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A review on 2D-ZnO nanostructure based
biosensors: from materials to devices
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Kondaiah Seku, ¢ Ahmed Esmail Shalan, (2 Senentxu Lanceros-Mendez (2™
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During the COVID'19 outbreak, biosensing devices won increasing relevance, demonstrating their
potential in the medical diagnostic field. Hence, the present review reports on the main advances in
2D-ZnO nanostructure-based biosensors. So far, bulk ZnO has shown potential for biosensing, optical,
and power electronic applications, mainly based on its wide band gap. In the post graphene era, its 2-D
allotropes like ZnO sheets and ZnO nanoribbons have outperformed the bulk ZnO structures for specific
applications. ZnO demonstrates various stable and feasible morphologies: nanotubes, nanowires,
nanorods, nanosheets, nanoparticles, and nanobelts. As a matrix layer in biosensing applications, ZnO
strongly binds to biomolecules due to its high isoelectric point (IEP) and shows a strong sensitivity due
to the high surface-to-volume ratio. Further, ZnO nanostructures used as a matrix layer play an
important role in inhibiting specific biological interactions and hence improve the sensitivity of sensing
devices. Further, bioselective layers are typically immobilized onto ZnO either by direct adsorption or by
covalent binding. ZnO based biosensors are categorized into optical, piezoelectric, and electrochemical
biosensors, among others, based on their biosensing mechanism. In particular, electrochemical sensors
produce signals via an electrical pathway for detecting and monitoring the target molecules. Optical
sensors produce signals based on luminescence or reflectance, among others. Piezoelectric biosensors
produce signals by mass loading of the piezoelectric material. ZnO-based FET biosensors are also
reported, showing sensing application by the change in the channel's conductance. Further, recent
literature on the detection of COVID-19 using ZnO nanostructures is presented.

made the rapid detection of the COVID-19 virus a challenge.
COVID-19 carries a unique RNA sequence, and it can be detected

The global spread of COVID-19 has been labelled as pandemic by
the World Health Organization (WHO). Among the best mea-
sures to properly address this issue has been the early diagnosis
for the detection of the virus and precautionary measures. The
limited availability of testing kits and professional operators
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by nucleic acid amplification tests (NAAT) or real-time reverse-
transcription polymerase chain reaction (rRT-PCR)."* The second
detection approach for the SARS-CoV-2 virus is the Enzyme-
Linked Immunosorbent Assay (ELISA) IgG antibody test.> The
issue with the above methods is the cost of the testing kits and
their commercial fabrication.

Further, these methods are time-consuming, and need
skilled staff with a possible risk of false positives and false
negatives. Hence the fabrication of biosensors with low-cost
for the selection of SARS-CoV-2 and other related viruses could
prove to be very helpful. Over conventional testing equipment,
biosensors are more reliable for COVID-19 detection due to
their high specificity and sensitivity at low sample volumes.’
Advancements in nanotechnology introduced nanostructures
in the construction of biosensors. Easy tailoring of nanostruc-
tures because of their high surface-to-volume ratio made it
suitable to manufacture sensitive biosensors. The urgent need
for diagnosis of COVID-19 stressed the development of point-
of-care (POC) biosensor devices as they are easy to use, fast,
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cost-effective, portable, and user-friendly.*” POC devices involve
spot testing and provide rapid access to the needed information.
Thus POC testing is becoming of paramount importance in the
biomedical field, particularly when resources are limited.
An ideal POC device is generally obtained by designing the bio-
sensors with the ‘“sample-in-answer-out” mechanism, some of
them being based on the detection of nucleic acids/proteins
from respiratory samples/blood samples. To satisfy the increasing
need for POC devices, device miniaturization is of paramount
importance.® Several distinct types of point-of-care (POC) devices
have been developed over the past several years, each one based
on a different type of portable device used to measure a different
type of classical physical parameter. The microfluidic technology
allows the development of small and portable systems for POC
testing applications. Miniaturized biosensors rely on target
identification to determine sensor specificity and enable detection
of targets using a portable device or microfluidic platform. An
effective tiny biosensor frequently has to be capable of integration,
automation, and/or multiplex detection to be used in places where
well-trained workers may not be readily available, in addition to
the need for high sensitivity and specificity. Miniaturized biosen-
sors for point-of-care use are becoming a commercial reality, and
the research and development of portable, integrated, and auto-
mated biosensing technologies is a promising new field that
could significantly improve the efficiency and quality of care for
people living in low-resource areas. They are increasingly required
in developing countries where medical facilities are not yet fully
available.’
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Among different nanomaterials for POC and biosensor
development, metal oxide nanomaterials such as zinc, magne-
sium, tin, zirconium, and iron oxides, among others, have
grabbed significant attention because of their functional prop-
erties, biocompatibility, diverse morphology, and catalytic
properties.’ In particular, ZnO is being used for decades for
biosensing applications as a matrix layer that strongly binds the
biomolecules due to its high isoelectric point (IEP).

ZnO is being studied a lot for the design of new transducer
platforms. This is one of the many nanostructured materials
that are being used. Zinc oxide (ZnO) is a good metal-oxide
semiconductor that can be used as an intracellular sensor or
transducer. ZnO is a fantastic main transducer for generating
electrical signals because its dimensions may be tailored to the
size of the biological species being detected. Also, ZnO is a good
material for designing biosensors because it is non-toxic,
doesn’t cost much and simpler to synthesize. People have also
pointed out that ZnO is biocompatible and that it can have
many different shapes that can be easily altered in a controlled
manner to increase the surface area. Also, surface properties
become more important at the nanoscale, so having varied
morphologies and, therefore, varied surface conditions can
make its properties change in ways that can be controlled
and may be useful for sensing. ZnO has a strong adsorption
efficiency with a high IEP of about 9.5."" Since antibodies
and enzymes have a lower isoelectric point than ZnO and
prefer electrostatic interactions, the high IEP aids in immobi-
lising them.
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Further, its 2-D allotropes, including ZnO sheets and ZnO
nanoribbons, outperform bulk ZnO structures for biosensing
applications as they provide higher surface-to-volume ratio.*
The basic process of a biosensor and the state-of-the-art sensing
mechanism used are shown in Fig. 1, with the biomolecules
being immobilized on ZnO nanostructures which act as a matrix
layer. When these biomolecules contact target analytes, they
undergo reactions and produce signals which are sent to a
transducer and read on a display. The biomolecules could be
enzymes, proteins, DNA, and antibodies.

ZnO nanostructures have gained much attention for their
application in sensors and actuators.”™"® ZnO is a semi-
conductor compound belonging to group II and VI metal oxides.
It has a wide bandgap of about 3.37 eV and a large exciton
emission energy of about 60 meV. Due to the wide band gap it is
widely employed in optical, electrical, and optoelectronics
applications."® ZnO has a wide variety of nanostructures:
zero dimensional nanostructures such as quantum dots,'” one-
dimensional structures like nanorods,'® nanowires,'’® and
nanotubes,?® and two-dimensional structures like nanodiscs,>
nanobelts,”” and nanosheets.”® ZnO is the preferred candidate to
be used as a matrix for biosensing because of its semiconducting
properties and variety of morphologies. It can provide an effec-
tive channel for transportation of the carriers.

Further, its low cost, non-toxicity, ease of fabrication, and
biocompatibility are key factors for selecting this material.
2D-ZnO, with its large surface-to-volume ratio, increases the
active surface area of the sensor for biosensing.** Certain
enzymes are immobilized on biosensors for binding of specific
target analytes like glucose oxidase (GOx) for glucose sensors
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and cholesterol oxidase (ChOx) for cholesterol sensors.>® The
surface properties of the matrix layer influence enzyme
immobilization.”* Nanoporous structures provide higher
enzyme loading due to their high surface area.>”*® The enzyme
can be directly immobilized through adsorption techniques or
through cross-linking polymers.>® Different types of biosensors
are gaining attention based on the sensing mechanism, with
ZnO nanostructures being strong candidates for designing
biosensors and POC devices requiring low sample volumes
and low operation power.*’

The present work provides a comprehensive review of ZnO-
based biosensors with different types of sensing mechanisms.
Immobilization criteria of biomolecules, both based on direct
adsorption and through cross-linking agents, are discussed
together with biosensor applications of different ZnO nano-
structures. The different types of ZnO based biosensors are
presented and discussed based on the detection method. Finally,
ZnO-based biosensors for COVID-19 detection are presented.

2. Synthesis methods of ZnO
nanostructures

Various approaches have been implemented for nanostructure
synthesis which can be categorized into top-down and bottom-
up methods.*" In the top-down approach, the process starts
with the bulk material, and it is broken/exfoliated to nanosized
structures, whereas in the bottom-up approach, the process
starts at the atomic level, with the aggregation of atomic level
components to produce the nanostructures. The main methods
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Fig. 1 State-of-the-art biosensing mechanism and the concept of biosensing.
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used to develop ZnO nanostructures are presented in the
following.

2.1. Pulsed laser deposition

In the pulsed laser deposition (PLD) method, the nanostruc-
tures are deposited by focusing a high-energy laser on the bulk
crystal. Upon focusing the high-energy laser, the target ablates
and deposits as the substrate’s nanostructures are placed at a
small distance away from the target. Kawakami et al.>” synthe-
sized a 99% pure target of ZnO nanorods with sapphire as the
substrate. Nanorods are produced at a substrate temperature of
400-700 °C and 1-10 torr oxygen pressure. The deposition time
allows control of the length of rods, and 6 um long rods with
300 nm diameter are produced after 30 minute deposition.
Bae et al.*® synthesized nanocones at 580 °C temperature, 90—
100 mJ per pulse energy, and 10 mTorr O, atmosphere on a
substrate. The PLD method ensures the stoichiometry and good
quality of the nanostructures but demonstrates a limited area
of nanostructure deposition.

2.2. Sputtering

Sputtering enables flexibility in the growth of nanostructures
over a wide area of substrates. In sputtering, Zn/ZnO is the
target material and is bombarded with energetic ions like Ar.
The collision causes the removal of target atoms that condense
on the substrate. In the radio frequency (RF) magnetron
sputtering process, a large magnetic field is developed at the
target, allowing confinement of the plasma near the substrate.
Liu et al®** synthesized nanotubes by RF reactive sputtering
with 99.99% pure Zn as the target material and PVP (polyvinyl
pyrrolidone) fibers as the substrate. The tubes were deposited
for 20 min with 7 x 10~ Pa pressure followed by annealing at
600 °C. Chiou et al.*® synthesized nanowires on Cu/Ti/Si wafers
at 0.05 torr pressure. Nanowires presented a diameter of around
45 nm with 5 min deposition and 55 nm with 30 min deposition.
Nanorods with preferential growth in the (002) direction have
been deposited by Venkatesh et al.>® with Ar sputtering at 0.01
mbar pressure and at a substrate temperature of 650 °C with 60
min deposition. Sputtering allows large area deposition, but the
quality of the films is compromised relative to PLD.

2.3. Chemical vapor deposition

Chemical vapor deposition (CVD) allow the synthesis of solid
nanostructures in a gaseous phase. The chemical reactants/
precursors are first vaporized and then deposited as solid
structures on a substrate. There are different types of CVD
processes like atmospheric CVD, metal-organic CVD (MOCVD),
and plasma enhanced CVD (PECVD). Wu et al.*” synthesized
ZnO nanorods with Zn acetylacetonate vaporized in a tube
furnace at 30-140 °C with N,/O, as carrier gases. Nanorods
are deposited with (002) orientation at a substrate temperature
of 500 °C with 60-80 nm diameter. Bae et al.*® synthesized
sulfur-doped nanowires with Au as the catalyst. The sulfur
powder is placed at the beginning of the tube, whereas the
Zn powder is placed at the center. Structures grown by MOCVD
present good crystallinity with weak deep-level emissions. Kim

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances
et al* synthesized nanowires with N,O gas flow rate at
1250 umol min~" and diethyl zinc (DEZ) as the precursor. Wu
et al.*® reported nanotubes with DEZ and O,. The nanotubes
were oriented along the (001) direction with 50-150 nm dia-
meter and a few micrometers of length. Further, Liu et al*'
synthesized nanorods with the PECVD process. DEZ and O, as
precursors were placed in a bubbler at —26 °C and conveyed to
reaction chambers with He gas. Oxygen gas was separately
introduced, and microwave plasma at 3-20 mTorr was main-
tained in the chamber. Later, the substrates were heated to
700 °C, and the nucleation process by pulsing DEZ vapor into
the chamber was carried out.

Though CVD has the advantage of good quality nanostruc-
tures and high deposition rates, it still has a few drawbacks.
The precursors used in CVD could be costly and toxic, especially
the ones used in MOCVD. Moreover, by-products of the process
are hazardous, and high temperature is needed for deposition,
limiting substrate availability.*>

2.4. Sol-gel

Compared to physical vapor deposition techniques, sol-gel is a
low-cost and large area deposition technique, also compatible
with high deposition rates,”> while maintaining excellent
control of the morphologies of the nanostructures. Sol-gel
methods mainly involve three steps. Firstly, preparation of the
sol from starting materials. Secondly, deposition of the sol onto
the substrate with a suitable deposition method and then a final
heat treatment of the xerogel film. Ahn et al.** synthesized ZnO
nanorods with the sol prepared from Zn(NOj3),-6H,0 and hex-
amethylenetetramine (HMTA) in equal proportion. The tempera-
ture should be around 95 °C, and crystallite ZnO nanorods with
hexagonal wurtzite structures are deposited on the SiO,/Si sub-
strate. The diameter of the nanorods can be varied by varying the
concentration of the starting materials. For the nanotubes and
nanowires grown by Wu et al,*® an aqueous solution of Zn
nitrate hexahydrate dissolved in deionized water with urea was
used for sol preparation. Under the same growth conditions,
nanowires were obtained after 24 hours of deposition and
nanotubes after 48 h. Several precursors are used, such as Zn
nitrates, chlorides, alkoxides, and Zn acetate dihydrate. Alkox-
ides are not preferred due to their insolubility in alcohols,
inorganic salts like nitrates lead to difficulty in removing the
anionic species in the final product,*® whereas using acetate
dihydrate produces volatile by-products. A brief review of the sol-
gel process is provided by Lamia Znaidi et al.*’

2.5. Spray pyrolysis

Spray pyrolysis is a powerful tool to obtain high-quality ZnO
nanostructures at a low cost. The morphology and stoichiometry
can be controlled effectively by properly determining the
growth conditions and the ratio of starting materials. The spray
pyrolysis method involves preparation of the solution contain-
ing the precursor, followed by the generation of mist from it
and then transfer into the furnace tube by passing conveyer gas.
Finally, some materials are deposited on the substrate, and
others are vaporized. The deposition temperature must be

Mater. Adv., 2023, 4, 320-354 | 323
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selected such that all other materials except the desired ones
are volatile. Htay et al.*® prepared ZnO nanowire structures on
glass substrates with zinc acetate and deionized water as
starting solutions. The pH is adjusted with ammonium acetate.
The structures were deposited at 250-400 °C temperature.
Karber et al.*® synthesized nanorods using ZnCl, as a precursor
with soda-lime glass and indium-coated tin oxide (ITO) glass
substrates. The structures grown at 550 °C are found to have
good optical quality. However, spray pyrolysis still demon-
strates a low yield.

2.6. Molecular beam epitaxy

In molecular beam epitaxy (MBE), the crystals are grown by the
interactions of the beam of atoms or molecules with the
substrate, with sublimation of source materials producing
the beam of molecules. Tien et al.>® synthesized ZnO nanorods
using metallic Zn, and O5/O, plasma as precursors. Ag islands
were developed on SiO, and SiNx in the range of 8-30 and
10-65 nm respectively. The base pressure was 5 x 10~ % mbar,
and 05/0, pressure varied from 5 x 10 °to 5 x 10~ * mbar. ZnO
nanorods were developed selectively on Ag islands at 600 °C.
Heo et al.>" reported nanowires on a Ag coated Al,O; substrate
with 30-150 nm diameter and 14 pm length. Feng et al’?
synthesized nanotubes with a plasma-assisted MBE process,
with Si being used as the substrate material. MBE is particularly
suitable for synthesizing nanostructures with good quality, but
it is a slow process and not preferred for large-scale production.

2.7. Electrochemical deposition

In this process, the nanostructures are deposited onto the
substrate surface by simple electrolysis of the solution containing
the desired material and its complexes. Precise control of the
dimensions is possible in this method, and it is low cost and
simple, operates at low temperatures, and large area deposition is
possible. Hames et al.>® synthesized nanorods by using three-
electrode systems. The structures are deposited on both ITO and
ZnO-coated ITO substrates. By using a glass/SnO,:F working
electrode, a saturated calomel electrode (SCE) as a reference
electrode, and a Pt wire counter electrode, Elias et al.>* were able
to calibrate their measurements. The electrolyte was 5 mM KCl
and 0.1 M ZnCl, solution. In the first step, the working electrode
is coated with a ZnO buffer layer, and then nanorods are
deposited on it. The diameter of the rods can be varied by varying
the ZnCl, concentration. Tang et al.”® synthesized nanotubes with
a similar setup.

2.8. Thermal evaporation

In the thermal evaporation process, the source material is
heated at a higher temperature, and the evaporated material
gets deposited on the substrate. Umar et al.>® synthesized ZnO
nanorods with ZnO powder as the source and Ni coated Si as
the substrate. N, and O, gases were pumped at 5-15 and 10—
30 sccm, respectively, and the deposition time was 30-120 minutes.
4-5 um long ZnO nanorods with typical diameters of 300-350 nm
were grown at 500-550 °C temperature. Bae et al.>” synthesized
nanowires with temperature in the range of 800-1000 °C at
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500 sccm of Ar gas. Ga was doped by placing Ga powder along
with ZnO powder. Tin (Sn) and indium (In) can be doped
similarly by placing Sn and In powders along with ZnO powder.
Nanotubes with an outer radius of 200 nm and (001) preferential
growth were synthesized at 475 °C by Zhang et al.>® Here Zn
powder was the source material and Si wafer was the substrate.
Argon was pumped into the tube furnace, and O, and O; acted as
the source of oxidation for Zn to form ZnO. Thermal evaporation
does not use any catalyst, which avoids unintentional contami-
nants. However, high temperature limits the available substrates
for the synthesis of ZnO nanostructures.

2.9. Hydrothermal method

The hydrothermal method is often preferred over other methods as
it provides nanostructures with controlled morphology and com-
position. ZnO nanostructures can be deposited at low tempera-
tures, and the method is simple and catalyst-free. Since it is
catalyst-free, the purity of the nanostructures can be high. In the
hydrothermal process, zinc nitrate hexahydrate is used as a pre-
cursor with other materials like hexamethylene tetramine (HMTA).
Ammonium compounds can be used to synthesize nanostructures.
Wang et al>® synthesized ZnO nanowires. 1 M (NH,),CO; and
0.04% PEG dissolved in distilled water with Zn nitrate were used as
precursors. Zinc nitrate was gradually dropped into the solution.
The solution was spin-coated on a substrate, and the process was
carried out at 200 °C for 10 h. Tam et al*® synthesized ZnO
nanorods. Zinc nitrate hexahydrate and HMTA were used as
starting materials and polyethylene was added to enhance the
aspect ratio. The obtained rods were annealed at 200 °C, 400 °C,
and 600 °C, and the deposited structures showed (001) crystal-
lographic orientation. Wei et al.®* synthesized ZnO nanotubes with
ZnCl, and ammonia as starting materials. Nanotubes produced at
95 °C presented 500 nm diameter and 3 pm length. A brief review
of the hydrothermal method for the growth of different nanostruc-
tures is given by Djurisic et al,* as the growing conditions have a
considerable influence on the morphology of the nanostructures.
Since the hydrothermal method is a wet chemical approach, the
high aspect ratios of the synthesized structures cannot be expected,
and the crystallinity of the structure is not high. The crystallinity
can be improved by using the ZnO seed layer and annealing
techniques. The prepared structures present many defects, leading
to poor UV emission and enhancement in deep-level emission
(DLE), thereby indicating poor optical quality.

All the methods specified above have their advantages and
drawbacks. A particular method is typically selected based on
the structure to be deposited and the field of application.
Table 1 summarizes representative examples for the various
methods to synthesize ZnO nanostructures along with their
structural dimensions and starting materials.

3. Biomolecule immobilization on ZnO
nanostructures

Conventional ZnO is a safe and non-toxic substance, and it is
essential to have details of the toxicity of ZnO nanostructures

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Representative examples of specifications for synthesizing ZnO-based nanostructures by different methods

Method Starting materials Substrates Structure Dimensions and orientation Ref.
PLD 99.99% pure Zn and O, Sapphire Nanorods D =300 nm, L =6 pum, O: [0006] 63
Zn disc and O, Silicon Nanocones L = 1 pm, D = 100-200 nm, O: [0002] 64
ZnO bulk Ag Monolayer Two mono-layer thick 65
Sputtering 99.99% Zn, O, Si Nanotubes R (outer) = 200 nm 66
ZnO, O, Cu/Ti/Si Nanowires D = 45-55 nm, O: [0 0 2] 67
Pure Zn n-Type Si Nanorods D =125 nm, L = 675 nm 36
CVD Zn acetyl-acetonate hydrate Fused silica or Si Nanorods D = 60-80 nm, O: [0002], [0004] 37
DEZ, NO, Si/SiO, Nanowires D = 20-60 nm, L = 5-15 pm 39
DEZ, O, Sapphire Nanotubes D = 50-150 nm, L = few pm, O: [001] 40
Sol-gel Zn acetate hexahydrate, methenamine Si0,/Si Nanorods D =170 nm 44
Zn acetate hexahydrate, methenamine, DI water, urea PAA templates Nanowires D = 70 nm 45
Zn acetate hexahydrate, methenamine, DI water, urea PAA templates Nanotubes D = 50-80 nm 45
Spray pyrolysis ZnCl, SLG Nanorods D =0.1-0.2 pm, L = 0.7-0.8 pm, O: [002] 49
Zn acetate, DI water ITO glass or SLG Nanowires O: [0001], [1010], [1120] 68
MBE Metal Zn, O3/O, plasma SiO, Nanorods D =20-150 nm, L = 5-15 um 50
Metal Zn, O;3/O, plasma Sio, Nanowires D = 30-150 nm, L = 14 pm 51
ZnO thin layer on a substrate, atomic O, by EIT Si Nanotubes D = 10-90 nm; O: [0002] 52
ED KCl, ZnCl, ITO Nanorods D = 250-300 nm, L = few um 53
KCl, ZnCl, Conducting Nanowires D = 25-80 nm, L = 0.5-1.8 pm, O: [0001] 69
glass/SnO,:F
KCl, ZnCl, Conducting Nanotubes D = 60-200 nm, O: [0001] 55
glass/SnO,:F
Thermal ZnO powder Ni coated Si Nanorods D =300-500 nm; L =4 pm 70
evaporation  ZnO powder Si Nanowires D = 80 nm; L = 10 pm, O: [0001] 57
ZnO powder Si Nanotubes D = 200 nm; O: [0001] 58
Hydrothermal (NH,),COs;, PEG Nanowires D = 50-80 nm; L = 6 um 59
HMTA Zn nitrate hexahydrate Si Nanorods O: [0001], D: 55-70 nm, L: 800 nm 60
Ammonia and Zn chloride Cu plate Nanotubes D =500 nm; L =3 um, T: 50 nm, O: [0002] 61
HMTA Zn nitrate hexahydrate, sodium citrate — Monolayer O: [0001] 71

for their application in biosensing. More complexity has been
added by the current trend toward smaller sizes. Nanomaterials
have greater surface area and reactivity than their bulk counter-
parts, which can allow them to translocate across cell membranes,
bind molecular species effectively, and catalyse chemical processes
with greater ease.”> For example, ZnO tetrapods (ZnO-T) have been
put to use in a number of biological contexts because they are
biocompatible, nontoxic, and harmless to normal cells.”® The
synthesis of nano-ZnO was described by Bhall et al” using a
surfactant-polyol assembly as a caging agent to keep the ZnO
crystallite size down to nano-regime proportions. The surfactant-
polyol-assembly acts as the agent for improving the biocompat-
ibility of ZnO structures.

Applications in living organisms require the nanomaterial of
interest to be biocompatible and to have less harmful by-
products from its production process. Mouse positron emission
tomography utilising ZnO NWs as an optical agent is described
by Hong et al’> To increase bio-compatibility and decrease
cellular toxicity, the NW conjugate was peptide-functionalized
(NW-PEG-DOTA). In HeLa and L-929 cell lines, Li et al.”® used
MTT tests (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) to demonstrate ZnO NWs’ good biocompatibility at
concentrations below 100 mg mL ™.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.1. Criteria for biomolecule immobilization

A biosensor (Fig. 1) is an analytical device that contains a sensitive
layer to detect a specific analyte coupled with a transducer which
generates a quantifiable signal in proportionate to the analyte
concentration.”” Biosensors generally contain a sensitive layer that
interacts with a specific target analyte and produces a signal due
to proton exchange, heat or light emission, absorption or reflec-
tance, the release of gases or ions, or any other kind of mecha-
nism. The objective of a transducer is to transform the signal
produced to a quantifiable signal that can be monitored.”® A good
biosensor should fulfill various factors such as stability under
normal storage conditions and the ability to retain the response
for longer days. The sensor must be highly selective and provide
results with high reproducibility, sensitivity, and accuracy over a
wide linear range of concentrations. The lower detection limit
(LOD) must be as low as possible and the shelf-life as high as
possible.

The main key factor for the development of biosensing
devices is the immobilization of the biomolecule onto the
transducer sensing area. The immobilization techniques must
be such that the biomolecule should be strongly attached to the
transducer sensing area and specific to detecting required
materials or substances.”””® The immobilization of the
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biomolecule must follow a few necessary criteria such as less
loss of bioactivity after attachment to the sensor surface area,
must be adhered to the sensor surface for a long term with high
stability and durability, and must be active to only certain
selected substances.”” Other factors include resistance to pH
variations, temperature, and chemical compositions. Also,
unnecessary interferents should not influence the sensor activity.
Various methods for immobilizing biomolecules include physical/
chemical adsorption, covalent binding, and cross-linking between
molecules.®”® The formation of a stable bioselective layer is an
important task. For this process, ZnO is the best due to its high
IEP at a pH of 9.5 as it attracts substances with low IEPs such as
proteins or DNA, among others. The structural properties of ZnO
play an important role in the immobilization of the bioselective
layer. Two main methodologies of biomolecule immobilization
are direct adsorption and covalent binding.

3.1.1. Direct adsorption of biomolecules. Direct adsorption
of biomolecules is an easier process compared to covalent
binding methods. Sasidharan et al.®' reported bovine serum
albumin (BSA) adsorption onto zinc oxide nanoparticles. BSA
molecules show negatively charged functional groups above the
IEP, forming attractive coulombic interaction between BSA and
ZnO nanoparticles. The adsorption of BSA onto ZnO nano-
particles is favoured by electrostatic interactions. The BSA
presence also stabilizes the size of ZnO nanoparticles effec-
tively. The interaction of proteins with ZnO nanoparticles has
been reported by Silva et al.®”> ZnO nanoparticles coated with
BSA present neutral to slightly negative zeta potential values.
Lactate dehydrogenase (LDH) interaction with ZnO nano-
particles is governed by physisorption. A negative correlation
between LDH and ZnO nanoparticles indicates that the
increase in ZnO concentration increases the sedimentation
rate, thus reducing the surface area available for adsorption.
An advantage of direct adsorption is that it is a simple process
and can be performed under mild conditions. Moreover, a few
proteins show better binding to a specific plane. Xie et al.®?
reported the plane-specific binding behavior of immunoglobin
proteins. As per the results, the whole IgG protein showed
binding towards the (1010) plane compared to other planes.
A larger surface area enables higher enzyme loading.®* A uric
acid sensor based on ZnO nanosheets has been designed by
immobilizing uricase by physical adsorption. ZnO nanosheets
increased the surface area, resulting in more enzyme immobi-
lisation and enhanced electron transport between the electrode
and antibody. BSA interaction with ZnO nanorods has been
reported by Klaumunzer et al.®® High-resolution transmission
electron microscopy (HRTEM) images indicate the amorphous
shell of the BSA layer on ZnO nanorods. The photolumines-
cence (PL) spectra show that BSA conjugated ZnO nanorods
quench visible emission, indicating the strong interaction of
surface states of ZnO with amino acids of BSA. Also, the Stokes
shift indicates strong electronic coupling between BSA and ZnO
nanorods. Also, Bhogale et al.®® reported interaction between
ZnO nanoparticles and BSA using fluorescence spectroscopy.
The bare BSA has intense fluorescence, which decreases after
adding ZnO nanoparticles due to the formation of the complex
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by the interaction between ZnO and BSA. The negative free
energy indicates that the reaction is spontaneous, and further
negative entropy and enthalpy values indicate that the van der
Waals interaction or hydrogen bonding is responsible for the
binding of BSA to ZnO nanostructures. The role of nanostruc-
ture type in the binding of the biomolecule has been reported
by Wang et al.®’ Different nanostructures of ZnO for protein
adsorption are presented. BSA and fibrinogen are studied in
ZnO nanorods, nanosheets, nanoparticles, and nanobeams.
BSA attains equilibrium faster as compared to fibrinogen and
also adsorbs easily over the surface. For multi-protein adsorp-
tion, the adsorbed amount falls as the first protein occupies the
adsorption sites and causes a decrease in the adsorption sites
for the second protein. The direct adsorption process of bio-
molecule immobilization occurs either through van der Waals
forces, ionic binding, or hydrophobic forces. This method’s
benefits lie in its simplicity and amenability to moderate
settings. However, biomolecules have some reversibility, and
the binding forces are quite weak.

3.1.2. Immobilization through covalent binding. An alter-
native method for bioselective layer formation is the covalent
binding of the biomolecule. For covalent binding of the ZnO
nanostructure and biomolecule, cross-linking elements provide
selective surface sites for the biorecognition element.®

Silanization through aminopropyl-triethoxysilane (APTES) and
mercaptopropyl trimethoxysilane (MPTMS) has been reported.
Sanguino et al.®® reported ZnO nanorods for interdigitated immu-
nosensors. Sulfo-MBS, which comprises N-hydroxysuccinimide
(NHS) ester and maleimide groups, cross-links antibodies to
amino acid side chains containing amine and sulfhydryl groups.
Protein detection using ZnO nanostructures immobilized with
immunoglobin has been reported by Sang et al.®® The substrate
was immersed in 2% (v/v) 3-APTES in deionized water. Later, after
washing, the substrate was immersed in disuccinimidyl suberate
(DSS) and in dimethyl sulfoxide (DMSO). Two cross-linking poly-
mers for ZnO biosensors are reported by Munje et al.*® Dithiobis
succinimidyl-propionate (DSP) is a homobifunctional molecule
that contains N-hydroxysuccinimide (NHS). The NHS esters are
responsible for the formation of stable bonds in proteins when
reacting with amines. Thiol groups form stable bonds with
positive zinc ions and preferentially bind to Zn terminated
surfaces. APTES silanizes by forming bonds with hydroxyl groups
attached to the oxygen atoms of ZnO surfaces. The substrates are
first sonicated in APTES solution with 2% ethanol and then dip-
coated in solution. Baking the substrates in an atmosphere devoid
of oxygen helps prevent silanization of APTES, which can be
caused by exposure to ambient oxygen. Improved performance
is obtained by thiol-ZnO interaction using DSP. ZnO nano-
particles for detection of troponin I are reported by Tan et al.®*
The ZnO surface is immobilized with an anti-cTnI monoclonal
antibody (MAb). APTES with deionized water is dropped onto the
ZnO surface. APTES binds with the ZnO surface by forming bonds
with hydroxyl groups on oxygen atoms. Later, bifunctional linker
glutaraldehyde in deionized water is dropped on the ZnO trans-
ducer. Similarly, surface functionalization of ZnO-FET biosensors
for cardiac troponin I detection has been reported by Fathil et al.*>

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Biomolecule immobilization with DSP molecules and DMSO
has been also reported by Jacobs et al.®® Nanostructures of ZnO
produced under oxygen-free conditions manifested as nanotex-
tured films with columnar growth. Anti-troponin-T is immobi-
lized onto the surface by first immobilizing the cross-linker
molecule. DSP dissolved in DMSO is first dropped onto the
surface, followed by anti-troponin T dissolved in phosphate-
buffered solution (PBS). The superblock is then inserted to
ensure that no DSP molecule has available N-hydroxysucci-
nimide sites. ZnO samples grown without the presence of
oxygen displayed enhanced performance compared to samples
grown with oxygen. ZnO samples grown without oxygen have
mostly Zn terminated surfaces, and thiols bind to the positive
Zn ions with higher coverage leading to a higher electrical
biosensor response.

Self-assembled monolayers (SAMs) can be effective for sur-
face functionalization due to the formation of a stable sensing
surface area. Zhang et al.”* reported surface functionalization
of ZnO self-assembled monolayers. Synthesized ZnO nanowires
and wafers were submerged in 3-PPA. The SAMs on their
surfaces were formed using either an aqueous solution or a
10-phosphonodecanoic acid (10-PDA) methanol solution. ZnO
wafers containing SAMs were first put into NHS and 1-ethyl-3-
[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC)
solution in 2-(N-morpholine)-ethane sulfonic acid (MES).
Submerging the modified wafers in an IgG solution in MES
buffer was the next step. Atomic force microscopy (AFM) images
indicated island-like structures for 10-PDA molecule function-
alized ZnO. Biomolecule immobilization with phosphoric
cross-linking molecules has been reported by Dembereldor;j
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et al.”® 16-Phosphonohexadecanoic acid (16-PHDA) assembled
ZnO nanoparticle solution was mixed with the mixture of BSA
(or transferrin (Tf)) and EDC. Using 16-PHDA, the proteins were
stabilised. Due to the presence of the phosphonic acid group,
16-PHDA was predicted to adsorb onto the ZnO surfaces. By
means of an EDC coupling process, the carboxylic groups of
16-PHDA on ZnO’s surface reacted with the amino groups of
the proteins. Functional groups of enzymes or proteins lead to
covalent binding to a solid surface. The advantage of covalent
binding is that the biomolecules are strongly immobilized onto
the surface and are less likely to detach. This method provides
minimal loss of biological activity. Moreover, the availability of
several functional groups for covalent immobilisation makes it
possible to avoid the active site of the binding process.

4. Classification of biosensors

The basic working principle of biosensors is shown in Fig. 2.
ZnO biosensors can be classified based on the transduction
method and the bioreceptor.’® In the case of bioreceptors, ZnO
biosensors are classified depending on the type of sensing
molecule used. The sensing molecule could be an enzyme,
antibody, DNA, and protein.

Enzymes are used to detect specific molecules, which upon
interaction with analytes, produce a product that can be detected
by one of the transduction methods. Enzymatic biosensors are
affected by factors like pH and temperature. A specific antigen
binds to the antibody in a highly specific way for antibody-based
sensors, making them essential for immunosensors. DNA-based
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Fig. 2 Schematic representation of the working principle of representative biosensors.
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biosensors use complementary nucleotides as the recognition
element. For known sequences of DNA, a complementary
sequence called a DNA probe is synthesized, labeled, and
hybridized to detect the target biomolecule. In detecting pro-
teins, selecting a required protein by neglecting a wide range of
other proteins depends on the biocomponent, which serves as a
molecular recognition tool in binding the required protein. The
specific protein detection requires sensing areas immobilized
with antibodies or aptamers that are connected to transduction
systems.

ZnO based biosensors are typically categorized into electro-
chemical, optical, and piezoelectric biosensors based on the
transduction method.’” In electrochemical biosensors,’® the
biomolecule and the target analyte react to produce or consume
carriers that produce an electrical signal. Three different methods
are used in electrochemical transduction: potentiometry, voltam-
metry, and amperometry. Amperometry is widely used for biosen-
sor transduction mechanisms. In this method, the sensor is placed
at a fixed potential which acts as a driving force for carriers, and the
target analyte is added in steps. A change in current occurs with the
change in the target analyte concentration, which allows monitor-
ing the amount of the target analyte. The potential is swept between
two values between the two electrodes for cyclic voltammetry
methods, and the current is plotted against the potential.

The reduction and oxidation peaks appear in the plotting
cycle based on the reduction and oxidation reactions. The
current response per concentration and area of electrode gives
the sensitivity of the biosensor. In the potentiometric method,
the charge accumulated at the surface of the electrode causes a
change in the potential of the working electrode with respect to
the reference electrode. The current produced is plotted against the
logarithmic concentration of the analyte to monitor the amount
of the target analyte. The slope of the plotted curve provides
the sensitivity. In impedimetric biosensors, the production
of carriers changes the resistance of the solution, and this
measurable parameter is used for the detection and monitoring
of the target analyte. Because the relationship between
potential and analyte concentration in potentiometric biosen-
sors is logarithmic, the sensors are less sensitive.

Surface plasmon resonance biosensors are used in optical
biosensors to detect changes in the refractive index caused by
the interaction of analytes with bioreceptors.”® Variation in
density is quantified by observing the angle at which reflected
light shifts. The interaction of analytes with adsorbed receptors
on the transducer’s surface area causes a change in the Raman
signal, which is measured by surface enhanced Raman spectro-
scopy (SERS). This occurs because carriers are transferred
between ZnO and the electrodes. For the photoluminescence
(PL) technique, the change in the PL spectra is observed before
and after adsorption of the bioreceptor and after the interaction
with the target analyte. The change in the PL band allows the
detection of the target analyte.

The third category of the biosensor transduction method is
the piezoelectric method.'® Piezoelectric biosensors use a
piezoelectric material that oscillates at a specific frequency
upon giving an electrical signal of a specific voltage, and the
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frequency of oscillation changes when the mass of the crystal
changes or the electric signal changes. The change in the mass
on the surface of piezoelectric material upon binding with
biomolecules changes the oscillation frequency. A quartz crys-
tal is placed between two electrodes in a quartz crystal micro-
balance (QCM) device, with the crystal’s oscillation frequency
being affected by a change in mass. FETs are also explored for
biosensor applications. The ZnO nanostructures are used as the
channel, and when the target molecules interact with the
biorecognition element, the conductance of the channel
changes. The change in the channel’s conductance is used as
the measuring parameter for detecting target molecules.
Further detailed information can be obtained from the reviews
reported.’® % The detailed classification of biosensors based
on bioreceptors and transduction methods is shown in Fig. 3.

4.1. Dimension based classification for ZnO biosensing
applications

4.1.1 2D-ZnO nanostructures. Typically, 2D materials have
a high surface to volume ratio with a large surface area, and
their unique electronic structures and atomically thin layers are
very enticing because of the exceptional material features they
offer that are not possible to produce with conventional bulk
structures.’® ZnO nanoflake based linker-free electrochemical
biosensors have been reported by Alam et al.'% for the detection
of r-lactate from the sweat. The ZnO nanoflakes grown on gold-
coated flexible polyethylene terephthalate (PET) substrates are
immobilized with lactate oxidase for higher sensitivity. The
sensor showed a wide linear range from 10 pM to 20 mM with
1.26 nM LOD and a sensitivity of 11.76 pA per decade per cm?.
Further, the sensor showed a recovery of about 85% with relative
standard deviation <4% for real human samples. ZnO/MoS,
nanocomposites grown on glassy carbon electrodes have been
reported as a sensing platform for DNA assay.'*® Furthermore,
nanostructured ZnO/MoS, showed DNA immobilisation capabil-
ity due to the strong electrostatic contact between negatively
charged DNA and positively charged ZnO. To detect epinephrine,
Zhu et al.'” presented flower-like ZnO nanosheets integrated
inside a 3D ferrocene-functionalized graphene framework (3D
graphene@Fc) (EP). The resulting ZnO/3D graphene@Fc hybrid,
which has the shape of a flower, shows improved electrocatalytic
activity for the oxidation of EP and its product. As a result,
a highly sensitive and selective electrochemical biosensor is
described for EP detection, with a linear response of 0.02 to
216 M, a LOD of 0.0093 M, and excellent stability (97.7% capacity
retention after scanning for 20 h). Electrochemically reduced
graphene oxide/ZnO nanocomposites grown on indium tin oxide
electrodes have been reported for the detection of uric acid.'®®
The linear response of the sensors was seen throughout a
concentration range of 1 mM to 400 mM, and their sensitivity
was 150.7 A cm > mM L.

The structure of ZnO nanoflakes is directed towards a nano-
honeycomb structure when grown on an Al coated glass
capillary."®® The ZnO nanoflakes can be immobilized with
GOx and then coated with Nafion for higher sensitivity. Glucose
concentrations can be measured from human adipocytes and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Classification of different biosensors based on bioreceptors and transduction methods.

frog oocytes. The sensors showed a linear response from
500 nM to 10 mM with a fast response within 4 s. ZnO nanoflakes
for uric acid detection are reported by Ali et al.''® The SEM
images are depicted in Fig. 4(a). Uricase along with Nafion
coating is dropped on ZnO nanoflakes for detection of uric
acid. Uric acid is oxidized to allantoin and carbon dioxide in the
presence of uricase. Allantoin is converted to allantoinium ions
in water, which causes a potential change at the ZnO electrode.
The potentiometric results show a wide linear response from
500 nM to 1.5 mM with 66 mV dec ' sensitivity, with the
sensors being inert toward ascorbic acid and glucose. Chauhan
et al.''' reported the detection of Helicobacter pylori using
the ZnO tetrapods grown on screen printed electrodes. The
designed electrochemical immunosensor showed a good line-
arity in the range of 0.2 0.2 ng mL ™ * to 50 ng mL ™' with a LOD
of 0.2 ng mL™". Also, ZnO-Ag,0 composite nanoflowers are

proposed for the detection of dinitrotoluene in water."**> The
composite ZnO modified Ag electrode showed enhanced sensor
performance compared to ZnO or Ag,O electrodes. The sensor
exhibited a sensitivity of 5 uA pM ™~ em ™2 with an LOD of 13 nM
in a linear range from 0.4 uM to 40 uM. Psychoyios et al.''?
reported biosensors for cholesterol by using ZnO nanowalls
immobilized with ChOx. ZnO nanowalls facilitate electron
transport between the enzyme and the electrode by providing
a high surface area for enzyme loading. The lipid coating not
only aids in the preservation of the enzyme’s function, but it
also improves biocompatibility. The sensor is highly sensitive
with 57 mV dec™ " sensitivity in a linear concentration range from
1 x 107°Mto 1 x 10~* M with a response time of around 5 s.
MosS, assisted the growth of ZnO nanostructures for biosensing
as reported by Yang et al.'°® Thus DNA biosensors were fabri-
cated through ZnO nanowalls grown on 2D MoS, (Fig. 4(b)).

oo I O At
TN

’

Fig. 4 ZnO 2D nanostructures: (a) as-fabricated ZnO-nanofiber arrays,*° (b) ZnO/MoS, nanowalls'®® and (c) ZnO nanoflowers grown on an activated

glass surface '*
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Promyelocytic leukaemia and retinoic acid receptor alpha (PML/
RARA) fusion genes were closely monitored with the sensor.
The ZnO nanostructures are vertically aligned on the MoS, layer
and show higher hybridization efficiencies than individual
structures. Porous structures provide a higher surface area for
bioreceptor immobilization. Similarly, nanoporous ZnO films
for uric acid detection were reported by Mozaffari et al’®
The cavities in the nanoporous films increase the surface area
for enzyme loading, thus reducing the diffusion distance for the
substrate to access the enzyme. The sensors present good
sensitivity with linear detection from 0.83 to 23.24 mM and a
LOD of about 0.40 mM.

ZnO nanoflower-based biosensors for amyloid detection
have been reported by Akhtar et al.'** ZnO nanoflowers with
thioflavin were grown on a silver film-coated glass slide
(Fig. 4(c)). This sensor worked by enhancing the fluorescence
of thioflavin T bound insulin due to the waveguiding capacity
of ZnO nanoflowers, thus acting as a reflecting mirror in a
Fabry-Perot resonator. ZnO’s rough surface provided a larger
surface area for sensor activity, as Saha et al.'*® reported. High
sputtering pressure introduced Zn interstitial defects, which
increased the electrical conductivity and electron transferability.
Though 2-D ZnO nanostructures do not have a particularly high
surface area, as shown in Fig. 3, their high surface charge density
proves to be a good aspect for biosensor applications. Also, the
synthesis procedures for 2-D ZnO nanostructures are simpler
than for 1-D nanostructures. Owing to their planar structure,
they can provide a higher density of bioreceptor immobilization,
thereby improving the sensitivity of the biosensor. Furthermore,
for a particular structure, the biosensitivity can be more efficient
for certain biomolecule targets.

4.1.2. 1D ZnO nanostructures. 1-D ZnO nanostructures
provide larger aspect ratios for enzyme immobilization. The
performance of ZnO nanorod based GOx biosensors for glucose
can be improved by electrodeposition of AuNPs.''® AuNPs
increase the transfer of electrons between the GOx and electrode
and also inhibit the recombination of electron-hole pairs.
AuNPs increase the sensor sensitivity by 5 times while the LOD
is reduced. Other parameters such as stability, linear range, and
selectivity are also improved. Riduan et al.'"” reported the use of
Pt nanodendrites (PtNDs) for the performance enhancement
of the glucose biosensor. The ZnO nanorods coated with
PtNDs present better performance than the biosensor without
the PtND. The sensors showed an increased sensitivity from
15.71 pA mM ! em ™2 to 98.34 pA mM ! em ™2 with the use of
PtNDs. Polydopamine was deposited on ZnO and the ZnO-PDA
composite was used for the detection of glucose.''® Glutaralde-
hyde was used as the cross-linking polymer to immobilize GOx.
The sensor had a good response in the glucose concentration
range from 0.0062 to 0.120 mM.

Shukla et al.'*® reported that higher aspect ratios support to
improve enzyme immobilization (Fig. 5). Also, the charge
transfer resistance decreases, which further enhances the elec-
tron transferability. Therefore, higher sensitivity is recorded for
ZnO structures having a higher aspect ratio with a response
time of around 5 s. Lee et al.*?° reported that nanorods with
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Fig. 5 The schematic diagram of electron flow through ZnO nanostruc-
ture bridges between source and drain for (a) nanoparticles and (b) a single
lateral nanowire. (c) Cross-sectional image of ZnO nanorods. (d) Top view
FESEM image of ZnO nanotubes.*?’

higher deposition times have better efficiency for detection of
DNA oligonucleotides. To detect streptavidin, Sang et al'*'
reported rod nanowires, hexahedral puncheons, and sharp
ZnO nanowires. Sharp ZnO nanowires showed a better response
as they present a high aspect ratio and higher binding sites on
the surface than rod nanowires and hexahedral puncheons.
Pradhan et al."*” reported ZnO nanowires for glucose biosensors.
GOx immobilized ZnO nanowires on Au-coated polyester exhib-
ited a high sensitivity of 19.5 uA cm > m~> M ", with a response
time of less than 5 s.

Uric acid biosensors involving ZnO nanorods grown on
glassy carbon electrodes have been reported by Zhang et al.'*?
The surface area of ZnO nanorods facilitates direct electron
transfer between uricase and the electrode. The amperometric
measurements also showed a linear response for the concen-
tration range 5.0 x 10" ° to 1.0 x 10~ ® mol L ™" with a LOD of
2.0 x 107® mol L™". Kong et al."** reported glucose biosensors
based on ZnO nanotubes immobilized with GOx. The sensor
demonstrated a detection range of 50 pM to 12 mM with a LOD
of 1 uM and a sensitivity of 21.7 uA cm™ > mM ', Copper-doped
ZnO nanofibers have been implemented for malaria detection
by Paul et al.'®® The copper-doped ZnO nanofibers function-
alized with mercaptopropylphosphonic acid are used for the
detection process. Mercaptopropylphosphonic acid enhanced
the ability of functional groups for enzyme immobilization. In
this system, copper enhanced the electrical conductivity, and the
electric field created at the copper-ZnO junction brought the
target closer to the mercaptopropylphosphonic acid-treated nano-
fiber. Ag doping is found to improve biosensor performance, as
reported by Zhou et al'*® The ZnO nanorods doped with Ag
and immobilized with GOx are used for the detection of glucose.
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The Ag doping makes the surface of ZnO nanorods smoother and
reduces the contact area of the solid-liquid interface. Also, it
allows reduction of the charge transfer resistance and enhance-
ment of the electron transferability of the ZnO nanorods. More-
over, the catalytic activity of GOx is also improved. Due to the
above factors, the glucose biosensor performance is enhanced,
and the optimum doping of Ag is around 2 mM, with higher Ag
doping leading to the formation of Ag,O, which reduces the
performance of the biosensor. The linear range of the sensor is
from 1.5 x 107° to 6.5 mM, and its sensitivity is 85 pA mM
cm~ 2 with an LOD of 1.5. pM.

ZnO biosensor performance also depends on the dimen-
sions of the nanostructures. Kim et al'?® reported glucose
biosensor performance based on ZnO dimensions. The ZnO
nanorods grown on the substrate are classified into three
groups based on dimensions. The ZnO nanorods with lower
diameters and high aspect ratios are densely packed and found
to have the highest sensitivity of 69.8 nA uM ™' cm ™2, The large
surface area of ZnO nanorods has a larger amount of GOx and
hence improved performance of the sensor. 1-D nanostructures
provide a higher surface area for biomolecule immobilization
and also better electrical conductivity. The high aspect ratio of
the nanostructures also improves their sensitivity as it allows
higher biomolecule immobilization. Densely packed structures
can also provide improved results. Small signal strength, diffi-
culties in creating electrical connections, incompatibility with
the CMOS process, and the typical nanostructure production
procedure, which normally needs high temperature, are all
limitations of 1-D ZnO in the context of the CMOS process for
biosensors."”’

4.1.3. ZnO quantum dots. ZnO quantum dots are also
called 0-D nanostructures and they provide a higher surface
area for biomolecule immobilization. The detection of tetracy-
cline using europium-grafted ZnO quantum dots was reported
by Wu et al."*® The internal reference is yellow-emitting ZnO
QDs, with the signal reporting unit being Eu*" chelated on the
surface of ZnO QDs. The nanoprobe exhibits a LOD of about
4 nM and its fluorescence changes from yellow to red for higher
concentrations of tetracycline. Ali et al.**' reported ZnO quan-
tum dots for the detection of uric acid. It has also been reported
that uricase immobilised on ZnO quantum dots is used to
make the uric acid sensor. In the concentration range from
1 mM to 10 mM, the sensor’s linear response was seen at a high
sensitivity of 4.0 hA mM ' em 2. ZnO nanoparticles affect the
insulation property of the polyvinyl butyral (PVB) membrane.
A glucose biosensor with ZnO nanoparticles in conjugation
with GOx has been reported by Ren et al.*** The cyclic voltam-
metry of bare Pt wire is reduced when coated with the PVB
membrane, and the current peaks reappear after GOx with ZnO
nanoparticles is introduced. By providing a conductive channel
from the enzyme to the electrode and a broad surface area
for enzyme immobilisation, ZnO nanoparticles speed up the
electron transfer rate and boost the current response. The
sensor shows a good selectivity at a pH of 6.8 and a temperature
of 35 °C with the photovoltaic effect being found to improve the
catalytic activity of GOx and hence enhance the performance.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ZnO quantum dots for dopamine detection have been reported
by Zhao et al.,"** with the fluorescence being quenched due to
the electron transfer between the ZnO quantum dots and
oxidized dopamine quinone.

Hybrid ZnO nanostructures with carbon nanotubes (CNTs)
are also explored due to the good catalytic activity of CNTs.
Hayat et al."** reported cholesterol biosensors constructed by
ZnO nanoparticles incorporated onto carbon nanotubes immo-
bilized with ChOx. The cholesterol reacts with ChOx and
produces H,0,. The H,0, is then used to oxidize 2,2’-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), thus producing
a green-colored product that helps in quantizing the cholesterol
content through calorimetric analysis. The nanocomposite
structure of ZnO and CNTs catalyzes the oxidation of ABTS.
Fidal et al.,"** on the other hand, reported that Al-doped ZnO
immobilized with GOx showed a better response in terms of
sensitivity, linearity, and LOD compared to the bare ZnO
structure immobilized with GOx. GOx bioactivity can be
improved by avoiding leakage with poly diallyl dimethylammo-
nium chloride (PDDA) layer coating. Wang et al.'*® reported
a multi-layer structure of biosensors for glucose detection.
The nanocomposite of ZnO nanoparticles and multi-walled
carbon nanotubes (ZnO/MWCNTs) immobilized with GOx was
reported to be coated with the PDDA layer. The PDDA layer
avoids GOx leakage, thereby improving the bioactivity of GOx.
The electrocatalytic response towards H,O, indicated that ZnO
nanoparticles do not influence the MWCNTSs. The sensor had a

Fig. 6 A scanning electron micrograph of the (A) and (B) eggshell
membrane [ESM], (C) and (D) GOx immobilized ESM [GOx/ESM] and (E)
and (F) ZnO and GOx immobilized ESM [GOx/ZnONPs-[EMIM][Otf]/ESM].**”
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LOD of 250 nM for 2.0 U of GOx and retained 90% of the initial
response after 160 days.

Aini et al.'® reported electrochemical glucose biosensors
based on ZnO nanoparticles immobilized with GOx, ionic
liquid, and an eggshell membrane onto a glassy carbon elec-
trode (Fig. 6). Methylene blue was used as a redox indicator.
The ZnO nanoparticles in the egg shell membrane and ionic
liquid increase the surface area of the sensor. The sensor with
the ESM showed a better response than the one with a chitosan
(CHIT) membrane. The LOD was 10~ "> M with a linear detec-
tion range from 1 x 10~'? to 6 mM. The novel method of ZnO
synthesis from leaf extract is reported by Dayakar et al'®
Glucose detection is done by utilising ZnO nanoparticles gen-
erated by a bio-mediated approach employing Ocimum tenui-
florum leaf extract. The sensor has a linear range of 1 to 8.6 mM,
a LOD of 0.043 mM, and a sensitivity of 631.30 p)A mM ™' cm ™2,

Furthermore, a biosensor designed by using doped ZnO
nanostructures was presented by Mahmoud et al.’* A non-
enzymatic glucose biosensor was designed by using Cu doped
ZnO. Cu doping is found to increase the electrochemical
properties of the sensor. The nanocomposites with their catalytic
features exhibit enhanced activity."*” ZnO quantum dots are
reliable candidates for the design of the biosensor. The major
aspect of ZnO quantum dots is the size of the nanoparticles.
Reduction in the nanoparticle size increases the surface area for
higher enzyme loading, thereby enhancing the biosensor’s per-
formance. One of the drawbacks of quantum dots is their
degraded mobility with increasing grain boundaries."*!

4.2. Types of ZnO biosensors

4.2.1. Electrochemical biosensors. Electrochemical biosen-
sors are widely used because of their high sensitivity, wide
detection range, reproducibility, and low cost. Innovations in
biosensors are intertwined with the fields of architectural
engineering and materials science. Therefore, material selection
is an integral part of the biosensor design and manufacturing
process. Two electrodes serve as the transducer in an electro-
chemical biosensor, which also includes a layer of biological
recognition molecules and a protective layer. The materials, size,
and shape of a sensor are heavily influenced by factors including
the transducer’s operating principle, the characteristics to be
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detected, and the working environment. Typically, just a working
electrode and a stable reference electrode are used in electrode
systems for measuring ion concentrations in liquids and dis-
solved gas partial pressures, although a counter electrode is
frequently used in these experiments as well. Furthermore, the
method employed to immobilise the sensor’s biological recogni-
tion components might have a significant impact on biosensor
performance. In electrochemical biosensors, the biosignal is
generated by means of an electrical response which could be
measured by either cyclic voltammetry, potentiometry, ampero-
metry, or electrochemical impedance spectroscopy (EIS). Fig. 7
shows the mechanism of electrochemical biosensors. The elec-
trodes act as transducers which help in producing the signals in
the form of electric currents, which in turn allows the detection
and monitoring of the amount of the target analyte.'**
ZnO-rGO nanocomposites have been functionalized with
tyrosinase for the detection of dopamine."** The sensor’s
LOD was as low as 8.75 + 0.64 pM, and its linear range was as
large as 0.1-1500 pM. Its sensitivity was 39.56 + 0.41 pA nM %,
which is rather impressive. The sensor had a response time of
0.34 £ 0.09 s and showed excellent selectivity for DA in a variety
of blood serum components. ZnO nanoarchitecture decorated
rGO is reported for the non-enzymatic detection of uric acid and
glucose.”** The sensor was sensitive to uric acid in the concen-
tration range from 0.02 x 10~ to 7.2 x 10> mM with a LOD of
about 0.012 mM whereas for glucose the concentration range was
0.02 x 107°~18 x 10~ * mM with a LOD of 0.008 mM. The biosensor
was shown to have a sensitivity of 682.8 mA mM " cm ™ for urea,
while for glucose the sensitivity was only 481 mA mM " cm ™2,
Reports of Ag/ZnO with a variety of ZnO nanostructures for
non-enzymatic urea detection have been made."*> By combining
a sputter deposition and solution growth technique, ZnO nanor-
ods and nanoflakes with varied crystallographic orientations
were produced. The Ag/ZnO nanorods on carbon electrodes are
found to exhibit better characteristics than ZnO nanoflakes due
to the larger surface area. Another non-enzymatic biosensor
based on ZnO nanorods with an Au coating has been described
for the detection of glucose. The Au-ZnO nanorods allowed for a
high sensitivity of 4416 A mM ™" ecm ™2, a low LOD of 0.12 uM,
and a linear range of up to 15 mM. Baruah et al.*® reported Co
and Fe codoped ZnO for glucose sensing. The PL intensity of the
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Fig. 7 Schematic representation of the working principle of electrochemical biosensors.

332 | Mater. Adv., 2023, 4, 320-354

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00878e

Open Access Article. Published on 11 November 2022. Downloaded on 4/1/2026 1:27:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

doped ZnO was reduced and it showed better conductivity
than the pristine ZnO. The doped ZnO was modified with
GOx for the detection of glucose. The sensor presented 2-fold
improved sensitivity compared to pristine ZnO of about
32.2 pA mM ™' ecm? with a linear range from 0 to 4 mM.
Fig. 8 depicts the merits of various ZnO nanostructures with
different morphologies.

Israr et al."*® reported the detection of cholesterol by ZnO
nanorods. Ag/AgCl was used as a reference electrode, and the
ZnO/Ag electrode with dip-coated ChOx served as the working
electrode. The variation in the concentration of the cholesterol
electrolyte solution causes potential difference between the
electrodes, which is due to a change in cholesterol concen-
tration. The reference electrode exhibits constant potential, but
the working electrode causes a change in emf due to the
reactions between the electrolyte solution and ChOx. Recently
Supraja et al.'*® reported a CNT embedded ZnO nanofibre-
based biosensor. The nanofibre modified the electrode and
immobilized it with an antiatrazine antibody for atrazine
detection. The sensor showed good electrical conductivity and
exhibited a sensitivity of 21.61 kQ ug™' mL™". Potentiometric
results of the bioelectrode are plotted against the logarithmic
concentration of electrolytes.

Ali et al.™° reported the detection of uric acid by using ZnO
nanowires immobilized with uricase. The uric acid solution was
used as the electrolyte, Ag/AgCl as the reference electrode and
the uricase immobilized ZnO nanowire electrode as the working
electrode. The potential response against concentration showed
a linear response from 1 uM to 1 mM on the log scale. In another
work, Israr et al. " reported the detection of cholesterol by using
ZnO nanowall structures immobilized with ChOx. Detection of
C-reactive protein (CRP) by using ZnO nanotubes was reported
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1152 7ZnO nanotubes were immobilized with

by Ibupoto et a
monoclonal anti-c-reactive protein and glutaraldehyde using
the physical adsorption method. The sensor showed a linear
response for CRP in the concentration range 1 x 10 > mg L™ to
1 x 100 mg L™ with a sensitivity of approximately 13.17 mV per
decade. The sensor has a lifetime of three days, and hence it can
be used as a disposable sensor. The sensor electrode showed
good reproducibility with a relative standard deviation of less
than 5%. Further, when tested with human blood serum, which
contains interferents like glucose, sodium and potassium ions,
uric acid, etc., the sensor shows good selectivity.

The same type of biosensor was reported for r-lactic acid
detection." The sensor was constructed by using ZnO nano-
rods immobilized with lactate oxidase along with glutaralde-
hyde. The potentiometric analysis of the sensor indicated a
linear range of detection within the concentration range from
1 x 107" to 1 x 100 mg L™" with 41.33 1.58 mV dec '
sensitivity. The sensor showed good selectivity in the presence
of interferents such as glucose, ascorbic acid, galactose, mag-
nesium ions, and calcium ions. The sensor had a stability of
about three weeks. ZnO nanoflakes immobilized with GOx were
reported for detection of glucose by Fulati et al.*>* The poten-
tiometric response showed linear response within the concen-
tration range 500 nM to 10 mM. The sensor had a fast response
time of about 4 s. Improved glucose biosensing performance
was reported by incorporating graphene nanoplates beneath
ZnO nanowires by Rafiee et al.">®> The sensor reported a linear
range from 0.003 to 30 000 mg dL " with a response time of 5 s.

ZnO nanorods were used by Ibupoto et al'*® to detect
penicillin by an aqueous chemical growth method. Nanorods
were immobilized with penicillinase along with N-5-azido-2-
cross-linking polymer.

nitrobenzoyloxysuccinimide as a

Nanowires

Nanoforest/disks

Nanoflower

Agglomeration of 2D

Fig. 8 Size-dependent benefits of ZnO nanostructures. 0-D nanostructures have a higher surface area. Electron transport in 1-D nanostructures is both
stable and direct. Two-dimensional nanostructures provide specific planes for the immobilisation process, allowing for the multiplexed detection of

analytes. Extra outer and inner surface area of 3-D nanostructures means additional immobilisation sites.
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The potentiometric analysis revealed good sensor selectivity
with negligible response to sucrose, glucose, ascorbic acid, uric
acid, etc., with a good sensitivity of 121 mV dec . The sensor
had a linear response for concentration ranging from 100 uM to
100 mM with a response time of 5 s. Indirect detection of
mercury ions by a glucose biosensor was reported by Chey
et al."™®” The ZnO nanorods were observed to be immobilized
with GOx along with the CHIT membrane and glutaraldehyde.
The sensor showed inhibition activity from 0.5 x 10~° mM to
0.5 x 10~* mM and from 0.5 x 10~* mM to 20 mM of mercury
ion for 1 mM glucose. The inhibition was further reduced for
10 mM glucose concentration. The sensor showed good selec-
tivity with a response time of 8 s and 90% sensitivity even after
three weeks.

Furthermore, Ali et a reported a glucose biosensor based
on ZnO nanotubes immobilized with GOx along with Nafion
coating. The sensor had a linear response over the concen-
tration range of 0.5 x 10~ ° to 12 x 10~* M with a response time
of 4 s and a sensitivity of 69.12 mV dec™ . The sensor was found
to be less influenced by interferents like uric acid and ascorbic
acid. Later, Khun et al.*>® reported the detection of galactose by
using a ZnO nanorod-based biosensor, immobilized with galac-
tose oxidase and glutaraldehyde as a cross-linker. Potentiometric
analysis of the sensor demonstrated its linear response through-
out the concentration range of 10 mM to 200 mM, with a
sensitivity of 89.10 + 1.23 mV dec " and a reaction time of less
than 10 s. The sensor can be used for about four weeks which is
its shelf-life. In order to detect the BCR/ABL fusion gene, Xia
et al.'® built a new biosensor based on ZnO nanorods/Pt. The
linear detection range for this sensor was between 1 pM L™* and
1 nM L', and the LOD was 2.75 x 10" mol L.

In another work, Singh et al.'®' reported the detection of
cholesterol using nanoporous ZnO immobilized with ChOx.
The cyclic voltammetry measurements indicate the oxidation
peak at 0.5 V and the current at 0.5 V, which increased further by
an increase in cholesterol concentration from 25 to 500 mg dl ™.
The sensor had a response time of 15 s. Its oxidation peak at
lower cholesterol concentration indicated an enhanced electron
transfer rate. DNA based detection of bacterial meningitis was
presented by Tak et al.'®® using flowerlike ZnO nanostructures.
The cyclic voltammetry measurements were performed on a Pt/Si
electrode, ZnO/Pt/Si electrode, single-stranded thiolated DNA
probe modified ZnO/Pt/Si electrode, and double-stranded DNA
probe modified electrode. The redox peaks were high for Pt/Si
electrodes, then reduced due to ZnO’s semiconducting nature.
DNA probe modified electrodes have shown further reduced
peaks due to repulsion between the phosphate backbone of
DNA and PBS solution containing [Fe(CN)s]>’*~ but for the
double-stranded DNA modified electrode, the redox peaks are
barely visible.

An amperometric biosensor for glucose detection was
reported by Liu et al.*®* The cyclic voltammetry curves for Nafion
coated ZnO nanorod film/ITO glass exhibited the typical capaci-
tive squared curves, thus indicating its electrochemical inactivity
in the potential window from 0.2 to —0.6 V. The GOx immobi-
lized electrode showed well-defined peaks at —300 and —20 mV.
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Later, amperometric measurements were carried out by adding
glucose aliquots. For each successive glucose injection, the
current increases, and the response time is noticed to be less
than 5 s. ZnO/Co-based nanoclusters with high specific surface
area and better electrocatalytic activity for a glucose biosensor
were investigated by Zhao et al.'®* The cyclic voltammetry curves
indicated a sharp increase in current in the presence of glucose at
0.3 V. The amperometric tests were performed by adding glucose
stepwise. The current increased for each addition of glucose, and
the steady-state currents were attained within 8 s. The sensor has
a LOD of 20 uM and a sensitivity of 13.3 yA mM ' cm >
MWCNTs and AuNPs were employed to improve biosensor sensi-
tivity, as reported by Wang et al'®® A DNA biosensor was
fabricated from carbon nanotubes, ZnO nanowires, and gold
nanoparticles (AuNPs). Then a working electrode was designed
via ZnO nanowires and MWCNTs immobilization with AuNPs.
The differential pulse voltammetry (DPV) measurements were
performed by dipping the electrode in Tris-HCI solution contain-
ing 1.5 x 10~* M[Ru (NH;)s]**. The reduction peak in RuUHEX
increased for MWCNT/ZnO nanowires, then an increase in the
reduction peak was observed for the AuNP electrodeposited
electrode. Finally, enzyme immobilization further increased
the redox current. The sensor showed a detection range for DNA
of .0 x 107" to 1.0 x 10”7 M with a LOD of 3.5 x 10 ** M.
Also, Liu et al.*®® reported a DNA biosensor based on ZnO and a
modified glassy carbon electrode. Differential pulse voltamme-
try (DPV) measurements were performed using methylene blue
(MB) as an indicator. The ssDNA probe was used to hybridize
the target DNA sequences of different concentrations. Linear
reduction peak currents were noticed against logarithmic
DNA concentration from 3.57 x 10 '" mol L' to 3.57 x
10~7 mol L™ " with a LOD of 1.09 x 10 "' mol L.

Dispersing nanoparticles on chitosan (CHIT) helps better
immobilization of enzymes due to their biocompatibility and
film-forming ability. Khan et al.'® reported a cholesterol
biosensor based on a ZnO/CHIT nanocomposite film. The
working electrode was designed by immobilizing ChOx on the
nano ZnO-CHIT/ITO electrode. The electrochemical impedance
spectrum was measured for CHIT/ITO, nano ZnO-CHIT/ITO,
and ChOx/nano ZnO-CHIT/ITO electrodes. The charge transfer
resistance was measured to be 6.68 x 10% 4.47 x 10% and 9.38 x
10> Q, respectively, for the three electrodes. The increased
resistance of the ChOx immobilized electrode was due to the
hindrance of electron transfer by ChOx. Xiang et al.'®® reported
direct electrochemistry of horseradish peroxidase (HRP) based
on a flower-like ZnO/Au/Nafion-based nanocomposite. The HRP
immobilized ZnO/GNPs/Nafion glassy carbon electrode showed
well-defined peaks in cyclic voltammograms indicating direct
electron transfer between protein and respective electrodes. The
electrolytic activity of the ZnO/GNPs/Nafion/HRP/glassy carbon
electrode showed reduced oxidation currents and increased
reduction currents upon the addition of H,0,, indicating the
reduction of H,0,. The resulting biosensor showed a wide linear
range of 1.5 x 107> to 1.1 x 10~ M with a low LOD of 9.0 x 10~°.

It was also discovered that tetragonal pyramid-shaped por-
ous ZnO nanostructures (TPSP-ZnO) could provide better

© 2023 The Author(s). Published by the Royal Society of Chemistry
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biosensing abilities due to their large specific surface area and
shape. TPSP-ZnO immobilized with GOx was used for glucose
detection by Dai et al.'®® The GOx immobilized TPSP-ZnO/
Nafion electrode showed stable redox peaks in cyclic voltam-
metry plots. This was due to the electron transfer between the
electroactive center of GOx and bioelectrode. The sensor
showed the highest redox peaks when the solution was at a
pH of 7.0. The interferents were observed to not affect the
sensor response except for ascorbic acid, which reduced the
peaks by 2.1%. The sensor has a linear response within
the concentration range of 0.05 to 8.2 mM with a LOD of
0.01 mM. Similar detection of glucose was reported by using
porous ZnO nanostructures by Fatemi et al.’’® The sensor has a
LOD of 10 uM and a response time of 7 s with 23.4 mA mM ' cm 2
sensitivity. The skin template ZnO was found to enhance the
direct electron transfer between GOx and electrode. High
sensitivity and faster response time were due to the smaller
crystallite size and more mesopores. A ZnO/CuO nanocompo-
site was used for dopamine detection, as reported by Khun
et al.'’* The cyclic voltammetry results showed a wide linear
response over the range of 107°-8 mM with a sensitivity of
90.9 pA mM ' cm ™. The sensor showed a good response time
of about 10 seconds and good selectivity over interferents like
ascorbic acid, uric acid, and glucose. Direct electron transfer
was reported in a GOx immobilized ZnO nanorods/graphene
heterostructure by Zhao et al.'”> The ZnO nanorods helped to
immobilize GOx as well as reduce the distance between the
active redox center of GOx and electrode, thus facilitating the
direct electron transfer process. The sensor had a linear response
for amperometric calibration of glucose from 0.2 to 1.6 mM. The
sensitivity was measured to be around 89.84 pA mM ™' cm 2.

Energy-saving, environment-friendly, green, and cost-
efficient methods for the synthesis of NPs have emerged in
response to rising environmental concerns. For electrochemical
detection and removal of 4-nitrophenol, Chakraborty et al.'”?
reported microwave-assembled Ag,0-ZnO composite nanocones.
A quick, cheap, and energy-efficient biosensor was designed using
microwave-assisted Ag,0-ZnO composite nanocones synthesised
using a green aqueous solvent. Electrochemical sensing and
photocatalytic degradation of hazardous 4-NP were achieved with
these Ag,0-ZnO composite nanocones. The improved sensor out-
performed the pure ZnO modified electrode at neutral pH with an
excellent sensitivity of 1.6 A pM ™" cm > s and a very low LOD of
23 nM, substantially lower than the permissible limit of 0.43 uM in
drinkable water. The sensor also selected 4-NP above other possi-
ble interferents. Sharma et al.'”* reported green ZnO nanoparticle
production utilising plant extracts. A systematic strategy was
employed to green synthesise zinc oxide nanoparticles (ZnO NPs)
utilising Carica papaya seed extract. The generated ZnO NPs were
integrated with multiwalled carbon nanotubes (MWCNTs) on the
GCE to evaluate silymarin sensing. MWCNTs/ZnONPs/GCE had 2-
fold stronger electrochemical signals than MWCNTSs/GCE and bare
GCE. Electrochemical detection employing our methodology and
the MWCNTs/ZnO NPs composite could detect 122 mg of sily-
marin in the 160 mg commercial Milk Thistle pill, indicating a
detection efficiency of 76%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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For the sensors based on direct electron transfer, the elec-
trode and the enzyme both work in the redox potential window
of the enzyme. This is an advantage as it provides superior
selectivity and make them less prone to interferents. The
voltammetry analysis provides information about an analyte
based on the current obtained by varying the potential. The
voltage is measured between two electrons when the potential
is swept between two values. The amperometric analysis
includes the measurement of current with an increase in the
concentration at a fixed potential. Amperometric sensors are
found to have better sensitivity as compared to potentiometric
sensors. In potentiometric analysis, the accumulation of charge
potential is measured at the working electrode in comparison
with the reference electrode. The potentiometric analysis would
be useful for measuring lower concentrations in small sample
volumes.

ZnO’s unique properties make it a promising biosensing
material. These include a high exciton binding energy (60 meV)
and a broad band gap (3.37 eV), as well as improved electron
mobility. Owing to its other merits such as biocompatibility,
ease of synthesis, and cost-effectiveness, it can be employed in
the design of electrochemical biosensors."*”'”>

4.2.2. Optical biosensors. ZnO nanostructures have been
used to make very effective biosensors owing to their unique
optical characteristics. With a biorecognition sensing element
integrated with an optical transducer system, an optical bio-
sensor is a small, portable analytical tool (Fig. 9). The most
fundamental function of an optical biosensor is to provide a
signal that is directly proportional to the concentration of an
analyzable material (analyte). Surface-penetrating light is used
to measure changes in luminescence or reflectance before and
after a sensitive layer is immobilised and brought into contact
with analytes. Variations in the optical signal caused by the target
analyte adsorption make it possible to trace the relationship
between the analyte concentration and the biosensor signal.
Biorecognition elements might be in the form of antibodies,
receptors, enzymes, antigens, nucleic acids, entire cells, or tissues
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Fig. 9 Optical biosensing mechanism. Reproduced with permission from
ref. 178.
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that can be used with the optical biosensor. Optical waveguide
interferometry, evanescent wave fluorescence, and surface plas-
mon resonance all use the evanescent field at the biosensor’s
surface to detect the biorecognition element’s reaction with the
analyte. Fig. 9 shows the optical biosensor working mechanism.
The optical signal produced after the interaction of the analyte
with the biorecognition layer help detect the specific target
analyte.176’177

Galdamez et al."”® studied different orientations of ZnO/Au
nanowires for biosensing applications, when functionalized
with the thiolated oligonucleotide probe labeled by cyt5. The
SERS signal for random-standing nanowires was found to be
amplified due to chemical and electromagnetic enhancement.
The PL of ZnO nanowires functionalized with DNA revealed
surface modifications prior to and after DNA immobilisation,
with results favouring the zigzag orientation of ZnO nanowires.
ZnO nanorods targeted by MAbs anti-CD5 could be employed to
construct a biosensing platform for detecting human leukemic
T-cells."®® T-Lymphoblast cells were found to bind with CD5-
targeted ZnO nanorod platforms having great selectivity, and
the PL signal was much higher than that of IgG2a-targeted
platforms. Human MOLT-4 cells conjugated with anti-CD5
MAbs were detected using the ZnO nanorod platform at con-
centrations as low as 3-128 cells in a 1.0 mm” well. Myndrul
et al."®" reported aflatoxin detection using polyacrylonitrile/zinc
oxide nanofibers. The nanofibers were then modified with
APTES, glutaraldehyde, bovine serum albumin and MAbs (anti-
AFB1). The alteration in PL developed by the AFB1/anti-AFB1
complex was investigated. When tested, the sensor’s sensitivity
range was determined to be between 0.1 and 20 ng mL ™, and its
PL rose in proportion to the concentration of the analyte. The
LOD was around 39 pg mL ™.

Sodzel et al.'®* reported the detection of H,0, and glucose
using ZnO nanoparticles based on UV and visible lumines-
cence. Fig. 10 represents the schematic of the ZnO nano-
particles’ PL sensitivity for H,0,. The ZnO nanoparticles
showed two peaks corresponding to near band edge (NBE)
emission and dry low emission (DLE) emission. After immobi-
lization of GOx, the structure was tested for the detection of
hydrogen peroxide. Reduction in PL spectral peaks was
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observed after adding H,O, to the solution in the concentration
range from 0.05 mM to 100 mM. This PL peak reduction
occurred exponentially. The sensitivity of low concentrations
of H,0, about 0.05 mM was attributed to the large surface area.
The same structure was used to detect glucose concentration in
solution as GOx oxidizes glucose and produces H,0,, reducing
the PL intensity. The detection range of glucose levels was from
10 mM to 130 mM.

A ZnO nanorod-based non-enzymatic glucose biosensor was
reported by Sarangi et al.'®* The PL intensity decreased upon
adding glucose, which continued to decrease with increased
glucose concentration. The production of H,0, happened due
to glucose, being responsible for PL quenching. The sensor had
a sensitivity of about 1.4%/mM with a linear concentration
range from 0.5 to 30 mM. The sensor was unaffected by
interferents like amino acids, uric acid, and BSA, generally
present in human blood samples.

Furthermore, Viter et al.'®® reported ZnO nanorods for the
detection of salmonella. The PL spectrum of ZnO nanorods
showed NBE emission at 380 nm and DLE emission at 590 nm.
Anti-salmonella antibodies were immobilized to detect salmo-
nella antigens, and the BSA blocking agent was also added for
specific binding. The PL intensity increased after immobilization
of antibodies, and the BSA coating further increased the PL peak
intensity. After interaction with the antigens, the PL intensity
was reduced. The optimal response was observed for the concen-
tration range from 10> to 10° cells per mL. The ZnO nanorods
and the antigens interact by hydrophobic and van der Waals
bonds. Dengue virus detection was accomplished by using ZnO
thin films by Iyer et al.®® ZnO thin films were immobilized with
sequence-specific probe strands for the detection of dengue virus
DNA. ZnO has strong adsorption efficiency towards negatively
charged DNA.

Liu et al.'® reported bi-functional ZnO nanorod arrays. The
PL spectra of ZnO nanorods increased with the immobilization
of dimercaptosuccinic acid (DMSA) and BSA. BSA immobiliza-
tion reported a higher increase in the PL spectral intensity.
Moreover, upon adding HSA to BSA immobilized ZnO nanor-
ods, a twice increase in PL intensity was observed. Also, Chang
et al.*®® reported the detection of carbohydrate antigen CA 15-3
by using an Au/ZnO thin film. The proposed structure was
found to have better SPR intensity than the Au/Cr structure. The
detection of antigen was done by recording the phase intensity.
The SPR intensity was observed to increase with an increase in
antigen CA 15-3. A linear response was obtained for antigen
concentrations from 1 to 40 U mL ™" above which quantification
was impossible. The phase intensity increased by two-fold for the
Au/ZnO thin film compared to Au/Cr, and it increased by three-
fold for lower concentrations such as 0.1 and 0.025 U mL~". The
LOD decreased four-fold to 0.025 U mL ™.

Later, Kim et al.'® reported glucose biosensors based on
ZnO nanostructures. ZnO nanostructures were reported to be
synthesized by using the mercaptoundecanoic acid (MUA)
surfactant, which provides water solubility and biocompatibility.
GOx was immobilized on ZnO nanocrystals for the detection of
glucose. The PL peak intensities were measured by adding
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glucose to the ZnO/MUA/ GOx electrode. The PL peak intensity
was reduced with an increase in the concentration of glucose
from 1.6 to 33.3 mM, covering the general physiological glucose
level. The sensor response time was less than 5 s with a LOD of
about 0.33 mM. The sensor also showed specificity to choles-
terol. A cholesterol biosensor by using ZnO thin films was
reported by Kaur et al'®® Three cases of Au/prism, ZnO/Au/
prism, and ChOx/ZnO/Au/prism were investigated. The reso-
nance angle for Au/prism was 43.54°, which increased drastically
upon adding the ZnO layer due to its dielectric properties.

Upon addition of ChOx the resonance angle again decreased
to 45.37° as the cholesterol concentration had increased the
resonance angle to higher values. The sensor is characterized
by a LOD of 0.12 mM with a detection range from 0.12 to
10.23 mM.

Further, ZnO-Au nanocomposites can be used as active
SERS substrates, as reported by Sun et al."®" Simple hydrother-
mally synthesized ZnO Au nanocomposites (hybrid A) and
white light-emitting ZnO-Au nanocomposites were synthesized
by treating hybrid A materials with HCL. These substrates
showed greater enhancement in their ability and then showed
a reduction in Au thickness. The lower thickness of Au showed
a weaker SERS signal and vice versa. Nevertheless, for very high
thickness, the SERS signal was again observed to be weaker.

Malachite green (MG) detection using Ag nanocomposites
on ZnO nanodomes was reported by Sivashanmugan et al.**>
The Ag nanocomposites on ZnO nanodome hybrid nanosys-
tems were prepared by the coupling of relatively flat and
smooth ZnO nanodomes with Ag nanocomposites. A high SERS
enhancement factor (EF) was obtained for the Ag/ZnO nano-
composite for sensing the crystal violet molecular probe and
MG at low concentrations. The enhanced effect of SERS was
attributed to the generation of strong local electromagnetic
fields induced by Ag nanoparticles on ZnO nanodomes and intra
nanocomposite interactions. More hotspots were anticipated to
be produced due to the existence of metal-semiconductor-
induced gap states. Glucose detection by using a ZnO modified
gold disc was reported by Singh et al.'®* Efficient glucose sensing
was observed with a LOD for glucose of about 0.01 mM. The
sensor showed linear sensitivity for glucose concentrations up to
250 ng mL ", and the sensitivity saturated beyond 250 ng mL "
Electromagnetic fields on a gold surface induce electron transfer
from Au to ZnO at resonance, thus resulting in good sensitivity.
The presence of oxygen defects also enhanced the sensitivity by
providing electrons to the active layer.

Later, Tao et al.'** reported the growth of ZnO nanorods on
Si wafer and considered them a SERS substrate for detecting
rhodamine. With Ag decoration, they were found to form
scaffold-like structures. The Raman enhancement factor (EF)
was measured for increased Ag deposition. As the Ag deposition
time was increased, the EF was also seen to increase by four
times. For this, the EF was calculated with different concentra-
tions of rhodamine; for the concentration of 10~® M, an EF of
about 10” was noticed, which indicated its sensitivity towards a
lower rhodamine concentration. For UV irradiated substrates,
the detection of rhodamine was weakened, and no Raman
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signal was observed for substrates irradiated with UV for
2 hours. In another work, Yang et al."*® reported the detection
of cancer cells by using ZnO nanorods. The ZnO nanorods were
connected with the epidermal growth factor receptor (EGFR) of
squamous cell carcinoma (SCC) cells. The ZnO/EGFR antibody
probes were tested for SCC, epithelial cancer that arises in
multiple organs. The PL spectra displayed a purple light upon
UV light excitation, which indicates cancer cells’ presence. The
cancer cells can also be identified by the peak intensity ratio of
UV and green light. Dorfman et al.**® reported protein-protein
interactions existence with ZnO nanoscale structures. ZnO
nanorods grown on Si wafers were investigated. Neither as-
synthesized nor protein G-treated ZnO nanorods showed any
fluorescence.

Further, a clear green emission indicated protein-protein
interactions when reacting with fluorescein-conjugated anti-
bovine IgG (FITC-antilgG) to detect protein G adsorbed nanorods.
Later, ZnO strips of 20 um width were studied with repeated
structures. Two chambers were placed on ZnO, and proteins
fibronectin and IgG were introduced into one chamber. Further
upon interaction with FTIC anti-IgG, strong fluorescence was
observed from the chamber containing the IgG protein, indicating
protein interactions. Also, Dorfamn et al.*®” reported the detection
of DNA molecules by using ZnO nanoscale structures. Two
oligonucleotides were designed to correspond to B. anthracis
(bas) and Bacillus cereus (bce). A 6-carboxyfluorescein modified
oligonucleotide (basr) complementary to bas was also designed.
ZnO nanoplatforms with two DNA strands of bce and basr did not
show any fluorescence, while the nanostructure with bas and basr
showed fluorescence, indicating the formation of a DNA complex.
Optical biosensors detect biomolecules based on fluorescence,
photoluminescence, SPR, and SERS techniques. Amongst the
methods mentioned above, SERS, SPR, and fluorescence are
costly. Though photoluminescence is cost-effective, the sensitivity
will be compromised. It is also an easier and more prospective
method.

For optical biosensors, the biosensor platform requires
specific materials with advanced structural, electrical and
optical properties for the effective transformation of biological
interaction into physical signals. Metal oxides are quite attractive
for biosensor applications as they possess all required physical
properties (conductivity, luminescence and absorbance) as well
as biocompatibility. Moreover, ZnO is an n-type semiconductor
with wide band gap (3.37 eV), high isoelectric point (pH = 9-9.5)
and intense room temperature photoluminescence.'”” Owing to
their peculiar optical properties, ZnO nanostructures can be
potentially deployed for the design of optical biosensors.

4.2.3. Piezoelectric biosensors. Piezoelectric biosensors are
based on the integration of piezoelectric materials in the
detection system. Fig. 11 shows the piezoelectric biosensors
based on nano QCM. The piezoelectric biosensors belong to the
group of analytical devices that work on the principle of affinity
interaction recording. The theory behind a piezoelectric plat-
form, also known as a piezoelectric crystal, is that the mass
attached to its surface causes an alteration in the crystal’s
oscillations. As a type of mass-based biosensor, piezoelectric
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biosensors respond to mechanical stress by generating an
electrical signal. The quartz crystal microbalance model is an
example of a piezoelectric biosensor. Fig. 4 illustrates the basic
QCM operation. There are a wide variety of applications for
QCM in the electronics sector. The fundamental mode fre-
quency of these tools is normally between 1 and 20 MHz, and
they are utilised as attenuators in modern electronic devices.
A quartz crystal, outfitted with metal electrodes, is the primary
material utilised in the creation of the QCM sensor. Sensors can
detect the presence of a target analyte in the environment
owing to a sensitive coating material on the sensor’s surface.
To transform the measured amount into an electrical signal, a
suitable electronic circuit is required. The quartz crystal oscilla-
tions change by loading of mass on the surface. A change in
frequency occurs due to the interaction with target analytes,
thus helping to determine the target analyte.'®®

A self-powered creatinine biosensor was reported by Wang
et al."® The biosensor can detect creatinine concentration based on
the piezo-enzymatic reaction of the ZnO nanowires. The detection
range of the creatinine biosensor was measured to be around 1 X
107°-1 x 10”" mM and the sensitivity was 0.0229 V mM .

Reyes et al.>*° reported the detection of DNA oligonucleotide
molecules using ZnO nanostructures based on the QCM device.
The ZnO nanotips were grown on to the nano QCM sensing
area. The sensing area was made superhydrophilic by exposure
to UV light, increasing its sensitivity ten-fold compared to the
standard QCM and reducing the required sample volume. ZnO
nanotips were functionalized for DNA in three steps. Firstly, the
sensing area of the QCM was immersed in a linker solution,
and then DNA incubation followed by hybridization was carried
out. Following the above three step, the ZnO-based QCM
exhibited an increase in frequency shift, indicating the uniform
distribution of immobilized and hybridized DNA molecules.
Later, only QCM was tested for DNA molecules, and no shift in
the frequency was observed, thus indicating that ZnO nanotips
aid in detecting DNA molecules.

Similar detection of DNA molecules was also reported by Lee
et al.*®! vig ZnO nanorods. The QCM with ZnO nanorods was
coated with titanium and gold films. The device was then tested
for mercaptohexanol solution. Compared to the QCM without
ZnO, the QCM with ZnO nanorods coated with gold showed
greater frequency shifts. The same phenomenon was observed
for the ZnO nanorod QCM over the bare QCM coated with gold
for DNA oligonucleotide molecules. Wang et al.>**> reported
ZnO nanorods coated with QCM to detect CA 15-3 antigens. For
strong binding, the QCM sensors coated with ZnO nanorods
were immobilized with anti-CA 15-3 using APTES and glutar-
aldehyde. Time-dependent frequency shifts of ZnO with anti-CA
15-3 are nearly 1 Hz and even less. 10 QCM sensors with ZnO
nanorods and anti-CA 15-3 were designed and tested for
different concentrations of CA 15-3 from 0.5 to 30 U mL™".
A linear response was noticed within the concentration range
0.5-26 U mL ™" with a sensitivity of 25.34 + 0.67 Hz per scale
and a regression coefficient of about 0.99. To check reproduci-
bility, 20 sensors were designed for CA 15-3, showing a repro-
ducibility with a relative standard deviation of 2%.
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A surface acoustic wave (SAW) is another type of biosensing
mechanism under the piezoelectric category. Krishnamoorthy
et al.”® reported the detection of interleukin by a ZnO surface
acoustic wave (SAW) based biosensor. The ZnO/SiO,/Si guided
shear horizontal surface acoustic wave (SH SAW) based biosensor
detected IL-6. The IL-6 attached to ZnO by a direct adsorption
process was not efficient compared to immobilization through
BSA and MAbs. The larger sensing area was found to have better
sensitivity for higher frequency devices. A similar structure was
reported by Luo et al.** for the detection of glucose. The glucose
detection was carried out without the use of disposable and
expensive glucose test strips, as glucose was detected by mass
load change of the sensitive area, which resulted from the change
of pH of the testing solution. The sensor was also tested for pH
changes due to interferents like ascorbic acid, lactic acid, and uric
acid. The change in pH due to these interferents was not
significant, indicating the sensor efficiency for application in
glucose detection.

Mao et al.>® reported the self-powered piezoelectric biosensing
textiles for physiological monitoring and time-motion analysis.
Depending on the piezoelectric effect developed due to the
interaction between the lactate and lactate oxidase, the moving
speed, joint angle, frequency, and sweat lactate concentration of
an athlete in real-time can be monitored. The entire process of
monitoring and analysis uses no batteries. Using this method,
various things (people) in motion can gauge the requirements of
their motion and their own physiology. Fig. 12 represents the
working mechanism of the self-powered piezoelectric biosensor.
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In summary, for piezoelectric biosensors, the detection
depends upon the mechanism of mass loading. The change
in mass on the surface is recorded as the change in frequency.
For piezoelectric sensors, higher mass loading provides higher
sensitivity, and low mass loading on the sensor surface could
be a limitation. SAW biosensors were observed to function at
higher frequencies and provide higher sensitivity as compared
to QCMs. Although QCM biosensors present lower sensitivity,
they are simpler. The piezoelectric effect harvests mechanical
energy from ZnO nanostructures and outputs voltage/current
signal. After enzyme or antibody surface modification on ZnO
nanowires, the piezoelectric output is a biosensing signal
dependent on surface biological processes. Since ZnO nano-
structures exhibit excellent piezoelectric properties in addition
to other merits they can be considered as a potential candidate
for the piezoelectric biosensor design.>®’

4.2.4. ZnO field-effect transistor-based biosensors. Field-
effect transistor (FET) based biosensors are attracting increasing
interest in recent years. Thus, ZnO-based FET biosensors have
been reported. The growth of ZnO nanostructures formed the
conductive channel and the channel was of n-type due to the
intrinsic n-type nature of the ZnO nanostructure. Ahmad et al.>*®
reported the solution gated FET based on ZnO nanorods for
cholesterol detection. The sensor response was measured by
fixing the drain bias and varying the solution concentration on
ZnO nanorods. The enzyme solutions were prepared by dissol-
ving ChOx in PBS. The drain current was plotted for solutions
with and without cholesterol, and it was found that the current
response was higher for the case of the solution containing
cholesterol. The sensor showed a LOD of 0.05 pM and a
reproducibility of about 5.2%. The sensor showed good selectivity
for cholesterol without much selectivity for AA, UA, glucose, and
L-Cyst interferents. The sensitivity was reduced by 12% for human
blood serum and 35% for whole blood samples due to smaller
molecules restricting cholesterol diffusion onto enzymes.

Phosphate detection was reported by Ahmad et al.**” using a
ZnO nanorod based FET. The ZnO nanorods were grown on a
SiO,/Si substrate and immobilized with pyruvate oxidase. The
as-fabricated FET and ZnO nanorod-based FET were analyzed
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for phosphate detection. The ZnO nanorod-based FET showed
enhanced current response compared to the as-fabricated FET
biosensor. The better response is attributed to ZnO nanorods’
high specific surface area and better electron transfer ability
during electrocatalytic reactions. The sensors showed better
reproducibility with a standard deviation of about 4.3%. The
FET biosensor showed a linear concentration range from
0.1 UM to 7.0 mM with a sensitivity of 80.57 mA cm™> mM ™"
and a LOD of 50 nM.

Furthermore, Liu et al.>°® reported ZnO nanowire and thin
film-based FET biosensors. The sensor showed a change in
conductance which was higher in the case of streptavidin due
to specific binding between biotin and streptavidin, and a lower
change was observed in conductance for common protein
IgG non-specific binding. Also, Liu et al.®* reported a ZnO
nanowire-based FET biosensor for uric acid detection. The uric
acid reaction with uricase produces two hydrogens that change
the surface potential, hence the conductance of the biosensor.
The sensor showed a linear response for the concentration
range from 1 pM to 0.5 mM. The sensor could detect uric acid at
a concentration of 1 pM with a 14.7 nS change in conductance.
The sensor response time was in the order of a millisecond.

Later, Zong et al.>'° reported FET biosensors based on ZnO
nanorods immobilized with GOx. A detection scheme of fre-
quency mixing was used for glucose detection with better
sensitivity and reduction in the complexity of fabrication and
cost. The glucose detection was carried out based on a change
in the resulting currents. The sensor showed a good sensitivity
of about 1.6 mA pM~* em™? with a LOD of 1 pM. A non-
enzymatic ZnO nanorod-based FET for glucose detection was
reported by Ahmad et al.>'' NiO quantum dot modified ZnO
nanorods were used for sensing purposes. The surface turned
to the hydroxide phase upon water adsorption, and in the
presence of glucose, it turned to Ni(OH),, thus producing
H,O0,. The electrooxidation current of H,O, was used for the
detection of glucose. The sensor showed two linear current
responses for glucose concentrations in the range of 0.001-10 mM
and 10-50 mM with respective sensitivity of 13.14 pA cm™> mM ™"
and 7.31 pA cm™> mM . Good selectivity in the presence of
interferents was obtained and 97% of the initial response was
retained after 8 weeks, indicating its stability. The tests carried out
in the whole blood sample and human serum sample indicated
that the sensor response was decreased a little in the whole blood
sample due to the presence of blood cells and protein fragments.

Ahmad et al.*"? also reported vertically aligned ZnO nano-
rods based on a FET glucose biosensor. The ZnO nanorods were
modified by Fe,O;, which helped in the catalytic electro-
oxidation of glucose. The FET biosensor without Fe,O; showed
a poor response in the presence of glucose, and with Fe,03, it
showed an enhanced response. The current was seen to
increase with an increase in glucose concentration with a linear
response from 0.05 to 18 mM. The sensor showed a decreased
response in the whole blood sample and good selectivity in the
presence of interferents and competing sugars. The sensor had
a sensitivity of 105.75 pA mM ' cm ™2, 12 uM LOD, and 10 s
response time, and retained 97.5% of the initial response after
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10 weeks. A biosensor based on a ZnO nanorod FET immobi-
lized with GOx for glucose detection was reported by Fatholla-
zadeh et al.>"? In this, ZnO nanorods served as the conducting
channel for the electrolyte gated FET. The sensor showed good
sensitivity towards glucose in positive bias. The change in
channel conductivity was due to the hydronium ions produced
due to the reaction between GOx and glucose. The LOD of the
sensor was 3.8 uM. Recently, a brief review of ZnO nanorod-
based FET biosensors was provided by Karim et al.>'* In the
FET based ZnO biosensor, the sensing mechanism was based
on the change in conductance of the channel formed by ZnO
nanorods. The nanorod-based FET provides reduced fabrica-
tion complexity and costs over conventional three-electrode
systems. The FET-based biosensors have high detection
potential and higher sensitivity. They have attracted major
attention due to their low cost, portability, faster detection,
and compatibility for integration on-chip.

4.3. Detection of specific biomolecules

ZnO biosensors have been used for the detection of a variety of
biomolecules. Wei et al.>"” reported the detection of glucose by
hydrothermally synthesized ZnO nanorods. The ZnO nanorods
are synthesized hydrothermally, and GOx is immobilized on the
surface of ZnO nanorods. A three electrode system is used
to perform electrochemical experiments. Cyclic voltammetry
measurements show a strong change in the current upon the
addition of glucose. Amperometric measurements show that
the LOD of the sensor is 0.01 mM with a response time of about
5 s. Cholesterol biosensors with ChOx immobilized ZnO nano-
particles are reported by Umar et al.>'® A gold electrode with
Nafion-coated ChOx immobilized ZnO nanoparticles is used as
the working electrode while Ag/AgCl is used as the reference
electrode. The cyclic voltammetry curves showed a peak at
0.355 V in the presence of 0.1 mM cholesterol in 0.1 M PBS
buffer solution. When the cholesterol concentration is increased
gradually, the currents are found to increase. The sensor had a
LOD of 0.37 nM and a sensitivity of 23.7 pA mM ' cm™>. The
response time of the sensor was less than 5 s. A ZnO nanorod
field-effect transistor (FET) based biosensor for protein detec-
tion was reported by Kim et al.>"” Biotin-modified ZnO nano-
rods were used for the study. The ZnO nanorod FET system
provides a considerable increase in the current upon exposure
to streptavidin, thus indicating its efficiency for streptavidin
detection. Later, Sang et al’'® reported the detection of
proteins by using ZnO nanowires. The surface was modified
by using 3-APTES and biotin-N-hydroxysuccinimide ester
(NHS-biotin). Streptavidin of varying concentration is injected
simultaneously through the microfluidic second channel.
Fluorescence intensity indicated the detection of streptavidin.
Furthermore, Liu et al.>"® reported streptavidin detection using
a ZnO nanowire/thin-film biosensor. Recently dengue serotype
2 DNA detection has been reported by Al-Douri et al.>*° using
sol-gel synthesized aluminum-doped ZnO nanostructures. The
nanostructures are dispersed over a p-type Si wafer. An inverse
relationship is noticed with current magnitudes decreasing with
increasing DNA concentration.
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A variety of biosensors for DNA detection have been also
reported. Kaur et al**' reported the detection of Neisseria
meningitidis DNA by using ZnO thin films. The sputtering
method allowed the preparation of ZnO thin films on gold-
coated glass prisms and immobilized through a single-stranded
DNA probe. The biosensor showed linearity towards DNA over a
wide range of concentrations of 10-180 ng uL ™' and a good
sensitivity of 0.03° ng™' uL™'. Later, Gerbreders et al.>*?
reported the detection of the Trichinella DNA sequence using
ZnO nanostructures. DNA primers were developed on the ZnO
nanostructures and employed as a working electrode. It is
noted that nanotubes lead to higher sensitivity than thin films
and nanorods due to their porous structure. Gasparotto et al.>**
reported detection of ovarian cancer antigen by using a ZnO
nanorod and Au nanoparticle hybrid structure. The structure is
synthesized via the hydrothermal method. The ZnO nanorod
coated with Au nanoparticles efficiently immobilizes ovarian
antigen via binding with cystamine and glutaraldehyde. Also,
Liang et al.”** reported a Au/ZnO thin film to detect breast
cancer cells. The surface plasmon resonance (SPR) of the Au/
ZnO thin film was compared with the Biocare SPR system. The
Biocare SPR system showed good selectivity for higher concen-
trations of saliva and reduced sensitivity for lower concentra-
tions. The Au/ZnO thin film SPR system displayed linear
response for saliva concentrations within 20 U mL™" covering
all relevant CA 15-3 concentrations from healthy to affected
people. Dopamine detection using APTES capped ZnO quantum
dots was reported by Zhao et al.>*> The ZnO quantum dots are
found to quench fluorescence upon the addition of dopamine.
The quantum dots showed quenched fluorescence ability with
and without APTES. Better fluorescence quenching without a
clear shifting of the peak is observed for APTES capped ZnO
quantum dots. The intensity is quenched to 11% for APTES
capped and 67% for non-capped quantum dots. The quenching
phenomenon is noticed due to the electron transfer mechanism
between the quantum dots and dopamine. Rui et al.?*® reported
the detection of H,0, using cytochrome ¢ (Cyt ¢) modified
ZnO nanosheets. The nanosheets observed fewer interferences
from O,. The ZnO nanosheets with Cyt ¢ showed linear response
for H,0, in amperometric calculations compared to bare ZnO
nanosheets. The same was used for the detection of extracellular
H,O0, from living hepatoma cells. The ZnO nanosheets with Cyt ¢
showed increased cathodic currents with the addition of phorbol
12-myristate 13-acetate for H,O,. Phenolic compound detection
was reported by Li et al.?*” ZnO nanopatrticles immobilized with
tyrosinase proved to detect catechol without any mediator. The
biosensor showed good sensitivity and stability, and can be used
to detect phenolic compounds without any mediator. Salmonella
detection based on optical intensity was reported by Viter et al.**®
Anti-salmonella antibodies were coated on ZnO nanorods for the
detection of salmonella agents. The BSA blocking agent was also
coated to avoid unnecessary binding. ZnO nanorods with anti-
salmonella antibodies had increased near band edge emission,
which further increased with BSA coating. When exposed to
salmonella antigens, the PL intensity decreased proportionally to
Ag concentration.
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In another work, Narang et al>*’ reported a CHIT-ZnO
nanocomposite film-based biosensor to detect triglyceralde-
hyde. ZnO-CHIT composites are found to provide a biocompa-
tible for enzyme detection. ZnO-CHIT
nanocomposites are found to have better currents for triglycer-
aldehyde with an optimized ZnO:CHIT composite ratio. Too
low concentrations of ZnO nanoparticles provide lower enzyme
adsorption, thus reducing the sensitivity, and a higher concen-
tration of ZnO nanoparticles increases the obstruction for
species diffusion. Devi et al.*** reported xanthine detection
using a ZnO nanoparticle and polypyrrole (PPy) composite film.
The film was immobilized with xanthine oxidase (XOD) for the
detection of xanthine. Cyclic voltammetry results for the XOD/
ZnONP/PPy/Pt electrode reported linear currents for the
concentration range between 8 uM and 40 puM. ZnO-Au nano-
composites for the detection of rabbit IgG were reported by
Wang et al.>*" The biosensor based on the ZnO-Au nanocom-
posite was shown to present better sensitivity than the biosen-
sor based on Au film and Au nanoparticles. The ZnO-Au-based
biosensor showed a sensitivity 16 times greater than that of the
sensor based on Au films. Recently, a ZnO nanorods-AuNPs
electrochemical biosensor was reported by Biasotto et al.>*> The
sensor was immobilized with an anti-hepatitis C virus antibody
to detect the hepatitis virus. AuNPs improved the device’s
sensitivity, repeatability, and reliability with a LOD of about
0.25 pg pL~'. Also, tellurium doped ZnO nanowires were
reported by Khosravi-Nejad et al.>** for label-free detection of
hepatitis virus. The sensor had a LOD of 1 pM with a linear
detection range from 1 pM to 1 uM. From the above discussion,
it can be concluded that ZnO nanostructures can be an effective
material for detecting various types of biomolecules because of
their high IEP, biocompatibility, chemical activity, and electron
mobility. The performance of biosensors depends on their
components, especially the matrix material, ie., the layer
between the recognition layer of biomolecule and transducer,

environment
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as it plays a crucial role in defining the stability, sensitivity, and
shelf-life of a biosensor. Table 2 briefly describes various
biomolecules that have been sensed by the ZnO nanostruc-
tures, the transduction method, and the biosensitive layer used
along with the sensor performance.

4.4. Recent works on ZnO nanostructure-based sensors

Haque et al.®** reported ZnO nanoparticles doped with Cu
nanoparticles for the detection of myoglobin. The nanocompo-
site was deposited on a gold plated electrode. The electroche-
mical sensor tested with the myoglobin in the
concentration range of 3-15 nM. The highest sensitivity
recorded was about 10.14 pA nM~ ' cm ™2 with a LOD of about
0.46 nM. Naik et al***® reported the modified carbon paste
electrode with Co doped ZnO nanoparticles for the detection of
uric acid. The modified electrode under optimal conditions of
the influencing parameters exhibited a LOD of about 3.37 uM
through a diffusion controlled process. The modified electrode
also exhibited two different oxidation peaks for the detection of
uric acid and adrenaline separately. Kamaci et al.>** reported
the detection of cysteine in tap water and BSA using the ZnO
quantum dots fluorescent probe. The LOD value of the biosen-
sor was found to be 0.642 pM, and the linear range was
determined to be in the range of 0.1-600 uM. The interference
of other analytes such as cations, amino acids, and anions was
negligible. Dairy et al.>** reported ZnO nanorods sandwiched
between two graphene layers for the detection of glucose based
on the piezoelectric effect. The lower graphene layer was fixed
at the lower surface and used for the detection of glucose
concentration. The number of molecules connected to the
upper graphene layer increased as the GOx concentration
increased (from 0 to 0.01 M), resulting in an increase in
mechanical stress and strain in the ZnO-NRs. Deformation
in the crystal structure of ZnO-NRs causes displacement of
the negative and positive charge centres, resulting in electric

was

Table 2 Specifications of representative ZnO-based biosensors along with LOD, linear response, and sensitivity

Biomolecule
Target immobilized on
analyte the matrix layer Matrix layer Detection method ~ Sensitivity (S) LOD Linear response (L)  Ref.
Glucose GOx ZnO nanotubes Electrochemical ~ 21.7 ypAmM 'em™ 1 uM 50 pM-12 mM 234
Uric acid Uricase ZnO nanosheets Electrochemical 129.81 pPAmM ' em ™2 0.019 pM 0.05-2 mM 235
Cholesterol  ChOx ZnO nanorods Electrochemical 35.2 mV dec ! NR 107107 M 236
CA 19-9 CA 19-9 antibody ZnO quantum dots Photoluminescence 0.47 uA U™! mL™* 0.025 U mL™" 1-180 U mL™* 237
Streptavidin NHS biotin ZnO nanowires Fluorescence NR 417 M 417 fM-41.7 nM 218
DENV non- DNA probe ZnO/Pt-Pd Electrochemical NR 43 x10°M 10 °-10*M 238
structural nanocomposite
protein 1
Neisseria ssSDNA probe ZnO thin film SPR 0.03° ng™ ' pL ™t 5ng pL =" 10-180 ng pL ™" 221
meningitidis
CA 125 Anti-CA 125 ZnO nanorod-AuNP Electrochemical NR 2.5ng uL~ ' NR 223

nanohybrid

Dopamine  Non-enzymatic ~ZnO-CuO composite  Electrochemical ~ 90.9 yAmM 'em™2  10°* mM 107*-8 mM 239
H,0, Cytochrome ¢ ZnO nanosheet Electrochemical 24+ 01pAmM tem 2 0.8 uM 1-1000 uM 226
Salmonella  Anti-salmonella ZnO nanorods Photoluminescence NR NR 10>-10° cells per mL. 228
Goat IgG Non-enzymatic ~ ZnO-Au nanocomposite SPR NR 0.15 ug mL™" 0.15-2 pg mL " 231
Xanthine XOD ZnO nanoparticles Electrochemical NR 0.8 uM 8-40 pM 230
Penicillin Penicillinase ZnO nanorods Electrochemical 121 mV dec™! NR 100 pM-100 mM 240
H,0, HRP Flower ZnO-AuNPs Electrochemical NR 9x10°M 1.5 x 10 °-1.1 x 10> 241
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potential and piezoelectric polarisation in ZnO-NRs due to the
piezoelectric effect. The sensitivity of the designed sensors was in
the range of 0.12 to 0.28 mV mM ' for a biosensor with a single
ZnO-NR and 0.035 to 0.135 mV mM " for GR/ZnO-NRs/GR.

Au coated ZnO nanorods immobilized with phenylalanine
hydroxylase are reported for the detection of phenylalanine.>*®
Enzyme immobilization is achieved by dropping Au-ZnO and
phenylalanine hydroxylase onto a paper disc on the graphene
screen printed electrodes. Under optimal conditions, the sensor
exhibited a linear range of 5.0 nM to 100 uM with a LOD (S/N = 3)
and a limit of quantitation of 3.0 nM and 10.0 nM, respectively.
A ZnO nanorod-based pH sensor was manufactured by doping
magnesium into the sensing membrane, thus leading to an
innovative electrolyte insulator semiconductor for pH sensing.
The results showed high hydrogen sensitivity, linearity, and drift
with 3% magnesium due to enhanced crystalline quality. This
sensor can be explored further as a biosensor in the future.**’
Multiple drug sensing was accomplished via layers of an acid-
base functionalized carbon nanotube and zinc oxide nanocom-
posite (COOH-CNTs/ZnO/NH,-CNTs) to detect paracetamol,
diclofenac and orphenadrine (PAR, DIC, and ORP) drugs with
highly efficient sensitivity and selectivity. Similarly, the FCNTs/
ZnO/fCNTs/GCE based sensor detects PAR, DIC, and ORP drugs
with femtomolar limits of 46.8, 78, and 60 fM, respectively. This
sensor proved six-fold more efficient than bare glassy carbon
electrodes due to the increased surface area.”*® This sensor
can also be investigated further for detection as a biosensor.
Complementary information to the one presented in the present
work can be found in literature reports on ZnO based biosensors.
ZnO nanowire based FET biosensing was reported by Ditshego
et al.**® The review specifically covers the ZnO nanowire based
FET biosensors. Other review works based on electrochemical
biosensors, SPR biosensors, and metal-oxide modified ZnO
nanomaterial based biosensors are reported.>*°>>* Further,
different mechanisms of biosensing apart from electrochemical
sensing and different nanostructure based biosensors are
reported.>®* Shetti et al.>>® have reported a review of ZnO-based
biosensors for electrochemical detection. The other review
reported by Xu et al>*® confined the biosensor discussion to
quantum dot and 1-D based ZnO biosensors. Thin films for
biosensing applications are reported by Arya et al>*’ Other
reviews are previously reported with discussion specific to cardio
biomarker detection,>*® surface plasmon resonance detection,**®
optical biosensors,”® and enzymatic biosensors.>® Tripathy
et al.*®* presented a review of ZnO nanosheet and ZnO based
FET biosensors. However, in our manuscript, all the above
mentioned topics are discussed in a comprehensive way
enabling the readers a wide scope of knowledge. It will give us
a bird’s eye view of how ZnO based nanostructures can be
employed for potential ZNO biosensors.

5. ZnO based POC biosensors

In order to facilitate point-of-care testing, miniature biosensors
have been created in recent years that are based on already
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available handheld devices or microfluidic systems. The measu-
rement of classical physical parameters has seen widespread
use of several simple and portable instruments, including
thermometers, pressure metres, and pH metres. Efforts have
been made to develop novel signalling systems in conjunction
with the aforementioned miniaturised devices to provide easy
and portable POC testing without the need for cumbersome
external instrumentation. As point-of-care (POC) devices, bio-
sensors provide benefits such as quick detection, user friendliness,
accuracy, portability, cost-effectiveness, and straightforward on-site
detection in the field.**

Several groups of researchers have been working on a
biosensor based on ZnO nanostructures with the goal of using
it for point-of-care diagnostics. Point-of-care testing using a
ZnO-based substrate-gate coupled biosensor was described by
Fathil et al.*** The device’s primary purpose is to analyse cardiac
troponin, a biomarker for heart disease. An antibody against
cardiac troponin, a biomarker, has been covalently immobilised
on a ZnO nanoparticle thin film. Between the two p-type regions,
the device incorporates a thin coating of ZnO nanoparticles. I, in
the channel drops when a biomolecule with a strong positive
charge, like cardiac troponin, is detected. The detection of
cardiac biomarker is done with a LOD of about 3.24 pg mL ™"
POC biosensors for pesticide sensing are reviewed by Kalyani
et al.®® The review comprises a brief discussion on different
types of sensing mechanisms for POC biosensors. Xia et al.>*°
reported the smartphone based avian influenza biosensor. The
virus catching antibodies immobilized on the 3D nanostructures
made of polydimethylsiloxane structures with ZnO nanorod
templates. The on-chip gold electrodes allow the calorimetric
reaction when the virus comes in contact with the sensor.
Further, with smartphone imaging and calorimetric reaction a
very low LOD of about 8 x 10° EID5, per mL is possible.

Zika virus detection using an electrochemical immunosen-
sor is reported by Macedo et al.**” The biosensor is created by
manufacturing ZnO nanostructures on a printed circuit board
via chemical bath deposition, and then immobilising anti-
bodies using cystamine and glutaraldehyde. Evaluation of sensor
responses using cyclic voltammetry measured a detection range
between 0.1 ng mL ™" and 100 ng mL™", with a very low LOD of
1.0 pg mL~". In the graphene-ZnO nanorod heterostructure, an
electric field enhances the mass transit of the analyte to the
sensor surface.”®® For PoC applications, these hybrid nanostruc-
tures have been placed on flexible polyethylene terephthalate
substrates with screen printed electrodes. ZnO nanorods have
been functionalized with aptamers and combined with a
smartphone-interfaced low-cost potentiostat. Electrochemical
impedance spectroscopy and commercial ELISA kits have con-
firmed the system’s performance with 50 pL analyte. The limit of
detection of 1 fg mL ™" in human serum with 6.5% coefficient of
variation is three orders of magnitude lower than that of PoC
devices.

Chaudary et a reported a review on the design of next
generation sensor systems based on nanomaterials. The merits
of using nanostructure materials in the design of 5th generation
sensors include high specific surface area with excellent
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porosity, mechanical stability, flexibility, diverse surface chemis-
tries and customizable electrical and optical characteristics;
tunable surface terminals, high dispersibility, mechanical and
thermal durability, and hydrophilicity which allow machine
processing; and degradability, biocompatibility, energy effi-
ciency, and cost-effectiveness.

6. ZnO based systems for COVID-19
detection

The last few decades have been plagued by viral outbreaks that
present some of the biggest challenges to public safety.
The current coronavirus (COVID-19) disease pandemic has
exponentiated society concerns in these issues. Increased
research on diagnostic tools is currently being implemented
in order to assist with rapid identification of the virus, as mass
diagnosis and containment is the best way to prevent the
outbreak of the virus.>** Accurate, rapid, and low-cost molecular
diagnostics are essential in managing outbreaks of infectious
diseases.”’® The main complication with some repurposed drugs
is the delivery process, which can promote secondary effects. In
light of the considerations quoted above, the use of ZnO
nanoparticles (ZnO-NPs) has been reported in state-of-the-art
nano-compounds as a system for drug delivery. In addition,
these kinds of systems have been used as a nano-carrier of
antibiotics.””*

Lateral flow assay (LFA)-based qualitative diagnostics of
COVID-19 were beneficial for laboratory testing and POCT
due to their simple scaling-up capability. Because of their poor
technical performance, including detection limit and false-
positive and false-negative interferences, such kits could only
be used for preliminary screening of large populations. So, LFA-
based COVID-19 diagnostic kits have scaling-up capabilities,
but the isolation advantage in identifying infectious SARS-CoV-2
should be the main benefit. The detection specificity issue might
cause false-positive (other viral interference) and false-negative
findings (likely due to mutation).>”

Due to the lack of effective treatments, simple human-to-
human transmission, severe respiratory infections and organ
damage, the presence of SARS-CoV-2 throughout the life cycle
(water, animals, food, air), unavoidable and frequent viral
mutations, etc., COVID-19 monitoring was always the top priority.
The finest R&D recommendations thus far have concentrated on
re-engineering vaccinations, virus-free indoor air, antimicrobial
coating on personal protective equipment, and nanostructure-
based biosensors (optical, electrical, and magnetic) for quantita-
tive detection of SARS-CoV-2 at low levels.””*

In this scope, ZnO based systems are supporting those
efforts. Paper based EIS biosensors are designed based on the
ZNON NWs for SARS-CoV-2 detection.””® The ZnO nanowires are
directly grown on the working electrodes and are immobilized
with the SARS-CoV-2 S-protein receptor-binding domain (RBD)
specific to COVID-19. To prepare human serum samples for
testing, recombinant IgG antibody (CR3022) to SARS-CoV-2
spike glycoprotein S1 was spiked at different concentrations

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in human serum to mimic the real patient samples. The
employed EIS sensors were able to differentiate the human
serum sampled at different concentrations of cr3022 antibody
indicating their feasibility for covid diagnosis. For asympto-
matic patients, a serological assay with ZnO nanowires is
reported for early detection of the virus.>”> A microplate coated
with hydrothermally synthesized ZnO nanowires is developed.
This plate is coated with SARS-CoV-2 and used for fluorescence
immunoassay (FIA) to detect antibodies specific for SARS-CoV-2.
The ZnO nanowire microplate is reported to be more sensitive
than commercial immunoassay. Cervantes et al.>’" reported a
theoretical study of nanostructured ZnO as a carrier of drugs.
ZnO is coupled with three drugs chloroquine, dipyridamole,
and lopinavir. Lopinavir is found to have the highest adsorp-
tion energy. From the docking tests, observing the interaction
of free medications and composites with the SARS-CoV-2 major
protease, it is discovered that the composites have higher
coupling energy than free drugs. As a result, ZnO nanoparticles
are found to regulate medication dosage on the SARS-CoV-2
target. Later Sportelli et al®>’* reported the experimental
approach for the ZnO nanoparticles to lower the antigen of
SARS-CoV-2 by about 90%. The ZnO nanoparticles are synthe-
sized with the galvanostatic approach in the presence of
different stabilizers. Preliminary studies on ZnO nanoparticles
and poly ethylene oxide composites showed that ZnO nano-
particles are highly successful as a self-cleaning coating for
hard surfaces subjected to SARS-CoV-2 infection. The afore-
mentioned composites could be easily brushed on routinely
touched surfaces and let to dry due to their nontoxic and
straightforward handy nature. Haghayegh et al.>’® reported on
carbon screen printed electrodes modified with ZnO nano-
particles in conjugation with reduced graphene oxide
nanosheets dispersed in buffer (bbZnO/rGO) for the detection
of the nucleocapsid protein antigen (SARS-CoV-2 N-protein
antigen). The reported biosensor can yield acceptable sensitiv-
ity. For detection of N-protein in spiked samples, the immuno-
biosensor has a LOD of 21 fg mL™" over a linear range of
1-10000 pg mL™" and a sensitivity of 32.07 Q mL pg™" mm>.
The N-protein biosensor can distinguish between positive and
negative clinical samples in 15 minutes. In another work,
Hamdi et al.>’® reported the ZnO nanoparticles with hexagonal
wurtzite P63mc crystal structure. The ZnO nanoparticles are
tested for possible interaction with the ACE2 receptor as the
possible target for COVID-19 using an in silico docking
approach. Furthermore, an enhanced dose-dependent cellular
uptake was demonstrated.

When rapid and early detection is of interest, strategies
based on specific antibody/antigen viral biomarkers have been
adopted. The structural proteins of SARS-CoV-2 can be advan-
tageous to employ specific MAb immunoassays. Infected
patients’ blood, saliva, serum, and nasopharyngeal (NP) swab
samples include nucleocapsid protein (N-protein), which has
been found to be the most predictive for COVID-19 detection in
the early stages of infection, with low vulnerability to mutation.
When employed for rapid antigen testing, it has proven to be a
dependable disease indicator.?”*
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7. Conclusions and future perspectives

The need for biosensors could be understood clearly during
this COVID pandemic which requires rapid, effective and
delocalized diagnosis. Due to their simplicity, faster detection,
and facility to test at the victim’s site biosensors can be
preferred over conventional testing equipment, which is costly
and requires a skilled operator for testing. Research is still
progressing for more reliable, accurate, sensitive, and minia-
turized biosensor design.

ZnO is a wide bandgap semiconductor with a bandgap of
3.37 eV and a large exciton emission of about 60 meV. ZnO is
thus a suitable candidate for biosensors due to its low cost,
non-toxicity and ease of fabrication in a variety of morphologies
and dimensionalities.

ZnO nanostructure-based biosensors have been reviewed in
this document. For biosensors, the bioselective layer plays an
important role in the selection of specific targets and sensitivity.
The methods of biomolecule adsorption, both direct adsorption
and covalent binding, have been presented here. Direct adsorp-
tion binds the biomolecule to ZnO by weak van der Waals forces,
hydrophobic bonds or ionic bonding. The direct adsorption
process is simple, but the biomolecules are not tightly bound
to the surface. Covalent binding binds the biomolecules through
cross-linking polymers. The molecules are tightly bound to a
matrix and retain the bioactivity of the biomolecule. Different
ZnO nanostructures for ZnO biosensors have been also dis-
cussed. However, there are limitations to using 0-D ZnO nano-
structures, despite their improved sensing properties. The main
problem is that the nanoparticles have little mobility because of
the abundance of grain boundaries. The carrier mobility
decreases when the electrons encounter a larger area of space
charge as they go from terminal to terminal. One of the main
advantages of 1-D ZnO over 0-D ZnO is its superior sensing
capabilities. One-dimensional ZnO has a high surface-to-volume
ratio and facilitates fast electron transport via a direct and stable
route. The larger surface-to-volume ratio enables higher enzyme
loading capacity improving the biosensor performance. A high
aspect ratio is a useful property of 1-D ZnO for biosensors.
Enzymes may be loaded onto the vast surface area of 2-D
nanostructures. For biochemical sensing applications, 2D materials
are advantageous due to their ability to deliver a high density of
active surface sites across a vast region. The carrier mobility of
2D materials is also quite high. The electrochemical biosensors
produce electrical signals via an electrical pathway for monitor-
ing the amount of the target analyte. The amount of the target
analyte is monitored by either cyclic voltammetry, potentiome-
try or amperometry methods. In optical biosensors, the optical
transducer produces signals based on absorption, reflectance,
and luminescence. Piezoelectric biosensors detect the target
biomolecules based on the surface mass loading of the piezo-
electric material.

ZnO-based FET biosensors are also reported. In FET-based
biosensors, the change in the channel’s conductance upon
interaction with target analytes is used to determine the detection
process. In particular, due to its unique structure and properties,
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2D ZnO has been used for the design of a large variety of
biosensors. 2D structures offer good conductivity, mechanical
stability, and ease of functionalization. Improved amount of
binding sites can be observed for the 2D structures due to their
higher specific surface area. They can be employed as good flat
templates for conjugation with biomolecules and other nano-
materials to improve the sensitivity and selectivity of the designed
biosensor. Generally, 2D materials exhibit a large surface area and
a high surface to volume ratio while their distinctive electronic
structures and atomically thin layers are highly appealing owing
to the extraordinary material properties which cannot be achieved
using traditional bulk structures. A considerable advantage of
nanoscale biosensors is their detecting ability and sensitivity at
very small volumes of samples. ZnO-based biosensors feature
high IEP, non-toxicity, ease of fabrication, biocompatibility,
and low cost. Thus, biosensors for different biomolecules such
as glucose, cholesterol, uric acid, DNA, and proteins have been
developed based on various transduction mechanisms such as
electrochemical, piezoelectric, and optical mechanisms. Also, FET
based ZnO nanostructure biosensors are also reported for biosen-
sing applications.

Despite the interesting results obtained, it is still critical to
select the specific properties of the nanomaterial for biosensor
design. Variation in the properties of ZnO by surface engineering
helps in obtaining biosensors with better efficiency. Though there
are various methods for synthesizing ZnO nanostructures, obtain-
ing uniform shaped ZnO nanostructures with repeatability is a
challenge for biosensing and obtaining high reproducibility is a
concern that would help design good point-of-care biosensor
devices. As a result, advances in material synthesis, enzyme/
protein engineering, and immobilization/conjugation methods
will continue to provide innovative nano-engineered segments
with enhanced functionality. The ZnO FET biosensors may
replace the electrochemical biosensors in the future for miniatur-
ized devices. The medical applications of these devices must be
widely researched, as it may represent a huge step in terms of
disease diagnosis and control. The practical application of bio-
sensors in the medical diagnosis field is still way ahead, and the
research is progressing to combine the electronic and biological
systems to design faster, smaller, and cheaper ZnO biosensors.
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ABTS 2,2’-Azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid)

AFM Atomic force microscopy

APTES Aminopropyl-triethoxysilane

BSA Bovine serum albumin

CHIT Chitosan

ChOx Cholesterol oxidase

CMOS Complementary metal-oxide-semiconductor

CNTs Carbon nanotubes

CRP C-reactive protein

CVD Chemical vapor deposition

Cyt ¢ Cytochrome ¢
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DEZ Diethyl zinc

DLE Deep level emission

DMSA Dimercaptosuccinic acid

DMSO Dimethyl sulfoxide

DPV Differential pulse voltammetry

DSP Dithiobis succinimidyl-propionate

DSS Disuccinimidyl suberate

EDC 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride

EF Enhancement factor

EIS Electrochemical impedance spectroscopy

ELISA Enzyme-linked immunosorbent assay

EP Epinephrine
FET Field effect transistor
FITC-antilgG Fluorescein-conjugated anti-bovine IgG

GOx Glucose oxidase

H,0, Hydrogen peroxide

HMTA Hexamethylenetetramine

HRP Horseradish peroxidase

HRTEM High-resolution transmission electron microscopy
IEP Isoelectric point

ITO Indium tin oxide

LDH Lactate dehydrogenase

LOD Limit of detection

MAb Monoclonal antibody

MBE Molecular beam epitaxy

MG Malachite green

MOCVD Metal-organic CVD

MPTMS Mercaptopropyl trimethoxysilane
MWCNTs  Multi-walled carbon nanotubes
NAAT Nucleic acid amplification tests
NBE Near band edge emission

NHS N-Hydroxysuccinimide
NHS-biotin Biotin-N-hydroxysuccinimide ester
PBS Phosphate buffer solution

PDA Phosphonodecanoic acid

PDA Polydopamine

PECVD Plasma enhanced CVD

PET Polyethylene terephthalate
PHDA Phosphonohexadecanoic acid

PL Photoluminescence

PLD Pulsed laser deposition

POC Point of care

PtNDs Platinum nanodendrites

PVB Polyvinyl butyral

PVP Polyvinyl pyrrolidone

QCM Quartz crystal microbalance

RBD Receptor-binding domain

rRT-PCR Real-time reverse-transcription polymerase chain
reaction

SAW Surface acoustic wave

SCC Squamous cell carcinoma

SCE Saturated calomel electrode

SERS Surface enhanced Raman spectroscopy

SHSAW Shear horizontal surface acoustic wave

SPE Screen-printed electrodes
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SPR Surface plasmon resonance

TPSP Tetragonal pyramid-shaped porous
WHO World Health Organization

XOD Xanthine oxidase
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