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Abstract Gold nanorods (AuNRs) show high potential
in electrochemical sensing owing to their excellent con-
ductivity, electrocatalytic activity, selectivity and sensi-
tivity. This review (with 99 refs.) summarizes the per-
formance of AuNR-based electrochemical sensors based
on the use of advanced nanocomposites. Following an intro-
duction into the fields of biosensors and nanomaterials, the
article summarizes the advantages and limitations of conven-
tional analytical methods. A third section overviews the
methods for preparation and characterization of AuNRs and
nanocomposites including bimetallic nanorods, gold-metal
oxide, gold-carbon nanotubes, gold-polymer, gold-graphene,
gold-CNT and gold-enzymes conjugates. Their electrochem-
istry is treated next, with aspects related to the effects of rod
size and shape, of thiol coatings on voltammetric signals, and
on the behavior of 1-D AuNRs and respective arrays.
Section 5 gives examples for non-enzymatic sensors for sim-
ple biomolecules, with subsections on sensors for hydrogen
peroxide, nitric oxide, glucose, dopamine, NAD/NADH, cys-
teine, and some drugs. Section 6 covers enzyme-based sen-
sors, with examples on sensors using peroxidases, oxidases
and the like. The next sections cover DNA biosensors (such
as for DNA biomarkers) and immunosensors, mainly for

tumor markers. Possibilities for improving sensor perfor-
mance are presented at the end of the review.

Keywords Selectivity . Immunosensor . Cyclic
voltammetry . Glucose sensor . Hydrogen peroxide . Nitric
oxide . Dopamine . DNA biosensors . Immunosensors .

Electrochemical impedance spectroscopy . Linear sweep
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Introduction

Biosensors usually are categorized as DNA biosensors, immu-
nological biosensors, and enzyme-based biosensors, to men-
tion the most common ones. Alternatively, they may be clas-
sified according to the type of transducer, examples being
piezoelectrical, optical, electrochemical and thermal/
calorimetric biosensors [1]. Among these sensors, electro-
chemical biosensors have received greater attention because
of their high signal-to-noise ratio, relative simplicity, high
sensitivity, rapid response and real time monitoring and they
have shown potential importance in the field of biomedical
.applications. In electrochemical biosensor, the transduc-
er converts biological response into an electrical output
signal. Potentiometry and amperometry are the two most
commonly used measurements in electrochemical sens-
ing application. In potentiometry, the analytical informa-
tion observed by bio-recognition process is transformed
into potential signal, whereas in amperometry, constant
potential linked with reduction or oxidation of an
electroactive species is examined and its output signals
are into current [2, 3].

Various nanomaterials can be used to design and con-
struct the electrochemical sensor including silicon, carbon
nanotubes, conducting polymers, metals and metal oxides,
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nanocantilivers, quantum dots, semiconductors and mag-
netic particles. These nanostructures offer a variety of bio-
molecules to be determined with high specificity and sen-
sitivity [2, 3]. In particular, gold (Au) nanostructures have
attracted considerable attention for electrochemical sensing
of biomolecules because of their electronic, optical, and
catalytic properties [4]. Gold nanocrystals present a large
number of active surface sites with high curvatures. These
surface sites have more dangling bonds, which consider-
ably enhances the chemical reactivities and surface bond-
ing characters of gold nanocrystal [4–8]. The morphology
of gold nanocrystals is also a significant factor in
governing their physical and chemical properties. A non-
spherical gold nanocrystal shows anisotropic optical and
electronic responses compared to spherical one that are
measured by their topological aspects [9]. Among the dif-
ferent gold nanocrystals with nonspherical morphology,
gold nanorods have received great attention due to their
high surface area with efficient mass transport characteris-
tics and favourable biocompatibility, which results in im-
proved sensitivity and selectivity of the electrochemical
sensors [5]. Table 1 summarizes the comparison of some
of the typical features of AuNRs and AuNPs. The synthe-
sis and characterization of gold nanorods have met an
improvement in research activities since their first discov-
ery in 1991 [6, 13–15]. This review is devoted to electro-
chemical biosensors with the use of gold nanorods to im-
prove both of electrical conductivity and signal amplifica-
tion for sensitive detection of small biomolecules such as
hydrogen peroxide, nitric oxide, glucose, dopamine and its
congeners and metabolites, NAD+ and NADH, L-cysteine,
and complex biosensors such as DNA, enzymatic biosen-
sors, and immunosensors.

Conventional detection methods: Advantages
and limitations

In recent years, numerous analytical and spectroscopic methods
including high-performance liquid chromatography (HPLC)

[16], spectrophotometry [17], capillary electrophoresis (CE)
[18], gas chromatography (GC) [19] and colorimetric analysis
[20] have been developed for sensitive detection of biomole-
cules. Even though these methods show good analytical perfor-
mance, the use of these methods requires sophisticated instru-
mentation, longer time, high-cost and also needs a skilled op-
erator to carry out the experiments [21]. For example, GC is an
analytical method which is used for the separation of volatile
substance from a given mixture of compounds which are very
difficult to separate and analyze. Colorimetric analysis is not
possible for nanomaterials having absorption features only at
UV wavelength region. Hence, the development of a simple
method for the sensitive, rapid, and highly selective detection
of biomolecules is an important task. In recent times, the im-
provements in electrochemical sensors have attracted greater
attention owing to their advantages of simplicity, rapid re-
sponse, easy operation, cost effectiveness, high sensitivity, ex-
cellent selectivity, capacity for real-time in situ detection and
user friendly. An electrochemical sensor is able to generate an
electrical output signal into the digital signal. Essentially, the
response achieved in electrochemical sensors is owing to the
interaction between chemistry and electricity which are based
on amperometric, potentiometric and conductivity analysis. In
the fabrication of chemically modified electrochemical biosen-
sors, the detection of simple molecules takes into consideration
of two main features; the development in electrocatalytic activ-
ity and the selectivity of simple biomolecules with several po-
tential interfering species [22, 23].

Preparation and characterization of AuNRs

AuNRs were actively prepared by various techniques such as
electrochemical synthesis, seed-mediated synthesis, template
method, lithographic methods, and catalytic methods. Table 2
shows the summary of various synthetic methods, reagents
and mechanism for the formation of AuNRs. Some syntheses
and applications are shown in Fig. 1. The preparation process
of the above mentioned techniques are as follows. The first
report on the synthesis of high quality AuNRs was published

Table 1 Comparison of some of the characteristic features of AuNRs and AuNPs

Nanomaterial Size range (nm) Aspect ratio range Absorption
Wavelength range (λmax, nm)

Color of colloidal solution Ref.

AuNPs (8.4 ± 1.0)- (180.5
± 10.7)

- 518–720 wine red (size, ~10 nm) [10]

AuNRs (high aspect ratio) - 21–23 (Average ratio) 510–520 (transverse plasmon)
1300–2500 (longitudinal

plasmon)

brown [11]

AuNRs (low aspect ratio) - (2.7 ± 0.4)-(4.7
± 0.7)

511–514 (transverse plasmon)
726–829 (longitudinal plasmon)

black (aspect ratio, 2.7 ± 0.4) [12]
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by Wang and co-workers through electrochemical method
[24, 25]. In this process, gold metal and platinum metal plates
served as an anode and cathode electrodes, respectively. Gold
ions were generated in the form of AuBr4

− from gold metal
anode through electrolysis process, which formed complexes
with the cetyltrimethylammonium bromide (CTAB) micelle
and then migrated to the cathode whereas gold ions were
converted to gold atoms [6]. The presence of Ag metal plate

which was theorized to generate Ag ions in solution, resulted
in enhanced rod yield and length. AuNRs were prepared
through the electrochemical synthesis with aspect ratios from
1 to 7 with a resultant longitudinal plasmon as high as
1050 nm with diameter of about 10 nm [26]. In 2001, Jana
et al. [27] reported a concept of seed-mediated chemical
growth; in this process colloidal AuNRs were prepared by
the addition of citrate-capped small gold nanospheres, named

Table 2 Summary of various synthetic methods, reagents and mechanism for the formation of AuNRs

S.No Synthetic Method Reagents Growth mechanism Aspect ratio Ref.

1 Electrolysis Gold metal plate, Platinum metal plate,
CTAB

Electrochemical oxidation/reduction process ~ 5 [24]

2 Surfactant template method HAuCl4, CTAB, NaBH4, AgNO3,
Ascorbic acid

Seed mediated growth process 1 [27]

3 Size controlled seed growth HAuCl4, CTAB, NaBH4, AgNO3,
Ascorbic acid, Glucose, Sodium citrate

Seed mediated growth & Ageing process 9, 16, 20, 21 [14]

4 Sulfide-arrested growth HAuCl4, CTAB, NaBH4, AgNO3,
Ascorbic acid, Na2S

Seed mediated growth process 3 [28]

5 Template mediated method Porous alumina, Cu2SO4, KAuCN2,
Poly(vinylpyrrolidone)

Electrodeposition & Etching process 6, 8, 10, 12 [30]

6 Surfactant assisted growth APTMS, HAuCl4, CTAB, NaBH4, AgNO3,
Ascorbic acid, mica sheet

Seed mediated growth process NA [33]

7 Surfactant assisted growth MPTMS, HAuCl4, CTAB, NaBH4, AgNO3,
Ascorbic acid, mica sheet

Seed mediated growth process 6–12 [34]

8 Seeded substrate method MPTMS, HAuCl4, CTAB, NaBH4, AgNO3,
Ascorbic acid, cetylpyridinium chloride,
N-doped silica wafer

Seed mediated growth process NA [35]

9 Nanopatterning MPTMS, HAuCl4, CTAB, NaBH4, AgNO3,
Ascorbic acid, Poly(dimethylsiloxane)
184 silicone elastomer base, 184 silicone
elastomer curing agent,. Si/SiOx substrate

Seed mediated growth & Stamping process NA [37]

Fig. 1 Pictorial representation of gold nanorods synthesis and biosensor applications
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as seed solution, to a bulk HAuCl2 growth solution prepared
by the reduction of HAuCl4 with ascorbic acid in the presence
of Ag ions and CTAB surfactant. In 2003, Nikoobakht and El-
Sayed [14] reported two modifications to this synthesis meth-
od: replacing sodium citrate with a stronger CTAB stabilizer
in the seed formation method and the aspect ratio of AuNRs
was controlled by employing Ag ions. This procedure com-
prised of two steps: i) the seed solution were prepared via the
reduction of auric acid in the presence of CTAB with ice-cold
sodium borohydride and ii) the seed solution was added to the
Au+ stock solution in the presence of CTABwhich is prepared
via the reduction of HAuCl4 with ascorbic acid. To facilitate
the rod formation, silver nitrate was introduced to the gold
solution before seed addition and to adjust the aspect ratio as
well. This method gives rise to a high yield AuNRs (99%)
with aspect ratios from 1.5 to 4.5 and shuns cyclic centrifuga-
tions for sphere separation [6, 28].

In template method, an anodized alumina membrane or
nanoporous track-etched polycarbonate served as the template
where gold atoms were deposited by gold ion precursor in an
electrochemical cell through electrochemical reduction tech-
nique [29, 30]. Well-ordered arrangements of AuNRs with the
long axis normal to the substrate were derived from the sub-
sequent chemical etching of the template membrane. The pore
diameter of the membrane template can control the width of
the nanorods. Pore size of 5–200 nm can be synthesized in an
acidic solution by the anodization of the aluminium metal [6].
Electron-beam lithography (EBL) is one of the most common-
ly used techniques for this purpose. The fabrication protocol
starts through coating a substrate using an electron-sensitive
resist that, when exposing to an electron beam, polymer was
dissociated into smaller segments that can be particularly re-
moved bywashing with a developing agent. Thus, gold can be
deposited by the patterns is written with an electron beam,
which allow for the formation of nanometer-scale openings
in the resist. The leftover unexposed resist and the gold de-
posited on it are simply removed by washing with acetone.
Focused ion beam (FIB) lithography as an alternate top-down
approach for the preparation of gold nanostructures, this pro-
cess use a rastered ion beam, commonly gallium, to sputter
away unwanted parts of a continuous film removing behind
gold nanostructures of the preferred shape [6]. AuNRs were
prepared by using both EBL and FIB methods [31, 32].

A catalytic synthesis procedure involves the use of catalytic
seed nanospheres to directly grow 1D AuNRs on the sub-
strates. Such a process is a well-established technique for fab-
ricating substrate-based semiconductor nanowires. Taub et al.,
[33] reported, in order to facilitate nanoparticle attachment to
the surface, the substrate was initially treated with a linker.
Once attached, about 15% of the nanoparticles were able to
produce nanorod growth when the substrate was kept in the
aqueous solution. The leftover nanoparticles ascented a myr-
iad of shapes including those that is hexagonal, triangular and

spherical. Subsequent literature explains alternate means of
linking the nanoparticles to the surface [34, 35] and the
HgTe nanoparticles served as the seed-material [36]. Further,
mieszawska et al. [37] have reported this method by using a
microcontact printing technique to attach the gold nanoparti-
cles to the substrate’s surface by a stamp fabricated from a
micrometer-scale patterns etched silicon wafer. During
stamping, only the raised parts of the stamp come into contact
with the substrate, nanorod growth can be supported by only
site-specific areas, while the substrate remained bare. One can
remove a considerable percentage of the oddly shaped nano-
structures using adhesive tape by taking benefit of the fact that
they have bad adhesion to the substrate [6].

Electrochemistry of AuNRs

One very exciting and important potential application of 1-D
AuNRs is in the field of electrochemistry. The nanoelectrodes
offer great opportunities to do electrochemistry in highly sen-
sitive and to examine the kinetics of redox procedures that are
too fast to assess at conventional macroscopic electrodes [38,
39]. Mariana Chirea et al. reported [40] size-dependent elec-
trochemical properties. The authors have performed the elec-
trochemical measurements for n = 0 represents to the bare Au,
n = 1 to the 1,6HDTself-assembled monolayer (SAM), n = 2a
to the 1,6 hexanedithiol (1,6HDT)-AuNR1 (37.5 nm in length
and 17 nm in width, 2.20 aspect ratio) bilayer, n = 2b to the
1,6HDT-AuNR2 (48.0 nm in length and 17.14 nm in width,
2.80 aspect ratio) bilayer, and n = 2c to the 1,6HDT-AuNR3

(and 51 nm in length and 13.5 nm in width, 3.77 aspect ratio)
bilayer. Figure 6 depicts the cyclic and square-wave voltam-
mograms calculated at the bare Au electrode, Au-1,6HDT-
SAM and Au-1,6HDT-AuNR-modified electrodes by
0.0005 M [Fe(CN)6]

3−/4- as redox probes and 0.1 M NaClO4

as the supporting electrolyte. Compared to the type of thiol,
the mercaptosuccinic acid (MSA) served as a first layer for the
fabrication of multilayers consisted of polymers and spherical
nanoparticles [37, 40]. The 1,6 HDT monolayer produced a
pinhole-free film on the pure gold electrode. From the CVand
SQWV performance of the Au-1,6HDT-SAM electrode
(n = 1), author reported that within the applied potential win-
dow the 1,6HDT-SAM hindered the electron transfer between
the metal surface and the redox species in solution. This was
confirmed by the vanishing of the faradaic current at the Au-
1,6HDT-SAM electrode (n = 1) as compared to that of the
pure Au (n = 0), proving a dense packing of the 1,6HDT
molecules on the gold electrode surface and accordingly the
electronic communication blocked between [Fe(CN)6]

3−/4- in
solution and the underlying gold electrode surface. The pas-
sivating effect is owing to the longer aliphatic chain of the
1,6HDT (C6) as compared with that of MSA (C2) [40–42].
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Chirea et al. reported [43] density-dependent electrochem-
ical properties of vertically aligned AuNRs. The electrochem-
ical behavior of Au-1,6HDT-AuNR1 (average length per
width of 38.20 nm per 16.40 nm, 2.33 aspect ratio) and Au-
1,6HDT-AuNR2 (average length per width of 50 nm per
15.82 nm, 3.16 aspect ratio) modified electrodes as a function
of the adsorption time of the AuNRs were measured through
cyclic voltammetry (CV), square wave voltammetry (SWV),
and electrochemical impedance spectroscopy. For these exper-
iments, n = 0 represents to the pure gold electrode, n = 1
represents to the Au-1,6HDTSAM modified electrode, and
n = 2a1, 2a2, 2a3, and 2a4 corresponds to 5, 7, 15, and 24 h
immersion times of Au-1,6HDT-SAM modified electrodes in
a 0.50 mg/mL AuNR1 aqueous solution (2.33 aspect ratio
rods) at 35 °C. Similarly, n = 2b1, 2b2, and 2b3 corresponds
to 5, 15, and 24 h immersion time of Au-1,6HDT-SAM mod-
ified electrodes in a 0.50 mg/mL AuNR2 aqueous solution
(3.16 aspect ratio rods) at 35 °C. Obviously, the adsorption
time of (self-assembly time) is equal to the immersion time of
the Au-1,6HDT-SAM modified electrodes in AuNR
solutions.

The SWVs and the CVs measured at the pure electrode
n = 0, modified Au-1,6HDT-SAM electrode (n = 1), Au-
1,6HDT-AuNR1 (n = 2a1–4), and modified Au-1,6HDT-
AuNR2 electrodes (n = 2b1–3) in an aqueous solution having
0.1 M NaClO4 as the supporting electrolyte and 0.0005 M
[Fe(CN)6]3−/4- as the redox probe. The 1,6-hexanedithiol has
an insulating effect when self-assembled on gold electrodes
[43–45]. This is confirmed by the vanishing of the Faradaic
current at the modified Au-1,6HDT-SAM electrode (n = 1) as
compared to the pure gold (Fig. 5, n = 0), proving a dense
packing of the 1,6HDT molecules on the gold electrode sur-
face. In other words, the 1,6HDT-SAM is blocking the elec-
tronic communication blocked between [Fe(CN)6]

3−/4- in so-
lution and the underlying gold electrode surface. The author
has proven the diffusion of the supporting electrolyte (0.1 M
NaClO4) through the 1,6HDT monolayer was highly hin-
dered, as via cyclic voltammetry analysis.

During the electrochemical analysis the NaClO4 revealed
no evident effect on the bilayers’ structure. The successive
self-assembly of AuNRs onto modified Au-1,6HDT-SAM
electrodes is switched to an efficient path for electron transfer
from the [Fe(CN)6]3−/4- redox probe in solution toward the
underlying gold electrode surface. High peak currents and
decreased peak separation were measured using both Au-1,
6HDT-AuNRs modified electrodes through CVs. Depending
on the immersion time of Au-1, modified 6HDT-SAM elec-
trodes in an aqueous solution of AuNRs, the peak currents in
the CVs analyzed at Au-1, modified 6HDTAuNRs electrodes
enhanced with the immersion time but started to reduce after
24 h. The largest improvement of the electrical current in the
cyclic voltammograms was measured after 7 h of chemisorp-
tion of AuNR1 (n = 2a2) or 15 h of chemisorption of AuNR2

(n = 2b2, Fig. 6a) onto Au-1,6 HDT-SAM electrodes. This
indicates the optimum time of AuNRs self-assembly onto
Au-1, modified 6HDT-SAM electrodes in order to attain a
highest enhancement of the electrochemistry of [Fe(CN)6]

3

−/4- probes at the modified electrodes [45].
C.C. Lin [46] reported enhanced CV using 1-D AuNRs.

The ordered gold nanorod arrays show anodic peak currents
(ipc) of −6.5 mA, whereas ipc of the disordered gold nanorods
is −5.2 mA and that of the macroscopic flat electrodes is
−3 mA. Gold-coated flat working electrode surface is avail-
able only by linear diffusion and ions on the flat working
electrode surface may be basically trapped only on the surface
area of active electrochemical reactions. The 1-D nanostruc-
ture of ordered nanorods open up the possibility of creating
radial diffusion, and also that the radius of curvature of the
individual nanorods results to more active diffusion for ions
binding in equilibrium with the nanorods. Additionally, the
surface area of arrayed AuNRs is much higher than those of
flat working electrode. The disordered AuNRs showed an
enhanced cyclic voltammetric response than that of macro-
scopic flat electrodes, only less important than that of ordered
1-D AuNRs. Less exposure surface area and more inter- con-
tacts between nanorods than those of 1-D ordered gold nano-
rods may be the reason for the less significance.

Gold nanorod-based non-enzymatic electrochemical
sensor for small molecules

Hydrogen peroxide

Munshi et al. [47] prepared magnetite (Fe3O4) coated
AuNRs of two aspect ratios as active glassy carbon electrode
modifiers for the fabrication of H2O2 electrochemical sensor.
The AuNR-Fe3O4 nanohybrids of a smaller aspect ratio (1.6)
outperform the longer AuNRs (aspect ratio 7.5) in the elec-
trochemical detection of H2O2, as measured using CV and
amperometry techniques. Both short and long AuNR-Fe3O4

hybrid materials on modified electrode showed higher elec-
trochemical responses for the reduction of 2 mM H2O2 in
phosphate buffer (pH 7.4) compared to Fe3O4 nanoparticles
alone. A current response of approximately +60 to −110 μA
for the short AuNR-Fe3O4 hybrid material was found to be
around 5 times greater than that of the long AuNR-Fe3O4

hybrid material (+10 to −20 μA). With increasing concen-
tration of H2O2, both the reduction and oxidation currents
rise gradually for both materials between +0.6 and −0.6 V
applied potentials. The current responses of both shorter and
longer AuNR-Fe3O4 on GC electrodes increased steadily
due to the electrocatalytic activity associated with H2O2 re-
duction. The overall current response showed a good linear
correlation in the concentration range from 0.5 μM to
7.45 mM with correlation coefficients of 0.995 and 0.979
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for short and long AuNR-Fe3O4 modified GC electrodes,
respectively. The sensitivity of short and long AuNR-
Fe3O4 nanohybrid was calculated to be 120 nA.mM-1 and
18 nA.mM-1, respectively. Unfortunately, this is not the cor-
rect unit for electrochemical sensitivity and this makes data
not comparable to other data. The limit of detection (LOD)
of short and long AuNR-Fe3O4 modified GC electrodes
were observed to be 3.2 μM and 13 μM (S/N = 3), respec-
tively. There are two important properties associated with
the changes in aspect ratio of the AuNR-Fe3O4 hybrid sys-
tems which could govern the overall sensing response, total
surface area and uniform coating of the Fe3O4 nanoparticles.
The short AuNR-Fe3O4 had a total surface area
(~12,000 nm2) of approximately 3 times larger than the long
AuNR-Fe3O4 (~4000 nm2), thereby contributing to its
higher response. During reproducibility studies, the response
currents of 1 mM H2O2 for five replicate amperometric
measurements in phosphate buffer for the same short
AuNR-Fe3O4 modified GC electrodes yielded the retention
of 94% of the initial values. The nanohybrid showed the
current response with high retention of 93% of the initial
values after one month confirming the high stability of short
AuNR-Fe3O4 modified GC electrode. Authors tested the se-
lectivity with possible interfering species such as glucose,
ethanol and citric acid, which are often present with H2O2

in typical samples. The steady-state current was measured
upon successive addition of 0.25 mM H2O2 and 0.5 mM of
one interfering species at a time into phosphate buffer and
the results portrayed negligible to no interference by glu-
cose, ethanol and citric acid. However, significant interfer-
ence was observed in the presence of ascorbic acid.

S. Jayabal et al. [48] reported a synthetic method for
the preparation of bimetal core/shell Au/Ag NR embed-
ded in amine functionalized silicate sol–gel matrix
(Aucore/Agshell–TPDT NRs) in aqueous medium for the
electrochemical detection of H2O2The AuNRs showed
an average length of 40 nm and a breadth of 11 nm with
an aspect ratio of ∼3.6. The TEM images of the Au57/
Ag43–TPDT NRs showed an average length of 48 nm
and a breadth of 18 nm with an aspect ratio of ∼2.7 and
a uniform coating of Ag shell on the AuNRs (Fig. 2a).
The Aucore/Agshell–TPDT NRs modified electrode showed
enhanced electrocatalytic activity towards H2O2 over oth-
er electrodes due to the synergistic effect measured be-
tween Au, Ag and silicate sol-gel (Fig. 2b). The ampero-
metric determination of H2O2 at the Au57/Ag43–TPDT
NRs modified GC electrode was performed at an applied
potential of −0.7 V with a successive addition of 100 nM
H2O2 in 0.1 M phosphate buffer (pH 7.2) (Fig. 2c). A
linear relation was measured in the H2O2 concentration
range of 100 nM to 1.2 μM with a correlation coefficient
of 0.99 (n = 10) for the regression eq. I (nA) = 0.13 +
1.13 C (nM). The LOD and limit of quantification (LOQ)

for H2O2 were estimated to be 40 and 120 nM, respec-
tively. The modified electrode showed only a ∼ 10% de-
crease in the catalytic current after one week which indi-
cated good stability of the Au57/Ag43–TPDT NRs modi-
fied GC electrode in H2O2 detection.

Feng et al. [49] fabricated highly-dispersed Pt nanodots
on AuNRs (HD- PtNDs@AuNRs) (Fig. 3a, b) with mi-
metic peroxidase activity as an active electrode modifier
for the fabrication of H2O2 electrochemical sensor. The
HD-PtNDs@AuNRs was synthesized by a seed-mediated
growth approach. The HD-PtNDs@AuNR modified elec-
trode displayed a high catalytic activity to H2O2 at
−0.10 V (versus SCE), a rapid response within 5 s, a wide
linear range of 2.0–3800.0 μM, a detection limit of
1 .2 μM (S/N = 3) , and a h igh sens i t i v i t y o f
181 μA.mM−1.cm−2 (Fig. 3c). These results suggested a
promising potential of fabricating H2O2 electrochemical
sensor using HD-PtNDs@AuNRs. The sensor was applied
to the determination of H2O2 in the local lake water and
the recoveries in the range of 91.7%–104.9% were deter-
mined. These results indicated the practical applicability
and reliability of HD-PtNDs@AuNR/GCE in determining
H2O2. Pang et al. reported [50] a novel non-enzymatic
H2O2 sensor using graphene and AuNRs (GR − AuNRs)
composite modified GC electrode. TEM analysis showed
that the prepared AuNRs are quite uniform in shape and
size with the average length and diameter about 39 and
13 nm. The composite modified electrode exhibited good
performance in the electrocatalytic reduction of H2O2 and
the sensor electrode showed a good linear dependence on
H2O2 concentration in the range of 30 μM to 5 mM with a
sensitivity of 389.2 μA.mM-1.cm−2. The LOD was esti-
mated to be 10 μM.

Wang et al. [51] fabricated a novel hemoglobin (Hb)
electrode modified with AuNRs and graphene oxide sheets
(GOs) coated by polydopamine (Pdop) (GOs@Pdop) (Fig.
4a) and used for highly selective and sensitive determina-
tion of H2O2. The electrochemical characteristics of the
sensor were studied using CV and chronoamperometry
(Fig. 4b, c). The system was optimized to realize a reliable
determination of H2O2 at −0.2 V with a detection limit of
2.0 × 10−6 M (S/N = 3). The apparent Michaelis-Menten
constants (Kapp

M) were calculated to be 0.13 mM for
0.70 mM for H2O2. It was found that the interferents
Na+, Cl−, K

+, NO3
−, CO3

2−, SO4
2−, Mg2+ and Ca2+ did

not significantly disturb the H2O2 determination. The re-
peatability measurement for detecting 0.7 mM H2O2 using
the same electrode showed a relative standard deviation
(RSD) of 7.49% for H2O2. The stability of the sensor
was also investigated and the peak current intensity only
decreased 11.4% for H2O2 after 22 days. These results
indicated that the modified electrode exhibited a high se-
lectivity, good stability and good repeatability. Yang et al.
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[52] prepared Aucore/Agshell NR (Au@Ag NR) through the
seed-mediated growth procedure using AuNRs as tem-
plates. The prepared Au@Ag NRs were used as a new
electrode material for the construction of sensor by surface

casting of Au@Ag NRs aqueous solution on a GC elec-
trode. The fabricated sensor exhibited excellent catalytic
performance for H2O2 reduction with a fast amperometric
response time of less than 2 s, a wide linear response

Fig. 3 a Illustration of preparation processes of HD-PtNDs@AuNRs;
Fig. 3 (b) TEM image of HD-PtNDs@AuNRs; Fig. 3 (c)
Amperometric response of HD-PtNDs@AuNRs/GCE on successive

injection of H2O2 into the stirring N2-saturated PB solution (0.01 M,
pH 7.4). Applied potential: - 0.1 V. Fig. 3 (c) Inset: plot of H2O2 current
versus its concentration [49]

Fig. 2 a TEM image of Au57/Ag43-TPDT NRs; Fig. 2 (b) Cyclic
voltammograms recorded for 1 mM of H2O2 at bare GC (a), GC/Au–
TPDT NRs (b), GC/Au75Ag25-TPDT NRs (c) and GC/Au57Ag43-TPDT
NRs (d) electrodes in 0.1M PBS (pH 7.2) at a scan rate of 50mV s−1. Fig.

2 (c) Amperometric i-t curve obtained for H2O2 at GC/Au57Ag43-TPDT
NRs modified electrode during the successive addition of 50 nMH2O2 to
a stirred solution of 0.1 M PBS (pH 7.2) at an applied potential of −0.7 V.
Fig. 2 (c) Inset: corresponding calibration plot [48]
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ranging from 0.02 to 7.02 mM (R = 0.99), and a LOD of
0.67 μM estimated on a signal-to-noise ratio of 3.

Nitric oxide

Nitric oxide (NO) is a diatomic molecule and free radical,
which is endogenously prepared by a family of enzymes
called nitric oxide synthases (NOSs) with L-arginine and O2

as substrate [53, 54]. Nitric oxide (NO) acts a significant role
in our daily life and has been extensively employed as an
additive and a corrosion inhibitor in foods and beverages
and physiological systems. The excess or deficiency of NO
causing different pathological conditions including athero-
sclerosis, tumor angiogenesis, diabetes and Parkinson’s dis-
ease [55]. Hence, the precise determination of NO is of great
importance. S. Jayabal et al. [55] synthesized a graphene ox-
ide–AuNRs embedded in functionalized silicate sol–gel ma-
trix (RGO–Au–TPDTNRs) for the electrochemical sensing of
nitric oxide (Fig. 5a). The TEM images of RGO–Au–TPDT
NRs showed an average length of 49 nm and a breadth of
15 nm with an aspect ratio of ~3.3. The electrocatalysis and
amperometric detection of NO were performed at physiolog-
ical pH using the RGO–Au–TPDT NRs modified electrode.
The modified electrode showed synergistic electrocatalytic
effect of the RGO–Au–TPDT NRs composite for the oxida-
tion of NO (Fig. 5b). The amperometric current response in-
creased linearly with increasing the NO concentration in the
range of 10–140 nM and the LODwas estimated to be 6.5 nM
for NO detection (Fig. 5c). In another report, Marlinda et al.
[56] fabricated a myoglobin (Mb)-modified AuNRs incorpo-
rating reduced graphene oxide (rGO) and deposited on a GC
electrode to obtain a sensor for NO (Fig. 6). The nanohybrid
modified GC electrode showed a distinct current enhancement
in LSV for the determination of NO. The sensor, best operated
at a working voltage of 0.85 V (vs. SCE), showed two linear
response ranges from 10 to100 μM, and from 100 to 1000μM
in LSV, with a detection limit of 5.5 μM. It exhibited

selectivity for NO over common interferents such as
NaNO3, and also over electroactive species such as ascorbate,
dopamine, glucose, and uric acid.

Glucose

Glucose biosensor acts as an important role in the area of
biological detection, clinical diagnosis and food production
[57, 58]. U. Tamer et al. [59] fabricated polyaniline (PANI)
film doped with colloidal gold nanorod particles electrode to
immobilize glucose oxidase by glutaraldehyde. SEM images
showed that the AuNRs have uniform morphology with aver-
age diameter and length of 15 nm and 45 nm, respectively.
The amperometric response was measured as a function of
concentration of glucose at a potential of 0.6 V versus Ag/
AgCl in 0.1 M phosphate buffer at pH 6.4. Linear range of the
calibration curve was from 17.6 μM to 1 mM with a sensitiv-
ity of 13.8 μA.mM−1.cm−2 and a LOD of 5.8 μM. The appar-
ent Michaelis-Menten constant, KM was calculated as 1.0 mM
and the response time was less than 3 s.

L. Yingying et al. [60] prepared AuNRs by a seeding
growth approach and used in fabricating the nanorod enhanc-
ing glucose biosensor. The high affinity of chitosan for
AuNRs associated with its amino groups resulted in the for-
mation of a layer of AuNRs on the surface of gold electrode.
The performance of biosensors was investigated by CV, in the
presence of artificial redox mediator, ferrocenecarboxaldehyde.
The biosensor had a fast response to glucose, and the response
time was less than 10 s. The results indicated that the AuNRs
enhance the current response to glucose. The detection limits of
glucose reached 10 mM, and the Michaelis-Menten constant
appKm

app is 13.62mM. The linear response range of the sensor
to the concentration of glucose can extend to at least to 10 mM
(correction coefficient R = 0.971, n = 9) and the sensor had a
high sensitivity of 1.517 × 10−5 A.mM−1.cm−2.

H. Ciftci et al. [61] achieved the immobilization of surface-
functionalized self-assembled monolayer (SAM) gold

Fig. 4 a Illustration of the preparation process of the modified electrode;
Fig. 4 (b) CVs of the Nafion/Hb/AuNR-GO@Pdop/GCE at a scan rate of
0.05 V s1 in buffer (pH 7.0) without H2O2 (a), with 77mMH2O2 (b), and
87 mM H2O2 (c); Fig. 4 (c) Current-time response of the Nafion/Hb/

AuNR–GO@Pdop/GCE with successive additions of H2O2 at pH 7.0 at
an applied potential of 0.2 V. Fig. 4 (c) inset shows the linear calibration
curve of H2O2 [51]
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nanoparticles onto poly(3-octylthiophene) (POT) by the coop-
eration of hydrophobic forces. SAMs were prepared by 11-
mercaptoundecanoicacid (MUA), 4-mercaptophenyl boronic
acid (MPB), and 1-decanethiol (DT) hydrophobic substrates.
POT-Au-SAM (MPB) electrode was used for glucose deter-
mination as potentiometric non-enzymatic glucose sensor.
The analytical performance was evaluated and linear calibra-
tion graphs were measured in the concentration range of 5–

30 mM glucose including the level of human blood glucose.
The detection limit was calculated on the basis of signal-to-
noise ratio of 3 was 0.2 mM. Ren et al. [62] fabricated amper-
ometric glucose biosensor based on immobilization of glucose
oxidase (GOx). The current response of modified electrode
was 10 times higher than without AuNRs. Under optimal
conditions, the biosensor showed high sensitivity of
8.4 μA.cm−2.mM−1, low detection limit of 2 × 10−5 M, good

Fig. 5 a Schematic illustration of electrocatalytic oxidation of NO at the
GC-RGO-Au-TPDT NRs modified electrode. (P-Products); Fig. 5 (b)
Cyclic voltammograms recorded at GC-RGO-Au-TPDT NRs in the ab-
sence of NO (a) and in the presence of 10 mM NO at bare GC (b), GC–
RGO–TPDT (c), GC-Au-TPDT NRs (d) and GC-RGO-Au-TPDT NRs

(e) electrodes in buffer of pH 7 at a scan rate of 50 mV s1; Fig. 5 (c)
Amperometric i-t curve obtained for NO at GC-RGO-Au-TPDT NRs
modified electrode during the successive addition of 10 nM NO to a
stirred solution of pH 7.2 at an applied potential of 0.8 V. Fig. 5 (C)
Inset: corresponding calibration plot [55]

Fig. 6 a FESEM image of Mb-
AuNR/rGO sample; Fig. 6 (b)
Cyclic voltammograms obtained
for bare GCE (a), AuNRs/GCE
(b), rGO/GCE (c), Mb/GC (d),
and Mb-AuNR/rGO/GCE in
buffer of pH 2.5with 1mMNO at
the scan rate of 50 mV.s−1 [56]
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s t o r age s t ab i l i t y and h igh a f f i n i t y to g lucose
(Km

app = 3.84 mM). A linear calibration plot was measured
in the wide concentration range from 3 × 10−5 to 2.2 × 10−3M.
The reproducibility of response current of the GOx enzyme
electrode was investigated at a glucose concentration of
2.2 mM. The relative standard deviation (RSD) of the biosen-
sor was 2.3% for 10 successive measurements. The RSD for
five biosensors were prepared at same conditions was 7.2%.
The stability of the enzyme electrode was also investigated by
amperometric measurements in the presence of glucose with
2.2 mM over a month period. The current response of biosen-
sor retained about 80% of its original response after storing.

Hsu et al. fabricated [63] a highly sensitive Au-Ni coaxial
nanorod array electrode through the integration of nano
electroforming and immersion gold (IG) method for glucose
detection. The average diameter of the synthesized Ni nanorods
and that of the Au-Ni nanorods were estimated to be 150 and
250 nm, respectively; both had a height of 30 μm. The aspect
ratio was 120. Compared to that of a flat gold electrode, the
effective sensing area was enhanced by 79.8 fold. Fig. 7a and b
depicts cyclic voltammograms and amperometric curves for
various glucose concentrations. Actual glucose detections dem-
onstrated that the prepared Au-Ni coaxial nanorod array elec-
trode works in a linear range from 27.5 μM-27.5 mM with a
detection limit of 5.5 μM and a very high sensitivity of
769.6 μA.mM−1.cm−2. Good selectivity of the fabricated sens-
ing device was verified by sequential injections of uric acid
(UA) and ascorbic acid (AA). Long-term stability was exam-
ined through successive detections over a period of 30 days. H.
Liu et al. [64] prepared a new glucose biosensor based on the
electron transfer and photothermal effect of AuNRs. The bio-
sensor was prepared by immobilizing glucose oxidase (GOx)
on a Pt electrode by a composite film consisting of gold nano-
rods (AuNRs), poly(vinyl butyral) (PVB) and glutaraldehyde.
AuNRs were synthesized by gold seed-mediated

cetyltrimethylammonium bromide (CTAB) surfactant-assisted
approach. With increasing glucose concentration, the ampero-
metric response increased. When the GOx concentration is
22 mM, the current response of the Pt/GOx/PVB electrode is
3.6 μA.cm−2. In contrast, that of an electrode with AuNRs is
15.5 μA.cm−2. The average current response of a AuNR-
modified enzyme electrode without NIR irradiation is
10.5 μA.cm−2. With the increase in laser power density, the
current response of the AuNR-modified enzyme electrode is
enhanced. When the laser power density reaches
25.5 mW.cm−2, the current response of the AuNR-modified
enzyme electrode is 23.2 μA.cm−2, which is more than twice
the initial current response of a AuNR-modified enzyme elec-
trode without NIR irradiation.

Dopamine

Dopamine (DA) is one of the most considerable catechol-
amines and acts a main role in neurotransmission. The fast
and precise determination of DA is of great importance in the
diagnosis of neurological disorders including Huntington’s dis-
ease, Parkinson’s disease, autism, schizophreni [65, 66]. M.
Ahn et al. [65] studied the electrochemical behavior of dopa-
mine (DA) at dendritic gold rod (DAR) surfaces prepared
through electrodeposition from sulfite-based Au(I) electrolytes.
SEM images showed that the DAR structures were homoge-
neously formed on a large-scale throughout the entire electro-
deposited area (>6.6 mm2), and the color of the DAR surface
was dark brown, indicative of formation of nanoscale gold
structures. The height of the DAR structures spanned from
150 to 250 nm, and the individual DARs retained highly fac-
eted star-shaped protrusions on the sub-100 nm scale. The
unique electrochemical behavior of DA at DAR surfaces en-
abled the DPV determination of DA in the ranges between 1
and 12μM in the presence of 0.1mMofAA. The peak currents

Fig. 7 a Cyclic voltammogram for various glucose concentrations with
curves a to f representing the concentrations of 0, 0.0275, 5.5, 11, 16.65,
and 27.5 mM, respectively. (Fig. 7 (a) inset) Linear calibration curve
representing the peak current and concentration relationship; Fig. 7 (b)

amperometrics for different glucose concentrations with 0, 2.75, 5.5, and
11 mM. Fig. 7 (b) (inset) linear calibration curve represents the relation-
ship between the steady-state current and glucose concentration [63]
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for DA oxidation in the DPV were not affected by the presence
of AA in concentration ranges up to 0.2 mM. In the presence of
0.1 mM AA, the peak currents of DA oxidation linearly in-
creased with the concentration of DA up to 12 μM (Fig. 6b).
The sensi t ivi ty of the cal ibration plot measured
7.4 L μA.μM−1.cm−2, and the detection limit was estimated
to be ~1 μM. The existence of the highly-faceted edge sites
on the DAR surfaces played an important role for the electro-
chemical detection of DA at gold -based electrode surfaces.

C. Deng et al. [66] prepared AuNRs/multiwalled carbon
nanotubes (CNT) composite film-modified glassy carbon
(GC) electrode by the electrostatic interaction between
the positively charged AuNRs and the negatively charged
CNT. The AuNRs/CNT/GC electrode was used for the
selective and sensitive determination of dopamine (DA)
in the presence of ascorbic acid (AA). In CV, one broad
voltammetric signal was observed for both 1 mM AA and
0.1 mM DA analytes, and the mixed voltammetric signals
were resolved into two voltammetric peaks, and it might
be feasible to carry out the electrochemical detection of
DA in the presence of AA. Two well-defined and shape
DPV peaks with respect to AA and DA oxidation ap-
peared at −0.08 V and 0.155 V with a potential separation
of 235 mV, which was sufficient enough for the determi-
nation of DA in the presence of AA and well avoids the
co-oxidation of AA and DA at the same potential window.
The oxidation potentials of DA and AA based on the gold
nanoparticles modified gold electrode were 0.015 and
0.185 V, and the peak separation between the
voltammetric peaks of AA and DA was 165 mV. The
oxidation of AA and DA at a wide potential separation
in the AuNRs/CNT/GC electrodes may be due to the syn-
ergic effect of AuNRs and CNT. In order to investigate
the stability of the electrode, the amperometric response of
0.3 μM DA was recorded once in every hour. The current
responses for six injections remained almost constant and
the relative standard deviation of 5.6%. Also, there were
no obvious changes in the response of the AuNRs/CNT/
GC electrode after its storage in phosphate buffer solution
for a week. In order to verify the reliability of the method
for practical analysis of DA, the AuNRs/CNT/GC elec-
trode has been used to determine DA in healthy human
blood serum. The recovery was found ranged from 97.5 to
101.5. From the experimental results, it was noted that the
presence of AA, UA and some other interference, such as
albumin and glucose did not interfere with the determina-
tion of DA during real sample analysis. Z. Jia et al. [67]
synthesized AuNRs using a template technique and then
dispersed in a saturated sodium citrate solution by
ultrasonication to form AuNRs suspension. The TEM im-
age showed that the individual AuNRs can be basically
dispersed although some certain linkage of several AuNRs
still exists. The surface of AuNRs was rather smooth and

the diameters were quite uniform, which were about
10 nm. The average length is about 100 nm, and the
aspect ratio (the ratio of the length to the diameter) is
about 10:1. The SWVs and calibration curve for dopamine
at the AuNR/GC electrode are displayed in Fig. 4. The linear
concentration range of dopamine was 1 × 10−8 M to
1 × 10−7 M. The current sensitivity was 3.280 μA.μM−1.
The detection limit (s/n = 3) was as low as 5.5 × 10−9 M.

NAD+ and NADH

Reducedβ-nicotinamide adenine dinucleotide (NADH) and its
oxidized form NAD+ are most important coenzymes in the
energy production of living cells. The NADH/NAD+ redox
system plays a crucial role in the electron transfer process and
charge carrier with in the biological system. The electrochem-
ical detection of NADH by direct oxidation with conventional
electrodes requires a high over potential. Li et al. [68] reported a
strategy for the preparation of AuNRs incorporated graphene
nanosheets (GN- AuNRs) through electrostatic interaction for
the amperometric detection of NADH. The GN- AuNRs mod-
ified electrode showed well catalytic oxidation current of
NADH which is a slight negative shift of the onset potential
for the NADH oxidation on the bare GC. The origin of syner-
gism is due to the combination of GN and AuNRs. The distri-
bution of AuNRs makes close contact with graphene sheets
hence the electron transfer was influenced thus enhance
NADH oxidation. The GN-Au NR electrode showed an am-
perometric response to the successive addition of NADH with-
in 10 s in the linear ranges 20–480 μMwith the LoD of 6 μM
(S/N = 3). Moreover the GN-AuNRs electrode showed good
repeatability and stability owing to the capability to minimize
the surface fouling of electrode after NADH oxidation. S.
Jayabal et al. [69] prepared AuNRs stabilized in amino-func-
tionalized silicate sol–gel matrix (Au–TPDT NR) in
aqueous medium and applied it for the electrochemical
sensing of reduced β-nicotinamide adenine dinucleotide
(NADH) (Fig. 8a-c). The amperometric sensing of
NADH showed enhanced electrocatalytic activity for
the Au-TPDT NRs modified electrode without incorpo-
rating any mediator. The amperometric current increased
linearly with increasing the NADH concentration in the
range from 1 to 13 μM and the lowest detection limit
was estimated as 0.38 μM. A linear relationship with a
correlation coefficient of 0.99 (n = 13) for the regres-
sion eq. I (nA) = 10.47 + 1.37 C (μM) was analyzed
for NADH concentration in the range from 1 to 13 μM
with a sensitivity of 10.47 nA.μM−1. The response time
was found to be 3 s and this indicated the presence of a
fast electron transfer process at the modified electrode.
The LOD and LOQ values were estimated as 0.38 and
1.15 μM, respectively, for the NADH at GC/Au–TPDT
NRs modified electrode.
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L-cysteine

Cysteine (Cys) is sulfur containing non-essential important
aminoacid and present in natural proteins, which acts as im-
portant roles in biological systems. Cys plays as cancer indi-
cator, antioxidant, radio protective agent, antitoxin and free
radical scavenger. The deficiency of Cys results in various
pathological conditions such as skin lesions, edema, slowed
growth in children, hair depigmentation, liver damage, muscle
and fat loss andweakness [70]. Hence, sensitive determination
of Cys has become important for physiological and clinical
diagnoses. F.A.S. Silva et al. [70] fabricated a nanohybrid
consisting of multi-walled carbon nanotubes and AuNR mod-
ified GC substrate for the electrocatalytic oxidation of L-
cysteine (Cys). Oxidation of Cys was measured through CV
results by the modified electrode, which showed Cys at a very
low anodic potential (0 V vs. Ag/AgCl). The low oxidation
potent ia l , bet ter sensi t iv i ty, low detect ion limit
(8.25 nmol.L−1), higher kcat and good sensitivity of
120 nA.L.μmol−1 can be attributed to the efficiency of the
electron transfer between the nanohybrid modified surface
and Cys. The determination of Cys in human serum was per-
formed to examine the applicability of the present electro-
chemical sensor in biological samples. The recovery test was
also studied by spiking the serum samples with 50 μmol.L−1

of Cys into 0.1 mol.L−1 pH 7.0 phosphate buffer solution. The
recoveries were from 99.7% to 100.4%, indicating that the
method was highly accurate, with relative standard deviation,
from 2.3 to 4.2%, indicating an acceptable reproducibility.
The detection limit of the sensor is in accordance with the
concentration range of free Cys in human serum, which are
in healthy people, from 7 to 59 μmol.L−1.

Other analytes

Narang et al. [71] prepared AuNRs for the amplification of
electrochemical sensing of anti-HIV replication drug i.e.
deferiprone. AuNRs deposited on pencil graphite electrode

(PGE) was utilized for covalent immobilization of horse rad-
ish peroxidase (HRP),via glutaraldehyde (Glu), for
deferiprone detection using impedimetric technique. The
resulting nano gold sensor exhibited a good response to
deferiprone with a wide linear range (0.005–1000 mM) and
a low detection limit 0.005 mM. The biosensor also showed a
short response time (within 15 s). In addition, the biosensor
exhibited high reproducibility, good storage stability and se-
lectivity. The applicability of the nano gold sensor is to deter-
mine deferiprone level in spiked urine and serum samples.

W. Bai et al. [72] synthesized well-dispersed graphene/gold
nanorod (G/AuNR) composites by directly reducing a mixture
of graphene and gold growth solution with sodium borohy-
dride. GC electrode was modified with G/AuNR composite
for the detection of ractopamine based on the strong enhance-
ment effect of G/AuNRs. The peak currents varied linearly
with the concentration of ractopamine over the range of
1 × 10−9 to 2.7 × 10−6 mol.L−1, and the detection limit was
5.1 × 10−10 mol.L−1 (S/N = 3). This method was applied to
detect the content of ractopamine in swine urine samples, and
the recovery was in the range of 99.2 to 107.3%. The RSD of
each sample for three parallel detections was less than 5.1%,
and the results measured by the G/AuNR/GCE device were
acceptable.

Rahi et al. [73] designed a sensitive electrochemical sensor
based on AuNRs synthesized by a sonoelectrodeposition meth-
od. Nitrofurazone was electroreduced on the nanorod surface at
lower potentials with a higher rate, compared to a polycrystal-
line smooth gold surface, through an irreversible process. The
results showed that the nanorods could be utilized to fabricate a
nitrofurazone sensor. Amperometric and differential pulse
voltammetric procedures were applied to the determination of
nitrofurazone. Linear dynamic ranges of 50–610 and 3.0–
500 μmol.L−1 with calibration sensitivities of 2.02 and 0.5
A.L.mol−1.cm−2, and detection limits of 6.51 and
0.18 μmol.L−1 were measured using amperometry and DPV,
respectively. Dong et al. [74] fabricated, layer-by-layer self-
assembly of positively charged cetyltrimethylammonium

Fig. 8 a Schematic illustration of electrocatalytic oxidation of NADH at
the GC/Au–TPDT NRs electrode; Fig. 8 (b) TEM image of Au-TPDT
NRs; Fig. 8 (c) Amperometric i-t curve obtained for NADH at GC/Au-

TPDT NRs modified electrode during the successive addition of 0.5 lM
NADH to a stirred solution (pH 7.2) at an applied potential of 0.7 V. Fig. 8
(c) Inset corresponding calibration plot [69]
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bromide (CTAB) wrapped AuNRs and negatively charged su-
peroxide dismutase (SOD) from their aqueous solutions on
cysteine modified gold electrode (Cys/Au), a third generation
electrochemical biosensor (SOD/AuNR)2/Cys/Au) for super-
oxide anion (O2

·-). The two layers assembly of SOD/AuNR
significantly enhanced the direct electron transfer between
SOD and the electrode. The functional enzymatic activities of
the SOD offer an electrochemical approach to the determination
of O2

·-. In the reductive regions, the fabricated sensor exhibited
excellent analytical performances, such as wide linear range
(200 nM to 0.2 mM O2

·-), low detection limit (100 nM O2
·-),

high sensitivity (22.11 nA.cm−2.μM−1), short response time
(less than 5 s), good stability and reproducibility, while no ob-
vious interferences are caused by commonly met interfering
species including H2O2, UA and AA.

M. Arvand et al. [75] reported a novel, and selective elec-
trochemical method for the determination of indomethacin in
aqueous media (phosphate buffer, pH 8.0) on AuNR-GO
nanocomposite incorporated carbon nanotube paste modified
GC electrode (AuNRs–GO–CNTP/GCE) using SWV. The
AuNR-GO-GO-CNTP/GCE displayed high effective surface
area, more reactive sites and excellent electrochemical catalyt-
ic activity toward the oxidation of indomethacin. The detec-
tion limit of 1.7 × 10−2 μM and two linear calibration ranges
of 0.2–0.9 and 2.5–91.5 μM were determined for indometha-
cin determination at AuNR-GO-CNTP/GCE. The fabricated
modified electrode was successfully applied for the determi-
nation of indomethacin in human blood serum, urine and
pharmaceutical samples. A typical SWVof the human blood
sample at AuNR-GO–CNTP/GCE showed the well-defined
oxidation peak of indomethacin at ca. 0.52 V. The blood sam-
ple of the patient was then spiked with known concentrations
of indomethacin and the voltammograms clearly depicted that
the peak currents increase significantly for the peak at ca.
0.52 V. The recovery was measured from 98.0% to 103.5%.
The results showed that there is a satisfactory agreement be-
tween the declared analyte content and the determined value.
Table 3 displays the summary of analytical performance of
some Au nanorods and its composite modified electrode for
the detection of hydrogen peroxide, nitric oxide, glucose, do-
pamine, NAD+ and NADH, L-Cysteine and other analytes.

Gold nanorod based enzymatic electrochemical
sensing of small molecules

S. Komathi et al. [76] reported a one-pot procedure for simul-
taneously immobilizing horseradish peroxidase (HRP) and
poly(N-[3-(trimethoxysilyl)propyl]aniline (PTMSPA) on
AuNRs (Fig. 9a). High resolution image of HRP/
PTMSPA@AuNR attributes AuNRs are welded/connected
to one another through the surface coated PTMSPA. CVs of
H2O2 at HRP/PTMSPA@AuNRmodified electrode exhibited

a stable reduction peak at approximately −0.25 V.
Amperometric response of HRP/PTMSPA@AuNR modified
electrode showed quick response (<5 s) for the reduction of
H2O2. HRP/PTMSPA@AuNR showed wide linear range
from 1 × 10−5 to 1 × 10−3 M with detection limit (0.06 μM)
(S/N = 3) (Fig. 9b). HRP/PTMSPA@AuNR modified elec-
t rode exhibi ted high select ivi ty with sensi t ivi ty
0.021 μA.μM−1 toward H2O2. S. Zhang et al. [77] fabricated
a novel electrochemical glucose sensor based on Au@Ag het-
erogeneous nanorods (Au@Ag heterogeneous NRs). The
Au@Ag heterogeneous NRs exhibited favorable electrocata-
lytic ability to reduce H2O2 at negative potential of about
−0.6 V (vs. SCE). Further, the glucose oxidase (GOx)/
Au@Ag heterogeneous NRs modified electrode was con-
structed as a glucose sensor, which exhibited wide linear range
of 0.02–10 mM glucose in O2

− saturated phosphate buffer at
an applied potential of −0.4 Vand and a low detection limit of
1.5 μM in a ratio of signal to noise of 3. In addition to good
reproducibility and stability, the sensor exhibited good selec-
tivity to common interferents such as AA, UA and DA, other
saccharides, and 0.15 M chloride ions. The sensor was further
used to detect glucose in human serum samples. The recover-
ies of three serum samples after addition of standard glucose
were within 97.4–102.3%, indicating that the method was
very accurate.

Li et al. [78] constructed a new glucose biosensor by
immobilizing glucose oxidase (GOx) in the Chitosan (Chit)-
MWCNTs/AuNR composite membrane. The Chit-MWCNTs/
GOx /AuNR/gold electrode (GE) displayed a pair of well-
defined and reversible redox peaks with the formal potentials
(E0) of -0.384 V in 0.1 mol.L−1 pH 7.0 phosphate buffer so-
lution. The surface concentration (Γ∗) of the electroactive
GOx in the film was estimated to be (7.03 ± 0.02) × 10-
11 mol.cm-2. The electrocatalytic oxidation to glucose of
Chit-MWCNTs/GOx/AuNR/GE was also studied. Its appar-
ent Michaelis-Menten constant for glucose was 1.34 mmol·
L−1. The experiment results showed that the linear depen-
dence of the electrocatalytic current of the biosensor was from
0.28 to 5.88 mmol·L-1, the detection limit of the sensor was
2.06 × 10-5 mol.L-1 (S/N = 3), and the sensitivity was 38.2 μ
A.mmol-1.cm-2. Moreover, the biosensor showed rapid re-
sponse to glucose, good stability and reproducibility. Nirala
et al. [79] fabricated a potential bioelectrode material by
immobilizing glucose oxidase on reduced graphene oxide–
gold nanorods supported by chitosan (CH- prGO-AuNR) for
enhanced glucose sensing. These CH–prGO–AuNR/ITO
bioelectrodes demonstrated high sensitivity of 3.2 μA/(mg/
dL)/cm2 and linear range of 25–200 mg/dL with an ability to
detect as low as 14.5 mg/dL. Further, these CH-prGO-AuNR/
ITO based electrodes attest synergistically enhanced sensing
properties. Additionally, very low Km value [15.4 mg.dL-1

(0.85 mM)] ensures better binding affinity of enzyme to sub-
strate which is desirable for good biosensor stability and
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resistance to environmental interferences. Table 4 shows the
summary of analytical performance of some gold nanorod
based enzymatic electrochemical sensor for the detection of
small molecules.

Gold Nanorod based DNA biosensors

The development of a rapid, sensitive, cost-effective and se-
quence specific DNA detection method is highly desired for
the early stage diagnosis of genetic diseases. DNA biosensors,
also called as genosensors, are analytical devices produced
from the integration of a sequence-specific probe and a trans-
ducer. Electrochemical DNA detection techniques present
great improvement in DNA diagnostics as it offers accurate
and inexpensive method in addition to the generation of direct
electronic signal without requiring of expensive signal trans-
duction equipments [80].

Han et al. [81] constructed an electrochemical sensor for
sensitive and selective DNA detection based on AuNR dec-
orated GO sheets. The high-quality of AuNR-GO nano-
composite was synthesized via the electrostatic self-
assembly technique. The analytical performance of the
DNA biosensor was investigated using DPV and the re-
duction peak current of methylene blue (MB) increased

gradually with the increase of the concentration of com-
plementary DNA. AuNRs -GO electrode exhibited the
peak currents of methylene blue were linear with the loga-
rithm of the concentrations of complementary DNA from
1.0 × 10−9 to 1.0 × 10−14 M with a detection limit of
3.5 × 10−15 M (S/N = 3). Moreover, the prepared electrochem-
ical sensor could effectively distinguish complementary DNA
sequences in the presence of a large amount of single-base
mismatched DNA (1000:1), indicating that the biosensor has
high selectivity. The biosensor showed excellent reproducibil-
ity from the results measured by fabricating five different inde-
pendent electrodes. The stability of the biosensor was also in-
vestigated by detecting 1.0 × 10−11 M complementary DNA
(measured everyday). It was observed no obviously changes
(a ~ e) within one week. The relative standard deviation (RSD)
was 0.39% ~ 0.73%, showed indicating that the DNA biosen-
sor possesses good stability. Huang et al. [82] prepared an
ultrasensitive electrochemical DNA biosensor for specific de-
tection of human papillomavirus (HPV) DNA based on
G/AuNR/PT composites. A capture probe was immobilized on
a GC electrodemodified with graphene/Au nanorod/polythionine
(G/AuNR/PT) (Fig. 10a). Two auxiliary probes were designed
and used to long-range self-assemble DNA nanostructure. The
target DNA can connect DNA structure to the capture probe on
the electrode surface (Fig. 10b). [Ru(phen)3]

2+ was selected as a

Fig. 9 a One pot synthesis of HRP/PTMSPA@AuNR; Fig. 9 (b) Amperometric response at HRP/PTMSPA@AuNR for successive addition of 20 L
H2O2 in 0.1 M PBS (pH = 7.0) (applied E = −0.25 V); Fig. 9 (b) inset: Calibration curve [76]

Table 4 Summary of analytical performance of some gold nanorods based Enzymatic Electrochemical Sensor for the detection of small molecules

Electrode
material

Fabrication
method

Analyte Detection
method

Linear range Limit of Detection Interference Ref.

HRP/PTMSPA@
AuNRs

simultaneously
immobilizing HRP
and PTMSPA on AuNRs

H2O2 CV, CA 1 × 10–5 to 1 × 10 − 3 M 0.06 μM (S/N = 3). DA, AA, Glu [76]

Hetero-Au@Ag
NRs

multistep seed-mediated
growth

Glu CV, CA 5 μM to 10 mM 1.5 μM DA, AA, UA [77]

MWCNTs/GOx/
AuNR/gold

silver ion-assisted
seed-mediated method

Glu CV, CA 0.28 to 5.88 mmol L−1 2.06 × 10−5 mol L−1 ---------- [78]

CH- prGO-AuNRs seed-mediated growth
method

Glu CV, CA 25–200 mg.dL−1 14.5 mg.dL−1 Glu, Cholesterol,
Urea, UA, AA

[79]
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redox indicator for amplifying electrochemical signal significant-
ly. Enhanced sensitivity was measured through combining the
excellent electric conductivity of G/AuNR/PT architecture and
the long-range self-assembly DNA nanostructure with the
multi-signal amplification. The DPV peak current increased with
increasing the concentration of TD and a good linear relationship
was observed between the peak current (ip, A) and the logarithm
of T D concentration (C, mol.L−1) over the range from1.0 × 10−8

to 1.0 × 10−13 mol.L−1 (Fig. 9c). The detection limit was evalu-
ated to be 4.03× 10−14 mol.L−1 based on three signal-to-noise
ratio. In order to investigate the selectivity of the biosensor,
four kinds of DNA sequences were chosen to compare, in-
cluding TD, single-base mismatch target (1MT), two-base
mismatch target (2MT), and noncomplementary sequence
(NC). The sensor electrode was further used for real sample
analysis in human serum TD was detected in human serum
in order to evaluate the performance of the method in com-
plex condition. The DPV signal was decreased a little in
complex serum sample due to the interference of the sample
matrix during the hybridization between TD and CP.
However, DPV response of the blank was higher in the
serum than in H-buffer, which meant that the existence of
the nonspecific adsorption from the components in biological
sample. The results indicated the feasibility of the prepared
biosensor in real physiological media.

Zimzadeh et al. [83] demonstrated a novel electrochemical
nanobiosensor for plasma micro R-155 detection, based on
thiolated probe-functionalized AuNRs decorated on the GO
sheet on the surface of the GCE. Fig.11 shows the assembling
and working procedure of the proposed electrochemical nano-
biosensor for microR-155 detection. The reduction signals of
a novel intercalating label Oracet Blue (OB), were 8 measured
by DPV method. The electrochemical 12 signal had a linear
relationship with the concentration ranging from 2.0 f. to 13
8.0 pM, and the detection limit was 0.6 fM. Furthermore, the
nanobiosensor showed high Specificity, and was able to dis-
criminate sharply between complementary target microRNA,
single, three-base mismatch, and non-complementary
miRNA. Alongside the outstanding sensitivity and selectivity,
this nanobiosensor had great storage ability, reproducibility,
and showed a decent response in the real sample analysis with
plasma. Due to important role of the early and precise breast
cancer detection in cancer therapy, the nano biosensor was
designed for microRNA quantification, as cancer biomarkers
in the plasma. Therefore, plasma was used instead of the hy-
bridization buffer to make desired concentrations of target
microR-155 (2.0, 20.0and 200.0 fM). To isolate the plasma,
the blood was taken from a healthy non- cancerous people and
collected in a tube containing EDTA (0.01% v/v of 0.5 M Na2
EDTA (pH 8.0)) to a final concentration of 10 mM and gently

Fig. 10 a Schematic representation of the long-range self-assembledDNA
electrochemical biosensor; Fig. 10 (b) DPV response of GCE modified
with various oligonucleotides. The concentration of TD is
1.0 × 10−10 mol/L and the concentration of AP1 and AP2 are both

1.0 × 10−6 mol/L; Fig. 10 (c) DPV responses for different concentrations
of TD (1.0 × 10−13, 3.0 × 10−13, 3.0 × 10−12, 1.0 × 10−10, 1.0 × 10−9 and
1.0 × 10−8 mol/L) [82]
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inverted several times. Then, the samples were centrifuged
twice at 150 g for 5 min and then 350 g for 15 min and the
expressed plasma were collected in a different tubes and kept
isolated and frozen at −20 °C until use. The primary concen-
tration of the miR-155 in the freshly collected plasma samples
were as summed zero, because its concentration in plasma of
non-cancerous people expected to be almost zero and also is
lower than the detection limit of the proposed nano biosensor.
Table 5 shows the summary of analytical performance of some
nanorod based DNA biosensors.

Gold nanorod based Immunosensors

The early detection of cancer is of great importance for the
successful treatment of disease. The tumor marker is valuable

in the reflection of cell differentiation, histogenesis and cell
function. In the early detection of cancer, distinguishing the
malignant condition from the carcinoid condition, measuring
the level of disease and finding the recurrence, tumor marker
detection acts a main role. A biomarker as defined by the
National Center Institute, which is a biomolecules observed
in human serum and tissue that is an indicator of a biological
state or a condition. The concentration of tumor marker in
cancer patients significantly exceeds that of the normal adults.
Various methods have been made for the detection of tumor
marker such as surface Plasmon resonance immunoassay,
enzyme-linked immunosorbent assay, fluorescence immuno-
assay, chemiluminescence immunoassay, colorimetric immu-
noassay and electrochemiluminescence immunoassay and
electrochemical immunoassay particularly for amperometric
immunosensors. Among them, amperometric immunosensors

Fig. 11 Illustration of the assembling and working procedure of the proposed electrochemical nanobiosensor for miR-155 detection [83]

Table 5 Summary of analytical performance of some Au nanorods based DNA Biosensors

Electrode Fabrication
method

Analyte Detection
method

Linear range Limit of Detection Ref.

AuNRs-GO electrostatic self-assembly DNA DPV 1.0 × 10−9 to 1.0 × 10−14 M 3.5 × 10−15 M [81]

G/AuNRs/PT long-range self-assembled HPV DNA EIS, DPV 1 × 10−8 – 10 nmol/L 4.03× 10−5 nmol/L [82]

functionalized
gold nanorods decorated
on the graphene oxide (GO)

seed-mediated growth method plasma miR-155 CV, DPV 2 f. - 8 pM 0.6 fM [83]
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attracts great attention owing to its cost effectiveness, sensi-
tivity and simplicity [84–86].

Sun et al. [87] reported a sensitive electrochemical
immunosensor for the detection of protein biomarker tumor
necrosis factor α (TNF-α) that uses ferrocene carboxylic acid
(Fc) functionalized self-assembled peptide nanowires (Fc-
PNW) as sensor platform and glucose oxidase (GOx) modi-
fied AuNRs as label. Enhanced sensitivity was achieved based
on a dual signal amplification strategy: first, the synthesized
Fc-PNWused as the sensor plat form increased the loading of
primary anti-TNF-α antibody (Ab1) onto electrode surface
due to its large surface area. At the same time, the Fc moiety
on the nanowires is used as a mediator for GOx to catalyze the
glucose reaction. Second, multiple GOx and secondary anti-
TNF-α antibody (Ab2) molecules are bounded on to each
AuNR to increase the sensitivity of the immunosensor. After
the preparation of the immunosensor based on the traditional
sandwich protocol, the response of the immunosensor towards
glucose was used as a signal to differentiate various concen-
trations of TNF-α. The resulting immunosensor has high sen-
sitivity, wide linear range (0.005–10 ng.mL−1) and good se-
lectivity. The response of the immunosensor in phosphate
buffer solution to 5 mM glucose for the detection of
10 ng.mL−1 of TNF-α. After the addition of glucose, it can
be seen that there is an increase of the oxidation current and as
ignificant decrease of the reduction current, displaying a typ-
ical phenomena of GOx catalyzed glucose oxidation reaction.
The high sensitivity of the immunosensor can be ascribed to
the high loading ofAb1 on the electrode surfaceand the large
amount of GOx as well as Ab2 molecules on the AuNR sur-
face. This result indicated the successful detection of TNFα
using the prepared immunosensor. The reproducibility of the
immunosensor was tested since it is very important for the real
application of the sensors. Six different immunosensors were
prepared independently and tested for the detection of the
same concentration of TNF-α. The relative standard devia-
tions (RSD) of 5.4% and 6.1% were found for the detection
of 0.1 ng.mL−1 and 10 ng.mL−1 of TNF-α, respectively, indi-
cating there liability of the measurement. To demonstrate the
possibility of the immunosensor for clinical applications, a
recovery test was performed in human serum. The percent of
TNF-α detected by the immunoasnesor from these serum
samples ranged from 95.6% to 106.0% of the TNF-α added
to the samples demonstrating the potential clinical applicabil-
ity of the prepared immunosensor for the detection of TNF-α.

Zang et al . [88] fabricated an electrochemical
immunosensor, basing on a dual signal amplified strategy by
employing a biocompatible polypyrrole film-Au nanocluster
matrix as a sensor platform and multi-enzyme-antibody
functionalized AuNRs as an electrochemical detection la-
bel, is established for sensitive detection of ofloxacin
(OFL). Finally, based on a competitive immunoassay,
i.e., the association ability with the corresponding antibody

between the captured antigen and free OFL in the solu-
tion, the fabricated immunosensor exhibited a sensitive
response to OFL in the range from 0.08 to 410 ng.mL−1

with a detection limit of 0.03 ng.mL−1. The current
immunosensor exhibited good sensitivity, selectivity and
long-term stabi l i ty. The reproducibi l i ty of the
immunosensor was an important parameter for practical
application. In this study, it was confirmed by three mea-
surements of every concentration, which resulted in the
relative standard deviations of 0.89%, 1.28% and 1.31%
at OFL concentrations of 0.4, 6.4 and 102.4 ng.mL−1,
respectively. When the biosensor was not in use, it was
stored in refrigerator at 4 °C. After 3 weeks, the catalytic
current of the immunosensor decreased to about 86% of
its original value, indicating the retention of the specific
binding ability of the antigens. In order to evaluate the
feasibility of the immunosensor for possible application,
the prepared immunosensor was used to determine the
recoveries of different concentrations of OFL in 0.01 M
PBST buffer as a sample. A total of four PBST samples
were analyzed with OFL concentrations at 0.8, 12.8, 51.2,
and 204.8 ng.mL−1, respectively. The recoveries of
immunosensor ranged from 96.1 to 103.4%, indicated an
acceptable accuracy. G. Sun et al. [89] constructed an
ultrasensitive enzyme-free electrochemical immunosensor
using AuNRs modified paper electrode as sensor platform
and porous zinc oxide spheres (PZS)-silver nanoparticles
(AgNPs) nanocomposites as signal labels (Fig. 12). The
immunosensor for prostate specific antigen (PSA) exhibit-
ed a wide linear detection range from 0.004 to
60 ng.mL−1 with a detection limit of 1.5 pg.mL−1.
Moreover, the immunosensor showed excellent selectivity,
high stability, and acceptable fabrication reproducibility.
The designed immunosensing assay results of human se-
rum samples (provided by Shandong Cancer Hospital)
were compared with the reference values (the results were
provided by Shandong Tumor Hospital, China) observed
by commercial available Electrochemiluminescent Analyzer
(ROCHE E601, Switzerland). The immunosensor con-
structed in this work could be reasonably applied in the
clinical determination of PSA in human plasma.

Du et al. [90] reported multi-enzyme amplification strategy
using AuNRs as nanocarrier for coimmobilization of horse-
radish peroxidase (HRP) and detection antibody (Ab2) at a
high ratio of HRP/Ab2, which produced an amplified electro-
catalytic response by the reduction of HRP oxidized thionine
in the presence of H2O2. Fig. 13. shows the schematic illus-
tration of multiplexed electrochemical immunoassay. The im-
munoreaction processes were accelerated by applying +0.4 V
for 3 min and then −0.2 V for 1.5 min; thus, the whole sand-
wich immunoreactions can be completed in less than 5 min.
Under optimal conditions, this method could simultaneously
detect phospho-p53392, phospho-p5315, phospho-p5346, and
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total p53 ranging from 0.01 to 20 nM, 0.05 to 20 nM, 0.1 to
50 nM, and 0.05 to 20 nM with detection limits of 5, 20, 30,
and 10 pM, respectively. Accurate determinations of these
proteins in human plasma samples were demonstrated by
comparison to the standard ELISA method. The disposable
immunosensor array showed excellent promise for clinical
screening of phosphorylated proteins and convenient point-
of-care diagnostics. Table 6 depicts the summary of analytical
performance of some Au nanorods Based immunosensors for
the detection of small biomolecules.

Aptamer-based assays

The development of aptamer-based electrochemical biosen-
sors as an interesting and promising technology has made
the determination of small and macromolecular analytes eas-
ier, faster, and more suited for the determination of protein
biomarkers. Aptamers are single stranded DNA or RNA oli-
gonucleotides that have undergone iterative rounds of in vitro
selection for binding with high affinity to specific analytes of
choice; a sensitive yet easy technique to utilize aptamers as

Fig. 13 Schematic illustration of
multiplexed electrochemical
Immunoassay by an electric field-
driven process and multienzymes
labeling amplification strategy
using HRP-Ab2-AuNR conju-
gates [90]

Fig. 12 The fabrication process of the AuNR-based electrochemical immunosensor [89]

Microchim Acta (2017) 184:3069–3092 3087



recognition entities for the fabrication of electrochemical bio-
sensors is to transduce the signal electrochemically [91].
Aptamers based electrochemical biosensors provide a number
of advantages over conventional antibody including low cost,
temperature stability and reusability [92]. Shakoori et al. [93]
fabricated an electrochemical DNA biosensor based on
AuNRs on a gold-electrode surface for detecting HBV. The
authors studied the construction process of the biosensor using
CVof [Fe(CN)6]

3−/4-, as an electrochemical redox probe, and
of [Co(phen)3]3+, as an electrochemical indicator. The target
DNA was quantified in the linear range from 1.0 × 10−12 to
10.0 × 10−6 mol .L−1 , wi th a detec t ion l imi t of
2.0 × 10−12 mol.L−1. The DNA biosensor exhibited good
specificity for distinguishing complementary DNA from non-
complementary and mismatched DNA sequences. The se-
quence of oligonucleotides was selected using BLAST so that
it had the least similarity to the human serum genome.

W. Wen et al., [94] reported a triplex signal amplification
strategy for sensitive biosensing of cancer biomarker by tak-
ing advantage of hairpin-shaped oligonucleotide-functional-
ized gold nanorods (HO-AuNRs), graphene and the avidin-
biotin reation. Fig. 14a and b depicts the modification and
assembly process of SA-CS/GR/GCE and electrochemical
sensing strategy for the detection of CEA (carcinoembryonic
antigen). The strategy was expanded for the electrochemical
detection of carcinoembryonic antigen (CEA) by using an
aptamer as biosensor’s recognition element and HO-AuNRs
as signal enhancer. The biosensor was constructed by the
GNR was used as a carrier of horseradish peroxidase (HRP)
and HO aptamer with a biotin at the 3′-end and a thiol at the 5′-
end, which amplified the electrochemical response because of
a large molar ratio of HRP to HO. In the presence of target
CEA, the binding reactions of CEAwith the loop portions of
the HOs caused HOs’ loop-stem structure opened and ex-
posed the biotins and then HRP-AuNRs-HO conjugates were
captured on graphene and streptavidin modified electrodes via
the reaction between the exposed biotins and preimmobilized
streptavidins. The accumulation of HRP effectively catalyzed
the hydrogen peroxide-mediated oxidation of o-
phenylenediamine to generate an electrochemical reduction
current for CEA detection. Under optimal conditions, the elec-
trochemical biosensor exhibited a wide dynamic range of
5 pg.mL−1 and 50 ng.mL−1 toward CEA standards with a
low detection limit of 1.5 pg.mL−1 (signal-to-noise ratio ofs
3). The biosensor accurately detected CEA concentration in 8
human serum samples from patients with lung diseases, show-
ing excellent correlations with standard chemiluminescence
immunoassay.

Gallina et al. [95] used aptamer-conjugated, fluorescent
AuNRs as potential cancer theradiagnostic agents. The aspect
ratio of AuNRs was 3.9. Bioconjugation with a fluorescent,
active targeting agent, H2N-AS1411-Cy5, was secured using a
versatile cross-linking method based on the exploitation ofT
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aptamers’modularity. The fluorescent version of AS1411 was
internalized by cancer cells via endocytosis. Flow cytometry
experiments and far-field fluorescence microscopic studies
evidenced the efficiency of AC-GNR uptake by cancer cells.
The authors also found that AC-GNRs were good candidates
for theradiagnostic applications based on the use of
photothermal therapy.

Conclusion and future outlooks

To determine the very low level of biomoleclues and identify
early stages of diseases extremely sensitive biosensors are
needed. An electrochemical sensor is one of the best candi-
dates having rapid, high sensitive and selective determination
of analytes. In this review article, we have described the syn-
thesis of gold nanorods by various techniques such as electro-
chemical synthesis, seed-mediated synthesis, template meth-
od, lithographic methods and catalytic methods have been
discussed. The importance of electrochemistry of AuNRs
was also addressed. The AuNR nanoelectrodes offer great
opportunities to do electrochemistry in highly sensitive and
to examine the kinetics of redox procedures that are too fast

to assess at conventional macroscopic electrodes. We have
highlighted the use AuNR-based non-enzymatic electrochem-
ical sensor for simple biomolecules including hydrogen per-
oxide, nitric oxide, glucose, dopamine, NAD+ and NADH, L-
Cysteine and other analytes have been discussed. Besides,
AuNR-based enzymatic electrochemical sensor for simple
biomolecules and AuNR-based DNA biosensors,
immunosensors and biomarkers were discussed. In conclu-
sion, the AuNRs-based materials and its unique electronic
properties make outstanding sensing material in the develop-
ment of electrochemical biosensor. However, the AuNR based
electrochemical biosensor for the detection of important bio-
molecules such as NAD+ and NADH, L-cysteine and bio-
markers are rarely reported. Microfluidic paper-based analyt-
ical device with electrochemical detection (ePADs) provides a
selective and sensitive platform for evaluating biomarkers in
the near future. Noiphung et al. [96] reported the electrochem-
ical detection of glucose in whole blood using reusable, exter-
nal screen-printed carbon electrode modified with a mediator,
Prussian Blue. Blood plasma carrying glucose was separated
fromwhole blood into a detection region where it reacted with
glucose oxidase to form hydrogen peroxide, and detected elec-
trochemically using amperometry. This ePAD device was

Fig. 14 aModification procedure of HO- AuNRs-HRP conjugate; Fig. 14. (b) Schematic illustration of the assembly process of SA-CS/GR/GCE and
electrochemical sensing strategy for the detection of CEA [94]
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capable of sub-nanomolar detection and offered results com-
parable to HPLC testing of real human samples. It was ob-
served from the reports that the electrocatalytic activity of
AuNRs not only depends on aspect ratio but also depends
on the functionalization and active catalytic sites on AuNRs
surface. Therefore, one can achieve a novel AuNR-based
electrocatalyst for a particular electrocatalytic process by op-
timizing several parameters such as aspect ratio,
functionalization, facet growth control, stability of the modi-
fied electrode etc. In future, paper based gold nanorods
obtaining by incorporating with paper microfluidic technique,
which may suitable for the electrochemical sensing of small
biomolecules [97]. Hence, in future the selective and sensitive
determination of those molecules has become essential for
public health. In the near future, development of multi-analy-
sis, highly specific, highly sensitive nanoscale biosensors will
need the combination of interdisciplinary knowledge from
various fields including surface biochemistry, medicine, biol-
ogy and bioengineering, solid-state and surface physics and
electrical engineering. Any development in this area will have
an outcome on the future of health care and diagnostics. The
AuNR-basedmaterials and its modified electrode is a versatile
system for the detection of important biomolecules in the near
future.
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