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Morphology effect is one of the essential factors that influence the performance of electrochemical biosensors based on ZnO
nanostructures. These nanostructures are characterized by anisotropic growth with different dimensionalities such as zero-
dimensional, one-dimensional, and two-dimensional. More interestingly, when combining each dimension into another advanced
dimensionality, i.e. the three-dimensional (3-D), exceptional properties can be generated that are not otherwise found in low
dimensionalities. The outstanding popularity of 3-D ZnO stems from many factors, with one of the most important being its
synergic advantages from its low dimensional sub-unit and the additional surface area of the 3-D structure due to an increased
geometric volume. This review briefly describes the principles and growth mechanism factors of 3-D ZnO via solution-based
approaches and additional advanced methods. The paper further expands on the latest advancement of research into the 3-D ZnO
nanostructure-based electrochemical biosensors to detect biomolecules that harm humankind. We also discussed the analytical
performance of these biosensors using different nanocomposite materials. Additionally, limitations and suggestions on particular
sensing works are proposed. Lastly, the five-year progress in research into 3-D ZnO-based electrochemical biosensors’
performance in healthcare diagnosis is compared and future challenges presented.
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In recent years, the rapid development in zinc oxide nanostructure
(ZnO) research has generated great interest in the construction of
versatile nanostructure-based biosensors for medical diagnosis. The ZnO
is one of the most promising nanomaterials for fabricating electro-
chemical biosensors because of its numerous unique features that can
achieve single biomolecule detection."* Previous works have success-
fully proven this unique feature, demonstrating success in determining
various biomolecules such as glucose,” cholesterol,* cardiac Troponin-T
(cTnT),5 uric acid,6 the Zika virus’ and nucleic acid.® Interestingly, ZnO
nanostructures can be synthesised via various methods that result in
different morphologies.”'> Of the diverse architectures of ZnO topo-
graphy, hierarchical structures offer the most unique properties due to
their three-dimensionalities. With increased geometric volume, strong
binding properties, and an increased sensing surface, 3-D ZnO offers
greatly improved sensitivity and efficiency in detecting.'*™">

Basically, the electrochemical biosensors is formed via three main
electrodes, which are the working electrode, the counter electrode, and
the reference electrode (Figs. 1a—1c). The working electrode consists of
a conductive electrode with a bioreceptor that serves as a probe
immobilised on its surface. The working mechanism of electrochemical
biosensors is based on the electroanalytical method. When the
biomolecules’ target approaches the working electrode, it will have
an induced change lending it an electrochemical behaviour that is
directly converted into an electrical signal.'® Quantitative sensing can
be done by controlling the potential of the electrode and measuring its
current response.'” Electrochemical methods offer unique advantages
such as fast-response detection, good sensitivity, and low-cost
fabrication.'®!® Recently, electrochemical-based biosensing devices
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have been reported to offer real-time monitoring and more ease of
control compared to other biosensing techniques.”
Nanostructures-based electrochemical biosensors have been widely
used in healthcare diagnosis because of several advantages such as
high sensitivity at low concentrations and ease of production.?""** The
performance of such sensors is significantly influenced by the
topography of the sensing materials. Realising the importance of
sensing materials, there has been an aggressive development in sensor
morphological structures—zero-dimensional to three-dimensional—
since over a decade ago.”® Although significant works have reported
the excellent performance of low-dimensional structures (0-D, 1-D,
and 2-D) in biosensing applications, there is still room for improve-
ments in this field. For example, 0-D ZnO is known to be an excellent
sensing platform due to its large surface area.”* However, 0-D ZnO
has poor electron mobility caused by the many grain boundaries in the
material that restrict electron transfer. Therefore, 1-D ZnO was
produced to replace it.>® The nanowire-based electrochemical bio-
sensor is among the 1-D structures that possess a fast and stable, direct
electron flow.?® However, it also has a limited surface area and limited
space to provide site immobilisation.”> Meanwhile, the 2-D ZnO
nanostructures offer higher specific area but the challenge issue in this
case about to create planar nanoshape with minimal scattering.?” Thus,
3-D ZnO was introduced, the unique morphology of which has opened
up a whole new era in medical diagnostics research. These structures
provide extra surface area due to an increased geometric volume,
which makes them a better platform for immobilising bioreceptors. In
addition, the 3-D ZnO is made up of low-dimensional nanostructures
that offer greater novelty effects and properties and increased sensing
performance. The development of 3-D ZnO materials for electro-
chemical-based biosensor fabrication including their advance structure
device (Fig. 1d) is now becoming the focus of much research.
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Figure 1. Basic circuit of (a) potentiometry (b) amperometry/voltammetry. (c) Schematic illustration of structure of nanostructured based electrochemical
biosensor. And (d) the advance layer structure of 3-D ZnO as active site on working electrode.

This review aims to comprehensively report the synthesis route
of 3-D ZnO via solution-based approaches together with promising
advancements in current methods. Furthermore, the analytical
performance of 3-D ZnO nanostructures-based electrochemical
biosensors in detecting various biomolecules is reviewed with an
emphasis on the use of nanocomposite materials, all of which are
presented in three separate sections.

General Structure of Electrochemical Biosensors

Electrochemical biosensors are one of the transduction methods
which transform the chemical reaction to electrical response to allow
for quantitative analytical information. The electrode potential is
given by the Nernst equation as>’;

A, ket "
nkF Ox

E=E"—

Where E is the electromotive force, E° is the constant potential
contribution to the cell, R is the universal gas constant, T is the
absolute temperature in degrees Kelvin, n is the charge number of
the electrode reaction, F' is the Faraday constant, and Red and Ox is
the chemical activity of reduced and oxidised species. Basically,
there are three types of transduction methods in an electrochemical
biosensor, namely potentiometry, amperometry, and voltammetry.
The direct determination of the analyte ion concentration using the
Nernst equation is referred to as direct potentiometry.”®
Potentiometry selectivity is inherent, has a high dynamic range
and a log relationship with concentration, and is typically operated at
equilibrium.?>*° The cell potential is measured at equilibrium.
Changes in the cell potential must be solely due to changes in the
working electrode potential. The reference electrode is typically a
scarcely soluble salt film on metal such as Ag/AgClI/KCl and
Hg/Hg,CL,/KCL?"3! Its role is to fix the Eotential difference
between the conduction band and the solution.”
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For amperometry and voltammetry analytical methods, the
voltage or the voltage programme is applied to the reference
electrode. The current flows between the counter electrode and
the working electrode, usually at virtue earth. The current and the
current-voltage relationship are controlled by the redox reaction
occurring at the working electrode.>® The counter electrode must be
large and inert. Typically, the current is measured at a constant
potential referred to as amperometry. Current measured during
controlled variations of the potential is referred to as voltammetry.
The activity of the recognition element varies before and after
interacting with the target molecule. The product must be electro-
active and must undergo a redox process.’> Since not all protein
analytes can serve as redox partners in electrochemical reactions,
these devices mostly use mediated electrochemistry to facilitate the
electrochemical reaction of the analyte at the working electrode.™

3-D ZnO based electrochemical biosensor.—The 3-D ZnO is
built via the agglomeration of tremendously low-dimensional nanos-
tructures. The low-dimensional nanostructure consists of zero-dimen-
sional (nanoparticles & quantum dots),>* one-dimensional (nanofiber,
nanotubes, nanorods, and nanowires),>> and two-dimensional nanos-
tructures (nanodisks, nanosheets and nanoflakes).*®*’” The 3-D ZnO is
usually larger than 100 nm but its sub-unit structure is in nanoscale.*®
The agglomeration of these low-dimensional nanostructures produces
a variety of 3-D ZnO morphologies. For example, the aggregation of
nanoparticles produces a microsphere and a hollow sphere.* The 1-D
nanostructure turns into a nanoflower, or a tetrapod, and normally
morphs into a spherical shape.***' Similarly, the 2-D nanostructure
combines into a nanoflower, a lamellar shape, and a nanorose. > All
these morphologies are illustrated in Fig. 2. So far, review articles
have extensively reported the 1-D and 2-D ZnO for biosensor
applications but not the 3-D ZnO.***

The 3-D ZnO has been employed in the construction of semi-
conductor-based sensing systems in medical diagnosis, to execute two
main roles: as a mediator and to provide immobilisation support for
bioreceptors.*> The 3-D ZnO can facilitate the electron transfer rate
between the transducer electrode and biological molecules.
Furthermore, a good biosensor must have an ideal immobilisation
platform. These two special roles of 3-D ZnO are strongly dependent
on the size, novelty pore effect, and crystal defect of ZnO.*'*S The

dimensional

3-D ZnO provides extra surface area due to its increased geometric
volume; thus it is a better platform for immobilising bioreceptors.
Furthermore, the unique property of its subunits and size enables it to
achieve a synergic advantage during sensing measurements. Further
advances can be achieved by tuning the electronic ability of 3-D ZnO-
based electrochemical biosensors through the 2!;)roduction of hybrid/
doping nanomaterials with noble metals,*”*® carbon nanotube,*
graphene™ and metal oxide materials.”'™* Experimental and analy-
tical modelling has shown that hybrid/doping concentration affects
biosensing sensitivity.**> Some issues around enzyme leakage and a
poor immobilisation process have necessitated the use of polyaniline
(PANI), nafion, and chitosan for hybridisation with 3-D Zn0.>°

The 3-D ZnO Preparation based on Solution Approach

Different from other ZnO dimensional nanostructures, the synthesis
methods of 3-D ZnO are quite limited. Several method have been
developed to synthesize the nanoparticles,”’ nanorods,”® nanotubes,>
nanowires,’® nanosheets,”’ and nanoflakes®* based on various techni-
ques approaches such as vapour, solid, and solution. However, from the
literature survey, solution approach is often used to synthesize 3-D ZnO
because it can allows the self-assembly of the heterostructures or hybrid
nanomaterials cost-effectively. Moreover, no additional template ma-
terials are needed to obtain the 3-D structure.%® The solution approach
includes hydrothermal/solvothermal, microemulsion, water bath, mi-
crowave-assisted, and electrodeposition methods have been found the
most efficient for forming crystalline 3-D ZnO.** Hydrothermal method
is the process which is precursor solution is reacted in a closed system
under controlled temperature and pressure with water as the solvent.®*
This conventional method have been widely used because of simple,
cost effective and experimentally proved to fabricate all type of
dimensionalities of Zn0.®> Recently, another strategies proposed by
using electromagnetic radiation via microwave method can enhances
the crystallization kinetics in a short period.® Thus, the microwave
method has exhibited excellent performance, successfully growing 3-D
ZnO in a fast reaction time of 2—15min.°® This result is the best
achievement in the literature so far. Nevertheless, each method has its
advantages and disadvantages, as summarised by Wang et al."”
Nowadays, other studies have tried to hybridise two or more methods
such as by combining the hydrothermal-electrodeposited methods®” and

sub-unit

Core

Figure 2. Various morphologies of 3-D ZnO nanostructures built based on low dimensional nanostructures such as zero dimensional (0-D), one dimensional

(1-D) and two dimensional (2-D).
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Table 1. Overview of selected solution approaches for synthesising 3-D ZnO.

Morphology Chemical precursor 3-D Technique condition

Nanoflower® ZNH, N(IDNH, NaOH Hydrothermal: 120 °C for 6 h

Nanoflower’® ZNH, TCD, NaOH Aqueous solution route: stirring for 2 h, and dried at 60 °C for 12 h
Spherical nanorod®® ZNH, HMT, AH Microwave: 10-15 min

Whisker-like'* ZAD, NaOH Water bath: 6 h at 65 °C

Spherical nanorod”! ZNH, HMT Hydrothermal: 90 °C for 4 h

Spherical nanorod”* ZNH, SNA Hydrothermal: 150 °C for 5 h

Nanopetal hexagonal73 ZCl, AH Water bath: 90 °C for 4 h

Triangular petal’* ZNH, SN, AH

Spherical nanowire’> ZNH, HMT, AH, PEI
Hollow spherem ZNH, D-Glucose, urea
Hollow sphere77 ZNH, D-Glucose
Hollow sphere78 ZNH, D-Glucose, CII)N
Hollow sphere’® ZNH, HMT, AH, TCD
Nanoflower®® ZAD, AH, NaOH

Hydrothermal: 150 °C for 5 h

Hydrothermal: 90 °C for 24 h

Hydrothermal: 180 °C for 20 h and post annealing: 500/600 °C for 4 h
Hydrothermal: 180 °C for 20 h and post annealing: 270-550 °C for 3 h
Hydrothermal: 180 °C for 24 h

Reflux condenser: 80 °C for 1 h

Sonochemical: 57 °C-70 °C for 30-60 min

Abbreviation: ZNH: Zinc nitrate hexahydrate, TCD: Trisodium citrate dihydrate, ZAD: Zinc acetate dihydrate, AH: Ammonia hydroxide, ZCl: Zinc chloride,
SNA: Silver nitrate ammonia, HMT: Hexamethylenetetramine, PEI: Polyethyleneimine, N(I[)NH: Nickel (II) nitrate hexahydrate, D-Glucose: Glucose

monohydrate, NaOH: Sodium hydroxide, CI)N: Copper (II) nitrate.

microwave assisted hydrothermal methods.®® The various synthesis
conditions used to fabricate 3-D ZnO using solution approaches are
summarised in Table I. There are two different technique to grow 3-D
ZnO on substrate. First technique is to grow directly on a substrate.
Second technique requires the 3-D ZnO to be synthesised separately in
other medium before being coated or transferred to a substrate.

There are similar growth mechanisms and key parameters in the
formation of 3-D ZnO. As the hydrothermal method is the most
popular, this section outlines is as a flagship method. Typically, in a
bottom up technique, two steps of the process have been widely used
in the literature. The first step is to prepare a seed layer. This seed
layer will provide active sites and minimise surface energy for the
3-D ZnO to attach to it. The second step is to prepare the second
layer (3-D structure) using the hydrothermal method. A schematic
summary of the hydrothermal method is given in Fig. 3a.

Figures 3b and 3c show the growth mechanism of wurtzite
structure of 3-D ZnO, which normally occurs in a precursor solution.
At the early stage, hydroxyl ions are released from the OH™ source,
which reacts with Zn>" ions to form a Zn(OH)ﬁ_ complex (Step 1).
The self-assembly process between the complex cluster via a kinetic
driving force subsequently leads to the formation of ZnO nuclei
(Step 2).% Then, the smaller particles are consumed by the larger
particles so that the ZnO nuclei merge into ZnO crystallites, also
known as the Ostwald ripening effect (Step 3). Under low surface
energy, these crystalline structures provide active sites to facilitate
directional growth in the [0001] orientation (c-axis). A large number
of low-dimensional nanostructures then forms 3-D ZnO structures
(Step 4) until it gains weight and bonds with the seed layer.

Conventional methods have undergone advances and modifications
in the past few years. One of the research trends nowadays includes the
narrowing of the conventional method to involve only eco-friendly
materials in the precursor solution preparation. For example, acetone is
an organic solvent that can replace the additive stabiliser normally used
in conventional methods, such as triethylamine (TEA), which harms the
environment.*> Many studies have reported about using of plant and
microorganism components to prepare the precursor solution.* For
example, the bio-extract of Avocado fruit, aloe Vera, and citrus
contains free radicals such as superoxide anions and hydroxyls.3>5¢
These reactive oxygen species are capable of adsorbing electrons from
surrounding molecules and reacting with zinc ions. They also act as
reducing and stabilising agents for the synthesised nanostructures.®’”
Another studies have used microorganisms such as Chlamydomonas
reinhardtii®® and Sargassum muticum™ to stabilise the zinc nanos-
tructure. The amino groups in the microorganism protein can adsorb
onto the negative polar surface of ZnO via hydrogen bonding.®® This
reaction results in rapid growth along a positive polar (0001) plane; thus

forming nanorods that are then agglomerated into a spherical shape.®®
To the best of the author’s knowledge, this method only focuses on
antimicrobial activity applications. No study has yet used the bio extract
of plants, nor have any involved a microorganism in the fabrication of
nanostructure-based biosensing devices. So far, this eco-friendly
material is a promising approach that offers a safe route for preparing
3-D nanostructure-based biosensors.

Another advancement in the conventional method is the use of a
patterned substrate to control the positioning of the 3-D ZnO on the
substrate. This can be categorised as a top-down technique, which
usually uses a lithography step to accurately align the desired array of
3-D ZnO on the substrate.®"’ However, this method cannot achieve as
good a downscaling result as the bottom-up approach. The conventional
electro-beam lithography and photolithography as one part for this
technique.”’ Nowadays, nanoimprinted, colloidal, soft, and dip-pen
lithography is also known as part of the novel lithography process.**

Synthesis parameter.—The physicochemical properties of ZnO
nanostructures are known to be highly dependent on the size and
morphology of the ZnO. Therefore, to generate effective size distribu-
tion and morphologies, it is necessary to optimise both the cultural
condition and the varied physical parameters of the ZnO synthesis
process, including pH, temperature, precursor concentration, type of
precursor element, and reaction time. Every parameter is inter-related.
There is also a never-ending debate on realising the potential function
of each parameter, as all parameters depend on each other. However,
the literature shows that the five major parameters in hydrothermal
process are reaction time, hydrothermal temperature, precursor con-

centration, the pH of the precursor solution, and the precursor type.”>”*

Reaction time.—Reaction time has a vital role in increasing the
length and grain size of 3-D ZnO nanostructures.’® Starting from the
nucleation process that needs a certain period of time followed by
the crystal growth process. This crystallization process will occur at
a faster rate at higher reaction time and may result in increased of
nanostructures size. The 3-D ZnO nanostructures continuously gain
their size until it reaches a maximum length and Zn*" ion in
precursor solution is reduced.”> However, re-nucleation process will
take place when the reaction time is prolonged further. This indicates
the 3-D morphology of ZnO can be tailored as proved by Agarwar
et al.” Besides, Molefe et al.,”” who synthesised ZnO nanostructures
using chemical bath deposition, indicated a decrease in the energy
band-gap with increased reaction time.

Temperature.—Feng et al.”® found that the nucleation and crystal
growth of ZnO is highly dependent on temperature. High temperatures
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Figure 3. (a) The hydrothermal preparation of 3-D ZnO using an advanced approach and key parameters; (b) a crystal structure model of wurtzite ZnO; and (c) a
schematic mechanism of the 3-D ZnO growth formation. (Fig. 3c is reproduced with permission from Ref. 81 © Royal Society of Chemistry 2015).

made the nuclei sites in the solution more prone to agglomerate into a
3-D formation. The rate of the nucleation was higher than the crystal
grain growth when a low temperature was used. With a temperature
increase, the crystal grain growth was greatly facilitated, and it was
easier for the grain that formed to aggregate together. These findings
are consistent with those of previous studies, which found that the
synthesis of ZnO in solution could be explained according to two steps.
First, low temperatures favour the growth of homogeneous rod, and
second, hi%h temperatures induced competition between growth and
nucleation.”"'®

Precursor concentration.—Another key factor that influences the
density and the average diameter of subunits of 3-D ZnO is precursor
concentration. The concentration of the growth solution (i.e., the
concentration of Zn’t and OH™) is crucial to the formation of
the Zn(OH);~ precursor and hence controls the nucleation rate.”” The
diameter of the subunit, especially that of the nanorods or nanowires in
the 3-D ZnO structures, uniformly increase with increasing solution
concentration. Thus, it is best to use a low concentration precursor to
obtain 1-D nanostructures with a high aspect ratio as the subunits of
3-D ZnO. This result is similar to that of another finding.”"

The pH value of precursor solution.—On the other hand, when
the OH™ ions are more than the Zn>* ions, the OH™ not only

becomes a source of hydroxyl ions for forming ZnO but also acts as
a capping agent.'®" Therefore, the pH of the solution (depend on
amount of OH™ ions) is another key factor that influences ZnO
morphology. The ZnO crystal is a polar solid with a positive polar
plane (0001) rich in Zn and a negative polar plane (000 1) rich in
0.'% The OH™ ions are preferably adsorbed onto the (0001) plane of
ZnO. This condition suggests that the OH™ ions can act as a surface
termination reagent, thus impeding the growth of the crystal face
(0001). Furthermore, the amount of OH™ concentration in the
precursor will significantly influenced their (ZnO) growth species
unit. The formation of 3-D ZnO nanostructures will follow two
possible chemical reactions, as per Eqs. 2 and 3. Normally, Eq. 2
indicated how nucleation process occur for equalmolar of Zn** and
OH™ in solution. Thus an initial morphology of 3-D ZnO is formed.
Then, further increase of OH~ would promote the Eq. 3, the
[(Zn(OH)4]27 complex to be the new growth species. While in
Eq. 2, the complex will serve as a seed layer for tuning the
morphology of 3-D ZnO into a new form.'” As in another work
found that, further increases in pH would result in a fast reaction that
follows a nucleation-dominated process, leading to the formation of
spherical nanoparticles.'® In addition, the subunit morphology 3-D
ZnO morphology of ZnO can be modified by using different pH
value of precursor solution which can be found in previous works by
Kim et al.'® and Yi et al.'®
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Zn**t + 20H — Zn(OH), nucleation ZnO + H,0 [2]
Zn(OH), + 20H « [Zn(OH)4]*>~ [3]

Type of precursor.—The type of precursor also plays an
important role in tailoring the morphology of the ZnO nanostruc-
tures. Several works have shown the influence of zinc precursors on
the ZnO morphology and particle size. Zinc nitrate and zinc acetate
stand out from other zinc sources that are commonly used in the
hydrothermal approach because of their higher solubility in organic
solvents.'” Moreover, it has been shown that introducing any
growth modifiers (for example, capping ligands), which have a
specific affinity towards any crystal face of surface, can modify the
relative growth rates of ZnO—reflected in the final crystal shape.'%®
Many studies have investigated the effect of capping agents/different
soft templates (surfactants, polymers, di-block copolymers, citric
acid, ascorbic acid and amino acids.'”” However, by understanding
in-depth, the influence of each of these parameters, optimum
conditions can be achieved to produce 3-D ZnO structures that can
meet the required application.

Sensing Application for Different Biomolecules

Glucose, hydrogen peroxide and cholesterol.—The ZnO nanos-
tructure-based electrochemical biosensors are already extensively
used to detect glucose. The fast and accurate determination of
glucose using this method has profound applications since glucose
concentration is a crucial indicator of many diseases such as diabetes
and endocrine and metabolic disorders. In this section, hydrogen
peroxide is touched on in detail, as it is one of the by-products of
glucose oxidation catalysed by glucose oxidase (GOx) in the
presence of O,; the detection of glucose can be achieved based on
monitoring the production of H,O,, as per Eq. 4,198 The morphology
of 3-D ZnO will influence its sensing performance especially during
immobilisation of the bioreceptor.

Glucose + GOx — Gluconolactone + H,O, 4]

Previously, Fang et al. found that a smooth surface such as that of
ZnO nanoflowers was not beneficial for immobilising Gox.'®? Thus,
they proposed using ZnO hollow nanospheres, which have efficient
adsorbing properties and a pore effect, a low density, and better direct
electron transfer for immobilising GOx. The pore effect can maintain
enzyme activity, as its geometric volume can increase the probability
of GOx to keep in contact with the semiconductor surface—either the

GOx stays in or outside the pores. As a result, the sensitivity measured
for ZnO hollow nanospheres (65.82 A mM ™" cm™?) was higher than
that of ZnO nanoflowers (41.13 A mM " cm ™). The ZnO hollow
nanospheres also had a lower limit of detection (1.0 M) compared to
the ZnO nanoflowers (3 uM). Rafiq et al."'® conducted a further study
and found that the formation of ZnO microspheres with numerous
pores caused them to have a high specific surface area and were
therefore desirable as fillers for GOx enzyme loading. The
Barrett—Joyner—Halenda (BJH) model was used to further investigate
the pore volume of ZnO after the nanostructure has been analysed
using N, adsorption-desorption isotherms. Based on its sensing
performance, the high specific surface area of the ZnO microspheres
not only improved protein/enzyme immobilisation efficiency but also
enhanced the charge transport and sensing performance.''® Tripathy
et al."'! also used ZnO hollow spheres to detect cholesterol. They
proposed a low-temperature solution preparation to fabricate hollow
nanosphere-based cholesterol biosensors. The result was a product that
was mixed with butylcarbitol acetate before being cast onto a sputtered
Ag/glass electrode. This approach successfully synthesised well-
distributed porous nanospheres with an average pore diameter of
4.1 nm. The fabricated device exhibited a low limit of detection
(0.4 mM) with a wide linear detection range (0.2-15.6 mM), a fast
response time (2 s), and high sensitivity (99.8 mA mM~! cm™?). The
device also showed good accuracy after being tested on a human
serum sample.

Recently, Zhou et al. demonstrated a different morphology of
3-D ZnO, which is a micro-pompon structure, for HO, detection.!?
The study fabricated ZnO micro-pompons by controlling a synthesis
route via a soft template-directed wet chemical method, subse-
quently annealed in ambient air. The prepared ZnO micro-pompons
(Fig. 4a) was a few hundred micrometres in diameter and composed
of a great amount of robust 1-D nanostructures (Fig. 4b) built of
numerous 0-D nanostructures (Fig. 4c). This unique low-density
structure provided a large space between the 1-D nanostructures,
making it accessible for the mobilisation of analytes. Furthermore,
the flow of electrons was also facilitated, resulting in tightly-
connected nanoparticles. Subsequently, horseradish peroxidase was
immobilised on the ZnO micro-pompons and then its outside
covered with chitosan. A wide linear range of 0.2-0.34 mM and
high sensitivity of 1395.64 yAmM ™' cm 2 were also recorded,
indicating excellent H,O, sensing performance.

The unique morphological structure of 3-D ZnO promises great
potential for enhanced detection performance of glucose, H,O,, and
cholesterol. However, an insulating effect occurs between the redox
proteins and the electrode supports, which is a key factor that limits
the development of these biosensors. For example, the redox centre
of GOx, which is flavin adenine dinucleotide (FAD), is responsible

Figure 4. SEM images of (a) 3-D ZnO micro-pompons with 50 ym of scale bar, consist of (b) nanowire with 2 ;m of scale bar and built of (c) nanoparticles
with 250 nm of scale bar (reprinted with permission from Ref. 112, © Elsevier 2014).
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for catalysing the glucose during oxidation reactions. However, this
redox centre is covered with a thick }larotective protein shell that
blocks the electron transfer process.''>''*

To overcome this issue, Tian et al.''> used gold nanoparticles
(AuNPs) to attach uniformly onto ZnO microplants, as illustrated in
Fig. 5a. The AuNPs has a similar role to that of FAD in enzyme
system and provides a more active surface for FAD; thus, improving
the transfer of electrons across the GOx along the biosensor layer
structure. Enhanced electrical transport was clearly observed based
on the change in the charge transfer resistance (R.,) on the Nyquist
plot, as shown in Fig. 5b. The large semicircle diameter on the
Nyquist plot represents a high R, value for the electrode. Figure 5b
—1 indicates the bare ITO electrode exhibiting poor electron transfer,
as it possesses a high R.. However, depositing ZnO microplants
onto the bare ITO electrode reduced the value of R, (Fig. 5b-2).
Then, loading the GOx onto the ZnO/ITO resulted in an increase in
the semicircle size (Fig. 5b-3) due to an insulating effect, as the
enzyme protein blocked the charge transfer process. The electrical
properties greatly improved the sample ITO/ZnO/Aunps/GOx. The
Nyquist plot for the sample in Fig. 5b—4 showed the smallest
semicircle diameter, indicating the lowest value of R, (1238 Q)
compared to all other samples. The study also found a lower value of
the Michaelis Menten constant (K,,) for the GOx immobilised on the
electrode (1.70 mM) using the Lineaweaver-Bruke equation, which
reflects the increasing activity between the enzyme and the elec-
trode. When the active site of the biosensor interacted with a glucose
concentration ranging from 50 mg dl™' to 400 mg dl™', the current
changed linearly during the linear sweep voltammetry (LSV)
measurement (Fig. 5c). However, above concentrations of
400mgdl™', the linear increases reduced, possibly due to the
saturation of glucose molecules on the electrode surface or the

limited catalytic activity of glucose oxidase. In the end, the
sensitivity was determined to be 3.12 yA mM~' cm™2 in the linear
range of 50 mg dl™" to 400 mg dI™"'.

Mar%y research groups such as that of Fang et a and Hussain
et al.''” have demonstrated the noble metal hybridisation of 3-D
ZnO nanostructures to detect glucose molecules at low concentra-
tion. The functionalisation of 3-D ZnO nanostructures with AuNPs
(noble metal) may also be of considerable interest in the develop-
ment of high-performing semiconductor biomedical devices. Not
only that, but it also shows great promise as a biosensing platform
for glucose detection.''® Despite the unique advantages of 3-D ZnO
nanostructures, they are still not recommended for fabricating
enzyme-free biosensors—unlike the low-dimensional ZnO struc-
tures, especially ZnO nanowires and nanorods, which have become
primary candidates for enzyme-free biosensors.°*''® The non-
enzymatic or enzyme-free biosensor is the fourth generation
biosensor. These biosensors can solve the problem faced by
enzymatic biosensors such as poor stability, high time-consumption
for immobilising the enzyme, and an expensive preparation for the
enzyme. Therefore, the development of enzyme-free 3-D ZnO-based
biosensors must also be looked into in more detail.

11
1.116

Dopamine, Levodopa, uric acid and ascorbic acid.—A recent
discovery that dopamine (DA), levodopa (LD), uric acid (UA), and
ascorbic acid (AA) can cause serious neurological disorders has been
attracting intense attention from various fields of research.
Parkinson’s disease and Schizophrenia are one of the negative
effects of a deficiency of DA in the brain.''” Meanwhile, LD has
been chosen as an immediate precursor to DA. It possesses the
ability to penetrate a semipermeable membrane, such as the blood-
brain barrier, and can then transform itself into DA via enzymatic
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action.'? However, high-level concentrations of LD can cause toxic
metabolites to form via the auto-oxidation of the LD, which leads to
several side effects such as vomiting, nausea, and dyskinesia.'?'
Another oxidative species is uric acid (UA), which is the metabolism
product of urine. Patients suffering from hyperuricemia and the
Lesch-Nyhan syndrome have abnormal concentrations of UA. On
the other hand, ascorbic acid (AA) is an essential vitamin in the
human body. It plays a vital role in the treatment and inhibition of
infertility, the common cold, and mental illnesses.'2%123 DA, UA,
and AA coexist in the extracellular fluids of the central nervous
system.'?*'?> Tremendous consideration has been given to de-
signing selective and sensitive electrochemical biosensors for
determining DA, with an urgent challenge to use an electrochemical
method to sense DA under physiological conditions. The very low
basal concentration of DA (0.01-1.0 uM)'?® can serve as an
intensive barrier to other species such as AA and UA, which have
much higher concentration levels (100-1000 or higher).127
Furthermore, AA has nearly the same oxidation potential to that of
DA at almost all solid electrodes; hence resulting in poor specificity
and sensitivity in DA detection.'*®

Recently, the 3-D ZnO nanostructures have been used as support
nanocomposite materials for DA detection.'?® Then, Fang et al.'”’
demonstrated the promise of 3-D ZnO nanostructures (nanosheets as
the subunit) decorated with AuNPs to enhance current response. The
study also investigated the effect of pH and the scan rate of cyclic
voltammetry for optimising the conditions to determine DA.

Interestingly, Ghanbari and Moloudi successfully detected DA
and UA simultaneously in the presence of AA using flower-like
ZnO/Polyaniline/reduced graphene oxide nanocomposite-based elec-
trochemical biosensors.'*® The electrochemically-reduced graphene
oxide (RGO) is environmentally friendly and low-cost and has been
used to hasten the sensing process. The presence of the conjugate
polymer of polyaniline (PANI) in RGO reduces the aggregation of
and stabilises the formation of RGO. Since PANI has low sensing

interaction and mechanical strength, it is necessary to composite it
with the ZnO nanostructure. The nanocomposite has a high
electronic interaction between metal oxides, PANI, and the graphene
matrix, which increases the electron transfer rate of the material, as
shown in Fig. 6, which indicates a cyclic voltammetry measurement
of 10mM AA, 1.0mM DA, and 10.0 mM UA at three different
electrodes in 0.1 MBR (pH 4.0) at a scan rate of 50 mV s-1. When
bare glassy carbon electrode (GCE) was used, the oxidation peak
current for DA, UA, and AA was unclear (Fig. 6a). In contrast,
Fig. 6b shows that the redox behaviour of DA, UA, and AA was
greatly enhanced using the PANI/RGO/GCE electrode. Each elec-
troactive species revealed a clear oxidation peak potential that was
higher than the bare GCE electrode due to an increment in the active
surface areas of the PANI/RGO. The ZnO/PANI/RGO/GCE indi-
cated a high specificity towards DA and UA, as each of their
oxidation peaks current was observed and defined without an
interference peak from AA, as shown in Fig. 6c. Then, the
differential pulse voltammetry method was applied to improve the
oxidation peak current of the three electroactive species individually.
This analytical method was able to eliminate the non-Faradic current
compared to the cyclic voltammetry method. As a result, the peak
potentials from each species were well defined, as shown in Fig. 6d.
This synergy in material between 3-D ZnO, graphene, and the PANI
nanocomposite produced a large active surface area, with an efficient
adsorptive capability of the nanomaterials and a high selectivity
towards DA and UA. The linear range recorded for DA was
0.1-90 uM and 90-1000 uM with a detection limit of 0.017 uM.
For UA, its linear range was 0.5-90 M and 100-1000 M with a
detection limit of 0.12 uM.

Recently, Huang et al. demonstrated double 3-D nanomaterials
consisting of ZnO nanosheet balls and highly conductive graphene
foam without defect and junction resistance for DA determination.''
They used nickel foam as a template to grow the graphene foam (GF)
based on chemical vapour deposition. Then, hydrothermal ZnO
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nanosheet balls were distributed on the GF. The schematic procedure
of the ZnO nanosheet balls/GF nanocomposite is illustrated in Figs. 7a
—7d. The as-prepared ZnO nanosheet balls with a diameter of ~2 pm
and a sheet thickness of ~50nm showed a high sensitivity
(0.99 pA uM™") toward DA. In another report, Yue et al."** utilised
a similar method for synthesising double 3-D nanomaterials consisting
of 3-D ZnO and GF. The diameter and a sheet thickness of 3-D ZnO
were ~2 pum and ~100nm, respectively. Then, the device was
employed for the determination of LD in the presence of UA. The
oxidation peak potentials (CV measurement) of LD increased rapidly
with increasing LD concentrations from 0 uM to 75 uM. Yue et al.
conducted another study to investigate the effect of reaction reagents
on the size of ZnO nanoflowers.'*® In their fabrication process
(hydrothermal), ammonium hydroxide added to the precursor solution
reacted with zinc ions to form complexes and lowered the degree of
the supersaturation of the reaction system. This situation potentially
suppressed the homogeneous nucleation process of the 1-D structure
(a subunit of the ZnO nanoflower). As a result, the ratio of the length
and diameter of the ZnO nanoflowers were increased. Similarly, the
polyethyleneimine (PEI), which can be adsorbed onto the surface of
ZnO nanoflowers, experienced a further increase in the 1-D subunit
aspect ratio. Thus, the study found that the optimum size for the length
and diameter of the ZnO nanoflower for LD detection were 2.5 um
and 50 nm, respectively.

In 2018, Yue et al.'** fabricated multilayer graphene with a
surface-sculptured ZnO nanoflowers/ITO electrode to enhance the
conductivity and retain the absorption of biomolecules. The nanos-
tructure with a length of ~2.5 um and a diameter of ~50nm
produced high sensitivity (0.32 A pM™") with a limit of detection
of 1 uM for LD. Most recently, the same authors synthesised a
nanocomposite material by dispersing ~150 nm diameter of ZnO
nanoflowers with a graphene oxide nanosheet.'*> The material was
coated onto an ITO substrate for electrochemical biosensing

operations. The sensor was functionalised with LD in a PBS solution
(pH 7.4) and the sensitivity of the sensor was observed to be
0.66 1A pM ™", which is higher than their previous work. '3

Nucleic acid and infectious disease.—The DNA biosensors have
been gaininig substantial recognition in the field of disease diagnostics
since 1993.%° Almost all infectious bacteria are made up of protein.
Nowadays, our technology enables us to extract and customise a single-
strand DNA (ssDNA) of bacteria to be used as a probe. Since then, the
rapid and highly selective determination of various gene-based ZnO-
based electrochemical biosensors have been documented, especially in
the detection of dangerous diseases such as the chikungunya virus,'>’
dengue,138 breast cancer,139 tuberculosis,140 le:})tospirosis,41 the human
immunodeficiency virus,141 and lung cancer.'¥?

These biosensors mainly work based on the principle of DNA
recognition—by immobilising a single-strand DNA as a probe on a
transducer active area and subsequently hybridising the target DNA
to form a double-helix DNA. This DNA recognition could be
hybridised onto ZnO nanostructures to generate an electrical signal.
The preparation of a DNA recognition interface is the most crucial
process in synthesising an electrochemical DNA biosensor. Besides,
the immobilisation method for the DNA probe onto the ZnO surface
also affects the performance of the biosensor in terms of sensitivity,
selectivity, lifespan, and accuracy.

There are two popular approaches for immobilising DNA onto a
ZnO surface. The first is physical adsorption, which is based on two
different charge interactions. Under a neutral physiological sur-
rounding (pH = 7), the ZnO nanostructures (IEP 9.5) exhibit a
positive charge whereas the DNA (IEP 4.2) is negatively charged.'**
This condition makes it possible to immobilise the DNA onto the
ZnO surface via electrostatic interaction. The second is via covalent
bonding, which is based on chemical bonding. Figure 8 briefly
compares these two approaches for immobilising sSDNA with the
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3-D ZnO nanostructures. A detailed review of the DNA immobilisa-
tion process onto different materials can be referred to in Rashid and
Yusof.'*?

Meningitis is one of the infectious diseases caused by bacteria
that can lead to brain damage. Previously, a gold electrode was used
for the detection of meningitis, but this method caused a lot of
problems such as a low detection range, less sensitivity, and poor
loading hybridisation.'**'* Until 2014, Tak et al.'"*® demonstrated
that ZnO nanoflowers (ZnONFs) could be effectively functionalised
with an ssDNA sequence of N. meningitis. The ZnONFs were made
from the agglomeration of nanorods and possessed an average length
of 2.5 um and a diameter of 100 nm. The topography and size of the
ZnONFs were the main factors that caused the maximum loading of
ssDNA. After calculating the surface concentration of the adsorbed
species over the surface of the transducer-based on the Brown-
Anson model,'*” better immobilisation efficiency was achieved
compared to that of Lui et al.'*®

Another approach indicating DNA hybrid efficiency was done
using noncovalently binding ligands of a methylene blue (MB) mix
in the concentration of the complementary target DNA. Via semi-
intercalation and electrostatic binding, the MB molecules were able
to attach themselves to the unpaired nitrogenous bases present in the
ssDNA. !4 Hence, in the DPV signal, the peak oxidation current was
higher when a large number of MB molecules bonded with the
ssDNA due to the higher availability of the unpaired nitrogenous
bases. Reducing the availability of the unpaired bases due to the
hybridisation of the probe ssDNA with the target DNA resulted in a
lesser association of the MB molecules. As a result, a lower value of

the peak oxidation current in the DPV signal was observed.
Recently, Mohammed et al.">® also used MB as a redox indicator
radiator in which the fabricated biosensor comprised gold nanopar-
ticles (AuNPs) and decorated ZnO/Aptes/SiO,.

The hybridisation of AuNPs with 3-D ZnO has opened up a new
avenue for DNA biosensors. Recently, Fang et al.'>' used AuNPs to
enhance the electron transfer inside the sensor structure layer by
coating it homogenously onto 3-D ZnO-Chitosan/GCE. The chitosan
layer possessed a good adhesion characteristic due to its rich amino
groups, which can provide many active sites for AuNPs immobilisa-
tion. Furthermore, hydrothermal 3-D ZnO possesses a large surface
area and a pore volume of 117.36 m? g~' and 0.50 cm® g™,
respectively. These topographical features associated with chitosan
provided a better matrix assay for AuNPs immobilisation; thus
enhancing the immobilisation process of the ssDNA probe. The as-
described electrochemical biosensor exhibited good sensitivity and
selectivity towards the ssDNA targets over a concentration ranging
from 0.00001 to 0.1 nM, with a low detection limit of up to
0.002 pM being obtained. Another recent work was reported by
Perumal et al. who detected the Leptospira pathogen.*' As shown in
Fig. 9a, 3-D ZnO nanostructures were prepared on an interdigitated
electrode (IDE) and were then hybridised with AuNPs using
sputtering. After that, a thiolated probe ssDNA was immobilised
on the nanocomposite before being functionalised with the target
DNA. The study expected the cooperation of AuNPs with the 3-D
7ZnO to reduce the surface defect, as the surface area increased. As a
result, high binding strength and good stability of the immobilised
DNA probe with 3-D ZnO were achieved. Instead of enhancing the
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surface chemical functionalisation, the AuNPs possess an anti-
oxidative characteristic that maintains the ZnO performance, as it
easily reacts with O, from ambient surroundings. According to
Fig. 9b, the as-prepared biosensor exhibited high selectivity towards
the target DNA. In this case (for the leptospirosis disease), the
pathogen gene and non-pathogen gene, which is L. Biflexa, were
successfully distinguished; therefore, proving the good achievement
of the particular work. So far, this electrochemical biosensor only
lost less than 10% of its original R, value for 10 generations and
hybridisations (inset: Flig 9¢).

Next, Perumal et al.*' proposed a sensing mechanism consisting
of AuNPs coated with a 3-D ZnO hybrid for DNA detection
supported by information from Wang et al.,"”? Shan et al.,'>
Gogurla et al.,154 Kashif et al.,155 and Hakkinen.'*® This review
provides a schematic image in Fig. 10 to help readers better
understand this principle. Firstly, the large surface area of pure
3-D ZnO nanostructures is susceptible to ambient condition, as it can
readily absorb oxygen molecules from the outside environment;
thus, creating a depletion region inside the 3-D ZnO surface due to
the movement of electrons from the conduction band of the
nanostructures to the oxygen molecules. As a result, the nanos-
tructure conductivity is reduced. After that, the AuNPs (gold has a
higher Fermi level (5.1 eV) than ZnO) is coated onto the 3-D ZnO
nanostructures, inducing the migration of electrons from AuNPs to
ZnO until there is no net change in both systems. This condition
leads to a reduction in the depletion region in the 3-D ZnO
nanostructures system; thus, enhancing their conductivity and
subsequently forming an ohmic junction at the Au/ZnO contact
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point. The sulphur molecules of the complementary target and the
immobilised thiolated probe DNA had covalently bonded with the
AuNPs after their incubation on the device sensing area under a few
hours. This negative charge of the nucleic acid tends to amend the
dynamic equilibrium of the AuNPs/3-D ZnO system due to an
increase in the electron-hole current density on the semiconductor
surface. This condition resulted in the reduction of electron carrier
concentration and led to a wide broadening of the system’s depletion
region again.

The functionalisation of 3-D ZnO is not limited to AuNPs. Zhang
et al.">” polymerised poly(indole-5-carboxylic acid) (PICA) with the
3-D ZnO nanocomposite using a potentiostat method. The biosensor
has proven useful for determining the breakpoint cluster region gene
and the cellular abl (BCR/ABL) fusion gene from chronic myelo-
genous leukaemia. When the immobilised biosensor was analysed
with impedance spectroscopy, the charge transfer resistance (R.)
was observed to increase (compared to an unimmobilised biosensor)
due to the electrostatic repulsion caused by the electro-negative
phosphate skeleton of the DNA. Further increases in R after the
hybridisation process were caused by an increment in the negatively
charged phosphate skeleton of the target ssDNA. However, when
PICA was used, a different situation occurred. The conducting
polymer was able to enhance the current acting on the hybridisation,
as it possessed a self-redox signal, which could serve as a platform
for direct DNA detection.'*® Another hybrid work was that of Zhang
et al. which coated the graphite microfiber with 3-D ZnO using the
hydrothermal method. The study proposed a cost-effective alpproach,
which improved the sensing performance of the 3-D ZnO."
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Figure 9. (a) Preparation steps of AuNPs coated on ZnO nanoflowers with the immobilisation of the ssDNA probe subsequently hybridised with the
complementary target sSSDNA. The ZnO nanoflowers were synthesised using a hydrothermal method while the AuNPs were deposited onto the ZnO nanoflower
using sputtering; (b) the R, value of the different target analytes (inset: a graph plot of R, vs the target sSDNA concentration for complementary and non-
complementary targets); (c) Long-term monitoring for the as-prepared biosensor in 14 weeks (inset: the Nyquist plot of 10 regenerations of the as-prepared

biosensor device) (reprinted from, Ref. 41 © Nature Publishing Group 2015).
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A lack of research attention on the use of silver nanoparticles
(AgNPs) to incorporate in the 3-D ZnO has been observed, with only
one being recorded, namely Yang et al.">® The study used a bacteria
protein as a target analyte, not its gene (as previously discussed in
this section). Furthermore, this is the first study of its kind in which a
nanostructure-based biosensor was constructed to simultaneously
detect, eliminate, and deactivate the bacteria. Interestingly, the
bacteria were killed by Ag" ions released from the AgNPs.
Besides, the rapid early detection of the Zika virus using Zika
nonstructural protein 1-antigen as a biomarker was also reported in
Faria and Mazon.” In the study, 3-D ZnO nanostructures were grown
on a Printed Circuit Board using chemical bath deposition and then
assembled as a portable biosensor device. The device exhibited the
rapid detection of real samples without interference by the dengue
virus indicated the high specificity of the biosensor. Therefore, the 3-
D ZnO nanocomposite-based electrochemical biosensor is a greatly
promising device for sensitively detecting infectious bacteria, either
in nucleic acid or protein form. In the case of sensing bacteria in
protein form, expensive cost is incurred due to the bacteria
preparation. Hence, only a few works were able to use this method
compared to the ssDNA. However, it should be noted that the
electrochemical biosensor has some limitations in practical analyses.
For example, its extremely low detection levels such as in Femto
molarity concentration have forced researchers to construct nanos-
tructure-based biosensors that exhibit a stable current in nanoscale.
The nanostructure must have high resistance so it can perform
sensing measurements in nano current value. This issue leads to
other parameters that need to be considered, as the nanostructure can

easily be hindered by oxygen molecules from the ambient environ-
ment and the photons from a light source.

Future Prospects

Following the above discussion, it is clear that the synthesis
approach, mainly the solution approach for 3-D ZnO was reviewed.
Various strategies have been proposed to produce the optimum
performance of nanostructures in biological sensing applications.
However, with the advancements in nanotechnology and nanoma-
terials, some critical issues have been identified that can further
improve the biosensing device. The current challenge is to produce a
well-controlled dimension for 3-D subunits and morphologies. In
this way, repetitive sensing measurements can be approximately
100% accurate. So far, the top-down approach using lithography can
control a positioning of 3-D structure, but it still cannot control the
subunit structure morphology very well. Another promising aspect is
the use of a green synthesis approach. The use of plants, micro-
organisms, and organic material has become a vital issue for
minimising hazardous chemical usage in the biosensor fabrication
process. Also, more works have reported the synthesis of 3-D ZnO
formation but for different applications than healthcare diagnosis, as
discussed above.

Various works on biological analyte detection have been
demonstrated in this review. However, many more works are
expected to appear in the future. Moreover, the interaction between
3-D ZnO with different subunit nanostructures and various biolo-
gical analytes still requires extensive studies. The combination of
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Table II. Summary of different biomolecules detection using electrochemical biosensor based on 3-D ZnO nanostructures since 2014.

Sensing performance: Sensitivity (S),

Sub-unit limit of detection (LOD), linear
3-D Morphology morphology Hybrid/doping Analyte range (LR) and time response (t)
Spherical lamellar Nanosheet Gold nanoparticle Glucose S: 1.409 A mM !
D: 2-3 um''® LOD: 20 uM
LR: 1-20 mM
Plant-like'" Nanorod Au and Chitosan Glucose S:3.12 pAmM !
LR: 50-400 mg d1™"
Core—shell'® Nanoparticle Copper oxide Glucose S: 1217.4 yA cm > mM ™!
D: 30 nm LOD: 1.677 uM
LR: 0.02-4.86 mM
Microspheres Nanosheet N/A Glucose S:210.8 pAmM ! em 2
D: 0.8-1.2 ym'"” LOD: 50 uM
LR: 0.05-23 mM
t:3s
Micro-pompon Nanowire Chitosan Hydrogen peroxide S: 1395.64 tA mM ! cm ™2
D: ~200 pm'"? D: 500 nm LR: 0.2-3.4 mM
L: 100-200 pm
Flower'!” Nanowire Silver nanoparticle Hydrogen peroxide S:50.8 yAmM ! cm ™2
D: 50-90 nm LOD: 2.5 uM (S/N = 3)
LR: 120 uM
t: <3s
Spherical Nanosheet Gold nanoparticle Dopamine S:210.8 pAmM ™! cm 2
D: 2-3 um'? LOD: 0.02 uM (S/N = 3)
LR: 0.1-300 M
t:3s
Flower Nanoflake Polyaniline & reduced graphene oxide Dopamine LOD: 0.8 nM (S/N = 3)
D: 2 ym'¥ LR: 0.001-1 uM and 1-1000 M
Uric acid LOD: 0.042 uM (S/N = 3)
LR: 0.1-100 M and 100-1000 M
Flower'* Nanowire Indium doped tin oxide & nafion Levadopa S: 0.10 puA uM !
D: 2.5 ym LOD: 2.5 uM
L: 50 nm LR: 2.5-4.0 uM
Spherical/ball Nanosheet Graphene foam Dopamine S: 0.99 A uM !
D: 2 pm"?! T: 50 nm LOD: 0.01 uM (S/N = 3)
LR: 1-80 uM
Flower Nanowire Graphene & indium doped tin oxide Levadopa S: 0.32 pA pM!
D: 2.5 um'?* D: 2.5 pm LOD: 1 uM
L: 50 nm
Flower Needle- shaped Reduced graphene oxide & indium Levadopa S: 0.66 pA M
nanorod doped tin oxide
D: 2 ym'® L: 150 nm LOD: 1 uM
LR: 1-60 uM
Spherical Nanosheet Graphene foam Levadopa S: 0.66 A M ™!
D: 2 ym'* T: 100 nm LOD: 1 uM
LR: 1-75 uM
Flower Nanosheet Gold nanoparticle & chitosan ssDNA LOD: 0.002 pM
D: 2-3 uim"®! LR: 0.00001-0.1 nM
Flower Nanorod N/A ssDNA of bacteria S: 168.64 uAng ™!
Meningtis
D: 6-8 im'*¢ D: 100 nm LOD: 5ng pul ™!
L: 2.5 ym LR: 5-240 ng pl ™!
Flower*! Nanorod Gold nanoparticle ssDNA of Leptospira LOD: 100 tM
L: 2-3 um
D: 100 nm
Flower'>’ Nanosheet Poly (indole-5-carboxylic acid) ssDNA of cluster region LOD: 22 x 107'°M
& cellular abl
LR: 1.0 x 107° = 1.0 x 107°M
Flower’ Nanorod N/A Zika virus NS1 protein LOD: 1.0 pgml™!

LR: 0.1 ngml~' to 100 ng ml ™"

Abbreviation: D: Diameter of nanostructure, L: Length of nanostructure, T: Thickness of nanostructure layer.

low and high dimensionalities of ZnO structures has opened up a
new way of miniaturising and optimising sensing devices that could
measure the current signal in nano values during sensing. This

advancement has made it possible to more accurately measure
specific and sensitive electrical properties at low concentrations of
biomolecules up to nano and femto molarity. Good sensitivity and
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selectivity in detecting substances in very small concentrations,
especially the DNA of infectious diseases without hindrance from
foreign ions/molecules still require further investigation. Some other
issues also need to be focused on such as the lack of attention in
utilising 3-D ZnO in enzyme-free biosensors. This fourth-generation
biosensor offers broad advantages such as low cost, low time-
consuming preparation without enzyme immobilisation, good stabi-
lity, and eco-friendly properties, indicating it could have a great
demand and potential in this field. Indeed, growing research interest
into 3-D ZnO-based electrochemical biosensors will continue with
the increasing prevalence of health issues and advancements in the
theoretical aspects of this field. The experimental expertise acquired
through investigations into 3-D ZnO-based electrochemical biosen-
sors could be extended to the overall biosensor industry.

Conclusions

This review briefly summarised the used of 3-D ZnO-based
electrochemical biosensors in healthcare diagnosis. In recent years, a
lot of improvements have been achieved in the construction of
advance structures of composite-based electrochemical biosensors
consisting of 3-D ZnO and another nanomaterials to enhance the
biosensor performance. Fabricating the three dimensionalities of
ZnO is advantageous for the immobilisation of bioreceptors such as
enzymes, antibodies, and nucleic acid. The synergetic formation of
the aggregation of various low-dimensional ZnO as subunits has
made nanostructures a potential platform for facilitating biological
sensing reactions. These advances starting from 2014 have led to the
detection of more and more analytes in human healthcare diagnosis
using 3-D ZnO-based electrochemical biosensors, the works of
which are listed in Table II. It is not possible to address all of the
recent works in this review. However, we have attempted to cover
3-D ZnO nanostructures based electrochemical biosensors, considering
the morphological aspects, pore and defect effect along with various
biomolecules detection including glucose, cholesterol, electroactive
species, and DNA of infectious disease such as bacteria and virus.
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