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Abstract

Enzyme nanoparticles (ENPs) are the aggregatesinfimees in the nano scale (10-100nm).
These ENPs have been characterized by transmisdemtron microscopy (TEM), fourier

transformation infrared spectroscopy (FTIR), UVdllle spectroscopy, X-ray diffraction

(XRD), atomic force microscopy (AFM), scanning ¢iea microscopy (SEM) and

electrochemical impedance spectroscopy (EIS). Eesyane the biocatalysts exhibiting substrate
specificity, catalytic activity, regulator of vatie metabolic reactions under mild conditions and
hence, used as industrial catalysts efficientlye Duthese extraordinary properties of enzymes,
they have been used for the diagnosis and treatmlenarious diseases. However, direct
application to enzymes has increased the chanceslegfadation and thus lowers the
performance of analytical devices. Therefore thésdtations have been overcome by

synthesizing the nanoparticles (NPs) of enzyme. EPs have exhibited extraordinary
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properties such as large surface to volume ratimue optical, thermal and chemical than native
enzymes. ENPs based biosensor work optimally witB#800s, pH range 5.0-6.0 and
temperature 3.5-4&. The linear range of ENPs based biosensor vaatgeen 0.0001-100000
uM and detection limit 0.0002-550M. These biosensors have been used for the disyobsi
various diseases such as cardiovascular diseaseal disorders, diabetes, environment
monitoring, and biochemical engineering and reugetd 8-200 times over a period of 60-240
days while stored dry at'@. Therefore, the future research should be foctsethderstand the
interaction of ENPs with their analyte and furtimprovement and commercialization of ENPs
based biosensor are discussed. Present revievealgciphers the various methods of ENPs

preparation, their characterization and ENPs bagesgnsors.

Keywords: Enzyme Nanoparticleémmobilization of ENPs; Characterization of ENPs

Abbreviation: Enzyme nanoparticles (ENPs), Transmission electnonroscopy (TEM),

>

Fourier transformation infrared spectroscopy (FTIRY-Visible spectroscopy, X-ray diffractio
(XRD), Atomic force microscopy (AFM), Scanning elen microscopy (SEM),
Electrochemical impedance spectroscopy (EIS), Nartigtes (NPs), Activation energy (Ea),

Horse radish peroxidase (HRP), Glucose oxidase (z@bholesterol oxidase (ChOx), Single

enzyme nanoparticles (SENs), Cholesterol ester@se)( Creatinine (CA), Creatine (C

p—

=)

Sarcosine oxidase (SOx), Michaelis-Menten congt&n}, Velocity (v), Bovine serum albumi
(BSA), Glycerol kinase (GK), Width at half maximu@WHM), Observed broadening (B
Instrumental broadening (B Distilled water (DW), Hydrogen sulphuric acid ;$0y),
Nitrocellulose membrane (NC), Solution resistariRe)( Charge transfer resistance (Rct), Direct
current (dc), Glycerol-3-phosphate oxidase (GP@y&} carbon electrode (GCE), Pencil
graphite electrode (PGE),Lactate dehydrogenase J|LPidrogen peroxide (#D,), Pyruvate
oxidase (POx), Graphene oxide (GrO), Cycic voltatmméCV), lon-selective field effect
transistor (ISFET), Field effect transistor (FERmmonium ion selective electrode (AISE
Limit of detection (LOD)
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1. Introduction

Enzymes are green and primary biocatalysts whicticpzate in regulation of diverse
physiological processes in standard conditiond2LL]In nature a large number of enzymes are
found which we use in day to day life. These enzymay be in either free or in immobilized
form. Enzymes have been used in diverse applimsoch as in various metabolic reactions (of
plant, animals, microbes), research for e.g. DNAyperase, enzymes of recombinant DNA
technology, food industries, pharmaceutical indestrand textile industries [3]. These are
globular proteins excluding ribozymes which faster rate of reaction about imes without
using themselves via lowering the activation enefgga) [4]. Almost each and every
physiological reaction requires enzymes in minuteant. Immobilized enzymes have offered
significant advantages such as the improved stgblietter performance for separation and
reusable and also provide defense from proteassstibigp. Though, monomeric enzymes can be
used only once, hence more expensive and lesestlbése limitations can be overcome by
immobilizing enzyme onto solid matrix [5]. In addi to this immobilization of native enzymes
onto supporting materials via several covalent on-oovalent bonds has restricted the
conformational movement or partial denaturation [@]. Enzyme nanoparticles expose
functional groups for example —gHNH,,-COOH, -OH etc. in the side chain of amino acids
like cysteine, aspargine, aspartic acid, serinesanoin. The type of linkage formed by functional
groups of ENPs with different functional groups Isuas imidazole, indolyl, phenolic hydroxyl,
etc. present on the matrix surface depends on teat@nteractions. Beside, covalent interactions
several different types of non covalent interactitike electrostatic, H-bond, van der waal and
hydrophobic interactions such as adsorption hase la¢éen used for the binding of ENPs to their

support material. These covalent and non covatgatactions formed during immobilization of



10

11

12

13

14

15

16

17

18

19

20

21

22

23

ENPs provide binding stability with their matrixreequently better electrochemical reactions at

the matrix surface.

Stability and sensitivity of enzymes depends upwon type of solid support used and
process of immobilization. Support material carolganic and inorganic however, these support
materials increases the risk of leaching from tmenobilized enzyme, expensive, sometime
susceptible to microbes attack thereby reducingmbgix stability. Furthermore, due to steric
hindrance which prevents the formation of enzyme substrate conjugate as a result insists for
new support matrix [8]. Thus, it necessitates desiy of such efficient materials and facile
strategies which can improve the performance ofymes. Enzymes can be employed for
modification, degradation, preparation of nanoplet and their immobilization for the
construction of biosensor [9].

Enzyme nanoparticles (ENPs) are the aggregatedsfairenzymic molecules in an
appropriate configuration in nano scale ranges é&etwl10-100 nm [4]. These ENPs have
exhibited various characteristics properties incigdoptical, electronic, electrical, thermal,
chemical, mechanical, catalytic and large surfaea.aThese excellent features of ENPs have
enhanced the functional activities of enzyme bakmdces such as biosensors. Direct confining
of monomeric proteins or enzymes onto nanopartickeses denaturation and hence enzymes
loss their activity. These issues can be overcoyngréparing ENPs and confined onto a matrix
after their cross linking. Biosensor employing ENase exhibited better analytical performance
such as limit of detection, working range, reprabiity as well as repeatability [10]. Liu and
co-workers have firstly prepared the nanopartiadéshorse radish peroxidase (HRP) [11].
Afterwards various other ENPs based amperometasedbisors were developed glucose oxidase

(GOD) [10], cholesterol oxidase (ChOx) [12] anccase [13].
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Unlike ENPs, single enzyme nanoparticles (SEA® comprised of monomeric enzyme
coated with organic or inorganic macromoleculegario range. Sensors employing SENs have
increased the electrochemical activity and stabdit high temperature. For example: SENs of
trypsin have been used for thermal consistencyenBIENs of chymotrypsin were used for

increasing the cellulose degradation [14-16].

Significance of ENPs

Electrochemical biosensors based on enzymes ndmbgmhave exhibited novel fascinating
features including exceptional selectivity, anaatisignaling, and sensitivity, high surface area,
better electrical properties, unique optical prtipsr and nanoscale structures. These ENPs
based biosensors have shown high sensitivity anectien of specific compounds timely,
whereas conventional detection techniques includimgmatography are not easy to operate and
time consuming. Various types of enzyme nanopasitiave been used for the construction of
biosensors for the detection of specific analytesént article comprehensively describe the
distinct ENPs based biosensors, such as glucostasi(GOx) NPs, horseradish peroxidase
(HRP) NPs, uricase NPs, cholesterol esterase (GHE), cholesterol oxidase (ChOx) NPs,

urease NPs, creatinine (CA)/creatine (Cl) and sanecoxidase (SOx) NPs.

Like enzymes, the function of ENPs depends uponhigacteristics kinetic parameters like
ideal pH, temperature, incubation time, Michaelisfien constant (K. The binding site of
ENPs is known as active site [17]. Generally, ENRsw hyperbolic relationship between their

activity and substrate and follow Michaelis-Mentanetics during the reaction viz.

V=V ma SVK m+[S]
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where v, is initial velocity of reaction aNGhax is the maximum velocity. Performance, of an
enzyme can be raised or reduced with the helpraesmompounds called as activators/enhancer
or inhibitors. ENPs in conjugation with activatagset accelerated the rate of reaction while in
combination with inhibitors, decreased the rateeazction. Inhibitory action of ENPs can be

mediated by either reversibly or irreversibly. Reslgle inhibition of an enzyme can be attained

by :

(1) Competitive inhibition
In this type of inhibition both substrates as veslENPs compete for the same active
site of the ENPs.

(i) Non-competitive inhibition
In this inhibition, inhibitor first binds with theENPs to form ENPs-inhibitor
(substrate) complex either on the active site beiothan active site of ENPs.

(i)  Uncompetitive inhibition
This type of inhibition can be achieved by bindmfgan inhibitor to ENPs-substrate

complex only.

Like enzymes, ENPs require non-proteinous compouwtter than proteins for their
improved activities they are known as co-factoreeyl can be organic or inorganic or both.
Organic co-factors are also called as co-enzynmes Which vitamins are derived. ENPs convert
a substrate into its product by involving suitapl@ximity, configuration, distinct forms of

catalysis viz. acid-base, covalent, electrostatit metal catalysis and finally they released [4].

ENPs exhibit specific activity which is ratio betsve activity and protein (mg). The

activity of ENPs can be regulated by restrictedgwtysis, phosphorylation, dephosphorylation,
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adenylation, ratio of end product ADP+AMP and ATRduction and repression. Therefore

present study discusses the various methods of pMpsration which are as:

2. Methods for ENPs preparation

NPs of soluble proteins/enzymes can be sgitbe by their aggregation into NPs which has

been achieved by following methods (Figure 1):

Emulsification
in Plant oil
[19]
Cross

Linking in

Methods of .

Desolvation Preparation water_& oil
Method of ENPs emulsion at
11] [20] high o

Temperature

Coacervation via
anhydrous
ethanolglutaraldehyde

& ethanolamine
[21]

Figure 1: Diagrammatic representation of various méhods for ENPs preparation

Desolvation method for ENPs preparation includes feteps viz. desolvation, cross-
linking, functionalization and purification [11] 22 [23]. Emulsification methods used for the

preparation of NPs of enzyme like albumin [19]. ddsemulsification method, plant oil in the
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aqueous solution of albumin is converted into amlsion. This so formed emulsion is mixed
into preheated oil at >120°C; thus, fast evapomatib existing water and followed by their
irrevocable aggregation between albumin molecul@ Simple coacervation method method is
used for synthesis of NPs of bovine serum abumiSAB In this method, NPs of BSA
preparation requires addition of anhydrous ethgblabl into 150 ml BSA (5mg/L), 10mM
Tris/HCI having 0.02% sodium azide at pH 7.5 tiletsolution become opaque followed by
addition of 150ul of glutaraldehyde (25%) that sissithe cross-linking between NPs of BSA.
[21]. Cross-linking in w/o (water-in-oil) emulsios used for emulsification of BSA or human
serum albumin (HAS) or hydrated solution of protejnhomogenizing at elevated temperature
in oil. This emulsion is transferred into preheavdcand maintained at > 100°C under stirring to

evaporate and denature and aggregate the proté@tuies in aqueous environment [18].

3. Characterization of ENPs
ENPs differ in their characteristics featl which are characterized by various

technigues which are described below:

3.1Transmission electron microscopy (TEM)
The TEM images are used to study shapk sire of ENPs. ENPs have exhibited
characteristics spherical shape and their diameteyes from 100-200 nm whereas the diameter

of native enzyme molecules varies between 2-1§Table 1).



1 Table 1: Assessment of mean diameter of ENPs anconomeric enzyme using TEM

ENPs Diameter of Diameter of Reference

ENPs (nm)  free enzyme

Horseradish peroxidase 100 14.2 [11]
Cholesterol oxidase 100-200 - [12]
Uricase 100 14-18 [13]
GK 144-329 - [24]
GPO 22-68 - [24]
Lipase 83-218 - [24]
Creatininase/Creatinase/Sarcosine 2-100 - [25]
oxidase
ChE 35-40 - [26]
ChOx 0.06 [26]
Glucose oxidase 117 2-8 [27]
Urease 20-100 13 [28]

2 3.2 Colorimetric method

3 ENPs aggregates exhibit characteristics c¢ofou example; ENPs of HRP are white in

4 colour. The ENPs aggregates acquire the colouradf its free or ionized state.



3.3 FTIR spectra

Infrared spectroscopy provides the prospection rtalyae the diverse interatomic bond
vibrations at varying frequencies. The analysisRofibsorption spectra exhibits what types of
bonds exist in the given samplEable 2 shows the vibration stretching of differémictional

groups of ENPs.

Table 2: lllustration of position of different functional groups of ENPs and their

corresponding peaks

Types of ENPs Stretching vibration | Appearance of Peak Reference
of different

functional groups

C=N 1673.20 crit
GODNPs C=0 1700-1600 crit [27]
N-H and C-N 1600-1500 crii
Lipase/GK/GPO NPs OH and -NH 1630 c [24]
-C-0 1080"

3.4 X-ray diffraction (XRD)

XRD is an efficient characterization technique ethdisplays the characteristic properties

like crystal size, strain, configuration and XRDttpen of ENPs. In nanocrystalline materials,

10
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crystals are distributed randomly that cause wingmf diffraction peaks due to lack of entire

constructive and destrucutive interference of Xsrawa restricted sized lattice. Size and strain of
a crystal can be determined by estimating the noéarystallite size that can be calculated from
the full width at half maximum (FWHM) of a diffraoh peak using the Scherrer equation as

follows:

dXRD = K\ /Bcos
where, d is crystallite sizey is diffraction wavelength; B is corrected FWHM; is the

diffraction angle and K is constant that is neaundy [29].

B is calculated from observed FWHM by convoluting@uSsian profile which models the

specimen broadening Br, which can be calculateiliywing equation:

B%=B%-B?
Where, B is observed broadening angi8instrumental broadening. Diffraction patterretdPs
is based on the constructive interference of morwuhtic X-rays with the ENPs that can be
detected by the detector. These incident monochroriaray radiations generate a Bragg peak
after reflections from the different planes. Fonsiuctive inference, phase shift is multiple of

2n then according to Bragg’s law equation:
ni=2dsine

wheren is an integer) is the wavelength of incident wawéjs the distance between the planes

in the atomic lattice and sins the angle between the incident ray and theesoadt planes.

11
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3.5 Atomic force microscopy (AFM)

AFM is a highly advanced and ideal characterizattenhnique which is capable of
visualizing the 3-D structure of enzyme nanopaec(ENPS). It is a qualitative as well as
guantitative aspect of physical characteristicENPs such as size, morphology, outer texture as
well as roughness. Various statistical parameteEENPS like size, distribution of surface area
and volume can also be investigated [30-32]. ENdPshbe characterized in distinct environment
such as ambient air, restricted medium and flugpelisal. It has been reported that NPs can be
used as calibration standard for the atomic formeascope [33].

4. Immobilization of ENPs

ENPs immobilization refers to confinement of ENghe surface of inorganic/organic
matrix either physically, chemically or both so tthlaeir function remains persist without any
harm and can be reused. Methods like adsorptiomamment, microencapsulation, covalent
binding, aggregated by bi-functional reagents anetaimbinding have been used for the
immobilization of ENPs on support. Covalent immdaition of functional ENPs onto either
organic or inorganic matrix produce better resatel can be used for long duration. For
instance, Au electrode has been used for the camfent of diverse ENPs viz. HRP [11], GhO
[26], Uricase [13] and many more. Moreover, NPsG&D extracted fromAspergillus niger
confined on Pt electrode and nitrocellulose (NC)ymbene. Procedure for immobilization of

various enzyme nanoparticles onto Au electrode@miémbrane has been described below:
4.1 GOD NPs immobilization onto Pt electrode
GOD NPs were immobilized on Pt electrodevatently [10]. Dipped the cleaned Pt

electrode into boiled $¥$0, for 30 minutes and then washed with distilled w&B¥V). Now, Pt

12
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electrode was functionalized with amino (-}j}Hgroup by adding 10 mg/ml cysteamine
dihydrochloride in dark for 2 h. GOD NPs were imnligbd onto Pt electrode into ENPs
suspension for 10 h at 4°C. Finally, washed theeBagtrode immobilized with GOD NPs with

DW and dried in air and stored the resulting Pttetele in 0.1 M PB (pH 7.4) at 4°C.
4.2 GOD NPs immobilization at NC membrane

Kundu et al. (2012) have covalently immobilize® NPs onto NC membrane. Firstly,
washed the NC, membrane (1x1.5gmby DW to avoid the accumulation of debris amniedlin
air for 30 minutes. Introduced —Nkroup onto NC membrane by dipping it in 0.5% cbeéio in
2% acetic acid at room temperature. Washed the N@brane further with 10% methanol to
remove the unbound —NHgroup and dried in air for 30 minutes. This fuontilized NC
membrane dipped in 2.5% glutaraldehyde (0.1 M RB6(0) for 2h at room temperature and
washed the membrane thoroughly with 0.1 M PB (p6).6Dispersed the 0.5 ml GOD NPs
suspension on functionalized NC membrane and Keptmembrane overnight at 4°C for
effective covalent immobilization and washed with M PB (pH 6.0). Discarded the GOD NPs
aggregates and checked both NC membrane and dfscadzyme activity. Mounted GOD NPs
immobilized onto NC membrane on sensing part of woed electrode of DO meter with a

parafilm and connected this NC membrane to the 2@enj27].

4.3 Immobilization of ChOx [13,] ChENPs and ChOx NB [25], Lipase/GK NPs/GPO NPs

[24] on Au electrode

These nanoparticles were confined on Autedde via thiolated (covalent) bond. Firstly,
cleaned the Au electrode with piranha solution amig concentrated 330, and HO, in the

3:1 ratio and rinsed the Au electrode with DW. Ngwlished the Au electrode with alumina

13
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slurry for 20 minutes and dipped the Au electradalsolute alcohol for 30 minutes to sterilize
and expose the hydroxyl group. Immersed the reguhiu electrode into suspensions of ENPs in
0.1 M PB, pH 7.0 and kept it for overnight for imbilization. Finally, rinse the working Au

electrode in buffer to eliminate the non boundedPENo the functional electrode. Stored the

ENPs bound Au electrode at 4°C until it is used.

4.4 Immobilization of HRP NPs aggregates onto Au ettrode

Very firstly Liu et al. [11] had immobilizethe HRP NPs aggregates at the surface of Au
electrode. Firstly, scanned the bare Au electradieeapotential of 0.5-1.5 V in 0.2MJ80, until
the characteristics voltammogram was appeared. Nigped the Au electrode in HRP NPs
suspension at 4°C for 12 h under gentle stirrinfpta self-assembled HRP NP layer. Finally,
rinsed the HRP NPs/AuUE with 0.1 M phosphate buffét 7.4) and stored at 4°C in phosphate

buffer (PB) pH 7.4 and stored at 4°C in PB buffetilise.

4.5 Immobilization of uricase NPs aggregates ontowtelectrode

Chauhan et al. (2014) have immobilizedufiease NPs by thiolate bond onto Au electrode.
Rinsed the bare Au electrode and scanned at 0.5-1nbfreshly prepared 0.2 M 430, until
characteristic voltammogram is appeared. ImmerssdAu electrode in suspension of uricase
NPs under stirring at 4°C to form self-assemblettase NPs. Washed the uricase NPs

immobilized on Au electrode with 500@0/ of PB, pH 7.4 and stored at 4°C in same buffer.

5. Characterization of ENPs immobilized onto matrix
ENPs confinement at their support material and stppithout confinement of ENPs
aggregates has been confirmed by using scanningtrae microscopy (SEM) and

electrochemical impedance spectra (EIS).

14
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5.1 Characterization of ENPs aggregates onto elece by SEM

Morphological characteristics of modified wargielectrode are the key attributes to provide
the characteristics of surface of functional eledtx SEM has been used to examine the
confinement of NPs onto working electrode. SEM igggf bare electrode or membrane have
exhibited identical or homogenous surface whiletetele with ENPs reveals spherical, beaded
pattern and cluster of aggregated ENPs on intataeei of working electrode that validates the
efficient immobilization of ENPs onto electrode/maane. Supplementary Figure 1(a) shows

the distinct SEM images of different types of naawbigles.

"

PR ————— 1 2pm EHT=20.00 KV Dae: 20 Asg, 2002
P i e ek H = minm moims e B WOsIlSmm  Mages02 kX =

Supplementary Figure 1(a);: SEM images of (a) bare & electrode [24] (b) Lipase
NPs/GKNPs/GPO NPs/AUE [24] (c) bare NC membrane (dlUrease NPs onto NC
membrane [28] (e) CA NPs/Cl NPs/SOx NPs/GCE [25])(Uricase NPs/AUE [13] and (g)

ChOx NPs/AUE [12]

15
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5.2 Characterization of ENPs aggregates onto elecide by EIS

EIS is another technique for surface characteamadf working electrode to confirm whether
the ENPs are immobilized onto working electrodeat: In this technique, electrolyte solution is
examined to determine the impedance behavior ssighmic resistance, capacitance, constant
phase element and Warburg impedance, solutiortaasis (Rs), charge transfer resistance (Rct)
and double layer capacitanceg)CRct can be determined by using Nyquist plot. Toeble
layer capacitance can be calculated by using teguéncy at which optimum semicircle arc is
formed:

W=2znf=1/Rct CdI

Capacitance of biological recognition reacti®measured in the absence of Faradaic currents
that increased the electrical field on the biolagicecognition reaction to be investigated, by
applying varying direct current (dc) working potatg [34]. This applied dc potential charge the
interacting components and also influences theranot®n between the biorecognition
component and the analyte including their directieor example in Supplementary Figure 1(b)
the Rct value of GKNPs/GPONPs/PGE, GrONPs/AUuE, G8ISPONPs/AUE and POXNPs

were 70Q, 40Q, 2292 and 37Q2 respectively [35], [36], [37].

16
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Supplementary Figure 1(b): EIS spectra of GKNPs/GP@Ps/PGE [35], GrONPs/AUE,

GKNPs/GPONPS/AUE [36] and POXNPs [37]

6. Kinetic properties of ENPs

Generally, enzymes show enhanced activity at tblearacteristic kinetic factors including
ideal pH, temperature, Kvalue, working range and response time. Hencegthetic factors
of ENPs have been investigated after their immpdiion covalently on Au /Pt or artificial

membrane e.g. nitro-cellulose membrane as a supyaiérials

6.1 Effect of optimum pH

ENPs based biosensors have shown optimum activigyparticular pH that pH is known as

optimum pH of ENPs based biosensor. Every biosenswoks at its optimum pH at which it

performs better (redox reactions) consequentlyaiolstg enhanced analytical signal. Table 3

shows the optimum pH of various ENPs based biosenso

17
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6.2 Effect of optimum temperature and thermostability

The most favorable temperature of ENPs baseskbgors has augmented their activity than
immobilization of monomeric enzyme. For instanca, elevating the temperature 10°C and
5°C, the performance of uricase and glucose oxiddie augmented considerably [13] and
[27]. For example ChENPs/ChOxNPs/AUE has maximadisformed at 40°C [26] while Lipase
NPs/GKNPs/GPONPs/AUE has worked best at 35°C [24].

In comparison to immobilization of free enzynteNPs based biosensors have exhibited
better thermal consistency due to inter and intteoubar covalent interactions which inhibit
the configural modifications of the ENPs on raisiamperature.

6.3 Response time

In comparison to free enzyme, ENPs immobilratowers the response time. The response
time of ChENPs/ChOxXNPs/AUE was 5 s [26], LipaselRMPs/GPONPs/AUE had shown
maximum outcomes within 5 s [24], UricaseNPs/AuEswas [13] and ChOxNPs/AUE had 8 s

[12]. The response time of various ENPs basecebh&ss have been given in Table 3.

6.4K, value

Immobilization of ENPs onto solid support has éased the K value than free enzyme
or protein. For instance immobilized GOD NPs hatioed the kK value twice that deciphers
the cross linking and immobilization of GOD NPs, asesult showed high affinity for its
analyte than independent enzyme. Lineweaver-Bulké Ipetween reciprocal of uric acid
concentration versus reciprocal of biosensor respam current (mAmp) was used to calculate
the K, value of immobilized uricase NPs on Au electrod@cl is analogous to monomeric

enzyme [13].
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6.5 Linear range

The linear range of immobilized ENPs was wédecompared to free enzyme. Therefore,
immobilized ENPs are used for determination of masi analytic parameters as compared to
free enzymes. The working range of various biosenisas been depicted in Table 3.
6.6 Storage stability

Storage stability of immobilized ENPs has shdvatter storage stability in comparison to
monomeric free enzyme because of effective bonuditegaction between ENPs aggregates and
matrix material. Thus, ENPs are more stable tham énzyme Table 3.
6.7 Reusability

The immobilized ENPs onto their matrix have wshobetter reusability in comparison to
native enzymes. The working electrode comprisetnofiobilized ENPs can be used 100-200
times; this makes the use of ENPs cost-effectivecam be used for a number of applications.

7. Biosensor

The very first biosensor was developed by L.L. Klan American biochemist in 1950 by
immobilizing glucose oxidase (GOD) enzyme at Claléctrode. This biosensor was used for the
investigation of blood glucose level by measuring bxygen level in the blood. The electrode

used for fabrication of this biosensor was knowrCdark electrode’ or ‘oxygen electrode’.

Principle

Biosensors are known as quantitative analyticalicgsv which contain recognition
elements including enzyme, antibodies, phagespataor single stranded DNA and connected
to a suitable transducer that may be physicochénopdical, thermometric, piezoelectric and

magnetic [38-40] (Figure 2(a)). The electric signialthe form of current/potential are quantified
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by electrochemical sensors, which is directly propoal to analyte concentration. There are
mainly two types of electrochemical biosensors thalude amperometric and potentiometric.
However, electrochemical sensors can be employ#ukimistinct sample investigation to detect

analyte like thermally processed foods, diagnosisteeatment of different diseases.

Bio selective | | P ]
Analytem :ii;::l°°9""i°“ Transducer

™= Electricity==s Electrode

Enzyme

Antibody

== pH w=p Thermister

DNA e Signal
s Hoat  _, Plezoslectric ')

Microbes

Organelle

Signal F—

Amplification

Light . PH Electrode

Yo

Figure 2(a): Schematic depiction of principle and wrking of a biosensor

There are several fundamental parameters depictegjure 2(b) that must be considered before

constructing a biosensing device [41].
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Selectivity: The developing
biosensor should be precise for
specific analytes.

Biosensing
Requirements

Response and recovery time:
Biosensor should respond quickly
against specific analyte and
recovery time should be minimum

] cibil Mult
na lhp:od:' '?l iple
concentrations should

uce similar results

Figure 2(b): Diagrammatic illustration of essential requirements required for the

development of ENPs based biosensor
7.1 Classification of biosensors based on ENPs

The electrochemical ENPs based biosensors have dassified into amperometric,
potentiometric and impedimetric biosensors. Fig(® depicts the concept of electrochemical

biosensors based on ENPs.
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Figure 2(c): Schematic illustration of ENPs basedibsensors

7.1.1 Electrochemical biosensor

Electrochemical ENPs biosensors are sensitive dsvithat are based on the
electrochemical reactions between ENPs and reactiotture. The resultant signals of the
electrochemical reactions can be measured in ttre & current, voltage or conductance [42]
depending upon the type of transducer used. Arireldemical ENPs based biosensor is a three
electrode system comprising a counter, referenod, \&orking electrode. Electrochemical
biosensors based on ENPs deposited on electrodes draused the interest of scientific
communities because of their immense applicationdiverse fields. A number of strategies
have been used for immobilization on support mal®rincludes adsorption, entrapment,
covalent bonding and cross linking. These eleceotbal biosensors have been employed to

improve the health of people, food industries andirenment monitoring [43]. Among these
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aforementioned areas, health sector is the ched af biosensing applications which include
determination of blood glucose levels in diabetesspns using glucose biosensors, accurate
analysis of urea in patients suffering from kidmkseases, detection of cholesterol, triglycerides
level, glycerol level and pyruvate level in cardipatients. Enzyme based electrochemical
biosensors have been used for industrial applieationcluding detection of hazardous
components in food products, investigation of fartagon broths or food processing steps by
analyzing the amount of glucose and additional &native end products. Furthermore,
biosensors have also played a significant roleensiive detection of phenolic compounds
which are today’s most serious concern for envirentalist. Because these phenolic compounds
and other toxic compounds mostly exist in divereerse such as agriculture and effluents
released from several industries. These compouads ibeen found to be highly toxic for living
beings; consequently, responsible for causing wuaritatal diseases [43]. Therefore, these
environmental issues can be resolved by nano bagpwaches which are simple, sensitive,

economic, fast and reliable [44].

7.1.1.1 Electrochemical detection techniques

Several electrochemical detection techniques imetudcyclic voltammetry (CV),
chronoamperometrically, chronopotentiometricalljppedance spectroscopy and field effect
transistor based approaches have been used fet targlyte detection in the given sample [42].

These electrochemical techniques have been dedaghllows:
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(1) Cyclic voltammetry (CV)

Cyclic voltammetryis widely used electro-analytical approach and jpi@information about
the redox potential and electrochemical reactidesraf analyte solutions. In this technique, the
potential is swept between two values at a consttat As the potential attains V2 the scan is
inverted and the potential is swept return to Viie Bcan rate, (V2-V1)/(t2- t1), is an important
aspect, because the extent of scan provide enaughfor a given electrochemical reaction to
occur. Variation in the scan rates, produce comedmgly varied results. The potential is
calculated between the reference electrode andvtrking electrode, whereas the current is
measured between the working electrode and thdlayxelectrode. The results obtained are
measured by plotting the graph between curnemtpotential. These plots are known as
voltammogram. With increase in potential toward éfectrochemical reduction potential of the

analyte, the current will also augment [42].

(i) Chronoamperometry and chronopotentiometry

In chronoamperometry, a square-wave potential @ieg to the working electrode and a
constant state current is analysed as a functidimaf. Variation in the current depends on the
extension or decrease of the diffusion layer atefleetrode. The confined analyte concentration
reaches to zero at the electrode surface, diffuggalate the movement of high concentration of
analyte from the solution to the electrode. As sulte concentration gradient develops away
from the electrode surface. In the bulk solutioa doncentration of analyte is maintained at a
value ofcO by convective transfer. Chronoamperometry is thaseCottrell equation that defines

current-time dependence for linear diffusion colnditca planar electrode
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I =nFAc0,/D/mt

where, | is current depends onFRraday’s constanty the number of electrons transferred per
molecule, A is the area of electrode, cO is concentrationnafiyade, D isdiffusion coefficient
and t is time. Therefore, according to this Cotteeguation, flow of current is proportional to the
diffusion rate of analyte to the electrode. Whilechronopotentiometry the potential is studied as

a function of time in response to a constant oasgfwave current [42].

(i)  Electrochemical impedance spectroscopy (EIS)

EIS is a useful tool for the fabrication and invgstion of materials for biosensor
transduction. During electrochemical sensing, ingpee techniques are used for monitoring the
changes in electrical properties due to biorecagmitevents occurring at the surfaces of

modified electrodes [42].

(iv)  Field effect transistor (FET)

The FET uses an electric field to control the cantidity of a region with depleted charge
carriers between source and dralectrodes in a semiconducting material. Controltled
conductivity can be attained at gate electrodadtkiectrode) by changing the electric field
potential, relative to the source and drain elelgdroConfiguration and doping of the
semiconducting material contain sufficient positbrenegative potential at the gate electrode that
either attract or repel the charge carriers incireduction region. As a result, conduction region

will either fill up or drain the depletion regiorf charge carriers (i.e. electrons). Hence, this
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either creates or distorts the efficient electrimagnitude of the conducting conduit and thereby

controls the conductance between the source amnuelegxtrodes [42].

Advantages of electrochemical biosensors

These electrochemical devices are acquiescent ifimaturization and exhibited better
compatibility. Moreover, these electrochemical bmsors have offered unique sensitivity,

selectivity, rapid and easy to operate [45]

Disadvantages of electrochemical biosensors

Deprived interactions between biorecognition eleisi@md electrochemical transducers

lower the selectivity, sensitivity and stability eflectrochemical biosensors.

7.1.1.1.1 ENPs based Amperometric biosensors

Principle

Amperometric biosensors based on ENPs measurdghal ®f interest in the form of
current which is directly proportional to the contration of analyte binding with biorecognition
component. In these ENPs based devices, the eetitre species are electrochemically
oxidized or reduced (redox reactions) onto inegpsut materials when a constant potential is
applied [46] [47]. During these redox reactiongcélons are released from the analyte to the
working electrode immobilized with ENPs or vice-s@r As a result, analytical current peaks are
formed which are taken as basis of measurementeofrechemical response. The schematic

representation of amperometric biosensors bas&Nés has been shown in Figure 2(d).
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Figure 2(d): Schematic representation of ENPs basesimperometric biosensor

7.1.1.1.1 (a) Various generations of ENPs based aerpmetric biosensor

Amperometry is a sensitive and specific electrodbahtechnique in which the signal of
analyte is current which is directly proportional the binding of precise analyte by using a
steady bias voltage. An amperometric biosensor csegh with two (bi) or three (try)
electrodes. In two electrode system, one of thetreldes acting as a reference while other as a
functional electrode. Use of biosensors having éeatrodes is restricted, as at elevated current,
it becomes very difficult to maintain the potentiAlternatively, in three electrode system, the
third electrode is acting as an auxiliary countlercteode that provide more surface area to
facilitate the better redox reactions. This incesathe flow of current, between the auxiliary and
the working electrodes, while voltage runs betw#en working and the reference electrodes

[48]. Depending upon the electron kinetics, reduciof acrylamide occurs in three ways which
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are referred to as the first, the second and ting gfeneration acrylamide biosensors Figure 2(e)

which are explained below:

(1) First generation ENPs based amperometric biosensor
In these amperometric devices oxygen is actirtg as a mediator between the electrode and
the ENPs. In the presence of suitable analyte, exyig reduced to form hydrogen peroxide
accompanied by flavin adenine dinucleotide (FADprasthetic group of enzyme, and FAPH
redox couple. The decreased in oxygen level ictyr@roportional to the analyte concentration.
This deceased oxygen level can be measured by nmgadbe elevated amount of hydrogen

peroxide or deprived oxygen level [49].

(i) Second generation ENPs based amperometric biosensor

Second generation ENPs biosensors involvesisheof synthetic electron mediators like
ferro/ferricyanide, hydroquinone, ferrocene, andorse organic dyes between the electrode
and ENPs. These mediators facilitate electron lasdietween electrode and ENPs and also
act as way around the sensing system, when redugapkn pressure was noticed from the

first generation acrylamide sensor [50].

(i) Third generation ENPs based amperometric biosensor

These biosensors incorporate the direct immobitimabf ENPs at the electrode surface
and generate an amperometric signal [51]. Thislaaes the electron kinetics of ENPs and
hence improves the sensing activity [52]. These £N&sed biosensors have offered better

biocompatibility and stability [53].
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Figure 2(e): Diagrammatic demonstration of first, &cond and third generation of ENPs

based amperometric biosensor

Researchers have developed a number of ENPs lmsperometric biosensors viz.
ChENPs/ChOxNPs/AUE [26], Lipase/GK/GPO/AUE [24], PIRPs/AUE [11], GODNPs/AuUE
[27], ChOxNPs/AUE [12], CA/CI/SOx/GCE [25], GK/GP@GE [35], LDHNPs/AUE [54] and
SOXNPs/AUE [55]. These ENPs based amperometriebsuss have opened a new platform
for the diagnosis of several diseases such as Gaheart attack, diabetes, gout, problems
related to renal, thyroid and muscles. The schematid electrochemical reactions of

aforementioned ENPs based amperometric biosenavestieen explained as follows:

Biosensing applications of ENPs based amperometixgosensor

Thus, these biosensors have attractechtéeest of researchers in various area as they ar

small in size, not expensive, rapid with low detactlimits and better performance [56]. A
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variety of enzyme/protein nanoparticles based aametric and potentiometric biosensors are

explained below:

7.1.1.1.1 Fabrication of cholesterol biosensor basm cholesterol esterase and cholesterol

oxidase nanoparticles

An amperometric biosensor was constructeddwalent immobilizing NPs of cholesterol
esterase (ChENPs) and cholesterol oxidase (ChOxdiP&u electrode for the quantification
of cholesterol in the serum sample (Figure 3(ajjeseE NPs were prepared by desolvation
method and immobilized on Au electrode. The bioseesghibited optimum response within 5
s at pH 5.5, temperature 40 °C at 0.25 V vs Ag/A§H]. Schematic representation of
immobilization of ChENPs and ChOxNPs has been sHoeiow:

Evaluation of analytical parameters of ChENPs/ChOxNs/AuE

The biosensor has been evaluated for itsrakanalytical parameters. The working range
of ChENPs/ChOxNPs/AUE was 0.26-18.102 mmol/L. Timalgical recovery of known
guantity of added cholesterol concentration of 2a6®l 5.18 mmol/L were 94.73% and
96.33% respectively, within and between co-effitieh variations were <2% and <3%.
Working electrode can be stored for 60 days at[28L.
Medical implication of ChENPs/ChOxNPs/AuE

The above constructed biosensor was usetthéatletermination of cholesterol level in the
sera of apparently healthy and diseased persofisA&eigh concentration of cholesterol in
serum causes atherosclerosis, cardiovascular dseayxedema, jaundice, diabetes mellitus,

nephritis and cerebral thrombosis [57]. Hencegé®rmination in serum sample is necessary.

30



10

11

12

13

14

15

16

17

SH SH

— s

[ s
— s

s

4‘ Cholesterol+0,+2H,0

Electrochemical reaction of ChOxNPs

Immobilization of
ChENP +ChOXxNPs

0.27 V
. Cholestene+2H,0, mmmmm) 4H*+20,+4H*

Figure 3(a): Diagrammatic illustration of immobilization and functioning of cholesterol

biosensor using ChENPs and ChOxNPs (Source: [26])

7.1.1.1.1.2 Fabrication of triglyceride biosensor dsed on lipase, glycerol kinase and

glycerol-3-phosphate oxidase nanoparticles

Pundir and Aggarwal, (2017) have prepared NPspafsk extracted from Porcine pancreas;
glycerol kinase (GK) extracted frooellulomonas sp. and glycerol-3-phosphate oxidase (GPO)
from Aerococcus viridanss by desolvation method [24]. These NPs were charaed by
transmission electron microscopy (TEM) and Foutiansforms infra red (FTIR) spectroscopy
and immobilized on Au electrode. Schematic illustra of confinement of Lipase, GK and
GPO NPs and their electrochemical reaction occgranAu electrode has been illustrated in
Figure 3(b). The developed Lipase/GK/GPO/AUE bissenworked best at pH 6.5 and
temperature 35°C when applied a potential of 1.2sVa working potential of biosensor and

response time 5s [24].

Evaluation of analytical parameters of Lipase/GK/GRO/AuUE

The working range of lower and higher concentratib Lipase/GK/GPO/AUE was 0.01-1.13

mmol/L and 1.13-5.65 mmol/L respectivelgietection limit 1.0 pg/ml, recovery of added
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known concentration of 0.56 mmol/L and 1.13 mmolas 95.2% and 96.0% respectively.
Within-and-between batch co-efficient of variatiomsre 2.33% and 2.15% respectively. The

storage stability of Lipase/GK/GPO/AUE electrodes\88 days when stored at 4 °C [24].

Medical implication of Lipase/GK/GPO/AuUE

The above proposed biosensor was used for megguertriglyceride level in the sera of both
apparently healthy and diseased persons [24]. Abalolevel of triglyerides in human causes
atherosclerosis and various other heart diseaaasrgatic diseases, puffy liver and spleen [58]

[59].

Triolein mmmmyFatty acid + Glycerol

m
T @ .  Electrochemical reactions
. ::;v;:;’:d ItAE o Rzation Fatty acid=== Glyerol-3-phosphate+ATP
— @+— Glyerol-3-phosphate ™=== Dihydoxyacetone

phosphate+H,0,

Immobilization of

NPs of Lipase,| [g.
GK & GPO —

H,0, ===} 2H* +0,+ 2¢-

Immobilization of NPs of
Lipase, GK & GPO onto Au
electrode

Au electrode

Figure 3(b): Schematic representation of Lipase, Gkterol kinase (GK) and Glycerol-3-
phosphate oxidase (GPO) NPs immobilization and el@ochemical reaction occurring on

Au electrode [24].

7.1.1.1.1.3 Fabrication of HO, biosensor based on horseradish peroxidase (HRP)

nanoparticles
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1 The very first enzymatic amperometric biosena@as constructed by confining HRP NPs
2 covalently on Au electrode [11]. The schematic espntation of immobilized HRPNPs and
3  electrochemical reaction occurring at the surfaicAw electrode has been illustrated in Figure

4 3(c).The biosensor has shown optimum at pH 7.4 wheriexpplpotential of 0.16 V.

5 Evaluation of analytical parameters of HRPNPs/AuE

6 The working range of HRPNPs/AUE was 1-9 uM with QM limit of detection. The % co-

7  efficient of variation was % CV 2.54% and <5 s @sge time [11].

8 Medical implication of HRPNPs/AuE

9 This HRP NPs/AuUE biosensor was employed for thasmeement of kD, level in the sera of
10 normal as well as diseased person by Liu et &% As increased quantity ob8&, may cause

11  diseases like atherosclerosis, ageing and diabetes.

el s T <
HRP NPs
——
2e+0,+ 2H*
A lectrod Attachment of functionalized
u electrode HRP NPs onto Au electrode

12

13 Figure 3(c): Schematic representation of Horseradls peroxidase (HRP) NPs

14 immobilization and electrochemical reaction occurmg on Au electrode [11].
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7.1.1.1.1.4 Fabrication of glucose biosensor based glucose oxidase (GOD) nanoparticles

Glucose oxidase (GOD) NPs has been used for tredagenent of two types of biosensors
i.e. DO metric [27] and amperometric biosensor [Ohperometric biosensor based on GOD
NPs was employed for the electrochemical measurermeiH,O, produced from glucose
whereas GOD NPs based DO metric biosensor was fosadeasuring the dissolved,@n
mg/1) during aerobic oxidation. GOD NPs/AuE worlesbat pH 7.4, temperature 27 °C; while
DO metric biosensor works at pH 6.0, temperatureC35Schematic depiction of
immobilization of GOD nanopatrticles and their etechemical reaction onto Au electrode has

been illustrated in Figure 3(d).

Glucose+0,+H,0

AugE Functionalized

AuE GOD NPs

GODNPs/AuUE
Gluconic acid+H,0,

Figure 3(d): Diagrammatic illustration of immobiliz ation of functionalized GODNPs and

electrochemical reaction occurring on Au electrod¢27].

Evaluation of analytical parameters GODNPs/AUE
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The working range of amperometric and Do metrasénsor was 1.9 mmol/L and 0.06-13.9
mmol/L respectively. The limit of detection of GOIIPs/AUE was 18 uM and for DO metric
biosensor was 10 pM.

Medical implication of GODNPs/AUE

GODNPs/AUE was used to measure the glucose levbki serum samples of both healthy as
well as in diabetic patients whereas DO metric déms®r has measured the dissolved metabolic
oxygen.
7.1.1.1.1.5 Fabrication of cholesterol biosensor bad on cholesterol oxidase

(ChOx)nanoparticles

Chawla et al. (2013) have designed an amparabiosensor by immobilization cholesterol
oxidase NPs (ChOxNPs) covalently onto Au electr@tshematic representation of ChOx NPs
immobilization and their electrochemical reactiontlae surface of Au electrode has been
depicted in Figure 3(e)The optimum response of ChOxNPs/AUE was at pH tefperature

35°C, by applying potential 0.27 V vs Ag/AgCI [12].

Evaluation of analytical parameters of ChOxNPs/AuE

The ChOxNPs/AuUE has shown 0.32-18.13 mmol/L warkienge with 0.04 mmol/L LOD.

This biosensor can be stored for 90 days at 4 °C.

Medical implication of ChOxNPs/AuE

ChOxNPs/AUE has been used for the quantificationholesterol level for the diagnosis of
hypercholesterlaemia, atherosclerosis, cardiovascdiseases, coronary artery diseases and

transient ischaemic heart attacks in both normal diseased persons [12]. Therefore, it is
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necessary to measure the cholesterol level in timahs to prevent the attacks of these fatal

disorders.

* | Cholesterol+0,+2H,0

ChOxNPs .
Electrochemical

— 5] teaction of ChOXNPs

0.27V
holestene+2H,0 ) 4H++20,+4H*
Attachment of functionalized
ChOxNPs onto Au electrode

Au electrode

Figure 3(e): Diagrammatic illustration of immobilization of functionalized ChOxNPs and

their electrochemical reaction onto Au electrode [2].

7.1.1.1.1.6 Fabrication of uric acid biosensor badeon uricase enzyme nanoparticles

Uric acid biosensor was designed amperometricallthb covalent immobilization of uricase
NPs [13]. The size of uricase NPs was calculatedaking the average of diameter of TEM
images. Schematic illustration of immobilization oficase NPs and their electrochemical
reaction on Au electrode has been illustrated gufé 3(f). These uricase NPs were deposited
electrochemically onto Au electrode. The modifiedi &lectrode with uricase NPs was
investigated by SEM, FTIR and EIS. Uricase NPs/Aal detected the uric acid in blood within
7 s and pH of biosensor was optimized by usingedsffit reaction buffers (50 mM) namely
sodium succinate buffer pH ranges from 4.0-5.5jwsodohosphate buffer pH ranges from 6.0-
8.5 and tris-HCL buffer pH ranges from 8.5-9.0. TOmimum pH of the biosensor was 8.5 and

temperature was 40°C.
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1 Evaluation of analytical parameters of Uricase NP#UE

2 The working range of this uric acid biosensor Wa305-0.8 mM, analytical recovery of
3 added uric acid concentration at 0.59 mmol/L and3 Immol/L was 99.57% and 98.77%
4 accordingly, extraordinary sensitivity 0.003 mA [téin? and longer storage stability 210 days

5 when stored at 4°C. The precision of Uricase NPB/#as 5.6% and 4.7%.
6 Medical implication of Uricase NPs/AuE

7 Uricase NPs/AuE amperometric biosensor was useadvistigate the uric acid in blood or
8 urine because high concentration of uric acid imaas is the indication of kidney and metabolic
9 disorders. Anomalous level of uric acid in humarnnbe causes several disorders like gout,

10 hyperuricaemia, Lesch-Nyhan syndrome, cardiovasaslavell as renal disorders.

E= 2
Uricase nanoparticles

Electrochemical
— reaction of uric acid
EL ‘ Allontoin+H,0,+CO,

Attachment of functionalized uricase
nanoparticles onto Au electrode

+ Uric acid+H,0+0,

Au electrode

11

12 Figure 3(f): Diagrammatic depiction of immobilization of uricase NPs and electrochemical

13 reaction at Au electrode [13].
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7.1.1.1.1.7 Fabrication of creatinine biosensor iBad on creatinine (CA), creatinase (ClI)

and sarcosine oxidase (SOx) nanoparticles

Creatinine (CA), creatinase (Cl) and sarcosinél@ase (SOx) NPs have been synthesized by
desolvation method and their morphological aspease studied by TEM and FTIR. These
characterized nanoparticles were immobilized onsgy carbon electrode (GCE) (Figure
3(g)). The immobilization onto GCE was confirmed %M, cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) aindisstages. CA/CI/SOx/GCE works

optimally within 2 s, pH 6.0 at 25°C [25].

Analytical evaluation of CA/CI/SOx/GCE

CA/CI/SOx/GCE has showed 0.01-1M broad working range with 0.0uM limit of
detection and 97.97% and 98.76% analytical recoer$.1 mM and 0.15 mM creatinine

concentration. The % CV was 2.06% and 3.09% andeastored for 240 days at 4°C [25].

Medical implication of CA/CI/SOx/GCE

CA/CI/SOx/GCE was used to measure creatinine lieveéra samples of apparently healthy
and diseased persons. Because elevated level aifnime causes renal, muscular and thyroid
disorders. The creatinine level in sera of healihg diseased was 78.681 and 298.41uM

respectively [25].
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Figure 3(g): Schematic illustration of CA/CI/SOxNPsimmobilization and electrochemical

reaction at GC electrode [25].

7.1.1.1.1.8 Fabrication of glycerol biosensor baseih Glycerol kinase (GK) and glycerol-3-

phosphate (GPO) nanoparticles

An improved amperometric biosensor was develogeskd on immobilization of GK and
GPO at PG electrode (Figure 3(h)) [60]. The modifieorking electrode GK/GPO/PGE was
investigated by SEM, EIS and CV. The maximum pentamce of the GK/GPO/PGE was

obtained at pH 7.0 and temperature 30°C when appligotential of -0.3 V.
Analytical evaluation of GK/GPO/PGE

The response time of the biosensor was 2.5 s.GKI&PO/PGE biosensor showed better
sensitivity i.e. 7.244A/mM/cm? with a limit of detection 0.0004M and broad linear range
100-45000uM. The analytical recovery of added concentratidrglgcerol was found to be

98.73 %. The precision of GK/GPO/PGE biosensor determined by calculating the co-
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efficient of variation for with-in and between blatcwhich was 0.105 % and 0.14 %

respectively. The values obtained by GK/GPO/PGEdnsor were correlated with standard

immune kit method using regression equation. Theage stability of the biosensor was 180

days [60].

Medical implication of GK/GPO/PGE

The above constructed biosensor was employedhfoiinvestigation of glycerol level in

serum sample of healthy as well as cardiac patiditits glycerol level in healthy person was

found in the range of 1.3-3;2M while in diseased patient it was in the rang&.@f -31.0uM

[48].

Triglycerides
) | PN -iLipase
: - X Fatty acids+ Glycerol
<@ Mg2+ lGK .
+ +‘+. (ADP
x @ K [a-Glycerol-3-phosphate
@ 02 JGPO
Li .
PG oo GKNpSTONPS Lipase DHAP+H202
electrode NPs/GKNPs/GPONPs/PG
-0.5V
electrode
2H*+0,+ 2¢
Figure 3(h): Schematic representation of attachment of functionalized Lipase

NPs/GKNPs/GPONPs and electrochemical reaction on peil graphite electrode [56]
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7.1.1.1.1.9 Fabrication of lactic acid biosensor ksad on lactate dehydrogenase

nanoparticles

Narwal et al. (2018) have prepared the NPs oataaehydrogenase extracted from muscles
of rabbit by desolvation method. These LDHNPs wararacterized by TEM, FTIR and UV-
spectroscopy and were used for the fabricationofeahanced amperometric biosensor by
immobilizing them on Au electrode (Figure 3(i)). &burface of LDHNPs/AUE was studied by
SEM, EIS and CV. The LDH biosensor responded oplyna pH 7.0 and 35°C temperature
when applied a potential of 0.10 V [61].

Analytical evaluation of LDHNPs/AUE

The percentage recovery of biosensor was 98.61dondtin-and-between coefficient of
variation was 1.38% and 1.03% respectively. The NPY/AUE exhibited 0.QiIM LOD and
wide working range 0.01-550Q@M. The sensitivity of LDHNPS/AUE was 3.4Acm’mM™
and response time 2.5 s. The results obtained isyllbH biosensor were compared with
standard colorimetric method and showed betteretation. The LDHNPs/AUE can be stored
for 210 days.

Medical implication of LDHNPs/AuUE

The above constructed biosensor was used to neetimulactic acid level in real samples as

elevated level of lactic acid caused cardiovasatilsorders. The LDH biosensor measured the

lactic acid level in range of 600-13@®/ in healthy person while in cardic patients it vimshe

range of 17000-22200M [57].
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Electrochemical
reaction of LDHNPs

Pyruvate+ NADH *

Attachment of functionalized LDH
nanoparticles onto Au electrode

Au electrode

Figure 3(i): Schematic representation of functionaked LDHNPs immobilization and

electrochemical reaction at Au electrode [61].

7.1.1.1.1.10 Fabrication of sarcosine biosensor @k on sarcosine oxide (SOXx)

nanoparticles

An improved amperometric sarcosine biosensor wa®ldped by immobilizing NPs of
sarcosine oxide (SOx) (Figure (j)) [55]. SOxNPs eveharacterized by various techniques
including SEM, FTIR and EIS. SOx biosensor worketiroally at pH 6.5, temperature 35 °C,
2 s response time when applied a potential of Ag/XgCl (Figure 3(j)).

Analytical evaluation of SOxNPs/AuE

The working range of SOxNPs/AUE was 0.1-100 puMv@it01 pM LOD. The within and
between batch of coefficient of variation of SOwdensor was 0.083% and 0.067% and
analytical recovery of added 0\M and 1.0uM sarcosine concentration was 94.22 % and
97.81% respectively. The storage stability of SOKMBE was 180 days [55].

Medical implication of SOxNPs/AuUE
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SOxNPs/AUE was used for the measurement of satesiel in the patients suffering from
prostate cancer. The above constructed biosensasurexl the sarcosine level ranges from 1.2-

3.2uM in normal person and 9.8-21uR in patients of prostate cancer [55].

Sarcosine +0,+H.,0

B3
) ol ij )
w ¥

AuO 4'PH

Aug Functionalized
SOxNPs

H.0,

0,+HCOH+H,0,

-

SOxNPs /AuUE

Glycine +HCOH+H,0,
Au

Figure 3(j): Diagrammatic illustration of functionalized SOxNPs immobilization and

electrochemical reaction at Au electrode [55]

7.1.1.1.1.11 Fabrication of pyruvate biosensor bageon pyruvate oxidase (POXx)
nanoparticles

Malik et al. (2019) have developed an amperomegiyiuvate biosensor by immobilizing
the NPs of pyruvate oxidase (POx) (Figure 3(k))chireques like TEM, FTIR and UV-
spectroscopy was used for the characterization @k RPs. These POxNPs were then
immobilized on Au electrode to form the workingatede. The morphological investigation of

working electrode was carried out by SEM and Elise @ieveloped biosensor was also studied

43



1

2

I

10

11

12

13

14

15

16

electrochemically by CV. The optimum pH and tempee of this biosensor was found to be

5.5 and 35°C respectively [37].

Pyruvate

o ‘1 § H.o,

::: .|.=:K 4 0.1V
wmm) - 4P g

AuO ﬁ: :i:: 0,+2H*+2e-

AuO ’JH
- . Acetylph hate +CO,+H.0
: . cetylphosphate +CO,+H,0,
Au AuE  Tunctionalized poxNPs /AuE

Figure 3(k): Diagrammatic illustration of functionalized POxNPs immobilization and

electrochemical reaction at Au electrode

Analytical evaluation of POx NPs/AuE

The working range of POx NPs/AuE was noticed betw@.001-500QuM. The developed
biosensor exhibited the 0.6M LOD and 7.5 s response time. The analytical recpof added
known pyruvate concentration (1.0 mM and 2.0 mMP@ix NPs/AuE was 99% and 99.5%.
Within-and-between coefficient of variation of thiiosensor was 0.045% and 0.040%
respectively. The stability of POx NPs/AuE was 2i&'s when stored at 4°C [37].
Medical Implication of POx NPs/AuE

The abovementioned biosensor was used for thendetgtion of pyruvate level in real
samples. Because abnormal level of pyruvate in nseraised the health issues like
cardiovascular diseases, autism, coronary infarciod diabetes.The POx NPs/AUE measured

the puruvate concentration in range of 147.2-2uRMn cardic patients [37]
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7.1.1.1.1.12 Fabrication of glycerol biosensor bageon glycerol kinase (GK), glycerol-3-
phosphate oxidase (GPO) and graphene oxide (GrO) napatrticles

An amperometric glycerol biosensor was construbtedo immobilizing NPs of GK, GPO,
Graphene oxide (GrO) onto pencil graphite electrffelgure 3(l)) [36]. These enzymic NPs
were investigated by TEM and UV spectroscopy. Honel pencil graphite electrode was
designed by immobilization of GK NPs, GPO NP an®Q@iPs and characterized by using
SEM, EIS and CV experiments. The developed biogenwsok optimally in reaction buffer

with pH 8.0 and 35°C when applied a working potndf 0.45 V [36].

Glycerol
b § PN Lipase
* ‘ Fatty acids+ Glycerol
-«
4k +:.|.- woze Jar ("
- ADP
-Glycerol-3-phosphate
x @&
o2 jGPO
‘- |
CHNP ponpe O NP GKNPs/GPO DHAP+H,0,
electrode Ps/GrONPs/P -0.45V

electrode

2H*+0,+ 2e-

Figure 3(l)): Diagrammatic illustration of functionalized immobilization of GKNPs,

GPONPs and GrONPs and electrochemical reaction at® electrode [36]

Analytical evaluation of GKNPs/GPONPs/GrONPs/PGE
The analytical recovery of GKNPs/GPONPs/GrONPs/R@&S 98.5% and 96.3% at 0.5
mM and 1.0 mM glycerol concentration. The responsene of developed

GKNPs/GPONPs/GrONPs/PGE was very less i.e. 2 B, ®@02uM LOD and storage stability
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210 days. Within-and between-batch coefficient afriation was 0.098% and 0.101%
respectively. The sensitivity of this biosensor wigl.45puAmM™. The working range of
GKNPs/GPONPs/GrONPs/PGE was observed between 6@@iM [36].
Medical implication of GKNPs/GPONPs/GrONPs/PGE

The aforementioned biosensor was employed foratieysis of glycerol. Glycerol is an
important marker of cardiac diseases. This biogsewss used for the sample investigation for
glycerol concentration in sera samples of boththgahs well as person with cardiovascular
diseases. GKNPs/GPONPs/GrONPs/PGE was measurgtytieeol concentration in the range

of 40-70uM for healthy individuals and 1500-124QM for diseased individuals [36].
Advantages of ENPs based amperometric biosensor

These ENPs based amperometric biosensors hawas simique sensitivity, stability, fast,
cost-effective, better analytical performance aisgasable in comparison to conductometric and

potentiometric biosensors [62] [63].
Disadvantages of ENPs based amperometric biosensor

These biosensors have exhibited poor selectivityworking of these devices depends

on the reaction environment i.e. pH and temperature

7.1.1.1.2 ENPs based potentiometric biosensors

Potentiometric biosensors based on ENPs measureottege difference between the
reference electrode and the functional/working tetele at zero current flow (Figure 4(a)). This
difference in voltage relies on analyte concertrati In these biosensors, a steady potential is

produced by reference electrode, while the workelgctrode generates variable potential
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depending on analyte concentration [64]. They mmeashe altered ionic species using ion
selective electrodes such as pH, ammonia seleahdeCQ selective electrodes which during

electrochemical reactions either release or abtbaribi” or NH," ions.

Volt Meter

Ag/AgCl
Electrode

Internal
Electrolyte

Figure 4(a): Diagrammatic depiction of ENPs basedgentiometric biosensors [65]
Principle

Potentiometric ENPs biosensors employ ion-selectiertrodes for transducing the
biological reaction into an electrical signal. Thegnsist of an immobilized enzyme membrane
surrounding the probe from a pH-meter, where durgdpx reactions generate or absorb H
ions. The reaction on thin sensing glass membréiresahe pH which is directly monitored
from the pH-meter. lon-selective field effect trestsr (ISFET) is one of robust platform for
developing potentiometric biosensors. Approachd® Icovalent attachment or polymer

entrapment have been employed for the immobiliraib ENPs to the gate surface of a FET.
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These ISFET devices are small in size and low weagld hence can be used for designing a
portable monitoring system. The selectivity and Iyl performance of ENPs based

potentiometric biosensors can be enhanced by dangl@ nanoscale device and eliminating the
nonspecific molecular adsorption. Researchers bbaaronically analysed the biomolecules by

monitoring the charge density variation by usingES's [66].

7.1.1.1.2.1 Biosensing applications of ENPs baseatgntiometric biosensors

Potentiometric ENPs based biosensors have alsouseeghmedically. Though, reports related to

ENPs are very limited. Some of ENPs based potemtiocrbiosensor is here under:

7.1.1.1.2.1.1 Fabrication of urea biosensor based arease nanoparticles

Jakhar and Pundir, 2018 have prepared NPs eaz#sarenzyme extracted from jack beans
Canavalia ensiformis by desolvation method. The structural investigawnb ENPs was carried
out by TEM, UV and FTIR and immobilized onto nitaticlose (NC) membrane functionalized
with chitosan by cross-linking with glutaraldehyd®/-absorption of monomeric urease shows
absorption maxima at 280 nm which is due to absmrdiy peptide bond and aromatic amino
acids while the absorption maxima of urease NPs ata330 nm. This NC membrane with
ENPs was mounted onto ammonium ion selective eléet(AISE) and linked to digital pH
meter to fabricate the potentiometric urea biose(Sigure 4(b)). This urea biosensor produced

optimum result within 10 s at pH 5.5 and tempead0°C [28].
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Chitosan
NC membrane
NH,
N-CH-(CH,),CHO
N.CHL{(CH)),cHO  Glutaraldehyd NH.
Glutaraldehyde activated NC membrane NH,
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e
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Figure 4(b): Schematic illustration of confining of functionalized urease NPs and

potentiometric reaction onto NC membrane [28].

Evaluation of analytical parameters of Urease NPs/®@ membrane

The detection limit of urea biosensor wagM/L, analytical recovery 106.33%, within and
between co-efficient of variation were 0.18% anthh0o respectively. The storage stability of

urea biosensor was 120 days at 4°C.

Medical implication of Urease NPs/NC membrane

The urea biosensor was used to analyze ureaumsssmple of both healthy and diseased

patients which was found to be 5.3-13.3 mmol/L 88®-147.18 mmol/L respectively. Normal
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range of urea in human body is 2500-7500 [28]. Abnormal urea level in urine and blood is
important indicator to monitor the function of kielnand liver, consequently rapid catabolism
of protein components, person may undergo congesteart failure/attack, requirement of

elevated protein diet, malnutrition, shock andsstrj@8].
7.1.1.1.2.1.2 Fabrication of glyphosate biosensoafed on urease nanoconjugates

A potentiometric biosensor was fabricated for timwestigation of glyphosate by
immobilizing the nanoconjugates of urease enzyniefanNPs onto Ni selective electrode.

These urease nanoconjugates were characterizeEMyafid FTIR spectroscopy [67].

Evaluation of analytical parameters of Urease nanamjugates on ammonium ion selective

electrode

Urease nanoconjugates based potentiometric lsoseshowed 0.5 ppm LOD and a
working range between 0.5-50 ppm. Sensitivity obrafmentioned biosensor was 280

mV/decade with storage stability of 180 days [66].

Implication of urease nanoconjugates

This biosensor was used for the monitoring of gbgate herbicide in spiked water samples.
Glyphosate is a well known nonselective herbicieiéroduction of glyphosate at its higher
concentration causes damage to endocrine systdiiraj organisms. The concentration of

glyphosate measured by this biosensor was rangesdre 20-60 ppm [67].
Advantages of potentiometric biosensors

These ENPs biosensors have shown good lineae réegs response time, rapid, stable,

no use of analyte and contamination free. It resnamaffected by color or turbidity.
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Disadvantages of potentiometric biosensors

The ion selective electrodes used in these potesticc devices reduce the
reproducibility of the sensor. Moreover, the eledgs are more susceptible for spoilage by
proteins or other organic solutes consequentlgnention caused by other ions. Electrodes used

in these biosensors are very week with minimumggeod.
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Table 3: Comparison of various kinetic and analytial properties of ENPs based biosensors

Characte | Glucose | Cholest | Uricase | Creatinine | Urease Lipase/ Glycerol | Lactic acid | Sarcosin | Horsera | Choleste
ristics Oxidase | erol NPs (CA), NPs Glycerol kinase dehydrogen | e dish rol
NPs Oxidase Creatinase kinase (GK) | (GK)/Gly | ase Oxidase | peroxida | esterase/
NPs (Cl) and | Glycerol-3- | cerol-3- (LDH)NPs (SOx) se Choleste
Sarcosine phosphate | phosphat NPs (HRP)N | rol
oxidase (GPO)NPs |e (GPO) Ps oxidase
(SOx)NPs NPs NPs
Property | Immobili | Immobil | Immobili | Immobilize | Immobiliz | Immobilized | Immobiliz | Immobilized | Immobili | Immobili | Immobili
zed NPs | ized NPs| zed NPs | d NPs ed NPs NPs ed NPs NPs zed NPs | zed NPs | zed NPs
Support | NC Au wire | Auwire | Glassy NC Au electrode | Au Au electrode | Au Au Au
used membran carbon membrane electrode electrode | electrode | electrode
e electrode
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Covalen

Covalent

Covalent

Covalent

Covalent

PGE

Covalent

Covalent

Covalent

Covalen

Type of

electrode

DO

metric

Ampero

metric

Ampero

metric

Amperome

tric

Potentiom

etric

Amperometri

c

Amperom

etric

Amperometri

C

Ampero

metric

Ampero

metric

Ampero

metric

Optimu

m pH

6.0

6.0

6.0

5.5

6.5

7.0

7.0

6.5

7.4

5.5

Optimu
m
temperat

ure (°C)

35-45

35

20

25

40

35

30

35

35

NA

40

Incubati
on time

(s)

60

10

2.5

2.5

<5

—
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Km 4.17 NA NA NA NA NA NA NA NA NA NA
(mM)

Linearit | 0.056- 0.69- 1e’- 0.00001- | 0.002-0.08 1.0-100 0.01-45 0.00001-55| 0.0001- | 0.001- 10-700
y 1.39 38.88 100mM | 0.012 0.1 0.009

(mM)/m micromol

g/dl ar

Limit of | 0.55 0.04 1é 0.01 1.0 1000000 0.0001 0.01 0.01 0.1 0.002
detection

(nM)

Half life | 180 90 210 240 120 90 180 210 180 NA 60
at 4°C in

days

No. of| 150 180 200 20 8-9 NA NA NA NA NA 200

reuses
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Analytic | NA NA 99.57 and 97.97 and 106.33 95.2 and 96.098.73 98.61 94.22 arldNA 94.73 and
al 98.77 98.76 97.81 96.33
Recover
yin %
Precision | NA NA 56 and 2.06 and 0.18 and 2.33 and 2.150.105 and 1.38 and 1.03 0.083 and 2.54 <2 and
in % 4.7 3.09 0.15 0.14 0.067 <3
Applicati | Determin | Determi | Determin | Determinat | Determina| Determinatio | Determina| Determinatio | Determin | Determin | Determin
on ation of| nation of| ation of | ion of | tion of | n of | tion of | n of lactic| ation of| ation of|ation of
dissolved | choleste | uric acid| creatinine | urea in| triglyceride | glycerol acid level in| sarcosine| H,O, cholester
Oz level |rol level|in serum| level in| serum in serum| level  in| serum in serum| level in|ol level
in serum| samples | serum samples | samples serum samples samples | serum in serum
samples samples samples samples | samples
Referenc | [28] [13] [14] [25] [29] [25] [60] [54] [55] [11] [26]
es

Abbreviation: NA-Not available; DO-Deoxymetric; GC- Glassy carb®@- Pencil graphite; NC- Nitrocellulose; ITO-Inda tin oxide

55



ACCEPTED MANUSCRIPT

56



10

11

12

13

14

15

16

17

18

19

20

21

22

8. Future Prospects

The exploitation of paper based devices in porthisensors has aroused the interest of
medical and environment sector. The electrochemmoadrofluidic devices are not only
disposable but also offer a number of extraordidugracteristics such as facile, economic, huge
production, sensitive, specific, low limit of detenn and minimum electricity requirement.
Therefore, use of electrochemical paper analytdmlices act as an ideal platform for the
diagnosis of number of diseases [23] [68]. Howetethe best of our knowledge there is no lab
on chip based on ENPs has been reported for tlgmaiés of various serious dissorders so far.
Hence, future research should be focused on fofatbrécation of such bioelectronic and lab on
paper chip to form entire automatic portable devifich could be employed on the bedside of
the patient. Microfluidic devices have exhibitedes@l fascinating advantages viz. requirement
of minimal sample, less laborious and facile apghoaeconomic and quick response. These
attractive characteristics of lab on chip and dogbnic devices would facilitate the detection of
various analytes in biological samples. In our apinuse of ENPs based nanostructures
development by dip-pen nanolithography act as a&gslot and enzymes as templates for the
designing of nanostructures, which can opened (ggbrtunities in the future nano techniques.
Furthermore, miniaturization and development of nable ENPs based biosensors could be

more beneficial for the better health of mankind.

9. Summary and conclusion

In conclusion, biosensing techniques have been idemresl more superior than
conventional colorimetric, enzymatic colorimetrispectrophotometric, chromatographic and

fluorescence techniques for the investigation @flyes as these techniques have offered simple
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fabrication approach, more sensitive and selectligposable, work with inclusive computerized
and give fast outcomes. Present review deciphersctmprehensive report of successfully
developed ENPs based biosensors which use optinawameters such as choice of enzyme,
method of immobilization and transduction mode.sTi@view explain the apparent research for
the fabrication of ENPs based biosensors with pnemie on methods of ENPs preparation,
numerous techniques of characterization, method\éfs immobilization and the distinct types
of transducers used. The comparative analyticdaufes of ENPs based biosensors have been
summarized in Table 3. Present study reveals tréfisiance of ENPs biosensors encircling its
area of application from investigation of clinic@mples. Immobilization of ENPs onto a matrix
is essential for the development of electrochemasensor. A number of electrode materials
such as Au electrode, nitrocellulose membrane,sglasrbon electrode and pencil graphite
electrode have been used to obtain ENPs basedhbmse Recently, ENPs or composite ENPs
have been used for the development of amperometripotentiometric biosensors. Hence,
without any suspicion, several ENPs biosensors baea documented to date and have various
constructive impacts for the analysis of real s@splhe ENPs based biosensor reported so far
work ideally within 2-300 s, pH range 5.0-6.0, tergiure 3.5-48C and linear range 0.1 nM-
100 mM with 0.2 nM-0.55 mM limit of detection. Thebiosensors have been employed for the
diagnosis of a number of serious ailments such aadiavascular diseases, renal disorders,
diabetes, environment monitoring, and biochemicajireeering and reused upto 8-200 times

while stored for 60-240 days dry &Gl
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Highlights

Review illustrates the various methods of enzyme nanoparticles (ENPs) preparation,
characterization techniques, methods of immobilization and applications of various ENPs
based biosensor along with their analytical evaluation and medical implication.

ENPs based biosensors exhibited novel fascinating properties such as exceptiona
selectivity, sensitivity, optical and electrical conductivity, large surface area.

ENPs based biosensors work optimaly within 2-300s, in pH range 5.0-6.0 and
temperature 3.5-45°C, linear range 0.1nM-100mM with 0.2nM-0.55mM detection limit.
ENPs based biosensors have been employed for the diagnosis of various diseases such as
cardiovascular diseases, rena disorders, diabetes, environment monitoring, and
biochemical engineering and reused upto 8-200 times over a period of 60-240 days while
stored dry at 4°C.

The future research could be focused on designing of electronic chip for ENPs based
biosensors to develop an entire automatic portable device, which can be used at the

beside of patients.



