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Biosensors In the |l ast few decades’ el ectrochemical
Cholesterol range of different applications, including health care and medical diagnosis, environmental moi
Electrochemical and assessment, food industry, and drug delivatggtation of nanostructured material with differe
Glucose disciplines and expertise of electrochemistry, setate physics, material science, and biology
ZnO nanostructures offered the opportunity of a future generation of highly rapid, sensitive, stable, selective, ahc

electrochemical biosensor devices.

Among metal oxide nanomaterials, ZnO nanostructures are one of the most important nanoma
today's nanotechnol ogy research. Such nano
extraordinary structural, optical, and electronic praperbut also for their prominent performance
diverse novel applications such as photonics, optics, electronics, drug delivery, cancer treatmi
imaging, etc. However, functionality of these nanomaterials is eventually dictated by the capat
govern their properties including shape, size, position, and crystalline structure on the nanosize(
This review aims to update the outstanding advancement in the developments of the enzymatic
enzymatic biosensors using a different strucafr@nO nanomaterials. After a coverage of the be
principles of electrochemical biosensors, we highlight the basic features of ZnO as a potential ar
agent. focused attention gives to functionalized biosensors based on ZnO nanostructurestifay
biological analytes, such as glucose, cholestertdctic acid, uric acid, metal ions, and pH.
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Introduction
Over the past decaddsy technological developments in biosensors identify relevant bio-markers at comparably small concentrations
fabrication have been intensively witnessed. Biosensors arétypically in lower pgml) without interferences with other
categorized according to the detection concepts into various biosensbiomolecules. Moreovepther requirements require to be addressed
platforms such as photatric, calorimetric electrochemical such as low signgb-noise ratio of readout mechanisthe lower
piezoelectri¢ etc. They are highly used in medicahemical and detection limit minimization of the specimen sizdongterm
biological applicationsenvironmental monitoring toalsand food monitoring and rapid ad precise detectionl]. The following
processing I]. Due to the analysis of biological or biochemical section focuses on fundamental principles that have been utilised to
responses isextremely critical for medical biological and  design differenbiosensor devices.
biotechnological application# is quite challenging to transform the
biological interactions to easily manipulated electronic signals2. Basic principles of electrochemical biosensors
because of the intricacy of a direct connection between an electronic
platform and a biological environmer# [ Advanced methodologies and techniques in nanofabricdtare
made it achievable to design practjaaliable and stable biosensor
However electrochemical biosensors are applicable for fviglome devices. Miniaturizing the dimension of biosensor to the nanoscale
production and offered a significant level of detection because of thallows studying different targeted biomolecules interacting under the
reliable adaptation of a biological response to an electronic signal witsame biological conditigrthus lowering the sensing process cost and
excellent stability. Other constitutional benefits of electrochemicalsignificantly increasing the throughput. Howevehe efficient
biosensors are their stabilitysimple diminishment superlative  performance of miniaturized biosensors is highly affected by the
determination limits with less analyte volumes. In comparison totransduction mechanism. For instam electrical/electrochemical
spectroscopibased approacheslectrochemical processesd not biosensors transduction of physiochemical alterations is
influence by biofluids turbidity quenching or interference from  uncomplicated and durablewhich allow miniaturizing limited
absorbing and fluorescing compounds usually found in biologicalresources whildn optical biosensorsransduction provides reduction
specimens 3, 4]. However improvement of a sensitivity level and signal intervention from other biological speciéd][ However the
precise identification of the bioanalytical respansé# the desired fabricationof highly performed biosensor devices has been driven by
biomolecules have still undergone to a deficiency of surfaceits sensitivity and selectivity stability and most essentially
morphology. For an instard change of PH and the ion concentration biocompatibility of the selected component.
in biofluids can affect the responses of some biosensors like
immunosensors4]. Hence a significant efforthas currently been  Current advancements in material technology and nanoscience have
executed to minimize the dimension of biosensor compqundsprovided a new age of nano biological and healthcare sensors to be an
attempting to improve the ratio of signal power to the noise power fointensely bright research aredNanomaterials possess various
biosensorse.g, using various enzymatic labels to facilitate detection advantages over bulk materials including a broad sutfagelume
and boost the output of the ingésting event]]. ratio which enhances the sensitivity for detecting targeted analytes in
their biological surroundings. Howevdriological medium or fluid
In this work, we shed light on thenagnificent developmestof contains many different analytes which could interfere with specific
different enzymatic and neenzymatic biosensomshich have been detection 12]. Thus another significat aspect that should be
fabricated using a various morphology of ZnO nanomaterlals. regarded through the biosensor design is the selectivity to a desired
generalthe target of these novel bioanalytical platforms is to measuranalyte where surface functionalization becomes so significant.
output signal response for diagnostiberapeutic and medical Hence the basic strategies to follow during the biosensor design
objectives when a biological recognition component interacts with therocedure includechoosing tle appropriate transduction materials to
transducing surface. A biorecognition component usualfinds as a  fabricate bieinterfaces surface modification chemistry of substrates
biomarker which is a biomolecule that represents the to grasp the nature of the immobilized biomolecutesdification of
pathophysiological state such as abnormality in the regulation of thphysicochemical structural characteristics to develop determinable
cellular functions pathological reactionsor intervention to any reattimesignal with lower signato-noise ratio andastly, integrating
therapeutic drugs. Different biological components described as electronics material sciencenanofabricationand biology to create
bioreceptors (e.genzymesnucleic acidsimmune protein and so on) extremely powerful and smart biosensb?][
are applied to observe biomarkers. Biomarkers consider as an essential
indication in diagnosing many diseasBs Some effective techniques The selection criterion of several materials ,egemiconducting
to determine these biomarkeiscluding screening the biological metals/metal oxidespolymers/ceramigshydrogels and so onto

fluids for expressing any proteinBNA or ribonucleic acid RNA) achieve highly performed and applicable biosensor for a specific
expression profilescirculating tumour cellslipids, metabolitesetc. platform is extremely importan®]. Polymer material needs intensive
[5]. surface treatment due to its lack of ofieal moieties for surface

The biosensor production involves two essential sections ofunctionalization however these complicated processes could
bioanalytical platforms: traditional devices that include testing in influence the polymer surface changing its features causing
clinical laboratories services where expensive instruments fononspecific interaction of biomolecul¢$3]. Nanomaterials with a
examination a requirement to training qualified staff for laboratory scale less than a few hundred,s@veral orders of magnitude smaller
placing the high burden of health care cost on patiéqts4nd lov- than human cellgan show distinctive properties that differ from those
priced practical and easyo-carry pointof-care (POC) devices for in macro or bulkier structures and exhibit unique interactions with
testing in both clinical and nedlinical health careq,9]. Fabrication biomolecules both on the inside and outside of the biological
and advancement of POC biosensors have drawn tremendous attentsurroundings14, 15].
in many medical biological applications as ibelps patients and
psychiatrists to perform testing in the distance at the patient home cafiéherefore the most preferred materials to design highly performed
and supplies critical data almost instan®l [ biosensor devices are nanomaterials such as nanoparietesods
nanowires etc. [16,17. These materials offer extraordinary
The biosensors have rapidly grown to be a thriving research aregharacteristics and extend surface exposed aredidonolecular
because of the continuing growth of diseasessgnificant demand  binding. The biosensor design process significantly influences by the
for modern port abl e healt hcare e q u ishmepeeandtstrusture of i@nuneler@lpsunfaces which hefp transducing
nanomaterials and nanoscience have allowed improving conventiongthe physiochemical changes to biomolecular binding. The
biosensor design. The basic obstacles to accomplish aghagty topographical features of nanomaterial can mpodid match a
biosensor is selectivity which is the ednility to differentiate relevant  biomolecule size. Nanomaterial and its structures synthesized from
biomarkers over various biomolecules and proteins existing in thenetal oxides of Ti@ CNT- TiO2, SnQ, ZrO, etc, have been applied
biological fluid. Alsq the sensitivity expresses the capability to
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to design glucoseoxidase (GOXx) cholesteroloxidase and other
enzymatic biosensord$, 19.

Theessential aim of the biosensing process is to produce an accurate

and rapid identification of the bio species with high sensitivity and @ Bioreceptor -
selectivity.Fig. 1 illustrates the fundamental elements of the Signa
()

electrochemical biosensor. The first element is theygmalhich is the ‘ Proceséig
targeted biomolecule including glucosgic acid cholesteral and
DNA. The second element is the bioreceptor which is biomolecules Electonic
such as enzymeDNA, protein cell, antibodies and antigens that

capture the bio analytes and bind to them. Thimg transducer )
component is an interface design where specific biological ° 0
interactions occur and create a physical response which might be

optical chemica) electrica] thermal mechanial, etc. Then those

signals convert to highly sensitive electronic signals with lowest

disruption by the transducer. Lastlgignals process by software

packages to be changed to a significant physical parameter clarifying

Optical

Thermal

theanalysedrocedurd20]. . 0.'
()
In electrochemical biosensotke quantification process to derive data
about the biological or biochemical system is usually electrochemical TA
by which a bieelectrochemical component reacts as the basic L L

transduction unit that directly transforms the biadadgjinteractions to
electronic/electric response®1]. Usually, the reaction of the
biological or biochemical system under study could produce &Figure. 1: lllustration of the main units of the electrochemical
quantitative current (amperometric)a quantitative potential biosensof20].

(potentiometric) or partly change the condumti of conditions

(conductometric) between electrod@d][ Amperometric techniques In general potentiometric techniques are electrochemical

ar e el ectrochemical bi os ens or analysismethods nthagneasueen thev relectrical poterial z(woltage)

el ectrodes’ that continually Oetween working and refevence eeatttodesguederehe eondition @f zetoy
oxidation or reduction of an electrically effectiecemponent in the  external current flow to give the concentration of anionic analyte in an
biochemical event]2, 23. aralytical cell 4,29. The determination of potentiometry is subjected

to the Nernst equation whicllescribes the connection among the
Usually, amperometry indicates the estimation of the electrical currenpotential differences and the concentration. The straightforward
at a stable potentiawhile the average current during controlled measurement of the ion density by the Nernst equation is also
changes of the potential is identified as voltammetry that is thelescribed as direct potentiometr25]. Another similar method
fundamental mechanism of cyclic voltammetry analysis. Theseecognized as potentiometritrétion has been applied to electrically
biosensors integrate the analytical influence of electrochemistry withdentify the point at which equivalent amounts of different solutions
the specificity of biological catalysts such as enzymes for a particulaapproach an equilibrium condition. During this procéss amount of
type of chemical bond or functional grou@l]. Moreover, a a sample determines by introducing evaluated increments of titrant
maximumof the measured electric currents until the endpointat which essentially all the reacted sample is
escalatedtraightlywith the density of the analyte species scaleof identified. The titration process is pakdted via quantifying the
linear potential [21, 24. However not all biological species are potential variation between working and reference electrodes which
inherently able to serve as redox participameslectrochengal generate by the differences of the density of an ionic soluit
interactivities therefore these biosensors use redox mediators t@onstant or no significant current net to keep the state of

facilitate the electron transfer process at electrode fa@éts23. thermodynamic equilibrium2]. Other potentiometric techniques are
Although the downside of such indirect detection performance also established on several structures of feffdct transistor (FET)

of amperometric  devices theyare still  preferred and instruments for identifying pH variationselective ion densities
their sensitivityis  commonlyhighercompared tgotentiometric  andenzyme reaction kineti¢26].

deviceq 24). Finally, the conductometric measurement methods which can classify

as a branch of electrochemical impedance spectroscopy for
determining capacitance variations. Typicalthey measure the
capability of arelectrolyte solution to generate electrically conductive
surroundings. The conductivity of analytes produces by the
decomposition of the dissolved materials (eetectrolyte) into ions
which migrate and induce by an electrical field ththe electrolye
current generates by the ion’'s f
neutral R7]. Mostly conductometric techniques have employed to
analyse enzymatic interactions which cause variations in the density
of charged particles into the fluid][ Conductanetric biosensors have
integrated with nanostructuresspecially nanowire2B, 29. There

are different outstanding applications of these methods inclyaling
detection in human urine and environmental pollution monitoring
[30Q]. The following sectiorprovides details on the significance of the
ZnO nanostructures as potential and effective agentcéorcer
prevention and therapeutics

3. ZnO as promising anticancer agent

ZnO has hugely become a topic of interest in the past decade because
of its distnctive functional and physicochemical features. ZnO
classifies as an inorganic-Ml semiconductor with a direct large
bandgap energy of 3.37 eV in the near UV spectral region and a broad
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exciton binding energy of 60 me\3], 33. As a large bandgap effects on normal cells. In terms of biomedicine fabricatidhe
semiconductgrZnO can endure high temperatyréarger electric  biocompatibility and biodegradability of nanomaterials are always a
fields, higher sparking potentisgand highpower operationd1]. ZnO concerning matter. Fortunatel¥nO has been certified by the food
has high thermal and mechanical stability at room temperathieh and drug administration and is mainly admitted as harmless for
enables it to be a capable material to be emplayegpioelectronics  cosmetic uses because of its stability and outstgnclipability to
and electronics application83, 34, 3%. Besidesdue to its piezo and absorb UV radiationdg].
pyroelectric characteristics ZnO could be employed as a
photocatalystconverter sensor and energy generator in hydrogen Even though extracellular ZnO nanoparticles display biocompatibility
production B6, 37. During the past seval decadesbioanalytical high concentrations of free intracellular zinc induced cytotoxicity in
chemistry and medical diagnostics have witnessed a radical changkee immune cells of the human bod\g]. One of the features of ZnO
because of the enormous evolution in nanotechnology. All requireadytotoxicity against cancerous cells is its capacity to promote reactive
and appealing physicochemical properties that needed for prosperiraxygen speciesesulting in oxidative strain and decisively cellular
biomedical applications offed by ZnO nanostructures. These death when the antixidative efficiency of the cell is exceedesl].
extraordinary materials are superior candidates as biocompatible arOther investigations have reported that Zredamaterials were nen
biodegradable nanoplatforms for cantangeted imaging and therapy poisonous to normal cells and selectively poisonous to bacteria or
and optical imaging and magnetic resonance imaging (MRI) in cell<cancerous cell$[L,48]. Another report has found that ZnO nanowires
[39]. show cytotoxicity to human monocyte macrophages at specific
concentrationsthe rapid dissolution of ZnO nanowires in a biofluid
Inherently zinc is considered as one of the most key materials in theescalating zinc ion densjtgausing cells to dyesp]. However many
human health and nutrition. It plays a fundamental role in theefforts require to estimate the toxicity effect of ZnO nanomaterials to
immunity systeminfluencing many features of humoral and cellular allow these nanomaterials to be safely integrated fordutiomedical
immune response8@]. Chemicallythe ZnO surface has a lot-@H applicationsZnO nanowire has a large surface to volume ratio owing
groups that could be directly adjusted by various surface patterns ofo its nanoscalewhich enables promoting its surface interaction
different moleculesd9, 44Q. ZnO can also gradually decompose in reactivenessand solubility. The weltlefined architecture of ZnO
acidic conditions like tumour cells amgtense alkaline ambiences if nanomaterials has high sensitivity witss response time therefore
the surface is in direct connection with tiiefluid [41]. Additionally, these attractive physicochemical traits allow ZnO to integrate with
the ZnO nanowires can be dissolved by the biofluid and absorbed licro/ nanochannel for biological and chemical sensing applications
the body to be involved in the nutritional cycle without causing any[47]. A reduction in wire diameteteading to an extreme rise in the
obstruction §#1]. Thus ZnO regulates several cellular functions of the rate of surface atosnin comparison with internal atoms. Hence
human body and presse essential cellular homoeostasi#?] [ exterior facet contact by charged ions or biological species
Furthermorezinc plays a significant role in oxidative stress process significantly affects the conduction on the exterior and interior
deoxyribonucleic acid (DNA) replicatioDNA damage and repair  surfaces of the wire. It is critical to describe and study the interactions
cell cycle progression and programmed cell death (apoptosis). through he inner atoms based on quantum mechanics theory of wave
like electron transport through the nanowirather than classical
In the case tht a cell undergoes any condition of malignarscipNA mechanics theory of ballistic electron transpb#g, [54. It means that
repair mechanism is activated to repair the alteration in the chemicahe conductivity of the nanowire is contingent on quantum
structure of DNA §2]. When this process cannot correct the DNA confinement into the separate quantization energy levels. A
damagethe cell experiences programmed cell death (apoptosis) ta@emonstration of how surface atom interactions affect the nanowire
inhibit the division of changed cellehich could then evolve in the conduction shows iRig. 2. In the micrometre dimensiofthe surface
cancerous cell. In whatever waginc participates in all these crucial to-volume area of the wire is comparably small. Once surface atoms
mechanisms to protect cells against careed a lack of cellular zinc  interact or bind with other charged ions or bio specibeir
can cause DNA damagkeading to failing he integrity and stability  intercorrelation with biological systems occurs nearby the surface
of DNA and increasing the likelihood of cancer diseds# [Altos of whereasa large area of the internal atommeens uncontactable.
literature has suggested that a deficiency in zinc concentration or
alteration of zinc concentration is a critical symptom of several cance¥hile a reduction of the wire dimensionality to the nanometer, size
diseases.Over the past several decadesancer a condition of the surfaceo-volume ratio significantly extends. Therefptiee wire
uncontrolled growth of the celhas been treated by chemotherapy exterior and interior both can participate in the wire conduction and
radiation therapyPhotodynamic therapyand surgery 43]. These increase the chance foreactivity, solubility,and many other
remedial treatments are assuredly efficient in the demolition ofcharacteristics of nanowireg][ FurthermoreZnO nanomaterials also
cancerousells buf they have an unfavourable impact because of theirshow other valuable properties for the analytical deyiresduding
unselective reaction towards normal cells t@a].[ Owing to the high catalytic adeptnessvide electron transfer efficiengyroad
breakthrough of nanomedicintargeted drug delivery systems and adsorptioncapacity and high isoelectric point (IEP; ~9,5yhich are
multi-target inhibitor approachgthese traditional cancer theeutics suited for adsorption of specific proteins like enzymes and antibodies
have gradually become cof-date techniquesgif. with low (IEPs) by electrostatic interactiod®q. as the IEP of ZnO is
significantly greater than the IEP of mdsblogical species which
Biomedical applications are opening doors for early detection and f f er s appropriate surroundings
treatment of cancer through engineered nanostructures that provigeocess. Hencdiological species are negatively charged owing to a
many benefits such as activand passive targeted delivery smaller IEP causing to be smoothly immobilized on positively charged
superlative  solubility bioavailability, biocompatibility and ZnO during an extremelctive electrostatic interaction. The electrical
multifunctionality [45]. In addition due to the diameter dimension of transport features of ZnO are significantly influenced by the
the nanowires is less than that of cells and biomolecirekiding crystalline composition and surface polarity whicbuld be tailored.
DNA, RNA, circulating tumour cells (CTCs)and proteis, the Moreover the strong ionic strength and pH stability enable ZnO to
nanowire tip can pass through and disrupt the cell membrane functioperform with biofluids |6]. The following sectiorsheds lightupon
which makes it possible to extract microorganisms in cells faster thathe aurface functionalization of ZnO nanostructures
in previous conventional approachés][ It also allowed scientists to
apply nanowires as a probe tip tosebvecellular electricabctivity
andrecordchanges iriving biological systems likeellsand tissues
[47). ZnO nanomaterial has been broadly using for their- anti
cancerous featurgigs selective cytotoxicity against cancerous cells in
in vitro condifons has been investigated by Hanley et4f].[It has
found that ZnO nanoparticles exhibit a capability to target and kill
cancerous cells compared to normal omédsch can reduce the side
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E‘nnductxm Channel

transduction in which the redox enzyme specifically gaed the
change of a particular substrate so that the electrons straightforwardly
travel from the electrode to the substrate molecule or contrarigjise [

It reported that the direct electron transfer reduces by increasing the
space between the electrodedt and the enzymeausing a reduction

in the sensitivity of biosensor§7]. If the indirect transduction takes
place a mediatorcan freely diffuse in solutigrcommunicating with
redox enzymandshuttling electronso the electrode facgtherefore
substantially vast spaces could be reduéedl ) [21, 63.

The nanebio interface is a kinetic biophysicochemical reaction
among the nanostructured materials and the surface of biological
elements that acts to the dynamic and thermodynamic exchanges
among the interfaces4]. The nanebio interface consists of three
effectively interreacting,whesert s:
their properties are identified by its physicochemical strectfl) the
solid-liquid interface and the variations which take place when the
particle connects to species in the suspending surroundings; (c) the
solidl i quid interface’s contiguity
membranesHig. 4).

A
Y

<«

um regime nm regime

Figure. 2: lllustration of the impact of surface to volume ratio in both
nm and pm sizes of the wir&][

4. Surface functionalizationof ZnO

The overall efficiency and sensibility of electrochemical biosensors|
are highly affected by the surface functionalization technigines
different electrochemical transduction processesl the selection of
the immobilizing biorecognition element. The d&Ecognition
elements are usually surfaemobilized which is considered as a
basis to capture the biological analyte molecules which require to b
discovered. The successful applicasoof ZnO nanostructwigased
biosensors depend on their specific biological performance anc
correlation with biological and nareicroelectronic platforms?].
Specifically, the size distributionagglomerationand morphology of
nanostructures and thmobilization procedure of the biorecognition
element significantly affect the efficiency of the biosensors. It is

Qubstrate

Product

/

\/

critical to build an extremely effective andvell-controlled
organic/inorganic interface platform for effective charge and energ
transfer toproduce high sensitivity. In generéthe attachment of the ]
biomolecules to the surface can categorize by physical adsorptio[‘l '
(e.g, van der Waalselectrostatic physical adsorption) or chemical
binding. In general enzymes are proteirwhich might act a an
efficient catalystand it is also considered as redox enzymes to provide
or consume electron$T]. It utilizes for catalyzing most kinds of
chemical and biological reactions in living shrouding therefore
immobilization procedures for enzymes areportant to conserve

their stability and biological activity 58]. Such Enzymes are
perceptive to their conditionsespecially their shelf life and
operational stability. Inactivatignrestriction or unfolding upon
adsorption and chemical or thermal inactivation are usual if no specific
considerations are useb9. To keep the enzyme bioactivjty
nanomaterials produce a harmonious microenvironment and a wide
surface region for higheneyme loading capacity. Besidédirectly
migrates electrons between the electrode and effective point of the
enzyme $0,61.

Some electrochemical biosensors use mediatdrich are flexible
oxidizer reactants that can employ in case of reacti@®ttur away

from the electrode interface to drive back and forth the electrons
between the interaction area and the electrode surface. They response
rapidly to the enzyme to oxidize at the electrode facet and reduce at
the interaction area of the enzyroe contrariwise. Overallit is

efficient to develop the biochemical reactivity nearby the electrodeFigure. 4: Representation of the interface of a nanoparticle and a lipid

yFigure. 3: Representation of Direct and Indirect electron transduction
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facet and suppress the distribution of material out of the surface on dilayer [64].

sides p2). In general electrochemical biosensors are determined by

the concepon of immediate transduction of the interaction signal into Another essential interaction thiaterprets the great significance of
nanomaterials in the biological platform is the interaction between

nanoparticles themselved?. Many different forces including van

an electric currentZl]. In some sensing systentkere is no need to
use a mediator because they are subjected tedefiled electron
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der Waals forceselectrostatic forcesolvation solvophobi¢ and graphite nanosheets and ZnO nanoparticlethat were
depletion forcesre involved in these interactions and influenced theelectrochemically grown on a screprinted electrode. Linear
diffusion of nanoparticles in the surrounding5]. Besides those response range to glucose (0.3 to 4.5 mM) and a limit of detection of
forces have a significant function in the adhesion reaction 0f0.07 mM were reported)]. Another study was carried out to address
nanoparticles in the cellular surface and their passive transport acrohsw the highly aspect ratio and wellderedZnO nanorods formed on
the cell membrane$§, 67]. Hence it is necessary to comprehend the a Si/Ag electrode can influence the GOX immobilization and the
significance of these interactions to exploit them for healthcare antiosensors sensitivity. Based on its resudisperior sensitivity of
nanobiological applications. 110. 76 ! pmA®nbkbad linear performance scale of 6-23.0
The followingsub-sectiorsintroducea variety 0iZnO nanostructures mM, and a fast response time ©ofL s were obtained. The good
based biosensors including glucose biosensars cholesterol  consequences of such a review were associated to the larger number
biosensorsL-lactic acid biosensorsiric acid biosensorsnetal ion of enzymes immobilized on the high aspect ratio ZnO nang&ddls
biosensorsand pH biosensors
Beside a higher aspect ratio of ZniD was reported that densely
4. 1. ZnO Nanostructures based Glucose Biosensors packed ZnO arrays are more efficient to fabricate highly performed
glucose biosensor8%]. As shown inFig. 5, the glucose sensitivity
The early stage of ZnO based biosensors was launchiatbtigating estimations were significantly affected by the density of surface,areas
the firstgeneration of GOx biosensor in 1963]. Glucose biosensors as the measured sensitivity of lomedium and high density ZnO
are still extensively useck.g, in the clinic as a diagnostic tool for were 16.541.3 and 69.8 nA/ (UM cr), respectively Asif et al. B8,
diabetes and in the food industry. The Glucose concentration in th&3] developed a selective electrochemical sensor for intracellular
blood is a crucial sign in varuis health conditions like diabetes and estimations of glucose by using Zafanorods. The merods were
several metabolic dysfunctions. Because diabetic patients mustynthesized on the tip of a silveoated borosilicate glass capillary
carefully control their blood glucose leyeéhe blood glucose self (0. 7 pm di ameter) empl oying an
monitoring for measuring sugar levels in clinics and at home or thepproach and then coated with GOx. Moreotrex probe was utilized
workplace is sigificantly needed. It reported that Glucose biosensorsto particularly identify the intracellular leVof glucose in two sorts of
show superlative stabilitystrong sensitivity and limited response human adipocytes (fat cells) and frog oocytes (egg cells) cells.
time (e.g, 10s) for glucose measurements because the electrons afecording to these measuremerdsrapid response time to glucose
migrated straightaway from the electrode facet to the substraté< 1 s) with a linear potential difference over the expected
molecule via the active site of immobilized GQx vice versag9, concentration scale of interest§1 0 00 p M) wekomgeto b s e
70]. Commonly a GOx electrode is fabricated by decomposing GOxal. applied a twestep crosslinking method to develop a glucose
in phosphatébuffered saline (PBS) to the electrode surface following biosensarin which ZnO nanorods were electrochemically deposited
by its coating with Nafion to avoid enzyme leaking amdnove on the Au substrate then were chemically etched to fabricate ZnO
foreign interferences. Glucose sensing guides by catalytic interactionanotube arrays. The biosensor exhibited a broad linear response for
between glucose and oxygen on the working electradgch glucose withing4gs50 pM to 12 mM |
produces gluconic acid and hydrogen peroxideOgH then HO2
electrochemically reduces to hydrogesnd the electraxidation Hierarchical compositions havbeen fabricated by growing smaller
current detects after applying of appropriate potential to the systermorphology of nanomaterials on the primary ZnO nanostructures to
[58, 71, 73. As the enzyme immobilization on the electrode facet increase the surfage-volume ratio 85,86,87. In a study conducted
significantly affects by the architecture of nanostructudif$erent by Miao et al, ZnO nanowires deposited on silicon nanowires by a
morphology of ZnO nanomaterial has been utilized to fabricatethermal decomposdn method then GOx immobilized on ZnO/Si
glucose biosensors9,73, 74 hierarchical nanowire composite to develop a glucose biosesor [
Superior sensi ttm2andglowinit of Heedtiopy A mM
Liu et al. produced a glucose biosensor using ZnO nanorod film growie f 1 ,2ndloéiter durability and accuraeyere shown
on indium tin oxide (ITO). Glucose was shown to respond linearly
from 5 M, andtBeidsensor measured a limit of detection of
3 p M. I a study by Umar et ahighly dense and well crystallized |
ZnO nanonails were utilized to fabricate an efficient glucose - ol
biosensor. According to their resykdevated sensitivity of 24163 Al
mMlcn?wi t h a response time <10 s o
were observed 700]. The carbon decorated ZnO nanowire arrays '
generate a straight electron path to promote electron movement fro — T
the enzyme to electrode surface with the high cotidty of carbon bl CHRGHAIN DT gchH o)
which makes it an appropriate material for direct electrochemistry o
enzymes and mediatfiee enzymatic biosensors. In research
conducted by Liu et gl.a highly sensitive glucose biosensor
contingent on these nanostructures was fataicaith a significant
l ow of a det e%tliisshowd thatZnQ nanofdartigied)
enhance the electrical conductivity of the enzyme electrode by
increasing the motion of electron movement between the active site
GOx and the electrode suciaand considerably enhancing the current %0 0z o4 o5 08 R
signal in comparison to the electrode without ZnO nanoparti¢igs | foany Emnredneni
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To highlight the impact of ZnO nanoparticles dimensions on the
capability of direct electron transfefini et al. [78] synthesized a
glucosebiosensor utilizing ZnO nanoparticlesggshell membrane
and ionic liquid onto a glassy carbon electrode. An enhancement in thi s
consignment boundary for enzyme immobilization and ease th(§iti} )

interaction between(GOx) and the electrode were observed. T 200mm
Moreove, ZnO nanoparticlesvere fabricated using grapheoarbon
nanotubes (CNTs) hybrid to create an enzjpased glucose

“ (ﬁ fgausuyuczseln PBS 1 u)
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. h - Fi ure 5; FE-SEM photograph of 1D ZnO (a) Zn®(Length 7.7 m
g bosensor. Ad lar ?55 m_M); oﬁghuse7 |n§thtea lDf;lme erll N%%anb (Len h 1.58 m; Dlam%ter 0.105
losensor an a Imi 0 g.ant e Ll ) Nznd (Le gth 1.4H ngrﬂ‘et%r 00 Pﬁ) C |c

another goup, the electrochemistry of GOx was investigated via usmgvoltammograms of the 1D ZnO based glucose sensor (d)aZr(€)
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ZnO-b; and (f) ZnQGc. The current density versus glucose nanoparticleseduces due to the positively charged ions of PBS on the

concentration (g) Zn@,; (h) ZnQb; and (i) ZnGc [87]. channel facetHig. 7 subsequentlythe transferred current in the
channel escalated. Once the channel exposes to the targeted sample

In addition 3D hierarchical nanostructures have integrated withthe p the depletion area is broadenédg( 79 because of freed aw@ons

n junction interface to boost the biosensing efficiemsythe electric  generated by glucose. Therefothe amount of the current of the

field at this interface improves migrating an electron from the analysprimary channel is in proportion to the number of molecules of

to the electrode. Fan et dI88] used Cae0Os asn-type semiconductors glucose as the glucose concentration is varying inversely to the

and ZnO a@-typeto buildp-njunctions by decorating ZnO current value.

nanofibers with CgDs nanoparticles as demonstrated iirig. 6

Introducing GOx/Ce04/Zn0O working electrode in the sensterading Despite ZnO suffers from the losensing capacity of glucoseqd, 97,

to an el evated s e nlsni?tomparedtysewsdrs 198]),6he Grbinatidn ofridnocatalyst with ZnO nanostructures leads to

with GOx/Ca04 and GOx/ZnO functionalized electrodes (47.55 and generate 3D hierarchical nanostructuvdsich produce a wide surface

40. 57 “hcAr? nespectiely). area for superlative catalytic activity and effective electron transport
leading to enhancing sensing procedure. Many catalyst components

Furthermoreconsiderable studies have been carried out to investigatbave been employed for preparing enzyfnee glucose sensors using

the influence of ZnO/metal nanocomposites on the glusessing  ZnO nanomateria)such as noble catalysts and their compopaadd

process§9, 90, 9]. It reported that gold nanoparticles could serve asCNTs (see Table ()) Park et al. deposited ZnO nandjides on a

a conduction centre fromotetransferring electrons among the redox plastic substrate to produce enzyfree glucose biosensors for the

centre of GOx and the electrode and boost the enzymatic activity dirst time [95]. However some catalytic species are less efficient e.g.

GOx [92, 93. In research conducted by Tian et, §80] working Pt was reported to degrade with some elements presented in human

electrode of (ITO)/ZnO/Au/GOx) was synthesized via depositing aserum. Additionally Au electrodesastrict because of their risk of

plantlike ZnO nanosucture on an ITO coated glass substrtiten chloride poisoning and low chemisorption of gluca3é.[However

ZnO nanostructure was patterned using Au nanoparticles of 23 nreome lowpriced transition metals e,gCo, Cu, and Ni are much

diameter. The measured sensitivity of the sensor was 3.12pplicable and have no chloride poisoning effect

g A mNcm? in the linear scale of 5@00 mg/dL Another group

utilized a solutiorbasel deposition approactu nanocrystalsand It was reported by Zhou et al. that Zn@®brids of Pt Ni, and Co

ZnO nanorods to produce ZnO nanorods/Au hybrid nanocompositesianoparticles and doped AQ, and Al metals enhanced the catalysis

Themodifiedworking electrodevas built as ZnO/Au//GOx/Nafion. interaction and conductivity of ZnO based glucose bioserisiiy.[

Based on its resylthe sensor displayed a superlative sensitivity of However the electron transfer capability was poor causing some

1492 pAcmniblver the concentration scale of 813 . 0 glectrons to return to the Gfficient site. ThereforeZhou et al.

[9]]. Linxia et al. B9 exploited the broad surface area of 3D ZnO [10( boosted the electron transferring by doping Agd the sensor

which led to efficient adsorption capagignd the catalytical activity —showed 85 pA/(mM_ci) of sensitivity and 1.5 pM of a limit of

of Au nanoparticles to produce hybrid nanostructurdsich was  detection. Moreoveiin another conducted study(1], the sensitivity

employed with a modified glass carbon electrode. The glucos@nd catalyticactivity to glucose detection were enhanced by doping

biosensor showed lamit of detection 0f0.02 mM in a large linear Copper as the electrochemical characteristics of free enzyme glucose

scale (1- 20 mM). sensors enhanced due to the generation of several edetitre points.

a [— Current ]

@ @ @ -|\' @ @ Conductionband

________________ Fermi level

21e/

3.37eV [ Iic-pl.-lmn r}mnn

P-type CaOx b [— Current ]

Valence band

n-type ZnO

Figure. 6: Diagram of the CgD4/ZnO pn junction [88].

Although the commercial enzymatic biosensorshef GOx enzyme
have been highly demanded on the markegy experience several
weaknesses include lack of loetgym stability and less +
reproducibility. Additionally GOx is affected by some environmental
conditions e.g, temperature pH, and chemical structure of a & @ Gl
biological medium. Besides the enzymatic degradation over a lon [‘ . G=—3a "“}
term which in turn causing a decrease in sensitivity is another obstac [5) & ,
when the enzymatic sensor is implanted into the human BaglyTo o+ 2] -
overcome those chatiges a considerable effort is dedicated to +
accomplishing highly sensitive enzysfree glucose biosensors.

Typically, the nonenzymatic sensors work according to the
immediate oxidation of glucose on a modified working electrode
surface with an inorganiclextrocatalyst material. The detection

procedure shows irfrig. 7a[95]. First, the depletion area of the

primary channel that comprises ZnO nanopatrticles and its current.

When the PBS inserts into the sysj¢ine depletion layer within these Figure. 7: the sensing process of glucose level by Ze@oparticles

[ Depletion region |

. +
v . -
- +
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(a) the primary channel of ZnO nanoparticl@® a decrease of the
depletion area of the ZnO nanoparticles chanfoglan expansion of It reported that applying ZnO nanoparticles as nanohybmictstres
the depletion area of the ZnO nanoparticles charifé].[ with carbon nanotube (CNT) might be a suitable substitute for natural
enzymes [16. According to its findingsthe combination of the
Most importantly enzymebased glucose sensors stand on thecatalytical efficiency of ZnO and CNT leading to a high catalytic
selective catalytic efficacy of the oxidation reaction of a target analyteresponse]16. Another process demonstratedievelop a cholesterol
which in turn result to enhancing selectivity to different intrusive biosensor via employing ZnO nanoparticles as the link between
particles. Hencgit is critical to comprehend the mechanism of the enzyme and electrode without combining it to different nanostructures
selectivity of ZnGbased sensors without the existence of the enzyme[110. The broad exposed surface of these nanoparticles provides a
It was reported that Zn@QuO, ZnO-NiO, and ZnONi (OH)z- strong adsorption capability of@x, increasing the enzyme bonding
modified electrodes showed reasonable selectivity to variousapacity on its surface and assisting electrons to migrate among the
electroactive moleculesincluding ascorbic acidL-aspartic acid effective points of functionalized Chox and the modified electrode
dopamine and uric acid 02, 103, 104, 1Q5thus the sensor [11(. Hence better performance and a ldsnit of detection of the
selectivity is guided by electrostatic repulsion interactloms worth biosensor werebserved. A similar study carried out by Vilian et al.
noting thatin selectivity analysis of the nonenzymatic biosensbes  [117] reported that ZnO nanopatrticles offer a direct electron transport
percent of glucose to intrusive molecules is yos0: 1, taking into pathway between the enzyme and the electrode sutfareeffective
account that the blood glucose level is at least 30 times larger thasensing performance can be achieved.
those of the intrusive particlestd4, 106, 10 Therefore one
disadvantage of the enzyrree sensors is its dependency on the A potentiometric biosnsor was prepared by applying ZnO nanowalls
expectation of a small concentrati of the intrusive particles in the encapsulated and a Ch@gntaining lipid membranel)lZ (Fig. 8a
blood instead of catalytic activity to glucose. Another downside ofb). Owing to the large surfag®-volume area of ZnO nanowalls
these sensors is that they operate only in basic conditions as tip®sitive and negative layers along their nonpolar planes were
reaction of glucose detection include ©Hnions thereforehuman generated thus the absorption activity of ChOx was enhanced.
blood should be dited with main electrolytes for the glucose According to cholesterol estimation of the designed biosensor
estimations 10§. superior selectivity of different analytes include maltodextrin
dextrose ascorbic acidlactose sorbitol glucose leucing etc, was
Table 1 Various electrodes employed in the production of glucose  shown. Thelistinctive sensing properties of ZnO nanowall are linked

biosensors using ZnO nanostructures. to its wide surface area and efficient electric conductidhe
Electrode Sensitivity | Linearange | - Detection | Response | Ref. biosensor sensitivity was reported to escalate from 32 mV/decade to
Nefo/GOxzn0 110 761005230 0.1 wM[<is 89 57 mV/decade with a rapid response time of Fiethermore the
~Single Zn0 nanofier on 70.2 pA02519mM |1.0 uM|Dds 7 reliability of these device was tested by measuring cholesterol levels
2
Au electrode mM*enT . : . .
Nafion/GOxZno  nanowires /4128 WA [0ZZ0mM |12 w W % in diluted blood serum specimersnd the measurements were in
nanowires/Si wafer mM-*en? i ini i i
EorET basedon Aoped Zn0[ 6.0 5 WA 0I5 = reasonable agreement with the clinical biochemistry measurements
nanostructures mM-lcnr? [112 i
Nafion/GOx/ZnO 30.89u A 10pM2mM |10 p M <6s 175
nanotubes /ITO/glass mM-tem?
Nafion/GOx/Au NPs/plantke | 3. 12 p A 50400 90
ZnO/ITO/glass mM-tcm? mg/dL
GOx/Au  NPs/3D  hierarchical zn( 1. 409 | 1-20mM 20 uM 89
nanostructures/GCE mM-ten?
Nafion/GOx/Au nanocrystals/zn( 1492 pA0133.0 |10nM 5s 91
nanorods/GCE mM-tem?
Chitosan/GOx/Co304 116. 64 |005mM 1.38 pNi4s 88
ZnO nanostructures/GCE mM-ten?
GOx/ZnO nanorods/borosilicate 42.5mv/ 500 nv-1 <1s 58
glass capillan decade mM
Zn090C00100 5 uM <4s 98
nanoparticles/GCE
ZnO/MWCNTs/GCE 64.29 | 1-10mMm 0.82 mM 176
mM-tem?
Ni(OH)2 nanorods/ZnO 1569 uA23862 HO.6uM 102
nanorods/ITO mM-tcn?
Ni nanoparticles/ ZnO 824.34 [1pMB1ImMM|0. 28 pNi4s 177
Hexagonal prisms/GCE mM-tem?
Ni(OH)2 nanoflakes/ZnO 1.85 mA 0.04-2.10 <ls 103
nanorods/ITO mM-tem? mM
NiO/ZnO mesoporous 120.5 Yo0.5 -[0.5 pM|<3s 178 SR
composite/GCE mMt cm? 6.4mM ;
ZnO-CuO hierarchical 3066.4]0.47uM]0. 21 ¢ 104 ®) CthESterO' Ch0|951‘4 -en-3-one
nanocomposites/FTO/glass mM~cm? 1.6mM L
ZnO-CuO porous spheres coresh| 1217 . 4 | 0.024.86 1.677 Y<2s ‘179 Llpld
structure composite with/GCE mMt cm? mM Layer
ZnO nanorods/CuO 408 pA |0E1mM 18 pM 106
nanoleafs/Cu substrate mM~t cm?
CuO-ZnO composite 463.7 | 8x107-3.88 0.126 107 ‘
nanofibers/Pt mM~tcm? x10°M L ] - -
CuO nanoflowersizno 1362. 7 Y] 55 180 ChOx ‘- [ ] <D
nanorods/brass substrate mM~tcm?
Nafion/ZnOGOD/Nafion/GC 23.4 10 pM 7s 181 Zn
. e nanowalls " .
Nafion/GOx/ZnO NRs/ITO 48.75 0.5 m 10s 18 A"m num f_q J
M
Au-ZnO/rGO/NTO 10.93 0.2 uM 203 . )
_ U A mMcn2 Figure. 8: (a) SEM photograph of ZnO nanowallb) Demonstration
Nafion/GOx/ZnONRs/Au/PET 5.40 pAOIMM-12mM |17 .8 204 Of the biosensor deSIQIEllZ
M-tenr? .
4.2. ZnO Nanostructures based cholesterol biosensors In another studyan extremely sensitive cholesterol biosensor was

synthesized using platinumcorporated fullerenéke ZnO hybrid
The optimal cholesteraontent in the human being is below 5.2 mM nanospheres onto a g|assy carbon e|ectrdd_é_].[ The designed
as abnormal blood cholesterol levels are related to different diseasésiosensorshowed a sensitivity of 1886.4 mA/ (M &nin a linear
including heart and blood vessel diseas®sonary artery disease oper ati on scal e f limiofdeectibnlessthanl 5 p
cerebral thrombosjsarteriosclerosis lipid metabolism disorders o . 2 . Ailghly selective determination of cholesterol has been
[109. Therefore monitoring the cholesterol amount in the blood is obtained by applying ZnO and platinum nanoparticles to build Pt/Au
essential for healthcare purposes. In the state of cholesterol sensing/brid ZnO nanorodsii4. Acceptable findings were observed by
cholesterol oxidase (ChOx) catalyzes the reaction between cholester@ploying the sensor to estimate cholesterol in diluted blood serum
and oxygen to form hydrogen peroxide. To fabricat®lesterol  specimens. Additionallf he s en s or aflimithfdétectibd p M
biosensorsseveral ZnO nanostructuresich as nanoparticles1d, and superior selectivity for ascorbic agidic acid and L-cystine
nanosphereg111] nanowalls [117 nanotubes[113 and nanorods
[114, 11% have been employedde Table (3)
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Table 2 Various electrodes employed in the production of displaying the connection among the enzyme immobilization percent
cholesterol biosensors using ZnO nanomaterials. and he ZnO NRs aspect ratio with growth timiel§.

Wu et al. 127 also prepared an extremely sensitive and selective

Electrode Sensitivity Lrg‘:; De“t;ﬁt“*’" Response Ref. cholesterol biosensor by ChOx immobilization on ZnO/Ag/graphene
Stabilzed fipid fim/ChOX/Zn0 57 mvi decadel 105109 | 2x 107 D5 [t oxide-chitosan/ITO working electrode. ZnO nanocrystals assisted in
nanowalls/Al foi immobilizing ChOx (IEPD 5.0) through intensive electrostatic
Nafion/ChOx/Ptincorporated 1886 0515 p|<0.2 p|<5s 111 . . hil i dited | d .
fullerenelike ZnO mAM-tenr? interactian, while Ag nanowires expedited to catalyzeddreduction
rl:la?'osegﬁgsjgctf 74.1 A| 0.0:-16.0 0.0015 <2 118 reaction. The sensor dISpI ayed |
. . A . < _ . . . . ape
nanorodsIAgS: substate VTR oy s W M &nr 2within a linearity scale of (630 mM). The modified
Nafion/ Choh_th-Au functionalized Zn0 | 2 67.16872 A 0. 0.03puN<6s 114 electrode also exhibited better stability and high selectivity tcogle
nanorods/chitosaMWONTS/GCE MM 159. 3y oxalic acid citric acid, L-cysteine and ascorbic acid3iri et al. [123
Nafion/ChOx/ZnO 23.7 pA| 1.0500nM | 0.37nM <5s 110 ’ Yy ) Y S
nanoparticles/Au mM-enr? 124 tried to boost the sensing activity by utilizing ZZ80
Naffon/Chox/zn0 R A e heterostructuresas the electric field at the ZnS/ZnO interface was
ChOX/naneznO/ITO 0. 0509 A 5400mg/di| 05mg/dl | 10 121 assumed to promote electron transfer ragsulting in increasing
d|flcm*2 . . . .
sensor efficiency. According to the sensing mechanism of
ChOx/nanestructured 153 pA [012 5s 119 . N
ZnOIPYSi mMlent2 | 12.93mM ChOx/ZnSZnO heterostructureodified electrodesthe conduction
ChEEChOK/ZnO/PUSi 1Ly LA |oszm 120 band of ZnS exists higher than that of Znlerefore electrons freed
ChOXZn0 nanocrystalsiAg 9.2 A [6.5-uM0.287 77 by ChOx are migrated to the exterior Zmpthe Fé*/Fe** redox pair
gi&‘;‘”&ﬁ%gmrfge enr? 10mM and the electric field at the ZnS/ZnO interface expedites electrons
Nafion/ChOX/Zn0 79.40 p 1 @@ 05nM D2s 3 traveling to the electrodé-{g. 10. A systematic study conducted by
g?]fg’tfz*’rfgggésr'me ?g“g';cg"z oszpz e T e = Umar et al. 115 investigated the influence of pH concentration on the
heterostructure/chitosan/GCE M-cm? efficiency of clolesterol biosensors fabricated using ZnO
ChOxI/ cbhiu;éacngnans 5 hii.lceiz p| 0.430mM [ 002mM | <5s 124 nanostructures. It reported that the highest current output occurs in the
CHOZID neorodSAg T BT 0 & pH region of 6.87.6 and the minimums on either side of this pH
decade 1x102M region. This observation was associated to the pH impact on the
ChOKZNOITOIglass e i 18 enzyme conngtion for its substrate
ChOx/ZnO nanorodsnodified with 37.34¢A 0.1 - 60.0 205
FexOs nanoparticles mM-tcm2 mM
. _— N )
As we mentioned earlier in the case of glucose detedfienhigh Cholesterol @
aspect ratio of ZnO plays an essential role in the efficiency o e z
cholesterol biosensors. It was reported that a larger amount of Oxidized N o0 =
immobilized ChOx and improved electron conduction leading to a 3 ‘fl
significantly sensitive biosensor based on ZnO narsdrad [11g, as T N — (o 3
showed in Fig.9. In other studigsthe vapour phase transport Y s m g
iti i i Reduced 3
deposition approach was applied to synthesize ZnO nanolayers on Pt .qqy \stey 100 2

coated Si substrate to immobilized ChQx 9, 120 and cholesterol
esterase (ChEt)LR(. excellent sensitivik s of (1539 p
[119 and 117 2[R0 werenshbwre gantingent on the  Eigre 10: Representation of the detection procedure of the-Zn®
modified  working ~ electrodes ChOx/ZnO/PUSi and  ChEt  yicrotubebased electrodig 24.

ChOx)/znO/Pt/Si respectively.Furthermore the solgel synthesis

technique was utilized to manufacture ZnO nanostructured films ony 3 770 Nanostructures based Hactic acid biosensors

ITO substrate to develop cholesterol biosensb?d][ According to

its findings superior sensitivity of 59 nA/ (mg dL ¢inand a short | actate acid concentrations have been employed as an important
limit of detection of 0.5 mg/Dwithin a large linearity scale of 50 megical diagnostic tophssessing patient health conditions and study

ene-3-one ChOx
/ c

e

400 mg/dL were showed. diseases. A high amount of lactic acid in blood induces several health
issues namelyshock heart failure chronic kidney diseaseespiratory
= Wi Cholssteral insufficiency chronic renal failureand metabolic disorder$129.
10 mmar=co Lactate is an essential metabolite that human cells can use as fuel
. AR =30

specifically through an intensive workout. Once the required energy
for tissues is inadequate by aerobic respirataxtate levels increase
by the anaerobimetabolism. Generally speakirtbe liver and kidney
are responsible for sufficiently clear the accumulated concentration of
lactic acid which can develop lactic acidosis. Thereforthe
production and consumption of lactate are extremely ruled by lactate
homeostasis in a healthy human being. Lactic acidosis can cause by

T T T T T T two types of disorders. The first type involves a reduction in tissue
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 . . R . R . .

Potential (V) oxygenation _mcludmgshock Ieft_ ventricular fa_llure septicemia and

Bl Growth Time (hours) 92% poisoning with carbon monoxide and cyanide. Tther type of

: Aspect Ratlo e diseases can develop by certain drugs or toxins with systemic
tmmobiizecs GROX(20), . disordersincluding failure of a renal and hepatic systelimbetes and
66%
60
| 30
15 12
b 4 6
level acts as an index for the athletic performing condition and fitness
Figure. 9: (a) Cyclic voltammetry analysis for the aspetio as high lactate levels generate a low level of pH in the blood which

malignancy or inborn error metabolist?f]. Thereforeblood lactate
levels as alarm signals help in the diagnosis and treatments for many
dependency of biosensors without (insert) and with 2 mM cholesterdfusing fatigue. Furthermariactate has a key function in the food
in 0.1 M PBS (pH 7.4) at scan rate of 100 mV/s; (b) bar chart@nd fermentation production. Lactat@roduces from many

N AR =15

Current (pA)

diseases and severe illnesses.

In addition lactate plays a key role in sports mediciperticularly for
testing athletics physical fitness. During exercibe blood &ctate
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fermentative items e.gfermented dairy productsvine, cured meat  sensitive enzymatic biosensors. To optimize the sensing process
and fish and pickled vegetab)éserefore lactate reacts as an indicator reducing the biosensor dimension to the micro or nanoscale is highly
for the freshness and quality of processing fo@@7. Several required which might strengthen the binding interactions of
enzymes have been used foilattic acid detection and biosensor biomolecules and generate a lower detection linBtosensor
manufacture. The most used ones are lactate dehydrogenase (LDHyoduced by immobilizing the LOD enzyme on the ZnO nanorods
cytochrome b2lactate monooxygenasand lactate oxidase (LOD). combining with glutaraldehyde as a crosslinker for LOD was
Once negatively charged LOD is immobilizeddctic acid oxidizes  established by Ibupoto et alldg. The Au/ZnO/LOD bioelectrode
with producing of unsteadpyruvic acid which directly decays into  showed a significant sensitivity of 41.33+1.58 mV dechdsd
pyruvate and Hydrogen peroxidehich reduces to H Different linearity over 0.£1 mmolL-! with a fast time of 10 s.
nanomaterials are widely applied to develop lactate biosensors include
ZnO nanostructurescarbon nanotubesand Au nanoparticles. In 4. 4. ZnO Nanostructures based uric acid biosensors
particulatr ZnO ranostructure is a fascinating platform for lactic acid
biosensor manufacturing 28, 129, 13D The LOD layer was coated Uric acid is the final output of purine metabolism in the human body
with  polydiallyldimethyl ammonium chloride (PDDA) and and can act as an antioxidant. The concentration of uric acid in human
immobilized on ZnO nanoparticles grown on multlled carbon  serumis between 25 to 75 mg/100 nil3f. High amount of uric acid
nanotubes (MWCNT4)L31]. A sandwichlike layered composition of in the blood (hyperuricemia) or urine (hyperuricosuria) is a sign of
the PDDA/LOD/ZnO/MWCNTSs cathode offered a suitable biological various disorders134. Decreased uric acid levels link to multiple
micro-surrounding to maintain the enzyme efficiency and limit sclerosis and Parkinson disorderd34. The first uric acid
leakage of the LOD molecules. Lactic acid biosensor had a sensitivittneasurement was provided by Offer in 1894. According to his
of 7. 3,al Mmn¥M of d e anel excellentrdurabifity 6apprddchthe uric acid oxidizes to allantgiwhich reduces phosphor
and selectivity(see Table (3) tungstic acid to a tungsten blue chromophoric compound. However
such a technique has some drawbaels, interferences with other
Table 3. Various electrodes employed in the fabrication of lactic ~ species that can produce the same interactitnich leads to poor

acid biosensors using ZnO nanostructures. selectivity[13€]. Uricase enzyme was widely applied to sensitize the
Electrode Sensitivity | Linear Detection | Response | Ref. ZnO surface for uric acid detection (IEP4.3 or 4.6) 137, 138, 139,
SO0 TIPS eI m TR 140, which can immobilize onhe ZnO surface. In the oxidation
nanoparticlesMWCNTs reaction uricase catalyzes the uric acid to allandi#aO2 and CQ.
Nafion/LOD/ZnO 28.0 pA[0003606 1.2 pM [10s 129 Then allantoin receives a proton from water transforming into an
nanotetrapodsfAu ull el bt . allantoinium ion which interacts with ZnO and develops potential
hggﬂgmwglass fnl\',fjecade P b <los 1% difference at the electrode surface. Wang et al. fabricated a uric acid
LOD/In-doped ZnO nanowiregated 3pM3 MM | 3pM s 15 biosensor by using multiwalled carbon nanotubes (MWCNTSs) and
AlGaAs/GaAs HFET ZnO nanoparticlesl3g. The ZnOMWCNT-PG electrode was made
Nafion/LOD/ ZnOnanovires/Au |15 .6 §A|12 LB 12 pM 1% by adjustingPyrolytic graphite wafers (PG) with MWCNTSs and then
PET/AUZNO nanofakedlox ;n.}zs A ToM o0 | 0P w pqtternin_g ZnO_ _nanoparticles onto the MWCNT surfaces. Lastly
M uricase immobilized on the ZRMWCNT-PG electrode surface
PET/Zn0 nanoflakes.Ox 1176 10 pM20 | 1.26nM 206 according to the isoelectric point variations of uricase and ZnO
R 55{*3 ’2 n(i\/e/ nfMé m = — nanoparticles. Thenodified electrode was covered with 0.5% PDDA
to remove probable impurities and inhibit the enzyme leaching.

In contrast to a biosensor synthesized via employingld®ttrodes A differential pulse voltammetry (DPV) was applied to estimate the
functionalized with LODBglutaraldehydébovine serum albumin interference impact of ascorbic agciglucose and L-cysting and
(BSA), the thermal stability of LOD immobilized on zZnO successfullyall responses of those categories were isolated by the
nanoparticles was investigated within the temperature scale of (10biosensorA uric acid biosensor based on ZnO nanorods was produced
50°C). The biosensor performance of the PDDA/LOD/ZnO/MWCNT in which nafiormodified glassy carbon electrode was decorated by
electrode showed an Arrhenius temperature dependence throughZaO nanorods and then uricase was electrostatically immobdizted
continual increase with temperaturehilst the output signal of the the electrode surfac&41]. Elimination of the intervention of ascorbic
LOD—glutaraldehydeBSA biosensor decreased considerably atacid, glucose and icystine was demonstrated. A uric acid biosensor
temperatures over 4D. The excellent thermal resistivity of the based on ZnO nanowires was produced via Tzamtzis ell4d]. |
PDDA/LOD/ZnO/MWCNT sensor was associated with the unique Uricase was integrated with the lipid film beddts polymerization on
multilayer composition of ZnO nanoparticles whioffered a suitable  the ZnO nanowire surfacas the lipid film includes positively charged
design for the LOD loadindlB1]. lipid ions which enhance the concentration of uric acid over the
electrode resulting in intensifying the detecting and monitoring
It was reported that the broad surface area of ZnO nanorods with process. The biosensor dispga a small limit of detectigsignificant
high isoelectric point helpn easily immobilizing enzyme to the response timeand reasonable selectivityse Table y The measured
surface and promoting direct electron pathway among the active poingensitivity of the lipid/ZnO biosensor (61 mV/decade) was twice as
of the LDH and the electrode surface. Nesakumar eti1@Z][ great as that reported in the absence of a lipid film (32 mV/decade)
immobilized LDH enzyme with chitosan onto the ZnO nanorods to
develop a lactic acid bsensor. The modified electrode Au/ZnO/LDH A group of researchers assumed that-aligned ZnO nanostructures
showed a limit of detection of 4.73nmelland sensi t i vibasgd kjosensprs gnigit have poor performance because of the
A p b within a response time of less than 1s. In a study carriecelectrical  discontinuity between the multinanowiresl4g.
out by Lei et al. 129, 3D ZnO nanotetrapods was employed for Additionally, an individual ZnO nanowirbased biosensor would
preparing Llactic acid biosensors. After testing in PBiSe modified  facilitate electron transportation to the electrode, &ecording to a
electrode Nafion/LOD/ZnO nanotetrapods/ Au exhibited a sensitivitysuch assumptigra uric acid biosensor using a single ZnO nanowire
of 28. O0lcgmAa mMi mit of deanéalindgaro nwag fabrigate¢. ThemNafion/uricase/ZnO wire/Au electrode was
responserape o f —(B6.mB/A sensitivity is an essential aspect to investigated in the PB&nd the sensor displayed a sensitivit®f7 4
develop highly performed lactate biosensatifferent elements can W A mMnm2in the linear scale (0.10.59 mM) with reasonable
hugely affect the rate of biosensor sensitivity. selectivity and stabilitygee Table Y However the authors did not
provide a comparative review about individwate based biosensors
Typically, sensitivity is a proficiency of the physical design of the thereforethe conclusion on the outstanding efficiency of this structure
electrode and the immobilized biomoleculeence the electrode Was indecisiveAs human serum and extracellular fluid of the central
configuration can modifye.g, by increasing its surface area to loading nervous system contain uric acascorbic acidand dopamingit is
large amounts of the enzyme whictesult in producing higdi extremely required to detect these components withooss
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interference. Thereforeenzymefree biosensors fabricated using HCOs. ZnO/ PANI /reduced graphene oxide nanocomposites were
different nanocomposites have been utilized for sufficientsynthesized via an electrochemical deposition technique on a glassy
identification of uric acigascorbic acidand dopamine includin@nO carbon electrode to prepare simultaneously detective dopamine and
nanorodsAu NPs[144] ZnO nanowireggraphene foam (G145 uric acid biosensors 1#9. Like the ZnO/CuxO/PPynodified
reduced graphene oxidnO, [146 carbon fibersZnO coreshell electrode the ZnO/PANI/ reduced graphene oxideased sensor
hybrids[147] reduced graphene oxidetercalated ZnO quantum dot displayed a superior sensitivity and selectivity for lower values of pH
nanoballs[14§. (4.0).

It reported that ZnO nanostructures show a broad catalytic efficiencé. 5. ZnO Nanostructures based metal ion biosensors
and offer a straightforwardnd rapid pathway for electron transport.
Additionally, the porous design of the GF with a high surface area andvetal ions play essential roles in human health and the biological
active sites promotes the diffusion of electrolyte ions in the electrod@rocess by servicing as cofactors in enzyrassoregulatorycurrent
and enhances the electric conductivity. High selective estimation ofarriers and also as factors in information processing and as integrators
uric acid dopamineor ascorbic acid by a (DPV) using ZnO nanowires and stabilizers for proteidgpids interaction 152, 153. So,
deposited on 3D GF was conducted by Yue efldf][ Based on DPV  examining and regulating met@in concentratios in blood
measuremenjshe current increases linearly with the analyte densityinterstitial fluid, and urine are important for physical and mental
as the ZnO/GF/ITO electrode showed the highestatixid current.  human health. The usual approach to identify rAetaratios utilizing
Conductive polymebased nanocomposite structures are effective forZnO nanomaterials includes a conformal coating of electrodes with
the multianalyte sensinge.g, polypyrrole (PPy) and polyaniline ion-selective (ionophoreontaining) nonolayerthin membranes
(PANI) enable to make selective electrode that can identify differencebased on polyvinyl chloride (PVC). The basic element of membrane
among binding interactionslectiostatic interactiopor ionrexchange  based iorselective electrodes for a specific target ion is the ionophore
abilities [L49, 15(. Besides these nanocomposites have a wide (ion carrier) a component which selectively carries a specific metal
surface area and high electrical conductiviyomoting electron  ion over the membrandén ion-selective biosensor was produced by
movement in electrochemical reactipm®nsequently a significant  Asif et al. [L54] to measure intracellular €aconcentration in which
enhancement in the bieissor sensitivity selectivity and limits of an extended gate of a commercial metal oxide semiconductor field
detection can be shown. effect transistor (MOSFET) was made based on ZnO nanorods. The
sensing procedure to observe actual variations #\@as performed
Table 4. Various electrodes employed in the production of uric  using the electrochemical potentigthanges at the singtell/ZnO

acid biosensors using ZnO nanostructures. nanorod interface. The extendgdte FETs (EGFETs) develops

Electiode Sensifviy | tinearrange | Detection | Response | Ref. surface potentialvhich is combined with the gate potentiid hence

Nafion/Uricase/ZnO 239.67 WA 00K456mMM | 50M D3s 18 the sourcedrain current relies upon the ion density in the sample

nanorods/Ag electrodes cmZmMt . . . .

Uricaseizno 5005 A= [ 207 10° i solution. The ZnO nanoradwere synthesized on the silver wire

nanorods/GCE 10%molLt mol Lt i ini -Q]E ifi

Nafion/uricase/ZnO nanoflakes D66mV/decade 500 nM-1.5 8s 189 .Surface and Coated Wlth PVC memprane Contalnlna C|f|C

IlIAU-coated mM ionophore (DB18C6). As illustrated iRig. 11, the ZnOnanorod

plastic substrates : H B B

PDDAICaseIZnOPs B AT |5 | Z0 ™ kT electrode is extraneously linked at the gate terminal of a MOSFET in

IMWNTs/pyrolytic graphite series. The interfaciagpotential differences on the ZnO electrode

Nafion/uricase/ZnO nanowires /Au | 32 mV/decade 1-1000 6.25s 139 . . . . . . .

coated plastic substrates because of its interaction with €adons transformed into the drain

Nafion/uricase/ZnO 80 pAlmM [0.8-puM |[0.8 puM9s 139 H

nanotetraposi/Au 3 490 curre_n_t change of the MOSFE&Nd hence the CGasignal was

Uricasecontaining lipid fim /ZnO | 61 mV/decade 101000 |0.4 uMé6s 142 ampl|f|ed

nanowires/Aucoated plastic

substrates

Nafion/uricase/ZnO 89.74 pA|02059mM |25. 6 143

wire/Au mM-tcmr?

Nafion/Uricase/ZnO 129.81 pAO00520mM |[0.019 |5s 190

nanosheets/Ag/Si mM-tcnr? Sensor Vg

Uricase/single ZnO 1pM-0.5mM | 1pM several ms | 19 . Voo

nanowirebased FET potential vs supply -

Nafion/uricase/ZnO nanotetrapeds 0.2nM-0.2 0.2nM Dis 191

modified mM | l | I I

AlGaAs/GaAs HFET

ZnOICuxO/ 0570pM 0.2 p 151 | - l 1

polypyrrole/GCE MOSFET

ZnO/PANI/reduced 1001000 (0. 122 149

graphene oxide

Au nanoparticles/ZnO 10400 pl|2.375 144

nanorods/GCE

ZnO nanowires/graphene 4.24 pA 0160 p M 1InM 145

foam/ITO/glass mM-Lcn? _I I_

RGO-ZnO/GCE 3330 uymM1.08 146 ——

Carbon fibers/ZnO 20200 p(6.7 147 —_— B S—

core-shell hybrids —_— || Sensing

ZnO quantum dots/reduced grapherf 70 . 537 pAuptollmM |3.89 148 -_— electrode

oxide sheets/ MWCNTS/Ni mM-tenr?

foam/GCE

Nafion/Zr(]jO Q}E)s/uricase 4.0 /|J A”mN1-10 mM 12 Ag/AgCI ref. e 8 Catium chloride

MZI coated with ZnO nanowires 0.001nm/ppm 0-500 ppm 5.74 % 193 .

Nafion/uricase/ZnO NRZnO 345. 44 pAO0OHLSMM (2.5 208 electrode solution

NPs/FTO mM-tcmr?

. S Figure. 11: A practical scheme for the &don detection155.
Ghanbari and Hajheidari.1$1] developed ZnO nanosheets/CuxO

nanowires/PPyelectrode to detect uric acidscorbic acid and 14 inracellular monitoring of C levels a potentiometric sensor was
dopamine. To synthesize the modified electr@iexO nanowires and_ made via depositing ZnO nanorods on Ag coated borosiligats

ZnO nanosheets were grown on a glassy carbon electrode usingcapjjaries using a solutishased technique and then functionating
solutiontbased technique. PPy nanofiber film as a conductive polyme{yith pvC membrane containing DB18C®3[ 153. The ZnO-

with a well-aligned chain arrangement and wide surf@egolume  oified electrode exhibited electrochemical potential changes of
area allowing large adherence of the CuxO and ZnO and efficient 2+ concentration to an Ag/AgCI reference microelectrode. Initially
charge movementhe ZnO/CuxO/PPynodified electrode exhibited 5 pyfter solution of CaGlpH D 7) was utilized for sensor calibration
detection limits for ascorbic acidopaming and uric acid of 25.0 5 the linear potential difference throwgbroad concentration scale
0.04and O,repegivelywhich are in good agreement with the ¢ 199 h\m to 10 mM was obtained. The intracellular2Ca

separate estimation for each component (28.03 and 0. 2 g4 Myrations estimations were performed in human fat cells and frog
respectively).Besides it displayed acceptable reproducibility and egg cells and identified to be 123 + 23 nM and 250 + 5Q nM

selectivity against frequent intrusive elemenssich as glucose  yagpactively which are in reasonable @gment with reported data

fructose sucrose lactose cysteine epinephring acetaminophen 156 157 Based on SEM photographs of the functionalized electrode
serotonin K*, Na*, Ca*, Mg?*, Zn**, NH4*, CI-, NOs~, SQ: &, and [156, 157. photograp
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after intracellular analysisno trace of degradation of the ZnO [170. It found that a variation in surface potential at the ZnO/solution

nanorods was showmvhich could associate with the impact of the interface was identified as a linear change in conductance of the

polymeric membrane in protecting the ZnO surf&®.[Intracellular individual nanorod in the pH scale 2) of 8.5 nS/ pH with a

measurement of K[83, 159 Na* [83, 159 and Mg+ [83, 160 was resolution ofD0.1 pH.It reported that the pH sensing performance

conducted applying the same techniques, ahe& ionselective  was significantly affected by the structural properties andace

biosensors diayed reasonable sensitivistability, and selectivity in -~ morphology (i.e. surface site density) of ZnO nanostructuregs],

the existence of intrusive ions. The sensors performance demonstraté8g. Since the broader surfatevolume ratio ZnO nanowires

in Table (5) exhibited superlative sensitivity of 36.65 mV/pH compared to that of
34.74 mV/pH for the nanowiresanoflakes hybrids [167].

A selective ZA* ion biosensor using ZnO nanorods was deposited orFurthermorgbecause of the broader surfdoevolume area with the

gold-coated glassy electrodes by a lmmperature hydrothermal existence of surface and subsurface oxygen vaca#ci€snanotubes

growth approach 161. The asdeposited ZnO nanorods produce sensitivity (45.9 mV/pH) as high as twice that of ZnO

functionalized with plastic membrane coatings containing a certaimanorods (28.4 mV/pH)1E2.

zinc membrane (X2rown-4) in combination with PVC onto the

surface of sensor. The Zrion sensor was tested in PBS (pH = 7.4) The electrochemical potentials of the nanotubed nanorotased

and an excellent sensitivity of 35 mV/decadespeedy response time electrodes demonstrated a linear dependency on the pH value in the

of less than 5,&nd a low slight response to interfering ions (€g*, scale of (412) as demonstratéd Figure 12 An adjustable pH sensor

Mg?, K*, Fe*, and Cd@*) were reported. The pH impact on the using ZnO nanowalls on an extended gate thin filamsistor was

electrochemical signal was investigated inmM Zn(NOs)2 solution synthesized 64. It was reported that sensitivity was in the vicinity

in the pH scale of (4 10). At pHD 7.4, the signal hit its maximum  of the optimum Nernstian value of 59 mV/phhich was associated

whilst it decreased at lower pH values as a consequence of the the large surfae®-volume area of the nanowalls and also their

membrane degradation in an acidic base. At larger values,dhpH surface deformities that performimag binding sites for surface proton

signal reduced because of the ZnO decomposition reactions. Apart from the topography structural feajuchemical
adjustment of ZnO nanostructures could improve the sensor stability

Table 5. Various electrodes employed in the production of metal and increase its pH monitoring ranges8, 167. It was noticed that

ion biosersors using ZnO nanostructures. etching bare Zn@anorods in an acidic solution (pH = 4.3) resulting
in preventing pH sensindl§3. To deal with a such difficultythe
fon Electrode Sensitivity Linearrange | - Detection | - Responise Ref. nanorods were functionalized with-a8ninopropyltriethoxysilane
C# | DBISCG/ZO nanorods | 113.92 mVidecade| 1 pIMnM 20 154 (APTES) which inhibited the ZnO etching in both acid and basic
IAg wire EGFET H H i i i
T OaIbCe0 st 3567 mvidesads | Toome i o mediumsand boogted pH sensing. Thg device monitored pH in the
IAg-coated glass capillary _ scale of (4.8.2) with enhanced sensitivity of 50.1 mV/pH. The same
c# E;ﬁgggg;’wire 2655 mvidecade | 0. 1-OLM <imin |15 approach was used for APTHSodified ZnO nanostructures to
K™ valinomycin /Zn0 A15mvidecade |25 4B |1 pM | <30s 1% increase the sensitivity and obtain a pH signal dt62][ which was
pritieving m impossible for bare ZnOsge Table 5
Na* ETH 227/Zn0 nanorods/ | 72 mV/decade 0.5mM-100 159
Ag-coated glass capillary mM ( a)
Mg? | Bz2dmit/ZnO nanorods/ | 26.1 mV/decade | 500nM-100 160 v T T T
Ag-coated glass capillary mM o e wicain ]
Zn?* | 12-crownr4/ZnO D35 mV/decade |1 p-MOmMM <5s 161 - Nmffm
nanorods/Atcoated glass! = Fitting to buffer solution
electrode E
S#* | ST/ZnO nanorods/Au 28.65 mV/decade | 1x107°- 10s 1% g % e 7
coated glassy electrode 5x10°M S R = -0.98 B
Fe** | 18 crown 6/ZnO 70.12 mV/decade | 10°-102M 197 2
nanorods/Ag wire ?_3 o}
TI*t DBzDA18C6/ ZnO 36.87 mV/ <5s 198 g
nanorodsAu-coated glass 73 =
substrate o e b
Pb2 | FeOsNPs/ZnONRs/ITO | 4.40p A1 M* 0.2y M-1.2p M| 0.01p M 209 §
] P ; : ? :
4.6. ZnO Nanostructures based pH biosensors 4 ° 8 19 12

The pH amount is an indicator of acidity or alkalinity of the aqueous
solution and it can influence the nutrients availabilityiological
functions microbial activity. Owing to the significance of plhe
monitoring and controlling of its value is quite fundamental in
mostindustrial medical and environmental applicatiorgarticularly
in the food and beverage production as well as cosmetic and Sy
phamaceutical manufacturingnO nanostructures have been

surfaceto-volume area nontoxicity, chemical and photochemical
stability, electrochemical activity biocompatibility outstanding
amphoteric characteristics (interacting with both acidic and basic
mediums) high viscosity and ease fabrication. The fabrication
strategy of pH sensor based ZnO nanostructures depends on
difference in surface potential at the ZnOl/liquiteiface. The highly
dense adsorption sites for HInd OH ions on the ZnO surface might
serve as proton donors or acceptoesulting in an electrochemical
potential response of ZnO nanostructures to changes in pH value.

The pH sensomgsingZnO nanorod, [162, 163, 164, 1§%anotubes
[ 162 nanowalls[16€6 nanowireg167 and nanoflakes167 have
been produced. Quantitative measuremeh®® [ 16§ contingent on .
the sitebinding model 169 of the detection findings of ZnO nanorod ‘R

i

based pH sensor haexpected the highest Nernstian sensitivity of rigyre "12:(a) The analysis of electrochemical potential response vs

59.1 mV/pH at 25 in the large pH region (414). In another study

H for ZnO nanorods and nanotubes. SEM photographs of ZnO (b
the pH monitoring based on an individual ZnO nanorod was reportedp b grap ()

nanorods and (c) nanotubé$7].
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building block for nanoplatforms or devices related to different
Moreover it was reported that Aloped ZnO nanostructures showed promising and novel applicationgurthermore the high electron
excellent pH sensitivity 171, 172. The pH sensing performance transport rate and catalytic activity exhibited by ZnO nanostructures
depended on the Al concentrati@s the device showed an excellent have expedited the fabrication of ZAfased sensor devices toward
sensitivity of 57.95 mV/pH for Adoped ZnO in contrast to 35 mV/pH their biomedical applications. Detection of many metal ions and
for undoped ZnO in a broad scale of pHI@A). An extremely sensitive  critical physiological componentmcluding glucosecholesteral L-
pH sensor for testing in the vivo pH measurements in a human fat celhctate uric acid and others has been explained utilizing ZnO high
was developed165. An intracellular working electrode of ZnO performance sensing platforms. Moregvienproving performance
nanorods with 80 nm diameter and 700 nm length exhibited amnd efficiency increasing sensitivity and selectivjtiess response
electrochemical potential variation against the Ag/AgCl intracellulartime, broad linear response rangesproducibility and low detection
reference microelectrode. The device exhibited an elevated sensitivitymits to detect single biomolecules have been proven for several
of 51881 mV/pH at 2Z for a pH scale of (4l1). Moreovey the categories of analytes.
sensor was applied for pH intracellular analysis in a single human
adipocyte or fat cellKig. 13 [169. The working and reference Even with recent progressmany obstacles still needed to be
electrodes were smoothly introduced through the cell membrane bgvercome specifically in terms of briging ZnGbased biosensors
hydraulic fine adjustments. Once the ZnO nanorods based electrodem the laboratory to be scaled up and implemented in a broad range
was included into the celihe signal was recorded. The observed pH of healthcare systems and disease diagnoses. One of the most
value of 6.81 was close to the intracellular pH values in rat browrchallenges is the toxicological impact of ZnO nanostructures which is
adipocytes (6.957.57) [L73 or at hepatocytes (6.88.05) [L74 not fully understood and coked in the literature. Moreovethe
evaluated by applying indirect estimation of pH. It was observed thatapability to efficiently capture biorecognition signals and transform
the cellular viability did not influence by the insertion of the electrodesthem into measurable and detectable signals is critical for the
into a single cell’'s cytopl as mbibsensor tpariermagnee. iAn multidisciplindryu bparoachm eteogdu r

systematically integratéo address all fundamental difficulties and
Table 6. Various electrodes applied in the production of PH  build low cosf miniaturized commercially available portable

biosensors using ZnO nanostructures. intelligent ZnO nanostructurdsased biosensors.
Electrode Sensitivity | Linear PH | Response | Ref.
mV/pH range time it
Zn0 nanowalls based EGTFT D59 19 166 Abbreviations and Acronyms
APTESmodified ZnOnanorods/SiO2/Sj 50.1 4392 163 .
substrates point-of-care . POC
ZnO nanowires based EGFET 36.65 49 167 Field Effect Transistor FET
ZnO nanowiremanoflakes based 34.74 49 167 Magnetic Resonance Imaging MRI
E\gig dified ZnO irebased | 43.22 2-9 167 Ribonucleic Acid RNA
moaired £n0O nanowiresase . - - . .
EGFET Dgoxyrl_bonuclelc Acid DNA
APTESmodified ZnOnanowires 4158 29 167 Circulating Tumour Cells CTCs
nanoflakes based EGFET Isoelectric Point IEP
AZO nanostructures based EGFET 57.95 1-13 172 Glucose Oxidase GOx
Zn0O nanorods/borosilicate glass 51.881 4-11 164 Phosphate Buffered Saline PBS
capillary . " .
Zn0 nanorods /AulCriglass 284 1 <100s | 182 Indium Tin Oxide ITO
ZnO nanotubes /Au/Criglass 45.9 412 <100 162 Carbon Nanotubes CNTs
ZnO nanoroddased EGFET 154 412 19 Cholesterol Oxidase ChOx
ZnO nanorods /Aglglass 44,56 4,6,7,8,10 200 Cholesterol Esterase ChEt
ZnOIﬁIm /A?]/gblazsb 5 34.82 4,6,7,8 10 202 Lactate Dehydrogenase LDH
ZnO/SINW hybrid based EGFET 66 201 L Xi LOD
Zn0O NRs based EGET 24.67mV/pHt | 0.98-0.99 210 Pa?tztielloldi?gsg] | Ammonium PDI(D)A
Pt(NPs] ZnO NRsbased EGFET 28.95mV pH' | 0.99-0.978 211 Olydiallyldimetny oniu
Multi Walled Carbon Nanotubes MWCNTs
Bovine Serum Albmin BSA
Pyrolytic Graphite PG
Differential Pulse Voltammetry DPV
Graphene Foam GF
Ag/AgCl ref. Zn0 nanorods POlypyrmle PPy
micro-electrode pER—— working electrode Polyaniline PAN'
Polyvinyl Chloride PVC
/ \ Metal Oxide Semiconductor Field Effect Transistor ~MOSFET
Aminopropyltriethoxysilane APTES
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