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One-step coelectrodeposition-assisted layer-
by-layer assembly of gold nanoparticles and
reduced graphene oxide and its self-healing
three-dimensional nanohybrid for an ultrasensitive
DNA sensor†

Jayakumar Kumarasamy, a,c,e María Belén Camarada, b Dharuman Venkatraman,*a

Huangxian Ju, c Ramendra Sundar Dey*d and Yangping Wen *e

A layer-by-layer (LBL) assembly was employed for preparing multilayer thin films with a controlled archi-

tecture and composition. In this study, we report the one-step coelectrodeposition-assisted LBL assembly

of both gold nanoparticles (AuNPs) and reduced graphene oxide (rGO) on the surface of a glassy carbon

electrode (GCE) for the ultrasensitive electrochemical impedance sensing of DNA hybridization. A self-

healable nanohybrid thin film with a three-dimensional (3D) alternate-layered nanoarchitecture was

obtained by the one-step simultaneous electro-reduction of both graphene oxide and gold chloride in a

high acidic medium of H2SO4 using cyclic voltammetry and was confirmed by different characterization

techniques. The DNA bioelectrode was prepared by immobilizing the capture DNA onto the surface of

the as-obtained self-healable AuNP/rGO/AuNP/GCE with a 3D LBL nanoarchitecture via gold–thiol inter-

actions, which then served as an impedance sensing platform for the label-free ultrasensitive electro-

chemical detection of DNA hybridization over a wide range from 1.0 × 10−9 to 1.0 × 10−13 g ml−1, a low

limit of detection of 3.9 × 10−14 g ml−1 (S/N = 3), ultrahigh sensitivity, and excellent selectivity. This study

presents a promising electrochemical sensing platform for the label-free ultrasensitive detection of DNA

hybridization with potential application in cancer diagnostics and the preparation of a self-healable nano-

hybrid thin film with a 3D alternate-layered nanoarchitecture via a one-step coelectrodeposition-assisted

LBL assembly.

1. Introduction

DNA sensors have been intensively employed for infection dis-
eases assays, pathogens recognition, cancer diagnosis,
environmental monitoring, and other purposes. Electro-
chemical devices are very easy to miniaturize, intelligentize,
modularize, integrate, and multi-functionalize. Moreover,

electrochemical transducers are reasonably simple, rapid, and
inexpensive, and the electrochemical transduction is indepen-
dent of solution turbidity or the optical pathway. They have
been widely utilized for highly sensitive determination of DNA
hybridization. Almost all electrochemical DNA sensors are
based on the use of commercially available substrate electrodes
obtained by sealing metal or carbon materials into plastic sup-
ports. Recently, substrate electrodes assembled/modified by
various nanomaterials as promising sensing platforms have
been explored/exploited for the amplified detection of DNA to
overcome safety problems, poor sensitivity, and bad stability.1,2

The immobilization of DNA onto the surface of transducers
plays an important role in the overall performance of DNA
sensors. Electrochemical transducers based on carbon or gold
electrodes have been extensively reported for DNA sensors.
Gold electrodes can easily accomplish self-assembly via gold–
thiol interactions, but their high electrochemical active surface
is easily inactivated by modification, and their potential
window is limited to a relatively positive range due to low over-
potential of gold for hydrogen evolution,3 In contrast, carbon
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electrodes have been widely used in the field of electro-
chemical sensors and have demonstrated a number of advan-
tages such as low cost, abundant structural variety, tailorable
surface chemistry, wide potential window, relatively inert
electrochemistry, extraordinary electrocatalytic activity, and
good conductivity and strength.5,6 The glassy carbon electrode
(GCE) is recognized as the most common carbon electrode. It
has a well-defined surface, and various groups have been
applied as surface modifiers for different applications.
Moreover, GCE assembled/modified by numerous nanocarbon
and/or nanometal materials are increasingly used for the
highly efficient fabrication of sensors, capacitors and batteries/
cells,7–9 especially electrochemical biosensors for the detection
of biomacromolecules.8,9

Graphene usually has many defects, which are the most sig-
nificant obstacles for realizing the superior properties of pris-
tine graphene. A large number of research efforts have focused
on reducing these defects to recover the ideal properties of gra-
phene during synthesis. Kim’s team10 demonstrated healing
graphene defects using selective electrodeposition. Yoon and
coworkers11 developed self-healing reduced graphene oxide
(rGO) films by supersonic kinetic spraying. Park et al.12

reported the defect healing of rGO via intramolecular cross-
dehydrogenative coupling. D’Elia et al.13 prepared self-healing
composites based on the supramolecular polymer in a gra-
phene network for sensing applications. Wang’s group14 inves-
tigated an interfacial strengthening and self-healing effect in
graphene–copper composites under shear deformation.
Clearly, the defects of graphene could be self-healed using
different methods.

It is expected that a new strategy with gold nanoparticles
(AuNPs) on a transducer surface could improve the sensitivity
of DNA hybridization. Cai et al.15 used AuNPs to enhance the
immobilization amount of DNA on a gold electrode, which
ultimately lowered the detection limit (LOD) of the electro-
chemical DNA sensor. Ma et al.16 reported a highly sensitive
electrochemical DNA sensor based on multifunctional
encoded AuNPs on the surface of a nanoporous gold electrode
due to the increased amount of immobilized DNA and highly
selective hybridization. Recently, the one-step coelectrodeposi-
tion of graphene–metal nanocomposites comprising metal
nanoparticles (NPs) and rGO has been widely reported for
chemo/biosensing applications,17–19 especially the highly sen-
sitive detection of DNA hybridization using graphene/
AuNPs.7,19–21

Three-dimensional (3D) nanoarchitectures have attracted
tremendous attention for their widespread applications in bat-
teries, supercapacitors, chemo/biosensors, oil sorbents and
other electronic and catalysis devices. Layer-by-layer (LBL)
assembly has been proven to be an a simple, versatile and sig-
nificantly inexpensive method for many potential applications
in controlled releases, lithium-ion batteries, chemo/biosen-
sing, electro/photocatalysis, field emission, electrochromic
devices and energy conversion in storage devices. Xue
et al.22,23 built a 3D LBL graphene–nanogold hybrid architec-
ture for electrochemical biosensors. They pointed out that the

3D LBL-modified electrode exhibited higher selectivity and
sensitivity compared to graphene, nanogold and their mixture.
Moreover, the LBL-assembled technique with a 3D healable
structure of nanomaterials increased the electrical and
mechanical properties of the flexible electronic device. The
organic linker is more stable due to the gold–thiol bond in 3D
LBL structures. Hence, a new strategy for the facile preparation
of a multilayer nanohybrid thin film based on functionalized
nanocarbon and/or nanometal materials with a 3D LBL
nanoarchitecture with application in electrochemical bio-
sensors is very necessary.

Inspired by previous studies, we focused on proposing a
new and highly efficient strategy for the facile fabrication of an
innovative ultrasensitive electrochemical DNA sensing plat-
form with a 3D LBL nanoarchitecture based on an alternate
multilayer nanohybrid thin film of both AuNPs and rGO using
one-step electrodeposition-assisted LBL assembly (Scheme 1).
It is worth mentioning that the one-step electrochemical sim-
ultaneous reduction of both graphene oxide (GO) and the Au
precursor was achieved, and an alternate multilayer nano-
hybrid thin film of AuNPs/rGO/AuNPs with self-healing pro-
perties and a 3D LBL nanoarchitecture was obtained. This film
was characterized by scanning electron microscopy (SEM),
atomic force microscopy (AFM), different Fourier transform
infrared spectra (FTIR), X-ray powder diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) and computational
calculations. Fe[(CN)6]

3−/4− was employed as a redox probe to
fabricate an impedance sensing platform for the label-free
ultrasensitive electrochemical detection of DNA hybridization.

2. Results and discussion
2.1. Characterization of the 3D AuNPs/rGO/AuNPs

All the films were electrodeposited onto the GCE surface by CV
(Fig. 1a), and their morphologies were recorded by SEM
(Fig. 1b–f ). Clearly, many AuNPs were electrodeposited on the

Scheme 1 The one-step coelectrodeposition-assisted LBL assembly of
self-healing 3D AuNPs/rGO/AuNPs/GCE for ultrasensitive sensing of
DNA hybridization.
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surface of the substrate electrode by the electroreduction of
Au3+, and only a few nanoparticles formed larger clusters
(Fig. 1b). Similarly, some rGO nanosheets displayed an inten-
sely crumbled and folding wrinkle structure, revealing that
rGO with an ultrathin layer was electrodeposited on the
surface of the substrate electrode by the effective electroreduc-
tion of GO (Fig. 1c). The layered-structured films with the
potential for 10, 30 and 50 cycles were named as AuNPs/rGO/
AuNPs-10, AuNPs/rGO/AuNPs-30 and AuNPs/rGO/AuNPs-50,
respectively (the mixed film with the potential for 10, 30 and
50 cycles were named as rGO–AuNPs-10, rGO–AuNPs-30 and
rGO–AuNPs-50, respectively). It is imperative to note that the
number of cycles during the continuous electroreduction had
a significant impact on the morphology of the co-deposited
materials on the GCE surface (Fig. 1d–f ). Field emission SEM
further revealed that the AuNPs seemed to be intercalated into
the layered-structured rGO, and a GO/AuNPs hybrid film with
a 3D LBL structure was formed (Fig. 1g–j). In addition, the
layered-structured GO/AuNPs hybrid thin film seemed to be
formed after the successive electroreduction after 10 cycles,
(Fig. 1g). A large number of AuNPs appeared on the surface of
rGO (Fig. 1h) after the successive electroreduction after 30
cycles, but a small amount of AuNPs were still clearly seen
under the thin layer of rGO in the top view of the field emis-
sion SEM images in Fig. 1g and h. The GO/AuNPs hybrid with
a 3D LBL structure can be clearly observed from the top and

side views of the field emission SEM images after 50 successive
electroreduction cycles in Fig. 1i and j. Surprisingly, the
layered-structured film synthetized by the new method
(AuNPs/rGO/AuNPs-50) was remarkably different from the
mixed film formed via the traditional method (rGO–AuNPs-50,
Fig. S1†), as it could be observed that many larger spherical
particles were distributed on the surface of the substrate elec-
trode using the novel method (Fig. S1a†). It was also observed
that the reduction peak of rGO was shifted to negative poten-
tials towards high pH, indicating that H+ was involved in the
reduction process of rGO.24 The reduction peak of rGO dis-
appeared after 50 cycles (Fig. 1a), thus showing the completion
of rGO reduction on the GCE surface.

The reduction of Au(III) to Au (0) appeared at approximately
0.1 V (Fig. 1a), which had been positively shifted to increase
the potential cycling.25 Fig. S2† represents the CV behaviours
of different thin-film-modified ITO electrodes in 0.5 M H2SO4.
The ITO/rGO electrode shows an obvious increase in current
compared to the ITO electrode, which is related to the rela-
tively better conductivity of rGO. The ITO/AuNPs electrode pre-
sented two pairs of redox peaks, ascribed to the oxidation–
reduction behaviours of AuNPs. The ITO/AuNPs/rGO/AuNPs-50
electrode had a lower current intensity associated to the two
pair of redox peaks of AuNPs, which could be attributed to the
relatively weak conductivity of rGO after the electroreduction.
The obvious increase in the reduction peak current in the
different modified electrodes (Fig. 1a) was associated with the
electroreduction of both GO and/or Au3+ in H2SO4.
Interestingly, the presence of negatively charged AuCl3

− stabil-
ized the reduction of GO and allowed the co-electrodeposition
onto the GCE surface.

The AFM image of rGO with 50 cycles in the absence of
HAuCl4 showed a wrinkled morphology of multilayer graphene
(Fig. 2a), while the AFM image of AuNPs with 50 cycles in the
absence of rGO presented a homogeneous distribution of
spherically shaped AuNPs (Fig. 2b). The morphology of AuNPs/
rGO/AuNPs-50 (Fig. 2c) was different from rGO–AuNPs-50
(Fig. 2d), and its AFM image showed a 3D architecture (Fig. 2e)
in combination with the 3D architecture of AuNPs (Fig. 2f). In
addition, topological images of AuNPs/rGO/AuNPs with 10, 30
and 50 cycles are presented in Fig. S3.† The AFM images of
LBL AuNPs/rGO/AuNPs revealed that the height of the profile
and the thickness were increased (5.2 to 36.1 nm). Fig. 3a
depicts the deconvoluted C 1s spectra of GO containing five C
1s peaks (CvC at 284.3 eV, C–OH at 285.7 eV, C–O–C at 286.6
eV and O–CvO at 288.7 eV). The increasing intensity of the
peak at 284.5 eV formed in the C 1s spectra of rGO revealed
the higher number of CvC bonds after the electroreduction
(Fig. 3b). The deconvoluted C 1s spectra of AuNPs/rGO/AuNPs-
50 showed that the high intensity peak (Fig. 3c) is located at a
lower binding energy (282.5 eV) due to the C–H coupling and
less conjugated π system, influenced by the H+ reduction.26–30

The wide scan XPS spectrum further confirmed the presence
of C, O and Au in AuNPs/rGO/AuNPs-50 (Fig. 3c), and the rela-
tive atomic percentage of GO, rGO and AuNPs/rGO/AuNPs-50
in Table S1† also confirmed the reduction of GO and the pres-

Fig. 1 (a) CVs (a) of electro-reduction of GO and/or AuCl3
− on the

surface of the GCE in 0.5 M H2SO4 at a scan rate of 50 mV s−1. SEM
images of: AuNPs (b), rGO (c), AuNPs/rGO/AuNPs-10 (d), 30 (e) and
50 cycles (f ). Field emission SEM images of AuNPs/rGO/Au with 10 (g),
30 (h), and 50 cycles (i and j).
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ence of C, O and Au in AuNPs/rGO/AuNPs. The high-resolution
XPS spectrum of Au (Fig. 3d) showed two peaks for Au 4f 7/2
and Au 4f 5/2, centred at 83.7 eV and 87.0 eV, respectively,
which were in accordance with the previous reports for Au.1,9

It could be concluded that Au3+ was effectively reduced on the
surface of GO nanosheets, as evidenced by the blue shift of Au
4f induced by the electron transfer from rGO to AuNPs.9,14

Also, the XRD results were in agreement with the high-quality
crystalline structure of different films (Fig. 4a). The evolution
of the talline structure was revealed in Fig. 4a. The XRD pat-
terns of AuNPs displayed standard crystalline values of the
gold atom (JCPDS 04-0784). A sharp peak appeared at 10.8° for
GO, but this peak completely disappeared, and a broad peak

centred at around 21.2° was observed for rGO onto ITO. The
small peaks at 30.57°, 35.32°, 49.58° and 50.85° were assigned
as the characteristic peaks of ITO (JCPDS File no. 89-4599).31

The volume-averaged particle size was calculated using the
Scherrer equation, and the FWHM of the G band of the (111)
peak was 1.41 nm for GO, 16.91 nm for rGO and 4.3 nm for
AuNPs/rGO/AuNPs, respectively. Fig. 4b shows the XRD pattern
for AuNPs/rGO/AuNPs with 10 and 30 cycles. The (002) peak at
10.8° has disappeared, indicating that AuNPs grew on the
surface of graphene nanosheets with increasing time, which
prevented the restacking of graphene nanosheets.14,15 The
d-spacing for these films decreased from 0.2 to 0.3, confirming
the formation of high-quality graphene nanosheets.34 The
appearance of the peak at 21.23° corresponded to the face-
centred cubic structure for AuNPs/rGO/AuNPs-50, suggesting
the successful attachment of AuNPs to the surface of the pris-
tine-graphene sheets (Fig. 4b). It was previously observed that
the electrochemical durability of carbon depended on its gra-
phitic properties.21 There were two main reasons for this, as
follows. First, the corrosion of carbon usually starts from struc-
tural defects, but carbon with a greater graphitic phase has
lesser defects.25,26,34 Second, highly graphitic carbons supplied
the catalyst with more electron channels during the electro-
catalytic reaction. Thus, the electrodeposition with 50 cycles
was the optimal condition for the preparation of AuNPs/rGO/
AuNPs/GCE with the 3D alternate-layered nanoarchitecture.
The Raman Fourier transform infrared spectra (RFTIR) of GO,
rGO and rGO/AuNPs-50 are shown in Fig. 5a. GO characteristic
vibration peaks were observed at 1303 cm−1 and 1603 cm−1,
corresponding to sp2 and sp3 carbons, whereas the hydro-
carbon peak appeared at 2219 cm−1, which was observed from
two major peaks corresponding to the C–H bending frequency
(551 cm−1) and from hydrogen on the benzene (1083 cm−1)
from the electrochemically reduced GO (Fig. 5a). The AuNPs/

Fig. 2 AFM images of: rGO-50 (a), AuNPs-50 (b), AuNPs/rGO/AuNPs-
50 (c), rGO–AuNPs-50 (d), 3D AuNPs/rGO/AuNPs-50 (e), and 3D
AuNPs-50 (f ).

Fig. 3 Deconvoluted XPS spectra of carbon 1s for: (a) GO, (b) rGO, (c)
3D AuNPs/rGO/AuNPs-50 and of Au 4f (d).

Fig. 4 XRD patterns of different films with GO, rGO, AuNPs, 3D AuNPs/
rGO/AuNPs-50 (a), and AuNPs/rGO/AuNPs with 10, 30 and 50 cycles
(b). Raman spectra of AuNPs/rGO/AuNPs (c) and variation of the ID/IG
ratios and sp2 carbon crystalline size with 10, 30 and 50 cycles (d).
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rGO-50 had three bands for the CH out of plane bending, the
substituted hydrogen on the benzene rings and from the
physical adsorption at C–OH 793, 1065 and 3142 cm−1, indicat-
ing that the epoxide group and carbonyl group were removed
after the reduction process.33 To get further information about
the conformation, attenuated total reflectance Fourier
measurements were taken (Fig. 5b). GO bands were observed
at 1070 cm−1 (hydroxide), 1240 cm−1 (epoxide), 1572 cm−1

(CvC), 1431 cm−1 (carbonyl), 1725 cm−1 (carboxylic acid and
carbonyl moieties), 2848 cm−1 (bending mode of C–H in the
benzene ring methylene group asymmetric), 725 and 920 cm−1

(C–H out of plane bending in the benzene ring of graphene)
and 3425 cm−1 (free hydroxide),34 respectively. These results
were supported by the appearance of characteristic vibrations
for epoxy and hydroxyl groups and saturated C–H vibrations
for sp3 hybridized carbons. The interaction between AuNPs
and rGO decreased the band intensities of CvO (1715 cm−1),
the OH mode (1045, 1425 and 3425 cm−1) and the C–C stretch-
ing mode (1240 cm−1). AuNPs/rGO-50 showed bending modes
only at 746 and 890 cm−1. This evidence was further supported
by the large decrease in peak intensities of the composite with
50 cycles (Fig. 5b). The peak intensities of the bending mode
of C–H in the benzene ring and methylene group (symmetric
and asymmetric) at 2848 and 2935 cm−1 were reduced for
AuNPs/rGO/AuNPs-10 and AuNPs/rGO/AuNPs-30, respectively.
However, an additional peak at 790 cm−1 appeared only for
AuNPs/rGO/AuNPs-50. This confirmed the fact that hydrogen
atoms in graphene preferred to be chemisorbed on neighbour-
ing carbon atoms on the other side of the graphene
nanosheets, which changed the hybridization of carbon atoms
from sp2 to sp3, resulting in the elongation of C–C bonds in
rGO.26 Hydrogen atoms tended to react on both surfaces of the
pristine graphene and AuNPs–rGO. As indicated by the Raman
spectra (Fig. 5c), the band at 790 cm−1 was related to the out of
plane bending of the aromatic C–H with different degrees of
substitution on graphene edges due to the increasing sp3

carbons.16 The disappearance of the stretching frequency at
1642 cm−1 was attributed to rGO, implying that a large fraction
of the O–H group was removed.27 Hence, the complete
reduction of GO was impossible at pH ≤2. GO showed two
characteristic peaks at 1338 cm−1 and 1598 cm−1, respectively,
corresponding to the D and G bands, whereas the rGO showed
four major peaks around 1338, 1596, 2693 and 2932 cm−1,
respectively, which were attributed to the D, G, 2D and (D + G)
bands, respectively (Fig. 4c). The G band was analogous to an
E2g mode of graphite, which appeared for the in-plane bond
stretching vibration of sp2 bonded carbon atoms.4,9,10

Kudin et al.27 reported that graphite carbons with the G peaks
position had not changed for the rGO. This evidence was
related with graphite self-healing, which was reflected in the
restoration of the in-plane sp2 hybridization. The D band at
1338 cm−1 corresponded to the breathing mode of k-point
phonons of A1g symmetry with vibrations of carbon atoms
and dangling bonds in plane terminations of the disordered
sp3 carbon in sp2 lattice defect crystalline graphitic materials.4

The 2D band at 2691 cm−1 was observed for the second-order
band of zone-boundary phonons. The D + G band at
2923 cm−1 in rGO confirmed the hydrogenation during the
reduction process and the formation of sp3 C–H bonds or the
saturation of the –CvC– bonds by H atoms (Fig. 4b).26 The
decreasing ID/IG suggested that the decreasing amount of
defects led to the enhanced electronic conduction. The
decreasing crystal sizes of GO, rGO and rGO/AuNPs-50 were
16.94, 16.78 and 15.3 nm, respectively (Fig. 5c). The ID/IG ratios
for rGO/AuNPs with different cycles (10, 30 and 50) are listed
in Table S2.† The in-plane crystalline size (La) of the sp2 gra-
phene was calculated using eqn (1).† The lower crystal size
(15.3 nm) suggested that a lower amount of defects was intro-
duced in the AuNPs/rGO/AuNPs-50 in comparison to AuNPs/
rGO/AuNPs-10 and AuNPs/rGO/AuNPs-30. The ID/IG ratios
increased with the increasing number of cycles of electrodepo-
sition, which were further supported by the increasing FWHM
of the G band, suggesting the increased size of the sp2-ring
domains and reduced sp3 fraction. The variation of ID/IG ratios
from 0.1 to 1 indicated the nature of the layer stacking of gra-
phene sheets. The lower ID/IG ratio of 0.13 for AuNPs/rGO/
AuNPs-50 demonstrated the electrodeposition of a single gra-
phene layer (Fig. 4c and d). The decrease in ID/IG ratios and
the increase in the crystalline size of AuNPs/rGO/AuNPs (its
suspension was ID/IG = 0.62) indicated that the deposited
AuNPs/rGO/AuNPs film was smaller (Table S2†). The dis-
sociation of C–C bonds led to the point-defect formation of
electrodeposited films. AuNPs grew on the rGO surface, first
randomly distributed with hydrogen ions and C–C bond dis-
sociation, allowing the healing of defects. Meanwhile, the
reduction removed the oxygen functional groups of GO, and
the healing of their structural defects occurred
simultaneously.26–30 Zhao et al.31 proposed the introduction of
hydrogen atoms, where oxygen was bonded with carbon atoms
forming larger holes. The oxygen and hydrogen paired to
create a hydroxyl group, leaving behind the lattice to heal the
hole. Bandodkar et al.32 reported that the Nd2Fe14B micro/

Fig. 5 Raman-FTIR spectra (a), ATR-FTIR spectra (b), Raman spectra (c),
and wide scan XPS spectra (d) of GO, rGO and 3D rGO/AuNPs-50.
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nanoparticle composite graphite layers attained self-healing
capabilities when applied in printed electromagnetic devices.
The CV redox behaviour was slightly shifted at higher scan
rates and increased the efficient electron-transfer properties,
which could be related to the self-healing effect. As shown by
the CV in Fig. S4,† the consequence of this self-healing effect
in the AuNPs/rGO/AuNPs composite was associated with the
improvement in its electro-activity. The crystalline nature of
graphene was also revealed from the FWHM of the Raman
bands. Its smaller FWHM value is better than for the crystal-
line structure, because the graphitic disorder effect is
decreased owing to the increase in the number of new sp2

carbon atoms.35,36 The behaviour of the trends of the ID/IG
ratios and FWHM values confirmed the aromaticity of the sp2

hybridized carbon. The crystalline nature of graphene was
improved below 50 cycles. This was further reflected by the
large La value of 146 nm for AuNPs/rGO/AuNPs-50 compared
with the lower value of La of 16.9 nm for AuNPs/rGO/AuNPs
with 10 or 30 cycles.37 Although the hydrogen functionali-
zation occurred at the –CvC– bond, which was a more active
plane for GO networks, the hydrogenation changed the hybrid-
ization of carbon atoms from sp2 to sp3, resulting in larger C–
C bonds in the H-modified graphene. Hydrogen atoms tended
to react with surfaces of the plane in pristine graphene. The
transition from bulk graphite to nano-graphite, and vice versa,
produced a pronounced effect in the Raman spectra, especially
with the intensity ratio of the D and G band, ID/IG. The smaller
the crystalline grains were, the higher the ID/IG ratio was, and
the FWHM of the G band decreased for GO and rGO. A
decrease in the average size of the sp2 domains upon reduction
of the GO occurred, in which new graphitic domains were
created with smaller sizes than the ones present in GO before
reduction, although in larger quantities. Therefore, although
there were more defect-free sp2 carbons after reduction, these
carbons formed smaller domains than those in the GO, which
led to large quantities of structural defects.25 Another possible
reason was the increasing fraction of graphene edges, which
could also contribute to the increase in ID/IG ratios.32 The
decreased ID/IG ratios for GO, rGO and AuNPs/rGO/AuNPs-50
(Table S2†) indicated the self-healing defects due to the
increasing crumbled structure and an improving electro-
catalytic activity. GO/AuNPs-50 with high conductivity revealed
that the interaction between AuNPs and rGO is too weak to
absorb Au atoms on the rGO surface, which depended on their
electrodeposition time.

2.2. Computational calculations of the 3D AuNPs/rGO/AuNPs
film

The isolated rGO structure was fully optimized at the B3LYP/6-
31G level and used as a reference for the calculation of the
BSSE-corrected interaction energy (Eint). Fig. 6a shows the opti-
mized rGO geometry. rGO has some potential coordination
sites with high electron density, where Au2 could be attached
and generate complexes. Starting geometries of the Au2/rGO
complexes for the optimization were generated by placing the
Au2 near the electron-rich sites of the structure. Three

different coordination sites were considered (Fig. 6a): Au2
interacting with (α), the carboxylic acid group (–COOH), and
(β), the hydroxyl group (–OH) at the edges of the rGO layer, as
well as (γ), the epoxy groups (–O–) on the rGO layer. Three
initial conformations were tested at each coordination site to
search for alternative local minima. Table S5† lists the most
stable Eint at each coordination site, the distances between the
Au2 and the anchor atom, and the charge for the three opti-
mized complexes. The Eint indicated that the most stable Au2/
rGO complex corresponded to site (γ), then (α) and finally (β).
Complex (γ) was the only structure with a coordination related
to the surface of the rGO layer mediated by the –O– moieties.
Complexes (α) and (β) had coordination to functional groups
at the edges of the rGO layer. Fig. S5† shows the optimized
geometry of the complexes, in which the bond lengths and
NBO charges at selected atomic sites are depicted. System (γ)
was approximately 8.6 kcal mol−1, which was more stable than
(α), indicating that the presence of the Au nanocluster

Fig. 6 Optimized structure at the B3LYP/6-31G level of rGO (a) and
defective rGO (rGOd) with three possible coordination sites (α, β and γ)
(b). (c) Theoretical energy band gap calculated for different optimized
complexes of rGO ( ) and rGOd ( ) with Au2. Ground-state structures
of the (d) Au2/rGO/Au2, and (e) Au2/rGOd/Au2 complexes optimized at
the B3LYP/6-31G//LANL2DZ level. NPA charges (a.u.) for selected atoms
are displayed in italics, and bond lengths in Å.
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improved the delocalization of electronic charge around rGO
rings. The Au–O anchor bond distances (dx–Au) followed the
opposite tendency of Eint. Complex (γ) had the smallest bond
length of the set, associated with a stronger interaction and
stability. When the total NPA charge of the Au2 cluster
(Δqcluster) was analysed, it could be noticed that there was a
charge transfer from the ligand rGO to the Au2 cluster in all
cases. The largest amount of electron density was transferred
in complex (γ), which was approximately 11% more charge
than the amount transferred to complex (α). As can be seen
from the electrostatic potential surface (EPS) and the frontier
molecular orbitals of the optimized structure of rGO (Fig. S6†),
most of the electronic density is located at the oxygen atoms
belonging to epoxy functional groups. This evidence indicates
that the lone pairs of oxygen atoms in the epoxy moieties are
highly available for the interaction with metal atoms. According
to these results, AuNPs will tend to grow close to –O– on the
surface of the rGO layer rather than at the functional groups
located at the edge sites of rGO. Once the most stable coordi-
nation site was established, the defective rGO (rGOd) structure
(Fig. 6b) was optimized at the B3LYP/6-31G level of theory to
study the effect of this modification on the conductivity of the
system. As Fig. 6c shows, a defect on the surface of rGO pro-
duces immediately a considerable decrease in the conductivity
in comparison with the original rGO surface, with an Ebg of
almost twice the value of the original system.

With the aim of exploring the effect of Au in the conduc-
tivity of both systems, the Au2/rGOd complex was optimized,
considering the epoxy group as the anchoring site. The Eint
value of the ground-state geometry of the Au2/rGOd complex
was quite close to the Au2/rGO structure (Table S3†), revealing
similar bond distances and charge values. When Ebg was ana-
lysed, the value for the Au2/rGOd system was only 0.055 eV,
which was larger than that for the Au2/rGO complex. In both
systems, the energy band gap decreased with the coordination
of the Au cluster, but in the case of rGOd, the presence of Au
considerably stabilized the system, with an energy band gap
approximately 60% lower than the sole rGOd structure, being
almost at the same level of the conductivity of the Au2/rGO
layer without defects. Therefore, it is possible to state that the
presence of Au2 allows a healing of the structural defects of
rGO, thus improving dramatically the conductivity of the
system. This theoretical evidence is in accordance with the
experimental result mentioned above.

Finally, a second Au2 nanocluster was introduced to the
system to simulate the 3D LBL AuNPs/rGO/AuNPs surface.
Fig. 6d and e show the optimized geometries of both rGO and
rGOd complexes with two Au2 clusters. In both cases, Eint was
higher than the value registered in systems with one Au2
cluster (Table S3†), and had a difference of only approximately
2 kcal mol−1 between the normal and defective rGO structure.
Moreover, the bond distances and the charge distribution were
also very similar. On the other hand, Δqcluster increased about
35% in comparison to systems with only one Au2 cluster, indi-
cating that a higher amount of electronic density was trans-
ferred to the Au cluster. This evidence confirmed that the pres-

ence of a second coordinated Au2 cluster reinforces the inter-
action and has a stabilizer effect in defective surfaces of rGO.

2.3. 3D AuNPs/rGO/AuNPs/GCE for an ultrasensitive DNA
sensor

CV and EIS were selected to study biorecognition events at the
bioelectrode interface. An extremely sensitive, non-destructive,
label-free electrochemical biosensing method was used for the
assay of DNA hybridization. [Fe(CN)6]

3−/4 was selected as the
redox probe because of its high sensitivity to the surface beha-
viours of different materials-modified GCEs. The peak currents
(Fig. 7a–c), ΔEp (Fig. 7a–c) and Rct (Fig. 7e–g) of the GCE/
AuNPs/rGO/AuNPs with the potential for 10, 30 and 50 cycles
were very close to that of GCE, suggesting that the good
electrochemical activity and electroconductivity of 3D LBL
AuNPs/rGO/AuNPs hybrid composite film were because of the
formation of both AuNPs and a 3D LBL-assembled nanoarchi-
tecture and the electroreduction of the functional groups of

Fig. 7 CVs (a–c) and EIS behaviours (e–g) of the bare GCE, AuNPs/
rGO/AuNPs/GCE with different cycles and their probes: probe I, probe II
and probe III recorded in PBS containing 1 mM [Fe(CN)6]

3−/4− at a scan
rate 50 mV s−1. The relationship between ΔEp (d) and ΔRct (h) of probe II
with different cycles.
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GO. Probe I was formed by immobilizing the capture DNA
onto the surface of GCE/AuNPs/rGO/AuNPs after different
cycles, which resulted in an increase in both ΔEp (Fig. 7a–c)
and ΔRct (Fig. 7e–g), a decrease in peak currents (Fig. 7a–c)
due to the introduction of non-conducting ssDNA, and in
electrostatic repulsion between the negative charge of phos-
phate backbones of the ssDNA-modified electrode and redox
probe [Fe(CN)6]

3−/4−, suggesting that the capture DNA was suc-
cessfully linked into the GCE/AuNPs/rGO/AuNPs-50 (i.e. the
formation of probe I). Probe II was formed when probe I was
used to hybridize with cDNA, which further enlarged both ΔEp
(Fig. 7a–c) and Rct (Fig. 7e–g) and decreased the peak currents
(Fig. 7a–c), indicating a further increase in the non-electrocon-
ductivity of dsDNA on the electrode surface and a further
enhancement in the electrostatic repulsion between the nega-
tive charge of the phosphate backbone of the dsDNA-modified
electrode and [Fe(CN)6]

3−/4−. However, probe III was formed
when probe I was used to hybridize with ncDNA, with negli-
gible changes in the peak currents (Fig. 7a–c), ΔEp (Fig. 7a–c)
and Rct (Fig. 7e–g), suggesting the excellent selectivity of the
fabricated DNA sensor.

The apparent diffusion coefficient (D′) could be correlated
with the real electroactive surface area being different from the
geometric one in modified electrode systems. The D′ values for
different modified electrodes can be calculated by the
Randles–Sevcik equation (eqn (2)).† The D′ values were 2.83 ×
10−4 cm2 s−1 at the GCE, 3.21 × 10−4 cm2 s−1 at the GCE/rGO,
4.47 × 10−4 cm2 s−1 at the GCE/AuNPs and 3.56 × 10−4 cm2 s−1

at the GCE/AuNPs/rGO/AuNPs-50, respectively. This revealed
that different materials-modified GCEs increased the electroac-
tive surface area owing to the introduction of nanomaterials
with a large specific surface area and high current response of
the modified electrode with high electroconductivity (Fig. 8a
and b). The D′ values at the GCE/AuNPs/rGO/AuNPs with 10,

30 and 50 cycles were 3.2 × 10−4, 3.56 × 10−4 and 6.04 × 10−4

cm2 s−1, respectively. The D′ values increase with increasing
cycles revealed the increase of both the electroactive surface
area and electroconductivity of the GCE/AuNPs/rGO/AuNPs
because of the formation of a 3D LBL-assembled nanoarchitec-
ture. The apparent heterogeneous electron-transfer rate con-
stants (K′et) at different modified electrodes were calculated
using eqn (3).† The K′et values were 1.99 × 10−3 at the GCE,
5.61 × 10−3 at the GCE/rGO, 4.01 × 10−3 cm2 s−1 at the GCE/
AuNPs and 2.24 × 10−3 cm2 s−1 at the GCE/AuNPs/rGO/AuNPs-
50, whereby the increases of K′et at the different-materials-
modified GCE revealed the enhancement of the heterogeneous
electron-transfer properties, indicating that the decrease in
electronic transfer resistance was due to the increase in the
electroconductivity of the different modified materials. The
K′et values at the GCE/AuNPs/rGO/AuNPs with 10, 30 50 cycles
were 4.83 × 10−4 cm2 s−1, 2.84 × 10−4 cm2 s−1 and 2.24 × 10−3

cm s−1, respectively. GCE/AuNPs/rGO/AuNPs with increasing
cycles revealed an increase in both electronic transfer resis-
tance and the electroactive surface area of 3D LBL GCE/AuNPs/
rGO/AuNPs. According to the Nicholson equation (eqn (4)),† the
formal potential heterogeneous charge transfer rate constant
(K′app) was calculated to be 1.09 × 10−3 cm s−1 at the GCE,
2.35 × 10−3 cm s−1 at the GCE/rGO, 1.14 × 10−3 cm s−1 at the
GCE/AuNPs and 1.06 × 10−3 cm s−1 at the GCE/AuNPs/rGO/
AuNPs-50. Nicholson voltammetry theory for electron kinetics
revealed the effect of the electroconductivity of the different
modified materials on the reversible electron-transfer reaction.
The K′app values at the GCE/AuNPs/rGO/AuNPs with 10, 30 and
50 cycles were 1.25 × 10−3, 1.11 × 10−3 and 1.06 × 10−3 cm2 s−1

(Table S3†), respectively. The K′app values decreased with the
increasing number of cycles, which led to a fast reversible elec-
tron-transfer reaction between [Fe(CN)6]

3−/4− and the modified
electrode interface due to the relatively small ΔEp.

To optimize the cycling numbers of the AuNPs/rGO/AuNPs/
GCE, parameters such as the peak currents, ΔEp, D′, Ket and
Kapp of the GCE/AuNPs/rGO/AuNPs with different cycles, need
to be considered, and are given in Tables S3 and S4.† The peak
currents and D′ values of the 3D LBL GCE/AuNPs/rGO/AuNPs
gradually increased with the increase in the number of cycles
due to the increase in the thin film size of the modified layers
on the GCE surface. The ΔEp, Ket and Kapp values of the 3D
LBL GCE/AuNPs/rGO/AuNPs gradually decreased with increas-
ing the number of cycles (Tables S3 and S4†), suggesting a fast
reversible electron-transfer reaction between [Fe(CN)6]

3−/4− and
the modified electrode interface. The increasing surface
volume ratio and decreasing D value with the gradual attain-
ment of a dense structure could explain the increasing Kapp

values from the impedance spectrum.38 However, the introduc-
tion of AuNPs effectively increased the conductivity of rGO by
leading to an effective chemical healing of the defects, which
was supported by the Raman spectra of these films32 and by
computational calculations. In addition, the reproducibility of
the electrodes was evaluated in [Fe(CN)6]

3−/4− containing KCl.
The nine AuNPs/rGO/AuNPs/GCE were tested independently,
and their RSD values for the anodic peak currents and catho-

Fig. 8 CVs (a) and EIS (b) of the bare GCE, GCE/AuNPs, GCE/rGO,
GCE/AuNPs/rGO/AuNPs-50, probe I, probe II and probe III in the pres-
ence of [Fe(CN)6]

3−/4−. Linear relationship between ΔRct and the logar-
ithm of DNA concentration (c). ΔRct plots of probe I hybridized with
different ssDNA (d) with the target concentration of 1 × 10−10 M (n = 3).
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dic peak currents were 1.8% and 1.7%, respectively, indicating
good reproducibility of the prepared electrode (Fig. S7†).
CV and EIS of the GCE/AuNPs/rGO/AuNPs-50 with ssDNA
(probe I) before and after hybridization with the cDNA (probe
II) and ncDNA (probe III) were measured in the presence of
1 mM [Fe(CN)6]

3−/4− (Fig. 8a and b). Ambrosi et al.39 reported
that graphene-based materials could be improved by the
charge resistance on more oxygenated species (carboxyl, epoxy
and hydroxyl), which has been utilized for easily functiona-
lized biomolecules with high precision and a reproducible
order to achieve DNA hybridization for EIS techniques. Due to
these advantages, rGO was used in a LBL multilayer to achieve
a high sensitive detection of DNA hybridization as a low cost
and simple method to prepare an ultrathin film and reusable
device. A single layer of graphene has a very low surface charge
density compared to a few layers of graphene and also has a
uniform coverage, which decreases the charge transfer resis-
tance on the electrode surface. DNA hybridization was exam-
ined using GCE/AuNPs/rGO/AuNPs with different numbers of
cycles (Tables S3 and S4†). In combination with Raman spec-
troscopy and XPS, the GCE/AuNPs/rGO/AuNPs-50 showed a
larger discrimination effect related to the reduction of the
pinhole size between the ssDNAs, which restacked the
diffusion through the film.1,10,40 The as-fabricated DNA sensor
with 50 cycles was further examined for the effects of the
target concentrations (Fig. S8†).

The impedance behaviours of the capture ssDNA immobi-
lized onto the GCE/AuNPs/rGO/AuNPs-50 (probe I) with the
various concentrations of cDNA are presented in Fig. S8.† The
logarithm of DNA concentration vs. ΔRct plots exhibit a
dynamic linear range from 0.1 × 10−6 to 1 × 10−13 M (Fig. 8c).
The limit of detection (LOD) was calculated by LOD = 3 s m−1,
where s is the standard deviation (three runs) of the linear
range and m is the slope of the linear equation in Fig. 8c. The
calculated LOD was 3.64 × 10−14 M. As listed in Table S6,† the
as-fabricated DNA sensor displayed the widest linear range
and lowest LOD in comparison with previous reported electro-
chemical DNA sensors based on AuNPs and/or GO.

The selectivity of the electrochemical hybridization assay
was investigated using probe I. Different ssDNA sequences,
like cDNA, ncDNA or smDNA, were used to hybridize with
probe I. Fig. 8d presents a two-fold increase in Rct for cDNA, a
10% increase in Rct for ncDNA and a 40% increase in Rct for
smDNA. These results confirmed the development of a highly
selective DNA sensor. The analytical signal of cDNA could also
be clearly observed in the presence of a 100-fold excess of
smDNA (Fig. 8d), indicating that the fabricated biosensor dis-
played excellent selectivity for cDNA in the presence of excess
smDNA. In addition, the feasibility and practicability of the
AuNPs/rGO/AuNPs/GCE with the capture ssDNA (probe I) was
evaluated in different samples containing ncDNA or/and
smDNA using the standard addition method. Their recovery
values and relative standard deviation were no more than 5%,
which were within the acceptable range, revealing that the pro-
posed method was feasible and applicable for future appli-
cations in real samples.

3. Conclusions

A AuNPs/rGO/AuNPs multilayer thin film with a 3D LBL-
assembled nanoarchitecture was facilely fabricated by simul-
taneous electroreduction using co-deposition techniques. The
evolution of the proton involved a mechanism of the electro-
chemical reduction of both GO and AuNPs in acidic medium.
The heterogeneous electron-transfer properties of this multi-
layer film were evaluated. The reductions via the electro-
chemical codeposition minimized the topological defects of
rGO. This work provided a potential candidate for label-free
DNA sensing with a lower LOD of 3.64 × 10−14 M, higher
selectivity and sensitivity and lower hybridization efficiency
resulting from the large number of ssDNA immobilized on the
electrode interface. Computational description of the system
through DFT calculations suggested that the most probable
site for coordination of a gold nanocluster to rGO were the
epoxy functional groups located on the graphene surface,
rather than the carboxyl or hydroxyl groups. The coordination
of the metal allowed the healing of the structural defects of
graphene, and thus improved the conductivity and stability of
the system.

4. Experimental
4.1. Chemicals

Gold wire (1.6 mm diameter) with a purity of 99.99% was
obtained from CH Instruments, USA. Thiolated short-chain
27-mer synthetic oligonucleotides with HPLC-purified
sequences of food pathogen DNA were obtained from MWG
Biotech, Ebersberg, Germany. Their base sequences were as
follows: 5-HS-(CH2)6-AAATGAACGCCCCAAAGGATTTACATTTTC-3
(I) (used as the capture ssDNA), 5-GAAAATGTAAATCCTTTGGGG-
CGTTCATTT-3 (II) (used as the complementary target ssDNA
(cDNA)), 5-TGTACCAGACGATGTGTACCAATGAGC GTG-3 (used as
the non-complementary ssDNA (ncDNA)) and 5GAAAATGT-
AAATCATTTGGGGCG TTCATTT-3 (IV) (used as the single base
mismatch ssDNA (smDNA)). Graphite powders were purchased
from Loba Chemie Pvt. Ltd, Mumbai, India. GO was synthesized
from graphite in combination with Hummer’s method (see the
synthesis of GO in the ESI†), and its morphology was character-
ized by both SEM and TEM (Fig. S9†). The other chemicals, such
as H2SO4, HAuCl4·3H2O and K3[Fe(CN)6], were obtained from
Sigma-Aldrich (St Louis, MO, USA). Double distilled water was
used to prepare all the solutions.

4.2. Measurements and instrumentation

CV and EIS measurements were performed using an electro-
chemical instrument (model 650D, 440B, CH Instruments
Inc., USA). SEM images were obtained using an Hitachi-S-4300
(Germany). AFM images were obtained using the APE Research
model no: A100SGS instrument with tapping mode.
Attenuated total reflection-FTIR (ATR-FTIR) spectra were
recorded using a PerkinElmer Nicolet ISI in the frequency
range from 4000 to 400 cm−1. XPS analysis was carried out
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using a Kratos-Axis Ultra instrument with a hemispherical
165 nm electron energy analyser. A BRUKER RES 27 MODEL
was used for the Raman analysis, and spectra were recorded in
the frequency range from 4000 to 50 cm−1 with a laser source
of neodymium (Nd):YAG at 1064 nm. XRD (X’Pert PRO
PANalytical) analysis was performed with Cu-Kα radiation as a
source and an applied potential of 20 kV in the range from 10°
to 80° with 1 s per step. SERS measurements were made using
a confocal Raman microscope (CRM) 200; CRM-Alpha-300s,
WITec, GmbH, Germany with an Ar ion laser (514.5 nm), and
the spectral range was from 10× to 100× with a scan range of
100 × 100 micrometres. Electrochemical experiments were
performed using a three-electrode system comprising a gold
working electrode, a platinum wire counter electrode and a
Ag/AgCl reference electrode. All the impedance data were
obtained by Nyquist plots and fitted using Randle’s equivalent
circuit,19 where Rs is the solution resistance, Rct is the charge
transfer resistance, CPE is the constant phase element and W
is the Warburg impedance.

4.3. Construction of the 3D AuNPs/rGO/AuNPs/GCE

2 mg GO was dissolved in 1 ml double distilled water. A GO
homogeneous suspension was obtained by ultrasonication for
2 h. Subsequently, the GO suspension was added into a
mixture of HAuCl4 solution containing H2SO4 (1 : 2 ratio of
2 mM HAuCl4·3H2O and 0.5 M H2SO4); then the mixed solu-
tion was ultrasonicated for 45 min. The 3D LBL AuNPs/rGO/
AuNPs/GCE was obtained by CV in H2SO4 solution (0.1 M,
pH = 1). The applied potential range was −0.25 to 0.4 V with a
scan rate of 50 mV s−1 to ensure the simultaneous reduction of
both GO and HAuCl4 on the GCE surface.

4.4. Computational details

The nanoarchitecture of the AuNPs/rGO/AuNPs was confirmed
by theoretical approximations. Because of the size of the
system, the rGO layer was represented by a 16 × 16 Å2 structure,
which was in accordance with the experimental results. The
AuNPs were represented by a two atoms cluster (Au2). The geo-
metry of rGO was fully optimized at the density functional
theory (DFT) level using the Gaussian 09 computational
package.41 With the aim of studying the most stable site of
coordination between the AuNPs and rGO, full geometry
optimization of the complexation reactions between rGO and
Au2 was performed using the Becke’s three-parameter nonlocal
hybrid exchange potential with the nonlocal correlation func-
tional of Lee, Yang, and Parr (B3LYP)42–44 without any sym-
metry restriction. The triple-ζ 6-31G basis set was set for light
atoms (C, H, O, N) along with a relativistic effective core poten-
tial basis set with pseudopotentials for gold atoms:
LANL2DZ.45 A tight SCF convergence criterion (10−8 a.u.) was
used in all the calculations. As implemented in Gaussian09,
the charge distribution of intermolecular interactions was cal-
culated using the natural population analysis (NPA) method.46

The interaction energy (Eint) was defined as the energy differ-
ence between the complex and the energies of the constituent
monomers and was calculated using eqn (5).† The computation

of this quantity with finite basis sets introduces an error
known as the basis set superposition error (BSSE) because
different numbers of basic functions were used to describe the
complex and monomers for the same basis set. BSSE-corrected
interaction energies were computed using the Boys–Bernardi
counterpoise correction scheme.47 The effect on the conduc-
tivity of the coordination of gold to graphene was estimated for
rGO and for defective reduced graphene oxide (rGOd), which
was built on the basis of a previous study reported by Lim and
coworkers.48 The conductivity was related to the theoretical
energy band gap (Ebg), which corresponded to the energy differ-
ence between respective eigenvalues of frontier molecular orbi-
tals HOMO and LUMO, as follows: Ebg = (ELUMO − EHOMO) eV.

4.5. Immobilization and hybridization of DNA

Thiolated DNA was easily immobilized onto the surface of the
3D LBL AuNPs/rGO/AuNPs/GCE by gold–thiol interactions
(Scheme 1). Namely, 7 µM thiolated DNA containing 1 M NaCl
solution was dropped on the surface of the 3D LBL AuNPs/
rGO/AuNPs/GCE. The self-assembly of the functionalized DNA
containing thiol groups onto the surface of the 3D LBL AuNPs/
rGO/AuNPs/GCE was generally formed. After 2 h, probe I (DNA
bioelectrode) was rinsed using phosphate buffer solution (PBS,
pH = 7.4) to remove the non-immobilized DNA. Then, probe I
was used to hybridize with 7 µl of 1 µM of cDNA, ncDNA or
smDNA buffer for 2 h, respectively. Finally, the as-obtained
different probes were rinsed several times with 10 mM PBS
(pH 7.4) to remove the non-hybridized DNA via physical
absorption.
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