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Fascinating properties of ZnO nanostructures have created much interest due to their importance in health care
and environmental monitoring. Current worldwide production and their wide range of applications signify ZnO
to be a representative of multi-functional oxide material. Recent nanotechnological developments have stimu-
lated the production of various forms of ZnO nanostructures such as nano-layers, nanoparticles, nanowires, etc.
Due to their enhanced sensing properties, improved binding ability with biomolecules as well as biological

activities have enabled them as suitable candidates for the fabrication of biosensor devices in the biomedical
arena. In this review, the synthesis of ZnO nanostructures, mechanism of their interaction with biomolecules and
their applications as sensors in health care area are discussed considering the biosensors for molecules with small
molecular weight, infectious diseases, and pharmaceutical compounds.

Biomedical applications

1. Introduction

Recent developments in nanotechnology and their applications in
biomedical area has led to developments of new techniques in areas of
clinical diagnostics (Medawar-Aguilar et al., 2019; Kumar et al., 2013),
environmental monitoring (Xu et al., 2017), health monitoring (Satish
et al., 2017), food safety (Li et al., 2009), pharmaceutical analysis
(Shetti et al., 2018, 2019 a,b,c; Devarushi et al., 2018; Bukkitgar et al.,
2016a, 2016b, 2016¢c, 2017, 2018a, 2018b, 2019) and fundamental
biological research (Ouhenia-Ouadahi et al., 2016). Bulk materials lack
some unique physiochemical properties such as reactivity, adsorption,
and a high surface-to-volume ratio, which has led to the development of
cultured nanostructured materials (NSMs) for analytical applications
where they can provide not only high sensitivity but also provide a
valuable platform for the analysis of single-molecular activity (Patil
et al., 2018; Haque et al., 2018; Reddy et al., 2009a, 2009b, 2010). The
synthesis of NSMs with unique properties and functionality has pro-
vided a convenient platform to develop novel analytical probes, which
upon exposure to the targeted molecules, trigger the production of
analytical signals that can be measured (Wang et al., 2015a).

* Corresponding author.
** Corresponding author.

Semiconducting metal oxides have been extensively used as efficient
NSMs in high-performance electronics, energy conversion/storage, and
environmental remediation applications (Hu et al., 2013). Among the
various metal oxide materials, ZnO has attracted considerable attention
due to its commendable properties such as low cost, high abundance,
and wide band gap. ZnO belongs to the direct and wide band gap metal
oxide semiconductor material. It consists of hexagonal wurtzite crystal
structure offering an easy growth of various 1-D micro and NSMs.
Unique piezoelectric properties due to noncentrosymmetric crystal
structure with Zn*2 and O~ 2 polar surfaces make ZnO more interesting
for developing smart technologies such as piezo photocatalysis, piezo-
tronics, and piezoelectronics (Yin et al., 2015).

Simple illumination with UV light produces oxygen vacancies onto
the surface of ZnO, which can alter the intrinsic properties such as
super-hydrophobicity to ultra-hydrophilicity and vice versa, increasing
n-type conductivity, and other physio-chemical properties, thereby
enabling their utilization in various interdisciplinary research (Djurisic
and Leung, 2006). In addition, ZnO has been widely applied in devices
such as supercapacitors, sensors, photocatalysis, and solar cells (Son
et al., 2014; Wang et al., 2015b; He et al., 2011). The nontoxicity and
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compatibility of ZnO with human skin have allowed the use of ZnO as
additives in textile industries and surfaces that are contacting human
flesh. Further, the use of ZnO in the area of biomedical is not a new one
and one can find its utilization since the ancient period. Zinc-fly ash was
prominently used in the ancient period to cure fatal illness (Craddock,
2000). It is one of the most important mineral nutrients for the human
body, controlling > 300 metabolic functions (Haase et al., 2008).

Furthermore, properties such as self-cleansing, antimicrobial ac-
tivity and compatible with skin have allowed usage of ZnO as UV-
blockers in sunscreen and other cosmetic products. ZnO has shown
sizeable antibacterial drug activity and can strongly fight microorgan-
isms. The ability of ZnO to encourage the generation of reactive oxygen
species (ROS) has led to its application as an anticancer and anti-
bacterial material (Condello et al., 2016). In addition, ZnO-based NSMs
are effectively used in a drug delivery system in various diseases tar-
geting some drugs to various tissues and cells. Another notable appli-
cation of ZnO is in the field of sensing and imaging used to monitoring
and track patient's health and be a suitable bio-imaging tool.

The ZnO NSMs possess a high isoelectric point of 9.5, suitable for
absorption of lower isoelectric point materials such as proteins by the
electrostatic interactions (Degen et al., 2000). The application potential
of ZnO is well supported by its cost-effectiveness, lower toxicity, and
low probability of interference with the major available pharmaceu-
ticals compared to other metal oxide NSMs (Sahdev et al., 2013). The
structural morphology of ZnO NSMs in various forms such as tubes,
combs, and rods, has encouraged the use of ZnO for the immobilization
of biological molecules in designing enzyme biosensors, immune-sen-
sors, etc., (Dai et al., 2009). ZnO NSMs have also been acknowledged as
important and versatile materials that play a key role in human life in
the near future. In this review, a detailed understanding of the NSMs of
ZnO, their synthesis, structural morphology, and applications in the
field of biosensors are discussed with examples and illustrations.

2. Synthesis of ZnO nanostructured materials

The synthesis of ZnO NSMs has been reported using a variety of
methods such as hydrothermal, sol-gel, chemical vapor deposition,
precipitation in water, and mechano-chemical processes. Different
techniques have been used to synthesize ZnO NSMs with different sizes,
shapes, and structures as well as 1-D, 2-D, or 3-D NSMs. Among these,
1-D nanostructures make-up the largest group, which include structures
such as rods, combs, tubes, ribbons, rings, needles, wires, and helices.
The 2-D nanostructures are synthesized as nanoplates, sheets, and
pellets, whereas flower-like, snowflake, urchin, and dandelion (den-
drimers) particles have been obtained as 3-D structures. In this section,
synthetic protocols of ZnO NSMs are discussed with representative ex-
amples.

2.1. Nanorods

The geometries of 1-D nanostructure are enormously attractive be-
cause they guide the charge carriers during conduction; nanorods are
one such NSMs. Carbon fabric has proven to be an excellent tribological
substrate for the growth of ZnO nanorods. Initially, a seed solution was
prepared using zinc acetate dihydrate (0.11 g) and sodium hydroxide
(0.04 g) dissolved in 250 mL of ethanol, the mixture was stirred for
30min and aged for 24 h. Further, a growth solution was prepared
using zinc nitrate hexahydrate (3.71 g) and hexamethylenetetramine
(1.75g) in 500 mL deionized (DI) water. In the seed solution, the
treated carbon fabric was immersed for 10 min and dried at 100 °C. The
process of dipping and drying was repeated three-times followed by
dipping in the growth solution for 10 h at 90 °C. Thus synthesized ZnO
nanorods were uniform and hexagonal wurtzite with a length of 500 nm
having a diameter of 6 um (Fei et al., 2018).

A three-step process for the growth of ZnO nanostructures on a
patterned seed layer using chemical bath deposition was also proposed
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(Urgessa et al., 2018), which involved the deposition of seed layer,
electron beam lithography (EBL) patterning of a poly(methyl metha-
crylate) (PMMA) mask, and finally the growth of nanorods. The ZnO
seed layer was synthesized using Zn(Ac),.H,0 dissolved in ethanol and
agitated for 30 min at 30 °C. Mono-disperse nanoparticles were formed
by adding poly(vinylpyrrolidone), which forms a shell around the na-
noparticles. After allowing the reaction to proceed for 30 min, the so-
lution was spin coated onto Si substrate five-times for 30s each at
2000 rpm and finally annealed at 250 °C in flowing oxygen atmosphere.
Further, for EBL patterning, a 50 nm thick layer of PMMA was coated
onto the seed layer and baked at 180 °C for 2 min. Nanorods were then
grown by dipping the seeded substrate in a 50 mM solution of Zn
(NO)3.6H,0 and hexamine in 30 mL deionized (DI) water in a glass
beaker kept in a water bath at 85°C for 90 min. The pitch and pit
diameters were used to control distribution and size of the resulting
ZnO nanorods (Urgessa et al., 2013).

Qi et al. (2018) synthesized ZnO nanorods by titrating Zn (Ac)..H,0
in NaOH under an electric field ranging between 0 and 0.5kV cm ™ at
80 °C. The effect of the presence and absence of electric field on the
morphology of ZnO NSMs was investigated, wherein it was observed
that in the presence of a 0.5kVem™! electric field, the synthesized
nanorods were 2.0 um long with a diameter of 40.0 nm, whereas, in the
absence of an electric field, NSMs were rice-like grains having a size of
around 40 nm. The synthetic process was simple involving the injected
and base solutions. The injected solution was prepared by dissolving
5.95g of Zn (NO)3.6H,0 in 10 mL of ethanol, which was transferred
into the syringe. The base solution was prepared using 1.6 g NaOH in
200 mL DI water in a steel vessel connected to a high-voltage power
supply, which served as the counter electrode. The needle connected to
the syringe acted as an electrode to which an electric field was applied.
Vertically aligned ZnO nanorods with controlled diameter and spacing
were fabricated by combining EBL and chemical synthesis. The syn-
thesized ZnO nanorod arrays had diameters ranging between 50 and
130 nm (Lamson et al., 2018).

2.2. Nanobelts

Considering different forms of NSMs, nanobelts have a rectangular
cross section and have the morphology like a belt or a ribbon with the
ratio of width to thickness of 5-10. Owing to this small thickness, these
materials are promising for applications in sensing devices (Jali et al.,
2018). Kaur et al. (2017) followed a carbothermal reduction for the
synthesis of ZnO nanobelts. The synthesized nanobelts were used as a
gas sensor that showed an excellent response at ambient temperature
for H,S and NO. Graphite and ZnO in the ratio 1:3 by weight were
heated at 1050 °C in a furnace under argon atmosphere for 5h. The
furnace was cooled to room temperature and then the ZnO nanobelts
were collected as spongy, cottony materials at the bottom of the fur-
nace. Morphological investigations suggested the length and diameter
of the nanobelts were in the range of 100-200 nm. Qu et al. (2012)
fabricated porous ZnO nanobelts by a two-step process involving the
preparation of a precursor and removing ligand and water molecules,
by calcination to form the porous ZnO nanobelts. The arrangement of
Zn and O atoms is usually not affected by removing water and small
organic molecules. The heating process also provided the energy re-
quired for self-assembly oriented in the [0001] direction. This has re-
sulted in the optimization of catalytic activity of ZnO nanobelts. Here,
the reagent concentration was the key factor for controlling the mor-
phology and size of the nanobelts.

Jang et al. (2010) reported the synthesis of non-porous and porous
nanobelts, hierarchical and multipod NSMs using Zn-based hydroxide
double salt (HDS) with dumb-bell shaped ZnO. The non-porous nano-
belts were synthesized via a soft solution process using Na,CO3 as a
dehydrating agent at 95 °C. “Further, it was observed that the porosity
of ZnO nanobelts was affected by the intercalated H,O molecules.
Hence, the nanobelts were calcinated at 200-400 °C to obtain the
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porous ZnO nanobelts. Hierarchical and flower-like structures were also
obtained from the Zn-HDS by hydrothermal reaction at 230 and 150 °C
using NaOH as a dehydrating agent.

2.3. Nanocombs

ZnO nanocombs and saws have the ordered structures and defined
geometry. Because of this, they have attracted much interest to develop
biosensors. The ZnO nanocomb structures have been fabricated using
various techniques including carbothermal evaporation using graphene
nanoplatelets and ZnO nanoparticles to make single and double-sided
nanocombs assisted by oxygen at ambient temperature (Yildirim et al.,
2015).

Mousavi et al. (2012) reported comb and saw-like NSMs fabricated
by directly oxidizing Zn powder. The crystal structure was wurtzite
comprised of nano and microstructures of comb and saw-shaped ZnO.
Thermal evaporation method reported by Fan et al. (2012) enabled the
growth of single crystals of nanocombs in the [0002] direction. In ad-
dition, temperature-dependent Raman spectra suggested that surface
optical modes increased with a decrease in temperature. Further, Zhang
and Bai (2011) reported the synthesis of macroscopic ZnO combs ran-
ging from several millimeters to centimeters by the thermal evaporation
using CuO as a catalyst.

2.4. Nano hierarchical

Hierarchical ZnO NSMs have proven to make exceptional sensors,
and a survey of the literature reveals various methods of synthesizing
these NSMs. The commonly used techniques are wet chemical, bio
template, flame, and hydrothermal methods (Meng et al., 2017; Zhang
et al., 2017; Li et al., 2016). Wang et al. (2018) proposed a method for
the synthesis of 3-D cake-like ZnO NSMs via a solvothermal technique
using DMF as a mediator. Further, as-prepared NSMs were deposited
with Ag nanoparticles by the photochemical deposition. The synthesis
was carried out at ambient temperature using a mixture of 20 mL DMF
and 5mL of water into which 1 mmol ZnSO,.7H,O was added and
stirred by adding 0.5 mmol NH4BF,. The final solution was sealed in
Teflon-lined autoclave at 120 °C for 24 h, was cooled, centrifuged, and
rinsed with water and ethanol; the product was dried at 70 °C.

Sun et al. (2014) reported a facile hydrothermal method for the
controlled synthesis of ZnO nanoforests. Additionally, systematic in-
vestigations were performed to understand the individual as well as
cooperative influence of ammonia and poly(ethylenimine) on the
structure of nanoforests. The synthesis of nanoforests was carried out by
drop casting ZnO seed solution onto the surface of pre-synthesized
nanowire arrays followed by hydrothermal reaction. The concentra-
tions of ammonia and poly(ethylenimine) were varied to control and
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fine-tune the growth of ZnO branches on the nanowire (NW) arrays.
Several other methods of synthesizing ZnO NSMs are summarized in
Table 1. Fig. 1 shows SEM images of ZnO NSMs synthesized with dif-
ferent methods and Fig. 2 shows the schematic synthesis of ZnO NSMs.

3. Bio-functionalization of ZnO

Fabrication of precise biosensors with surface functionalized na-
nostructured metal and metal oxides remain continues to challenge.
Covalent and non-covalent interactions formed with different meth-
odologies are used to functionalize NSMs, introducing different organic
and functional groups enhancing the attachment of biomolecules
through electrostatic interactions or specific bonds. Functionalization
increases the stabilization and also reduces the agglomeration of metal
nanoparticles. The interface between the inorganic and the organic
matter has attracted much interest due to the improved and specific
functions compared to pure organic and inorganic materials.
Immobilization of biological recognition elements such as enzymes,
protein receptors, probe molecules, cell receptors, etc, on the surface of
the transducer, develops a bio-sensitive layer, thereby serving to cap-
ture the targeted analyte. Modifications of the NSMs are explored using
many organic compounds including carboxylic acids, thiols, and
amines, etc. Further, in the literature, one can find different modes of
interaction of biomolecules with the metal surface of which few are
discussed below.

High isoelectric point (IEP) of ZnO (pH 9.1) is helpful in the im-
mobilization of biomolecules onto the surface of ZnO. Tak et al. (2014)
synthesized flower-like ZnO NSMs onto platinized silicon substrates and
investigated the interactions between single-stranded DNA and ZnO
NSMs by cyclic voltammetry. The isoelectric point of ZnO was relatively
high (IEP ~ 9.5) at pH 7.0 and it acted as a positively charged matrix
onto which a negatively charged DNA with a lower isoelectric point
(IEP ~ 4.2) was immobilized by the strong electrostatic attraction. The
quantification of ss the-DNA was 5-240ngul ~! with a low detection
limit of 5 ng pl™.

A similar mechanism was proposed by Ansari et al. (2009), where
UV visible spectra showed a blue shift from 371 nm to 345nm after
immobilization of DNA, indicating electrostatic interaction between the
positively charged ZnO NSMs and negatively charged DNA.

Kumar et al. (2019) investigated DNA binding potential of ZnO
NSMs synthesized from the leaf extract of Justicia wynaadensis. The
hyperchromic shift in absorbance showed the interaction between CT-
DNA and ZnO nanoparticles, which has changed the DNA structure
through the intercalated mode. Similar results were reported by Preedia
et al. (2015). UV visible absorption spectra showed maximum absorp-
tion at 260 nm. With increasing concentration of ZnO, the absorbance
of CT- DNA decreased at 260 nm with red shift, which signifies that s-ot*

Table 1
Summary of ZnO nanostructures and their synthesis techniques.
Structure of ZnO Matrix used Technique Ref.
ZnO films GaN layers Hydrothermal Ko et al. (2018)

ZnO crystals Polycrystalline material
ZnO nanoneedle array Quartz crystal microbalance
ZnO thin films/nanorods Si

ZnO nanowires Optical fiber surface
ZnO nanorods and nanowires Au-Ag alloy

ZnO films MgO

ZnO clusters Graphite

TiO, coated ZnO nanorods -

ZnO nanofibers Teflon substrates

ZnO nanowires Zinc foils

ZnO nanorods Pyrolytic graphite

Cu doped ZnO thin film -

ZnO nanorods Glass substrates
Hierarchical nanoarchitectures ZnO nanowires

Chemical vapor transport

Chemical deposition method

Magnetron sputtering

Hydrothermal process with an efficient UV irradiation

UV pulsed laser deposition

Pulsedlaser deposition

Hydrothermal synthesis

Chemical vapor deposition process followed by nano-cluster deposition
Chemical bath deposition

Thermal oxidization

Spray pyrolysis

Sol-Gel method

Microwave plasma-assisted thermal evaporation

Thermal oxidation combines lattice/grain/surface ionic diffusion

Fan et al. (2018)

Cha et al. (2018)
Nandi et al. (2017a)
Gong et al. (2017)
Dikovska et al. (2017)
Perriérea et al. (2018)
Rodrigues et al. (2018)
Eadi et al. (2018)
Farhat et al. (2016)
Wu et al. (2017)
Hossein-Babaei (2017)
Asikuzun et al. (2018)
Thongsuksai et al. (2018)
Sombrio et al. (2017)
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Fig. 1. SEM images of nanorods (A-C) [ref. Fei et al. (2018); Urgessa et al. (2018); Jali et al. (2018); nanobelts (D-F) [ref. Kaur et al., 2017; Qu et al., 2012; Jang
et al., 2010]; Nanocombs (G-I) [ref. Yildirim et al., 2015; Fan et al., 2012]; hierarchical (J-O); J) FESEM image of nanosheets [ref. Qu et al., 2018], K) SEM image of
porous ZnO microflowers [ref. Song et al., 2018.] L) Non-porous ZnO microflowers [ref. Song et al., 2018] M) SEM image of 3D cake-like ZnO/Ag microstructures
[Wang et al., 2018] N) FESEM images of deposited ZnO NWs [ref. Ebrahimi et al., 2018.] O) SEM image of ZnO nanoforests [ref. Sun et al., 2014.] synthesized by

different methods.

stacking interaction between ZnO nanoparticles and the base pair of
DNA reveals the binding of DNA with the ZnO nanoparticles via in-
tercalating mode.

ZnO NSMs having a high surface area to volume ratio, the tendency
to aggregate and high electron mobility would provide a favorable si-
tuation for enzyme immobilization. Purified chitinase from Vigna
mungo and N-acetyl glucosaminidase (NAGase) from Canavalia en-
siformis were immobilized onto polyurethane (PU)/zinc oxide nano-
particles (Preety and Hoooda, 2018). Adsorption of enzyme has shifted
the peak for nano ZnO from 712 to 621 cm ™ '. However, retention of
peaks for the nano ZnO and the disappearance of characteristic PU
peaks clearly indicated that enzymes were simply absorbed onto the
nano ZnO surface, but were covalently linked to the PU support. Fab-
rication of high-sensitive glucose sensors based on ZnO nanorods in-
tegrated with ZnO-based FETs, patterned growth of ZnO nanorods and
enzyme immobilization on their surfaces were studied by Ogata et al.
(2010). Here, covalent and electrostatic bonding method was used for
the immobilization of glucose oxidase onto the surface of ZnO na-
norods.

Wang et al. (2015¢) investigated protein adsorption onto the surface
of ZnO nanostructures with different topologies. Kinetics of adsorption
of mono-proteins such as fibrinogen and bovine serum albumin (BSA)
on the surfaces of ZnO nanoparticles, sheets, beams, and rods have been
discussed. A comparison between the adsorption of BSA and fibrinogen
suggested that fibrinogen requires a longer time to attain equilibrium

than BSA. This was explained based on the isoelectric points of ZnO
(IEP ~ 9.5), BSA (IEP ~4.6), and fibrinogen (IEP ~ 5.5). In phosphate
buffer solution of pH 7.4, because ZnO is positively charged, less
electrostatic repulsion is observed for BSA, which has a higher negative
charge due to its lower isoelectric point compared to that of fibrinogen.
Further, fibrinogen has a slightly higher affinity for hydrophobic sur-
face, but the mobility of fibrinogen (340 kDa) is lower as its molecular
weight is higher than BSA (66 kDa). Hence, more of BSA was adsorbed
onto the surface of ZnO NSMs. It was concluded that ZnO nanorods had
more binding sites than the other ZnO NSMs, which provided more
prospects for protein interactions with the surface.

Ansari et al. (2010) proposed a method for the deposition of nano
ZnO onto the surface of an indium tin oxide glass plate immobilized
with BSA and rabbit immunoglobulin antibodies (r-IgGs) for the de-
tection of ochratoxin-A. FTIR spectroscopic investigations suggested
that r-IgGs amide groups connected to Zn-O nanoparticles have shifted
the diffusion band at 3441 cm ™! due to the O-H stretching towards
3214cm™! as a result of -CONH stretching vibration. Hence, it was
concluded that r-IgGs macromolecule was bonded to Zn-O-Zn network
by the -H bonding and electrostatic attractions. Further, the literature
suggests that interaction of ZnO and biomolecules has been widely
studied and it would not be possible to discuss these data in this review.
Fig. 3 shows a schematic representation of the fabrication of ZnO NSMs
biosensors.
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heterojunction bioelectrode (Jindal et al., 2017).

4. Applications of ZnO as a biosensor

The immobilization of biomolecules on the nanostructure to be used
as a platform for biosensors is mainly dependent on the shape, size, and
properties of the nanostructure. Advances in the field of ZnO crystal
growth have allowed the synthesis of about 10-types of ZnO NSMs,

including thin films, nanorods, quantum dots, nanoparticles, nano-
wires, and others. Various inherited properties of ZnO nanoparticles
have allowed the successful immobilization of different types of bio-
molecules on their surfaces. Nanostructures such as nanowires (Politi
et al., 2015a, 2015b), nanorods (Wu et al., 2015; Wang et al., 2014),
nanoparticles (Picciolini et al., 2015; Huang et al., 2015), quantum dots
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Fig. 3. A) Schematic showing FET biosensor fabrication (Ahmad et al., 2017b); B) Schematic representation of GOx/ZnO/SS sensor and electrochemical reactions
(Rodrigues et al., 2018); C) A schematic of the sensing mechanism of ZnO QDs in air and isoprene (Park et al., 2019); D) The scheme of the PL based immunosensor
(Tereshchenko et al., 2017); E) Schematic illustration of the fabrication process of uric acid biosensor. (i) Cleaning of Si substrate; (ii) Silver deposition by sputter;
(iii) ZnO seed layer deposition by sputter; (iv) growth of ZnO NSs; (v) Uricase enzyme immobilization (vi) Nafion covering to protect enzyme (Ahmad et al., 2015);
F); Fabrication process of developed biosensor for miRNA-21 detection (Zhang et al., 2019); G) Illustration to prepare ZnO@ZIF-8/IL/Mb-CPE and ZnO@ZIF-8/IL/
GA/anti-IgG/BSA/IgG-CPE. (Dong, 2017); H) Scheme of the probe DNA-ZnO/APTES/Au electrode (Mohammed et al., 2017).

(Gu et al., 2011), thin films (Iyer et al., 2014; Shukl et al., 2015), and applications. In addition, the analyte most commonly used as a de-
some low-dimensional nanostructures (Tak et al., 2014; Xie et al., 2015; tecting material can be classified as: molecules having a lower mole-
Liu et al.,, 2014) have been extensively reported in bio-sensing cular weight: dopamine, uric acid, urea, and riboflavin; proteins: BSA,
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HAS, immunoglobulin, streptavidin; Nucleic acid: RNA and DNA,; cells:
cancer cells, infectious cells, bacteria, and viruses.

4.1. Biosensors for small molecules

Rahmanian et al. (2018) proposed an impedimetric biosensor for
the detection of urea, fabricated using DC-sputtered nano ZnO on a
TiO thin film. On the surface of fluorinated tin oxide previously cov-
ered with TiO,, a 3-D hierarchical ZnO NSMs was fabricated by DC
sputtering of ZnO using poly(vinyl alcohol) as an omissible polymer
(nano-ZnO/PVA/TiO,/FTO). Further, the omission by annealing pro-
duced a porous surface suitable for urease immobilization. The pro-
posed biosensor showed a good response time with good enzyme ac-
tivity over a longer period. The electrochemical detection of urea based
on fluorine-doped tin oxide/polyamide6/polypyrrole/ZnO/urease
electrode was proposed by Migliorini et al. (2018). The results sug-
gested that electrospun nanofiber-based electrodes could be an ex-
cellent platform for the analysis of dairy products.

Uric acid, a key component of blood serum and urine, is a ni-
trogenous material and a primary product, obtained due to the meta-
bolic breakdown of purine nucleotides. The permissible range for men
and women is 0.214-0.506 mM and 0.137-0.393 mM, respectively.
Elevated or decreased levels of uric acid lead to many physiological
disorders in humans, such as kidney diseases, gout in the joints, mul-
tiple sclerosis, and arthritis (Barrett et al., 2010). Jindal et al. (2017)
fabricated a ZnO thin film and CuO micro-cluster for the immobiliza-
tion of uricase for the detection of uric acid.

Cyclic voltammetric investigations were performed to investigate
the performance of the fabricated p-n junction-based biosensor. The
built-in electric field facilitated charge transport, which in turn de-
creased the potential required to sense the uric acid. The uricase/CuO/
ZnO/indium tin oxide/glass bio-electrode was fabricated by drop-
casting a solution of freshly prepared uricase onto the surface of a CuO/
Zn0O/ITO/glass electrode. Strong electrostatic adsorption of uricase was
observed due to the higher isoelectric point of ZnO and CuO. The ZnO
nanosheets grew directly onto the surface of Ag/Si, prepared by sput-
tering Ag on the surface of Si, which was reported as a substrate for an
alternate sensitive method for the detection of uric acid (Ahmada et al.,
2015). The electrode was fabricated by sputtering a thin ZnO seed layer
of about 50 nm thick on the surface of Ag/Si electrode and then ZnO
nanosheets were grown using a low-temperature aqueous route. The
surface was converted to be hydrophilic prior to immobilization of the
uricase enzyme by dipping in a phosphate buffer solution and then
dried under nitrogen gas atmosphere. Electrode fouling and leaching of
enzyme were eliminated by drop casting 5 pL of Nafion solution on the
fabricated electrode. Cyclic voltammetric investigations suggested that
conductivity of ZnO nanosheets played a crucial role in producing well-
defined peaks, while H,O, produced during the reaction catalyzed by
uricase was oxidized to generate the electrons through the electrode,
which enhanced the current response.

Riboflavin or vitamin B2 is very important in converting carbohy-
drates, proteins, and fats into energy and also supports the body during
the stress of daily life (Tan et al., 2012). A glassy carbon electrode
(GCE) modified with ZnO and manganese hexacyanoferrate (MnHCNF)
was demonstrated to detect riboflavin (Selvarajan et al., 2018). The
electrode was easily prepared by drop casting and drying the ZnO onto
GCE surface on which MnHCNF was then deposited. The cyclic vol-
tammogram obtained for 1.0 mM riboflavin showed that the electrode
process was reversible. Gao et al. (2018) used ZnO nanowire arrays
along with graphene and graphene foam to detect folic acid. The gra-
phene foam was synthesized by a chemical vapor deposition method
and the nanowires were grown on the graphene foam using a hydro-
thermal method. Further graphene was deposited on the nanowires to
form Gr/ZnO NWAs/GF NSMs.
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4.2. Use of ZnO nanostructures as biosensors for detection of infectious
diseases

4.2.1. Detection of malaria

An electrochemical immunosensor based on copper-doped ZnO
nanofibers was used for detection of PfHRp-II. Nanofibers were coated
onto the surface of GCE, which was synthesized by an electrospinning
technique and functionalized with mercaptopropyl phosphonic acid.
The PfHRP-II-specific monoclonal antibodies were absorbed on the
electrode surface, which improved the impedance response with a
sensitivity of 28.5 kQ/(g/mL)/cm?. Chemiresistive biosensors based on
multi-walled carbon nanotubes and ZnO nanofibers for the detection of
HRP-II were demonstrated. Advantage of the proposed method was the
use of low-cost materials and the ability for on-site diagnosis in a low
resource setting by using a thin film of poly(ethylene terephthalate)
instead of a conventional electrode. Anamide bond was formed at the
carboxyl terminal of ZnO nanofibers for covalent conjugation of anti-
bodies specific to HRP-II. The sensor operation was based on a change
in the resistance of electrode due to binding of HRP-II, if present in the
solution, to the antibody at the electrode surface (Paul et al., 2016; Paul
et al., 2017).

4.2.2. Detection of dengue virus

Fluorine-doped tin oxide (FTO) glass plates modified with ZnO/
platinum-palladium (ZnO/Pt-Pd) have been proposed as electro-
chemical genosensors for the determination of the DNA sequence of
dengue virus using methylene blue as an intercalating agent (Singhal
et al., 2017). The sensor was developed by immobilizing the probe DNA
onto a ZnO/Pt-Pd -modified FTO electrode surface. Interaction between
methylene blue and free guanine of ssDNA reduced the current, which
was used to detect the hybridization between the probe DNA and the
targeted DNA.

4.2.3. Detection of bacterial meningitis

A hydrothermal method to synthesize flower-like ZnO NSMs on
platinized silicon substrates was proposed for immobilization of ss-
thiolated DNA probe of Neisseria meningitides. Morphological in-
vestigations of ZnO NSMs suggested that it consisted of ZnO nanorods,
oriented radially with an average diameter of 100 nm and a length of
2.5 um with the tips of the rods having a hexagonal shape. The detec-
tion of targeted DNA using the biosensor was highly selective with a
sensitivity of 5-240 ng/uL and sensitivity of 168.64 ug/ng-pL.
Impedimetric investigations were also promising to detect meningitis
over the linear range of 10-200 ng/uL with a sensitivity of 18.56 Q ng/
uL (Tak et al., 2014).

Nickel-doped ZnO thin film electrodes for electrochemical detection
of meningitis were proposed by Tak et al. (2017) and experiments were
performed by immobilizing oligonucleotide sequences of DNA onto the
surface of Ni-doped ZnO/ITO electrode. Methylene blue-mediated
buffer solution was used in differential voltammetry that showed a
good response in the linear range of 5ng/uL - 200 ng/pL with a de-
tection limit of 5.0 ng/uL.

4.2.4. Detection of grapevine virus

Optical biosensors for the determination of grapevine virus based on
ZnO thin films deposited using atomic layer deposition were proposed
(Tereshchenko et al., 2017). The surface structural properties of the
fabricated ZnO thin films were favorable for the immobilization of
antibodies against grapevine virus-antigens, thus providing a suitable
platform for detecting grapevine virus-antigens. Evaluation of charges
and behavior of the corresponding luminescence band were used to
detect grapevine virus-antigens in the linear range of 1.0 pg/mL -
10 ng/mL. Optical properties of the fabricated sensor were investigated
by recording absorbance spectra in the range of 250-600 nm, sug-
gesting that anti-grapevine virus antibodies lacked any optical activity
in that range. Grapevine virus antigens were detected by measuring
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changes in photoluminescence (PL) band behavior; however, a new PL
band appeared in the region 400-500 nm due to Zn-S bonding.

4.3. Cancer biomarker detection

Early detection of cancer in patients is an on-going challenge, which
can provide a suitable starting point for developing new strategies for
the treatment of tumors. Low-cost, rapid, and label-free detection, as
well as portability, are some of the hurdles that need to be overcome. In
the United States, ovarian cancer is the fifth most common cause of
death in women. There are various markers associated with ovarian
cancer. One of them is mucin 16, which is found on the ovarian cancer
cells, consisting of high molecular weight glycoprotein and its antigen
circulating in the blood. About 90% of women suffering from ovarian
cancer are found positive towards mucin 16. An electrochemical
method based on ZnO nanorod-Au nanoparticle structures was used for
early detection of mucin 16, wherein hydrothermal synthesis was used
to develop ZnO nanorods onto the surface of gold and silver surfaces for
use as a working electrode and followed by depositing Au nanoparticles
by sputtering. This electrode was further loaded with anti-mucin 16
antibodies. The Au nanoparticles on ZnO nanorods interacted with
glutaraldehyde and cystamine in the antibodies to form a strong bond.

Immunosensor showed good stability and reproducibility with a
limit of detection of 2.5 ng/uL and proved promising in clinical appli-
cations (Gasparotto et al., 2017). Fig. 4 shows a schematic re-
presentation of the fabrication of ZnO NSMs biosensor for infectious
diseases. A photo-electrochemical immunosensor based on ZnO na-
norods was also proposed to detect nucleoside diphosphatase kinase-A
(NDPK-A) (Liu et al., 2017). It is a protein that suppresses metastasis
and is also a biomarker for a wide range of cancer cells. ZnO nanorods
sensitized with Mn?*and CdS nanoparticles were used to immobilize
anti-NDPK-A antibodies.

The study further suggested that upon irradiation with the visible
light, the photocurrent increased in the order of bare FTO < ZnO na-
norods grown on FTO < CdS: Mn co-sensitized ZnO nanorods.
However, after the immobilization of anti-NDPK-A antibodies, the
photocurrent response decreased due to the large spatial dimension of
NDPK-A, which hinders the diffusion of H,O onto electrode surface to
generate holes, thereby reducing the light-absorbing area of ZnO and
CdS:Mn. The electrode showed a low detection limit of 0.3 pg/mL and
provided a more accurate and reliable operating environment for the
detection of NDPK-A.

4.4. ZnO biosensors based on field effect transistors

Field effected transistor (FET)-based biosensors have recently at-
tracted much interest for bio-molecule detection due to their advanta-
geous properties such as fast electrical detection, easy to move from one
place to another, label-free, low-cost for mass production and sensor as
well as measurement systems are compatible to be integrated into a
single chip (Sarkar et al., 2014). FET-based biosensors work on the
principle that enables the detection of a biomolecule by producing the
surface potential on the surface of a transducer upon biological inter-
action contribute to the modulation of the current flow inside the
channel, located between two regions, which are drain and source.

Specific biological receptor such as DNA, RNA, aptamers or anti-
bodies are mobilized onto the surface of a transducer through covalent
binding with suitable chemical linkers are required for specific detec-
tion of biomolecules. Zong and Zhu (2018) reported glucose biosensor
for using ZnO nanorods based on FET. Between the source and drain
microelectrodes semiconducting ZnO nanorods were grown by using
the AC electric-field assisted hydrothermal growth and serve as the
conductive channel of FET. The fabricated sensor showed a tiny sensing
area of 180 umz with a high sensitivity of 1.6 mA/(uM-cmZ) and a de-
tection limit of 1 pM.

Ahmad et al. (2017a) proposed a method for growing ZnO nanorods

Biosensors and Bioelectronics 141 (2019) 111417

on the substrate via a low-temperature aqueous route. Further, ZnO
nanorods were functionalized with pyruvate oxidase to detect phos-
phate. Fabricated FTE under optimum conditions showed a high sen-
sitivity of 80.57yAmM™' cm~? in a wide-linear range of 0.1
uM-7.0 uM. Encouraging results suggested that this approach presents a
promising method to be used for field measurements to detect phos-
phate. Fathil et al. (2017) presented substrate-gate coupling in FET-
based biosensor for the detection of cardiac troponin I (cTnI) bio-
marker. Immobilization of cardiac troponin I monoclonal antibody
(MAb-cTnl) as a bio-receptor for capturing cTnl biomarker was via
covalent binding. The biosensor exhibited a high sensitivity with a
detection limit of 3.24 pg/ml.

4.5. Biosensors based on morphology of ZnO

Due to high surface-to-volume ratio quantum dots (QDs) show un-
ique features, since surface atoms affect catalytic, electronic, optical,
magnetic properties of the nanomaterials (Bajorowicz et al., 2018). QDs
possess unique properties, such as long-time of radiance emission, high
quantum yield (QY), narrow emission and broad absorption spectra.
Absorption range of QDs can be easily tuned by adjusting their size due
to their unique size and shape-dependent optical properties (Li et al.,
2013). Park et al. (2019) reported the quantum-size effect on the sen-
sing properties of ZnO nanoparticles for the detection of isoprene. ZnO
QDs exhibited excellent sensing performance to 1 ppm of isoprene. The
higher sensing, rapid response, and lower optimal working temperature
of ZnO QDs may be attributed to increase in oxygen vacancies, band
gap, and specific surface area owing to the small size effect.

Hosseinzadeh et al. (2016) studied the interaction of insulin with
ZnO QDs and demonstrated how ZnO QDs alter the insulin structure.
The investigations performed for thermal aggregation suggested that
aggregation of insulin in the presence of ZnO QDs occurs in a short lag
phase with the fast aggregation rate. Presence of ZnO QDs in the vici-
nity of insulin could change the structure of insulin. Hence, suitable
surface functionalization of these QDs is necessary for applications such
as in bio-imaging.

The tetrapod-shaped ZnO nanostructures are not something new to
the community. Recently, Mishra and Adelung (2018) have published a
review on ZnO tetrapods materials for functional applications. Lupang
et al. (2009) prepared transferable ZnO tetrapods grown by aqueous
solution method that was fabricated and its UV as well as gas sensing
properties were investigated. When illuminated with the UV light, the
sensor showed a decrease in resistance due to desorption of chemi-ad-
sorbed oxygen from the surface and an increase in charge carrier den-
sity due to electron-hole pair generation. From the literature, it can be
observed that ZnO tetrapods have been studied extensively in gas
sensing as well as in UV sensors, field emission, antibacterial coatings,
and piezoelectric power generation on the horizon. Therefore, ZnO
tetrapod devices are likely to remain an active area of research for
many years to come.

Rodrigues et al. (2018) developed nano-columnar ZnO film as a
glucose biosensor. Vertically aligned ZnO nano-columns of ~ 80 um
wide and ~1 pm long oriented in the (0001) direction were functio-
nalized with glucose oxidase enzyme. Higher sensitivity in a linear
concentration range, 1.5 mM-16 mM was observed and immobilization
of glucose oxidase occurred via hydroxyl groups in the presence of
covalent bond interactions.

ZnO nanowires are promising piezoelectric transducers used to de-
velop bio-molecular detection systems. Galdamez et al. (2019) de-
monstrated the fabrication of ZnO nanowires using VLS technique as an
optical biosensor for detecting thiolated oligonucleotide probe labelled
by cy5. Two different morphologies of nanowires based on orientation
(i.e., random and straight) were developed and functionalized to study
interaction with DNA. Electromagnetic and chemical enhancement for
random-standing nanowires increased the surface enhanced Raman
spectral (SERS) signals. Better surface modification after interaction
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Fig. 4. A) Fabrication of ZnO NRs-Au NPs nanohybrids biosensor for CA-125 detection (Gasparotto et al., 2017); B) Schematic representation of construction of the
PEC immunosensor (Liu et al., 2017); C) Schematic representation of fabrication of flexible chemiresistive biosensor for HRP2 malaria biomarker (Paul et al., 2017);
D) Schematic representation of the fabrication of the sensor of the hybridization of the target DENV DNA (Singhal et al., 2017); E) Schematic representation of the
fabrication of DNA bioelectrode (Tak et al., 2014); F) Schematic representation of the sensing mechanism for SH labelled probe DNA immobilized on Ni-ZnO/ITO

electrode (Tak et al., 2017).

with DNA was observed for zig-zag orientation of ZnO nanowires,
thereby opening a new gateway for developing optical biosensors.
Fung et al. (2017) used the flexographic printing technique with
ZnO nanowires for an electrochemical biosensor of glucose. Flexo-
graphic printing technique was low-cost mass production and ultra-
high output due to roll-to-roll nature of the technique, which is ad-
vantageous in developing technologies meeting the marked demands of

bio-sensors. Neveling et al. (2014) studied nanoforce ZnO nanowire-
array biosensor for detection and quantification of immunoglobulins.
On the surface of ZnO nanowire with a self-assembled monolayer of 3-
mercaptopropanoic acid was covalently linked with lysozyme and its
response was linear with antibody concentration, 50 ng/ml - 1 pg/ml
range with a detection limit of 102.76 ng antibodies/ml.

ZnO nanorods due to their advantageous properties of large surface-
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Table 2

Summary of ZnO nanostructured materials used as a sensor for the detection of pharmaceutical drugs.
Electrode material Analyte Technique  LOD (nM)  Linear range (nM)  references
ZnO nanoparticles nano-silica composite Atorvastatin DPV 0.70 2.5-6.5 x 10° Bukkitgar et al. (2018b)
ZnO/CNTs nanocomposite/ionic liquid/CPE Noradrenaline SWv 20 50-4.5 x 10° Pahlavan et al. (2014)
ZnO/CNTs nanocomposite/catechol derivative modified electrode Amoxicillin SWV 500 1000-9.5 x 10° Karimi-Maleh et al. (2014)
ZnO/CNTs nanocomposite/catechol derivative modified electrode Glutathione Swv 0.8 2.0-7.2 x 10° Karimi-Maleh et al. (2014)
1-methyl-3-octylimidazolium tetra-fluoroborate and ZnO/CNTs nanocomposite ~ Raloxifene DPV 40.0 80-4.0 x 10° Cheraghi et al. (2017)
ZnO nanoparticle/1-butyl-3- methylimidazolium tetrafluoroborate/CPE Doxorubicin Swv 9.0 70-5.0 x 10° Alavi-Tabari et al. (2018)
ZnO nanoparticle/1-butyl-3- methylimidazolium tetrafluoroborate/CPE Dasatinib SwWv 0.5 1000-12.0 x 10° Alavi-Tabari et al. (2018)
5% Barium-doped zinc oxide nanoparticle/GCE Nimesulide DPV 1.794 1.0 x 10 *-100 Bukkitgar et al. (2016b)
5% Barium-doped zinc oxide nanoparticle/GCE Mefenamic acid  DPV 6.02 500-10.0 x 10° Bukkitgar et al. (2015)

*DPV: Differential pulse voltammetry; SWV: Square wave voltammetry; GCE: Glassy carbon electrode; CPE: Carbon Paste electrode.

to-volume ratio and easy growth methods have attracted researchers in
recent years. Tariq et al. (2018) fabricated ZnO nanorods grown by
hydrothermal method for glucose detection using photolithography.
The electrode showed good sensitivity (22.7 pAcm™! mM™!). In-
creasing the pH of buffer solution and the length of nanorods increased
the immobilization of glucose oxidase.

4.6. Metal oxide modified ZnO biosensors

Enhanced optical properties of NSMs coupled with metal oxide
produce nano-hybrid materials enabled a new platform for both ther-
apeutics and diagnosis applications (Li et al., 2015). Transition metal
oxides such as NiWQO, TiO,, Fe,03, and CuO, etc. can be used to form
nanocomposite to catalyze analyte targeted. Zhou et al. (2014) pro-
posed a non-enzymatic glucose biosensor using the electrospinning
method to deposit ZnO-CuO hierarchical nano-composites on fluorine-
doped tin oxide for detection of glucose. The electrode showed im-
proved sensitivity of 3066 pAmM~ 'cm ™2 and a detection limit of
0.21 pM.

Jung et al. (2018) developed a non-enzymatic FTE-based glucose
biosensor. The ZnO nanorods grown between the source and drain were
modified with NiO quantum dots by sputtering. The developed sensor
showed a wide linear dynamic range of 0.001-10 mM and 10-50 mM
with a high sensitivity of 13.14pAcm™2 mM™' and 7.31 pA cm™2
mM %, respectively. The system was used for a human whole blood
sample and serum sample analysis. Ahmad et al. (2017b) reported a
FET-based vertically oriented-based non-enzymatic glucose sensor. ZnO
nanorods were modified with Fe;Os3, which enhanced the performance
of biosensor compared to ZnO-based non-enzymatic glucose sensors.
Enhancement of this biosensor was attributed to excellent electro-cat-
alytic nature of Fe;Os. In the linear range up to 18 mM, the fabricated
sensor showed excellent catalytic activity with a detection limit of
12 uM. The sensor was used to detect glucose in freshly drawn mouse
whole blood and serum samples, suggesting practical applicability of
FET sensor in real sample analysis.

In addition to the above findings, many other metal oxide-modified
ZnO nanostructures have been used as biosensors. Designing of a sensor
consisting of multifunctional and NSMs would be easier with attractive
properties of metal oxide-modified ZnO NSM-based biosensors.
Utilization of such nano-hybrids in bio-sensing would revolutionize the
diagnostic as well as environmental samples.

4.7. ZnO-carbon nanotube biosensors

Extraordinary properties of carbon nanotubes have outstanding
opportunities for developing new technologies. When ZnO and carbon
nanotubes (ZnO-CNT) are combined, exceptional properties can be
generated that are not otherwise found individually. Recently, re-
searchers have utilized these hybrids to develop sensors. ZnO-CNTs
have been widely used as humid sensors (Dai et al., 2019), energy
storage materials (Sankapal et al., 2016), opto-electro-mechanical
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response (Nandi et al., 2017), batteries (Ji et al., 2018), bone tissue
engineering (Shrestha et al., 2017), photocatalyst (Fernandes et al.,
2019), etc.

Karimi-Maleh et al. (2014) proposed a method to determine glu-
tathione and amoxicilline in biological and pharmaceutical samples.
Carbon paste electrode was modified with 8,9-dihydroxy-7-methyl-
12H-benzothiazolo[2,3-b]quinazolin-12-one (DMBQ) and ZnO-CNTs.
The square wave voltammetric investigation suggested the linearity
range of 0.002-720 and 1.0-950 uM, respectively with detection limits
of 0.0008 and 0.5uM, respectively for glutathione and amoxicillin.
Further, the electrode was applied for real sample analysis, demon-
strating higher selectivity in the mixture of glutathione and amoxicillin.
Moyo et al. (2015) used ZnO multi-walled carbon nanotubes (ZnO-
MWOCNT) for electro-oxidation of triclosan using combination electro-
chemical methods in a buffer solution of pH 7.0. The fabricated elec-
trode showed an excellent response for triclosan in the linear range
1.5ugL™ " to 2.0 mg L ™! with a detection limit of 1.3 ugL™".

4.8. Determination of pharmaceutical drugs

Detection of pharmaceuticals at low concentrations with lesser time
is of high priority research. Literature suggests the application of var-
ious forms of ZnO NSMs for analyte detection. Low-level detection of
drugs helps to monitor permissible amount of drugs in the human body.
Methods reported in the literature are summarized in Table 2.

5. Summary and conclusions

The unique properties such as nontoxicity, piezoelectricity, bio-
compatibility, good conductivity, and large specific surface area have
widened sensing applications of ZnO NSMs. New applications are being
invented with advancements in nanotechnology that utilize ZnO NSMs
for biomedical applications. In the present scenario, various forms of
ZnO nanostructures can be synthesized by simple and cost-effective
methods. Further, ZnO NSMs have shown different mechanisms of in-
teraction with biomolecules, resulting in improved sensing ability.
Addressing all research results is a formidable task and hence, the effort
is made to discuss the synthesis of different nanostructures of ZnO, their
mechanism of interaction with biomolecules as well as their applica-
tions as biosensors, considering smaller molecular weight compounds,
detection of infectious diseases and pharmaceutical compounds.

6. Future prospects

ZnO surface of various morphology has been used for binding mo-
lecules and biomolecules for the detection of a respective analyte in
configuration with different methods such as ion-sensitive field effect
transistors, piezoelectric devices, electrochemical transducers, field ef-
fect transistors, and optical devices. The potential shown by FETs stu-
dies suggests that FETs will replace electrochemical detection as the
choice for miniaturized biosensor applications. ZnO nanostructures-
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based platforms in the future can provide nanosensor/nanodevices for
monitoring multiple health parameters outside central labs. Technical
application of ZnO biosensor requires growing ZnO NSMs on electrode
surface in a repeatable and uniform manner. Fabricating these struc-
tures is advantageous for immobilization of analytes such as metabo-
lites, DNA, and cancer markers, leading to alternate methods for clinical
diagnosis leading to fabrication of feasible commercial biosensor and
point of care measurement. Even though several fabrication procedures
are already available the challenge is to mass production of well-con-
trolled dimension and morphology 1D ZnO. Reproducibility of the
fabricated biosensor is another concern need to be addressed that
would help in the development of miniature devices for point of care
diagnosis. Commercialization and real application in biosensor and
healthcare field are way far and need much knowledge of the interac-
tion of ZnO with biomolecules system. Lastly working of these devices
in the biological pH needs to be extensively studied. This would be a
much big milestone in areas of diagnostics and disease control.
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