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Nanotechnology has been in recent years an indispensable tool for
great advancement in science and technology. With advanced preparatory
methods, nanomaterials can have the desired size control, surface properties,
shape and other physicochemical properties. Their larger surface area to
volume ratio, which offers them the capacity to improve electron-transfer
rate are quite utilized in catalysis, polymer technology, drug delivery, food
production, painting and electrochemical sensing. Since electrochemical
sensors are required to be of very high sensitivity, selectivity and stability,
incorporation of nanomaterials in the sensors’ design is inevitable due to
their aforementioned properties. So many work have therefore been reported
in which nanomaterials ranging from nanoparticles to nanotubes were used
for improving the properties of sensors and the results of these researches
have been so far promising. This article therefore intends to present some of
these works and showcase the relevance of nanomaterials in electrochemical
sensor developments.

INTRODUCTION
Nanomaterials and nanotechnology have grown over the years and still stands as an indispensable technology for great
advancement in science and technology. Nanomaterials are basically materials that have one of their dimensions less than or
equal 100 nanometer scale [1-4]. Advancement in the synthesis methodologies of these nanomaterials now permits preparation of
variety of the materials with the desired size, surface properties, shape and other physicochemical properties [5-7]. Moreover, the
materials can be functionalized thus offering great prospect for combining biological recognition events and signal transduction
mechanism in developing novel bioelectronic devices with excellent sensor properties [8-13]. Nanomaterials generally have larger
surface area, the ability to improve the electron-transfer rate and these properties among others are quite utilized in catalysis
[14]
, polymer technology [15], drug delivery [16], food production [17], painting [4] and electrochemical sensing [18]. Electrochemical
sensors forms an integral subdivision of chemical sensors in which the transduction element is designed from an electrode
[19,20]
. It basically work on the principle of electrochemistry, which is also a very powerful electroanalytical technique that has the
advantages of high sensitivity, instrument simplicity, portability, easy miniaturization and relatively low cost [21]. Recently, portable
biochemical detection was made possible through the use of smartphones integrated with sensors, such as test trips, sensor
chips and hand-held detectors [22]. The integration of these miniaturized devices as sensitive arrays was possible through the
application of micro-electro-mechanical systems and of course nanotechnology [23-25]. Since some of the properties of sensors are
very high sensitivity, selectivity and stability, researchers have in recent years put a lot of effort towards improving these properties
and one of the ways is the incorporation of nanomaterials in the sensors. The aim of this review is to expose researchers to the
success recorded in this area while hoping that the article will stimulate further discoveries in the area of electrochemical sensors
using nanomaterials.

QUANTUM-DOT NANOMATERIAL
These are nanocrystals with excellent electrical and optical properties [26,27]. Quantum-dot (QD) semiconductor nanocrystals
have been reported to be used for design of multi-analyte electrochemical aptamers biosensor with subpico molar (attomole)
detection limit [28]. Aptamer is the RNA or DNA ligand to the target molecule and it was usually obtained by the method called
‘systematic evolution of ligands by exponential enrichment (SELEX) [29]. The aptamers can bind strongly to a target molecule
like an antibody and can be tailored with high degree of efficiency and as such are used as powerful tool for proteome analysis
[30]
. Other advantages are its relative ease of isolation and modifications coupled with high stability. The nanocrystals play
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the significant role of electro diversification of the electrical tags, one of the requirements for multiplexed bioanalysis and the
remarkable low (attomole) detection limit therefore is a consequence of the extensive amplification quality of the nanoparticlebased electrochemical stripping measurements [31]. Since it is multi-analyte biosensor, four different encoding nanomaterials,
CdS; ZnS; CuS; and PbS, were used to differentiate the signals of four targeted DNA. In operating the aptamer/Quantum-DotBased dual-analyte biosensor, single-step displacement assay was used as presented in Scheme 1.

Scheme 1. Operation of the Aptamer/Quantum-Dot-based dual-analyte biosensor involving displacement of the tagged proteins by the target
analytes, (A) Mixed monolayer of thiolated aptamers on the gold substrate with the bound protein−QD conjugates; (B) sample addition and
displacement of the tagged proteins; (C) dissolution of the remaining captured nanocrystals followed by their electrochemical-stripping detection
at a coated glassy carbon electrode. Adapted from [28].

In the scheme, several thiolated aptamers were co-immobilized, together with binding of the matching QD-tagged proteins on
the gold substrate (A), followed by sample addition (B) and displacement of the tag proteins. The displacement, allows monitoring
of the remaining nanocrystals via electrochemical detection means (C). The biosensor was first used for single analyte sensing in
order to assess its sensitivity and selectivity. High sensitivity accrued from the electrochemical detection was shown in Figure 1a
and the calibration plot, presented in Figure 1b depicts a rapid drop in the peak current up to 200 ng L-1 which later maintained
a slower decrease, typical of displacement assays. Detection limit of 20 ng L-1 (0.5 pM) was recorded within the concentration
range of 20 to 500 ng L-1. The biosensor therefore, has much lower detection limit (of the order of 3-4) than those aptamer
biosensors reported previously [32-34]. High reproducibility (relative standard deviation of 5%) was recorded after six consecutive
measurements of 100 ngL-1 thrombin.

Figure 1. (A) Square-wave stripping voltammograms for different concentrations of thrombin: 0 (a), 100 (b), and 500 (c) ng L-1. (B) The resulting
calibration plot. (C) Assessment of the selectivity using nontarget proteins: (a) control (no analyte or interference), (b) 25 μg L-1 BSA, and (c) 25
μg L-1 IgG. Dissolution of the QDs (conjugated to the undisplaced protein molecules) was carried out by the addition of HNO3 (100 μL, 0.1 M)
and sonication for 1 h. The resulting solution was transferred to a 1 mL electrochemical cell containing 900 μL of acetate buffer (0.1 M, pH 4.6)
and 10 ppm mercury (II). Electrochemical stripping detection proceeded after 1 min pretreatment at +0.6 V, 2 min accumulation at -1.2 V, and
scanning the potential to -0.25 V. Adapted from [28].
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Figure 2. Simultaneous bioelectronic detection of lysozyme and thrombin. Square-wave stripping voltammograms obtained after additions of
(A) 0 μg L-1 protein, (B) 1 μg L-1 lysozyme, (C) 0.5 μg L-1 thrombin, and (D) a mixture of 1 μg L-1 lysozyme (a) and 0.5 μg L-1 thrombin (b). Conditions
as in Figure 1. Adapted from [28].

The multi-analyte task of the biosensor was demonstrated in Figure 2, where dual-analyte detection of thrombin (a) and
lysozyme (b) were presented. Similar reductions in both metal peaks was a consequence of the simultaneous addition of both
thrombin and lysozyme proteins as in Figure 2d. This suggest that if there are non-overlapping metal peaks within a given potential
window, then as much as five or six protein targets can be analyzed simultaneously in a single run. CdS nanoparticle-based
(another Quantum-Dot) bio sensing of sugars based on their interaction with surface-functionalized lectins was also presented in
Scheme 2 [35]. This is achieved by immobilization of lectin, the recognition element for carbohydrate, onto the gold surface and
contention between a nanocrystal (CdS)-labeled sugar and target sugar for carbohydrate binding sites on lectins was monitored
through highly sensitive electrochemical stripping detection of the captured nanocrystal.

Scheme 2. Operation of the Nanoparticle-Based Bioelectronic Sensor for Glycans Involving Competition of the Tagged Sugar with the Target
Analytes for the Binding Sites of the Immobilized Lectin, (a) Mixed self-assembled monolayer on the gold substrate; (b) covalent immobilization
of the lectin; (c) addition of the tagged and untagged sugars; (d) dissolution of the captured nanocrystals, followed by their stripping-voltammetry
detection at a mercury-coated glassy carbon electrode. Adapted from [35].

The lectin-sugar recognition event thus yields a distinct cadmium stripping voltammetry current peak, whose size depends
inversely on the level and affinity of the target glycan. A model system involving a surface-bound pure Arachis hypogaea (peanut
agglutinin, PNA) lectin and various analytes was used to optimize and test the assay, and excellent selectivity for targeted analytes
was observed as presented in Figure 3. The sensitivity trend, β-d-Gal-[1→3] [36]-d-GalNAc>Gal>GalNAc, was found consistent with
the reported relative affinity of these carbohydrate moieties to PNA lectin [37]. Interestingly, even with excess amount of non-target
sugars such as glucose and mannose, no response was observed (Figures 3e and 3f). This makes Lectin array a successful
distinguisher of individual sugars [35]. Square-wave voltammetric signals for different concentrations of the target β-d-Gal-[1→3]-dGalNAc glycan was presented in Figure 4d and distinctly smaller cadmium stripping peaks, corresponding to smaller levels of the
captured CdS-tagged sugar, was observed with increasing concentration of the target.

Figure 3. Square-wave voltammetry stripping signals in the presence of (a) “control” solution (no target), (b) 11.1 μM GalNAc, (c) 11.1 μM Gal,
(d) 11.1 μM β-d-Gal-[1→3]-d-GalNAc, (e) 277 μM glucose, and (f) 277 μM mannose. Incubation time, 60 min. Dissolution of the QDs (conjugated
to the lectin-bound sugar molecules) was carried out by adding 100 μL nitric acid (0.1 M) and incubating for 60 min. The resulting solution was
transferred to the electrochemical cell containing 300 μL of acetate buffer (0.1 M, pH 5.3) and 10 ppm Hg2+. Electrochemical stripping detection
proceeded using an 8 min deposition at -1.1 V and scanning the potential to -0.2 V using an amplitude of 25 mV, a potential step of 4 and a
frequency of 25 Hz. Concentration of the tagged sugar [CdS-(4-aminophenol-β-d-galactopyranoside)], 800 μg L-1. Adapted from [35].
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Figure 4. Corresponding calibration plots of (A) GalNAc, (B) Gal, and (C) β-d-Gal-[1→3]-d-GalNAc. (D) Square-wave voltammetry stripping signals
in the presence of (a) 0.0, (b) 0.277, (c) 2.77, and (d) 11.1 μM β-d-Gal-[1→3]-d-GalNAc. Other conditions, as in Figure 3. Adapted from [35].

The detection limit for β-d-Gal-[1→3]-d-GalNAc, determined from the calibration plot in Figure 4c, was 0.1 µM, corresponding
to 38.3 ng mL-1. Also presented were the calibration plots of GalNAc (Figure 4a) and Gal (Figure 4b), with 2.7 µM and 1 µM
detection limits respectively. The trend in sensitivity was found consistent with square-wave voltammetric stripping analysis in
Figure 3. Reproducibility test for the bioassay was found to be good from the 5.7% relative standard deviation result for six series
of repetitive measurements of 27.7 µM GalNAc. The article also reported optimization of CdS-tagged sugar over a concentration
range of 0.2-1.5 µg mL-1 and optimum response was achieved at 0.8 µg mL-1 concentration. Incubation time was also optimized by
varying the time over a range of 20-120 min in the presence and absence of target sugar and in both cases optimum incubation
time of 80 min was achieved.

GOLD NANOPARTICLES
Gold nanoparticles (AuNPs) attracted many attentions in electrochemical sensors due to their large surface area to volume
ratio, good electrical properties, high surface reaction activity, small particle size and good surface properties [7,38-40]. In an
attempt to have an amplified electrical transduction of DNA, Kawde and Jang had developed a polymeric beads consisting of
large number of nanoparticles [41]. Scheme 3 presented the analytical protocol, which involved the hybridization of oligonucleotide
probe (captured on magnetic beads) to the DNA target labeled with the gold-loaded carrier sphere (a), followed by subsequent
dissolution (c) and detection via stripping potentiometry (d) of the gold tracer disposable thick-film carbon electrode.

Scheme 3. Amplified analytical protocol. a) hybridization event; b) catalytic enlargement; c) gold dissolution; d) stripping detection. Adapted
from [41].

Thus, higher amplification, courtesy of the combined use of carrier-bead and highly sensitive electrochemical stripping
detection of the multiple AuNPs tracers was obtained. Much higher sensitivity was achieved by incorporating catalytic enlargement
of the multiple gold-particle tags in addition to the carrier bead amplifying units and the ultrasensitive electrochemical stripping
detection (Scheme 3b). Structural and morphological insight of the gold-loaded polymeric beads indicated duplex formation
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results in linking of the approximately 0.6 µm polystyrene spheres to the approximately 0.8 µm magnetic beads. TEM micrograph
allows clear sight of each and every gold nanoparticle on the polystyrene carrier beads before and after enhancement. The
gold loading time was optimized to 15 min loading time for 1 × 1011 gold particles solution. Chrono potentiometric stripping
hybridization response of the new protocol exhibit unimaginably larger gold signal for lower target concentration (Figures 5a and
5b), as compared with the traditional assay [42]. However, no response was observed for a 1000-fold excess of non-complementary
DNA (Figure 5c). Concentration effect in the ultralow DNA concentration range of 100-500 ng mL-1 showed a nonlinear peak
area increment with the increasing target concentration. However, the logarithmic plot in Figure 6 was found linear over the
entire concentration range used. Similar behavior was reported in other particle-based bioassays [42,43] and agrees with models
of particle aggregation involving avidin/biotin systems [44]. From the calibration plot, the limit of detection was calculated to be
40 pg mL-1 (6 pM) on the S/N=3 for the response of 100 pg mL-1 target DNA, which is much lower than the conventional singleparticle stripping hybridization assay detection limit of 100 ng mL-1 [42,45,46]. Good reproducibility was achieved after six consecutive
repetitive measurements of the 100 ng mL-1 targeted DNA. Graphene quantum dots (GQD) functionalized gold nanoparticles
(AuNPs) were reported to show extraordinary performance in the ultralow detection of Hg2+ and Cu2+ coupled with high sensitivity
[47]
. This was achieved by drop-casting of the GQD-AuNPs onto a polished glassy carbon electrode and using anodic stripping
voltammetry, the square wave voltammogram was recorded. 3D-AuNPs-Graphene composite was also applied in electrochemical
immunoassay for carcinoembryonic antigen through utilization of the large surface area of gold nanoparticles which enabled
capturing of more primary antibodies at the same time improving the electronic transmission rate [48].

Figure 5. Chronoamperometric stripping hybridization response of the single- (a) and multi- (b-d) particle protocols to 500 ng mL-1 target(a), 1
ng mL-1 target (b), to 1000 ng mL-1 non-complementary DNA (c), and control solution containing 20 µg gold-tagged beads (d). Adapted from [41].

Figure 6. Chronoamperometric signal for increasing level of E908X-WT DNA: 0.1(a), 0.5(b), 1.0(c), 100(d) and 500 (e) ng mL-1. Adapted from [41].

MULTI-WALLED NANOTUBES
Multi-walled nanotubes (MWNTs) is a subclass of carbon nanotubes, which are new types of carbon materials formed from
the folding of graphene layers into carbon cylinders [49,50]. Their special geometry, unique electronic, mechanical, chemical and
thermal properties made them highly attractive for electrochemical applications [51]. Wang et al. had developed a novel biosensor
for glucose detection based MWNTs [52]. The MWNT-based enzyme electrode was designed by growing the MWNTs on Si substrate,
then followed by evaporating on the top surface of the MWNTs a thin gold film. Later the substrate was completely removed by
etching with mixture of HNO3 and HF. This provide amble surface for the glucose oxidase to attach to, hence providing the extra
sensitivity. The glucose oxidase enzymes mediate the direct electron transfer to the gold transducer and produce the response
current. Detail of the chemical reaction is shown below [53]:
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Glucose+O2→gluconic acid+H2O2										

(1)

and H2O2→2H++O2+2e-					

(2)

					

Amperometry response of MWNT-based biosensor to glucose together with glassy carbon biosensor shows that MWNT-based
biosensor exhibits much stronger response to glucose than glassy carbon biosensor. More interestingly, is at a fixed potential of
+0.45 V vs Ag/AgCl, no response was observed with glassy carbon biosensor, whereas MWNT-based biosensor gave a good signal.
This further buttress the higher sensitivity of the MWNT-based biosensor, a property acquired due to the nanomaterials that
permit immobilization of more glucose oxidase enzymes [54]. In terms of stability of the biosensors, MWNT-based retained 86.7%
of its initial activity after storing in a buffer solution at 4°C for four months, however, 37.2% initial activity was retained for glassy
carbon biosensor under the same conditions. Multi-walled carbon nanotubes hybrid in conjugation with other electrochemically
active materials such as graphene oxide, metal nanoparticles etcetera, have been utilized in several electrochemical discoveries
ranging from biological to environmental applications [55-58].

ZnO NANOTUBES
Recently, ZnONTs have numerous application in electrochemical biosensors due to its biocompatibility, non-toxicity, fast
electron-transfer rate and easy application [59,60]. ZnO nanotubes (ZnONTs) has also been reported for application in glucose
detection [18]. The work was designed based on the same principle of glucose oxidation by glucose oxidase enzyme. Experimental
parameters such as voltage, pH and temperature were optimized before the amperometric detection of glucose and it was
observed that, voltage=0.8 V, pH=7 and temperature=50°C were the optimum conditions, however, temperature of 25°C was
used throughout the analysis in order to avoid evaporation of solvents. The ZnONT-based biosensor was reported to respond
faster and sensitively to glucose in PB solution. Calibration plot for different glucose concentration response showed straight line
and the linear response range was from 50 µM to 12 mM. The sensitivity and LOD were determined to be 21.7 µA/mMcm2 and
1 µM (S/N=3) respectively. The authors tried to compare the sensitivity of ZnONT with ZnO nanorods (ZnONR) and Au film. In all
cases, ZnONT stand out to be the best and this was attributed to the structure of ZnONT which provides higher electrode surface
area for glucose oxidase immobilization. The effect of interference by some electroactive species such as ascorbic acid, L-Cysteine
and urea were performed and little or no response was recorded for both L-Cysteine and urea while ascorbic acid showed current
increment of 9.0% which is still insignificant considering its concentration in physiological condition [61], thus provide negligible
effect for glucose determination in serum sample. Relative standard deviation of 2.2% was recorded for 13 continuous assays
and a long-term stability of 70% of initial response after 60 days 90% of initial response after three weeks were recorded. ZnO
also found application in ethanol gas sensing, for example, recently zinc oxide (ZnO) nanorods synthesized via low temperature
hydrothermal process was utilized to construct ethanol gas sensor at different operating temperature by measuring the output
voltage signal and has demonstrated high, reversible and fast response to ethanol [62]. In an attempt to improve the sensor
performance, the ZnO was later grown 90° to the axis of tin oxide (SnO2) nanowires synthesized by thermal evaporation, to form
a hierarchical nanostructures [63] and it was revealed that hierarchical nanostructures enhanced the ethanol gas response and
selectivity for interfering gases such as NH3, CO, H2, CO2, and LPG. Platinum and palladium doped ZnO nanoarrays were also
shown to be self-powered active ethanol gas sensors at room temperature by uniformly distributing the metal nanoparticles
on the surface of the ZnO nanowire [64,65]. The room-temperature self-powered ethanol sensing behavior was attributed to the
catalytic effect of the metal nanoparticles, the Schottky barrier at the metal/ZnO interface, and the piezotronics effect of the ZnO
nanowires. Single crystalline Zinc sulfide nanowires grown by thermal evaporation have also shown high sensitivity, fast response
and recovery times, and high selectivity towards detection of acetone and ethanol down to 500 ppb level [66].

NICKEL OXIDE NANOPARTICLES AND CARBON BLACK
A glassy carbon electrode modified with Nickel oxide nanoparticles (NiONPs) and carbon black was reported to be simple
and highly selective electrode for combined determination of paracetamol (PCT) and codeine (COD) [67]. The NiONPs are important
nanomaterials due to their specific chemical, surface and microstructural properties [68]. NiONPs were electrodeposited on a
carbon black-dihexadecylphosphate (CB-DHP) dispersed glassy carbon electrode, forming the NiONPs-CB-DHP/GCE electrode as
the indicator electrode. The NiONPs-CB-DHP/GCE was electrochemically characterized using cyclic voltammetry and optimization
of the electrochemical behavior of target analytes were carried out using cyclic voltammetry and square wave voltammetry. The
cyclic voltammograms for NiONPs-CB-DHP/GCE presented in Figure 7 shows a reversible process after different scan rates, which
confirmed the formation of NiONPs on the electrode surface. The reversible process is based on the equation below:
Ni(OH)2+OH-↔NiO(OH)+H2O+e-									

(3)

The electrochemical behavior of PCT and COD shows a synergic effect upon incorporation of NiONPs to the CB-DHP/GCE
electrode for both PCT and COD due to the increase in the analytical signal. The increased signal was attributed to the chemical
interaction between the NiONPs and the -OH groups present in the drug structures [69].
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Figure 7. Cyclic voltammograms obtained for the NiONPs-CB-DHP/GCE in 0.1 mol L−1NaOH solution at different scan rates:(1-10): 10, 20, 30,
40, 50, 60, 70, 80, 90 and 100 mV s−1. Inset: log ja vs. log v. Adapted from [67].

Effect of pH for the detection of the PCT and COD using the NiONPs-CB-DHP/GCE electrode was investigated by varying pH
between the range of 2.0-7.0 and it was observed that for PCT increase in pH resulted to a negative shift in potential for the anodic
and cathodic peak current. However, COD showed largest current signal at pH of 3, thus BR buffer solution at pH 3.0 was used
for further analysis. Electrochemical behavior to various supporting electrolytes was also investigated using 0.04 molL-1 BR buffer
(pH 3.0), 0.1 molL-1 phosphate buffer (pH 3.0) and 0.1 molL-1 KNO3 solution (pH 3.0, adjusted with a 0.5 mol L-1 HNO3 solution).
Best analytical signals were obtained with BR buffer solution. The response of PCT and COD in the presence of each other was
then carried out after the optimization using square wave voltammetry, in first case keeping a constant COD concentration and
varying the concentration of PCT and in the second case, the vice versa. Figures 8a and 8b showed both variables have increase
response with increase concentration while the response of the fixed analyte remain practically constant and it was confirmed that
with both PCT and COD in the same solution, they do not interfere with each other. Then the authors carried out the simultaneous
addition of the different concentrations of the analytes and the limit of detection for both analytes were determined to be 012
µmolL-1 for PCT and 0.48 µmolL-1 for COD (S/N=3) (see Figure 9). The intra-day repeatability after ten successive measurements
and inter-day repeatability after three consecutive days gave RSD of 3.7% for PCT and 7.8% for COD and 8.8% for both PCT and
COD respectively. Interferences effect due to sodium benzoate, silicon dioxide, EDTA, sodium bisulfide, magnesium stearate,
starch and cellulose was evaluated and it was found that there was no significant interference in the simultaneous detection of
PCT and COD.

Figure 8. Square-wave voltammograms obtained using the NiONPs-CB-DHP/GCE for various concentrations of: (a) PCT (3.0-8.5 µmol L−1) at a
fixed concentration of COD (5.2 µmol L−1); (b) COD (2.3-4.9 µmol L−1) at a fixed concentration of PCT (7.2 µmol L−1). Adapted from [67].
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Figure 9. Square wave voltammograms obtained using the NiONPs-CB-DHP/GCE for various concentrations of PCT and COD (1-10): from 3.0 to
47.8 µmol L-1 for PCT and from 0.83 to 38.3 µmol L-1 for COD. Adapted from [67-70].

The results obtained were therefore compared with previously reported work and the developed biosensor was found
to be much better than the first three reported results while having a comparable result with the others. In order to test the
effectiveness of the electrode to real sample analysis, two tablets containing known amount (from HPLC analysis) of PCT and
COD were employed for the electrochemical analysis and the result obtained by the proposed square wave voltammogram were
comparable to the HPLC analysis results. Two equal amounts of urine and human serum samples each spiked with different
concentration of PCT and COD, were analyzed using the NiONPs-CB-DHP/GCE electrode and very satisfactory recoveries were
obtained for both analytes.

CONCLUSION
The applications of nanomaterials in electrochemical sensors have been highlighted in this article. Nanomaterials such
as gold nanoparticles have been shown to act as a label/tag for the amplified detection of DNA, while the large surface area to
volume ratio of carbon nanotubes such as multi walled nanotubes have been utilized in improving the response for detection of
glucose. ZnONTs, another class of nanotubes, have also been reported as excellent nanomaterial for highly sensitive and selective detection of glucose by immobilizing glucose oxidase. The synergic effect of nickel oxide nanoparticles together with carbon
black-dihexadecylphosphate has also enhanced the significantly the signal responses for simultaneous detection of paracetamol
and codeine. There are a lot of other nanomaterials’ application in electrochemical sensors that were not presented, however, it
is hoped that the information provided will stimulate researchers into in-depth study of nanomaterial applications in developing
viable electrochemical sensors.
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