gel). The concentration of
ZnO was kept constant as 0.2 M. The mixed solution was then
vigorously stirred with a magnetic stirrer at 60 °C for 30 min. The
stabilizer, MEA was added drop by drop to the ZnO solution with
constant stirring for 2 h. Finally, the transparent and homogenous
solution were stored for aging at room temperature. The aged ZnO
sol gel was deposited onto the IDE device by using a spin coating
technique at a speed of 3000 rpm for 20 s. The deposition process
of seed layer was repeated for 3 times to get a thicker ZnO thin
film. For each deposition process, the coated ZnO thin films were
dried at 150 °C for 20 min to remove the organic residuals that
might exist on the ZnO thin films. The coated ZnO thin films were
then annealed in a furnace under ambient air at 300 °C for 2 h to
get highly crystallized ZnO.

2.3. Preparation of ZnO-TF–Au Nanohybrids

ZnO-TF–Au nanohybrids were prepared by a sputtering meth-
od. To form ZnO-TF–Au nanohybrids, Au wetting layer were phy-
sically deposited by a Sputter coater (EMS550X) with Au target
and rotating stage. The detailed experimental condition is: electric
current is kept at 25 mA, for 2–8 min and the Argon process va-
cuum level was kept at 10�2 mbar. Hence, we obtained Au- de-
corated ZnO TFs forming ZnO-TF–Au nano-hybrids.

2.4. Preparation of ZnO/Au hybrid nano-worm by hydrothermal
method

ZnO Nano-worm like structure was formed using hydrothermal
growth methods. For hydrothermal growth of ZnO/Au hybrid
nano-worm, the prepared substrate with seed layer coated (ZnO-
TF–Au nanohybrids) was submerged backward inside growth so-
lution using Teflon sample holder. 25 mM of growth solution were
prepared by mixing zinc nitrate hexahydrate and hexamethylte-
tramine in de-ionized water. The growth process was done inside
a vacuum oven at 97 °C for 3 h. The prepared hydrothermal growth
ZnO/Au hybrid nano-wormwere cleaned with Isopropanol and de-
ionized water to remove residual salt prior to annealing in furnace
under ambient air at 300 °C for 2 h.

2.5. DNA immobilization and hybridization

The ZnO/Au hybrid nano-worm electrodes were cleaned and
dried under nitrogen gas and used to fabricate DNA biosensor to
detect Vibrio cholera. The direct immobilization of probe DNA on
the electrode surface was achieved by dispensing 10 mL of 1 mM
probe DNA solution in Tris- EDTA buffer for 3 h followed by
washing the electrode and then rinsing with sterile double dis-
tilled water. The DNA hybridization was accomplished by dispen-
sing the probe modified electrodes into different concentrations of
test DNAs (complementary, non-complementary and mis-mat-
ches). The electrodes were washed upon hybridization process to
remove any unbound target before measurements were taken. The
complete immobilization process of thiolated probe DNA and hy-
bridization with target is schematically illustrated in Fig. 2. The
electrodes hybridized DNAwas regenerated by rinsing the surfaces
with hot (95 °C) deionized water for 2 min, followed by rapid
cooling in ice bath. The surface was repetitively hybridized and
regenerated with target for reusability test. The stability of probe
DNA electrodes was studied for 4 weeks by performing the assay
on a daily basis. Electrodes were stored in 4 °C when not in use.
3. Results and discussion

Utilizing a self-assembly bottom-up approach and nanoscale
fabrication a new ZnO nanostructure possessing worm-like mor-
phology was synthesized on silicon substrate. The doping of ZnO-
TF with AuNPs (before the hydrothermal growth), created a new
surface topography with the nano-worm structure. The heating



Fig. 2. (a) Schematic illustration represents the steps involved in the synthesis of “Au decorated hybrid nano-worm” DNA bioelectrode. (b) FESEM image of low magnifi-
cation. Revealing surface of synthesized ZnO possess a worm like structure with Au nanoparticles agglomerates on the entire substrate surface. (c) Low and (d) high
magnification image of “Au decorated hybrid nano-worm” indicate the worm like elongated structure protruding from the surface with average size of 1 μm length and
diameter of �100 nm.

Fig. 1. Schematic illustration of differences in the steps involved for hydrothermal growth for Au-decorated hybrid nano-worm generation. For comparison ZnO nanorods (a),
and Au-decorated hybrid nano-worm (b) are shown. Respective FESEM images are displayed.
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process during hydrothermal growth produces a convection fluid-
current in the growth solution which formed this nano-worm. The
combined effects of convection current and heavy metal (Au) at-
tachment causes the randomization of stress and strain at the
surface of the substrate during nanorod formation, causing
random curling and forming ZnO worm-like structure (herewith
referred to as ‘Au-decorated hybrid nano-worm’). Fig. 1(a,b) shows
the schematic illustration of differences in the steps involved with
hydrothermal growth for Au-decorated hybrid nano-worm in
comparison to ZnO nanorods and displays the respective
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morphological images. This Au-decorated hybrid nano-worm of-
fers unprecedented nanostructures, having higher catalytic activ-
ity, sensitivity and stability to be employed in bio-sensing appli-
cations. A systematic study on the energetics of Au-decorated
hybrid nano-worm systems is important for tailoring the proper-
ties of next-generation bio-nano devices. Hence, in this study we
have characterized the intrinsic properties of Au-decorated hybrid
nano-worm morphologically and structurally. Further, to elucidate
the biosensing ability of Au-decorated hybrid nano-worm, we
examined the biomolecular interactions using impedance
spectroscopy.

3.1. Field-Emission Scanning Electron Microscopy (FESEM)

The general morphology of as-synthesized Au-decorated hy-
brid nano-worm was examined by FESEM. The results depicted
from Fig. 2(a) showed the ZnO-TF–Au nanohybrids obtained after
Au sputtering. The transformation of morphology from Au doped
ZnO nano thin film to nano-particle assembled ZnO nano-worm
after hydrothermal growth are depicted in Fig. 2(b) and (c), re-
spectively. The FESEM image shown in Fig. 2(c), reveals the surface
of the synthesized ZnO whereby Au agglomeration on the worm-
like structure is seen for the entire substrate surface and with high
density. A careful observation of the higher magnification FESEM
(Fig. 2(d)) revealed that the worm-like elongated structure pro-
truding from the surface with an average length of �1μm and
average diameter of �100 nm. It can be seen that the worm-like
morphology is surrounded by spherical nanoparticles of Au (bright
spots). Clear agglomerations of the Au nanoparticles were ob-
served on all surfaces of the worm-like ZnO matrices (Au-deco-
rated hybrid nano-worm), demonstrating their homogeneity. The
worm-like morphologies of ZnO matrix were substantially coar-
sened due to attachment of the AuNPs and contribute to a high
surface area. This denotes an improvement over structural vacancy
defects leading to the significant increase in surface area. Such
improvement greatly facilitates the chemisorption of organic
molecules, which is beneficial for the high loading of DNA during
immobilization and hybridization process (Wang et al., 2012).

3.2. Transmission Electron Microscopy (TEM)

Structural morphology of the Au-decorated hybrid nano-worm
composites were further examined under TEM. Fig. 3 depicts low
and high magnifications of TEM analysis and selected area of
electron diffraction pattern from the fabricated Au-decorated hy-
brid nano-worm. The low magnification TEM image on small parts
Fig. 3. (a) Typical TEM micrograph of Au decorated hybrid nano-worm. (b) High mag
Resolution TEM image. Showing the lattice fringes of Au and ZnO on Au decorated hyb
of the specimens in Fig. 3a clearly shows the dark contrast,
spherical structure of the AuNP exhibiting relatively good de-
position on the surface of the nano-worm. The higher magnifica-
tion TEM image, Fig. 3b reveals that the average diameter of nano-
worm �100 nm, which is in consistent with the observed FESEM
results. The obtained image also shows the diameter of AuNPs
deposited on the ZnO nano-worm is in the range of 5–40 nm and
distributed homogenously on the surface of the ZnO nano-worm.
As shown in Fig. 3c, the spherical structure of AuNP is observed as
dark spots attached to the smooth ZnO nano-worm with diameter
�10 nm. Thus, AuNPs are seen to be stuck to the randomly curved
ZnO structures – while agglomerating themselves, as seen in TEM
images. This increases overall diameter of Au-decorated hybrid
nano-worm structure over the plain ZnO nanorod. The observed
inter-planar lattice fringe distance (0.24, 0.26 and 0.28 nm) of Au-
decorated hybrid nano-worm corresponds to the spacing for Au
(111) crystal planes and ZnO (100) and wurtzite ZnO (002) plane,
respectively. This information suggested that both AuNPs and ZnO
co-exist in a face centred cubic structure (Wu and Tseng, 2006;
Ahmad et al., 2011). Supplementary Fig. S1(a–d) shows the cor-
responding SAED pattern of ZnO, AuNPs and ZnO/Au, respectively.

3.3. X-ray diffraction (XRD)

An X-ray diffraction analysis was carried out to examine the
crystal quality, size, orientation and morphology of the fabricated
Au-decorated hybrid nano-worm. As shown in Fig. 4a, the XRD
spectra of both Au decorated hybrid nano-worm and pure ZnO are
compared. The diffraction peaks corresponding to ZnO and Au
matched the reported Joint Committee on Powder Diffraction
Standards (JCPDS) reference spectra [for standard ZnO (No. 36–
1451) and bulk Au (No. 65–2879)], which indicates the obtained
spectra are in good agreement with standard JCPDS data cards. The
obtained XRD patterns reflection peaks at 31.86° (100), 34.49°
(002), 36.34° (101), 47.63° (102) and 56.65° (110) can be indexed as
wurtzite phase of ZnO nanostructure (Fig. 4a–i). Interestingly, two
additional diffraction peaks appear in Fig. 4a–ii, compared to pure
wurtzite ZnO nanocrystals (Fig. 4a–i). The diffraction peak corre-
sponding at 38.27° and 44.49° are assigned to diffraction lines of
(111) and (200), respectively, which are indexed to face centred
cubic of Au (Shan et al., 2008). Herein, (002) reflection appeared to
be dominant for both samples which suggests that the hydro-
thermal ZnO nanostructure anisotropically prefers growth along
the substrate (001) direction. The sharp and narrow diffraction
peaks demonstrated that ZnO/Au nanocomposites have good
crystalline quality. The crystallite structure of ZnO and AuNPs were
nification TEM image. Revealed the average diameter of about 100 nm. (c) High
rid nano-worm.



Fig. 4. (a) X-ray diffraction spectra. (i) Au-decorated hybrid nano-worm and (ii) bare ZnO. (b) Survey scan of XPS core level spectra taken on Au decorated hybrid nano-
worm, showing binding energy of Zinc, Zn 2p (c) and gold, Au 4f electrons (d).
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estimated using Scherrer equation. The crystallite sizes of Au-de-
corated hybrid nano-worm, estimated from the broadening of XRD
peaks, are about 45.12 nm, whereas AuNP has 8.7 nm. The result is
in good agreement with the HRTEM result. The lattice parameter
indicated that the product was a composite material and no other
impurities were present. Thus, the resultant planes demonstrated
pure hexagonal wurtzite ZnO structure were synthesized with
high-quality crystal and c-axis alignment.

3.4. X-ray photoelectron spectroscopy (XPS)

XPS studies were performed to reveal the elemental composi-
tion and chemical state of the elements present on the outmost
layer of the hydrothermally grown Au- decorated hybrid nano-
worm. The wide XPS survey scan has photoelectron peaks of car-
bon (C), oxygen (O), Zinc (Zn), and gold (Au) denoted from Au-
decorated hybrid nano-wormwithout any impurities (Fig. 4b). The
binding energies are calibrated within an accuracy of 0.1 eV using
C1s (284.6). The corresponding gold Au 4f and zinc Zn 2p XPS
spectra which were observed from Au-decorated hybrid nano-
worm wide scan are enlarged in Fig. 4c and d, respectively. As
shown in Fig. 4c, the Zn 2p XPS spectra consists of two peaks of Zn
2p3/2 and Zn 2p1/2 which correlate to binding energy peaks at
1022.63 and 1045.83, attributed to Zn2þ valance state (Wang et al.,
2012). The observed Zn 2p binding energy of Au-decorated hybrid
nano-worm has a slight positive shift compared with the corre-
sponding value of pure ZnO. This further substantiated that Zinc
and Au have interacted to form a compound with reduced
structural vacancy defects in ZnO (Shan et al., 2008). Fig. 4d de-
monstrates the core level XPS spectra of Au 4f and Zn 3p. The
binding energies of 83.14 eV, 86.84 eV and 87.8 eV corresponding
to Au 4f7/2, 4f5/2 and Zn 3p3/2 were observed. The variation in Au
4f7/2 binding energy compared to 84.0 eV of bulk Au proved the
strong electronic interaction between AuNPs and ZnO (Shan et al.,
2008; Hosseini et al., 2015; Wang et al., 2015). The ZnO matrix has
large structural defects caused by Zinc-and/or Oxygen-vacancies
owing to its large surface to volume ratio and polycrystalline
nature. The improvement in structural defect caused by zinc /
oxygen vacancies is made possible by trapping Au atoms and fa-
cilitating the growth of Au-decorated hybrid nano-worms. Further
discussion about the facts of the surface passivation effects on the
Au-decorated hybrid nano-worm is discussed in Photo-
luminescence section which describes the shift in the corre-
sponding binding energy of Au and Zn.

3.5. Photoluminescence (PL)

In order to correlate the optical properties of Au-decorated
hybrid nano-worm with bare ZnO nanorods, PL analysis has been
executed. Fig. 5a displays the PL characteristics exhibited by the
ZnO nanorods and Au-decorated hybrid nano-worm. The bare ZnO
nanorods show a weak near-band edge UV emission at 379 nm
and a broad, strong green emission peak at 550 nm. In ZnO, the
broad hump green emission corresponds to structural defects such
as Zn- and/or O-vacancies. When the bare ZnO sample was excited
at 325 nm, few electrons reached the conduction band while the



Fig. 5. (a) Photoluminescence spectra of Au decorated hybrid nano-worm compared with bare ZnO nanorods. (b) FTIR spectra Au-decorated hybrid nano-worm upon
immobilization and hybridization of DNA sequences from Vibrio Cholera. Absorption regions are shown from 700 to 1800 cm�1. (Au-decorated hybrid nano-worm/p-DNA
(ssDNA) and Au-decorated hybrid nano-worm/p-DNA/t-DNA (dsDNA)).
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majority of the electrons are still trapped in the defect levels. Thus,
the electrons in the defect level readily recombined with the holes
in the valence band of ZnO to give a broad hump over the visible
emission. Moreover, the intensity of UV band emission was sig-
nificantly reduced owing to lower recombination of electron–hole
pairs from the conduction band (Geng et al., 2012; Kochuveedu
et al., 2012). However, for the Au-decorated hybrid nano-worm
sample the band edge emission intensity has been significantly
increased by 6 folds. On the contrary, the defect related green
emission has been highly suppressed almost to the noise floor.
This complete suppression of green emission and increase in band
edge emission is related to the novel metal (Au) introduction to
the semiconducting ZnO structure. The energy level of ZnO defect
states and Fermi level of Au are very close to each other. Therefore,
the electrons from the defect level of ZnO can transfer to the
surface plasmons of Au, which significantly increase the electron
density of surface plasmons of Au. Consequently, when the surface
plamons of Au are excited, prompting the electrons to elevate to
higher energy states than the conduction band of ZnO (Cheng
et al., 2010). These electrons could then be easily transferred back
to the conduction band of ZnO, which facilitate the recombination
of electron–hole pairs in the ZnO valance band (Dhara and Giri,
2011; Dhas et al., 2008). In short, the mechanism explains the
enhancement in band edge emission and suppression of defect
emission, which is achieved through AuNP mediated random
curving of ZnO nanorod.

3.6. Immobilization and hybridization confirmation through Fourier
Transform-Infrared (FTIR) spectroscopy

FTIR spectroscopy analysis was performed to investigate the
structure of the compound and its vibrational characteristics
present on the outmost layer of the Au-decorated hybrid nano-
worm upon immobilization and hybridization of DNA sequences
from Cholera. The FTIR spectra of Au-decorated hybrid nano-
worm/p-DNA (probe) and Au-decorated hybrid nano-worm/p-
DNA/t-DNA (duplexed) bio-electrode are shown in Fig. 5b. The
transmission of infrared waves from FTIR is responsible for the
identification of the various bonds in a functional groups of mo-
lecules via stretching and bending. In previous FTIR spectroscopic
studies, the absorption region from 700 to 1800 cm�1 represents
the fingerprint region of nucleic acid (Mello and Vidal, 2012). The
comparison of the FTIR spectra of the immobilized (ss-DNA) and
hybridized (ds-DNA) samples as indicated in Fig. 5b, reveals si-
milar absorption peaks except for several differences. In ds-DNA,
there is an apparent shift with the peak originally observed in ss-
DNA at 900 cm�1 to the left-side of the spectrum (1250 cm�1).
The observation of ds-DNA spectra also revealed additional vi-
brational characteristics in the region of 900–1250. This is attrib-
uted to an increase in the amount of symmetric and asymmetric
vibrations of PO4

� group present in the DNA phosphodiester
deoxyribose backbone resulting from the immobilization and hy-
bridization process (Mello and Vidal, 2012; Petrovykh et al., 2003).
The vibrational peak at 835 cm�1 revealed the presence of deox-
yribose phosphate in both immobilized and hybridized samples.
The FTIR spectra of Au-decorated hybrid nano-worm/p-DNA/t-
DNA exhibits absorption peaks at 1035, 1061, 1086 and 1210 cm�1,
which correspond to the phosphate groups of DNA, such as the
symmetric and anti-symmetric stretching of DNA phosphate, and
phosphate back-boned stretching, respectively (Opdahl et al.,
2007). This hints clearly about the success of immobilized and
hybridized process on Au-decorated hybrid nano-worm lattice.
Apart from this, the vibrational peaks at 1459, 1635, 1697 and
1731 cm�1, corresponds to the functional groups of DNA, such as
cytosine, thymine, adenine and guanine, respectively (Baker et al.,
2008; Das et al., 2015). The corresponding absorption frequencies
for the entire vibrational group observed in Fig. 5b with assign-
ment and chemical moiety are shown in supplementary Table S1.
These comprehensive FTIR results suggest that DNA molecules
were successfully immobilized and hybridized onto the Au-deco-
rated hybrid nano-worm.

3.7. Bio-sensing analyses on Au-decorated hybrid nano-worm

AC impedance spectroscopy has been used for bio-sensing
analysis on Au-decorated hybrid nano-worm. Nyquist plots of the
AC impedance spectroscopy spectra were obtained over the fre-
quency range of 0–100 Mhz for a 100 mM PBS solution (pH 7.4)
containing 10 mM [Fe(CN)6)]3� /4� of the sample of bare Au-de-
corated hybrid nano-worm, Au-decorated hybrid nano-worm/p-
DNA and Au-decorated hybrid nano-worm /p-DNA/t-DNA as
shown in Fig. 6a. The obtained nyquist plot can be expressed by
Randles equivalent circuit (inset), where the parameter Ra and Rct
represent the resistance of bulk solution and charge transfer re-
sistance respectively while CPE is an abbreviation for constant
phase element. The semicircle in impedance spectra represents
the interfacial charge transfer resistance, Rct, corresponding to the
carrier transfer from the modified electrode to the ferricyanide in
the solution. As shown in Fig. 6a, the semicircle (i) exhibits very
small Rct value (�10.5 kΩ). The result suggests that interfacial



Fig. 6. (a) Impedance spectra of (i) Au decorated hybrid nano-worm, (ii) Au decorated hybrid nano-worm/p-DNA (probe) and (iii) Au decorated hybrid nano-worm/p-DNA/t-
DNA (duplex) bio-electrode. The inset shows the Randles equivalent circuit, where the parameter Ra, Rct and CPE are representing the bulk solution resistance, charge
transfer resistance and constant phase element, respectively (b) Impedimetric response curve of Au decorated hybrid nano-worm /p-DNA hybridized with different con-
centrations of complementary target DNA (i–ix) 0.1 mM to 1 pM. (c) Shows the linear regression curve for different concentrations of target DNA with linear equation of
ΔRct, (d) Imaginary part showing overall impedance which decreases and the peak frequency shifted towards the higher frequencies as the concentration of complementary
DNA decreases. Inset graph showing the gain curve of Au-decorated hybrid nano-worm /p-DNA hybridized with different concentrations.
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layer of bare Au-decorated hybrid nano-worm has an excellent
electron transfer property towards to electrolyte solution owing to
its high surface area. There is an increment in the Rct (�45.5 kΩ)
value observed upon immobilization of thiolated ssDNA probe
with respect to the bare Au-decorated hybrid nano-worm. The
observed diameter increment can be explained as the adsorption
of the probe DNA following immobilization leading to Au–SH bond
on the surface of the sample blocking the diffusion of [Fe(CN)6]3� /

4� towards the electrode surface leading to an increase of Rct
(Häkkinen, 2012; Ramulu et al., 2013). Such increment in Rct value
not only confirms the effective immobilization of the probe DNA
but also reveals the electrostatic repulsion caused by the electro-
negative phosphate skeleton of the DNA. Further increment in the
Rct value (100.0 kΩ) for Au-decorated hybrid nano-worm/p-DNA/
t-DNA was observed (Fig. 6a). It likely is caused by increasing the
electro-negative phosphate skeleton of the DNA resultant of the
hybridization process, which is attributed to the electrostatic re-
pulsion force between the negatively charge phosphate backbone
and [Fe(CN)6)]3� /4� anion at electrode surface. Thus, the resultant
Rct value confirms the successful hybridization of target DNA to-
wards the probe immobilized bio-electrode (Ohno et al., 2012;
Ramulu et al., 2013). Nyquist plot of concentration dependent
(10�6–10�14) DNA duplex formation between probe and the tar-
get DNA is shown in Fig. 6b. As seen in the figure, the Rct value
increased upon hybridization with increasing concentration of
target DNA. Thus, the observed increase in Rct value could be as-
cribed by the electrostatic repulsion between the [Fe(CN)6]3�/4�
anion and the negatively charged phosphate backbone of the
complementary DNA. Supplementary Table S2 displays the simu-
lation results with nonlinear curve fitting for the measured im-
pedance with an equivalent circuit. The sensitivity of the proposed
Au-decorated hybrid nano-worm bio-electrode was investigated
and a linear correlation of differences in the charge transfer re-
sistance, with respect to the logarithm of complementary DNA
concentration is shown in Fig. 6c. It was observed that Rct linearly
increases with increasing complementary DNA concentrations
from 10 fM to 1 mM. The different values of Rct at probe for im-
mobilized bio-electrode and hybridized bio-electrode were found
to be proportional to the natural logarithm of t-DNA concentration
with a linear equation of Rct¼1.5434E9xþ1.16923E8,
(R2¼0.99026). Fig. 6d shows the imaginary part of impedance by
plotting the imaginary (–Z”) against the logarithm of the fre-
quencies which exhibits Debye-type peaks. It is obvious that the
imaginary part of overall impedance decreases and the peak fre-
quency shifted towards the higher frequencies as the concentra-
tion of complementary DNA decreases. The decrease in imaginary
part impedance indicates that conductivity of the sensor increases,
whereas the shifting indicates that as the DNA concentration de-
creases, the relaxation time is increasing. Thus, decreasing the
DNA concentration results in overall decrease in imaginary part
impedance, which reflects the ease flow of the charge carriers to
the AC electric field (Kashif et al., 2013; A. A. Saif and Poopalan,
2011a). The variation of the real (Z’) components of impedance for
various complementary DNA concentration with frequency reveals
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a relaxation peak for Au-decorated hybrid nano-worm bio-elec-
trode as shown in the inset of Fig. 6d. It can be observed from the
results that the susceptibility of the sensor can be categorized to 3;
the constant frequency range of 1–10 Hz, sharp decrement at 10–
1000 Hz and a constant gain at 1000 Hz onwards. In principle, the
enhanced space charge region rules the conductivity process
during low frequency range. Further increase in the frequency
results in sharp decrement in the susceptibility which is influ-
enced by surface charge on the grains. At high frequencies
(Z1000 Hz) all curves are seen to be merging, which suggests that
the measured impedance equals the static impedance at this stage
(Saif and Poopalan, 2011b, 2011c). This comprehensive results
leads to a suitable selection of frequency for optimization of the
fabricated bio-electrode. The high-performance sensing of Au-
decorated hybrid nano-worm can be derived from the following
aspects; the oxygen molecules from ambient atmosphere can be
easily adsorbed on ZnO owing to their large surface to volume
ratio of ZnO nanostructures. This leads to a migration of electron
from the conduction band of ZnO material towards oxygen,
creating many electron traps at the grain boundary surfaces, which
leads to broadening of depletion layer with lower conductivity (O2

(gas)þe�¼O2
� (ads)) (Gogurla et al., 2014; Kashif et al., 2013). In

the present study, ordinary physical structure of ZnO has been
altered, where Au-decorated hybrid nano-worm structure was
fabricated through hydrothermal growth process. However, the
physical structure alteration does not change the ZnO tendency for
n-type conductivity. The consequence of this fact is that the work
function of ZnO is higher (5.2–5.3 eV) than Au (5.1 eV), resulting in
an electron transfer from Au to ZnO (Ohmic junction) until the two
systems reach a dynamic equilibrium at initial state (Janotti and
Van de Walle, 2009; Zhang et al., 2012). This leads to a decrease in
the width of the depletion layer with higher conductivity. On the
other hand, in this manuscript we reported immobilization of
thiolated DNA using a strong covalent bond between Au and sul-
phur. Hence, the immobilization of thiolated probe DNA on the
AuNPs in the ZnO nano-composites alters the dynamic equilibrium
of Au-decorated nano-worm. The covalent bond between Au and
Sulphur gives rise to a hole current density on the ZnO surface
induced by the negatively charged phosphate backbone, resulting
in a decrease in the electron again leading to broadening of de-
pletion layer which lowers the conductivity. Hence, this variation
has been employed to elucidate the sensing mechanism at inter-
facial surface of bio-electrode during the immobilization and hy-
bridization process, which leads to an alteration in its impedance.

3.8. Analytical performances of Au-decorated hybrid nano-worm
biosensor

Further tests were conducted to evaluate the analytical per-
formance of Au-decorated hybrid nano-worm bio-electrode,
which are shown in Supplementary Fig. S2(a–d). In brief, Au-de-
corated hybrid nano-worm bio-electrode has good linearity and a
detection limit to the level of femtomolar, which was estimated
using a signal to noise ratio of more than 3s. The Rct value of the
t-DNA (1 nM) was ∼498 kΩ, which is nearly 14 folds larger than
single base mismatched DNA (∼36.9 kΩ) with the same con-
centration, indicates DNA biosensor has excellent sequence spe-
cificity. Therefore, the sensitivity and specificity reported is among
the best, compared to the previous reports in literatures (Das et al.,
2010; Huang et al., 2015; Iyer et al., 2014; Ryu et al., 2010; J. Wang
et al., 2010b; Zhang et al., 2008a, 2008b). The cross specificities
with other bacteria, such as Leptospira and E.coli are also shown in
Supplementary Fig. S2b. The value of Rct signal does not vary
significantly in the presence of unrelated molecules, indicating
non-influence of the individual interferants. The re-usability of the
biosensor was tested by repetitive hybridization with t-DNA, the
Rct values of the regenerated bio-electrode before and after hy-
bridization were tested (Supplementary Fig. S2b; inset). After
consequent 5 regenerations and hybridizations, the electrode only
lost about 9.4% of its original Rct signal value. Therefore, the re-
generation of the proposed DNA Au-decorated hybrid nano-worm
sensor possessed potential for continuous analysis of target DNA.
The electro-analytical response of Au-decorated hybrid nano-
worm biosensor shown in Supplementary Fig. S2c, revealed that
the response time for this DNA sensor can be 1 min with the
complete duplex formation. The stability of shelf-life study results
(Supplementary Fig. S2d) showed that the prepared bio-electrode
is very stable and lost 50% of its activity only after 12 weeks. As
shown in the inset (Supplementary Fig. S2d; inset), the reprodu-
cibility of developed Au-decorated hybrid nano-worm sensor has a
relative standard deviation (R.S.D) of 3% with 5 parallel measure-
ments prepared under similar processing conditions, which shows
a good reproducibility of the fabricated DNA biosensor. Further,
the comparison of analytical performance with different DNA
sensor shown in Supplementary Table S3.
4. Conclusion

Fine tuning of the fabrication of metal hybrids created novel
structures, and participation of Au or Au-colloids are predominant in
these processes. The current study detailed the fabrication ZnO and
AuNP colloid hybrid under a finely tuned hydrothermal method and
succeeded with a new novel ‘Au-decorated hybrid nano-worm’. This
new nanostructure is shown to be created by a sequential random
curving of ZnO upon doping with AuNP. Progression and completion
of this structure was clearly demonstrated by different morphological,
physical and electrical based analyses. Further, the ability of created
Au-decorated hybrid nano-worm structure for impedance sensing
was proved to distinguish Vibrio Cholera. A clear demonstration was
displayed and attained the sensitivity to the level of femtomolar.
Further, higher stability, reproducibility and regeneration on this
sensing surface were demonstrated. The created nanostructure hy-
brid has thrown a bunch of ideas towards future novel nanostructure
developments, a new direction towards nanotheranostics.
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