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BIOSENSORS/CARBON NANOTUBES/IMMOBILIZATION/AMPEROMETRIC

DETECTION/ENZYME ACTIVITY/CATALYTIC MECHANISM

This thesis approached advancements in the architecture of amperometric
glucose biosensors with utilization of bare carbon nanotube (CNT) sensor deposits as a
nanoporous immobilization matrix for glucose oxidase (GOx). A simple drop & dry
procedure as used to create the dense and well-adhering conductive network of CNT
nanowires on platinum (Pt) or gold (Au) disk electrodes. Fresh CNT surface films were
then loaded in a subsequent drop & dry step with GOXx as the biocatalytic unit. In a final
step, an electrodeposition paint (EDP) was cathodically deposited as a biosensor top
coat to prevent diffusional GOx loss during the desired long-term measurements and
related prolonged measuring buffer exposure. CNT/GOX/EDP glucose biosensors have
been tested and calibrated via common amperometry testing. The key performance
characteristics of the generated biosensors were a literature-competitive glucose
response linearity up to about 40 mM, a detection limit down to about 50 pM, and over
100 hours of stable glucose signaling during continuous operation in an electrochemical
flow cell, which is a remarkable CNT/GOx biolayer durability. The pronounced signal
stability evidenced both the ability of the EDP glaze to block protein molecule escape

from the trapping CNT matrix and decent CNT sponge biocompatibility.
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Also established was a non-optical amperometric assay for the monitoring of j-
N-acetylglucosaminidase action on a (4-MU)-labeled substrate. Here, advantage was
taken of the redox activity of 4-MU, which creates electrochemical signals that can be
detected on properly-charged noble metal or carbon working electrodes. Anodic 4-MU
amperometry was operated in a reacti_on container in which enzyme and 4-MU-labeled
substrate were brought together, while keeping a boron-doped diamond disk electrode
at the 4-MU detection potential of + 700 mV vs. reference. In “real time” current
recordings 4-MU liberation due to enzymatic substrate cleavage in the reaction buffer
was visualized as a gradually increasing current signal and data from variations of
substrate buffer levels made possible the construction of Michaelis Menten-type of

enzyme activity plots.

Finally, the catalytic mechanism of the reaction of f-N-acetylglucosaminidase
from Vibrio harveyi with 4-methylumbelliferyl-f-N-acetyl-D-glucosaminide was
inspected with a fluorimetric biochemical assay, executed in the stop-flow mode for
fast kinetic data assessment of the enzymatic substrate hydrolysis reaction and related
liberation of the fluorescent product 4-methylumbelliferone. From the result at pre-
steady state kinetics found two-step process was revealed for the biocatalysis, first
enzyme-substrate binding and second the bond break between 4-methylumbelliferyl
and N-acetyl-f-D-glucosaminide with K; (dissociate constant) is 99 uM, keps i
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CHAPTERI

INTRODUCTION

1.1 Rationale of the study

In the past few decades tremendous progress has been made with respect to the
quality of electrochemical instrumentation and potentiostat with picoampere current
and submicrosecond time resolution are through the advancements in the hard- and
software of the electronics behind potentiostat operation with reasonable price levels
on the market. At the same time the fields of Material and Nanotechnology Science
made available a plethora of micro- and nanomaterials with potential to be utilized on
electrochemical sensor platforms for enhancements of analytical performance. Taking
advantage of these two favorable technology trends, modern electrochemical detection
schemes were capable to establish themselves as an important fragment of Analytical
Chemistry and prominent examples of application success cases are the trace analysis
of environmental pollutants, the quantification of healthy or toxic food ingredients, the
measurement of clinical disease biomarkers and the monitoring of industrial synthesis
product formation. In the frame of the upsurge of the field of electroanalysis the themes
of this Ph.D. thesis covered four distinct subjects. Firstly, work was done with relation
to the manufacture of efficient amperometric glucose oxidase (GOXx)-based glucose
biosensors. More specifically the objective was to demonstrate that pure carbon

nanotube (CNT) electrode surface deposits with no additional nanomaterial could



function as well for glucose determinations as the many published CNT/GOx-based
glucose biosensors with complicated multi-component sensing layer arrangements. As
valuable gain was expected a pronounced simplification of the sensor fabrication, of
course with no concession in terms of analytical performance. Success with the initial
work assumed, the second thesis part considered the incorporation of biocompatible
chitin and/or chitosan as polymeric supplementation and ferrocene as a redox-active
material into bare CNT electrode modifications. Motivation for the chitin/chitosan
consideration was the predictable chance to prolong the life time of sensors via
provision of a gentler biopolymeric environment while ferrocene addition offered the
possibility to be independent on the presence of dissolved oxygen for measurements in
de-aerated samples. Part three was designed to approach the development of an
electrochemical assay for the determination of kinetic enzyme properties. Here, the
main motivation was to establish the novel electrochemical assay as an alternative
option to the optical microplate assays that are current the lone standard for biochemists
and enzymologists for enzyme kinetic studies. And in the last part, the activity of S-N-
acetylglucosaminidase from Vibrio harveyi (VhGIcNAcase), the model enzyme for
electrochemical assay development, has been looked at with standard biochemical

screening to facilitate better understanding of the kinetics of this protein.

The research objectives of this Ph.D. thesis, briefed in an itemized list, were:
(1) Establishment of pure CNT-based amperometric glucose biosensors that are
competitive with respect to analytical performance to published options but
significantly simpler in their architecture. Tasks included completion of an easy

to perform and highly reproducible procedure for the fabrication of the sensor



targets and then their thorough functional characterization via electrochemical
performance tests.

(2) The blending of CNT immobilization matrices with the two biomaterials chitin
and/or chitosan and the redox compound ferrocene with aim on improved long-
term stability and functioning in de-aerated sample solutions. Tasks included
completion of the blended CNT sensor modifications and again their functional
characterization via electrochemical performance tests.

(3) Development of a quantitative electrochemical enzyme Kinetic assay via
utilization of redox labeled enzyme substrates that release their
electrochemically detectable functionality in course of cleaving interaction with
the biocatalyst. Model enzyme for this study part was p-N-
acetylglucosaminidase from Vibrio harveyi (VhGIcNAcase) and tasks included
the establishment of the electrochemical detection of the redox labels of choice,
proof of principle of real-time electrochemical visualization of enzymic
substrate conversion and finally the generation of enzyme activity vs. substrate
concentration plots for kinetic analysis and comparison of the novel
electrochemical with the routine optical microplate methodology.

(4) A final thesis part addressed for the model enzyme of task (3) the inspection of

the kinetics of its catalytic action via biochemical assays with optical detection.

The following sections will handle in sequential order the presentation of
comprehensive general information on the background relevant for the three thesis
subjects, a review of literature-known work with importance to the thesis topics, namely

CNT-based biosensor constructions and optical and electrochemical enzyme activity



measurements, a summary of the applied research methodologies, the offer of obtained
results with discussion and finally a conclusion, comments on possible future work and

the list of the references.

1.2  General information on enzyme biosensors

The first part of this work dealt with the development of an effective enzyme
immobilization on the electrode platforms of amperometric biosensors. Therefore, the
following sub-section will inform about general features of enzyme biosensors, in
particular of glucose biosensor. Covered will be the principle of biosensor functioning,
a coverage of possible strategies for enzyme immobilization, insights in enzyme
biosensor signal generation including hints on direct electron transfer between an
electrode surface and a protein biocatalyst and finally a description of the methodology

of electrochemical enzyme biosensor testing and calibration.

1.2.1 Biosensors
Biosensors are generally defined as analytical tools which connect a
biological recognition element (BRE) to a solid transducer surface to convert an
observed response due to interfacial BRE/analyte interaction into a measurable
electrical signal, whose magnitude is proportional to analyte concentrations. Based on
the type of transducer used, biosensors have been divided into optical, calorimetric,
piezoelectric, thermometric and electrochemical biosensors (Chaubey and Malhotra,

2002; Monosik et al., 2012; Newman and Turner, 1992; Perumal and Hashim, 2014).



Typical biosensors are comprised of three main functional components: (i) the
biological recognition element (BRE) that are specific for the target molecules (analyte)
and provide selectivity in the presence of other chemicals, (ii) a solid transducer that
converts the interaction of the BREs with its affinity partner into signal and (iii) a signal
processing system that converts the signal further into readable and storable form (Niraj
et al., 2012; Yoo and Lee, 2010). This constellation is depicted in Figure 1.1, which
shows a general functional design of a biosensor with the specified components.
Biosensors can be applied to a large variety of samples including body fluids, food
samples, cell cultures and environmental samples (Frascione et al., 2012; Grieshaber et

al., 2008; Prodromidis and Karayannis, 2002).

Analyte Bioreceptor Transducer Measurable signal
B0  ——
b BN (Electrocactive Electrode \
3 E—
DO> 9’“ Enzyme :> substance
>O [> pH change — 5 Semiconductor
>®_ Antibody pH electrode
k/)k Electric
O - I;,> Heat ———> Thermistor :
>|:I ‘}— Microor- SHS
ﬁ)__ ganism [:>
? > D_ ® Light ———> Photon counter
Cell
HOP
2 S)'_ :> Mass change ———— Piezoelectric devic
0 7
. [ Molecularly Signal transducer
recognizing
Samples materials

Figure 1.1 A general schematic representation of a functional biosensor design. Shown
are the biological recognition element (BRE) in contact with a transducer element
which detects a physical, chemical or electrical change when the recognition element

binds analyte from the solutions.



Most used biological recognition elements in biosensors are enzymes,
antibodies, and single-stranded DNA fragments and the corresponding sensors are
called enzyme biosensors, immunosensors and DNA sensors, respectively. The variety
of sensing opportunities that an electrochemical signal transduction offers for analyte
detection with an enzyme biosensor can be best exemplified with the common case of
glucose quantification with glucose oxidase (GOx) biosensors (J. Wang, 2008). In a
electrochemical (amperometric) GOx biosensor, most often the generation of hydrogen

peroxide (H,O0,) (the product of enzymatic glucose conversion into

gluconolacton/gluconic acid) or the consumption of oxygen (the cofactor used for
enzyme recycling at the end of a catalytic cycle) is measured with the tranducer, an

H,O, or O, sensitive electrode. Alternatively, the pH change due to gluconic acid

formation may be traced via potentiometric proton-sensitive detection. In this PhD
study GOx was chosen a favored model enzyme for the biosensor preparation and
characterization work since this enzyme is (1) widely used as in (glucose) biosensor
research and development (R&D) and thus has a lot of literature cases for comparison
available, (2) easily commercially available at high quality and rather low prize and (3)

robost and stable in dissolved and immobilized state.

Sensitivity and stability of (glucose) biosensors are key features for quantitative
analysis applications (J. Wang and Musameh, 2003). Such key properties depend on
the effective recycling of the enzyme after a substrate conversion event and a reasonable
life time of the functional biomacromolecule in the immobilization layer on the sensor
surface. After reaction with a substrate molecule, the enzyme is in a reduced state and

needs to be re-oxidized to be ready for the next cycle of substrate conversion.



Figure 1.2 is a representation of the 1%, 2" and finally 3" generation of glucose
biosensors. As can be seen, the biosensing process involves a dissolved cofactor in the
first two designs, more specifically a native or a synthetic redox species for the 1% and
2" generation biosensor, respectively (Figures 1.2A and B). For the 3" generation
glucose biosensor, the cofactor is either represented by the electrode itself, employing
direct electron transfer (DET) for reduced to oxidized enzyme transformation (Figure
1.2C) or a a chain of redox equivalents that are covalently fixed to the polymeric
structure of the immobilization layer and electrically wired (connected) to the electrode
via electron hopping from enzyme to redox site and then from redox site to redox site

with the electrode being destination for electron delivery (Figure 1.2D).

Substrate Product Substrate Product Substrate Product

QZ Hzloz Meox dred @
Electrode | Electrode | Electrode |
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w +
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—* = Fc-derivative Immobilization layer

Figure 1.2 Three generations of a glucose oxidase-based biosensor based on (A) the

use of natural oxygen as cofactor, (B) the use of an artificial redox mediators as



cofactor, (C) the direct electron transfer (DET) between GOx and the electrode or
enzyme electrode (J. Wang, 2008) and the exploitation of a redox polymer (here with

ferrocene-based active sites) for GOx recycling (D).

1.2.2 First generation glucose biosensors
First generation glucose biosensors rely on the use of dissolved oxygen
as natural co-substrate. Cyclic enzyme/sugar interaction in cofactor presence leads to
the generation of hydrogen peroxide following equation 1.1. The concentration of

H,O, is quantifiable through, for instance, amperometry at constant potential (equation

1.2).

glucose

Glucose +0, —2%=_ gluconic acid + H,0, (1.1)
H202 +0.6V (vs.Ag/AgCl) >02+2H++2e_ (12)

The biocatalytic reaction happens in a first step and involves the
reduction of the oxidized flavin group in the enzyme structure GOx—(FAD) and
oxidation of substrate glucose, yielding the reduced form of the enzyme

GOx —(FADH,) and gluconolactone (equation 1.3).

GOx —(FAD) + glu cose——>GOx — (FADH,) + gluconolactone (1.3)

In the subsequent step, the re-oxidation of the reduced flavin unit by
molecular oxygen regenerates the oxidized form of the enzyme GOx-—(FAD)

(equation 1.4), which prepare the enzyme for the next catalytic glucose conversion.



GOX— (FADH,) +0,—>GOx— (FAD) + H,0, (L4)

H,O, is a side product of the catalytic glucose—gluconolactone

conversion. As species that can be oxidized or reduced it is detectable at appropriately
polarized electrode surface. Figure 1.3 shows a schematic cascade of oxidation and
reduction reactions of glucose in a “first-generation” GOXx biosensor. The anodic

electrooxidation of H,O, liberates electrons for current flow. H,O, and glucose are
produced in a 1:1 ratio in the enzyme action and produced H,O, levels are thus
proportional to the glucose concentrations seen by GOx. Therefore, measured H,O,

currents can be used for a ‘biosensor-type’ of quantification of glucose (J. Wang, 2008).

Glucose

Ox

[*]
=
o
S
=
(5]
Kl
1

Gluconic acid

Figure 1.3 The oxidation-reduction cascade that happens if a GOx-covered electrode
is exposed to an aerated glucose-containiing sample solution and the sensor is operated

as 1%t generation biosensor.

1.2.3 Second generation glucose biosensors
Second generation glucose biosensors are designed for detection of
glucose in a complete absence of dissolved oxygen (de-aerated samples). Oxygen-
independent GOx biosensors can be obtained by replacing the native cofactor oxygen

with a non-physiological (synthetic) electron acceptor capable of shuttling electrons
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from the redox center of the enzyme to the surface of the electrode. A comparison of
equations 1.5-1.7 with equations 1.3 and 1.4 illustrates the replacement of oxygen as a
redox partner of glucose oxidase in a glucose biosensor. Instead of oxygen, the artificial
compound (e.g. the [Fe(CN)s]* ion with a complexed iron (111) reducible to Fe(ll)) is

used as a redox partner of the reduced enzyme to induce re-oxidation.

Glu cose +GOx,,, —gluconic acid +GOX,, (1.5)

GOX ey +2M () ——>GOX ) +2M gy +2H" (1.6)
2M ey —>2M ,, + 26 (1.7)
As shown in equations 1.6 and 1.7, M, and M, are the oxidized

and reduced forms of the synthetic mediator. The reduced form of the mediator
([Fe(CN)e]*, in case of use of supplemented [Fe(CN)s]*), is reoxidized at the electrode,
giving a current signal proportional to the glucose concentration level in similar manner
as the hydrogen peroxide for the oxygen cofactor case (equation 1.7). The related
synthetic redox mediator-supported enzyme/substrate conversion cycle between
substrate and enzyme is displayed in Figure 1.4 Successfully working non-native redox
mediators for glucose biosensors include ferrocene-derivatives, potassium ferricyanide

and Os(l111) complexes (J. Wang, 2008).
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Figure 1.4 Sequence of redox events that occur in ‘second generation’ glucose
biosensors with redox recycling of the glucose oxidase supported by a dissolved

artificial redox mediator.

1.2.4 Third generation glucose biosensors

In contrast to 1%t and 2" generation biosensors, 3 generation biosensors
are “reagentless” sensing devices as they are designed not to require dissolved native
or synthetic co-factors as effective electron transfer mediators in the measuring buffer
for the requisite regeneration of the enzyme’s redox state. Freedom from redox
mediator supplementation is the result of either an employment of the electrode as
electron donor/acceptor via direct charge transfer with the enzyme in the need of
reduction/oxidation (Figure 1.5A; (Jose et al., 2012; Q. Liu et al., 2007; Y. Wang and
Yao, 2012; Y. Wang etal., 2011)) or a gain by covalently binding redox active chemical
entities to the polymeric strands that serve as the immobilization matrix entrapping the

enzyme (Figure 1.5B) (J. Wang, 2008).
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Figure 1.5 Simplified schematic representation of a third generation glucose biosensor
system with direct electron transfer for enzyme re-oxidation (A); Simplified schematic
representation of a third generation glucose biosensors system utilizing a ‘redox’

polymer as immobilization matrix and functionality for enzyme re-oxidation (B).

1.2.5 Direct electron transfer between redox active center of enzyme and
electrode surface
Because of the desire for simplified biosensor designs without the need
of special redox compound incorporation, the direct electrochemistry of redox enzymes
at solid electrodes has received more and more attention. However, the realization of
direct electron transfer between a redox enzyme and an electrode surface is a
challenging task (Cai et al., 2004; Freire et al., 2003; Gorton et al., 1999; Y. Wu and
Hu, 2007; W. Zhang and Li, 2004). Main reason is that the redox center of redox
enzymes is often deeply buried into the bulk of the folded protein structure and

therefore often located too far away for an effective electron shuttle, even in the case of
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an optimal structural orientation of the macromolecule on the polarized sensor surface.
Important for the achievement of DET between an enzyme with reasonably well
exposed redox site and the transducing electrode is nearness of the redox site to protein
surface and a proper orientation of the biocatalytic macromolecule with the enzymatic
redox site facing straight to the electron-accepting/donating liquid/solid interface.
Obviously, optimal immobilization strategies are required for the fulfilment of that

demand of protein positioning (Figure 1.6).

Though it was not the main goal here to establish a DET-type of
biosensing or to work with synthetic mediators for GOx recycling, a part of the
experiments with the CNT-based biosensors of this thesis was carried out with the
intention to check whether DET for was feasible and hether the proposed CNT-based
biosensor design was functional in de-aeraeted buffers, e.g. with intentional ferrocene
derivative addition to the immobilization layer. For more information refer to the

relevant later section in the Results and Discussion section.

Electrode

Figure 1.6 Importance of redox enzyme orientation on the transducing electrode
surface for success with direct electron transfer from the electrode to the proteins redox

site and back.
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1.2.6 Immobilizations of enzyme biosensor

A Dbiosensor makes exquisite use of a biological molecule that is
immobilized in proximity to a transducer to detect an analyte, and ultimately getting a
storable electrical signal for quantification. A critical step in the fabrication of well-
working biosensors is thus the reproducible and biocompatible functional fixation of
enzyme molecules onto the surface of the the measuring solid electrode surface
(Scouten et al., 1995).

The term “immobilized enzymes” refers to “enzymes physically
confined or localized in a certain defined region of space with retention of their catalytic
activities, and which can be used repeatedly and continuously”. Enzymes may be
attached to the solid electrode carrier by physical adsorption, electrostatic charge
attractions or stable covalent bonding. The most common procedures for irreversible
enzyme immobilization are, however, covalent coupling, entrapment or encapsulation
into thin-film polymer surface deposits and protein molecule cross-linking (Figure 1.7).
Information on the pros and cons of the various options of enzyme immobilization on
electrodes are provided in Table 1.1 (Brena et al., 2013; Datta et al., 2013; Scouten et
al., 1995). Natural polymers, synthetic polymers and inorganic materials have been
exploited to achieve enzyme immobilization on sensors. The quality of gentle but firm
immobilization of the analyte-selective biological component is certainly a major factor
determining analytical biosensor performance, and use of chitin or chitosan films with
sound biocompatibility, for instance, proved to be beneficial transducer surface
modifiers (Suginta et al., 2013b). Based on that some prelimnary experiments with
natural shrimp chitin as supplementation of the GOx/CNT-based biosensors of this

study have been conducted to test whether sensor life time indeed would be be extended
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by the accomplished CNT/chitin composite or not. More information on this issue is

available in the related section of the Results and Discussion section.

99999

support )
Adsorption Covalent binding Entrapment
Ey<E
&L
-
Encapsulation Cross-linking

Figure 1.7 Approaches to enzyme immobilization, irreversible methods.



Table 1.1 Existing immobilization procedures for enzymes — A comparison.

Method

Advantages

Disadvantages

Adsorption on insoluble matrices (e.g. by van
der Waals forces, ionic binding or hydrophobic
forces)

Entrapment in a gel (eventually behind a

semipermeable membrane)

Crosslinking by a multifunctional reagent

(such as glutaraldehyde bis-isocyanate

derivatives or bis-diazobenzidine)

Covalent bonding onto a membrane, insoluble

supports

Simple, mild conditions, less disruptive to

enzyme protein

Universal for any enzyme, mild procedure

Simple procedure, strong chemical binding of
the biomolecules; widely used in stabilizing
physically adsorbed enzymes or proteins that
are covalently bound onto a support

Stable enzyme-support complex, leakage of the
biomolecule is very unlikely, ideal for mass

production and commercialization

Enzyme linkages are highly dependent on pH,

solvent and temperature; insensitive

Large diffusional barriers, loss of enzyme
activity by leakage, possible denaturation of the
enzyme molecules as a result of free radicals
Difficult to control the reaction, requires a large
amount of enzyme, the protein layer has a
gelatinous nature (lack of rigidity), relatively
low enzyme activity

Complicated and time-consuming: possibility
of activity losses due to the reaction involving

groups essential for the biological activity

o1
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1.2.7 Chitin and Chitosan as natural biocompatible material for enzyme
immobilization

Although chitosan-based electrochemical biosensor fabrications have
been intensively worked at over the past few decades (Suginta et al., 2013b), 3™
generation enzyme biosensor fabrication using the chitosan precursor chitin as
biological immobilization matrix has been barely approached. Chitin, is actually the
second most abundant biopolymer in nature after cellulose (Pillai et al., 2009; Rinaudo,
2006). It is an exceptional polysaccharide formed through a tight entanglement of long
strings of chained N-acetylglucosamine (GIcNAc) units and as such the main structural
component of marine animals such as crab, shrimp, and squids (W. R. Chen, 2013;
Nakorn, 2017). As reviewed by Suginta et al. (2013), only a limited number of reports
addressed so far the utilization of chitin for electrochemical and optical biosensor
fabrication. An initial study from as early as 1992, for instance, succeeded in the
spreading of thin enzyme-loaded membranes from squid pen f-type crystalline chitin
(Ohashi and Koriyama, 1992), a material that was later successfully served as an
immobilization matrix for glucose oxidase in implantable glucose biosensors with good
stability (Ohashi and Karube, 1995).

In 2000, chitin was then made a supplementary modifier of carbon paste
enzyme biosensors: GOx was entrapped into the chitin/carbon paste via interaction of
anionic sulfide groups in the protein and protonated positively charged nitrogen
functionalities in the chitin biomaterial, an immobilization strategy that produced well-
working glucose biosensors (Sugawara et al., 2000). Brondani et al. used a
glyoxal/carbodiimide coupling chemistry to covalently fix the amino-groups of chitin

to each other or to the ones available in a corn peroxidase enzyme (Brondani et al.,
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2009). The obtained enzyme-modified and cross-linked chitin was mixed into carbon
paste electrodes and successful biosensor measurements of adrenaline in
pharmaceuticals could be carried out with the preparation. And thin chitin films were
studied as bovine serum albumin adsorbing material on the surface of sensors designed
for a quartz crystal microbalance with dissipation monitoring and surface plasmon
resonance studies (Kittle et al., 2012). The promising achievements of the available
studies with a chitin-partaking biosensor design and the capabilities of chitin known
from its frequent use in the biomedical, food, cosmetic, and textile industries (Mincea
et al., 2012) makes the material a promising resource from the marine environment for
biosensor fabrication. Advancing the use of chitin for biosensors seems sensible bearing
in mind its great ease of access, outstanding biocompatibility, film-forming properties

and abundance of amino groups for cross-linking chemistry.

Figure 1.8 Chemical structure (A) of chitin and (B) chitosan. (modified from

Krajewska, 2004).
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Chitin and its synthetic derivative chitosan are structurally quite similar
(refer to Figure 1.8), given that in chitosan some of the many acetylated nitrogen
functionalities is chemically modified via deacetylation into amino groups and others
not. Different between the two biopolymers is accordingly just the ratio of the number
of acetylated to the number of deacetylated nitrogen groups at the C2 carbon of the
sugar ring. In chitin there are actually more acetylated than amino groups while in

chitosan the situation is the opposite and the amino functional groups are dominant.

More recently, Yang and coworkers reported the successful synthesis of
ferrocene (Fc)-modified chitosan (Fc-CHITO) and used the resulting redox
polysaccharides for the establishment of reagentless GOx-based glucose biosensors
(Fatoni et al., 2013; Garcia et al., 2007; Qiu et al., 2009; Shukla et al., 2013; Weiwei
Yangetal.,2007b; Yilmaz et al., 2012). Upon solvent evaporation, films of the initially
suspended Fc-CHIT hybrid material firmly immobilized GOx entities via electrostatic
interaction on the surface of glassy carbon electrodes (GCE). Biosensors made with this
design were superbly sensitive during the electroanalysis of glucose and thanks to the

biocompatibility of the main matrix component chitosan had a good lifetime, too.

Since chitin has, though to a lower extent, amino groups for redox
mediator cross-linking available the material should, in principle, be adaptable for the
Yang’s type of chemical modification strategy. Chitin has, however, not the same
solubility, hydrophobicity, film-forming tendency and NH2-group density as chitosan
and the distinct difference in the various chemical and physical material properties is
likely to play a role for determining the analytical performance quality of, for instance,

Chitin-Fc-GOx glucose biosensors.
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1.2.8 Carbon nanotubes and biosensor applications
There has been an explosion of interest in the use of nanomaterials for
the development of biosensors, and carbon nanotubes (CNT) are at the forefront of this
trend (Agi et al., 2008; Pumera et al., 2007; Wenrong Yang et al., 2007a). The interest
is partly motivated by the ability to improve macroscale biosensor behavior by
incorporating nanoscale sensing components, leading to an enhanced detection of the

targeted analytes (Wenrong Yang et al., 2010).

CNTs are tube-shaped graphitic filaments with a diameter on the few
nanometer scale (J. Wang, 2005). CNT is a promising material for sensing applications
as they offer several excellent properties including high mechanical strength, high
surface area, excellent chemical and thermal stability, and a very good of electrical
conductivity (Ahammad et al., 2009; Ajayan, 1999; Balasubramanian and Burghard,
2006; Gupta et al., 2017; Lyons and Keeley, 2008). CNT thus became an important
component of enzyme biosensor architectures (Gooding et al., 2007; Heller et al., 2006;

Krapf et al., 2006).

CNT tubes are prepared as single-walled or multi-walled versions
(Figure 1.9) and have been utilized as nanoscopic functional component of the
analytical tools since their discovery. Apart from already mentioned assets CNT
became attractive for biosensor fabrication/application because it was discovered that
they can promote direct electrode/protein electron-transfer. Representative examples of
biosensor work with CNT include the work with single-walled carbon nanotubes
decorated with Au-coated Pd (Au/Pd) nanocubes (Claussen et al., 2009), incorporation
of single-walled carbon nanotubes modified with enzyme into redox polymer hydrogels

(Joshi et al., 2005), CNT with nanoelectrode ensembles (NEEs) (Lin et al., 2004),
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glucose oxidase is entrapped in the composite of carbon nanotubes suspension mixed
with chitosan solution was used for entrapped enzyme (Ying Liu et al., 2005), carbon
nanotube/Teflon composite was mixd with and glucose oxidase enzyme by hand
mixing in the dry state (J. Wang and Musameh, 2003). Here, bare thin-film CNT
electrode deposits and composites of CNT with chitin and chitin/ferrocene have been
trialed as options for the immobilization of GOx on noble metal disk electrodes. For

detailed information refer to the related Results and Discussion section.

Figure 1.9 Structure of single-walled carbon nanotubes (SWCNTSs) and multi-walled

carbon nanotubes (MWCNTS).

1.2.9 Principles of amperometric glucose biosensor measurements
Electrochemical enzyme biosensors measure the current produced from
oxidation and reduction reactions. The current that is monitored can be quantitatively
correlated to either the concentration of the measured electroactive species or to its rate
of production/consumption. The resulting electrical signal is proportionally related to
the recognition process of the immobilized enzyme with respect to substrate (target

analyte) and, via suitable calibration can be used to determine substrate in sample
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solutions. Reviews of this strategy are available from Wang et al. (2008) (Perumal and

Hashim, 2014).

With enzyme-based biosensors most often amperometry is the
electrochemical method used for the generation of the electrical signal that allows
analyte (substrate) detection and quantification. At constant potential, suitably chosen
in amplitude for the electro-reduction or oxidation of a product or educt (cofactor) of
the enzymatic substrate conversion, the biosensor current is monitored as function of
time and concentration of substrate. Popular platforms onto which enzymes are
immobilized include gold (Au), platinum (Pt) and carbon (C) disk electrodes.Reference
electrodes is usually the silver/silver chloride (Ag/AgCl) system and as counter
electrode used are usualy inert platinum spirals or wires or graphite sticks). Figure 1.10
represents the conventional three electrode cell arrangement for such system for
enzyme biosensor amperometry. The cell has to be connected to a computer-controlled
electrochemical amplifier (‘potentiostat’), and to obtain an amperometric biosensor
recording the current is continuously measured by the machine as function of time at
constant potential. With a glucose biosensor, for example, the time course of the
generation of hydrogen peroxide is usually monitored via the anodic oxidation of the
molecule at + 600 mV vs. a reference electrode during additions of aliquots of glucose
standard solution to the measuring buffer (Figure 1.11A) and the corresponding anodic
peroxide current steps of a calibration trial are translated into the corresponding
calibration plots (Figure 1.11B). Important biosensor properties that can be extracted
from the amperometric calibration curves include the sensor’s linear range, the sensor
sensitivity, the sensors maximum current (Imax) and the sensors apparent Michaelis-

Menten (Km) value.
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CE: Platinum wire
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Figure 1.10 Electrochemical set up for ‘enzyme biosensor amperometry’, in three-
electrode configuration and with a potentiostat and computer used for amperometric

current measurement, data acquisition and data storage.

Figure 1.11A shows an example of a current vs. time trace for an
amperometric calibration trial with a GOx-based glucose biosensor. Measured was the
hydrogen peroxide current in dependence of the glucose concentration in the measuring
buffer. The variation of current values within the amperometric trace upon glucose
spiking of the measuring buffer can be translated into a calibration curve (Figure 1.11B)
from which the parameters Kmn and Imax as well as the linear range for the particular

biosensor and its sensitivity can be extracted.
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Figure 1.11 Typical amperometric response of an enzyme biosensor to successive
additions of substrate (A). Electrochemical assessed biosensor calibration curve as

constructed by the analysis of the amperometric recording in A (B).

Based on principles as valid for amperometric enzyme biosensing in an
independent part of this thesis a novel non-optical amperometric assay for the
monitoring of p-N-acetylglucosaminidase action on a redox-labled substrate was
worked on. Advantage was taking here of the pronounded electroactivity of the redox
labels for the generation of an electrochemical signals that reflects cleavage activity of
the chosen biocatalyst. Further details of this particular piece of work on
electrochemical enzyme kinetic assay establishments are available in the following

Introduction section and in the related Results and Discussion section.
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1.3 General characteristics of enzymes

1.3.1 What are enzymes?

Enzymes are biological catalysts. They increase the rate of chemical
reactions taking place within living cells without themselves suffering any overall
change. The reactants of enzymes-catalysed reactions are termed substrates and each
enzymes is quite specific in character, acting on a particular substrate or substrate to
produce a particular product to product (Palmer, 1991). A characteristic feature of
enzymes is that they are specific in action. Some enzymes exhibit group specificity, i.e.
they may act on several different, though closely related, substrates to catalyse a

reaction involving a particular chemical group.

1.3.2 Catalysis by enzymes
A catalyst accelerates a chemical reaction without changing its extent
and can be removed unchanged amongst the end-products of the reaction. It has no
overall thermodynamic effect: the amount of free energy liberated or taken up when a

reaction has been completed will be the same whether a catalyst is present or not.

In most cases, a catalyst acts by reducing the energy of activation. The
catalyst, or part of it, combines with the reactants to form a different transition-state
from that involved in the uncatalysed reaction; one which is more stable and, therefore,

of lower energy (Figure 1.12) (Palmer and Bonner, 2007).
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Figure 1.12 Free energy changes for an energetically favorable reaction, showing the

effects of a catalyst.

Note that the initial and final states are at the same free energy levels for
the catalysed and uncatalysed reaction, and the overall free energy changes as the

reaction proceeds is also the same.

1.3.3 Enzyme Kinetics
Enzyme kinetics is the study of chemical reactions that are catalyzed by
enzymes. The reactions rate is measured by following the loss of substrate [S] or the
generation of product [P]. Observations will be in progress curves similar to shown in
Figure 1.13A. At early times substrate loss and product appearance change rapidly but
the reaction proceeds these rates diminish, reaching zero when all the substrate has been
converted to product by the enzyme (Robert A Copeland, 2004). In the typical product

profile which shown in Figure 1.13B, the linear increase in the product concentration
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at early times refer to an initial velocity vo (which is the slope of product increase as a

function of time).
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Figure 1.13 (A) Reaction progress curves for the loss of substrate and production of
product during an enzyme-catalyzed reaction, (B) Reaction progress curve only for the
production of product. Inset highlights the early time points at which the initial velocity
can be determined from the slope of the linear plot of [P] versus time (Robert A

Copeland, 2004).

For different starting concentrations of substrate, the initial velocity (vo)
for each substrate concentration is measured by means of the slope at which the product
formation is a linear function of time as shown in Figure 1.14A. Each slope represents
each velocity. Figure 1.14B presents typical “Michaelis-Menten” plot of the reaction

velocity as a function of substrate concentration, with a single-substrate reaction model.
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Figure 1.14 (A) Progress curves for a set of enzyme-catalyzed reactions with different
starting concentrations of substrate [S]. (B) Plot of the reaction velocities, measured as
the slopes of the lines from (A), as a function of substrate concentrations (Robert A

Copeland, 2004).

In 1902, the velocity of enzyme-catalyzed reaction was explained by
Brown. The kinetic characteristics of enzyme-catalyzed reaction are best described by

the following reaction scheme in equation 1.9 (Robert A Copeland, 2004).

E+s:<:>1EsL>E+P (1.9)

-1

Where E is concentration of enzyme, S is concentration of substrate, ES
is concentration of enzyme-substrate complex, and P is concentration of product. This

scheme predicts that the reaction velocity will be proportional to the concentration of

the ES complex as:v=Kk,[ES].
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From reaction scheme, the reaction rate (velocity, v) can be derived by
one of two types of assumption, (i) the rapid-equilibrium assumption, and (ii) the
steady-state assumption. The equation 1.10 is “Michaelis-Menten” equation; which

represents both assumptions and describes the rate of reaction.

V:M (1.10)

K +[S]

Where Vmax and Kpn represent maximum velocity of reaction and
Michaelis constant, respectively. Figure 1.15 represent the reaction rate as a function
of substrate concentration according to Michaelis-Menten equation which already

mentioned above.
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Figure 1.15 Dependence of velocity (v) on substrate concentration [S], according to

Michaelis-Menten equation (Robinson, 2015).
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The kinetic constant Kr, is defined as the substrate concentration at half-
maximal velocity for the enzymatic reaction. Vmax is defined the as kcat[E], where the
value of keat is referred to as the turnover number for the enzyme, since it defines the

number of catalytic turnover events that occur per unit time (Robert A Copeland, 2004).

Usually, optical assays based on spectrophotometry are the methods of
choice to follow enzyme activity (Harris and Keshwani, 2009; Kricka et al., 2000; Nagy
et al., 1998). Absorption spectroscopy (Sirimontree et al., 2014; Sritho and Suginta,
2012; Suginta et al., 2010) and fluorescence spectroscopy (Linko-L6ppdnen and
Mékinen, 1985) are common schemes for enzyme activity detection. Both techniques
measure, changes in electronic configuration of a target molecule resulting from its
absorption of light energy at a specific wavelength (Robert Allen Copeland, 1997). The
experimental procedure for a routine assessment of kinetics parameter of enzyme-
catalyzed reaction via microplate-based optical measurements is schematically
represented in Figure 1.16. The advantage of such an approach is a rather simple
handling of the sample solutions. However, among the drawbacks are the limited
detection limit of standard absorption spectroscopy and the inability of the assay to
monitor the ongoing changes in substrate or product that do not show optical activity
in terms of absorption, fluorescence or chemiluminescence properties. Furthermore,
many steps have to be executed sequentially in course of a microplate-based optical
activity screening experiment and strong chemicals have to be used for stopping
enzyme action on substrate at desired time points, which to certain extent are practical

and/or environmental disadvantage.
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Figure 1.16 The experimental cycle of a microplate-based enzyme assay with optical

detection of enzyme-substrate interaction for kinetic parameter assessment.

Since simple-to-do and sensitive voltammetry or amperometry has been
shown for a lot of redox active compounds as capable of ultralow trace detection, an
electrochemical detection of enzyme-substrate interaction may in one or the other case
the better choice for Kinetic parameter assessment, compared to work with optical
assaying. As detailed below reports are available in that direction. In one study case an
Advantage was taken of the pronounced electrochemical actiovity of p-nitrophenol
(pNP) that, served in spectroscopic assays as efficient optical reporter for the activity
of various enzymes, including glycoside hydrolases, phosphatases, lipases, etc (Hasan
et al., 2009; Ren et al., 2014; Suginta et al., 2010). Figure 1.17A and 1.17B show the

reduction and oxidation of the optical marler molecule pNP at anodic or cathodic
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electrode surface. Figure 1.17C shows the possible redox reaction of pNP, in which

electrons are shuttled between the oxidized and reduced form of the molecule.
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Figure 1.17 Redox reaction of p-nitrophenol at electrode surfaces. (A) reduction and
(B) oxidation of p-nitrophenol (pNP) at an anodically (A) or cathodically polarized (B)
electrode surface, and the related redox reactions of pNP via electron ejection or uptake,

expressed in a redox equation (C).

Figure 1.18, on the other hand, represents the suitability of the pNP
redox for establishment of an electrochemical activity assay through the presentation
of the outcome of a cyclic voltammetry recording on pNP with assignment of a
proposed mechanism of pNP oxidation/reduction, here valid for a disk-shaped carbon
paste electrode (Alizadeh et al., 2009). pNP is actually a phenolic compound that has
on the benzene ring a nitro group in opposite position of its hydroxyl group, and it may
be added to an enzymatically cleavable several substrates as optically and
electrochemically active label, e.g. in form of 4-nitrophenyl-£-D-glucopyranoside.

According to fingerprint voltammogram in the Alizadeh study, pNP could be measured
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via cyclic voltammetry or amperometry, via exploitation of its electroreduction or -
oxidation. Cleavage activity of enzyme on the pNP-labeled sugar substrate releases the
tag, which is quantifyable via spectroscopy (in the common way), or via
voltammetry/amperometry (in an alternative electrochemical mode). For the latter
sensitive pNP electroanalysis is important and Table 1.3 summarizes for a selection of
research studies that dealt with pNP voltammetry or amperometry at various types of

electrodes possible analytical figures of merit.
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Figure 1.18 Electrochemical behavior of pNP. at a carbon paste electrode (left panel)
and the proposed electrochemical reaction mechanism (right panel) (Alizadeh et al.,

2009).
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Table 1.2 A comparison of p-nitrophenol determination by various electrochemical

modified electrodes.

Electrode type  Linear Sensitivity  LOD Type of Reference
range (pA M (uM) measurement
cm?)
(M)
HA-NP/GCE 1.0- 41.73 0.60 DPV (Yinetal., 2010)
300.0
Graphene- 10.0 - 24.16 0.60 DPV (Arvinte et al.,
Nafion/SPE 620.0 2011)
MWCNTSs- 25.0— 25.75 1.30 DPV (Arvinte et al.,
Nafion/SPE 620.0 2011)
PDPA.- 3.96 - 8.71 0.50  Amperometry (C.-Y.Yangetal.,

MWCNTSs/GCE 177.8

2012)

In the past decade, Tangkuaram et al., (2006) indeed have been

demonstrated that amperometry is suitable to follow an enzyme-catalyzed reaction

using the electrooxidation of liberated p-nitrophenol at constant potential +1.15V. The

electrochemical assay was shown functional for two glycosidases and relied on the

anodic detection of the enzymatically-generated p-nitrophenol for a fixed concentration

of the pNP-glycoside substrate (refer to Figure 1.19). Successive additions of substrate

to solutions containing the enzyme of choice at desired concentration triggered well-

pronounced signal increases in current vs. time recordings. The study proved for s-1,3-

galactosidase and endo-a-N-acetylgalactosaminidase as enzyme models that simple

and low-cost electrochemical analysis is suitable for monitoring enzyme activity,

enzymatic reaction. However, quantitative enzyme assaying has not been performed

related Results and Discussion section for further details.
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Figure 1.19 Enzymatic reaction followed by the electrooxidation of the liberated pNP
(A) Enzymatic reaction of f-1,3-galactosidase and (B) endo-a-N-acetyl-
galactosaminidase. The equation in support of an electrochemical galactosidase or
galactosaminidase substrate conversion assaying via electrooxidation of liberated pNP
(C) and amperometric responses of 0.2 U successive additions from 0.2 (a) to 1.0 U (e)
of p-1,3-galactosidase at GCE in a 1.5 mL of stirred solution of 133 mMof 4-NP-4-Gal

(D) (Tangkuaram et al., 2006).



CHAPTER 11

UNTAINTED CARBON NANOTUBES NETWORKS AS

COMPETITIVE IMMOBILIZATION MATRIX FOR

AMPEROMETRIC ENZYME BIOSENSORS

A Mid of July, 2018 Web of Science search combining the appearance of the
phrases “carbon nanotube”, “CNT”, “glucose” and “biosensor or biosensors” is linked
to 182 publication hits. Surprisingly, almost the entire set of biosensor studies did not
use carbon nanotubes on their own as functional immobilization matrix for glucose
oxidase or dehydrogenase as biocatalyst but worked with rather complex multi-
component blends of CNT with other functional materials and various types of metal,
metal oxide or polymer nanoparticles and organic or inorganic nanoclusters have been
suggested as sensor performance enhancers. In the period 2015 to date, for instance, 19
reports appeared on the topic and they all made use of a biosensing layer design that
combined CNT with various extras. Additive examples included polyoxometalate
nanoclusters (Boussema et al., 2018), high molecular weight, heavily glycosylated
proteins (Comba et al., 2018), synthetic or biological polymers (Cogal et al., 2018;
Kamyabi et al., 2016; J. Liu et al., 2016; Mason et al., 2016; Shrestha et al., 2016;
Shrestha et al., 2017; Uwimbabazi et al., 2017), metal, metal oxide or metal organic
framework particles (Guzsvany et al., 2017; Ibrahim et al., 2016; Song et al., 2017) and

carbon/graphite foams (Fan et al., 2017). Own preliminary tests with biosensors that
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had GOx trapped into bare CNT electrode deposits disclosed a promising performance
for glucose detection. Objective of this thesis part was thus to demonstrate with a
throrough study that glucose biosensors with competitive analytical performance levels
indeed can be prepared just with CNT, via simple practical procedures. In contrast to
the published options, a tedious preparation of micro- or nanomaterial additives and the
establishment of complex functional sensing layers could then be spared and valuable

time and budget be saved for other purposes.

In brief, the plan was to involve simple drop/dry coating procedures to first
spread a nanoporous coating of carbon nanotubes (CNT) over the surface of disk-
shaped platinum electrodes and then infuse the dried CNT deposits solution of glucose
oxidase (GOXx) to finally form the active layer of glucose biosensors. An undesired but
expected enzyme leakage out of the electrode surface coating into storage or measuring
buffer was planned to be prevented by finally applying an extra protective top layer of
a commercially available easy to apply cathodic electrodeposition paint (EDP), which
served as effective diffusion barrier for the entrapped GOx biomacromolecules.
Information on the performance level of the novel GOx immobilization design was
supposed to come from cyclic voltammetry inspections with completed sensors and

from amperometric calibration, recovery rate and sensor stability measurements.

2.1 Literature review

Electrochemical enzyme biosensors are valued bioanalytical tools, in particular
for the inspection of complex samples in medical and clinical laboratories and test

centers of the pharmacy, biotechnology, food technology and environmental
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monitoring control sectors (Sett et al., 2012; Van Dorst et al., 2010; J. Wang, 2008; S.
Wang et al., 2003). The great popularity is based on the highly selective interaction of
the immobilized protein biocatalyst on the detecting electrode surface with matching
substrate and the related chance to exploit the high-affinity substrate binding with
subsequent enzymatic turnover into product via rather simple signal generation for
target-specific substrate (analyte) quantification, even in difficult heterogeneous
sample matrices. Most prominent and also best perfected case of enzyme-assisted
electroanalysis is the commercialized amperometric glucose biosensor (Arslan et al.,
2011; Castillo et al., 2004; Che et al., 2010; Kong et al., 2009; Newman and Turner,
2005; Senel and Nergiz, 2012) that, in mass-produced screen-printed electrode format
and with immobilized glucose oxidase (GOx) in charge of glucose capture and
conversion, since decades is in widespread use as sophisticated miniaturized measuring
strip of handheld devices for life-saving daily home blood glucose tests by individuals
with diabetes or hypoglycemia. However, not only prominent glucose but also other
analytes can be measured selectively with fittingly enzyme-modified electrodes.
Functional versions exist, for instance, with various oxidases (e.g., galactose, lactate,
glutamate, cholesterol, alcohol oxidase) (Batra and Pundir, 2013; Bouljtita et al., 2000;
Cosnier, 1999; Cui et al., 2007; Giilce et al., 2002; Odaci et al., 2008; Tan et al., 2005;
Tkac et al., 2007) or dehydrogenases (e.g., fructose, glutamate, lactate, cellobiose,
formaldehyde, and alcohol dehydrogenases) (Alpat and Telefoncu, 2010; Batra et al.,
2016; Chaubey et al., 2001; Herschkovitz et al., 2000; Liang et al., 2015; Paredes et
al., 1997; Stoica et al., 2004; Tang et al., 2007; Trivedi et al., 2009; Yakovleva et al.,
2012) as biological recognition element and they worked well for quantification of a

variety of analytically relevant species including ethanol, cholesterol, dopamine,
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xanthine, glutamate, lactate, putrescine, galactose, choline, I-lysine, benzaldehyde,
glycerol; and catechol, to name just a few out of the collection of success cases in the

scientific literature databases.

Continuous  performance improvements for analyte quantification,
simplification of fabrication procedures and miniaturization of completed detectors are
permanent challenging targets of modern makers of amperometric enzyme biosensors,
whether for bio-analysis applications in academic research or for commercial purpose.
Known routes to superior sensor sensitivity, response stability and overall life time take
advantage of adaptations of the entire sensor design and usually they jointly address the
layout of the enzyme immobilization matrix and type of signal transduction as well as
the choice and chemical pre-modification of the carrier electrode structures. With
regard to immobilization layer optimization considerate supplementation with
nanoscopic materials of high catalytic activity, large surface area, and exceptional
electronic features became in recent times one of the prime strategies in support of the
preparation of amperometric enzyme biosensors with advanced analytical figures of
merit. Tested in a copious numbers of studies since about new millennium start as
functional biosensor components were metal and metal oxide nanoparticles (NPs)
(Kaushik et al., 2008; Luo et al., 2006; Solanki et al., 2011) and -wires, semiconductor
guantum dots (Frasco and Chaniotakis, 2009; Sapsford et al., 2006) and high-tech
graphitic matter such as spherical C60-type fullerenes (bucky-balls) (Afreen et al.,
2015; Pilehvar and De Wael, 2015), molecular graphene nanoplatelets, graphitic single-
walled nano-cages, and multi- or single-walled carbon nanotubes (CNT) (Lin et al.,
2004; So et al., 2005; Sotiropoulou and Chaniotakis, 2003; J. Wang, 2005; N. Yang et

al., 2015). Relevant for this study is the pool of reports describing CNT exploitations
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for amperometric (glucose) oxidase biosensor development. A look through the about
150+ (Devasenathipathy et al., 2015; Guzsvéany et al., 2017; Mani et al., 2013;
Masoomi-Godarzi et al., 2014; Oliveira et al., 2012) proposed options reveals that
interestingly most of the issued cases actually do not rely on straight utilization of bare
CNT electrode modifications but involve the formation of more or less complex
composites of the nanotubular graphite with other functional (nano-) materials. Tried
CNT immobilization matrix additions range from natural or synthetic polymers (e.g.
chitosan, gelatin, poly-aniline, poly-pyrolle, poly-thionine, poly-toluidine, poly-
acrylonitrile, poly-lactic acid, Teflon) (Periasamy et al., 2011; J. Wang and Musameh,
2003; M. Zhang et al., 2004b) to nanoscale silicon dioxide sol-gel structures, small-
scale redox entities (e.g. Prussian blue, cobalt/nickel phthalocyanines, poly-brilliant
green, ferrocene-derivatives, and organic Os (lIl) complexes) and nano-catalysts (e.g.
platinum (Pt) and gold (Au) NPs, zinc oxide and zirconium oxide NPs, and graphene)
(Cheetal., 2011; X. Chen etal., 2003; Dong et al., 1992; L. Li et al., 2008; F.-F. Zhang
et al., 2004a; S. Zhang et al., 2005). Though biosensors with multicomponent
enzyme/CNT/add-on hybrid layers delivered in the disclosed pioneering studies
reasonable performances, their successful completion is in the need of extra synthesis
of the special raw materials and/or multiple assembly steps, two demands which make
sensor reproduction by inexperienced others and widespread routine application
difficult. From the viewpoint of fabrication simplicity a well-working biosensor design
based on bare CNT surface layers obtained via uncomplicated (drop) casting procedures
would certainly be the better, at least as long as no significant concession regarding
detection quality has to be made. Claims of such an uncomplicated tactic are rare. In

one of the listed cases microliter volumes of a CNT suspension were dropped onto a
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glassy carbon (GC) disc electrode surface and solvent was allowed to evaporate (Hu et
al., 2015; TermehYousefi et al., 2015; H. Yang et al., 2017). Well-dried graphitic
nanomaterial electrode spreads were then drop-dry loaded with enzyme through
placement of a microliter splash of GOx solution and the finally gained porous
CNT/GOx structure protected against protein loss with a dropped and dried Nafion top

coat.

Apparently, the above-mentioned studies were in favor of the potential of a plain
CNT biosensor modification; however, with the attention in the biosensor community
moving to trendy multi-component sensor matrices the promising trail was actually not
further checked and optimized. In this thesis untainted thin film CNT deposits have
therefore been thoroughly explored as simple but effective immobilization matrix of
GOx biosensors. To be with the realization of the sensor design easy CNT placement
and subsequent CNT layer loading with enzyme was restricted to undemanding manual
drop and dry coating procedures while the user-friendly process of cathodic
electrodeposition of paint (EDP) generated the polymer top coat that protected just
accomplished CNT/GOx blends against undesirable protein leakage. Data from
voltammetric tests, amperometric calibration trials and applications for quantitative
glucose model analysis will be provided in the following subsections as proof of a
biosensor performance characteristic that is competitive to literature-known other
variants of CNT-based glucose biosensors with more complex multi-component
sensing layer architectures. Strength of the minimalistic sensor option here are the
simplicity of their construction procedure with the capacity to be further developed into

automated production of large quantities, the restriction to commercially available
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starting materials, the wide dynamic range for target valuations and very good long-

term response stability.

2.2 Experimental and methods

2.2.1 Chemicals

Glucose oxidase (GOx, EC 1.1.3.4, from Aspergillus niger) was
obtained through S.M. Chemical Supplies Co., Ltd. (Bangkok, Thailand) as product of
Sigma-Aldrich® (St. Louis, MO, USA, product no. G1741, lyophilized, 75% protein,
136300 units/g). -D (+) glucose anhydrous (CsH1206) was obtained through Italmar
(THAILAND) Co., Ltd. (Bangkok, Thailand) as a product of CARLO ERBA Reagents
S.A.S. (Val-de-Reuil, France). Purified carboxlyated single-walled CNT, with an about
1.0 - 3.0 at-% carboxylic acid entities were obtained from Carbon Solutions, Inc.,
(Riverside, CA, USA). The commercial cathodic electrodeposition paint (EDP) system
Clearclad® was a kind gift for research purpose from LHV Coatings Ltd.,
(Birmingham, England). All other chemicals were Sigma-Aldrich® products and of
analytical grade. Routinely, aqueous solution preparation used ultrapure de-ionized
water. Supporting electrolyte for all biosensor tests was 0.1 M phosphate buffer

solutions, pH 7.0.

2.2.2 Electrochemical instrumentation
Cyclic voltammetry and amperometry trials with prepared biosensors

were carried out with a computer-controlled three-electrode galvanostat/potentiostat
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type Reference 600® from Gamry Instruments Inc. (Warminster, PA, USA). If not
otherwise mentioned, the working electrode for the tests was a CNT/GOx/EDP-
modified 3-mm-diameter Pt or Au disk electrode (bare electrode of Pt and Au which
show in Figure 2.1) while a Pt and Ag/AgCl wire were in service as counter and
reference electrode, respectively. For long-term continuous response tests the gold disk
versions of the biosensors were used in an electrochemical flow cell that was run by the
EAL163/ED410 potentiostat/e-corder system from eDAQ Pty. Ltd. (Denistone East,
Australia). RE of the flow system was a fritted Ag/AgCl (3M KCI) while the tubular
stainless steel cell outlet was the CE. Flow cell supply with glucose-free or glucose-
loaded 0.1 M phosphate buffer solution, pH 7.0 at about 20 pL/s was duty of peristaltic
pump Miniplus-3® from Gilson (Middleton, WI, US). Figure 2.2 represent the flow

system of electrochemical cell set up for long-term continuous experiment.

Platinum disk Gold disk electrode
electrode (J3mm)

Glass
insulator

Side view Top view (bare)

Side view

Figure 2.1 Illustration of bare commercial platinum 3-mm-diameter disk electrode (A)

and bare home-made gold (Au) 3-mm-diameter disk electrode (B).
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eDAQ, Denistone East,
Australia

' N\

/"’ E-corder 410
Echem, Chart

and Scope
software

Potentiostat
EA163
RE
WE

Injection syringe

Peristaltic

Pump
O®0
@@ m

Miniplus 3, Gilson,
USA

Figure 2.2 The electrochemical workstation for long-term biosensor testing on flow

mode.

2.2.3 Fabrication of glucose biosensor by applying CNT/GOX/EDP onto
electrode
To begin with, a commercial 3-mm-diameter Pt disk electrode (Gamry
Instruments Inc., Warminster, PA, USA, Kel-F® body, outer diameter 7 mm) was
polished on a soft textile pad that was soaked with alumina slurry of first 5 and then
1 um particle size. Pt disk polishing was followed by complete removal of the polishing
paste via thorough water rinsing and electrode air-drying at room temperature (RT).
Then, a 5.0 pL drop of a suspension of 5.0 mg CNT in 1 mL H>O was dropped onto the
cleaned Pt disk and dried minute air at RT. Four time’s repetition of the CNT drop
coating step placed a thin film of the black graphitic nanomaterial on the noble metal
surface. Next was the careful placement of a 5.0 pL drop of a 5.0 mg mL™ solution of

GOx in H20 straight onto just dried CNT deposits and again RT air-drying. Three
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time’s repetition of the GOx drip treatment loaded the pores in the CNT layer on the Pt
surface efficiently with the biocatalyst. Final step was the deposition of a protein leak-
protecting polymer cover, which was accomplished in a two-electrode electrochemical
cell with a Pt wire counter electrode via cathodic EDP at a potential of negative 7 Volt
for 2 minutes. Please note that heat curing of a fresh EDP deposit - as usually done in
related industry to induce transformation of fresh paint coats into dry insulating and
thus corrosion protecting material - was avoided here not to harm the enzyme and make
the paint impermeable for dissolved molecules and ions. Completed biosensors were
stirred for 30 minutes in 0.1 M phosphate buffer solution, pH 7.0 and overnight stored
at 4°C in the same solution to allow sensor settling. When not used, CNT/GOX/EDP
glucose biosensors were stored at 4°C in 0.1 M phosphate buffer solution, pH 7.0. Note
that for the home-made 3-mm-diameter Au disk electrode the same procedure was
applied to reach glucose sensitivity. The steps to go through during the preparation of

the Pt disc-modified CNT/GOX/EDP are shown in Figure 2.3.
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GOx solution
CNTs solution (5 mg/mL
(5 mg/mL) Drop 5 pL and al
Drop 5 pL and allow to to dry, repeat 3 tim
dry, repeat 4 tlmes
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alumina slurry and
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insulator
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Apply 7V,
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Coiled Pt wire
IR (counter
: ] electrode)

CNTs/GOx with and
Storage in the - EDP top coat .
fridge at 4°C for Storage in phosphate Electrodeposition

. buffer (PBS, pH 7.0), [“:] paint (EDP)
overnight. 30 minutes. Stirring!

€ Pt disk electrode
with CNTs/GOx

Figure 2.3 Schematic diagram of the procedure used for the preparation of

CNT/GOx/EDP modified platinum or gold as used in the biosensor measurement.

2.3 Results and discussion

2.3.1 Electrodes modified by carbon nanotubes

Carbon nanotubes (CNT) exhibit a unique combination of excellent
structural, mechanical, electrical and electrochemical properties and this stimulated
increasing interest in the application of CNT as components of biosensors
(Balasubramanian and Burghard, 2006; Rivas et al., 2007; J. Wang, 2005; Wenrong
Yang et al., 2010). Figure 2.4A represents the anodic hydrogen peroxide collection at
a normal glucose biosensor with non-conducting polymer coating act as immobilization
matrix. Only a few GOx molecules happens to have an orientation which their active

center in close contact with substrate electrode, and the manifestation of direct electron
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transfer for enzyme redox recycling is very unlikely. If the enzyme its considered as a
point source of hydrogen peroxide evolution about half of produced hydrogen peroxide
will diffuse away from the detecting platinum electrode surface while the other half
may reach the sensor for current signal generation. In the case of the utilization of a
conductive CNT deposit act as immobilization matrix (refer to Figure 2.4B) enzyme is
fixed within the pores of the CNT network. Since the CNT filaments are electrically
wired to the platinum disk hydrogen peroxide detection takes places all through the
immobilization layer and significantly more species is captured for signal production
and less is lost. This enhanced current collection efficiency was expected to be a
contributing factor for gaining a good sensing performance in glucose quantification

trials.
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(A) Electrode insulation (e.g. glass or epoxy)
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Figure 2.4 Immobilization of GOx on platinum electrodes in a non-conducting polymer
film (A) and a network of electrically wired carbon nanotube thin-fim deposit (B). In
case (A) about 50 % of hydrogen peroxide from enzymatic glucose to gluconolactone
conversion is lost as detection takes place only at the platinum disk that carries the
functional layer. In case (B) the collection efficiency is raised as the individual
filaments of the immobilization carbon nanotube network are electrically wired to the

carrying Pt disk and can serve as detector for hydrogen peroxide.
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2.3.2 Morphology of carbon nanotubes modified platinum electrode
Measured with ordinary GOx driven glucose biosensors is at suitable
anodic detection potential the Faradaic current, i, for the electrochemical oxidation of

hydrogen peroxide (H,O,), which is proportional side product of the biocatalytic

conversion of glucose into glucono-lactone/gluconic acid at enzyme spots inside in the
sensing layer of the gadget. Elevations in dissolved glucose levels, [G], intensify the
diffusional delivery of substrate to immobilized bio-catalytic sites and hence raise
signal level. Accordingly, plots of the background-corrected biosensor response as

function of [G], prepared from amperometric raw data (i, ., Vs. t) of test trials, serve as

calibration curves; observed is usually manifestation of an initial linear segment at
lower glucose levels and then gradual transition into a current plateau at stronger
challenge with analyte. Obviously, the quality of such a biosensor signaling depends
much on the cooperative impacts of enzyme properties (e.g. substrate affinity and
turnover rate in the state of immobilization), diffusional access of substrate and

molecular oxygen to entrapped enzyme entities and the H,O, capture and oxidation

efficiency of the detecting sensor surface. Such a complex multi-parameter situation is
for biosensor developers’ challenge and opportunity at the same time. Smart
arrangement of the biosensor design is, for instance, the practical route for
advancements of the analytical performance of the diagnostic tool. Here, freshly
polished 3-mm-diameter Pt disk electrodes with mirror-like surface appearance (Figure
2.5A-a) were armed with pure CNT deposits into which biocatalytic GOx molecules

could be blended as selective analytical component.
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Figure 2.5 Morphology of carbon nanotubes modified platinum electrode (A-a). Bare
platinum disk electrode (3-mm of diameter), (A-b). Placement of carbon nanotube
deposits via drop-coating, (A-c). Loading of CNT layers with GOx via drop-coating,
(A-d) GOx/CNT surface layer after placement of a thin film of a cathodic
electrodeposition paint. (B-a). and (B-b). Dried carbon nanotubes coatings on a metal
substrate surface in scanning electron microscope (SEM) images at two different

magnifications.

Establishment of the functional biosensor surface modification involved
a comfortable sequence of two manual drop & dry casting steps, one for a suspension
of carboxlyated CNT in water (Figure 2.5A-b, left) and one for an aqueous GOXx
solution (Figure 2.5A-c, left). Formed on the polished Pt disk was in step 1 an even and

well-adhering spongy network of CNT filaments (Figure 2.5A-b, right & 2.5B-a),
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which are electrically chain-wired to each other and, important for efficient signal
generation (= anodic hydrogen peroxide detection) to the Pt surface, too. A scanning
electron microcopy examination verified an abundance of irregularly distributed
nanopores in the CNT deposit (Figure 2.5B-b) while cyclic voltammetry in pure 0.1 M
KCl revealed the predictable large surface area of the spongious Pt disk adaptation via
visualization of considerable capacitance currents (which discuss in section 2.3.3). The
placement of pL drops of a GOx stock with subsequent solvent evaporation loaded the
nanopores of a CNT sensor layer in step 2 with GOx molecules. Firmly attached
CNT/GOx (Figure 2.5A-c, right) was finally glazed with cathodic EDP paint (Figure
2.5A-d). The polymer top coat was conveniently formed in a 2-electrode
electrochemical cell with which the CNT/GOx-covered Pt disc and a coiled Pt wire
were coupled to the negative and positive terminals of a simple laboratory power
supply, respectively. During sensor use and storage in aqueous media the role of the
EDP glaze was protection of trapped GOx against escape from the CNT sponge and

thus guarantee of good sensor response stability.

2.3.3 Electrochemical capacitance measurements with carbon nanotube-
modified platinum electrodes

The capacitance of electrode surfaces is proportional to their surface

area. The placement of a highly porous carbon nanotube deposit onto an otherwise

smooth Pt disk electrode was thus expected to increase noticeably the capaciance of the

sensors. A good way to get access to the capacitance of electrode surfaces is the

execution of cyclic voltammetry (CV) in inert electrolytes with no redox active species

present as supplementation. Here, bare and CNT-modified Pt disc electrodes were
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inspected via CV in oxygen-free since Argon-purged 0.1 M phosphate buffer solutions
of pH 7.0. The Pt disk electrodes for the capacitance measurement were modified with

a thin film of a carbon nanotubes (CNT) network following the procedure displayed in

Figure 2.6.
CNT solution
(5 mg/mL) _
Drop 5 pL and allom W,

) dry, repeat 4 times. g

Platinum electrode Pt disk electrode_]

was polished with (diameter : 3 mm)

alumina slurry and

) rinse with DI water Glass

insulator

Figure 2.6 The procedure used for the preparation of CNT-modified platinum disk

electrodes as used for the capacitance measurement.

The results of the cyclic voltammetry assessment of the intrinsic
capacitance properties of bare and CNT-modified Platinum electrode are shown in
Figures 2.7. Cyclic potential scans with the electrodes in redox-mediator-free
electrolyte produced the expected quasi-rectangular voltammograms, typical of a
purely capacitive sensor response (Figure 2.7(A) and (C)). As expected, the anodic and
cathodic charging currents (I) were directly proportional to scan speed (v) (graphs not
shown). Plots of Al (ie, the difference between the currents for the two scan direction
as extracted from the recordings at the same potential) against scan speed, v, were also
linear (R? = 0.99, refer to Figure 2.7(B) and (D)). Measurement of Al as a function of v
allowed calculation of the individual electrode double-layer capacitance C from the
formula C = Al/(2v). The average values for otherwise identical Platinum disc

electrodes, with and without CNT, were 1.870 + 0.146 pF and 0.016 £ 0.002 uF,
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respectively. Since the capacitance of an electrode is directly proportional to its
effective area, the ~119.7-fold larger C-value for the CNT-modified platinum electrode
indicated nicely that the porosity of the thin-layer films of the carbon filaments created

an electrode structure with enlarged contact area for the electrolyte.
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Figure 2.7 Electrode capacitance determinations for a bare and CNT-modified
platinum disk electrode by cyclic voltammetry in oxygen-free, Argon-purged, in 0.1 M
phosphate buffer solution, pH 7.0. (A) and (C) are the original voltammograms as
recorded at six scan rate in between 20 mV/s and 100 mV/s (from inner to outer traces).
Plot (B) and (D) are plots of the width of the quasi-rectangular CVs at 0.035 V vs.

Ag/AgCl, against the scan speed.
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2.3.4 Amperometric determination of glucose at CNT/GOx/EDP-based
glucose biosensor
2.3.4.1 Platinum (Pt) electrode modification biosensor
As already mentioned in section 1.2.9 chronoamperometry is the
normal electrochemical technique used for the characterization of glucose-oxidase-
based glucose biosensors. Obtained through analysis of the original amperometric
recordings of the biosensor response to sequential additions of small glucose aliquots
are the calibration curves that are requisite for judgements on analytical figures of
merits such as the sensor’s linear range width and sensitivity etc. Chronoamaperometry
with the sensors of this study was carried out in an aqueous 0.1 M phosphate buffer
solution (pH 7.0) with a conventional three-electrode cell. A magnetic stirrer provided
the convective transport during the measurements. The anodic current responses of the
biosensor electrodes were measured at applied constant potentials +600 mV versus
Ag/AgCI. When glucose stock solution was added in the bulk solution, the enzymatic
reaction created hydrogen peroxide, which was measured as current via anodic
oxidation of the molecule at the positively polarized Pt/CNT electrolyte interfaces.
Actually, the biosensors of the established CNT/GOX/EDP design
offered in their calibration trials reproducibly a marked glucose receptiveness with
reasonably fast response time, adequate sensitivity and a linear range that stretched
broadly over tenths of mM analyte concentrations. Figure 2.8A displays as proof of the
good performance a typical example of an amperometric recording that was acquired
with a prototype of a CNT/GOx/EDP-modified 3-mm-diameter Pt disk electrode in
course of successive additions of small aliquots of a glucose stock solution. Evident in

the trace is a series of well-defined step-like rises in the continuously acquired anodic
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H202 current, with an about 10 s interval needed to reach 90 % of the finally established

steady-state signal value (Figure 2.8B plus inset).
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Figure 2.8 (A) Representative current-time trace as acquired in the course of a
calibration trial with a (CNT/GOx)/EDP-Pt glucose biosensor; aliquots of a glucose
stock solution were added to stirred 0.1 M phosphate buffer solution (pH 7.0); The

recording was made at ambient temperature of 25°C with a H,O, detection potential

of + 0.6 V vs. Ag/AgCl. (B) Zoom into the initial section of the current trace in (A) and,
as inset, the example of response time estimation for the 1% of the 9 steps included in

the zoom.

Extracted from current-time traces as in Figure 2.8 was then the
amplitude of the current steps for the individual glucose additions. The obtained values
allowed construction of so-called glucose sensor calibration curves, which are actually
plots of the current increments as function of the actual glucose concentration in the
measuring buffer. Figure 2.9 is the graphical illustration of such a calibration curve. In

good agreement with the common behavior of enzyme-based biosensors the current
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initially increased linearly with glucose concentrations, however, at higher levels of
substrate the curve flattened and finally went into saturation. Figure 2.9A shown
amperometric response of an enzyme biosensor to successive additions of various
substrate concentrations, which displayed Michaelis-Menten type behavior was
constructed by the analysis of the amperometric recording from Figure 2.8A, Exposed
for this particular case is a plateau current, imax, Of 30 pA, response linearity up to an
outstanding 60.0 mM glucose (r? = 0.99) and a sensitivity of 0.41 pA mM ! (5.76 pA
mM~t cm™2, normalized to the geometric surface area of the Pt disk transducer). For a
compilation of 12 identically prepared biosensors 28.0 + 5.9 pA, competitive
42.1£8.1 mM and 6.54 + 3.0 uA mM ! cm™ were the average and standard deviation

values for imax, linear range width and sensitivity, respectively.
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Figure 2.9 (A) Electrochemically assessed CNT/GOx/EDP-based biosensor calibration
curve plot obtained with data from the amperometric recording measurement in Figure
2.8A. (B) MNlustration of the widely dynamic linear range of the response of

CNT/GOX/EDP biosensors to glucose exposure, with regression coefficient of 0.99.
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Later described stability testing for CNT/GOx/EDP biosensors
had to be carried out with gold disk electrodes as these were available in a geometry
and size suitable for incorporation into an electrochemical flow cell desgned for
continuous long-term measurements. Figure 2.10A and B represents the amperometric
response of a prototype of a CNT/GOx/EDP-modified 3-mm-diameter Au disk
electrode to successive additions of small aliquots of a glucose stock solution. A look
at the calibration curve for this variant of the novel biosensors (refer to 2.10 C and D)
confirmed that the CNT/GOx-modified Au disc electrode also had a wide linear range
and a reasonable sensitivity. Exposed for this particular case was, for instance, a plateau
current, imax, of 13.05 pA, response linearity up to 40.0 mM glucose (r> = 0.99) and a
sensitivity of 0.18 pA mM* (2.50 pA mM ! cm™, normalized to the geometric surface
area of the Au disk transducer) which show in Figure 2.10D. For a compilation of 4
identically prepared biosensors 18.1 + 7.4 pA, 25.0 + 17.3mMand 5.2 + 4.5 yA mM !
cm were the average and standard deviation values for imax, linear range width and

sensitivity, respectively.
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Figure 2.10 (A) Representative current-time trace as acquired in the course of a

calibration trial with a (CNT/GOx)/EDP-Au glucose biosensor; aliquots of a glucose

stock solution were added to stirred 0.1 M PBS (pH 7.0). (B) Zoom into the initial

section of the current trace in (A). (C) Electrochemical assessed biosensor calibration

curve as constructed by the examination of the amperometric recording in (A). (D)

Manifestation of the wide linear range response at biosensor with a regression

coefficient of 0.99.

A summary of the analytical figures of merit for both CNT/GOX/EDP-

modified Pt and Au disk electrodes is available in following Table 2.1.



Table 2.1 Summary performance of CNT/GOx/EDP biosensor.

Platinum electrode

Characteristics #1 #2 #3 #4 #5 #6 #1 #8 #9 #10 #11 #12 Average
Imax (LA) 19.28 3272 2712 2419 27.07 2157 36.02 201 369 3028 2845 3231 28.0+5.9
Kf'f’”(ml\/l) 29.8 2724 3259 3508 37.96 4417 18.01 110 2191 33.15 30.84 28.60 -
Linear range (mM) 35 40 50 50 50 50 25 40 40 35 40 50  42.148.1
Regression 0.996 0.995 0996 0995 0995 0.995 0.997 0.996 0.996 0.998 0.995 0.996 -
Coefficient (R?)

Sensitivity 4.64 8.60 5.80 4.99 511 335 1283 205 10.79 6.56 643 734 6.5+3.0

(LA mM* cm?)
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Table 2.1 Summary performance of CNT/GOX/EDP biosensor (Continuous).

Gold electrode

Characteristics #1 #2 #3 #4 Average
Imax (LA) 1758 131 2866 1305 18.1+7.4
KPP (mM) 29.25 5500 22.00 35.03 -
Linear range (mM) 40 10 10 40 25.0+£17.3
Regression coefficient (R?) 0997 0996 0966  0.995 -
Sensitivity (LA mM™ cm2) 444 226 1177 249  52+45

09
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2.3.5 The assessment of the detection limit for glucose quantifications

with CNT/GOx/EDP-based glucose biosensors
An important analytical feature of amperometric biosensors is its
practical detection limit, which for the biosensors of this study shall be defined as the
smallest glucose concentration change that is related to a measurable (“visible’) raise in
current above baseline signal valid for glucose-free electrolyte. To determine the
practical detection limit glucose was added to the measuring solution at smaller and
smaller increments and the smallest increment that still was able to create a visible step
in the current trace was judged on as “LOD”. Actually, small aliquots of
a 1.0 M glucose stock solution were added into 5 mL in the measuring buffer, a 0.1 M
phosphate buffer solution (pH 7.0) while the biosensors hydrogen peroxide oxidation
current was recorded at constant working potential + 600 mV. Tested triplicate glucose
additions raised the solution level by either 200, 100, 50 or 25 uM, respectively.
Figure 2.11 shows a typical amperometric recording of such a trial in search for the
practical LOD. Triplicate identical changes in glucose buffer levels caused as desired
current elevations of identical height, which confirmed the reproducibility of the
biosensor response to analyte variations. For the platinum-based CNT/GOx/EDP

glucose biosensors 50.0 uM concentration changes were the lowest that could be clearly

resolved in the amperometric recordings and 50 uM is thus referred to as practical LOD.
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Figure 2.11 Detection limits assessment for glucose quantification with biosensor.
Glucose was added to the measuring solution at smaller and smaller increments and the
smallest increment determined that still was able to create a visible step in the current

trace, glucose concentration solution: 200, 100, 50 and 25 uM, respectively.

2.3.6 Effect of electrochemically induced polymer precipitation

Agueous suspensions of anodic paints or cathodic paints are
commercially available and widely used for corrosion protection in the car and can
industry. First use for biosensor construction was reported for anodic paints (Kurzawa
et al., 2002) and the entrapment of GOx into the thin film polmer electrodeposits lead
to functional glucose detectors. A clear asset of electrodeposition paints (EDP) is that
their deposition is electrochemically induced and thus non-manual. This simplifies the
procedure and makes it a user-friendly strategy for polymer placement on sensor
surfaces. Here the function of EDP was not to immobilize GOx onto the noble metal

disk electrodes (this was the prominent role of the nanoporous CNT modification) but
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to work as a barrier against diffusional loss of enzyme that was soaked into the prime
CNT deposit. Figure 2.12 illustrates the electrochemical cell arrangement for the
glazing of CNT/GOx layers on Pt or Au disk electrodes, and as here the cathodic EDP
version was used, the modified electrode to be further coated with a thin polymer top
layer as protection for diffusional GOx loss had to be connected to the negative terminal

of the laboratory power supply.

CNTs/GOx
(:m:} noriy 7v_ (B
for2 min_)'g— 4
@ Coiled Pt wire CNTs/GOx with and
(counter £—Pt disk electrode EDP top coat
mp electrode) with CNTs/GOX ) t

Electrodeposition
paint (EDP)

Figure 2.12 Setup used for the placement of a thin film of electrodeposition paint on
top of the CNT/GOx modification of platinum or gold electrodes as enzyme leak

protection.

The need for a leak protection becomes immediately evident through a
look to Figure 2.13A. Shown is the outcome of an amperometric calibration trial for a
CNT/GOx biosensor that lacked the EDP glaze and that before measurement was stored
overnight in refridgerated phosphate buffer, just as the CNT/GOx/EDP equivalents
with polymer film leak protection. From the raw amperometric recording in
Figure 2.13A the calibration curve for the biosensor without leak protection was

constructed and is displayed in Figure 2.13B. Indeed, the maximum current at sensor
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saturation was for the CNT/GOx biosensor almost 10 times less than for
CNT/GOX/EDP biosensors and also the width of linear range was greatly reduced. This
is also nicely visible of in one and the same graph the calibration curves of an EDP-
coated and an “naked” CNT/GOx biosensor are jointly presented (refer to Figure 2.14).
Apparently a significant portion of initially entrapped enzyme had been lost during
overnight storage and ewas not anymore available for signaling of the presence of

glucose.

The vital role of the EDP glaze of the proposed biosensors in stopping
GOx leakage from the CNT matrix is also highlighted in Figure 2.15, correlating the
responses of sensors prepared by the standard protocol, with and without the final EDP
coating. Amperometric calibrations were for both sensor types carried out after the
usual overnight refridgerator storage of completed sensors in PBS/KCI and after a
further 24 h cooled storage. In the performance tests on day 1 and day 2 both
(CNT/GOx)/EDP-Pt and (CNT/GOXx)-Pt biosensors produced amperometric glucose
calibration curves of the classic shape (Figures 2.15A and B). Unsurprisingly, the
omission of the EDP leak protection allowed diffusional loss of GOx from the matrix,
resulting in a major reduction in anodic H,O, current and a contraction of the linear
range. The close similarity of the responses on days 1 and 2 for the EDP-coated glucose

biosensor (Figure 2.15B) demonstrated, on the other hand, the ability of the thin

electropaint coverage to stop leak of biocatalyst, and hence to preserve signal stability.
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Figure 2.13 Typical amperometric response of a CNT/GOx biosensor without EDP top
coat to successive additions of substrate in aerated solution (A). Computed biosensor
calibration curve as constructed by the analysis of the amperometric recording in A, the

inset show linear range with good regression coefficient (B).
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Figure 2.14 Comparison of “day 1” glucose calibration curves for (a) a CNT/GOxX/EDP
and (b) a CNT/GOx biosensor. Both sensors were prepared via identical procedures,
with the exception that for the sensor (a) EDP top coat was applied and sensor (b) was
left uncovered. Both sensors went through a one-night refridgerator storage before

measurement.
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Figure 2.15 (A) Electrochemical assessed biosensor calibration curve as constructed
by analysis of the amperometric recording. Performance of CNT/GOx modified
platinum electrode at day one vs. day two. (B) Performance of CNT/GOx/EDP
modified platinum electrode at day one vs. day two. Please note the difference in the

scaling of the x and y axes in (A) and (B).

2.3.7 Reproducibility and long-term stability tests with CNT/GOx/EDP
glucose biosensors
Apart from their capability to measure their target analyte accurately
also desired for sensors in general and enzyme biosensors in particular is the offer of a
good reproducibility and life time. Initial tests regarding the quality of the sensor life
time involved a a look at calibration data for meausurements carried out at day 1 and 7
after preparation, with refridgerator storage in phosphate buffer solution (pH 7.0)
applied in the resting period between measurements. Since the proposed sensors are
easy to make with cheap materials and are not meant for commercial applications longer
storage periods have not been considered here. Instead, after a week of storage fresh

preparations were preferred, in case the biosensors were needed. Figure 2.16 displays



67

a typical set of “day 1” and “day 7” calibration curves for a CNT/GOX/EDP glucose
biosensor, as derived from the corresponding raw data of their amperometric calibration
trials. Carrier of the enzyme sensor modification was in this particular case a 3 mm gold
disk electrode. Evident are on first sight (1) a minor, about 10 % decrease in the value
of the maximum current at sensor saturation and (2) an almost perfect overlay of the
traces in the range of linear response to glucose variations, up to a competitive level of
40 mM. The latter positive finding is the more important issue for analytical application
of this type of biosensors and suggests that within the tested period of one week an
adverse degradation of the detector, for instance because of a loss or inactivation of
entrapped GOX entities, is not a problem at all. Apparently, the EDP glaze served well
as protecting layer against diffusional GOx leak and the CNT matrix was a
biocompatible enough to work for non-toxic immobilization of the delicate protein

biocatalyst molecules.
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Figure 2.16 Comparison of “day 1” and “day 7” calibration curve for one and the same
CNT/GOX/EDP glucose biosensors, with refridgerator storage in phosphate buffer
solution (pH 7.0) applied in the resting period between measurements. Carrier system

in this particular case was a 3 mm Au disk electrode.
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To further demonstrate the effectiveness of the EDP top coat as barrier
against GOx loss and the undamaging function of a CNT matrix for GOx electrode
surface fixation freshly prepared CNT/GOx/EDP glucose biosensor were inspected via
continuous operation in a flow electrochemical cell as shown in Figure 2.17. In such a
trial the biosensor was incorporated as working electrode into the small-volume cell
section of the system and for the duration of the experiment - ranging from hours to
many days — continuously exposed to the stream of running buffer (here: the usual
phosphate buffer, pH 7) and to polarization of + 600 mV, as needed for amperometric
detection of GOx/glucose produced hydrogen peroxide in calibration trials or for
recovery rate measurements. Before used for a test in the flow systems sensors went
through a “day 1” and “day 7”’testing and only if they appeared well-working they were
further processed into the flow system. Figure 2.17 displays, as typical example, an
about 200 hour-long stretch of an uninterrupted amperometric recording that followed
a “day 7” pre-calibration trial and for the duration of which the CNT/GOx/EDP-Au
biosensor was in flow mode continuously polarized to + 600 mV vs. Ag/AgCIl/3M KCI
and subjected to constant passage of phosphate buffer solutions without or, in six
calibration and two model sample analysis efforts, with glucose at various molarities.
Response generation for the stepped glucose changes was with the minimalistic sensor
design for the first four calibrations and thus remarkable 94 hours of flow operation
possible on virtually 100 % reproducibility level. Only then a signal drop to 92 % and
further to 70 % evolved for the 5" (120+ hours) and 6™ (180+ hours) calibration,

respectively.
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Figure 2.17 Long-time stability test with CNT/GOx/EDP glucose biosensors,
established on a Au disk electrode transducer, in an electrochemical flow cell
arrangement. For the duration of the trial, the sensors were continuously polarized to +
600 mV for hydrogen peroxide detection and exposed to a non-stop flow of phosphate
buffer as running solution. Six biosensor calibrations were executed with glucose

concentrations spanning from 0.1, 0.5, 1, 2, 4, 8, 16, 32 to 50 mM, respectively. Also,

two model sample were assessed, before calibrations 4 and 5.

Figure 2.18A is a zoom of the current trace for the period of the 4™
calibration while Figure 2.18B is the calibration curve that corresponds to that
calibration data. All applied sequential elevations in running buffer glucose levels got
well translated into visible columnar trails in the monitored flow cell current and plots
of signal column heights as function of the related glucose content correctly portrayed

typical Michaelis-Menten enzyme biosensor behavior with initial manifestation of a
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linear section followed by curve flattening at saturating substrate values. Predictable
from the known practical detection limit of the beaker-type measurements of this study

the lowest trialed glucose level of 100 uM produced a clearly visible anodic H,O,

footprint. Maximum sensor currents at saturation (4.6 vs. 13.1 gA), linear range (4 vs.
40 mM) and sensitivity (5.4 vs. 2.5 pA mM ™t cm™2) were on the other hand not as closely
mimicked (Figure 2.18B). Instead, the glucose response linearity window got
considerably narrowed while sensor sensitivity increased about two-fold. The exact
bases for these trends is unclear but likely responsible is the special hydrodynamics in
the small dead volume flow cell and related differences in balances of diffusional and
convectional glucose and/or molecular oxygen delivery to enzyme sites on the
electrode, as compared to mass transport conditions in the stirred bulk of a large-volume
container. Despite of the observed concession in the linear range width
CNT/GOXx/EDP-Au biosensors did in the flow cell even above 100 hours of continuous
contact to buffer stream very well for accurate glucose determinations in samples of
known content. A standard addition mode assessment of a 500 uM model glucose
sample, just prior to the 4™ and 5% calibration at about 84-86 and 108-110 hours after
trial start, worked, for instance, via standard addition plot analysis (Figure 2.18C is an
example) with recovery rates of 102 and 100 % very close to ideal level.

Important message of the stability tests in flow mode is that on the one
hand the EDP hinders GOXx effectively to diffuse out of the immobilizing CNT thin
films into the aequeous surrounding while on the other hand the graphitic nanotube

network itself is a healthy host for GOx in support of protracted life time.
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Figure 2.18 (A) Typical amperometric response of a CNT/GOx/EDP glucose biosensor
to successive additions of substrate for a flow-based calibration (here the 4™ one in
Figure 2.17) and a flow-based model sample analysis via standard addition. (B)
Electrochemical assessed biosensor calibration curve as constructed by the analysis of
the amperometric recording in A. (C) Recovery rates assessments for glucose
guantification in 0.5 mM model samples with CNT/GOx/EDP-based glucose

biosensors modified on gold electrode via standard addition method.
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2.3.8 Performance evaluation for quantitative measurements of model
samples with pre-adjusted glucose levels
Established CNT/GOx/EDP-based glucose biosensors with Pt disk
electrode signal transduction were checked with respect to their ability to recover the
know levels of glucose in model samples accurately, with reasonable recovery rates.
The recovery rate assessments used the routine strategy of standard addition and
targeted with six-fold repetions model samples with low (1 or 2 mM), medium (5 mM,
equivalent to the normal, healthy human blood glucose content) and high (15 mM,
equivalent to the glucose content of seriously diabetic blood). Figure 2.19A shows the
original amperometric recording of a recovery rate trial for a 1 mM model sample while
Figure 2.19B displays the corresponding standard addition plot from which the model
sample glucose level can be graphically or mathematically extracted. In the particular
case of the 1 mM model sample of Figure 2.19A, the experimentally determined
glucose levels was visibly very close to the expected value of 1.0 mM. Statistical
analysis of the data for all six 1 mM samples revealed 0.97 + 0.08 mM (n=6) as
measured average and standard deviation, which corresponds to an excellent average
recovery ratesof 97.84 + 8.02 %. Table 2.2 is summarized the recovery rate
performance for glucose quantifications with CNT/GOx/EDP-based glucose
biosensors. Apparently, the measured concentrations for the various model samples did
not deviate more than 10 % from the expected since adjusted value reflecting acceptable

recovery rates for the determinations in the range of 90 — 110 %.
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Figure 2.19 Recovery rate assessments for glucose quantification in 1.0 mM model

samples with CNT/GOx/EDP-based glucose biosensors modified on Pt electrode. The

standard addition method was employed, amperometric response of an enzyme

biosensor to successive additions in 0.1 M phosphate buffer solution (pH7.0) at

+ 600 mV.

Table 2.2 The recovery rate of CNT/GOX/EDP biosensor modified Pt electrode at

various glucose concentration samples quantification by standard addition mode.

Adjust (mM) Found (mM) Found (mM)
(n=6) (n=6)
1.00 0.98 + 0.08 97.84 +8.02
2.00 1.97 +0.13 98.40 + 6.31
5.00 5.51+0.18 110.17 + 3.60
15.00 15.85 + 1.20 105.64 + 7.97
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2.4  Conclusions

Serial drop/drying of pL volumes of first an aqueous CNT suspension and then
a GOx solution led to firm but gentle immobilization ofthe macromolecular protein
biocatalyst in entirely additive-free well-adhering nanoporous CNT films on Pt or Au
electrode disks. A brief electrochemical post-treatment with cathodic EDP capped just
dried CNT/GOx blends finally protected the established glucose biosensors with a thin
polymeric top coat as GOx leak protection. Held in test trials at + 600 mV vs. reference

for anodic H,O, detection CNT/GOx/EDP-modified Pt and Au electrodes both were

in amperometric recordings capable to consistently and fast convert glucose additions

to measuring buffer into proportional steps of continuously monitored H,O, current.

Glucose and O3, the substrate and native redox recycler of embedded GOx hence could
diffuse easily through the EDP top coat into the nanoporous CNT matrix to become
available at randomly dispersed enzyme sites for biocatalytic action. A more than
100 hours long adequate response stability during continuous use as electrochemical
flow cell detector indicated, on the other hand, remarkable CNT/GOx biolayer
durability as the biosensors EDP glaze effectively suppressed adverse loss of functional
enzyme molecules from the interior of the CNT network into bulk solution and the
graphitic CNT sponge itself was suitably biocompatible. In glucose valuation trials
CNT/GOX/EDP biosensors showed wide analyte response linearity up to the order of
40 mM, a low detection limit down to 50 uM and a reasonable recovery of known
analyte levels. Advantage of the suggested biosensor version is that their highly
competitive analytical figures of merit are reached with a minimalistic immobilization
layer design, excluding in contrast to many previously published other options an

integration of any signal-producing (nano-) materials other than bare CNTs. Key
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deliveries were a general route for very simple oxidase biosensor assembly, a novel
EDP-based polymeric diffusion barrier as enzyme leak protection, glucose biosensors
with very good detection performance and the important take-home message that
untainted CNT matrices can serve as good for biosensor enzyme immobilization as
multicomponent complex CNT/additive composites. A not yet explored extra plus of
the proposed design is its feasibility for robotic sensor mass production with readily

available commercial starting materials.



CHAPTER 111

Add-on work with CNT/GOx/EDP-based biosensors

The previous chapter dealt with detailed characterization of CNT/GOx/EDP
biosensors and evidence has been provided that bare CNT deposits soaked with GOX
and leak-protected via EDP polymer glaze were enough for the reach of competitive
linear range, detection limit, sensor sensitivity and sensor life time. This chapter
describes preliminary work that was carried out with the following three motivations:

1. Chitinand chitosan are biopolymers with well-known biocompatibility and they
are matrix component of many published biosensor versions. Tests were
conducted here to check whether the life time of CNT/GOX/EDP glucose
biosensors could be further stretched through blending of the enzyme-
entrapping CNT matrix with chitin/chitosan as extra matrix modifier that is
gentle to entrapped protein biocatalyst molecules.

2. For glucose enzyme that was immobilized on single CNT filaments or in CNT
networks direct electron transfer between the enzyme and the surface of the
graphitic nanotubes was observed in several published studies. Tests were
conducted here to check whether this effect happened for the CNT/GOx/EDP
glucose biosensors of this study, too.

3. CNT/GOX/EDP glucose biosensors use oxygen as mediator of enzyme redox

recycling and thus depend on aeration of the measuring buffer and presence of
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0. To make the sensor design suitable for work in deaerated solutions with no
O, thought of was incorporation of ferrocene derivatives into the GOXx
entrapping CNT matrix and thus letter the iron compound instead of molecular
oxygen do the job of GOx oxidation after one cycle of glucose to gluconolactone
conversion. Tests to evaluate the suitability of this mediator replacements have
been carried out here and related data will be presented as final part of this

chapter

What follows is first a presentation of the background literature for above issues
1-3 and then a description of the measurements and results that were obtained with
CNT/GOX/EDP glucose biosensors with additional chitin/chitosan or ferrocene

modification of their functional sensing layer.

3.1 Literature review

In recent years research and development of electrochemical biosensors has
been studies on enzyme immobilization of detector design and enhancement of signal
generation. Several methods have been proposed to achieve immobilization of
enzymes, theirs may be immobilized by a variety of methods, which may be broadly
classified as physical and chemical, where covalent bonds are formed with the enzyme
(Bullock, 1995; Chaplin and Bucke, 1990; Scouten et al., 1995; Tischer and Wedekind,
1999; Woodley, 1992). Regarding immobilization layer optimization integration of
with nanoscopic materials of high catalytic activity, large surface area and unique

electronic features became a prime strategy for the preparation of amperometric enzyme
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biosensors with advanced analytical figures of merit. Tested in many studies since about
new millennium start as functional sensor components were metal and metal oxide
nanoparticles and -wires, semiconductor quantum dots, high-tech graphitic matter such
as fullerenes and carbon nanotubes (CNT) and few-layered nanosheets of graphene,
graphene oxide or transition metal di-chalcogenides (Frasco and Chaniotakis, 2009;
Gavalas and Chaniotakis, 2000; Guo et al., 2011; Xinyu Li et al., 2009; Q. Liu et al.,
2007; Yong Liu et al., 2010; Mani et al., 2013; Razmi and Mohammad-Rezaei, 2013).
Whether final goal is utilization for bio-analysis in academic research or commercial
distribution for health, biotech and environmental monitoring, continuing tasks of
makers of biosensors are performance perfection, simplification of fabrication and
miniaturization. Carbon nanotubes (CNT), for instance, have been utilized almost since
their discovery as nanoscopic functional component of the analytical tools. The reason
for the attraction of the field towards CNT is that the high-tech material has not only
the capacity to enhance the electrochemical sensor sensitivity for the signaling molecule

but also the potential to promote direct electrode/protein electron-transfer.

Chitin and chitosan are natural polyaminosaccharides, structurally quite similar
and possess good biocompatibility, have potential to form uniform films and hydrogels,
and contain multiple oxygen- and nitrogen-based functional groups that can be
chemically modified. However, in chitosan a good portion of the acetylated nitrogen
functionalities is chemically modified via deacetylation into amino groups. Different
between the two biopolymers is only the ratio of the number of acetylated to the number
of deacetylated nitrogen groups at the C2 carbon of the sugar ring. In chitin there are
actually more acetylated than amino groups while in chitosan the situation is the

opposite and the amino functional groups are dominant.
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Figure 3.1 Advantages of chitin and chitosan for biosensor applications. Chitosan, with

Study # low

Chitin

its higher solubility and its hydrogel-forming characteristics, is by far the more widely
used material in this field; balance between the number of published studies with the

two materials is thus firmly on the side of chitosan. (Suginta et al., 2013b).

Although chitosan-based fabrications have been studied intensively, 3™
generation enzyme biosensor fabrication using chitin biomaterial has been barely
described. Chitin is a long-chain polymer of N-acetylglucosamine (GIcNAc) units and
the structural component of marine animals, such as crab, shrimp, and squids (Li et al.,
2012). As reviewed by Suginta et al. (2013), only five reports appeared so far on chitin
applications in biosensor research. Motivation behind an integration of the marine
biopolymer chitin into the desired biosensor architecture was a gain of matrix
biocompatibility and, as a consequence, a good GOXx survival and related analytical
response stability. Then, own thesis work on an exploration of CNT incorporation into
enzyme biosensor immobilization matrices will be introduced. The target biosensor

design was actually realized via simple drop/dry coating steps, namely via serial load
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of the electrode disks with pL droplets. Successful with close to ideal recovery rates
were quantitative assessments of spiked model samples and continuous biosensor use
in a flow-based three-electrode electrochemical cell with scheduled on-line glucose
calibration measurements during uninterrupted flow cell operation. Apparently,
electrode surface-immobilized GOx entities were in the CNT/chitin environment kept
healthily in place and thus able to maintain their pronounced bio-catalytic activity for
long. Possible was as a result an electrochemical biosensing service on an extended
time scale for glucose quantifications, with adequate analytical figures of merit for

analyte quantifications.

3.2  Experimental and methods

3.2.1 Chemicals

Glucose oxidase (GOx, EC 1.1.3.4, from Aspergillus niger) was
obtained through S.M. Chemical Supplies Co., Ltd. (Bangkok, Thailand) as product of
Sigma-Aldrich® (St. Louis, MO, USA, product no. G1741, lyophilized, 75% protein,
136300 units/g). #-D (+) glucose anhydrous (CsH120g) was obtained through Italmar
(THAILAND) Co., Ltd. (Bangkok, Thailand) as a product of CARLO ERBA Reagents
S.A.S. (Val-de-Reuil, France). Purified carboxlyated single-walled CNT, with an about
1.0 - 3.0 at-% carboxylic acid entities were obtained from Carbon Solutions, Inc.,
(Riverside, CA, USA). The commercial cathodic electrodeposition paint (EDP) system
Clearclad® was a kind gift for research purpose from LHV Coatings Ltd.,
(Birmingham, England). Colloidal chitin was available in Biochemistry-

Electrochemistry Research Unit & Center of Excellence in Advanced Functional
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Materials, Schools of Chemistry from Prof.Dr.Wipa research unit. All other chemicals
were Sigma-Aldrich® products and of analytical grade. Routinely, aqueous solution
preparation used ultrapure de-ionized water. Supporting electrolyte for all biosensor

tests was 0.1 M phosphate buffer solutions, pH 7.0.

3.2.2 Electrochemical instruments

Cyclic voltammetry and amperometry trials with prepared biosensors
were carried out with a computer-controlled three-electrode galvanostat/potentiostat
type Reference 600® from Gamry Instruments Inc. (Warminster, PA, USA). If not
otherwise mentioned, the working electrode for the tests was a CNT/GOx/Chitin/EDP-
modified 3-mm-diameter Pt or Au disk electrode while a Pt and Ag/AgCl wire were in
service as counter and reference electrode, respectively. For long-term continuous
amperometric response tests the developed biosensors were operated in a three-
electrode electrochemical flow cell that was under control of the
galvanostat/potentiostat EA163 and e-corder ED410, both from eDAQ Pty Ltd.
(Denistone East, Australia). Duty of the peristaltic pump Miniplus-3® from Gilson
(Middleton, WI, USA) was to deliver glucose-free or glucose-containing 0.1 M
phosphate buffer solution, pH 7.0 to the flow cell, which had a home-made
CNT/GOX/Chitin/EDP-modified 3-mm-diameter home-made gold disk electrode
incorporated as the working electrode. Reference electrode of this system was a home-
made Ag/AgCl (3 M KCI) while the tubular stainless steel cell outlet functioned as

counter electrode, flow system of electrochemical cell set up was use same as in
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CNT/GOX/EDP biosensor modification operation (refer Figure 2.1 and 2.2 in

chapter I1).

3.2.3 Fabrication of glucose biosensors by applying
CNT/GOx/Chitin/EDP onto the electrode
To begin with, a commercial 3-mm-diameter Pt disk electrode (Gamry
Instruments Inc., Warminster, PA, USA, Kel-F® body, outer diameter 7 mm) was
polished on a soft textile pad that was soaked with alumina slurry of first 5 and then
1 um particle size. Pt disk polishing was followed by complete removal of the polishing
paste via thorough water rinsing and electrode air-drying at room temperature (RT).
Then, a 5.0 pL drop of a suspension of 5.0 mg CNT in 1 mL H>O was dropped onto the
cleaned Pt disk and dried min air at RT. Four time’s repetition of the CNT drop coating
step placed a thin film of the black graphitic nanomaterial on the noble metal surface.
Next was the careful placement of a 5.0 pL drop of a 5.0 mg mL™ solution of GOx in
H20 straight onto just dried CNT deposits and again RT air-drying. Three time’s
repetition of the GOx drip treatment loaded the pores in the CNT layer on the Pt surface
efficiently with the biocatalyst. Next was the careful placement of a 5.0 pL drip of a
10.0 mg mL solution of Colloidal Chitin in H,O straight onto just dried GOx deposits
and again RT air-drying. Two time’s repetition of the Colloidal Chitin drip treatment
loaded the pores in the CNT and GOx layer on the Pt surface efficiently with the
biocatalyst. Final step was the deposition of a protein leak-protecting polymer cover,
which was accomplished in a two-electrode electrochemical cell with a Pt wire counter

electrode via cathodic EDP at a potential of negative 7 Volt for 2 minutes. Please note
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that heat curing of a fresh EDP deposit - as usually done in related industry to induce
transformation of fresh paint coats into dry insulating and thus corrosion protecting
material - was avoided here not to harm the enzyme and make the paint impermeable
for dissolved molecules and ions. Completed biosensors were stirred for 30 minutes in
0.1 M phosphate buffer solution, pH 7.0 and overnight stored at 4°C in the same
solution to allow sensor settling. When not used, CNT/GOx/Chitin/EDP glucose
biosensors were stored at 4°C in 0.1 M phosphate buffer solution, pH 7.0. Note that for
the home-made 3-mm-diameter Au disk electrode the same procedure was applied to
reach glucose sensitivity. The steps to go through during the preparation of the Pt disc-

modified CNT/GOx/Chitin/EDP are shown in Figure 3.2.

GOx solution Chitin solution
CNTs solution (5 mg/mL (10 mg/mL)
(5 mg/mL) Drop 5 pL and allyw / Drop 5 pL and a&%
Drop 5 pL and ﬂ"Dm to dry, repeat 3 tim y to dry repeat 2t
dry, repeat 4 times. | A |

____ B -—as > ———
: N /
Pt disk electrode_1— -~ d
Glass
insulator

Platinum electrode ?

was polished with
alumina slurry and Apply 7V
rinse with DI water for 2 min—>

AR
Coiled Pt wire
(counter
electrode)

o - - CNTs/GOX with and |- .
i " EDP top coat
:}3"’&9; ne tf';‘: Storage in phosphate Electrodeposition
oveonicht buffer (PBS, pH 7.0), T paint (EDP)
ght. 30 minutes. Stirring!

Figure 3.2 Schematic diagram of the procedure used for the preparation of

aTn
)

€— Pt disk electrode
with CNTs/GOx

CNT/GOx/Chitin/EDP modified platinum or gold as used in the biosensor

measurement.
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3.2.4 Fabrication of glucose biosensors using
CNT/(Fc+GOx+Chitosan)/EDP on electrode
To begin with, a commercial 3-mm-diameter Pt disk electrode (Gamry
Instruments Inc., Warminster, PA, USA, Kel-F® body, outer diameter 7 mm) was
polished on a soft textile pad that was soaked with alumina slurry of first 5 and then
1 um particle size. Pt disk polishing was followed by complete removal of the polishing
paste via thorough water rinsing and electrode air-drying at room temperature (RT).
Then, a 5.0 pL drop of a suspension of 2.5 mg CNT in 1 mL H2O was dropped onto the
cleaned Pt disk and dried min air at RT. Four time’s repetition of the CNT drop coating
step placed a thin film of the black graphitic nanomaterial on the noble metal surface.
Next was careful placement of a 5.0 pL drop a mixture of Ferrocene azide
(3.0 mg mLt in H20 stock), Chitosan (commercial) and GOx (15.0 mg mL? in H.0O
stock) onto just dried CNT deposits and again RT air-drying. Three time’s repetition of
the mixture drop treatment loaded the pores in the CNT layer on the Pt surface
efficiently with the biocatalyst. Final step was the deposition of a protein leak-
protecting polymer cover, which was accomplished in a two-electrode electrochemical
cell with a Pt wire counter electrode via cathodic EDP at a potential of negative 7 Volt
for 2 minutes. Please note that heat curing of a fresh EDP deposit - as usually done in
related industry to induce transformation of fresh paint coats into dry insulating and
thus corrosion protecting material - was avoided here not to harm the enzyme and make
the paint impermeable for dissolved molecules and ions. Completed biosensors were
stirred for 30 minutes in 0.1 M phosphate buffer solution, pH 7.0 and overnight stored
at 4°C in the same solution to allow sensor settling. When not used,

CNT/(Fc+GOx+Chitosan)/EDP glucose biosensors were stored at 4°C in 0.1 M
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phosphate buffer solution, pH 7.0. Note that for the home-made 3-mm-diameter Au
disk electrode the same procedure was applied to reach glucose sensitivity. The steps
to go through during the preparation of the Pt disc-modified

CNT/(Fc+GOx+Chitosan)/EDP are shown in Figure 3.3.

Fc-azide + Chitosan + GOx solution
(3 mg/mL Ferrocene stock , chitosan
?;l:_; :1‘;;’[::2)“ commercml 15 mg/mL GOXx stock
Drop 5 pL and aﬁ\ Drop 5 pL and allo %
to dry, repeat 4 tlmes dry, repeat 3 tlmes

Platinum electrode Pt disk electrode
was polished W|th (diameter : 3 mm

alumina slurry an
rinse with DI water Gloss
insulator

Apply 7V
for 2 min

Coiled Pt wirg €—Pt disk electrode
(counter with CNT/GOx
electrode)

=

CNT/GOx with and
EDP top coat

Storage in the
fridge at 4°C for

12 hours. PBS(phosphate buffer [ B Pt B } paint (EDP)

Electrodeposition

Storage in

solution) pH 7.0,
30 minutes. Stirring!

Figure 3.3 Schematic diagram of the procedure used for the preparation of
CNT/(Fc+Chitosan+GOX)/EDP modified platinum as used in the biosensor

measurement.

3.3 Results and discussion

As mentioned before, carbon nanotubes (CNT) have gained

considerable attention in more ten years past due to of their remarkable electronic and
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mechanical properties, which have made them extremely attractive for a wide range of
sensing applications from structural material to nanoelectronic components (Agli et
al., 2008; Cai and Chen, 2004; Pumera et al., 2007; Schlittler et al., 2001; Wenrong
Yang et al., 2007a) especially conductive network components in biosensor.

Many researcher have been considered and studied for immobilizing
enzymes, organic or inorganic, natural or synthetic, chitin and chitosan are of interest
due to their properties consist of high affinity to proteins, availability of reactive
functional groups for direct reactions with enzymes and for chemical modifications,
mechanical stability and rigidity, regenerability and provide the system with
permeability and surface area suitable for a chosen biotransformation (Krajewska,
2004; Nakorn, 2017; Pillai et al., 2009; Prashanth and Tharanathan, 2007; Rinaudo,
2006). The schematics drawing in Figure 3.4A represents the anodic hydrogen peroxide
collection at a normal glucose biosensor with non-conducting polymer coating in use
as immobilization matrix: only a few GOx molecules happen to have an orientation of
their diffusional move towards the substrate electrode. Figure 3.4B represents the case
of a utilization of a conductive CNT/Chitin deposit as immobilization matrix with a
platinum disk electrode still acting as the substrate electrode. Now, anodic hydrogen
peroxide collection can take place within the immobilization matrix at the conducting
CNT network. However, since the possibility of DET between enzyme and CNT
filaments has been claimed in a series of publications, DET may contribute to GOXx

redox recycling on top of recycling through molecular oxygen.



87

(A) Electrode insulation (e.g. glass or epoxy)
| illimeter wi

Electrode (+600 mV)

N
EDP top coat (diffusion

______ \\\ barrier for GOx)
It == Pt electrode
. ' NJete
M'fl'::;"hette i Immobilization layer
1 (thin film layer)
AL ZO{notm‘ /
Glucose + O,  Gluconolactone
B Electrode insulation (e.g. glass or epox
®) gt (eg.g Millimgterxzidth

Electrode (+600 mV)

AL AN NINE RN N RTX NTNERES

\
EDP top coat (diffusion
barrier for GOx)

= Pt electrode
mmobilization layer
(thin film layer)

Glucose + O, Gluconolactone

Collidal chitin _,/’/
polymeg .-~~~
LA

Micromete
height

etected

Figure 3.4 Comparison between the anodic hydrogen peroxide detection at a “normal”
glucose biosensor with a non-conducting polymer electrode coating acting as
immobilization matrix (A) and the case of a utilization of a conductive CNT/colloidal
chitin deposit as immobilization matrix (B). In either case a platinum disk electrode is
assumed to be the substrate electrode. Physical contact of the CNT network with the
electrode surface and among conductive individual filaments extends the electrode
surface into the immobilization matrix facilitating larger collection efficiency for the
anodic peroxide detection. Colloidal Chitin in the CNT network may provide extra
biocompatibility to entrapped enzyme entities, which may in turn help extendind sensor
life time. Very close physical contact of GOx molecules to CNT surfaces may
addititionally facilitate the manifestation of direct electron transfer as extra pathway for

GOx redox recycling, at least if CNT contact is in appropriate molecular orientation.
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CNT is the the main component of the biosensor of this study and chitin
or chitosan (commercially available as product of partial deacetylation of chitin, the
most abundant polysaccharide after cellulose in the world (Yilmaz et al., 2012) was a
first functional additive of the basic design. Considered as another modification option
was the addition of a ferrocene derivative (Fc) to a CNT/e.g. chitosan. Ferrocene (Fc)
and its derivatives have attractive properties such as rapid responses to many
electroactive substances and fast electron transfer that make them the most widely used
class of mediators in the development of chemically modified electrodes (Cass et al.,
1984; Chaubey and Malhotra, 2002; Pandey et al., 2003; Raoof et al., 2009; Zhilei et
al., 2010). When ferrocene is incorporated into the CNT/chitin-chitosan immobilization
matrix molecular oxygen and/or DET GOx recycling is expected to become
accompanied or, depending on the efficiencies, even fully replaced by redox interaction
between reduced GOx and oxidized ferrocence entities and the requisite reprocessing
of GOx in oxidized state, as needed for the oxidation of substrate glucose (refer to

Figure 3.5).
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Figure 3.5 Schematic drawing of biosensor configuration modified by CNT in the case
of an utilization of a conductive carbon nanotubes, chitosan polymer and Ferrocene
deposit as immobilization matrix. A platinum disk electrode is assumed to be the
substrate electrode. Physical contact of the CNT network with the electrode surface and
among conductive individual filaments extends the electrode surface into the
immobilization matrix facilitating larger collection efficiency for the anodic peroxide
detection. Chitosan polymer network which consist of in porous of conductive CNT
assisting to support enzyme to stay extended in the immobilization matrix. Ferrocene

derivative help to support electron transfer.

3.3.1 Amperometric determination of glucose at CNT/GOx/Chitin/EDP-
based glucose biosensor
3.3.1.1 Sensor variant based on modified platinum (Pt) electrodes
Chronoamperometric measurement for characterization of the
glucose biosensors by CNT/GOx/Chitin/EDP immobilization biosensor, the design

offered in calibration trials reproducibly a marked glucose receptiveness with
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reasonably fast response time, adequate sensitivity and a linear range that stretched
broadly over tenths of mM analyte concentrations. Figure 3.6 represent the outcome of
original trace amperometric calibration measurements that have been obtained in course
of trials with the CNT/GOx/Chitin/EDP-based glucose biosensors. The experiments
were carried out in an aqueous 0.1 M phosphate buffer solution (pH 7.0) with a
conventional three-electrode cell. A magnetic stirrer provided the convective transport
during the measurements. Figure 3.6A shows whole trace of a typical current-time
curve response for successive adding 1.0 M glucose stock solution into 5 mL phosphate
buffer solution (pH7.0) at applied constant potential +600 mV versus Ag/AgCI start
from low to high glucose concentration. A display as proof of the good performance a
typical example of an amperometric recording that was acquired with a prototype of a
CNT/GOx/Chitin/EDP-modified 3-mm-diameter Pt disk electrode in course of
successive additions of small aliquots of a glucose stock solution. Evident in the trace
is a series of well-defined step-like rises in the continuously acquired anodic H2O>
current, with an about 13.9 second interval needed to reach 90 % of the finally
established steady-state signal value (Figure 3.6B plus inset). Figure 3.6C shown
amperometric response of an enzyme biosensor to successive additions of various
substrate concentrations, which displayed Michaelis-Menten type behavior was
constructed by the analysis of the amperometric recording from Figure 3.6A, Exposed
for this particular case is a plateau current, imax, of 22.1 pA, response linearity up to
30.0 mM glucose (r? = 0.995) and a sensitivity of 0.45 pA mM ! (6.34 pA mM * cm?,
normalized to the geometric surface area of the Pt disk transducer). For a compilation

of 10 identically prepared biosensors 185 + 7.7 pA, 304 + 12.0 mM and



91

4.0 +18.3 pA mM ! cm were the average and standard deviation values for imax, linear

range width and sensitivity, respectively.
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Figure 3.6 (A) Representative current-time trace as acquired in the course of a

calibration trial with a (CNT/GOx/Chitin)/EDP-Pt glucose biosensor; aliquots of a

glucose stock solution were added to stirred 0.1 M phosphate buffer solution (pH 7.0);

The recording was made at ambient temperature of 25°C with a H2O. detection

potential of + 0.6 V vs. Ag/AgCI. (B) Zoom into the initial section of the current trace

in (A) and, as inset, the example of response time estimation for the step included in

the zoom. (C) Electrochemical assessed biosensor calibration curve as constructed by

the analysis of the amperometric recording in A and (D) Widely dynamic linear range

response at CNT/GOx/Chitin/EDP biosensor with regression coefficient of 0.99.
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3.3.1.2 Sensor variant based on modified gold (Au) electrodes

Later described stability testing for CNT/GOx/Chitin/EDP
biosensors had to be carried out with gold disk electrodes as these were available in a
geometry and size suitable for incorporation into an electrochemical flow cell desgned
for continuous long-term measurements. Figure 3.7A and B represents the
amperometric response of a prototype of a CNT/GOx/Chitin/EDP-modified 3-mm-
diameter Au disk electrode to successive additions of small aliquots of a glucose stock
solution. A look at the calibration curve for this variant of the novel biosensors (refer
to 3.7C and D) confirmed that the CNT/GOx/Chitin-modified Au disc electrode also
had a wide linear range and a reasonable sensitivity. Exposed for this particular case is
a plateau current, imax, of 11.3 pA, response linearity up to 35.0 mM glucose (r% = 0.996)
and a sensitivity of 0.16 pA mM ™ (2.26 pA mM * cm, normalized to the geometric
surface area of the Au disk transducer). For a compilation of 3 identically prepared
biosensors 12.9 + 1.8 uA, 36.7 2.9 mM and 3.2 + 1.1 pA mM cm™ were the average

and standard deviation values for imax, linear range width and sensitivity, respectively.
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Figure 3.7 (A) Representative current-time trace as acquired in the course of a

calibration trial with a (CNT/GOx/Chitin)/EDP-Pt glucose biosensor; aliquots of a

glucose stock solution were added to stirred 0.1 M phosphate buffer solution (pH 7.0);

The recording was made at ambient temperature of 25°C with a H2O. detection

potential of + 0.6 V vs. Ag/AgCl. (B) Zoom into the initial section of the current trace

in (A) and, as inset, the example of response time estimation for the step included in

the zoom. (C) Electrochemical assessed biosensor calibration curve as constructed by

the analysis of the amperometric recording in A and (D) Widely dynamic linear range

response at CNT/GOx/Chitin/EDP biosensor with regression coefficient of 0.99.
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Figure 3.8 represent the graphical illustration of a performance
comparison calibration curves at different electrode substrate between platinum (Pt)
and gold (Au). A plot displayed Michaelis-Menten type behavior was constructed by
the analysis of the amperometric recording. The maximum current (imax) and sensitivity
are evaluated to be 22.10 pA and 6.34 pA mM™ cm at Pt disk electrode, 11.30 pA
and 2.26 pA mM™t cm at Au disk electrode for CNT/GOx/Chitin/EDP immobilized.

While both of them show comparable value at the dynamic linear range response.
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Figure 3.8 Performance comparison for electrochemical assessed biosensor calibration
curves as constructed by the analysis of the amperometric recording at different

electrode substrate between platinum (Pt) and gold (Au).

A summary of the analytical figures of merit for both
CNT/GOX/EDP/Chtitin-modified Pt and Au disk electrodes is available in following

Table 3.1.



Table 3.1 Summary performance of CNT/GOx/Chitin/EDP biosensor.

Platinum electrode

Characteristics #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 Average
Imax (LA) 1492 2251 1184 20.15 2924 2428 1213 735 1371 29.17 185+7.6
K;PP(mM) 33.00 25.00 25.00 35.00 37.00 90.00 20.00 30.00 27.00 77.00 -

Linear range (mM) 24 30 10 40 35 40 10 40 40 35 30.4+12.0

Regression coefficient (R?)  0.996 0.995 0.994 0.996 0.996 0.998 0.997 0.995 0.996 0.996 -

Sensitivity (WMAmM™*cm?) 386 6.34 458 397 588 174 477 141 354 340 4.0+183

g6



Table 3.1 Summary performance of CNT/GOx/Chitin/EDP biosensor (Continuous).

Gold electrode

Characteristics #1 #2 #3 Average
Imax (MA) 11.30 1259 1488 12.9+1.8
KPP (mM) 35.00 19.34 36.28 -

Linear range (mM) 35 40 35 36.7+2.9

Regression coefficient (R?) 0.996 0.996 0.996 -

Sensitivity (MAmM1cm?) 226 441 3.01 3.2+1.1

96
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3.3.2 The assessment of the detection limit for glucose quantification with
CNT/GOx/Chitin/EDP-based glucose biosensors
An important analytical feature of amperometric biosensors is its
practical detection limit, which for the biosensors of this study shall be defined as the
smallest glucose concentration change that is related to a measurable (“visible”) raise
in current above baseline signal valid for glucose-free electrolyte. To determine the
practical detection limit glucose was added to the measuring solution at smaller and
smaller increments and the smallest increment that still was able to create a visible step
in the current trace was judged on as “LOD”. Actually, small aliquots of
a 1.0 M glucose stock solution were added into 5 mL in the measuring buffer, a 0.1 M
phosphate buffer solution (pH 7.0) while the biosensors hydrogen peroxide oxidation
current was recorded at constant working potential + 600 mV. Tested triplicate glucose
additions raised the solution level by either 200, 100, 50, 25, 12.5 and 200 uM,
respectively. Figure 3.9 shows a typical amperometric recording of such a trial in search
for the practical LOD. Triplicate identical changes in glucose buffer levels caused as
desired current elevations of identical height, which confirmed the reproducibility of
the biosensor response to analyte variations. For the platinum-based CNT-GOx-EDP

glucose biosensors 50.0 uM concentration changes were the lowest that could be clearly

resolved in the amperometric recordings and 50 uM is thus referred to as practical LOD.
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Figure 3.9 Detection limits assessment for glucose quantification with biosensor.
Glucose was added to the measuring solution at smaller and smaller increments and the
smallest increment determined that still was able to create a visible step in the current

trace, glucose concentration solution: 200, 100, 50, 25, 12.5 and 200 uM, respectively.

3.3.3 Direct electron transfer of glucose oxidase enzyme (GOX)
3.3.3.1 Test for biosensor with the ‘CNT/GOX/EDP’ design

As already mention in section 1.2.5 the redox center in
biomolecules is usually embedded deeply into the large three dimensional structures of
enzyme molecules; it is difficult to achieve protein DET from the active sites to the
electrode surface. Controlling the interactions of enzymes with the substrate to optimize
the electron transfer processes remains a challenge. Variety of methods and electrodes
materials have been studied to immobilize enzymes and promote electron transfer of

redox enzymes on the surface of electrodes (Cai et al., 2004; Frew and Hill, 1988; Kang
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etal., 2009; Palanisamy et al., 2012; Velmurugan et al., 2015; Y. Wang and Yao, 2012;

Zhao et al., 2006).

In this part the direct electron transfer (DET) of glucose oxidase
enzyme (GOx) was evaluated at the platinum electrode modified, the experiment was
examined by cyclic voltammetry to studies the mechanical properties of protein
electron transfer between active redox centers and the electrode surface. Figure 3.10
shows cyclic voltammogram of the CNT-modified and CNT/GOx-modified (Figure
3.10(a) and (b)) onto platinum electrode in 0.1 M phosphate buffer solution (pH 7.0),
the scan started at - 0.8 V vs Ag/AgCl, moved into the positive direction to +0.3 V and
went back to starting point with the scan rate at 10 mV s™. Curve (a) found no any
observable voltammetric response are obtained while curve (b) shown the cyclic
voltammogram of CNT/GOx modified platinum electrode in the same buffer solution
and the same scan rate at that for curve (a), the results show a pair of well-defined and
nearly symmetric redox peaks are observed. These results suggest that the redox peaks
in curve b can be ascribed to the redox reaction of the prosthetic group (FAD) bound to
the GOx and not to free FAD, which may have dissociated away from GOXx due to
conformational changes during immobilized, adsorbed on the surface of CNT (Cai et

al., 2004).
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Figure 3.10 Cyclic voltammograms of CNT (a) and CNT/GOx (b) modified platinum
electrode in 0.1 M phosphate buffer solution (pH 7.0) with de-aerated solution at the

scan rate 10 mV.s™, and the scan potential in the range of -0.8 VV to +0.3 V.

Figure 3.11A illustrates the cyclic voltammograms obtained to
the effect of scan rates at CNT/GOx modified platinum electrode in de-aerated solution,
the experiment was performed in phosphate buffer solutions (pH7.0) at different scan
rates. The scan started at +0.5 V vs Ag/AgCl, moved into the negative direction to
-0.8 V and went back to starting point. A pair of well-defined and nearly symmetric
redox peaks are observed with a formal potential of -0.14 V (vs. Ag/AgCl). Both the
anodic and cathodic peak currents were increased linearly proportional to the scan rate
in the range from 2 to 50 mV s, the results suggesting that the reaction is not a
diffusion-controlled process but a surface-controlled electrode reaction as expected for
immobilized systems which show in Figure 3.11B. The results confirm that the redox
couple was due to the oxidation and reduction of the bound prosthetic group

FAD / FADH, of the glucose oxidase enzyme (GOx ), and can be ascribed to the DET
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of GOx (mediating reaction) which shown in following as in equation 3.1 (Y. Wang

and Yao, 2012).

GOX(FADH,) + 0, —>GOX(FAD) + H,0, (3.1)

The heterogeneous eletron transfer rate constant (ks) for GOx
immobized at CNT modified electrode is calculated by Laviron equation (Laviron E.,
1979). Two straight lines were obtained from the slope of anodic potential (equation
3.2) and cathodic potential (equation 3.3) vs. logarithm of scan rate which shown in
Figure 3.11C and Figure 3.11D. The electron transfer coefficient (o) value calculated
to be 0.0002 by using Laviron theory, which is measured by the slope of the two straight

line in Figure 3.11D following as;

Anodic 2 3.2
IC: —m .\ L .
(L-—a)nF (3:2)
Cathodic: w2.20°RT (3.3)
ank

According to the equation 3.4, the ks value of GOx immobilized

CNT modified electrode was estimated to be 60.3 s™ (at scan rate 50 mV.s™).

RT 0{(1—05)nFAEp

logk. = a log(l- 1-a)loga —1lo
gk, =alogl-a)+{L-a)loga-log: = =—— 270

(3.4)
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Figure 3.11 Cyclic voltammograms of CNT/GOx modified platinum electrode in
0.1 M phosphate buffer solution (pH 7.0) with de-aerated solution at various scan rates.
The scan rate are from inner to outer curves: 2, 4, 6, 8, 10, 20, 40 and 50 mV s (A).
The analysis plots of anodic and cathodic peaks as a function of scan rates (B). The
analysis plots of anodic and cathodic potential as a function of logarithm scan rates (C),

linearity region of anodic and cathodic potential at high scan rate (D).

3.3.3.2 Test for biosensor with the ‘CNT/GOx/chitin/EDP’ design
Figure 3.12 shows cyclic voltammogram of the CNT-modified
and CNT/GOx/Chitin/modified (Figure 3.12(a) and (b)) onto platinum electrode in

0.1 M phosphate buffer solution (pH 7.0), the scan started at - 0.8 VV vs Ag/AgCI, moved
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into the positive direction to + 0.5 V and went back to starting point with the scan rate
at 10 mV s™. Curve (a) found no any observable voltammetric response are obtained
while curve (b) shown the cyclic voltammogram of CNT/GOx/Chitin modified
platinum electrode in the same buffer solution and the same scan rate at that for curve
(@), the results show a pair of well-defined and nearly symmetric redox peaks are

observed.

Current (pA)

Cathodic peak

=200 sl o D oed i

09 06 -03 0 0.3 0.6
Potential (Volt vs. Ag/AgCl)

Figure 3.12 Cyclic voltammograms of CNT (a) and CNT/GOx/Chitin (b) modified
platinum electrodes. Readings were take in 0.1 M phosphate buffer solution (pH 7.0)
with de-aerated solution at scan rate 10 mV.s?, the scan potential in the range of

-0.8Vto+0.5V.

Figure 3.13A illustrates the cyclic voltammograms obtained to
the effect of scan rates at CNT/GOx/Chitin modified platinum electrode in de-aerated

solution, the experiment was performed in phosphate buffer solutions (pH7.0) at
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different scan rates. The scan started at - 0.8 V vs Ag/AgCl, moved into the positive
direction to + 0.5 V and went back to starting point. A pair of well-defined and nearly
symmetric redox peaks are observed with a formal potential of - 0.16 V (vs. Ag/AgCl).
Both the anodic and cathodic peak currents were increased linearly proportional to the
scan rate in the range from 2 to 80 mV s, the results suggesting that the reaction is not
a diffusion-controlled process but a surface-controlled electrode reaction as expected

for immobilized systems which show in Figure 3.13B.

The heterogeneous eletron transfer rate constant (ks) for GOx
immobized at CNT modified electrode is calculated by Laviron equation (Laviron,
1979). Two straight lines were obtained from the slope of anodic potential and cathodic
potential vs. logarithm of scan rate which shown in Figure 3.13C and Figure 3.13D.
The electron transfer coefficient (o) value calculated to be 0.0003 by using Laviron

theory.
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Figure 3.13 Cyclic voltammograms of CNT/GOx/Chitin modified platinum electrode
in 0.1 M phosphate buffer solution (pH 7.0) with de-aerated solution at various scan
rates (from inner to outer curves: 2, 4, 6, 8, 10, 20, 40 and 50 mV s™) (A). The analysis
plots of anodic and cathodic peaks as a function of scan rates (B). The analysis plots of
anodic and cathodic potential as a function of logarithm scan rates (C), linearity region

of anodic and cathodic potential at high scan rate (D).

3.3.4 Effect of electrochemically induced polymer precipitation
Aqueous suspensions of anodic paints or cathodic paints are

commercially available and widely used for corrosion protection in the car and can
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industry. First use for biosensor construction was reported for anodic paints (Kurzawa
et al., 2002) and the entrapment of GOx into the thin film polmer electrodeposits lead
to functional glucose detectors. A clear asset of electrodeposition paints (EDP) is that
their deposition is electrochemically induced and thus non-manual. This simplifies the
procedure and makes it a user-friendly strategy for polymer placement on sensor
surfaces. Here the function of EDP was not to immobilize GOx onto the noble metal
disk electrodes (this was the prominent role of the nanoporous CNT modification) but
to work as a barrier against diffusional loss of enzyme that was soaked into the prime
CNT deposit. Figure 3.14 illustrates the electrochemical cell arrangement for the
glazing of CNT/GOx/Chitin layers on Pt or Au disk electrodes, and as here the cathodic
EDP version was used, the modified electrode to be further coated with a thin polymer
top layer as protection for diffusional GOx loss had to be connected to the negative

terminal of the laboratory power supply.

CNTs/GOx/Chitin

| — ..

for 2 min
O

CNTs/GOx/Chitin with
&—Pt disk electrode with and EDP top coat

CNTs/GOx/Chitin [ L ]

Coiled Pt wire
(counter electrode

Electrodeposition
paint (EDP)

Figure 3.14 Illustration of the partial series of steps used in fabrication of glucose

biosensor with CNT/GOx/Chitin/EDP on platinum or gold electrodes.



107

Figure 3.15A shows a typical current-time curve response for successive
adding glucose into 5 mL of phosphate buffer solution (pH7.0) at constant potential
+600 mV at biosensor CNT/GOx/Chitin modified Pt electrode. At first concentration,
0.1 mM (final concentration) of glucose were added into the bulk solutions until 10
steps after that 1 mM (final concentration) were added 9 steps. The original trace show
the current rapidly 6 steps at 0.1 mM and then slightly increase until 3 mM, for 4-10
mM the results show saturated of the current response. From the experiment indicated
that all enzyme molecules at electrode surface already done at high turnover rate. The
calibration curve in Figure 3.15B was constructed by the analysis of the amperometric
recording from Figure 3.15A, which represent the experiment was performed at day
one after electrode preparation. A linear relationship with a good regression coefficient
of 0.99 was observed between current response and glucose concentrations span up to
0.6 mM, results show the apparent Michaelis-Menten constant (K,*?) is evaluated to
be 0.53 mM with maximum current (Imax) 4.03 pA with a high sensitivity is 49.76 pA.

mM-t.cm was obtained.
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Figure 3.15 Amperometric response of enzyme biosensor at CNT/GOx/Chitin-
modified platinum electrode. (A) Typical amperometric response of an enzyme
biosensor to successive additions of substrate at various glucose concentrations. (B)
Electrochemical assessed biosensor calibration curve as constructed by the analysis of

the amperometric recording in A with a good linearity which show in the inset.

The comparison of calibration curves in Figure 3.16 were constructed
by the analysis of the amperometric recording (a) at CNT/GOx/Chitin/EDP biosensor
and (b) at CNT/GOx/Chitin biosensor at day one (after electrode was prepared and
stored in the fridge). The anodic current of CNT/GOx/Chitin/EDP biosensor should be
came from all of enzyme molecules which entrapped onto the electrode substrate do
their work, while the anodic current of CNT/GOx/Chitin biosensor may came from all
of enzyme molecules which can stay onto electrode surface after the sensor was kept in
the fridge overnight do their work also. The schematic of both CNT/GOx/Chitin/EDP
and CNT/GOx/Chitin which shown in the right hand site in Figure 3.16 should be help
to clear idea how enzyme molecule can be stay onto the electrode surface by

electrodeposition paints. The results show good agreement about our hypothesis that is
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electrodeposition paints can be help to protect enzyme molecules on to the electrode
surface due to the characteristics data from CNT/GOx/Chitin/EDP sensor show higher
than CNT/GOx/Chitin sensor such as high maximum current (imax, 22.10 pA) and
widely linear range (30 mM) but CNT/GOx/Chitin sensor got higher sensitivity than
CNT/GOx/Chitin/EDP sensor (49.76 pA.mM™ cm?). The results indicated that
biosensor with electrodeposition paint can help to keep all enzyme molecules onto
electrode surface longer than biosensor which contained only chitin polymer, while
biosensor which contained only chitin polymer can help to keep enzyme molecules

which can stay into the pore of carbon nanotubes to do their work as fast as possible.
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Figure 3.16 Electrochemically assessed biosensor calibration curve as constructed by
the analysis of the amperometric recording in (a) CNT/GOx/Chitin/EDP biosensor and

(b) CNT/GOx/Chitin biosensor.

Glucose quantification by calibration curves at the day after electrode was
prepared and kept in the fridge overnight recommend to call day one, when the

electrode was kept overnight and did the calibration curve again recommend to call day
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two and onward. Therefore, the performance comparison between EDP version and free
EDP at different day would like to introduce the advantage why our work should have
cathodic electrodeposition paints onto sensors. Figure 3.17A represent the
electrochemical assessed biosensor calibration curve for CNT/GOx/Chitin modified
platinum electrode, they were constructed by the analysis of the amperometric
recording (data was not shown). The maximum current was lose around 22.08% from
day one when electrode was not use by storage biosensors in the fridge. While the
maximum current of CNT/GOx/Chitin/EDP was lose around 8.31% by storage
biosensors overnight in the fridge which shows in Figure 3.17B. The results indicated
that cathodic electrodeposition paints can be help to entrapped enzyme onto biosensor

electrode surface, enzyme can be alive and show a good response with substrate over a

week.
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Figure 3.17 Electrochemical assessed biosensor calibration curve as constructed by the
analysis of the amperometric recording. (A) Performance of CNT/GOx/Chitin modified
platinum electrode at different day. (B) Performance of CNT/GOx/Chitin/EDP
modified platinum electrode at different day. Please note the difference in the scaling

of the x and y axes in (A) and (B).
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3.3.5 Reproducibility and long-term  stability  tests  with
CNT/GOx/Chitin/EDP glucose biosensors
Apart from their capability to measure their target analyte accurately
also desired for sensors in general and enzyme biosensors in particular is the offer of a
good reproducibility and life time. The tests regarding the quality of the sensor life time
involved a a look at calibration data for meausurements carried out at day 1, 7, 21, 35
and 49 after preparation, with refridgerator storage in phosphate buffer solution (pH
7.0) applied in the resting period between measurements. The results show a plot
relationship of the current as a function of time or typical of Michaelis-Menten plot.
For clear idea how can studies the reproducibility and long-term stability via glucose
quantification, Figure 3.18 show the results typical current-time response for successive
adding glucose into 5 mL of phosphate buffer solution (pH7.0) with constant potential
+600 mV at biosensor CNT/GOx/Chitin/EDP modified platinum electrode. The results
show the maximum current at different day slightly decrease from day 1 to day 49, the
sensor still response at day 49 around 41.1 % of the initial response with sensitivity of
sensor show comparable for different day at the same linear range, which is 40 mM of

glucose concentrations with good regression coefficient 0.99.
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Figure 3.18 Electrochemical assessed biosensor calibration curve as constructed by the
analysis of the amperometric recording. Each calibration curve was produced on a

different day for quantification of glucose.

In additional this communication would like to introduced glucose
quantification which performed by continuous detection. Continuous measurement for
the reproducibility and long-term stability test was performed in flow system recording
the current response with glucose by operated in a three-electrode electrochemical flow
cell that was under control of the galvanostat/potentiostat EA163 and e-corder ED410,
both from eDAQ. The biosensors CNT/GOx/Chitin/EDP modified gold (homemade)
electrode was operated for glucose quantification by continuous measurement. In this
case the biosensor was inserted into the wall-jet cell, the control solution (0.1 M
phosphate buffer solution, pH7.0) was continuous passed into the cell. The glucose
response signal was recorded continuously when glucose solution was passed into the

cell. Figure 3.19 displays an about 200 hour-long stretch of an uninterrupted
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amperometric recording that followed a “day 1” pre-calibration trial and for the
duration of which the CNT/GOx/Chitin/EDP-Au biosensor was in flow mode
continuously polarized to + 600 mV vs. Ag/AgCI/3M KCI and subjected to constant
passage of phosphate buffer solutions without or, in six calibration and one model
sample analysis efforts, with glucose at various molarities. Response generation for the
stepped glucose changes was with the minimalistic sensor design for the first three
calibrations and thus remarkable 75 hours of flow operation possible on virtually 100 %

reproducibility level. Only then a signal drop to 89 % evolved for the 61 (175+ hours).

rd \\\

Current (pA)
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Figure 3.19 Typical amperometric response of an enzyme biosensor to successive
additions of substrate on different days, when performed in a flow system. The storage
stability of CNT/GOx/Chitin/EDP electrode was investigated by keeping the electrode
in 1 M glucose solution (pH7.0) was continuous passed into the cell at +600 mV
between each calibration, the calibration curve was constructed follow glucose

concentrations: 0.1, 0.5, 1, 2, 4, 8, 16, 32 and 50 mM, respectively.
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Extracted from current-time traces was the amplitude of the current steps
for the individual glucose additions. A zoomed of Figure 3.19 look at the
CNT/GOx/Chitin/EDP-Au biosensor signal in the flow cell is for the 3rd repetition of
sensor calibration provided in Figure 3.20A. All applied elevations in carrier buffer
glucose levels got well translated into visible columnar trails in the monitored flow cell
current and plots of signal column heights as function of the related glucose content
correctly portrayed typical Michaelis-Menten enzyme biosensor behavior with initial
manifestation of a linear section followed by curve flattening at saturating substrate
values. Predictable from the known practical detection limit of the beaker-type
measurements of this study the lowest trialed glucose level of 100 UM produced a
clearly visible anodic H>O> footprint. Sensor currents at saturation (4.8 vs. 12.6 pA),
linear range (4 vs. 40 mM) and sensitivity (4.4 vs. 7.3 pA mM* cm2) were on the other
hand not as closely mimicked (Figure 3.20C). Instead, the glucose response linearity
window got considerably narrowed while sensor sensitivity increased about two-fold.
The exact bases for these trends is unclear but likely responsible is the special
hydrodynamics in the small dead volume flow cell and related differences in balances
of diffusional and convectional glucose and/or molecular oxygen delivery to enzyme
sites on the electrode, as compared to mass transport conditions in the stirred bulk of a
large-volume container. Despite of the observed concession in the linear range width
CNT/GOx/Chitin/EDP-Au biosensors did in the flow cell even above 90 hours of
continuous contact to buffer stream very well for accurate glucose determinations in
samples of known content. A standard addition mode assessment of a 500 UM model

glucose sample, just prior after the 3™ calibration at about 91-95 hours after trial start,
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worked, for instance, via standard addition plot analysis (Figure 3.20B and Figure

3.20D is an example) with recovery rates of 113 %.
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Figure 3.20 Amperometric response of an enzyme biosensor glucose quantification and

model sample analysis via standard addition. (A) Typical amperometric response of an

enzyme biosensor to successive additions of substrate at 3" glucose quantification and

(B) model sample analysis via standard addition. (C) Electrochemical assessed

biosensor calibration curve as constructed by the analysis of the amperometric

recording in A. (D) Recovery rates assessments for glucose gquantification in 0.5 mM

model samples with CNT/GOx/Chitin/EDP -based glucose biosensors modified on

gold electrode via standard addition method.
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3.3.6 Performance evaluation for quantitative measurements of model
samples with pre-adjusted glucose levels
The CNT/GOx/Chitin/EDP glucose biosensors with Pt disk electrode
signal transduction were checked with respect to their ability to recover the know levels
of glucose in model samples accurately, with reasonable recovery rates. Figure 3.21
shows the quantitative measurements obtained from glucose biosensors which had the
CNT layer on a platinum electrode. A plot of peak current of the presented glucose was
determined by amperometric response, current plot as a function of time. For the
examples shown the experimentally determined glucose levels for the 1.0 mM samples
was 1.11 + 0.06 mM (n=6) of the biosensors, which corresponded to excellent recovery
rates of 111.24 + 6.07 %. The regression coefficient (R? = 0.99) extrapolation to zero
current and/or calculation based on the corresponding line equation (y = 0.424x +
0.468) allowed to determination of the glucose level for the 1.0 mM. Table 3.2
represents the recovery rate at various glucose concentration samples at
CNT/GOx/Chitin/EDP based glucose biosensors, the measured concentrations did not
deviate more than 10 % from the true value reflecting recovery rates for the

determinations in the range of 90 — 100 %.
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Figure 3.21 Recovery rate assessments for glucose quantification in 1.0 mM model
samples with CNT/GOx/Chitin/EDP-based glucose biosensors modified on Pt
electrode. The standard addition method was employed, amperometric response of an
enzyme biosensor to successive additions in 0.1 M phosphate buffer solution (pH7.0)

at + 600 mV.

Table 3.2 The recovery rate of CNT/GOx/Chitin/EDP biosensor modified Pt electrode

at various glucose concentrations of samples quantified by standard addition mode.

Adjust (mM) Found (mM) %Recovery rate

1.00 1.11 + 0.06 (n=6) 111.24 £ 6.07

2.00 1.97 £0.13 (n=3) 98.40 £ 6.31
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3.3.7 Amperometric determination of glucose at CNT/(Fc-
azide+Chitosan+GOx)/EDP-based glucose biosensor
Chronoamperometric measurement use for characterization of the
glucose biosensors by CNT/(Fc-azide+Chitosan+GOx)/EDP immobilization biosensor.
Figure 3.22 represent the outcome of amperometric calibration measurements that have
been obtained in course of trials with the CNT/(Fc-azide+Chitosan+GOx)/EDP-based
glucose biosensors. The experiments were carried out in an aqueous 0.1 M phosphate
buffer solution (pH 7.0) with a conventional three-electrode cell. A magnetic stirrer
provided the convective transport during the measurements. Original trace of a typical
current-time curve response for successive adding 1.0 M glucose stock solution into
5 mL phosphate buffer solution (pH7.0) at applied constant potential +600 mV versus
Ag/AgCl start from low to high glucose concentration (data was not shown). A displays
as proof of the good performance a typical example of an amperometric recording that
was acquired with a prototype of a CNT/(Fc-azide+Chitosan+GOx)/EDP-modified
3-mm-diameter Pt disk electrode in course of successive additions aliquots of a glucose
stock solution. Figure 3.22A shown amperometric response of an enzyme biosensor to
successive additions of various substrate concentrations, which displayed Michaelis-
Menten type behavior was constructed by the analysis of the amperometric recording,
Exposed for this particular case is a plateau current, imax, of 23.8 pA, response linearity
up to 60.0 mM glucose (r?> = 0.98) and a sensitivity of 0.23 pA mM* (3.3 pA mM !
cm?, normalized to the geometric surface area of the Pt disk transducer) at aerated
solutions. On the other hand, the characteristic parameters in case at de-aerated, imax, Of
14.4 pA, response linearity up to 60.0 mM glucose (r> = 0.98) and a sensitivity of

0.12 pA mM* (1.8 pA mM* cm?, normalized to the geometric surface area of the Pt
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disk transducer). A zoomed of Figure 3.22A look at the linear area of CNT/(Fc-
azide+Chitosan+GOX)/EDP biosensor signal in both conditions of the sensor

calibration provided in Figure 3.22B.
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Figure 3.22 (A) Electrochemical assessed biosensor calibration curve as constructed
by the analysis of the amperometric recording whth a CNT/(Fc-
azide+Chitosan+GOXx)/EDP biosensor at aerated (black) and de-aerated (red) solutions,

respectively. (B) A zoomed at the same linear range of the sensor for both condition.

The experiment to find out effect of ferrocene-derivative,
CNT/(Chitosan+GOx)/EDP and (Chitosan+GOX)/EDP were tried to quantification
glucose solution by fabrication onto Pt electrode. All experiments were carried out in
an aqueous 0.1 M phosphate buffer solution (pH 7.0) with a conventional three-
electrode cell. A magnetic stirrer provided the convective transport during the
measurements. Original trace of a typical current-time curve response for successive

adding 1.0 M glucose stock solution into 5 mL phosphate buffer solution (pH 7.0) at



120

applied constant potential +600 mV versus Ag/AgCl start from low to high glucose
concentration (data was not shown). A displays as proof of the performance a typical
example of an amperometric recording that was acquired with a prototype of a
CNT/(Chitosan+GOx)/EDP and (Chitosan+GOx)/EDP -modified 3-mm-diameter Pt

disk electrode in course of successive additions aliquots of a glucose stock solution.

Figure 3.23 shown amperometric response of an enzyme biosensor to
successive additions of various substrate concentrations, which displayed Michaelis-
Menten type behavior was constructed by the analysis of the amperometric recording
for CNT/(Chitosan+GOXx)/EDP (Figure 3.23A) and (Chitosan+GOXx)/EDP (Figure
3.23B), respectively. Both of them represent the measurement in aerated (curve a) and

de-aerated (curve b).
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Figure 3.23 Performance comparison between CNT/(Chitosan+GOx)/EDP and
(Chitosan+GOXx)/EDP biosensor.(A) Electrochemical assessed biosensor calibration
curve as constructed by the analysis of the amperometric recording at
CNT/(Chitosan+GOXx)/EDP biosensor and (B) at (Chitosan+GOx)/EDP biosensor.
Both of them show the current response in aerated (a) and de-aerated (b) solutions,

respectively.
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Ferrocene derivative immobilized biosensor CNT/(Fc-
azide+Chitosan+GOXx)/EDP onto Pt electrode, via drop/drying of pL volumes. Figure
3.24 displays as proof of the good performance a typical example of an amperometric
recording in de-aerated solution that was acquired with the three prototype of biosensor,
such as CNT/(Fc-azide+Chitosan+GOx)/EDP, CNT/(Chitosan+GOx)/EDP and
(Chitosan+GOx)/EDP-modified 3-mm-diameter Pt disk electrode in course of
successive additions of small aliquots of a glucose stock solution. All experiments were
carried out in an aqueous 0.1 M phosphate buffer solution (pH 7.0) with a conventional
three-electrode cell. A magnetic stirrer provided the convective transport during the
measurements. The current responses of the biosensor electrode were measured at

applied constant potentials +600 mV versus Ag/AgCl.

Figure 3.24A show performance comparison at
CNT/(Chitosan+GOx)/EDP and (Chitosan+GOx)/EDP-modified electrode. The
current response of glucose quantification at CNT version could be came from direct
electron transfer of GOx molecules are randomly oriented onto the surface. While
comparison at CNT/(Fc+Chitosan+GOx)/EDP and (Chitosan+GOx)/EDP-modified
electrode, the current response of glucose quantification at CNT plus ferrocene version
could be came from direct electron transfer of GOx molecules are randomly oriented
onto the surface and electron-shuttling in conductive network which show in Figure
3.24B. In case of, CNT/(Fc+Chitosan+GOXx)/EDP versus CNT/(Chitosan+GOx)/EDP,
the higher current response until saturated was observed at ferrocene version contained
into the immobilization matrix, although both of them were contained CNT conductive
network represent in Figure 3.24C. The result confirm hypothesis that is, ferrocene

derivatives can help to achieve and gain of effects collection efficiency close to 100 %
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by electron-shuttled via CNT conductive network when GOx/glucose interaction which

already mention in section 3.3.2.
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Figure 3.24 (A), (B), and (C) represents the electrochemical assessed biosensor

calibration curve as constructed by the analysis of the amperometric recording,

comparison

the performance at

CNT/(Fc+Chitosan+GOXx)/EDP (red curve),

CNT/(Chitosan+GOXx)/EDP (black curve) and (Chitosan+GOX)/EDP (blue curve)

biosensor, respectively.

Continuous measurement for the reproducibility and long-term stability

test was performed in flow system recording same as other biosensor configuration
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which already described, the current response with glucose by operated in a three-
electrode electrochemical flow cell that was under control of the
galvanostat/potentiostat EA163 and e-corder ED410, both from eDAQ. The biosensors
CNT-GOx-EDP modified gold electrode was operated for glucose quantification by
continuous measurement. In this case the biosensor was inserted into the wall-jet cell,
the control solution (0.1 M phosphate buffer solution, pH7.0) was continuous passed
into the cell. The glucose response signal was recorded continuously when glucose
solution was passed into the cell. Figure 3.25 displays an about 180 hour-long stretch
of an uninterrupted amperometric recording that followed a ‘day 1” pre-calibration trial
and for the duration of which the CNT/(Fc+Chitosan+GOx)/EDP-Au biosensor was in
flow mode continuously polarized to + 600 mV vs. Ag/AgCl/3M KCI and subjected to
constant passage of phosphate buffer solutions without or, in five calibration, with
glucose at various molarities. Response generation for the stepped glucose changes was
with the minimalistic sensor design for the first four calibrations and thus remarkable
80 hours of flow operation possible on virtually 100 % reproducibility level. Then a
signal drop to 73 % and further to 52 % evolved for the 5" (120+ hours) and 6™ (180+

hours) calibration, respectively.
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Figure 3.25 Typical amperometric response of an enzyme biosensor to successive
additions of substrate at different days performed in a flow system. The storage stability
of CNT/(Fc+Chitosan+GOXx)/EDP electrode was investigated by keeping the electrode
in 2 mM (in 0.1 M phosphate buffer solution, pH7.0), was continuous passed into the
cell at + 600 mV between each calibration, the calibration curve was constructed follow

glucose concentrations: 0.5, 1, 2, 5, 10 and 25 mM, respectively.

Extracted from Current-time traces was the amplitude of the current
steps for the individual glucose additions. A zoomed of Figure 3.26 look at the
CNT/(Fc+Chitosan+GOXx)/EDP-Au biosensor signal in the flow cell is for the 1st
repetition of sensor calibration provided in Figure 3.26A. All applied elevations in
carrier buffer glucose levels got well translated into visible columnar trails in the
monitored flow cell current and plots of signal column heights as function of the related

glucose content correctly portrayed typical Michaelis-Menten enzyme biosensor
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behavior with initial manifestation of a linear section followed by curve flattening at
saturating substrate values. Sensor currents at saturation (3.9 vs. 33.9 pA), linear range
(2 vs. 30 mM) and sensitivity (7.6 vs. 7.5 pA mM ! cm2) which show in Figure 3.26B.
Instead, the glucose response sensitivity window got considerably narrowed while
sensor linear increased about fifteen-fold. The exact bases for these trends is unclear
but likely responsible is the special hydrodynamics in the small dead volume flow cell
and related differences in balances of diffusional and convectional glucose and/or
molecular oxygen delivery to enzyme sites on the electrode, as compared to mass

transport conditions in the stirred bulk of a large-volume container.
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Figure 3.26 Amperometric response of an enzyme biosensor glucose quantification at
CNT/(Fc+Chitosan+GOXx)/EDP. (A) Typical amperometric response of an enzyme
biosensor to successive additions of substrate at 1% glucose quantification and model
sample analysis via standard addition. (B) Electrochemical assessed biosensor
calibration curve as constructed by the analysis of the amperometric recording in A,

with the inset show a zoom at linear area.
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3.4 Conclusions

From the previous main chapter 2, it was known that CNT/GOx/EDP glucose
biosensors showed an exceptional high quality in terms of their performance for glucose
analysis. In this chapter tested was whether the literature-known effect of a possible
CNT—GOx direct electron transfer was observed for biosensor of the CNT/GOx/EDP
design and whether an incorporation of chitin or chitosan and ferrocene as functional
additives to the otherwise bare ‘CNT’ immobilization matrix would help improving
sensor life time and signal quality, respectively. The cyclic voltammetry inspections of
relevant biosensor variants indeed offered signs of the possibility of DET on CNT
filaments as alternative pathway for GOx redox recycling. Though this was not an
objective of this PhD thesis it may thus be useful to explore in future experiments the
potential of this effect for improving quantitative glucose analysis in model and real
samples, with the fabricated biosensor operated at GOx instead of hydrogen peroxide
oxidation potential to enhance protection against interference influence. The expected
beneficial effect of a chitin or chitosan supplementation of the CNT immobilization
matrix on sensor life time was unfortunately not observed. Biosensor with chitin or
chitosan addition did not expose longer life times in the long-term test in continuous
flow operation mode as the ones with a bare CNT deposit as entrapping environment
for the GOx molecules. This observation was not expected but delivered, on the other
hand, a valuable experimental evidence of an inherently good biocompatibility of CNT
towards GOx, which is good enough to keep enzyme alife and functional for the stretch
of a week of continuous use. Based on the outcome here, a chitin/chitosan
supplementation is thus not necessary if the aim is just sensor life extension and not

utilization of their functional ‘NH2’ groups for covalent matrix modification. And an
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incorporation of ferrocene into the sensor matrix helped, as expected, with
manifestation of an ‘dissolved oxygen’ independence and sensors with the ferrocene
addition worked better in de-aerated solutions for glucose detections as the ferrocene-
free ones. As for the DET case, further work must be carried out to utilize this
observation optimally for glucose biosensing, in particular with respect to a covalent
fixation of the ferrocene component to, for instance, chitosan polymer strings in a
merged CNT/chitosan immobilization matrix, via utilization of their NH2 groups for

crosslinking.



CHAPTER IV
ESTABLISHMENT OF AN ELECTROCHEMICAL
READOUT FOR g-N-ACETYL GLUCOSAMINIDASE

ENZYME ACTIVITY ASSAYS

Kinetic assays for the enzymatic degradation of 4-methylumbelliferyl (4-MU)-
labeled oligosaccharides normally work with a standard colorimetric optical detection
of released 4-MU species. In this communication, the inherent redox activity of the
valuable marker molecule was explored for prototyping an alternative analytical option
for the quantification of the marker of enzyme action, namely 4-MU electroanalysis.
Motivation for the efforts was the well-known redox activity of 4-MU, which is a
specied that in close physical contact with properly charged solid-state sensors readily
undergoes electrochemical anodic oxidation through an equivalent current-producing
interfacial electron transfer process. Used here for revealing the time course of
enzymatic 4-MU release was actually amperometry at electrically positive disk-shaped
working electrodes. Various sensor types have been screened regarding their quality as
pssible probes for this voltammetric/amperometric 4MU monitoring. Provided in the
following paragraphs will be basic information on the enzyme that was used in this
study part, namely S-N-acetyl-glucosaminidase. Then reviewed will be a selection of

studies that deal with an electrochemical detection of organic molecules that are
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exploitet as labels of enzyme substrate, in particular of 4-MU and p-nitrophenol (pNP)
and existing work on applications of electrochemical detection for an enzyme activity
inspection. As first outcome of own thesis work on the subject will be reported the
practical performance level of a 4-MU voltammetry/amperometry at the chosen
electrode types, as evaluated via differential pulse and amperometry calibration trials.
And finally demonstrated will be how the best choice of electrochemical 4-MU
detection actually performed as monitoring tool of ongoing enzymatic cleavage action
of f-N-acetyl-glucosaminidase on 4-MU-labeled N-acetyl-f-d-glucosaminide and how
‘Michalis-Menten’-type of plots of enzyme kinetics can be derived via quantitative
4-MU electroanalysis. In the concluding segment of this thesis section the value of the
electrochemical enzyme assay will be discussed and compared with the qualities of the

standard colorimetric options.

4.1 Literature review

The structure and hydrolytic cleavage activity of the enzyme p-N-
acetylglucosaminidase or GIcNAcase (EC 3.2.1.52) from Vibrio harveyi 650 on various
optically labeled oligosaccharides is well known (Meekrathok et al., 2015a;
Meekrathok et al., 2015b; Meekrathok and Suginta, 2016; Sirimontree et al., 2015;
Suginta et al., 2010). The enzyme actually catalyses the hydrolytic release of terminal
S-(1-4)-linked N-acetyl-D-glucosamine residue from the non-reducing end to produce
GIcNACc residue of a variety of substrates including glycoproteins, glycolipids and
glycosaminoglycans (Cohen-Kupiec and Chet, 1998; Pemberton et al., 2001). Most

current methods to determine the activity of enzymes activity rely on colorimetric
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and/or radiological measurements. Common synthetic chromogenic substrate labels
include p-nitrophenyl (4-NP) and 4-methylumbelliferyl (4-MU) and, attached to
particular oligosaccharide substrate of glycosidases, they are commonly used in optical
assays for the visualization and quantification of the activity of glycosidases (Kitchen
et al., 1978; Linko-L6ppdnen and Mékinen, 1985; Lo et al., 1979; Umemoto et al.,
1978).

As reasonably priced electrochemical detection schemes offer a unique
combination of simplicity, speed and high sensitivity for accurate measurement of a
variety of species the methodology was also considered as an analytical tool for enzyme
kinetic studies. The standard hydrogen peroxide amperometry, as implemented in many
published glucose biosensor studies, was, for instance, used for visualizing and
quantifying the substrate conversion activity of glucose oxidase, creatine kinase, and
putrescine oxidase (Nagy et al., 1998). Hydrogen peroxide as formed in the enzyme-
catalyzed reaction was actually detected via common amperometry at anodic working
electrodes and the amperometric signal evolution in response to successive additions of
substrate to the enzyme-containing electrochemical cell was found to be proportional
to substrate concentrations. The shapes of the current plot as a function of time
recordings showed similar characteristics for all three enzymes reactions, with its linear

range dissimilar, depending on the activity range of each enzyme (Figure 4.1)
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Figure 4.1 Amperometric monitoring of glucose oxidase activity in terms of glucose to
gluconolactone/gluconic acid conversion (A). Current-time curve acquisition is valid
for the addition of 2 uL aliquots of glucose oxidase solutions of different activities to 5
uL of 100 mM glucose solution in the electrochemical cell: (a) 5.70, (b) 3.80, (c) 1.90,
(d) 1.26, (e) 0.58, (f) 0.39, and (g) 0.19 unit/mL (Nagy et al., 1998). (B) Enzymatic

reaction of glucose oxidase.

Amperometry was used for activity measurements of proline-iminopeptidase
(PIP), a specific hydrolase enzyme that catalyses the proline-liberating hydrolysis of
Pro-NH-R type peptides (Figure 4.2B). In this work, the PIP activity was assessed
through the detection of g-naphthylamine (5-NA), the reaction product of the enzyme
catalyzed hydrolysis of Prol p-NA. The current response was found to be proportional
to the substrate concentration (Nagy et al., 1998). Figure 4.2A shows the current-time

profile that was observed before and after addition of PIP enzyme to a substrate-
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containing solution. Nicely visible is the current step that was induced through merging

the enzyme and substrate.
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Figure 4.2 (A) Current-time profiles in a buffer solution containing the Prol g-NA, the
current increase after added PIP enzyme to the substrate solution and (B) Enzymatic

reaction of prolineiminopeptidase (Nagy et al., 1998).

Here, the pronounced redox activity of (4-MU) labels of p-N-acetyl-
glucosaminidase subsrated was explored for electrochemical enzyme assay
establishment. 4-MU is a member of the collection of coumarins, which are
benzopyrones and either available as natural plant ingredients or as product of tailored
organic synthesis. 4-MU is actually widely used as drug for the treatment of
cholecystitis, gallstones, cancer, etc. (L. Wang et al., 2015). Because of their good light
absorption properties mainly spectroscopic methods have been suggested for the

determination of 4-MU, including UV-photometry, fluorimetry and high-performance
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liquid chromatography (HPLC) (Carrazon et al., 1989). Attached as optical label to
oligosaccharides 4MU served in spectroscopic enzyme assays as reporter of enzyme
activity. A simplified schematic of this analytical procedure is presented in Figure 4.3.
The action of enzyme on (4-MU)-labeled chitosugars leads to 4-MU liberation into
measuring buffer and the steady rise in the concentration of the label is followed via

sensitive spectroscopy.

Sugar- O O O HO O O
i + S
m Enzyme m
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CH; CH;
4-methylumbelliferyl-g-d- 7-hydroxy-4-methylcoumarin Chitosugar
glucuronide - chitosugar (4-methylumberlliferone or
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Figure 4.3 Enzyme kinetic assay utilizing 4-MU label attachment to sugar substrats
and fluorescent spectrophotometry for visualization and determination of
substrate/enzyme interaction. Measured as indicator of ongoing enzyme activity is the
buffer levels of free 4-MU. 4-MU calibration curves allow translation of absortion

values into concentration and construction of quantitative enzyme kinetic activity plots.

There are some reports regarding the electroanalysis of 4-MU or similar
coumarin derivatives. Wu and Dewald, for instance, studied the voltammetry behavior

of various coumarins by cyclic voltammetry, differential pulse voltammetry and
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chronocoulometry (Q. Wu and Dewald, 2001). In another publication, Wang and
cowoker studied the redox character of 7-hydroxy-4-methylcoumarin by
electrochemical measurement (L. Wang et al., 2015). However so far unexplored was
the possibility to use an electrochemical detection of 4-MU as basis of a quantitative
electrochemical enzyme activity assay that delivers Michaelis-Menten-type of enzyme

kinetic plots and this particular exploration was addressed here.

4.2  Experimental and methods

4.2.1 Chemicals
4-methylumbelliferyl N-acetyl-p-d-glucosaminide and
4-methylumbelliferone, 4-MU, which is also known as 7-Hydroxy-4-methylcoumarin,
were both obtained through Italmar (Thailand) Co., Ltd. (Bangkok, Thailand) as
analytical grasde product of Sigma-Aldrich® (St. Louis, MO, USA). All other
chemicals were Sigma-Aldrich® products and of analytical grade. Routinely, aqueous
solution preparation used ultrapure de-ionized water. Supporting electrolyte for all

experiments tests was 0.1 M phosphate buffer solutions, pH 7.0.

4.2.2 Electrochemical instruments
Cyclic voltammetry (CV), Differential pulse voltammetry (DPV) and
chronoamperometry measurements were carried out with a computer controlled
potentiostat, electrochemical workstation from Gamry Instruments (potentiostat Model
Reference 600®, Gamry Instruments, Warminster, PA USA). A conventional three-

electrode set-up was used. A 3-mm-diameter disk-shaped boron dopped diamond
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(BDD) electrode was used as working electrode, platinum wire and Ag/AgCI wire were

used as counter electrode and reference electrode, respectively.

4.3 Results and discussion

4.3.1 Voltammetry and amperometry of dissolved 7-hydroxy-4-
methylcoumarin (4-MU)
4-MU is a phenolic compound and it is known that the products of an
anodic phenol oxidation — which takes places in course of the determination of 4-MU
at a positively polarized electrode — have the tendency to stick to the detecting surface
and cause electrode poisoning/loss of sensitivity. Among the common electrode
materials, boron-doped diamond (BDD) is known to be most resistive against that
adverse effect (Luong et al., 2009; Peckova et al., 2009). Preliminary sensor tests were
carried out with disk-shaped glassy carbon, platinum and BBD electrodes and in
agreement with literature best 4-MU detection was obtained with 3 mm disk-shaped
BBD electrodes and they were thus selected as working electrode for all further

experiments towards realization of the (4-MU)-based electrochemical enzyme assay.

Cyclic voltammetric measurements were conducted at the bare BDD
with and without 4-MU present in 0.1 M phosphate buffer solution, pH 7.0. As shown
in Figure 4.4A in the positive potential scan direction, no redox signal was observed in
phosphate buffer solution (pH7.0) in the absence of 4-MU (black curve), while a well-
shaped single oxidation peak was observed in the presence of 4-MU (blue curve). The
scan started at 0.3 V vs. Ag/AgCI (saturated), moved into the positive direction to

1.2 V and went back to starting point. The peak for the anodic oxidation came up at
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about 0.74 V, but no reduction wave or peak corresponding to the anodic wave was
observed for the scan in cathodic direction, at least not up to the lower scan limit of
0.3 V vs. reference. This indicated that oxidation peak should be attributed to the
oxidation of 4MU. Figure 4.4B show the results of bulk solution without 4MU at black
curve, while red curve and green curve represent oxidation of low and high 4MU

concentrations which investigated at 40 and 400 uM, respectively.
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Figure 4.4 (A) Cyclic voltammograms responses of 4-MU obtained at a 3 mm disk-
shaped boron doped diamond electrode, in the absence (black curve) and presence (20
UM, blue curve) of 4-MU. (B) Cyclic voltammograms responses of 4-MU at different
concentrations, in the absence (black curve) low (40 uM, red curve) and high (400 uM,
green curve). All experiments were performed in 0.1 M phosphate buffer (pH 7.0) with

scan rate 50 mV.s?.

Though the BBD electrodes were best for the detection of 4-MU they

were not fuller proctected against surface contamination with polymerized 4-MU
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oxidation products and indeed they lost sensitivity during use, in particular when
measuring larger concentrations repetively. This undesirable effect is demonstrated in
Figure 4.5 for repeated acquisition of cyclic voltammograms with a 3mm disk-shaped
BBD electrode in an electrolyte containing 100 uM 4-MU in 0.1 M phosphate buffer
solution (pH 7.0). In course of ten successive voltammetric scans the CV current peak
decreased significantly from above 2 to about 0.5 pA, as result of electrode surface
coverage with polymeric oxidation products. For the reliable assessment of calibration
curves it was thus decided to polish and clean the surface of the BBD disk in between
individual measurements of voltammograms (e.g. DPVs) for different 4-MU

concentrations.
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Figure 4.5 Cyclic voltammograms responses of 100 uM 4-MU as obtained at boron
doped diamond electrode (BDD, 3-mm of diameter). Shown are 10 repetitive scans in

0.1 M phosphate buffer solution (pH 7.0) with scan rate 50 mV s,

Differential pulse voltammetry (DPV) was used for calibration of the

anodic BBD 4-MU response and reveal a relationship between the solution
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concentrations of 4-MU and electrochemical signal. As evident from the collection of
DPVs in Figure 4.6A, no redox signal was observed in pure phosphate buffer solution
(pH 7.0) without 4-MU (curve for the blank), while a well-shaped concentration-
dependent oxidation peak was observed for increasing levels of dissolved 4-MU (peaks
of increasing amplitude at 0.74 V vs. reference). Extraction of peak heights and their
plot against 4-MU solution level (Figure 4.6B) revealed a linear relationship for
concentrations between 1 and 40 pM. The linear regression equation was actually

ipa (LA) = 0.0539¢ (M) — 0.0135 (R? = 0.998).
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Figure 4.6 (A) Collection of differential pulse voltammograms from a voltammetric
4-MU calibration trial with a disk-shaped boron-doped diamond electrode of 3 mm
diameter. 4-MU was measured in 0.1 M phosphate buffer solution, pH 7.0 at
concentrations of 1, 2, 4, 6, 8, 10, 12, 16, 20 and 40 uM. (B) Plot of 4-MU DPV peak

currents as function of 4-MU electrolyte concentration.

Chronoamperometric measurements of 4-MU at detection potentials of

+700 mV vs, reference were also conducted to evaluate whether in the current
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recordings clearly visible rises in anodic currents would be triggered through 4-MU
additions of different strength. Please note that as for the DPV calibration trial BBD
disks were carefully re-polished between acquisitions of the individual amperograms
to avoid a bad influence of electrode poisoning. Figure 4.7A shows a typical set of
amperometric current-time traces that were recorded in of such a trial with 0.5, 1, 2, 4,
6, 8, 10 and 16 UM being the choise of test concentration. Figure 4.7B represent the
amperometric 4-MU calibration curve that was constructed from the raw data of the
current-time traces in Figure 4.7A. Linearity of the amperometric calibration plot
stretched up to the tested 16 puM (equation for the regression line: y (LA) = 0.0098x

(UM) - 0.0054; regression coefficient R?=0.983).
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Figure 4.7 (A) Collection of 4-MU amperograms, acquired with a boron doped
diamond electrode of diameter at + 700 mV vs. reference electrode, for different 4-MU
levels of concentratons in 0.1 M phosphate buffer solution (pH 7.0) (0.5, 1, 2, 4, 6, 8,
10, and 16 pM). (B) The linear relationship between anodic peak current and

hymecromone concentration.
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4.3.2 The amperometric VhGIcNAcase activity assay

4-MU amperometry as devised in the previous sub-section was then
used as a screening tool for the liberation of the compound from an impact of
VhGIcNAcase on (4-MU)-labeled N-acetyl-f-D-glucosaminide. Figure 4.8A displays a
set of of typical current-time traces that were recorded in an amperometric trial in
0.1 M phosphate buffer solution (pH 7.0) with 0.05 uM VhGIcNAcase for 4-MU-N-
acetyl-f-D-glucosaminide concentrations 0.5, 1, 2, 3, 4, 6, 8, 10, 16 and 20 uM.
Figure 4.8B represents the Michaelis-Menten type plot which can be constructed by
plotting the slope of the initital phase of the original amperomgrams in Figure 4.8A
versus 4-MU solution level. The shape of the plot well resembles the one obtained via
optical analysis of the enzyme activity with 4-MU spectroscopy in charge for the
quantification of cleaved label. The apparent, electrochemically assessed, Vmax and K
values are 1.37 pM sec? and 10.79 uM (n=3), respectively. With these values and the
known enzyme and substrate concentrations rate of the reaction, keat, is calculared as

27.48 sect,
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Figure 4.8 (A) Amperometric recordings of VhGIcNAcase cleavage activity on (4-
MU)-labeled N-acetyl-f-D-glucosaminide. VhGIcNAcase electrolyte level was 0.05
UM and substrate concentrations were 0.5, 1, 2, 3, 4, 6, 8, 10, 16 and 20 uM. (B) The
electrochemically derived Michaelis-Menten plot as extract with the data in (A).
Individual amperometric measurements were performed in 0.1 M phosphate buffer
solution (pH 7.0), with freshly polished boron-doped diamond disk electrode of 3 mm

diameter held at +700 mV vs. reference for anodic 4-MU detection.

4.4 Conclusions

In summary 4-MU amperometry at boron-doped diamond electrodes offered
indeed a sensitive electrochemical assay for monitoring the interaction of a sugar-
hydrolyzing enzyme with (4-MU)-labeled corresponding substrate. The data of the
assay allowed construction of Michaelis-Menten-type of enzyme activity fingerprints
as plots of the rate of enzymatic substrate reaction (slope of the initial phase of current)
vs. time, just as usually obtained via standard optical analysis. Together with the
outcome of two previously published studies utilizing redox-active 1-naphtol-

(Pemberton et al., 2001) and p-Nitrophenol (Tangkuaram et al., 2006) as functional
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enzyme labels, evidence has thus been produced that a highly sensitive, rapid and
simple electrochemical assay for glycosidase activity measurements is possible based
on inspections of the particular biocatalyst with appropriately labeled glycoside
substrates and corresponding amperometric or voltammetric detection of the released
redox tag. Glycosidase activity analysis depends on substrates with are prepared via
customized organic synthesis with measurable tags. The manifestation of
amperometry/voltammetry as alternative readout is a valuable accomplishment as the
restriction of an optical label activity was overcome and a larger number of molecular
labels became feasible for custom biocatalyst conjugation. Further advantages of the
opportunity of working with an electrochemical enzyme activity readout are the
potential for assay miniaturization through use of micro- or nanoelectrodes as detector
in microfluidic devices and capacity to be developed into easy portable assay system

via assay operation with cigarette box-sized computerized potentiostats.



CHAPTER V
CATALYTIC REACTION OF 4AMU-GLCNAC
DEPENDENT BY g-N-ACETYL GLUCOSAMINIDASE

FROM VIBRIO HARVEYI

S-N-acetylglucosaminidases are commonly occurring enzymes involved in the
degradation of polysaccharides and glycoconjugates contiaining N-acetylglucosamine
residues. VhGIcNAcase is a -N-acetylglucosaminidase that has been purified from
Vibrio Harveyi 650. The enzyme has a molecular mass of 75 kDa. In this study, enzyme
activity and kinetic experiments have been studied using 4-methylumbelliferyl N-
acetyl-fp-D-glucosaminde (4MU-GIcNAc) as substrate. The fluorimetric assay
monitored substrate hydrolysis by using stopped-flow and fluorescence measurements
by determining the liberating 4-methylumbelliferone. Based on results obtained from
stopped-flow measurements, the enzyme reacts with the 4MU-substrate, forming 4-
methylumbelliferone (phenolic form) with a rate constant of 53 + 4 s™*. The apparent kcat
at saturating concentrations of 4AMU-GIcNAC is 11.5 s™. Pre-steady state and steady-
state kinetic data were used to construct the catalytic cycle of the reaction as will be

shown later.
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5.1 Literature review

Vibrio harveyi p-N-acetylglucosaminidase (VhGIcNAcase) is a new member of
the family GH20 glycoside hydrolase, responsible for the complete degradation of
chitin fragments, with N-acetylglucosamine (GIcNAc) monomers being released as the
final products (Meekrathok et al., 2015a). Chitin is a homopolysaccharide composed of
p-1,4-linked N-acetyl-D-glucosamine units. It is one of the most highly abundant
organic compounds in marine environments, occurring in the structural skeletons of
crustaceans (e.g. crabs and shrimps), as well as in the interal shells of cephalopods,
including squid and octopus. The complete degradation pathway of chitin by the marine
bacterium Vibrio harveyi involves the successive action of two classes of chitinolytic
enzymes; 1) GH18 endochitinase A (VhChiA, EC 3.2.1.14), which hydrolyzes chitin,
generating chitooligosaccharide fragments that are readily transported into the cell and
subsequently broken down and produced GIcNAc monomers by 2) GH20 exo f-N-
acetylglucosaminidase (VhGIcNAcases, EC 3.2.1.52). The model chitinolytic cascade
is presented in Figure 5.1 (Cohen-Kupiec and Chet, 1998; Kadokura et al., 2007;
Kubota et al., 2004; Meekrathok and Suginta, 2016; Rinaudo, 2006; Sirimontree et al.,

2015).

Based on CAZy (Carbohydrate-Active enZYmes Database;
http://www.cazy.org), GIcNAcases are classified into glycoside hydrolase family 3
(GH-3) and family 20 (GH-20), based on the amino acid sequence similarity of their
catalytic domains and the mode of enzyme action (Henrissat and Bairoch, 1993;
Henrissat and Davies, 1997; H. Li et al., 2002). Family 3 glycoside hydrolases include

S-D-glucosidases (EC 3.2.1.21), p-D-xylopyranosidases (EC 3.2.1.37), p-N-


http://www.cazy.org/
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acetylglucosaminidases (GlcNAcases) (EC 3.2.1.52), and a-L-arabinofuranosidases
(EC 3.2.1.55) (Harvey et al., 2000). Family 20 glycoside hydrolases include f-N-
acetylglucosaminidases (GIcNAcases) (EC 3.2.1.52) and p-hexosaminidases (5-N-
acetylhexosaminidases) (EC 3.2.1.52). While, GIcNAcases hydrolyze 5-1,4 linkages N-
acetylglucosamine oligomers, f-hexosaminidases also hydrolyze p-1,4 linkages
between N- acetylgalactosamine and galactosamine moieties (Tews et al., 1996). Most
of bacterial GIcNAcases are grouped into family 20 GIcNAcases, such as chitobiase
from Serratia marcescense (Tews et al., 1996), f-hexosaminidase from Streptomyces
plicatus (Mark et al.,, 2001), disperin B (/-1,6-N-acetylglucosaminidase) from
Actinobacillus actinomycetemcomitans (Ramasubbu et al., 2005), N-acetyl-5-D-
glucosaminidase from Streptococcus gordonii (Langley et al., 2008), p-N-
acetylhexosaminidase from Paenibacillus sp. (Sumida et al., 2009), and p-N-
acetylglucosaminidases from Vibrio harveyi 650 (Suginta et al., 2010). While, only five
bacterial GH-3 GIcNAcases have been characterized, including Exoll or NagZ from
Vibrio furnissii (Chitlaru and Roseman, 1996), Nag3A from Clostridium
paraputrificum M-21 (H. Li et al., 2002), NagA from Streptomyces thermoviolaceus
OPV-520 (Kubota et al., 2004), NagA from Thermotoga maritime, and CbsA from T.
neapolitana (Choi et al., 2009). The mode of enzyme action of family 3 GIcNAcases
has been proposed to be the double-displacement retaining mechanism, while the mode
of enzyme action of family 20 GIcNAcases employs the substrate-assisted retaining

mechanism, which is similar to family 18 chitinases (Vocadlo and Withers, 2005).
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Figure 5.1 Chitin degradation pathway of Vibrio harveyi class involves the successive
action of two classes of chitinolytic enzymes 1) VhChiA and 2) VhGIcNAcase (Hjerde
et al., 2008; Xibing Li and Roseman, 2004; Xibing Li et al., 2007; Suginta et al.,

2013a).

The catalytic mechanism of family 20 GlcNAcase employs the substrate-
assisted retaining mechanism, involving the carbonyl of the 2-acetamido group that acts
as a nucleophile to displace the aglycon leaving group with the net result being the
formation of an oxazolinium ion intermediate. Afterwards, a water molecule attacks the
anomeric center, breaking down the oxazolinium ring to generate the hemiacetal
product with retained stereochemistry (Figure 5.2) (Vocadlo and Withers, 2005). The
two key catalytic residues of family 20 glycoside hydrolases were identified previously

by both structural and kinetic studies.
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Figure 5.2 The catalytic mechanism of GIcNAcase. Family 20 GIcNAcases use the 2-
acetamido group of the substrate to act as nucleophile to form an oxazolinium ion

intermediate (modified from Vocadlo and Withers, 2005).

According to the catalytic cycle of p-N-acetylglucosaminidase employs the
Asp-Glu catalytic pair, where the aspartate and glutamate residues are immediately
adjacent to each other in the sequence (Cetinbas et al., 2006). Asp437 and Glu438 were
shown to act as the catalytic pair of VhGIcNAcase. The work studied by Meekrathok et

al (SUT thesis, 2015) is presented in Figure 5.3.

(A) (B)

Cat domain

Figure 5.3 Overall structure of GH20 VhGIcNAcase consists of three domains. The N-

terminal carbohydrate-binding domain is presented in dark pink, the o+ domain is
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presented in skyblue, a linker between the N-terminal carbohydrate-binding domain
(CBD) and the o+ domain is presented in gray and the TIM-barrel catalytic (Cat)
domain is presented in green (A). Specific interactions within the substrate binding

pocket of VhGIcNAcase (B) (modified from Meekrathok, P., SUT thesis).

The kinetic mechanism of f-N-acetylglucosaminidase enzyme from various
family were investigated. For instance, Jones and Kosman studied the mechanism of
action of p-N-acetylglucosaminidase from Aspergillus niger (Jones and Kosman,
1980), while Vocadlo and co-worker studied the mechanism of action of S-N-
acetylglucosaminidase from Vibrio furnisii. Both reported that the hydrolytic
mechanism of the enzyme involves the formation and rate-determining hydrolysis of a

glycosyl-enzyme intermediate (VVocadlo et al., 2000).

Therefore this study demonstrated a mechanistic study of p-N-
acetylglucosaminidase (from Vibrio harveyi) by bothpre-steady state and steady-state
experiments. The assumption of the reaction mechanism of 4-N-acetylglucosaminidase

from Vibrio harveyi was postulated for the two-step reaction shown in equation 5.1.

’ ES ﬁEp2 E + Py Equation 5.1
k4
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5.2 Material and methods

5.2.1 Materials

The genes encoding f-N-acetylglucosaminidase (VhGIcNAcase) was
isolated from the genome of the marine bacterium Vibrio harveyi, cloned into pQE60
expression vector and expressed in E. coli M15 (pREP) type strain as described
elsewhere (Suginta et al., 2010). In this study, DNA constructs, namely and
pQEG60/GIcNAcase were used for high-level expression of VhGIcNAcase. The pQE60
plasmid contains an amplicilin resistance maker. Chemicals and reagents used for
protein expression, purification and characterization were of analytical grade. p-
Nitrophenol (pNP), p-nitrophenyl-N-acetyl-glucosaminide (pNP-GIcNAc) and 4-
methylumbelliferyl N-acetyl-g-D-glucosaminde (4MU-GIcNAc) were obtained
through Italmar (Thailand) Co., Ltd. (Bangkok, Thailand) as a product of Sigma-
Aldrich® (St. Louis, MO, USA). Phosphate buffer solution was prepared by mixing
0.1 M stock solutions of Na;HPO4 and NaH2POs to achieve the desired pH. The
concentrations of pNP and 4MU are determined according to extinction coefficients of

ga05 = 18.5 x 103 Mcm™ and 320 = 13.8 x 10° Mcmt, respectively.

5.2.2 Bacterial culture
The expression vector pQE60/GIcNAcase was transformed into
expression host E. coli M15. The transformed cells were selected on LB agar containing
50 pg/mL ampicillin and 25 pg/mL kanamycin. The cells contains a kanamycin
resistance maker. The colony of transformed cells was inoculated into 50 ml of a
starting LB medium (in 250 ml Erlenmeyer flask). The culture contained 50 pg/ml

ampicillin, 25 pg/ml kanamycin, and incubated overnight in an orbital shaker at 37°C,
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200 rpm. The overnight culture of 10 ml was inoculated into large-scale cell culture of
| liter for 6 liters of the LB medium containing 50 pg/mL ampicillin, 25 pg/ml
kanamycin. The freshly inoculated culture was diluted to a ratio of 1:100 with LB broth
medium, containing the same concentrations of ampicillin and kanamycin, and further
grown at 37°C. The enzyme expression was induced with 0.4 mM isopropyl thio-4-D-
galactoside (IPTG) when cell density is around 1.2 of absorbance at 600 nm. After
adding IPTG, the temperature was lower tobe 20°C, and the culture was further
incubated overnight. The cells were harvested and the pellet cell was kept at -80°C until

used.

5.2.3 Protein purification

The cell pellet was re-suspended in lysis buffer (60 pM
phenylmethylsulfonyl fluoride (PMSF), 5% imidazole and 20 mM Tris-HCI buffer,
pH 8.0 containing 150 mM NaCl). The cell debris was removed by centrifuge at 18,000
rpm at 4°C for 1 hours, while supernatant containing recombinant proteins was
collected for purification.

Affinity chromatography was used in the first step of protein
purification, VhGIcNAcase. The recombinant protein was expressed in E. coli M15
(PREP) cells with hexa-histidine tag attached at their C-terminal ends to aid purification
by affinity chromatography. The cell suspension breakage was carried out using a 750
W ultrasonic processor Vibra cell model. Purification of the recombinant proteins was
carried out initially using Ni-based immobilized metal affinity chromatography
(IMAC) at 4°C. The supernatant containing soluble was gravitationally applied onto a

Ni-based IMAC affinity column. The column was equilibrated with the equilibration
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buffer (20 mM Tris-HCI, pH 8.0 containing 150 mM NaCl). After sample loading, the
column was washed thoroughly with 200 mL of the equilibration buffer containing 20
mM imidazole and then eluted with 250 mM imidazole. The eluted fractions were
concentrated to 5 mL using amicon cut off 10 kDa. Eluted fractions of 5 mL were
collected and 15 pL of each fraction was analyzed by 12 % SDS-PAGE, based on the
method reported by Laemmli (Laemmli, 1970), to confirm the purity of the protein. The
final protein concentration was determined using extinction coefficients at 280 nm

(based on amino acid sequence) of 119,500 M~ cm™.

5.2.4 Spectroscopic Studies

To determine an apparent catalytic constant (Kcat), various
concentrations of pNP-GIcNAcsubstrate were incubated with VhGIcNAc, which was
fixed at 0.05 uM. Substrate concentrations of 1-320 UM was prepared in 1 mL total
volume of the reaction mixture. The absorbance of the releasing pNP product were
measured by spectrophotometer at 405 nm. UV-visible absorbance spectra and
fluorescence intensity were recorded using a Shimadzu 2550 spectrophotometer and
Cary Eclipse spectrofluorometer, respectively. The catalytic activity of the enzyme was
also performed using fluorescence properties of product 4-MU from the cleavage of the
substrate 4MU-GIcNAc. All reactions were made in 100 mM phosphate buffer, pH 7.0
at 25°C. The fluorescence intensities were measured at afixed excitation (slit width of
5 nm) and emission (slit width of 1 nm) wavelength of 324 nm and 448 nm,
respectively.

Steady-state kinetic parameters were obtained using a continuous

fluorescence spectrophotometric assay. To determine a catalytic constant (Kcat) and K,
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various concentrations in the range of 1-40 uM of 4MU-GIcNAc were used with
enzyme concentration of 0.01 uM. The concentrations of the fluorescence product were
determined from a standard curve of in a range of concentrations of 0-12 uM. The
values of kinetic parameter were evaluated from three independent sets of data using
the nonlinear regression function obtained from the KaleidaGraph 4.0 (Synergy

Software, Reading, PA).

5.2.5 Pre-steady state Kinetics

To investigate kinetic mechanism of VhGIcNAc, rapid Kinetics were
studied using stopped-flow spectrophotometry. The 4MU-GIcNAc (2 uM) was mixed
with various VhGIcNAc enzyme concentrations. The reactions were performed in100
mM phosphate buffer, pH 7.0. The single turnover catalytic reaction was monitored
under enzyme concentrations that were at least 5-fold greater than substrate
concentration. The reaction was monitored by following the fluorescence intensity
change over 360 nm (cut off filter) with excitation wavelength of 324 nm. The observed
rate constants and amplitudes of kinetic traces were analyzed using the Kinetic Studio
software (TgK Scientific, Bradford-on-Avon, UK). The observed rate constants were
plotted against enzyme concentrations to obtain the reaction mechanism. Alternatively,
the raw data was imported into the computer program KalaidaGraph (Synergy
Software, Reading, PA) and fit using similar equations. Fluorescence amplitude

changes for a single-exponential transients obtained from the stopped-flow instrument.
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5.3 Results

5.3.1 Steady-State Kinetics of VhGIcNAc with fluorescence substrate

The reaction contained 0.01 uM of VhGIcNAc enzyme with various
substrate concentrations; 1, 2, 4, 8, 16, 20 and 40 uM, respectively. Figure 5.4A
represents fluorescence intensity at 448 nm that was monitored as a function of time
(time course) over a range of 0-100 sec. The Michaelis constant (Km), the apparent
catalytic constant (kca) and the maximum velocity (Vmax) were obtained from the
experiments by using Michaelis-Menten equation, which showed a plot of hyperbolic
curve. Figure 5.4B represents a hyperbolic curve that was constructed by the analysis
of the experiments in Figure 5.4A. The Vmax and Kn, for the 4AMU-GIcNAc catalyzed by
VhGIcNAC is 0.1148 uM sect and 21.20 pM, respectively. Consequently, 11.48 sec™
is estimated for ket Which was obtained by calculation with total enzyme concentration

0.01 UM.
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Figure 5.4 The steady-state kinetic of VhGICNAc with 4AMU-GIcNAc. The reactions
contained 0.01 uM enzyme with varied substrate concentrations of 1, 2, 4, 8, 16, 20 and
40 uM. The initial velocity was monitored fluorescence intensity change at 448 nm (A).
The plot of initial velocity and substrate concentrations alloed the determination of the

Vmax, Km and kcat (B)
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5.3.2 Pre-steady state kinetic and reaction mechanism with fluorescence
substrate
The catalytic mechanism of VhGIcNAc with 4AMU-GIcNAc was studied
using stopped-flow spectrophotometer in fluorescence mode. The 4MU-GIcNAc
concentration of 2 uM was mixed with various enzyme concentrations of 10, 20, 40, 80
and 113 puM under pseudo-first order condition. Enzyme and substrate solution were
contained in separate syringes before mixing. The concentrations as described were
after mixing concentrations. The kinetic traces showed an increase in emission intensity
greater than 360 nm from hydrolysis of glycosidic bond between 4MU and GIcNAc
with producing of fluorophore substrate (4MU). The kinetic traces in Figure 5.5 from
the lowest to the most upper traces are according to the lowest to the highest
concentrations. The intensity change was analyzed as a single exponential curve. The
observed rate constants were hyperbolically dependent on enzyme concentrations (inset
of Figure 5.5). The non-linear plot between %intensity versus time indicated that the
reaction mechanism of VhGIcNAc with 4AMU-GIcNAc is two-step process. The first
step is rapid binding of enzyme to 4MU-GIcNAc following the catalytic bond cleavage

to produce free fluorophore according to Figure 5.6.
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Figure 5.5 Pre-steady state kinetics of VhGIcNAc with 4MU-GIcNAc. The 4MU-
GIcNACc concetartion of 2 uM was mixed with varied VhGIcNAc concentrations of 10,
20, 40, 80 and 113 puM (from lower to upper kinetic traces). All concentrations were
after mixing concentrations. The reactions were performed in 100 mM phosphate buffer
pH 7.0 at 25°C. The reaction was monitored the fluorescence intensity change (cut off
> 360 nm). The Kinetic trace was analyzed as single exponential. A plot of observed

rate constants versus enzyme concentrations was hyperbolically dependent (inset).

The hyperbolic dependence of the observed rate constants with enzyme
concentrations was fitted according to Equation 5.2. The enzyme concentration that
gives a half-saturation value of the plot which is equivalent to the Kq (Figure 5.5) for
binding of 4MU-GIcNAc to the VhGIcNAc is 99 uM. The observed rate constant
approaches the limiting value of 53 + 4 s indicates for glycosidic bond cleavage (k2

in Figure 5.6).
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The keat value of 11.5 s obtained from steady-state turnover of enzyme
wasslightly less than the rate constant for glycosidic bond cleavage. This demonstrated
that the steps of glycosidic bond cleavage and GIcNAc product release are partially-
rate limiting step (ks in Figure 5.6). Based on rapid-equilibrium binding of enzyme and
substrate, the ks of product releasing step was calculated from the kcat as described in

Equation 5.3.

K =—2= Equation 5.3

Ky = 99.15 uM k, =53 s ky =14.7 s
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Figure 5.6 The catalytic mechanism of S-N-acetylglucosaminidase enzyme toward

4AMU-GIcNAC substrate.

5.3.3 Steady-State Kinetics of VhGIcNAc with pNP-GIcNAc
The effects on kinetic properties of VhGICNAc enzyme toward the 4-
nitrophenyl N-acetyl-f-D-glucosaminide (pNP-GIcNACc) substrate. The experiments

was carried out in 0.1 M phosphate buffer solution, pH 7.0. A reaction mixture was
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prepared in a cuvette (1 mL) and contained constant concentration of VhGIcNAc
enzyme with various substrate concentration; 1, 2, 4, 8, 16, 20, 40, 80, 160 and 320 pM,
respectively. Figure 5.7 s Michaelis-Menten type plot that was constructed by the
analysis of the absorbance value plot as a function of time. The Vmax and Kn values
determination for the pNP-GIcNAc are 0.06 UM s and 51 uM, respectively. The
turnover number (kcat) is calculated based on total enzyme concentration of 0.05 puM is
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Figure 5.7 The steady-state kinetic of VhGIcNAc with pNP-GIcNAc. The reaction
contained 0.05 uM enzyme and varied pNP-GICNAc concentrations of 1, 2, 4, 6, 8, 16,
20, 40, 80, 160 and 320 uM. The initial velocity was monitored absorbance change at
405 nm. The plot of initial velocity and substrate concentrations determined the Vimax,

Km and catalytic constant (Kcat).
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5.4 Discussion

This study reports the Kkinetics action of mechanism of f-N-
acetylglucosaminidase from Vibrio harveyi (VhGIcNAcase) enzyme using pre-steady
state and steady-state experiment. The pre-steady state using stopped-flow
spectrophotometer in fluorescence mode and steady-state using fluorometric assay,
both of them were conducted using the substrate analogue, 4-methylumbelliferyl-N-
acetyl-f-D-glucosaminide (4MU-GIcNAc). The hydrolysis of this substrate was

followed continuously at pH7.0 by measuring the production of the free fluorophore.

The results reveal for the first time the catalytic features of 4AMU-GIcNAc by
GH20 VhGIcNAcase. The data reported here help to understand the catalytic step
introduced in the mechanism of the enzyme presented in Figure 5.8. The kcat Obtained
from the stopped-flow experiments (53 + 4 s) was compared to the kcar determined in
steady state studies (11.5 s™*) with the same substrate analogue; the two rates were found
to be distinguishable within experiment but not much. In previous report, Jones and
Kosman (1980) studied the kinetics action of mechanism of 5-N-acetylglucosaminidase
from Aspergillus niger in a different condition from our work. They discovered that the
catalytic step was a sequential mechanism. The enzymatic hydrolysis were conducted
continuously in sodium citrate (pH4.6) using the substrate analogue, 2,4-diNP-
BGIcNAC. The keat Obtained from the stopped-flow experiments (1958 + 150 mint) was
compared to the kear determined in steady state studies (2300 + 250 mint) with the same

substrate analogue; the two rates were found to be indistinguishable within experiment.
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Figure 5.8 The kinetic mechanism for the reaction of VhGIcNAcase catalyzed

fluorogenic substrate.

In steady state, absorption substrate was studied in order to find out the kinetic
parameters, there is the pNP-GIcNAc substrate catalysis by GH20 VhGIcNAcase in the
same measuring buffer condition. The kcat Obtained from the absorption experiments
(1.2 st) was compared to the keat determined in fluorescence studies (11.5 ), the value
show distinguish value which indicated that VhGIcNAcase enzyme have specific
activity with 4AMU-GIcNAc better than pNP-GIcNAc. The study by Jones and Kosman
(1980) was obtained the keat in steady state studies (2300 + 250 min') with the 2,4-
diNP-SGIcNAcC substrate, when compared with our work the enzyme can convert

substrate to product faster than 4MU-GIcNAc and pNP-GIcNAc.

The steady-state kinetic studies from Jones and Kosman (1980) established a
Km value of 0.27 mM for the 2,4-diNP-SGIcNAc substrate found the comparable value
with pNP-BGIcNACc substrate (0.34 mM) of their experiments. In the previous studies,

Suginta and co-worker (2010) established the K value of 0.077 mM for pNP-GIcNACc
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substrate catalyzed by VhGIcNAcase (GH20). In our experiment, we obtained a Kn
value of 0.051 mM with the same substrate and enzyme as Suginta studied, thus
demonstrating a substrate concentration dependence comparable to that observed for

the p-nitrophenyl derivative for the same enzyme and the substrate.

5.5 Conclusions

This part of work has eludicated the reaction mechanism of p-N-
acetylglucosaminidase from Vibrio harveyi (VhGIcNACc). The results clearly show that
the reaction mechanism of VhGIcNAc with 4MU-GIcNACc is two-step process. The first
step is rapid binding of enzyme to 4MU-GIcNAc following the catalytic bond cleavage
to produce free fluorophore, for the glycosidic bond cleavage and GIcNAc product is

released in partially-rate limiting step.
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APPENDICES



APPENDIX A

STANDARD CURVE

A.l  Standard curve of 4-methylumbelliferyl N-acetyl-f-d-glucosaminide

The standard curve from the product of the 4-methylumbelliferyl N-acetyl-p-d-
glucosaminide (4MU-GIcNAc) catalyzed by VhGICNAc enzyme was examined by
fluorescence spectroscopy, the experiments were carried out in an aqueous 0.1 M
phosphate buffer solution, pH 7.0. Figure A.1 represent an emission spectra at
excitation wavelength of 324 nm, increasing intensity following 4MU-GIcNAc
substrate was increased; 1, 2, 4, 6, 8, 10 and 12 uM, respectively. The standard curve
from product of 4AMU-GIcNAc which show in Figure A.2 was constructed by the
analysis of the fluorescence experiments. A curve was fitted linearity with zero-
interception in the range of 1 — 12 uM with a good regression coefficient (R?>=0.99)

following by equation'y = 18.83x.
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Figure A.1 Standard curve measurement from various product concentrations of 4MU-

GIcNAc. (A) Emission spectra of various 4MU-GIcNAc concentrations; 1, 2, 4, 6, 8,

10 and 12 uM, respectively. (B) Linear range of the emission intensity in the range of

1-12 uM concentrations of product.



APPENDIX B

DERIVATION OF MECHANISM

B.1  Pre-steady state kinetics

The hyperbolic dependent of observed rate constant (kops) is interpreted as the
simplest model as two-step reaction mechanism of which the first step is rapid binding
and dissociating to reach the equilibrium prior to the second step is occurred as shown

in equation B.1

E+S% >ES ¢ >EP equation B.1

This is compared to the following scheme (E=A, S=B, C=ES, D = EP)
A+ Bkk:chk(:H D

1 —2

Based on rate law, the change of A, B, C and D are dearibed as

—dC

dt A= leACB - k—ICc
—0C, _ k.C,C, —k_,C,
—-dC

it ¢ =kC,C, —k,Cy +(k_1 +k, )CC
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—dC
o 2 =k,C. +k,C,
Law of mass balance
AC, =AC,

~AC, —AC. =AC,
~AC, —AC. =AC,

The time dependent can be expressed as

C,=C,+AC,

C, =C, +AC,

C. =C; +AC,
C, =C, +AC,

In rapid-equilibrium, the rate ofkl(C_A+C_B)+k41 >K,,k ,, and it is assumed that

during the change of D, the species of A, B and C are in equilibrium.

CC K:C_C
| ==

K=c¢
A™B CACB

With assummed rapid-equilibrium

Ce :_C_C_ therefore (ACC+§)
CACB CACB ’ (ACA+C:_A)(ACB+C:_B)

:K1
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AC; +Cc = K[ AC,AC, +C,AC, +C4AC, +C,C, |

AC, =AC,

AC; +Cc =K,| AC} +C,AC, +C,AC, +C,C, |

AC; =K,(C,+C;)AC,

~AC, —AC. =AC,

Substitution of AC. intoAC, , therefore — %JFACC =AC,
K, (Co+Cs)

Under pseudo-first order condition [B] >> [A]

K,[B]

AC, =——11——
¢ 1+K[B] "

From rate law of the change of C,

—dAC _ .
dt A (ACC +Ce ) +k, (ACD +CD)
kZC_C - k—ZC_D
_ddAtCD =—k,AC. +k_,AC,, substitution of AC. = _%ACD
1
0% [y, BLILI k., |AC,
dt 1+K,[B]
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_. _Ki([B]
*?14K,[B]

+k72;K1=&=i

ki Ky
and in case of no reversible rate constant of k ,

obs — k2 [B] +k—2
Kq +[B]

B.2  Steady state kinetics (Taylor, 2002)

The chemical model for an enzyme-catalyzed reaction that is ordinarily

presented in the equation B.4 of a linear process following as:

ki ky

E<

N

>ES%

K, K

>EP—S > E equation B.4

The net-rate-constant method is recognized, since a proportion of the revesible in each
step actually goes on to product, an irreversible rate constant is associated with each

step. Assume initially that all of the steps are irreversible as show in equation B.5

E-XFS— % ,Ep K sE equation B.5

where K, =k 7k, , K,=k,/k_, and K, =k,

Equation B.6 represent the bisubstrate, sequential, ordered, rapid equilibrium substrate

addition following equation B.5 as:

E« KISl JEg__kIPl JEgp__k SE equation B.6
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In a model equation B.6 the enzyme complex with S, ES dissociates back to free
enzyme, E, and substrate, S, faster than the complex adds the second substrate, P. Thus
the magnitude of ko, implicit Ky, is greater than that of ks. The conventions for derivation
of model whith repid equilibrium steps described by Cha (Cha, 1968), are that a rapid
equilibrium segment can be treated as a single enzyme form. The rapid equilibrium will
be regarded as a single species with a total concentration of enzyme intermediates E

which represent in equation B.7.

[E1=[E]+[ES] equation B.7
From equation B.6 can rearrange following as:

E— >sEP—% E equation B.8

The steady-state approximation specifies the rates of all steps in equation B.8
are equal to each other. The rate is also equal to the initial velocity which represent in
equation B.9. Division of each of the expressions in equation B.9 by (E:) results in the

set of equations B.10.

v =k [E]=k,[EP] equation B.9
v _ kz[El]
E E
! ' equation B.10
v o K,[EP]
Et Et

in the set of equation B.10 by the net rate constant results represent in equation B.11
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1 v _[E]

k, E, E .

2 ' equation B.11
1 v _[EP]

k3 Et t

The sum of the two equation B.11, and also the conservation of enzyme of the sum is

equal to 1.0

v (1, 1) _[E]I+[EP] equation B.12
E, Kk, kK, E

t t

Finally division of both side of equation B.12 by the sum of the reciprocals of the net

rate constants results in equation B.13

E-1 1 equation B.13
t

From kcat =V / E,

Equation B.13 can rearrange to obtained catalytic constant following equation B.14

K.k, _
equation B.14
K, +K,

k —

cat
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