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Summary

The highly active antiretroviral theraiiAART) drug agent, indinavir, and the
endocrine disruptor compound, Zj#hlorophenol (2,4DCP), are directly related

to two of S o uint fact, A ft rwioc aodfs ,t haendgl obe 6 s
important and comprehensively resgeed subjects areas, which includes,
HIV/AIDS and water pollubn. In fact these two compounds shaneultiple
significantcommonality factors. Firstly, they have a profound effect on the health
aspects of humans, albeit from opposite sides ofgfmatio@ Secondly, in the
context of metabolism, they both share shene rout of biotransformation, and as
such, both have a profound effect on the main first pass metabolising hepatic
enzyme, CYP450 3A4as well as xenobiotics sharing the same metabolic
pathway. Thirdly and perhaps marmaportantly, in direct relation tahe human
mortality, thar levels preferentially requireconstant or regular monitoring
process, at this stages still only officially possible with complex specialized
analyticallybased techniques. Moreover, these techniques are only based on
centalized detection and quantification, which essentially means expensive
procedures, and long waiting periods for resultss thesidirstly reports on the
development and characterization mfageniess andcobalt(lll) sepulchrate
[Co(Sep}] mediatedbiosensor platformgbiosensor platfornl and biosensor
platform 2), with human recombinantheme thiolate cytochrome P450 3A4
isoenzyme (CYP3A4)as biorecognition componen&econdly,eachbiosensor
platform wasevaluatedby using an entirely differentategory of compound as
model substrate, with the overall objective being the developmeaiteshative
analytical method for the detection and quantificatioeaxth of thesesubstrats,

by amperometric énsduction methodin this regardbiosensorplatform 1 was
evalusted for the detection of 2dichlorophenol, whereas biosengmatform 2

was evalated for the detection of protease inhibitor (PI) HAART drug, indinavir
Fourthly, this dissertation also reports on the use of genetic engineering as
compimentary method during biosensor investigations, as source for continuous
supply of catalytically active biological recognition componewtith repect to

the preparation of thebiosensors in particular, biosensptatform 1 was



constructed byentrapping the commercially sourck full-length, wild type
CYP3A4 on a preformed electroactive carrier matrigonsisting of Co(Sepy
modified nafion membrane on a glassy carbon electrode. In this regard, the
nafion-Co(Sepj" composite was prepared ligtegratingthe Co(Sep) species
into a preformed nafion film throughmanual dropcoating and mixing methods.

In addition to this, the stormed biosensor was-ieforcedby a thin nafion layer

as outeiffilm. The complete biosensomay be denoted as GCE||naf|CME
Co(Sepf¥'|fICYP3A4haf. Biosensor platform 2 on the other hand, was
constructed by entrapment of thet&minally modified humarrecombinant
CYP3A4 (consisting only of the heme domain and the surrounding apoprotein
prepared locallythrough genetic engindag, as ahistidinetagged,catalytically
active soluble consict denoted nCYP3A4 in a biocompatible ionally
crosslinkedhydrogelcompositemembrane Enzyme immbilization in this case
was alsarealizedon a preformed nafiorCo(SepJ* carrier matrix film, however,

in this case the eledactive carrier matrix was prepared by integrating the
electroactive Co(Sep) species deep within the nafion microstructure through
potentiostatic electrodeposition method at a costant potential di #Ab for
1200 sec. The so prepared Dbiosensor, is denoted GCE||nafl|El
Co(Sep|nCYP3A4|AgrsPEFPVA. In this regard, biosensor for platform 2,
different variables affecting the performance and stability of the biosensor were
evaluated. Selected x@itu chaacaterization methods, including scanning
electrochemical microscopy (SEMjpurier Transform Infrared (FTIR) and UV
Vis spectroscopy was used as complimentary characterization methpds.
morphological and structural charaterizatiorevealed the formaion of a highly
stable electroactive composite filior the carrier matrix in biosensptatform 2,
exhibiting a compact nature and a smooth consistancyhich the electroactive
Co(SepJ* mediating species was embedded deep within the microstructthe of
preformed nafion film. Moreover, the method of preparation was highly
reproducible,while voltammetric studies also corroborated the stability of the
carrier matrix film.Overall, the design path used for this method was shown to be
an improvement asompared to the design path used for biosensor platform 1,
particularly with regard to the carrier matrihevertheless, the proposed



substrates were successfully detected and quantified by the individual biosensor
plaforms. In this regard, the dynamimdar range of the GCE|lnaf|CME
Co(Sepf'[flCYP3A4|naf biosensor, for 2BCP exhibited an upper limit of 45

mA, with the sensitivity determined as 0.088 mM™. In addition to this, the

LOD was calculated as 0.048yg L-1, which was lesser tharthe USA
Environment al Protection Agencyods (EPA)
(DWEL) for 2.4DCP. In the case of th@ CE||naf|ECo(Sep}'|nCYP3A4|Agrs
PEIPVA biosensor, the linear concentration range for indinavir was shown to be
between 2.183M %2 3.552nM, while the sensitivity was determined as 0.035

mA mM-1. Morover, the LOD vale, determined as 59.72 md was suggested to

be of signifiance with regard to theaximum plasma concentrationyf, with
respect to the ritonavivoosted regimen, which is theroposed method of
administering indinavirThis can also be of value for HIV/AIDS patients who are
poor metabolizers, as they will have significantly elevated concentration of the
drug, when administered with ritonavir as booster. Above and beoynd these
results, the overpotential for the reduction of dioxygen, which is a crucial step in
the catalytic cycle of the CYP3A4 enzyme, was significantly reduced by the
GCE||naf|EiCo(SepI |nCYP3A4|AgrsPEI-PVA biosesnor, as compared to the

other biosensor.
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Chapter 1 General Introduction

CHAPTER 1

General Introduction

1.1 Introduction

This thesis describes the electrochemical dynamics of cytochrome -BAB0
isoenzyme biosensor for protease inhib{fel) antiretroviral drug Chapter 1 gives a
comprehensive overview of protease inhibitor antiretroviral (ARV) drugs and ARV
agents in general. Special elaboration was dedicated to the PI, indinavir, since it is
the model drug that was used during the experimental investigatidhi$ study. In
addition, other relevant subjects, including cytochrome P450 isozymes, therapeutic
drug monitoring, biosensors and drug assay methods were also discussed. Since
endocrine disruptor compound, Zj&hlorophenol was also used ansubsectio of

the research investigatiomglevant aspects surrounding tleemical was also
elaborated on. The lattafivision of this chapter included the research questions,
problem statements, rational/motivation, objectives aneobjdxtives, followed by a

layout of the thesis.

1.2 Background

1.2.1 Indinavir and HIV/AIDS: background overview and related aspects

The HIV protease enzyme is a critical component of the replicative cycle

of the virus It processes polypepetides transcribed from the gag and pol genes late in
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the viral replicative cyclé research has shown thidiis transcriptional process is
essential for the assembly and maturation of infectious virions, and that inhibition of
this enzymdeads to production of immature narfectious viral progenyl]. In this
regard, indinavir (L-735,524; MKO0639; Crixivan), a protease inhibitor (PI)
antiretroviral (ARV),with high oral bioavailabilityis a mechanisabased designed
drug, explicitly formulated to interrupthis specific biochemical pathay of the viral
replication cycle. A schematic representatioaf the HIV/AIDS virus and the

mechanism of action of Pl ARV, indinavir, is showrFigure 1.1.

/l(
Outer lipid AIDS VII’US : ' 2_;
envelope(derived /\T'

fromhost cell)

Protease Enzyme

Reverse
transcriptase

Protein core

Figure 1.1 HIV/AIDS virus and mechanism of action of action of protease inhibitor
ARV, Indinavir

As observed irFFigure 1, indinavir functions bytargeting the viral protease enzyme,
inhibiting it and subsequently inactivating the enzyomcomitantlyleadng to the
production of immature nemfectious viral offspring[1-2], which in turn, keeps
viral load at bayMoreover the qualitative attributes of indinavir aésoexemplified

in its ability to cross the bloebrain barrier (BBB)i this being a pivotal factor in

treatment regimentsdue to the highly probable risk factor of AIDS patients
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developingbehavioual disorders in the late stage of HIV infection, which results
from thevirus crossing thd8BB andconcomitantly affecting theimdvi dual 6s ner v
system[1]. A noteworthy fact, however, is thatccessful HIV protease inhibition
requires sustaineadptimally high drug levedin the blood, particularly ahe ste of
replication. These optimum drug concentrations are critical, not only to suppress viral
replicaton, but also to reduce viral mutationigloreover, thispivotal factor is a
prerequisit for successful application of all clinically available ARVs, which includes
the PIs, nonnucleoside reverse transcriptase inhibitors (NNRTIs) and the nucleoside
analogus (NAs). These optimum drug concentrations is of course highly reliant on
the oral bioavailibility of the drug, which in turn depends on the rate of first pass
metabolism, since the unique anatomical arrangement of our bodies is such that orally
taken submnces have to pass through the intestinethed liver, before reaching
systematic circulatiof3-6]. In this regard,overall, it is crudal that drug plasa
concentrations are regularly meesl to ensure optimum and sustained anti HIV
effect[7].

Review of currentiterature have shown thaf the three basicategoies of ARVS,

the Pls and NNRTIsindergo extensive hepatic first pass metabolism and as such
sharea similar metabolic pathway2, 4, 8] This essentially involvegirst pass
oxidative metabofim by the cytochrome P450 (CYP450) enzymes present in the
liver [2, 4], of whichCYP450-3A4 (CYP3A4)is the mosabundant isofornfi3, 6, 9

10], andis as such primarily responsible for their metabol{@&n4]. With respect to
indinavir in particular, por research investigations, based on in vitro and in vivo
studies with regard to the pharmacokinetic fatehe drug has shown it to have
minimal extrahepatic biotransformation the drug actually determined to be
exclusively metabolizedby CYP3A4 [1, 11] Howewer, the variation in the
magtinute and/or rate of first pass oxidative metabolism causes extensive inter
individual and ethnic variability[3, 7, 10, 12]i a finding that is not restricted to
indinavir only, but pertains tthe metabolism oéll Pl and NNRTI ARVY2, 4]. This
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can result in significant unpredictability in the bioavailibility and systematic
clearance of these drugs, andtims regard, dosage must be taitbri® allow for
maximum efficacy and munimum toxicity, because as earlier stateeppsinbal
concentrations of these drugs will e effecive. On the other hand, since
HIV/AIDS is ubiquitously associated with a progressively deteriorating immune
systen, with patients inevitably suffering from a constellation of  disorders
indinavir, like otherPIl drugs and ARVs in general, are always administered in
combination regimenisas well as a plethora of other prescription dr{gjs The
combination therapy is referred to as Highly Active Antiretroviral Therapy (HAART)
and since these drugs are administered at similar or overlapping time petlusls
possibility of drugdrug interactions is highly probable. This is an especially crucial
factor when the biotransformation of any two or more drugs share the same metabolic
pathway, as they will thus compete for catalytic site binding on the sare@igme

[4, 10] - invariably leadingto antagonistic, additive and/or other undesirable drug

interactions, catalyzed mainly by enzyme inhition or induction.

The recommended standard of care for HIV/AIDSqgrds requires thimclusionof at

least one PI withim course of HAART regimen[2, 7, 1314], but often the beneficial
effects ofa particular drug combinatioapproachis not sustained, necessitating a
change in the prescribed drygrmutation Consequently it may be necessary to
expose patients to various combinations of Pls and/or PI/N&IRWhich reiterates

the inadvertent probability for unavoidably potentially dange pharmacokinetic
interactionsOn the other hand, these (synergistic, antagonistic and/or additive drug)
interaction effects may beneficially be used to purposely alter in vivo drug
concentrations of specific drugs, however, this is strictly onlyipleswith absolute

measurement of endogenous drug concentr§iori.

The cumulative effect otll the above faors complicates dosing of clinically
diagnosed patientand as suchan urgent need for therapeutic drug monitoring

(TDM) during HIV/AIDS treatments highly emphasized and recommendedview



Chapter 1 General Introduction

of all the latter and preceding facts, the urgent need @i of indinavir and other
ARV may be summarized as follows:

1  To reduce drug toxicity by decreasing drug dose, while still maintaining
adequate trough plasma concentration, particularly in the case of Pls and
NNRTIs.

1 To prevent adverse drwdyug interactions, by monitoring plasma
concentration during muidrug administration or prior to the addition of a
new drug.

I It can be used as an objective measurement foradberence, thereby
attenuate and possibly alleviating resistant viral mutations.

1 To deliberately alter the concentration of a particular ARV during co

administration

Currently available methods for quantifyingndinavir and other ARVS, is done
through centralized laboratory techniques, based hagh performance liquid
chromatography (HPLC) withiltra-violet detection and/or liquid chromatography
mass spectrometry methods, 13, 1516]. These techniques are very accurate
indeed, but their preference is discouraged by their exceptionallynsxpe
application and maintenance requirement, which includes amongst others, highly
qualified personnel, rigorous sample preparation, expenssolvents and
components, which concomitantly leads to long assay procedures and time
consuming sensitive proceeks[13, 1516]. Overall, this causes long tuaround
periods[7, 17], and the delay in results may affect timely commencement of proper
dosage/regimen modulation a factor that can be detrimental to the HIV/AIDS
patient. There is thereferundoubtedly a great demand for alternative drug assay
measurement techniques, with the practical utility being to provide decentralised
analysis preferablyat t he doctords office, emergency

patientds own house.
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Since,first passmetabolism with cytochrome P45A4 evidently is a pivotal factor
in the successful application of indinavir and most ARVSs, it is only appropriate to
discuss this enzyme in greater detail. In this regard, a brief, but succinct overview on

CYP450enzmes with particular reference to C3R4 follows:

1.2.2 Cytochrome P450 (3A4): Classification, structure and function

CYP3A4 falls under the sulgroup (monopxygenasdype enzymes,
which in turn forms part of the superfamily oproteins collectively referred to as
cytochroms P450 (CYPs)3, 6, 810, 1820], which are present in all forms of life
(plants, bacteria and mammalgjuman CYPs aressentially membrarassociated
(microsomal)proteins, locatecitherin the inner membrane of the mitochondria or
the endoplasmiceticulum (ER) of cells[6, 18, 21] of which, the ERassociation is
confirred by a characteristic stretch of residues, consisting of abe®b 20ghly
hydrophobic amino acids, known as thed¥minal region. In addition to this, these
enzymes also containteeme cofactqrsituated at what is known #éise Gterminus,
and isflanked by a peripheral region of hydrophobic surrounding praihbule,
functioing mainly to protect the heme from any unwanted reacf@is Thus, in
esence, CYP450s can be considered as enzymes containing botkteamiial
domain, mainly functioning as a protein anchor, as well astarr@nus, which
contains the heme cofact@onsidering thenydrophobic residues contained within
both of these regionghese enzymes are understandibly considerably hydrophobic in
nature. Also noteworthy, is th&450sare also known as hentleiolate proteins,
because in these proteins, the heme cofactor is covalently linked to the surrounding
apoprotein through a cystegroup[21-24]. In this regard, they are similar proteins
with the same porphyth e me compl ex as <catalytic cent
s i g n j dutuwitle different amio acid sequences, altering the topography of the
active site[21-22, 2425]T hence t he t.dénrterms dfi fnadianyomte

other handthey aremixed function oxygenases (MFO), constitutedabsnultifarous
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group of essential enzyme catalyss, which mainly function in the oxidative
metabolism oWvarious xeneand endobiotic organic substan¢22, 24, 26] As such,
collectively, theseP450isozymesplay key roles in vital processesych assteroid
hormone biosynthesis, the activation aetoxfication drugs andenvironmentally
contaminating chemicals, the metabolism of polyunsaturated fatty acids, activation of
vitamins A and R to biologically active hormonestc[3, 20, 21, 26] With reference
to the aforementionegrocessesthe reactionscatalysé can be extremeldiverse,
such ashydroxylations, N, O- and Sdealkylations, sulphoxidations, opxidations,
deaminationsdesulphurationsgdehalogenations, peroxidatiofigl, 24} Moreover,
many of the individual P80s catalyze multiple reactionand sincealmost every
P450i s o f cseletivity isso broadi collectively, their presenceprovides a
general defense system in the body against both synthetic and/or catopaiunds
which are nearly unassailable the attack by other enzymes atfwht would upon
exposureto them otherwise accumuta and be harmfulif not metabolizedto
hydrophilic product$19, 24]

On the other hand, the liver is the major organ for the metabolism and detoxification
of pharmaceutical drutype xenobiotics[3, 6, 12, 24]an aspect that is cruciaince
these drugsre normally lipophilicorganicmolecules and as such has to undergo
chemical modifications within the human bodyeither for drug activation and/or
successful eliminatiorin thisregard theliver microsomal isozymesre key players.

With regard to CYP3Ad4n particular it is themajorcytochromeP450 isoformand as
such, the most influenciahs all other lnman CYPsit is a membraneassociated
protein residng primarily within the endoplasmic reticulum of the liver and
contains a single iron protoporphyrin IX prosthetic gro(fremeg. Figure 1.2(a)
showsthe ribbon drawing othe secondary structure bfimanCYP3A4, whereas

Figure 1.2(b) shows an enlarged detailed view of the heme cofactor
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Cysteinato-iron(Ill) protoporhyrin-IX

Figure 1.2:(a) Ribbon drawing, showing the distal face view of cytochrome P450
3A4 (CYP3A4) secondary/tertiary structure (&) Prosthetic  group of
CYP3A4, (b-type hemg an iron(lll) protoporphyrinlX linked with a proximal
cystein ligand (fifth ligand of the hen®n)

From the ribbon drawing of the cytohrome P450 isozyme, CYP3Adgure 1.2(a)

one can observe the secondary structure of the enayime) mainly consistef the
heme (stick figuresolouredin red) with its active site cavity (shown as a gregsh)

and the surrounding protein matrix (the apoprgtédn the other hand, Figure 1.2(b)
shows the prosthetic group in greater detail consisting of a iron (lll)
protoporphyrinlX, which in terms of classification, is atippe heme. The heme iron

is ligated by a cystein group through its sulfur, and in this regard, overall, CYP3A4
prosthetic group may be referred to as a cysteimatglll) protoporphyrirlX. The
prosthetic group is the actigte of the enzyme, and as suchis at this particular
placethatthe enzymenteracts with the substrates to metabolise th&ime substrate

list of CYP3A4 is not limited to a small number of chemical classesrdibeér is
structurally diverseA large number of these chemicals are human pharmaceuticals of
various pharmacological actior®verall, multiple metabolic pathways are catalyzed
by CYP3A4 the major pathways being- @nd Ndealkylation, Ghydroxylation.



Chapter 1 General Introduction

Others include dehalogenatioN;demethylation, as well asllylic and benzyllic
hydroxylations in steroid molecules.Overall, the naturalcatalytic processof
CYP3A4-substrate interaction, involves an insertion of one atom of elemental oxygen
into the substrate compound (monooxygenatiom process that occurs through a
series of reaction steps amavolves the obligatory presence of electron transfer
donors and other molecules.sBhematic representatiom the catalyticreaction steps

for the membrandoundCYP3A4is shown inFigure 1.3

P450

Cytochrome  (yp4socYP)3A4  reductase NADPH

bs

Endoplasmic reticulum (lipid bilayer)

Figure 1.3: Naturalcatalyticcycle of human hepatic microsomal CYP3A4

As shown inFigure 1.3 CYP3A4 reacts with substr&éRd H) at the active site
(heme). Overallsuccess of theatalytic pocess requirethe transfer ofwo electrons

and the presence of molecular oxygdrhe eletrons aresupplied at seperate

i ntervales during t he catalytic cycl e,
NADPH-P450 oxidoreductaséhrough its redcing equivalents, FMN and FAI.is
noteworthy to add that, depending on the substrate being me&holLYP3A4
sometimes also require the obligatory presence of cytochronderbigy supply of

the second electrohe series of steps following the first electron transfer is such
that it eventually results in the formation of water and a-W@kent iroroxo species
(iron-oxo(ferryl}complex), known as Compound I, which is capable of oxygen atom

transfer and as such, functions in the actual substrate monooxygenation. A much

b
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more comprehensive description of the catalytic reaction cycle is giv@éhnapter 2.
In terms of the electron transfer redox partner involved, CYP3A4 may be classified as
a classll cytochrome P45Whereas with respect to the fact that the enzyme requires

an external reductant, it may be categorised as an external monooxygenase.

Important consideratienwith regard to CYP3A<4ubstrate interaction includie

fact thatthe enzymas rather@romiscuou8in its substrate selectivity and as such,
known to metabolise a large variety of pharmaceutical compounds extensively
varying in mdecular weight while also having a spacious active site, capable of
accomodating a diverse range of compaumdibreover,the expressionf CYP3A4
varies between individuglsaceand ethnic groupsyhile theenzyme isalsosubject

to inhition and/or indation by a number of druga,factor that can be lifdareatening
during concurrent and/or multirug administrationConsidering these facts, the need
for therapeutic drug monitoring (TDM) during treatment of chralimesses where
CYP3A4 metabolismis the major drug biotransformation pathway, such as in

HIV/AIDS, shouldbereiteratecashighly recommended.

1.2.3 Endocrine disruptor compound: 2,4Dichlorophenol (2,4DCP)

As stated earlier, CYP3A4 is the most ubandamthpressed CYP450
isozyme In that context it accounts for 60% of cytochrome enzymes in the liver
and 70% of those in enterocytes in the gut wall, and appropridields the
dominant position in phase | metabolisfi3, 910, 2728] i naturally having the
largest substrate listing and as suglays a pivatol role in then detoxification of
exogenous bioactive compounds and lipophillic xenobiotics, inclugmegcription
medicines, drugs, environmental pollutantspesticides, heibides herbal

medicamentsfood supplements, steroids, ¢8:10, 23, 2731]. Amongst the latter

10
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list, of particular importance are compounds whith edocrine disrupting properties,
because their effects are not only confounded to the individual exposed to them, but
also their offspring,and as such cascadeasto transgenerational effecf32]. With

regard to defintive context, endocrine disruption refers to a mechanism of toxicity
that hirders the ability of cells, tissueasnd organs to communicate hormonally,
resulting in a myriad of adverse health outcomes including reduced fertility and
prolificity, spontaneous abortion, skewed sex ratios within the offspring of exposed
communities, male and female reproductive tractoaialities, polycystic ovarian
syndrome, neurbehavioural disorders, impaired immnune functions and various
cancerg32-36].

Amongst the studied potential endocrine disruptor (ED) chemicals, pest{cieles
herbicides, bacteriocides, funagsides, insecticides, and rodentoaigdes)ssociated
mono and polychlorophenols were shown to be ubiquitoaslyociated with most
ralated endocrine disrupting subject arg#y. Of particularinterest, is the pervasive
environmental pollutani the chloronated phenol 2,4dichlorophenol (2,£DCP),
since it holds multiple industrial applications, includinfgerbicide and pesticide
production, feedstock for the manufacture of certain methyl compounds used in
antiseptics and disenfectants, fundés for use as wood preservatives, [8i:38].
Moreover, it is gorecursor for the synthesis of carcinogegmncocrine disruptor, 2;4
dichlorophenoxyacetic acid (2[3), whichis the active ingredient of more than 1500
herbicided39-40], while also being a major metabolite or degradation product ef 2,4
D and many phenoxpased herbicide$32, 4041]. Furthermore 2,4DCP also
commonly ends up in drinking water as agypduct of chlorinationas biocides, or
as degradation product of the commonly upbednoxy herbicide§39, 4243]. The
toxicity linked to 2,4DCP exposuréas been shown tmntribute in thggromoton of

the growth of breast, ovarian and paeist cancer tumor cells, while also shown as
major caustive agent in specifieendocrine related cancers and chratonditions
such as chloracne and porphyria in humg@®s 41, 44] Corsequently,it has been

classified as a priority pollutant, especiallytémms of the aquatic environmgab], a

11
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fact that is exacerbated by the knowledge that endocrine disrupting related chemicals
are capable of exerting adverse effects on living organisms even in very small

concentration§32].

Overall, the maximum safe limit fa2,4DCP and/or other chlorophenais river
water, pretreatment potable wateand drinking waterhas beenruled as 50 i
100ugL'}, 17 5pgL’t and 1001 500rgL'?, respectivelfWHO, EPA, EU]. Thus, the
monitoring of the environment to make sure that this pollutant remains within safe
limits of concentration requires very sensitive analytical meth@dsthis end,
conventional analytical methodsr determinationof 2,4DCP in water samples are
based on gas chromatography (@&@y/or high performance liquid chromatography
(HPLC), either applieddirectly in conjunction with mass speotnetry detection, or

with solidphase extraction (SP)ectrospray ionization (ESlassisted mass
spectranetry detection [39, 43] Other methods, based on advanced oxidation
processes, such asz/0OV, Os/H,0,, UV/H,O,, Fenton and photBenton, which
functions by mineaalizing the organic chemical, have also been appli&d].
Notwithstanding degree of accuracy and/or success of these mettheid popularity

is restricted by numerous disadvantages, as well as the fact that they are not suitable
for on-site applicatior{38-39, 43] hence the compelling urgency for development of

alternative assay methods.

1.2.4 Indinavir vs 2,4-DCP: The commonfactor shared by these two subjects

At this stage, the readerguriousity may be kindledas to the common
aspect of
two such seemingly different subjecis PI ARV druwg, indinavir vs priority
pollutant/endocrine disrupt compound, 2A4lichlorophenol.In this regard, the

reader igequestegbonder the followingignificantfactors

12
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On a global scale, South Africa has one of the highest HIV infeetmmh AIDS
related mortality percentageSeologdcally, on the other handouth Africa suffers

from several water related challanges, which ovaraly be summarised as follows:

1  There is an uneven spreading of grouaid other water resources across the
country, due to its byndlarge arid/semarid naturei with a select few
regions having the great fortune of receivimgpderatelyregular rainfall
patterns Moreover, chlorophenols and/or other toxic pollutants are bound to
eventually end up in our waterways, both directly and indirectly from
industrial procsses, especially the electricity supply sector which is highly
reliant on the use of coal fired power statibnsvith the other majosector
being the agricultural use pksticidedierbicidesfor genetic modification of

crops

Considering theatter information, it should become obvious that indinavir and 2,4
dichlorophenoli s directly related to two of our
which is HIV/AIDS andthe issue ofwater . Moreover, with reference to the

preceding sectionghese twochemicalshave also been shown to share a common

rout of biotransformation, which involves monooxygenation by CYR324 the

other hand, knowing that CYP3A4 is such an influencially diverse enzyme catalyst,

and the knowledge that t hi enzymes dor tbe her P -
applicationsof biosensing probeshe muchemphasizedlternative assay technique

for quantification of 2,4-dichlorophenol and indinaviris realizable through the

application of a small analytical instrumekiown ashe biosensor.

13
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125 Molecular models and probes for xenobiotic metabolic profiling

1.25.1 Prospects of available biological probes for in vitro investigations with
mammalian microsomal CYP 450s: advantages, drawbacks and new

developments

Before tackling the aspects surrounding subjects of active in vitro models for
studying CYP3A4 and other mammalian CYP450 enzymes, the reader is cautioned to

consider the following factors:

Considering that drug metabolism is the major determinantrag
clearancethe importance of mammalian CYP 450s and in particular, the determinant
role of predominant isoform, CYP3A4, in the therapeutc efficiecy of most of the
pharmaceutical drugs ingested by humans cannot be over estimated. Furthérsnore,
the mdyds ul ti mat e def ense mechani sm, rel
compounds to harmless metabolites, for examplide unprecedentedole of
CYP3A406s detoxification abilityaflataxinmet abol
Bi, to the harmlessnetabolite  t kakeohd® Also noteworthy, is the aspect of the
extensive interindividual differences in pharmacokinetics existing between
individuals and ethnic groups, largely attributable to polymorphism, genotype
phenotype relations within the isoenzymes, induction and overlapping drug
selectivities of CYP3A4 and other mammalian CYP450 isoenzy¥hesf which
these constrictscan confir differences of up to 90% in drug uptake aeleérance
beween individualsli this regard polymorphism referes to the variation in gene
expression for particular isoenyzmes between individuals. In this regard, a small
diefference in DNA sequence, within a population can lead to very significant
differences in drug metabolism. Genenotgbenoype differences, on the other
hand, referes to the metabolising ability of individuals, in which some are poor
metabolisers, intermediataetabolisers and ultrafastmetabolisers A final
consideration factor, which is inhibition of CYP450sayticularly, CYP3A4, caused

14
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by competition between drugs taken concul

confirred by its ability to accomodate more than one substrate simultaneously can
lead to severe advers drug effects, particularly metabolic drug interactiossddau

altering the disposition of a drug by the presence of another compound.

The relevance of all the aforementioned consffat#ors is based on the fact that

they all have a direct consequence on the overall effect of pharmaceutical
compoundsas well as other drutype and/or carcenogenic xenobiotics entering the
human metabolic system. In this regard, it is pivatol that in vitro models constituted
by validated techniques are in place for the study and assessment of metabolic
profiling of xenohotics both pharmaceutical and otherwise, particularly in terms
pharmacokinetics, therapeutic dose efficiency predictions, potential toxicity and
potential enzymeinducting or enzymeinhibiting studies. In fact, with regard to
pharmaceutical constituenthiese studies play a significant role in preclinical drug
devlopment, particularly since the evaluation of potential -dinug interactions has

become mandatory for the registration of new drugs by most regulatory agencies.

For this purpose, various mels/probes, based on various cytochrome P450 sources,
in techngiues which makes use of in wbased protocols, may be applied. These
models include human hepatocytes, which are normally primary cultured (i.e. fully
differentiated) and/or encapsulatedplatocytes; liver slices; microsomal fractions,
prepared from human liver tissue; or microsomal fractions and/or hepatocytes from
animal tissue, such as rats. Athough these models has been in use for routine
application, they are unfortunately all subjéatvarious drawbacks. In this regard,

with respect to hepatocytes in particular, primary culured intact cells are used, which
essentially means that these sources contains complete endoplasmic reticulum
membrane, metabolic pathways, physiogical cofactmosnzymes and active gene
expression. The particularly sigificant drawback of dfierementioneanodel, is that
investigations with one particular isoenzyme is not really possible and for the

requirement of such results, additional statistical analysidsneeaccompany such
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investigations, particularly since most CYP 450 isoenzymes exhibit distinct, but

overlapping substta selectivities

Although, these models are based on viable catalytically active CYP450 sources,
there shortfallings makes theeed for alternative molecular models/probes an
urgency. In this regard, biosensors can play a major role in replacing such systems.
In the context of bioelectroclemical systems and biosensors in particular, it is
essential that aonstant supply ofrenewable sources of biological components are
available.In this regard, genetically manipulated cells, expressing the specified
single CYP gene, through perminant transfection with the cDNA of the particular
enzyme is a highly suitable method to eligyindupply this constant demand,

whereas any of theforementionednodels would not suffice.

1.2.6 Biosensors: The ultamite molecular probe

In the context of all the problem areas identified and elaborated in all the
preceding sections within this chaet, one subject claimgentrestage 6 the
unprecedented urgency for alternative analytical devices for detection, gauntification
and monitoring of specific chemical species, with the overalll@mgdiverse areas
of application.The only proposed analyit device able to meet these requirements
are biosensorsas they have been proven effective for continuousstireal in vivo
and/or nonnvasive monitoring, as well as fietdsting and commercialization, and
as such may be used to complement and/dacepcentralized laboratory techniques.
From a panoramic perspectivtbge rationabehindbiosensodesign and applicatiois
based on theynergistic combination of molecular principles and bioelectrochemical
dynamics packaged as intelligent materials system in self contained integrated
devicesd capable of recognising stimuli, processing the information arising from the

respone to the stimuli and responding to it in an appropriate manner and time frame,
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as such allomg virtually any complex to be screened with minimal assay
development.Furthermore research hashown promise in the potential of these
devices to providdow-cost, rapidrealtime measurement and operationsimple
analytical tools for diverse applitans, including environmental monitoring,
chemical measures in agriculture, food and drug industries, as well as clinical
diagnostics, diseaseand therapeutic drugnonitoring applications Among the
available biosensor types, electrochemical biosensersha most preferred. In this
regard, amperometric electrochemical biosensors are considered the superior choice,
because they are known to be reliable, cheaper and highly sensitive for clinical,

environmental and industrial purpogé8].

From adefintive perspective overall, biosensors consist of two major paitsa
molecular recognition component, which is of biological origend a transducer,
whereas the major processes involved in any biosensor system are analyte
recognition, signal transduction and read@imce the clinical utility of such devices

are highy dependent on the selectivity of the biodetector for the specific target
analyte and to maintain this selectivity in the presence of other potentially, interfering
species, enzymes have receitkd major attendtion as recognition components. In
this reqrd, enzymes are known to have high specificty and hold the ability to enable
reactions that would otherwise not occur,
catalysts. Moreover, biotechnology have advanced to such an extent that any enzyme
can be genatally engineeredhrough the use of heterologous expression systems,
such as mammalianyeast (Saccharomyces cerevisiaehsect cells(Spodoptera
frugiperuda, i.e. Sf9 or Sf2land/or bacterialsystems(Escherichia coli) via a
combination of cloning,expression and purification methodshis has been a
particularly significant milestone for the application for mammalian CYPs, since this
process allows for the preparation of only the terminal oxidase/heme domain of the
particular isozyme, which can swogiently be used in an appropriate biosensor
configuration, and as such elleviates the need for the exteatatal electron

transferdonors. Moreover, N-terminal modification, during the enzyme
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expression/purification process circumvent the problem of lactivity and
aggregation normally experienced by fidhgth microsomal P450 isozymes, and as
such enables the preparation of more soluble enzyme constructs, with good catalytic
activity. A noteworthy fact to addn the subject of enzymes, CYPs in matr, is

that a key factor in the construction of such biosensors involve the development of
suitable immobilization techhagies for stable tethering athe enzymeto the
transducerthe overall aim being, to provide durable and repetitive binding of the
biological receptorto the transducer without imparints catalytic activity and/or
efficiency for the targeanalyte This is of course only possible with well orchestrated
transdwetion platforms, consisting of judiciously chosen carrier noas and
interfacial enhanceamaterials, since the activity of immobilized biological molecules
are known to be dependent upon a combination of factors, inclgdirigce area,
porosity, hydropilic’/hydrophobic character of immobilization matrix, reaction
conditions, the chosen immobilization method etc. Moreawer thick protein shell

surrounding the enzyme active centegroducesa kinetic barrier for electron transfer.

A popular method,that has proven effectual foenzyme immobilization, is a
combination of entrapment and encapsulatifiective entrapment materials which
have shown immense success are polytased Polymers used for enzyme
immobilization and development of modified eetrode films for biosensor
configurations may be devided into two major groufs1 exchange (without
electronic conductivity) and electrotonductng polymers. The latter group also
includes redoyactive electron conducting polymesmong the polymer arices,
the ion exchange polymer, nafidms become a popular choice, and as ,sucith
reseach investigations has been devoted to its use @ wide variety of
electrochemical applications. This perfluorosulphonate ionometreraendouly
versatile materialjincurred by a range of inherently unique properties, which
includes the following:

i) It allows for simplistic membrane formation by either digpin or drop

coating;
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i) It has high adhession to electrode surface with low swelling incaguaedia;

iii)  Its fluorocarbon backbone allows formed polymer membranes to be highly
thermal and chemically stable;

iv)  Nafion films feature internal segregation of hydrophilic and hydrophobic
regions,as such improving physiological enzyme environment mimickang,
quality that can further stabilize the immobilized enzyme molecules.

v) The pol ymer 6s incredi bl e affintty
concentration otationicredoxactive species in the polymer;

vi) The formed polymer confer perselectivity to thedainsor, particularly with
regard to the exclusion of potentially interfering compounds, while
similtaneously protecting the underlying electrode from foulamgl also

preventing norspecific binding of enzyme molecules to the electrode surface.

Na f i diltyte preconcentrate redox active species is an exceptionally pavitol
factor, and as such, can be used for the preparation of melolaied, reagentless
biosensor configurations, which would allow simplified electron transfer between
the enzyme activeite and the transducer surface, through electron shuttling by the
incorporatededox active mediator molecules. This is particularly beneficial in the
case of cytochrome P450 enzymes whoos
surrounding apoproteiand do not readily exchange electrons with the underlying
electrode, while also alleviating thadditional complicationof the obligatory
presence of NADPH electron transfer donofse choice of encapsulation material,
on the other hand, also plays a significant role in successful erfidgmfermation,

since appropriate material will enable longer lifetime of the immobilized enzyme,
particularly in the case ahicrosomalCYP450 engmes, who are known to be
labile and requires a suitable environmenttéoretain activity and function. On the
subject of encapsulation, the natut@bpolymer, agarose, well known for its
bioaffinity and biocompatibility, nortoxic nature, water permedity, high
mechanical strength afdomembrane like film formationhas been widely applied

for enzymefilm formation, in which regard it has portrayed excellent enzyme
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encapsulation with a superior degree of biological activity retenfdh48],
particularly in the case of cytochrome P450 enzyi8s50]. Moreover, agarose
can be synergistically blendid with other atmxic, biocompatible, watesoluble
polymers, such as pdlinyl chloride) yielding hydrogel composites that provides a
biocompatible aqueous microerament for the immobilized enzynjgl].

1.3 Refinement of Research and Research Questions

The preceding sections gave a succinct, but detailed review of the pertinent
subjects pertaining to this dissertation. In this regard, the readdamiliarized with
HAART drugsand endocrine disruptiariority pollutantchemicals With regard to
the ARVs, pecial reference was given to the protease inhibitor ARVs, indinavir in
particular, while other important issuesich asadverse drug reaction considerations,
drug assay methods, therapeutic drugniooing and biotransformation was
emphasizedIn terms of the other subject area on the other hand, much of the
discussion was devoted to AJ&hlorophenol, particularly with respect &spects
surrounding its sources, applications, health impacts aay asethods. Moreoven
addition to the latter subject aredgtaileddeliberations with regard to cytochromes
P450 and biosensovgere given In reference to the major aspects outlined in those
sections, a summary of research questions can be forohwaieh directs the focus
to the relevant problem areas and as such providee focusedenlightenment on

the motivation/rational for the current study.

1 The Pl ARV, indinavir is specifically designed to inhibit the HIV protease
enzyme, leading tooncomitant inactivation of virus particles.

1 In general, pmary antiretroviral drugs are based on three groups which
includes thePls theNNRTIs and theNAs.
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Successful protease enzyme inhibition, and/or general anti HIV eftsmptire
absolute optimuntoncentration of clinically available drugs at the site of
replication.

Drug plasma concentration needs to be regularly monitored to ensure
optimum sustained anti HIV effect.

The recommended standard of care for HIV/AIDS requires inclusion of at
least one Pl im course oHAART regimen

The requirement of regular drug regimen modulation to prevent viral
mutations etc., expose patients to various combinations of Pls and/or
NNRTIs.

PIs and NNRTIs share the same metabolic pathway, which primarily involves
oxidative metabolism in the liver. The major enzyme involved is CYP3A4.
Combination PI therapy can result adverse additive and/or antagonistic
drug interactions mediated hyduction or inhibitiorof CYP3AA4.

Great subject variability in concentration of plasma Pl levels, due to
di fferences i n each-CYP8A4neceskitates tadoged o c hr or
dosage regimens to allow for maximum efficacy and minimum toxicity,
becaussuboptimal concentrations of Pls will ke effecive.

Indinavir may be considered a model substrate for CYP3A4 since it is
exclusively metabolized by this enzyme.

Since drug clearance changes rapidly with age until adult stage is reached,
TDM in pediatic patients, would tremendously aid the selection of correct
dosing regimen.

Constant TDM during antiretroviral treatment is necessary so as to ensure
optimum trough plasma drug concentrations and thus preventing toxicity and
non-adherence.

HIV/AIDS patients are immunaompromised and as such, in addition to
ARVs, receive numerous other prescription drugs, and with CYP3A4 being

the main isozyme responsible for metabolism of most ARVs and
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pharmaceutical xenobiotics, potentially dangerous pharmacokinetic
interactions are highly probable.
Therapeutic drug monitoring during the treatment of HIV/AIDS is highly
recommended, the main reasons being, to prevent adverse drug interactions,
improvement of inteindividual therapeutic efficiency, preventing non
adherene and to avoid drug associated toxicity.
Current available assays for anti HIV drugs are based on centralized
laboratory techniques whose advocation in regard to TDM is discouraged by
numerous disadvantages, which overall causes longatotimdperiods,
leading to delay in results and affects timely commencement of proper dosage
regimen adjustment. This is potentially dangerous for the patient.
Smaller, faster and cheaper devices are highly desired for replacement of
time-consuming laboratorgnalysis.
CYP3A4 being the highest expressed mammalian hepatic and small intestinal
isoform, it also plays a gor role in metabolism and detoxification of
environmental pollutants, one of which is tpertinentendocrine disruptor
chemical, 2,4dichlorophenol.
2,4-DCP is aubiquitouspriority pollutant everincreasingly findingits way
into our wateways concomitantly putting increasestrain on an already
waterstressedountry.
Available detection and quantification methods for-R@P are laboratory
based GC and/or HPLC methods used in conjunction with complicated
detection methods inlcuding SPE or ESI. Moreover, these techrageiest
structured tenable orthe-spot field teting.
As in the case of ARVs, alternative analytical devices for detection ef 2,4
DCP is needed.

1 Coupling of enzymes with deliberately modified electrodes, within a
biosensor configuration, permits rapid, simple and direct determination of
multifarious amalytes, in complex biological fluids and/or environmental

liquid samples. Such devices can be apdiedingleuse, intermittentise or
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continuousmonitoring applications.In this regard, cytochromes P450,
particularly major isoform, CYP3A4, are promigimecognition components,
due to the extensive variety of substreagalytic ability

1 Amperometric enzyme electrodes, having a wider linear range and the
advantage of being able to produce continuous readings, holds a leading
position among available biessors systems presently available.
Sensor is comprised of three essential components: the detector, which serves
as recognition element; the transducer, which converts the stimulus to a useful
invariable electronic, output; and the output system itsefiichvinvolves
amplification, display, etc in an appropriate medium.
The interface between the detector and transducer is an important
consideration during biosensor construction and often constitutes the major
hurdle in the development of an optimum operatevice.

1 Optimum biosensor performance is-éydlarge depended with appropriate
immobilization techniques.

1 Requirements for effective immobilization serves to: retain biological activity
of enzymewhen attached to sensor surfatightly associate biological film
with transducer whilst retaining its structure and functiaduce long term
stability and durability of immobilized biological filmsand of retaining a
high degree of specificity of the biological material to particidelogical
components.
Improvement of biocatalytic efficiency can be achieved through choosing
carrier matrix materials with multifunctional featurdéight immobilization of
mediator molecules within the reagent layer; as well as creating
biomembrandike matrix to mimic physiological conditions.
Among the known immobilization methods, research has found enzyme

entrapmenencapsulation to be superior.
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With regard to the latter research questions @neceding literature
surveyed informationwhich highlighted specific problem areas as it pertains to this
dissertation-The main issues being HAART associated TDM andharspot field
assay methods for endocrine disruptor associated priority pollutéhésmain focus
in terms of the subject of TDMhvolves alternative analytical methods capable of
decentralized analysis, and rdiahe measurementsThe superior method for
executing the task was shown to be enzyrased amperometric biosensors, in which
appropriate miniaturization of bieecognition ad transducer components (which
includes carrier materials) is expected to allow for fast and accurate analysis.

Considering these aspects, the motive for the current study was thus established.

1.4  Scope of the thesis

This dissertation presents and comprehensively discusses the obtained results
for two separate biosensor platforrhgsensor platform 1 and biosensor platform 2,
fabricated and applied for the detection of two distinctly different categories of
substratesWith regard to the biosensor platforms in particulaey shardour major
commonality factors, the first of which is the category offgicognition component
which in both cases is the mammaliamcrosomalhemethiolate cytochrome P450
3A4 isoenzyme(CYP3A4). The second common factor is the mediating species,
which is the electroactive mete¢ntredmediator, cobalt(Ill) sepulchrate [Co(S&)
The otheraspects that both platforms have been designed and fabricated to mediate
the enzymebased bieelectrocatalytic reaction in a reagentless manhkee fourth
and final common factor, isvith regard toone of the major objectives dhe
biosensors, which was fosed on working towards providing decentralized

analyticallybased method for detection and quantification of the selected substrates.
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The first part of the thesis involves the electrocatalytic detection and
quantification of endocrine disruptor compourz4-dichlorophenol. The biosensor
was realized through sandwicbnfiguration consisting ofcommercially obtained
full-length microsomal CYP3A4 withircobalt(lll)sepulchratelerivatzed nafion
membrane.Entrapment of the cobalt(lll)sepulchrate mediatathim the nafion
membrane, was done through a manualgmmecentration method, which involved a
combination of drogoating and mixing.Electrochemical dynamics for this
biosensor is based on amperometric transductibime results for this biosensor is
presented and discussedGhapter 4. This platformwill be referred to abiosensor

platform 1 in the subsequent sections of this chapter

The second part of this dissertation involves the electrocatalégection
and quantificationof Pl ARV, indinavir. The recognition component for this
particular biosensor ishe hemedomain of N-terminally modified CYP3A4
(nCYP3A4), manufactured through genetic engineering, the process of which was
done by the investigator and as such, was notnoentially obtained.Enzyme
immobilization in this particular biosensor is based on a combination of entrgpment
behind the electroactivesolid polymer electrolytenner film, and encapsulatiom
biocompatible ionic hydrogel blended membranéncorporation of the
cobalt(lll)sepulchrate mediator within the inpefion membrane, was achieved
through a novel electrochemicalbased method. The results for this particular
biosensor is presented and discusse@hapters 5A and B. This biosensor will be

referred to adiosensorplatform 2.

It should also be noted that the specific techniques applied in preparation of biosensor
platform 2, was carefully planned to serve as improvement as compared to biosensor
platform 1, particuldy with reference to the preparation of the electroactive carrier

matrix. Moreover, the improvement in the design path wasfatagsed on working
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toward lowering the operating potential of the reduction of oxygen, as compared to

biosensor platform 1.

1.3.1 Specific objectives to achieve the overall goal
In this regard, spesific key research questifors each biosensor platforwas

identified, which are subsequently elaborated.

1.3.1.1  Biosensor platform 1

)] prepare a préormed nafion filmon theglassy carbon electrode surface

i) modify the formed nafion film with the electroactive mediating cobalt(ll1)
sepulchrate species, to form an electroactive carrier matrix. The approach
used here should is kept simple, by applying manual techniques.

iii) characterize the prepared Co(S&pinodified nafion film with appropriate
electrochemical and esitu morphological and structural techniques.

V) monomerize the commercially obained flahgth CYP3A4 (fICYP3A4) with
a suitable detergent, for easy immadaition without aggregation of enzyme.

V) immobilize the enzyme on the electroactive carrier matrix by simple- drop
casting method.

Vi) re-inforce the reagent layer with a thin outer film, as to minimize leaching of
any components.

vii)  Characterize the prepardniosensor with dc voltammetric techniques
appropriate buffer electrolyte medium.

viii)  Probe and investigate the electrochemical interactions of the eriysed

biosensor with the selected model substrate.
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\1.3.12 Biosensor platform2

)] prepare theN-terminally modified human recdmmant soluble CYP3A4
construct, to enable a constant locally available renewable source of biological
component in a cheap simplified manner.

i) do the necessary structural characterization, of the prepared enzyme.

i) Prepareghe preformed nafion film, however, the techngiue used here should
an improvement to method used in platform 1, as to create a more uniform
film.

iv) incorporate the electroactive cationic Co(Séto the nafion film through
the appropriate electrochemilyabased method.

V) characterize the prepared carrier matrix to evaluate and highlight possible
improvements in the formed film, as comparedtie carrier matrixof
biosensor platform.

Vi) create a suitable biocompatible hydrogel that can serve as replaaarntemt
layer for nafion and funstion as stable encapsulator for the immobilized
enzyme.

vi)  Immobilize the prepared enzyme on the electroactive carrier matrix and
prepare the complete biosensor with hydrogel outer layer.

viii) do comprehensive voltammetric charaitation of the electrochemical

characteristics of the biosensor

1.5 Other novel objectives

It is hoped that the work presented in this dissertation will provide an
enhanced insight into the specific interactions between the biorecognition element
and the selected substrates and spechyide an enhanced understanding/insight into
the catalytic reaction cycle for the major human hepatic CYP3A4 enzyme, when the

natural electron delivery system has been replaced by an electromotiveTioice.
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would be a great milestone for these enzymes, since there application has been
limited by the obligatory presence of specialozed physiological electron transfer
donors and other components which have provenextensively complicate

reconstitution systems and biaser platforms for this isoenzyme category.

16 Layout of thesis

The thesis is devided into the following chapters:

Chapter1l  The chapter generally serves as an introduction with particular
reference to the aspects that are of relevance tentire scope of the
dissertationentittedi E|l ect r ochemi c al dynamics o
3A4 i soenzyme biosensor for .proteas
Also discussed in this chapter is the main aims, objectives, as well as

the layout of the dissertan.

Chapter 2 A comprehensive review diieliterature ofscience of biosensonsjth
particular attendtion given to thaspects of relevance to the
dissertationis given In this regard,transducer aspects, molecular
recognition, principles andassification of the enzyme electrode, solid
polymer electrolyte, mediated amperometric biosensors, biocompatible
polymeric hydrogels and biomolecule sesidpport tethering are all

discussed.

Chapter 3A This chaptercomprehensively explains importantetiretical aspects
which are of relevance to the scope of the dissertation: The main aim
here being to provide an enhanced understanginthe school of
thought during data analysis of obatained results, and therefore

provides enhanced understanding of pinesented results. Discussed
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here are the thermodynamic and Kkinetic parameters, performance

factors, enzyme kinetics and genetic engineering aspects.

Chapter 3B General experimental protocols pertaining to émtire scope of the
dissertation, tabulatelistings of materials and reagents used, general
preparative protocols of samples and reagents, relavent calculations
and sample preparation and procedures for selected specializé¢d ex

analysis.

Chapter 4  Here the results fobiosensor platform 1, ent i t Mierabgmal A
cytochrome P453A4 biosensor for the determination of 2,4
dichlorophenol2 an endocrine disruptor comp
and comprehensivalydiscussed The nafioRCMECo(Sep§* carrier
matrix was also subjected to morphological and structural
characterization investigations for which the results are exhibited and
discussedThe electrode assembly of the biosensor, the electrocatalytic
response to dioxygen and substrate, as aglhe biosensor response
in the presence of selected inhibtor was evaluated with voltammetric
investigations, for which the results are shown and discussed. In
addition to this a critical assessment of the observed results are also
discussed, providing @anced insight into the observed results, as well

as additionals observations that was of sugnificance.

Chapter 5A and B The results for the assembly, characterization and catalytic

response for biosensplatform 2 is presented and discussed.
Chapter 5A The resultsfor the assembly and characterization @imposite film

consisting of nafion and electrochemically deposited cobalt(lll)

sepulchrate [ECo(Sep)3+] is presented and discussed.
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Chapter 5B The results for the Nerminally modified geneticallyengineered

Chapter 6

Chapter 7

human recombinant P458A4 (nCYP3A4) biosensor for the
determination of protease inhibitor ARV drug, Indinavir is presented

and discussed.

This chapter summarizes all of the major findiagobserved from the
research investigatiowith respect to the results shown and discussed
for biosensor platform 1 and biosensor platform 2. Important future

recommendations are also given.

References
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CHAPTER 2

Biosensors: A Review of the relevant aspects

Real Time
Analysis
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Chapter Prelude

The current chapter provides a comprehensive literature surveyd directory, of the
relevant aspects and subjects on the area of sensors and biosensors as pertaining to
thespan of this dissertatioRrom a general perspectivesystematic description cd

sensor and/or biosensor should include five features. These are (1) the detected, or
measured parameter; (2) the workoyerating principle of the transducer; (3) the
physical and chemical/biochemical model (used to evaluate functional properties and
qudity of the sensor); (4) the area of application and (5) the technology and materials
for sensor fabrication. These issues are discussed in great detail, with the key focus
centering aroundhpproach, design and utility of biosensors from the cytochromes
P450 viewpoint. Elaborated discussions of selected subject areas highlighted in

chapter one, is also featured in this chapter.
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21 Introduction

The human body is equipped with at least five sensors, including the nose, tongue,
ears, eyes and fiegs[1]. Eachd s e nlody-payibrecognises a specific component,

for example, the nose reconizes smells; the ear, sounds; the eyes colours and light,
and the fingers reponds to physical toildh effect, these recognition events may be
referred to ag detectionevent Concomitantly the messagom the detection event
getsconveid to the brairafter whichthe body thenin turn, responds to the stimulus

in an appropriate manndn this context, a sensor may be defined as:

fia device that detects aneasures a physical property, and records, indicates or
otherwise responds taif52].

Sensors may be devided into three typdsich includes physical sensors, chemical
sensors and biosensors. Since physical sensors are not within the scope of this
dissertabn, they will not be elaborated on. A chemical sensor on the b#mef has
definate relevance to biosensors and as such may be defined as follows:

i A chemical sensor is a device which reponds to a particular analyte in a selective
way through a chemitaeaction and can be used for the qualitative or quantitative
determination of the analyd¢52].

Biosensorsin turn, may be regarded as a ss#ction of chemical sensotsyt are

usually treated as a subject in their own right, and thus may be discusssépasate

topic.

2.2 Biosensors

Biosensorshave a potentially large market, covering areas of clinical
diagnostics, therapeutic drug monitoring, process control, food, military and
environmental monitoring53-55]. Theseanalytical device areunique n thesence

thatthey may be describeas self contained, all parts being packed together within
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the same unit, the@ecognition element being in direct spacial contact with the
transducer componenit4, 5657], and as such, thies term ¢
miniaturization and electronics. However, the latter description is not really

definitive.

2.2.1 Biosensor structure andfeatures

Biosensors are small devices which employ biochemical molecular recognition
properties as basis for selective analyBismaking use of biological molecules as
recognition element[54, 5%#59]. The biological material is either intimately
connected toor intigrated within a transducer device which in turn convtrés
biochemical signal into a useful invariably electronic outguschematic description

of biosensor in terms of key components and operating principles are shown in

Py &>
.‘0 ==

+%e
<= _Data

Electrical | A‘cquiikition i
Amplifier ~And
| Display?

Signal

Analyte
Matrix

Biological
Recognition
Element

Figure 2.1 Schematic representation of biosensor components and operation

As shown inFigure 2.1, the essential componentsf a biosensor is, the biological
component the analyte matrix, the transducer, the amplification, processing and
displaying system§3-55, 5360]. The biological component selectiyeecognises

an analyte or class of analytes of interest (i.e. the physical stimulus), and as such
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functions as the recognition element. The recognitomponentitself, may be
divided into two distinct sugroups, which is catalytic and naatalytic. The
catalytic group includes enzymes, mi@ganisms, whole cells and tissues, whereas
the noncatalytic groupmay includeanitbodies, receptors, nucleic acid, DNAC

[54]. In the context oftiis thesis, enzymese applied as recognition elemei@n the
subject of enzymesan important fact to add, thatin terms research output and
commercial applicationthey have enjoyed the major attendtion due to the fact that
they are directly linkedot the historical concept of the biosengbr, 5556], as well

as their inherent qualities, timeost eminent being their catalytic ability and substrate
selective behaviouiThe function of the transdugewsn the other hands to convert

the biological recognition event into a useful electrical signal/oy§yt5859]. The
convertion process cofers-thirectional signal transfer to and from the biological
recognition element (nowlectrical to electrical and vice versa); also noteworthy is
the fact that the transducer part bé tbiosensor is also a detector, or elect{6d¢

The output from the transducer is amplified, processed and displayed by an output
system, consisting of an electrical amplifier in conjunction with data atquisind
display instrumentatiofb4, 5859]. Furthermore, on the subject of transducers, it is
noteworthy to add that it also plagspavitol role in enzyme stabilization, which is
achieved through an interfacial region, consisting of specific carrier matrix materials
which are normallyntimiately associated, drghtly bound to the transducer surface
and as such, providing theatrix supportfor enzyme immobilizatiorand electron
transfer With regard to the manifold functions of the transducer, it is irrefutable to
admit that it plays a significant role in (bio)sensor functioning and application and in

this regard may be discusse&dgreater detail.
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2.2.2 The Transducer

An important aspect of biosensors are their classificatitiich amongst
others, is highly dependant on the transduction process. In this regard, the specific
operation principle of the transducer is a key factor, sihcells us how the
biological recogition process being monitored is converted and transdiocebitain
a detectable signal. Imiew of the latter the transducer makes use of a physical
change accompanying the recognition reactahich depending on the type of
biosensor, differs accordinglyhesemaybe[59]:

1 The heat output (or absorbed) by thschemicalreaction: alorimetric
biosensors

1 changes in the distribution of charges stiag the production of a electrical
potential:potentiometric biosensars

1 movement of electrons produced in a redox reactiamperometric
biosensors

1 light output during the reaction or a light absorbance difference between the
reactants and productsptical biosenosrsor

§ Effects due to the mass of the reactants or prodpiesaelectric biosensors

A compilation of biosensors classified in tems of their transduction method and

application, respectively, is shownTable 2.1.

Table 2.1 Biosenso transduction systenand meas@ment modes

Transducer Detection or Transducer Detection or
Type measurement mode Type measurement mode
Fluosence
Amperometic Luminescence
Electrochemical Potentiometc Optical Reflection
conductometric Absorption

Surface plasmon
Resonance scattering

Thermal Calorimetry Piezoelectric QCM
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Enzyme thermastor SAW
(heat of reaction or SH/APM
absorption) Lamd wave

Among the list tabulated ifiable 2.1, biosensors withlectrochemical transduction
systemshavebeen found to overcome most of the disadvantages wich inhibit the use
of other types of biosensors, and as such hawerred the most attendtiomnd
appropriately, much research has been dedicated to this type of biosensor
developmentThese devices cawmperate in complex (turbid) media, have comparable
instrumental sensitivity and are more ammendable to miniaturizadtiderms of the
specific measurement modeletrochemical biosensors may be devided into
conductometric, potentiometric and amperometrigpes. Amongst these,
amperometric biosensor configurations arerttest common, the main reasons being

its high sesitivity and widelinear range.

With regard tahe practicalaspects oinvestigaion purposesthetransducer refers to
anelectrode, with is in intimate contact or integratedth the biological recognitin
componen® otherwise known as the working electrqifE). Research has shown
that the rate of electron transfer across an electsoligion interface is directly
dependent on the phical and chemical properties of the working elecrode material.
In this regard, theelection of WE is very importanElectrochemistry and electron
transfer of proteins and/or enzymes has been invetsigatedarious types of
electrodes, inclding Au, Pt, metal oxide electrodeuch as 1503), glassy carbon
electrodes, pyrolytic graphite electrodes, eidnongst the latter list, glassy (or
vitreous) carbon has shown tromendous promise because of its excellent mechanical
properties, wide potential windg chemical intertnesghighly solvent resistent),
increased reversibility for several redox complexes and reactions involving
subsequent proton transfeas well as itsrelatively reproducible performance.

Appropriately, glassy carbon electrode (GCE) wsed as WE in the research
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investigation outlined in the current dissertation.phrticular, aGCE, deliberately
modified with appropriate material including peelective membrane,
electrochemically and/or manually pcencentrated meator species andhybrid
compsite biocompatible biopolymer hydrogélsin short chemically modified glassy
carbon working electrode was usddaterial types and specific techniquase
discussed in greater detail subsequensections within this chapter aridllowing

chapers.

Since the biosensor configurations in this thesis is based on amperometric
measurement, this subject area will be discussed in greletail, and all relevant

subsections will be discussed in terms of thigifipeperating principle.

2.2.2.1 Amperometric Biosensors

The origin of the novel field of analytical biotechnology as whole, is
directly linked to amperometric devices, and as such, this class of biosensors are the
most prevelant, the most extensively researcbechaving the widest avaible
configurations, while also being the most successfully commercialized devices of
biomolecular electronics[17, 56] The poineering work in the history of
amperometric biosensors was done by Clark and Lja#s61-62], who gaced the
enzyme, glucose oxidagset t he surface of the oxygen
a semipermeable diallysis membrane, so creating an ensbased electrochemical
amperometd biosensor configuration. In this regardcan beunequivocallystated
that they invented the condep f t he nenz[y7ms6] Tadirevorkwao d e 0
further researched and developt by Updake and HIcks56, 63] and, overall, the
combinedefforts set the stage fdhe eventual realization of the first successful
commercial biosensor, the eminent glucose sefis@ri an indisputably valuable

asset for sufferers of the chronic condition known as diabB&#sg small, portable
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and with high specificity it enables the patient to do rapid routine blood and/or urine
glucose level measements, which in turn allows for manual adjustment of insulin
dosage, and asuech its development has revolutionized the health care and
pharmaceutical industriesSince then, thescientific arena has witnessed a huge
prolifiration of amperometric bioseonr configurations in diverse areas of
application, including drug and metabolite measurement, clinical diagnostics,

environmental monitoring, chemical measurements in agriculture and fo¢ai8ktc

In a definitive context, the principle of the amperometric techniquessdban the
measuremenmnonitoring of the current associated with the electrochemical oxidation
or reduction of an electroactive species involved in the recognition pridessr

58]. The process of amperometry is usually performed by maintaining a constant
potential at a Pt, Au, or carbon based working electooam array of electrodes. The
fact that a sufficient voltage across the working electrode is essential to allow a
specific (oxidation/reduction) to take place requires a reference electrode with known,
fixed and stable electrode potential to be inclustethe cell design, examples being
silver-silver chloride or calomel electrode. With regard to enzybased
amperometric biosensors, the electrochemically reduced or oxidized enzyme
catalytically converts electrochemically nantive analytes (substratesjo products

at the working electrode at a specific potential with respect to the particular reference
electrode. The resulting current is directly correlated to the bulk concentration of the
analyte or its consumption rate within theeaadjacento the biocatalytic layer or to

the product, since the product is proportional to the-elentroactive enzyme

substrate.

Due to the nature of their operational principle, amperometric sensors, including
biocatalytic amperometric sensors, alter the conceotradf the analyte in their
vicinity; these sensors may reach a steady state but they never reach equilibrium.
With regard to specific steps involved in the recognition procegkipie steps are

known to occur during the biocatalytic reaction which inekithe following52]:
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1  The electron transfer reaction, which encompasses the transfer of electrons
between the electrode surface and molecules in the analyte solution adjacent to
the electrode surface. This process is heterogeneous.

1  The other process involvéise transport of molecules from the bulk solution to
the electrode surface, which normally involves the movement of material from a
high-concentration region of the solution to a low concentration region (the
electrode surface) and may thus also be refaoes diffusion.

1  Chemical reactions coupled to the electron transfer reaction.

The rate of the overall reaction is generally determined by the rate of the slowest step,
known as the rate limiting step, and as such, the actual response may thus reflect

masstransport or kinetic limitations.

Overall, amperometric biosensors can be classified into three genefafipb8, 64

65]: In the earliest ofirst generation biosensor§GB), the normal product of the
molecular recognition reaction diffuses to thansducer and causes electrical
response (current induction). The original glucose electrode, which relied on
molecular oxygen as the oxidizing agent belongs to this group of biosembers.
decrease in oxygen, or the formation of hydrogen peroxide is neglwith a Clark
oxygen electrodeThis generation of biosensors, however, have some inherent
drawbacks:

a) The applied potentialequiredis too high,resulting substantial interference
from other species in complex matrices
b) The concentration of thelissolved oxygen is fluctuant, which leads to
systematic convolution;
c) The tenuity of the dissolved oxygen extensively decreases electrical currents,
which in turn influences the detection limit.
To circumvent the inherited drawbacks of first generatiorsdnsors, the idea of
electroactive, artificial compounds was proposed, giving rissetmnd generation
bioensors(SGB). The operating principle of second generation biosensors involve

soluble low molecular weight redox compounds, known as mediators, sinidties
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electrons between protein (enzyme) and transducer in order to generate an improved
response. Common mediators are ferrocene complexes, whose structures consist of a
sandwich of the cation between two cyclopentadienyl (Cp) anidresresult of usg

these articficial electron acceptors, is thar measurements become insensitive to
oxygen fluctuation and can be performed at lower potentials thatajyopreclude
reactions with interfering specieSor this biosensor class, the mediator is normally
contained within the tessolution, adjacent to the biocatalytic lay&uch devices

have been commercialized, mostly as single testing format. The other group,
third-generation biosensord@GB), are signified by the progression from the use of
freely diffusing mediator (O2 or artificial), to a system where the protein (enzyme)
and mediator are eimnmobilized at an electrode surfageaking the biorecognition
component an integral part of the electrode tranducerim@uwbilization of the

protein (enzyme)an be accomplished by different methods, such as redox mediator
labeling of the enzyme followed by enzyme immobilization, enzyme immobilization

in a redox active polymer, or enzyme and mediator immobilization in a conducting
polymer. Overall, thiregenerabn biosensors offer all the benefits of second
generation sensors, with the inclusion of some modifications and new additions.
These biosensors are setintained in the sense that there is no need for adding
additional mediators or enzyme. Therefore, sthdesign ficilitates repeated
measurements. Also noteworthy, in the context of tgederation biosensorns, that

due to enzymesd renowned superior select
direct electrical contact of enzyme to electrode has laden attempted and reported.

This would obviously be the superior choice, since it would enable a lower operating
potential and thus less susceptability to interfering reactions, however due to their
physiological makeip (which will be discussed latespecifically in terms of
microsomal CYP450 enzyme), most enzymes cannot exhibit direct electron transfer
(DET) at normal electrode surfaces. Hence, achieving DET within the development
of TGB has been a fAbottlenecko,tfawi th suc

proteins (enzymes). One such protein, is cytochrome c.
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The concept and principles of mediators and medibiesensors will be more
comprehensively discussed within the context of amperometric configurations for

microsomal P450 enzymes in subseyisections.

2.2.3 Molecular Recognition

As highlighted in previous sections, an important aspect/feature of
amperometric biosensors, is the molecular recognition event, which depending on the
nature of the specific biological element (i.e. catalytic or-catalytic), in turn
determines the typef analyte or substrate to be measured/detebitedtie case of the
current dissertation, the recognition element is enzyme based, and as salgticcat
in nature In particular, theenzyme used sytochrome P450 isozyme, CYP3A4
discussed ilfChapter 1, it is the major human hepatic cytochrome P450 isozyme, and
as such, is the most important enzyme in the metabolism and detoxification of
xenobiotics within the human body. A schematic representation of the contributions
of CYP450 isozymes and nd&2lYP450enzymes is illustrated iRigure 2.2

Figure 2.2 Contribution of major human hepatic cytochromes P450 isozymes ad
non-P450 enzymes to phase | metabolism of all xenobiotics
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As shown in the above figure, the major contribution to phase | wietabis
assigned to CYP3A4The structure of CYP3A4 has already been comprehesively
discussed irChapter 1, and as such will not be elaborated ainthis stage, but in
short: CYP3A4 is a class Il, microsomal heme thiolate enzyme, whose main function
is the monooxygenative metabolism of lipophilic xenobiotied schematic
representation, showing a comprehensive overviewas$tepwisecatalytic reaction

cycle, of themonooxygenation processilsistrated inFigure 2.3.

ROH P-Fe"H,O
Source of electrons:. RH
-NADP)H
- cyfochrome bs
(RH)P-(FelVO)3* (RH)P-Fell

[ RH+ O, + 2e~+ 2H* - ROH+ H,0
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Alternative Source of electrons: =
(RH)P-FemOOH L

= Cumene Hydroperoxide

(RH)PX‘eHO; (RH)P-Fell

’ <H+
) e_ (RH)P-FeH‘OZ o 0,

uncoupling / \
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\
ROS \ uncoupling
A
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Figure 2.3  Physiologicalcatalytic reaction cycle of CYP3A4, showing enzyme
substrate interaction and natural electron transfer (ET) donor source, with general

eguation shown. Also shown, is the alternative sources of ET for C¥B@Bstrate
catalytic function
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As observed fronfrigure 2.3 In the absence of a substrate, at the beginning of the
cycle, CYP3A4 heme iron is in the hexacoordinated low spin Ferric)(§@tewith
water being the sixth ligandsubstrate binding to the hexaordinated lowspin
ferric enzymedisplacesvaterligand from the active site, resulting in a change to the
5-coordinate higkspin state which is accompanied by a marked positive shift in
redox potential (x 130mV)66], signifying the thermodynamic favodniéity of the

first electron transfer step. It is noteworthy to add though, thabime instances,
substrates may induce only partial spin shift thus resultingmueh smaller or even

no redox potential shiftThe transfer of the first electron fromative electron transfer
donor, NADPHP450 reductase (via FMN and FA)lows, thusreducing the ferric
iron to ferrous k" + € Y  F)estate of heme. This can now bind molecular oxygen,
forming a ferrousdioxygen (Fée'-O,) complex (also known as the oxerrous
comple®y. On this subject, it is important to add that the -fyous ntermediate
represents the first branching point between substrate turnover and the abortive decay

with the formation of harmful radical67].

After the formation of the oxyerrous interrediate, he second electron is transferred

to produce a ferric peroxy anipowhich is concurrentlyfollowed by protonation of

the ferric peroxy anion, yielding an irdrydroperoxo(F&-OOH) (intermediate)
complex, which undergoes subsequent heterolyti@ @) cleavage, to release a
water molecule and a highly active iroro ferryl species, formally equivalent to a
Fe(V) 90 s pdeCommosnd IfR3].nThis compound (or a similar reactive,
electrophilic ironox 0 i nter medi at e) tteh sonplacing brtea ¢ k s 6
molcule of molecular oxygen into the substrate and as such yielding the hydroxylated
product which dissociates to let the cycle start aga@mimportant factor to bare in
mind, during the second electron transfer step, is, ihatddiion to NADPH
reductase, depending on the substrate, additional redox pathways involving
cytochrome b5 may also be necessary. These can occur thtioeigiollowing

scheme:
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NADPH =—> P450reductase (FAD, FI\IN?TP:&AJ

NADH =2 b5reductase (FAD) = b5 —>» CYP3A4

Al t hough CYP450 enzymes6 <catalytic cycle
binding being the intial step, electron transfer may of course also proceed without the
presence of substrate, but tikelihood of reactive oxygen species,nsreprobable

in suchcase.

With regard to theoverall catalytic reaction cycle for CYP3A4 and all microsomal
CYP450 enzymem general therearetwo possiblemajor abortive reactionshown

in red and grey, respectively figure 2.3: (i) autooxidation of the oxyerrous
enzyme intermediate with concomitant production of harmful radi¢alsself
inactivation processand (ii) oxidase uncoupling with oxidation of the ferodo
intermediate. Both of these reactions, known as uncoupling/decoupling reactions,
producehighly active oxygen species (ROS) by autdation in vitro and in vivo,
particularly without the presence of substrate and as sutdgnsively complicates the
reaction cycle of this enzym®/ith the regard to these uncoupling reactions, the first
one las been documented as the most significant, becawas ghown to be thast
branching point in the catalytic cycle oficrosomalcytochromes P450 enzymes, in
which the efficency of the substratmetabolismmay becurtailedby the side reaction

of autooxidation. In a definitive context, this particular uncoupling reaction is
characterized by the release of superoxide within theyne®, followed by its
disproportionation and generation of hydrogen peroxiaesource of harmflu
hydroxyl radicalsIn humans, such obortive decay reactions can induce apoptosis, a
process which may result oell death anadtancerous growthsn this regard, this
oxyferryl intermediatechas beerdocumented as being the most important natural

deteminant of CYP3A4 activity anfdr human xenobiotic metabolism
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2232 The enzyme electrode: Principles and classification from the
microsomal cytochrome P450 viewpoint

In light of precedingliterature reviewed sections on the structure and
function of CYP3A4, both in the current and previous chaptee point isnfallibly
clear Electron transfer (ET) is the key juncture to generating the necessary
catalytically active species within the enzyme heme pocket for succéssétion
and/or substrate mddalism 0 an aspect that pertes to all P450s, whether
microsomal, mitocondrial, or bacteriahs shown, m vivo, these pivotal ET steps are
achieved througtlstructured schemes with nativeeely dissociated NAD(P)HET
donors However, the whole process icomplicated and compromised by the
possibility of uncoupling reactionsvhich may abort substrate monooxygenatidn
this regardbeing such a versatile and pivotal mammalian enzyme, with multipurpose
in vitro studies being highlppportune these comptations needs to be taken into
account and innovative techniques would have to be applied to prevent such
occurancessince such studies is normally done with the obligatory presence of the
ET donors, either in the form of fusion protein constrgotsmtaning heme domaiof
P450 enzyme linked to flavoproetin domain of NADPHI5(, or seperatelyadded
within the enzyme reconstitution sample Moreover, mammalian microsomal
CYP450 enzymes are known to be labispecially in reconstitution solutions,
requiging several reagents, such as glycerol, dithiothreifsiospholipidsand
protease inhibitors for some degree of stabilizatiamich means that such
aforementioned@omplications would compromise the function of an already unstable
enzyme.Furthermore, NAD(P)H is expensive, decomposis over time, gets exhausted
after the first electron donation step and needs to be regenerated, but is difficult to

recover once oxidized.

One the other hand, the heme iron, may be regarded as a sink fomggegdatrons,

and in this regard, alternative souraelSET to the enzymanay be an option.
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Interestingly, the sc al | ed Ashunt o reacti on, whi ch
peroxides, such as hydrogen peroxide, cumene hydroperoxideertbutyl
hydroperoxde as alternative electron source has been documé2deds8] The
reaction works on the principle of cytochrome @4fependent catalytic substrate
metabolism without the necessity of stepwise activation of molecular oxygen or
interaction with native electron donating systems. Indeed, success in substrate
turnover hasbeenattained, however, thigs at the expense ashortenedenzyme
activity [68-69], with enzyme denaturation observed within as short as one hour.
Needless to say, fomodern day requirements1 healthcarg pharmaceutical,
industrial and even (bio)catalytic chemistelated research activities, this would be
impracticle, and as such, alternative methods of electron sduasdsecome a highly
envisaged quest.One of the alternative methods of P450s reduction is
electrochemical methods with an electrode as electron sobnzgme electrodes
based on P450s are promising for the application of biosensors and bioreactors.
Moreover, enzyméased biosensors function on the mise of an immobilized
enzyme, an aspect in itself that, if dopaliciously with carefully orchistrated
interfactial enhancermarix materia] would significantly stabilize the biological
molecule sincethe latterare generally known to have very short lifetime in solution

As earlier stated, electrochemical biosensors with amperometric transduction is the

most preferred biosensor configuration.

The design path and development of such an endyased biosensor gfarm is not
just a frivolous, extemporized putting together of components, but requires an
absolute meticulous approacparticularly since the aim is the fabrication of a
reagentless configuration in which the enzyme is integrated withirfetbetrodé
transducerln this regard, there are fundamental aspects that needs to be taken into
considerationas well aspecific criteriathat needs to be satisfied for the biosensor to
be of practical use. These include the following:

1 The iror(lll) protopohyrinX prosthetic group of the enzyme is deeply buried

within the active site and surrounded by a thick protein shell. This is a natural
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phenomenon, particularly in P450 enzymes, designed by nature to protect the
redox state of the integrated cofactor, thusidgimg any unwanted processes
with free-diffusing redox species. However, ttieck protein shell introduces

a kinetic barrier to electron transf@ihe significance of thistrinsic property,

is that direct transfer, involving a simgic electrontunneling mechanism
between the electredand enzyme active site is not reafasible and as
such, specialized ET mechanisms need to be used.

Proteins and enzymes tend to undergo rapid-spacific and irreversible
adsorption ontgmeta) electrodescoupled with conformational changes and

the consequent loss of actvity (denaturation), the result of which is the
formation of an insulating protein layer which hinders/prevents electron
exchange with electrodes. Thus, appropriately, preventative measedsstoe

be inplace, to avoid such unwanted interactioBsch methods will be
discussed in greater detail in subsequent sections.

During the course of the reactions sequence in amperometric biosensor
operation, the redox state of the enzyme is altered susdich, has to be-re
generated at the electrode surface which is poisedutable potential. This
can only occur I f the enzyme is |1 mmobi
(anisotropic)orientation that will enable effective electron transfer to and
from the enzymeds prosthetic group.
According to the Marcus theofgr biological electron transfer [ §ne of the

major factors affecting electron transfes the distace béween the redox
species which in enzymebased biosensorss highly dependent on the
accessibility of the enzymed6s redox si-t
the immobilized enzyme. In this regard, the deeply bueiledtrically
insulating nature of CYP3A4 prosthetic groump itself lengthens the elecoin
transfer distance between the enzyme and electrode. Moreover, the added
effect of possibleunfavourable enzyme orientation willirther drastically
impedeET. This essentially means that innovative techniques is required to

enable electrochemical commigation between the enzyme prosthetic group,
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while also allowing anisotropic orientation of thtegratedenzyme atop the
electrode surfacelhis can only be achieved through the inclusion of suitable
electrode modifiers and ET enhancers, collectivelpvm as interfacial
enhanig material

1 The other major factorswhich,accor di ng t o dirbttyraffeass 6 t he o
the kinetics of electron transfer betwd®m redox spcies, is the driving force
(i.,e. the potential difference) and the reorganizational energy. Of the
aforementionedactors, the reoganizational energy qualitayivedflects the
structural rigidity of the redox species and in termsaafimmobilized
enzyme,is decidedly determined by the immobilization method. Enzyme
immobilization needs to bdlexible enough toretain the structural and
catalytic integrity of the enzymaevhile also facilitating electron transfer to
and from the electrode surfaeedallowing access to the active site for the
specific substrate withoutequiring large reorganizational energy during
electron transfer and/or electrocatalytiactioning.

1 Proteins and enzymes and most other biomolecules is vulnerable to extreme
conditions such as temperature, pH and ionic strength and in this regard, the
enzyme film needs t@rovide the necessary protective environmeta
maintain intrinsic properties of éimmobilized biomolecule.

1 The immobilised biological film needs to have long term stability and
duribility.

1 Reagentless biosensor ¢gurations require tightfixation of all sensor
components on the electrode surfaoaypled with an ET pathway either by
direct electron tunneling, or securely immobilised redox relagpropriately,

sensor architecture have to be designed with this purpose in mind.

In consideration of the preceding factors and to fulfill the criteria of designing an
optimisedenzymdéCYP3A4) based amperometric biosensitris apparent thathe
main aim should beto increase the electronic coupling by using electrode

architechtures with predefined ET pathwayterconnecting the redox site within the

49



Chapter 2 Biosensors: Areview Of The Relevant Aspects

enzyme and the electrode surfao®l facilitating communication between the latter
two species, whilanaking the ET distance as short as possiblas is in turn
critically dependent on the immobilization method and as such needs to be discussed

in greater detail.

2.2.3.12 Biomolecule solid-support tethering: Immobilization methods,
biorecognition component coupling techniques and other relevant

aspects

As discussed in the forgoing sections, an essential step in biosensor
develpment is imding of the biological component to the transducer element. This
immobilization feature will dictatehe ultimate reliability and performance of the
biosensor.Several methods can be used téher biological molecules to solid
electrode supportpf which the main methodsinclude adsrption, crosslinking,
entrapment and covalent bindindd schematic representation of these methods are
shown inFigure 2.4 These methods may be used in combination with each other or
in conjunction with other techniquet a thorough discussiorof the various
techniquedollows subsequentlyin this regardsubsequent discussion is based on a
combination of documented literatter, 5354, 58, 6465, 70]
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Figure 2.4 Major immobilization methods for prates, enzymes and other
biological moleculesnto solid (electrodg supports

Amongst the above methods, the most simplisticl oldestinvolves adsorption.
Adsorption of biomadcules from solution onto solid surfaces can peacby means

of either physical or chemical interactions. Physical adsorption involves van der
Waals forces, ionic binding or hydrophobic forcedereas in chemisorption on the
other hand, there is a sharing or transfer of electrons to form a chemiahl bon
Adsorption has been successfully applied to coypleteins and/or enzymes to
various solid supports, including derivatized glass, plastics, silicone rubber and most
recently, conductive electrodes for biosensor applicatiime binding of such
biological components through physical adsorption can be directly measured via a
piezoelectric qaurtz crystal microbalance (QCM) or surface acoustic dewiee

which functions by detecting frequency changes, which are related to the amount of
protein/enzyme boundnto the solid surfaceln addition to theaforementioned

methods, optical techniques of surface plasmon resonance (SPR) and ellipsometry
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have also been employed to detect refractive index changes at the surface of a thin
metal film as a result obiomolecule adsorptionOverall, he main advantage
associated with adsorptiprs that it is asimple method which can be performed
under mild conditionsHowever on the other handjiomolecules tethered through
adsorptionwere found to exhibit a certadegree of reversibilitandfurthermore, the

forces involved in the binding are not very strohgthis regard, with respect to long

term stability, duribility and tight association of the enzyme fibm, its own,this

particular methods notintirely conducive

One dlternative approach to attachment of biomolecules to electrode surfaces is
through covalent bindingwvhich involves attachmemnto the solid surface through

the formation of defined linkage¥his technique has been documented to result i
minimal loss of biomolecule activity, and in additidrgve been shown to overcome
problems assmated with instability, diffusio and aggregation, or inactivation of
proteins commonly experienced when biomolecules are trapped on sensor syrfaces
other methods Bifunctional reagentsand spacer moleculesuch as gluteraldehyde,
carbodiimide, sugaimide esters, maleimides and periodate are commonly used for
this method. The principle of covalent binding is based on the premise that
biomolecules such as proteins and enzymes hearey functional groups present for
covalent linkage onto surfaces; these include aramd side chains (e.g. lysine
amino acid groups), carboxgtoups (e.g. aspartate and glutamate), sulfhydryl groups
(e.g. cystein), phenolic, thiol and imidazole groupke actual coupling procedure
betwea the enzyme or the protein and the solid support is best achieved through
functional groups on the biomoldeuwhich are not required for its biological
activity. On the other hand, the solid support is usually chemically modified, with
specific reagents in order to introduce a functionality (also known as surface
activation) which may then be coupladth the potein/enzyme Covalent binding
generally have the advantage that the biomoleculsuallystrongly immobilized on

the surface and therefore unlikely to detach from the surface during use. However,

absolute care has to be taken that the reagentsruaelievingimmobilization of the
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biomolecules on the surfaces do not result in a loss of activity due to reactions
involving the functional groupsMoreover, although covalent couplipyocedures
have yieldeda substantiatiegree ofsuccesdor a number obiosensor systemshe
drawbacks of this methodnd associated tecigueshave been documented as the
production ofrandomly oriented, neaniform structures of inactivated enzymes or
protein molecules on the electro@®olid support or sensogurface.This in turn
highlights the need for immobilization methods which are capable of producing

uniform, active layers of immobilized protein/enzyme.

The next method which proved to compensate for stwrtings observed in the
aforementionedmethods, envolves a procedure based on entrapment of the
biomolecule. In this regard entrapment matrices inc(asdmipermeable membranes,
polymers(including non conductive conductive and redox polymersurfactants
sokgels biopolymerhydrogelsand/orredox hydrogelswith redox centressuch as
[Os(bpy}Cl]*%*. In a definitive context, entrapment simply involves the confinement
of the specific biological moleculg.g. a solution of enzyme, a suspension of cells,
or a slice of tissue) as a thin film covering/inteégdeonto the transducefelectrode)

With regardto membraneand/or non conductivébasedpolymer confinement the
negatively charged perfluorinatestilphonatepolymer, NafionE , has proven to be
quite popular particularly, due to itsnherent property ofreducing interference
reactions through charge repulsion and as ,senhbling it toalso be utilized as
semipermeable membran®©v er al | , haN bden wilizdel in numerous
biosensor configuratiorfer enzyme/proteimtegrationonto electrode surfaceSince

the specific protocolsapplied in this dissertationincludes Nafion membrane
confinement,hite specific structure and function of Nafion is discusseslibsequent
sections A number of other polymers have been used for inclusion of proteins,
enzymes cells andorganells. These include poly(virglcohol), polyvinyl chloride
cellulose acetatepolycarbonateand polyacrylamide With regard to conductive
polymer confinement on the other hand, the method of electropolymerization has

widely been used tammobilize proteins in electrochemically formed polymer films
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at electrode surface3his allows forelectron transfer througimolecularwiring of
the protein/enzyme to the electrode and as shab,been ofmmenseinterest in
electrochmamical biosensorsVarious polymer films, havieeen created on electrodes
using this approaghthe most eminent beingolypyrrole and polyanilindased.
Immobilization of the proteinfenzyme in a polymer film at afectrode by
polymerization can be performed in two ways: €lectropolymerization from a
solution containing protein or enzyme, mediator and monomersi@pemethod); or
electropolymerization from the monomefand mediator) containing solution,
followed by dropcoating or electrochemical adsorption of the @irotor enzyme
(two-step method).Entrapment of proteienzymes in thin bilayer lipid membrane
films has become populer, since it is thought to provide a biomembkane
environment, characterised by a liquig/stal milieu. Such membranes can be
fabricated by drop-coating or langmuir blodget (LB) depositioBntrapment within
self assembled monolayer filnase also commarOverall, entrapmerbasedmethod
do, however, suffer from the weakness lebkage of biological species during use,
resulting in some loss of activity. In this regaadiditional re-inforcement through
crosslinking usually alleviates the problem of biomolecule leakage.

Crosslinking of biological molecules by means of multifagar reagents affords
improvedstability of biological molecules, confined both as adsorbed, entrapped or
covalently bound species. Gluteraldehyaich couples with lysine amino groups of
proteins (enzymes), is undoubtedipe most common crosmking agentin
biosensor applicationgn addition to gluteraldehyde, other examples of ctivgsng
agents includehexanethylene disocyanate, 1:8lifluoro 2,4dinitrobenzene and
diazobenziding , -@isulphonic acid, etc. Indeed, as with aaghnique thee are of
course a number of disadvantagssociated with this method: Gdmplete control of
the reaction is difficult and tricky; (ii) the protein/enzyme layer formefeiguently
gelatinous and not rigid; most often, large amountsbiological mateml are
required; (iv) crossinking can result in the formation of multilayers of

protein/enzyme, which may result in low activity of the immobilized layers; (v) large
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diffusional barriersto the transport of species may result, leading to retarded

interadions.

The other alternative methodor the immobilization of biological molecules is
encapsulation, which can be daneceramics, glasses and other inorganic materials
using solgel encapsulation techniquéVith respect to the sael procedure,
biological molecules are entrapped in an aqueous microenvironment in a porous
matrix, an example being the polymeric exadged SiQ network. In this regard, the
matrices areporous wet gels formed by the hydrolysend condensation
polymerization of metal and semmetal alkoxides, mostly SgOmaterials. Such
matrices are optically transparent, saabling the chemical interactions of the
entrapped biological molecules to be ioplly monitored.The advantages of #hi
particular technique is that it can be carried out at ambient temperature and that the
conditions of the solgel process are reletively mild and thus do not normally
denature the immobilized biomolecules. The drawbackshenother hand are as
follows: Although biomolecules immobilized with this procedure retain their activity
to a large extend and are chemically, thermally and structurally stalblgels with
reproducible pore sizes are required, and probldoes to diffusional limitations
inside the prous network, brittleness of the glassy matrix, reproducibility and
variations in the preparation proceducesifer some degree of limitation and as such

must be taken into cinsideration.

Finally, other immobilization may also be achieved through bubidification of

entire electrode material, e.g. enzyme modified carbon paste or graphite epoxy resin.

It is noteworthy to add, than mostaforementionednethods: (i) e biological
material may also be immobilized together witltarrier proteins, such as bovine
serum albumin, which also functions to minimise +specific binding of the

biomolecule.(ii) A low molecular weight, redox inactive compound, known as a
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promoter which may or may not be further activateddbr modified is in many

casesnitially adsorbed onto the solid surfadellowed by enzymédinkage

Also worth mentioning is that lesides the reacting layer or membrane, many
biosensors, especially those designed for biological or clinical applications,
incorporate one oseveral inner and outer layers. Such membranes serves specific
important functiong57]:

1  Protective barrier The outer membrane prevents large molecules, such as
proteins of the biological samples franterfering with the reaction layer. It
also reduces leakage of the reacting layer components into the sample
solution. Moreover, a properly selected membrane exhibits permselective
properties which may be additionally beneficial to the biosensor fundtion.
may decrease the influence of possible interfering species detected by the
transducer.

i Diffusional outer barrier for the substratéAs most enzymes follow some
form of MichaelisMenten kinetics, enzyme reaction rates are largely non
linear with concemtition. Nevertheless, linear dynamic ranges may be large if
sensor response is controlled by the substrate diffusion through the
membrane, rather than by enzyme kinetics. This control is achieved by
placing a thin outer membrane over highly active laydre Thinner, the

membrane, the shorter is the biosensor response time.

Another intereseting aspect to add, still on the subject of biomoledalgrode
coupling, is, thain some cases the structure of carrier matrix materials have been
further manipulate, usually done by a reduction in particle size and/or the inclusion
of selected (conductive) nanoparticles within the matrix in order to try and improve
biocatalytic efficiency of the immobized biomolecule. The premise here is that in
the case of surfacattachment, smaller particles can provide a larger available surface
area for attachment of proteins or enzymes, while providing enhanced conductivity,

for example, in the case of gold nanoparticles.
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A final noteworthy factor to add at this stage, witle emphasis oreiteration of the
absolute need for maintaining the catalytic activity of the immobiltaedcholecule,

is that, bioelectrocatalytic and/or biosensor coupling efficiency assesment
investigations may be complimented withsitu and/or essitu spectroscopic studies,

in order to provide a more-depth examination of the integrity of the protein/enzyme
conformational state and substrate binding ability. This is an especially pivotal aspect
in the case of cytochromes P450 in particwano haveto maintain their active
conformational state, guaranteed by the presence of a specific thiolate bond between
the heme iron and the highly conserved cystein reqskeFigure 1.2(b)) [71-72].

In this regard, such an active state can be spectroscopitaliyogated and identified

as a reduced carbon monoxide complex with an absorbance maximaran430,

71-72]. Weakening, or distortion of the hentleiolate bond usually gives rise to the
formation of an inactive species called P420 that is characterized by an absorbance
maxima at 420 nm of its reduced CO comp{E&'-CO), rather than the expected
signatureP450. Inthis context, such assesmetidies|s a preferredccompaniment

to electrochemi investigations, in order to distinguish the electrochemical
behavious of the active form from that of the inactive one when developing devices
based on cytochrored®45Q In terms of electrochemical studies in particular, on the
other hand, CO PHFE' complex formation is usually portrayed by cyclic
voltammetric peak potential shift and current signal changesed on the premise

that CO is known to rapidly bind assi ligand to the reduced heme irr3].
However in the presence of artificial mediating electron shuttl¢hg
exhibitionportrayal of CO-F€' complex formation is complicated by the fact that
electron transfer occurs via the mediator to the enzyme prosthetic dnotips

regard and to further elucidate enzyme catalytic activity, additional electrocataltyic
studies with native model substratespecifically known to be metabolized by a
particular isoenzyme, accompanied by metabolite analysis and/or with inclusion of
added electrochemical techniques, such as chronoamperometry and/or rotading disk
electrochemistry can also be done. The aforenmexicelectrochemical methods is

known to provide essential information regarding the number of electrons utilized
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during the required oxygen reduction, a prerequisite for successful substrate
metabolism, and as such, also enables the investgator to ceelgiudientify any
uncoupling reactionsSpecific @mplimentaryspectroscopianethods to investigate
CO-binding in particular, include UV-spectrophotomeric studies, WWis
spectroscopic studies or cyclic voltabsorptomdyS) technques. More on the
subject of CObinding, as well ascomplimentary spectroscopic and electrochemical
methods with emphasis on definitive aspects and method of operation is discussed in
more detail inChapter 3A and B.

In the quest to perfect the art of biomolecule tetheringléatrodes in
biosensor configurations, numerous pesrnewed reports with various methods of
biomolecule linkage, based omatter and aforementionedtechniques either
individually or in combination protocols, has been published, some of which have

beensummarized in thdiscussiorbelow:

In a study conducted by Iwhuoat al., an amperometric biosensor with genetically
engineered cytochrome P4%Q as recognition component for the detection of
camphor, adamantanone and fenchone, wasrcaated by entrapping the enzyme in

the presence of BSA within vesicle dispersions of wiisoluble surfactant,
didodecyldimethylammonium bromide (DDAB) on a glassy carbon electrode surface.
The immobilization was reinforced by gluteraldehyde civdsng, while cobalt (l11)
sepulchrate was used as diffusional electron transfer mediator for electrocatalytic
experiments with substrate interactiofig4]. In a different study, biosensor
configurations were constructed with hepreteins including myoglobin (Mb),
hemoglobin (Hg) and horseradish peroxidase (HRP). In this regastholecule
immobilization was achieved by entrapment within Mishethylformamideagarose
hydrogel composite, on an edgkne pyrolytic graphite (EPG) electrode. The
entrapped proteins portrayed direct and reversible electron transfer, corresponding to

Fé' + A - Fé' [48]. In yet another study, a reagentless, mediated biosensor was
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prepared with HRP as recogntion component for the detection of hydrogen peroxide.
The biosensor was constructed by galvanostatically electrodepositing polypyrrole in
the presence of HRP on the surface of a carbon composite electrode which was
derivatized wth a ferrcenecarboxylic acid/sgel composite prior to the
polymer/enzyme depositiofv5]. The enzymdased biosensor had good stability
showing reversible electrochemistry and a farpotential of 275 mVOther studies
involving cytochrome P450 in particular, which includescterial, microsomal and
mitochondria) various methods, by different researchers were used. In this regard a

comprehensive summary is given below:

1 In a study,conducted by Paternolét al.[76], three genetically engineered
cytochrome P450 isoforms, CYP4284, P450SCC (CYP11Al) and
P4501A2, prepared as fusion enzyme construct (glutathietmanSferase
fused), Nterminally modified construct and low purity gradell-length
isozyme construct, respectively, was used for biosensor construction. Two
methods were evaluated for immobilization of the biological recognition
elements, which included the langmuir blodged technique and entrapment
within a biocompatible agase hydrogel matrix. The enzyrased biosensor
configurations were then tested with regard to electrocatalytic response to
respective substrates, of which the findings showed that both methods proved
to be successful. Hhowever, in terms of robustness,0oag hydrogel proved
superior, and in this regard even portrayed effective for stabilization of low
purity enzyme constructs, a task which is normally problematic due to
hindrance of ET by molecular impurities within such prepared enzymes.

1 In four different studies conducted by Shumyantsewal. [77-80], different
cytochrome P450 isoforms, were used as recognition elemerntsrfstruction
of various enzymdased amperometric configurations: In the first study,
semisynthetic flavocytochromes RfP4582, RfP4502B4 and RfP451A1,
each consisting of the microsomafpyrified holoenzyme and a riboflavin (a

synthetic flavin maécule containing FMN and FAD), conjugated to each other
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by covalent binding, was immobilized onto screen printed rhodjraphite
electrodes (SPRGE) through gluteraldehyde eliokgng within vesicular
dispersions of phospholipid surfactant films. Immaaition was done in the
presence of BSA carrier protein molecules, while the riboflavin molecules,
functioned as electron transfer mediator during electrochemical investigations,
and as such, served as electtonneling relay between the enzyme prosthet
group and the electrode. In the other study, purified CYP11A1l holoenzyme was
immobilized onto a SPRGE either through glutaraldehyde dimdsag on a
diloroylphosphatidylcholine (DLPC) derivatized electrode in the presence of
BSA, or through agarodeydrogel entrapment with concurrent vesicular DLPC
dispersion. In both of the latter methods, the enzyme was tethered to the
electrode together with the electrochical mediator, which in both cases was
riboflavin. The third study involved microsomally purifieCYP2B4, which was
immobilized in a colloidal montmontrollite clay film in the presence of
nonionic detergent, Tween80, which functioned to monomerise the
hydrophobic enzyme for better immobilization and catalytic reactivity. The aim
here was to producenaamperometric enzyrAgased configuration for the
detection and metabolic profiling of selected phenobarbital drugs. The drugs
tested included aminopyrine and benzphetamine, and concomitant metabolite
analysis corroborated electrochemical resultsthéforth investigation on the
other hand, purified CYP2B4, CYP1A2 and CYP51bl was immobilized on
screen printed graphite electrodes through entrapment within astractured
liquid crystal film consisting of DDAB surfactant stabilized colloidal gold
nanopaticle vesicular milileu. Substrates studied during electrocatalytic studies
in this investigation include benphetamine and lanosterol.

In a study conducted by a different gro[g§1], with regard to CYP3A4 in
particular, genetically engineered;tBrminally modified CYP3A4 isoenzyme
construct, either as fusion enzyme or heme domain only, was used for
preparation of modified eymebased electrodes. The fusion constructs

consisted of two parts, which were fused at genetic level during the engineering
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process, and they include the heme domain of CYP3A4 isoenzyme and the
soluble NADPHdependent oxidoreductase domain from bacteriaymes.

Two methods were evaluated for enzyme linkage to the electrode, the first of
which, involved electrostatic adsorption onto a PDDA polyelectratyoeified
glassy carbon electrode. The other method was based on covalent coupling
through reagents dauding 3(Maleimido)propionic acid and N
hydroxysuccinimide ester onto a cysteammedified gold electrode. Midpoint
potentials (&) obtained with regard to the & €' redox transitions for the
CYP3A4modified electrodes determined by cyclic voltammetry, w&@7
and-357 mV vs Ag/AgCl on the GC and Au electrodes, respectively.foE

the fusion construct on the other hand, were determine®458 and-341 mV

on GC ad Au electrodes, respectively. Electrocatalytic investigations for
determining catalytic activity of the immobilized enzymes was investigated
with native CYP3A4 substrate, the macrolide antibiotic, erythromycin. These
results showed that both the immabéld heme domain and fusion enzyme
were catalytically active, and as such, both yielding metabolism products, with
higher coupling efficiency observed for the fusion enzymealified electrode
configurations.

In a few other studies, the focus has been orb#uterial cytochrome P450,
P45Gms (CYP102A1) [71-73, 82] which in many aspects, resembles
membranebound mammalian P450s [ | and as such could be used as model
recognition component for bioelectrochemical studies in various biosensor
configurations. Various methodsy different research groups have been used
to tether the enzyme to electrode surfaces for electrochemical studies: In one
study, both the complete wild type holoenzyme, as well as the heme domain
was each immobilized on edgéain pyrolytic graphite (EPGelectrodes by
entrapment within DDAB vesicle dispersions."FeFéd' redox transitions
could be observed of which the,Eor the heme domain was determined-as

500 mV (vs Ag/AgCl). Electrocatalytic studies in the presence of atmospheric

oxygen showed markedly increased reduction currents. In a different study,
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conducted by Udit et.al, the integrity and bonding properti¢seoimmobilized
P450BM3 heme was studied in more detail within DDAB liquid crystal films,
with the aid of in situ spectrophotometric and FTIR spectroscopic
measurements. The results showed that the a combination of a hydrophobic
effect and enhanced-bbndng stabilizes the ferrous (Bestate of heme and
cumulatively increases the redox potential, while also favoring a-Bt28€ of
heme. Furthermore, cyclic voltammograms did not show any significant
increase in heme redox potential in the presence ofG®@exall, the findings in

the latter study were that, on the one hand, the significant stabilization of the
ferrous state coupled with a herm&bonyl interaction produces a system where
the added benefits of hemebackbonding to CO are greatly diminist,

while on the other hand, the P4RKe state of heme reduces overall success in
achieving substrate turnover. Their conclusions were that similar perturbations
of the heme environment within such surfactant films may be particularly
exhibited by mammain cytochrome P450s. In another study, also conducted
by Udit et al., the heme domain of witype cytochrome P450 BM3 was
immobilized within a carrier matrix consisting of a liquid crystal
polyelectrolyte film, which is a combination of surfactant viesitispersions,
DDAB and anionic polyelectrolyte, polystyrengphonate (PSS). The
surfactardpolyanion film, DDAPSS, proved to be a stable environment for the
immobilized enzyme andfor Fe'/Fé" transitions was determined as200

mV vs Ag/AgCIl. Moeover, results were consistant with surface confined
species, whereas CO studies showed a marked positive increase in redox
potential. Furthermore, electrocatalytic studies in oxygen atmosphere, resulted
in the signature increase in reduction current, re@® additional rotating disk
electrochemical studies, on the other hand, revealed the formationOgf H
which may have also contributed to the increased reduction current and also
reveals the accompaniment of uncoupling reactions during electrocatalytic
interactions of the immobilized enzyme. In yet another study, the main purpose

herecentredon the in depth characterization of the active/inactive state of heme
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environment and conformational integrity of the immobilized R#$503

cyclic volatmmetry was ambined with cyclic voltabsorptometry to elucidate
the aforementioned aspects. In this investigation, the heme domain (BMP) of
P450 BM3, prepared through genetic engineering, was immobilized within a
polyelectrolyte film of either PDDA or PEI through elexdtatic adsorption on

a nanocrystalline Sn@&modified solid support. In these results, reduction
potentials for the active P450 form immobilized on the PB®R¥O, and PE1

SnQ, electrodes were determined &90 mV and-580 mV vs Ag/AgCl,
respectively. Fuhermore, voltabsorptometric experiments revealed that,
depending on the environment of the carrier matrix, both the inactive P420, as
well as the active P450 species may be present, and in such cases may both
contribute to the observable background curiarcyclic voltammograms. In
particular, it was proposed that the local environment plays a direct role in
inducing the P45®420 transition either by dehydrating the substrate binding
cavity or by interfering with the Hbonding network responsible for
stabilization of the thiolate bond.

For the past few decades, Rusling andwookers has done a significant
amount of bioelectrocatalytic investigations with various heme proteins
(enzymes), including hemoglobin, myoglobin and selected cytochromes P450,
using different immobilization matrices, of which the findings have been
documented in various peer reviewed publications, some of which is
subsequently discuss¢83-86], the emphasis of course being P4B0dified
electrodes in particular. In one study, cytochromeOedB was entrapped
within a liquid crystal film, consisting of vesicle dispersions of either DDAB or
dimyristoykL-U-phosphatidylcholine (DMPC) on pyrolytic graphite (PG)
electrodes. The electrochemida¢haviourof of both P450cammodified PG
electrodes xhibited reversible electrochemistry with Em determined24s3

mV for the DMPCfilm and -220 mV for the DDABfilm (vs Ag/AgCl), while

the CO F& interaction was accompanied by a anodic potential shift, as well as

the signature P450 absorption spectra wshoby accompanying UV
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spectrophotometric studies. In electrocatalytic studies, interaction with oxygen
and/or substrate, trichloroacetic acid (TCA) was investigated. In this regard,
results showed that the electrochemically generated P45@Beted rapiy

with dioxygen, which was signified by signicant increase in reduction current.
Furthermore, substrate interaction induced an additional increase in reduction
current, a phenomenon that was also observable in anaerobic atmosphere,
whereas overall, the salts did not suggest any autooxydation or uncoupling
reactions, thus signifying the coupling efficiency of the enzpasged film. In a
second study, cytochrome P450cam was immobilized through onto polyion
films, by making use of either posively chargeyedéctroytes or negatively
charged polyelectroytes. In the case of the cationic polyion film matrix, a
combination of PDDA and PEI was used, whereas in the case of the anionic
matrix, poly(styrensulphonat® (PSS) was used. Depending on the charge of
the polyelectrolyte, the enzyme was either immobilized through electrostatic
adsorption, or with the aid of DNA as bonding material, while, on the other
hand, enzyme immobilization within the polyelectrolyte film was done on a
mercpatel-propansulphonic acid self assembled monolayerodified gold
electrode. Overall, the results showed that in multilayer assemblies, only the
first layer of polyelectrolyte/CYP450cam was electroactive, while the
MPSPEIPS3P450cam exhibited the best results in terms of elednansfer

and electrocatalytic efficiency with substrate, styrene. Metabolite analysis for
electrolysis experiments, further confirmed enzyme activity, while on the other
hand, results also showed that a small percentage@f WMas formed which

also contributed to the formation of one of the metabolites, i.e. benzaldehyde.
This essentially means that the reduction of oxygen in the catalytic cycle of the
immobilized enzyme, gave rise to the formation of reactive species, icades

H.0,, which in itself, as discussed earlier can induce substrate metabolism on
the one hand, but on the other hand, shortens the lifespan of the enzyme. In yet
another study, also conducted by Rusling and coworkers, the heme domain of

genetically enmeered cytochrome P480A2 was used as recognition
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component. In the platform used in these studies, the enzyme was immobilized
through electrostatic adsorption in a PSS polyelectrolyte film on a carbon cloth
electrode. The average Em for the enzymwlified electrode was determined

as -70 mV (vs NHE). F&O, interaction was signified by a characteristic
increased reduction current, which in the presence of the substrate, styrene,
exhibited an anticipated further increase. Although control experimertsuiit
CYP1A2 showed no detectable formation of the enzgatalyzed metabolite,
styrene oxide, the addition of,8, scavenger, catalase, in the presence of
immobilized enzyme, also resulted in no styrene oxide formation. This
essentially means that eleahemically produced #D, significantly
contributed to the substrate turnover in bioelectrocatalytic experiments. In the
next research investigation, microsomes, constituted by fusion proteins,
consisting of selected genetically engineered cytochrome RB4Z9nme heme
domain, and cytochrome P450 reductase protein (with flavins, FAD and FMN),
were the subjects of investigation in these bioelectrochemical studies. The P450
isozymes studies were cytochromes P450 1A2 and 3A4, for which the prepared
microsomes we denoted CYP1A2ms and CYP3A4ms. Once again, polyions
were used as immobilization matrix for the enzymedified electrodes, while

the flavin cofactors of reductase, functioned as mediator. In this regard, clean
gold electrode solid supports were initebodi f i ed wi t h a O0ba
consisting of PHPS3PEI, followed by alternate adsorption of the particular
microsome and PEI, thus preparing six bilayers in a lhydayer fasion. In

both cases, enzyme configurations exhibited qauzireversible thin film
electrochemistry, with peak current proportional to scan rgtéof up to 1000

mV s'. Moreover, E, for both enzymenodified electrodes was determined as

530 mV (vs Ag/AgCI). As earlier stated: upon reduction in the presence of CO,
heme proteins formd*-CO complexes that is normally signified by a shift in

Em via the influence of complexation following ET., however, cytochrome
P450 reductases have flavin cofactors and are not influenced by CO. In this

regard, upon addition of CO no observable changeeiak potential or current
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could be detected. Overall, the results revealed that electron transfer to the
enzyme heme occurs via the reductase, and a such follow the natural ET
pathway observed in native physiological systems. Moreover, electrocatalysis
with substrates with or without the presence g@OHscavengers showed the
formation of similar amount of metabolites, while only very small amounts of
H»O, could be detected in the microsommabdified films. In this regard, it was
concluded that oxygen radtion competed poorly with reduction of reductase,
which essentially prevented the formation of reactiy®4$pecies and as such

showed adequate coupling efficiency.

Finally, in light of all the preceding and aforementioned discussions, clearly a
plethora of methods and techniques, each with its own attribues and shortcomings,
are available to taylor biomolecule immobilization and electron transfer pathways for
bioelectrochemical (sensor) configuratiofsirthermore, secure immobilization may
incur multifaceted privaleges, such as securing long term sensor stability, avoiding
loss of biological recognition element to the bulk of the analyte solution, as well as
predefining the overall sensor architectunel @roposed signal transduction process.
On the other hand, however, the type of immobilization and coupling method directly
affects the operational stability of the enzybssed sensor, as well the efficiency of

ET from electrode (the coupling efficiency) Furthermore, the immobilization
procedure is absolutely dictated by and adapted to the specific features of the
biological recognition element, such as intrinsic stability, presence of available non
essential functional groups for covalent binding, gmesnhibition due to active site
modification by reagent molecules, impact of binding mode on substrate diffusion to
the enzyme active site (defining the linear range of the calibartion graph), the local
concentration of the biorecognition element (defghthe maximum signal), as well

as the location of the biorecognition element with respect to the transducer.darface
the case of CYP3A4 in particular, recalling all of its structure, reconstitatnah

reaction cycle complexitiesyery few research westigations endeavor utilizing it as
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recognition component in sensor and/or bioelectrochemical studies. In this regard, of
all the peer reviwed articles cited and and discussed in the preceding section, only
three focussed on CYP3A4

As recap,being of microsomal origin and essentially membrane bound; highly
hydrophobic; requiring the obligatory presence of specific external electron transfer
donors and other specialized compounds in reconstitution systems; being labile and
quite vulnerable to extremiseits prosthetic group hidden within a highly insulating
protein shell Moreover, the high probability of uncoupling reactions, mostly caused
by autoxidation of oxyferrous EeD, complex (se€Section 2.2.3 giving rise to
reactive oxygen speciesa phenomenorthat is commoramongst membrardgound
microsomal and mitochondrial mammalian cytochrome P450 enzyadds further
constrictionsIn this regard, clearlyglectrode linkage and electrtransfer pathways

in biosensor confguratiorfer this enzymds obviously quite a challanging tasks

such requiering considetdabenginuity with regard to platform desigin the same
breath, however, according to documented literature findings, it hasshggested

that biosensors based on such enzymes fdiiutne category of disposable of@s,

87]. On the other hand, for practicle application, the prosthetic group would have to
be recycled duringguch P45@&nzymesensor operatioil a task that some people
have tried to overcome by -@mmobilization of native NAD(P) cofactor However,
NADPH has known inherent complications, soofievhich was discussed in Section
3.2.1.1 In this regard, it iexpensive, iknown have a high likelihood of inhibiting

the enzyme without the presence of substiditect regeneration MADPH requires
substantially high overpotentials. Furthermore, regation occurs througlia a two

step intemediate radicals that tend to dimerize under the formation of insoluble
products, which in many cases leads to electrode fo[88ig as well as its expensive
nature, its application would be impracticle. Moreover, it would defeat the main
purpose of biosensors, which of course is providing alternative, cheaper methods to
compiment and/or compete with existing analytical techniquéalhile

electrochemical, chemical, enzymatic and whole cell systems for regenerating
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NAD(P)H are available, these approaches are frequently inefficient or difficult to

implement on a practicle sc4&9].

In view of the latter and preceding issues and based on peer reviewed documented
research, it is suggested that harnassing membrane bound P450s and heme thiolate
proteins in general, is best approached with electrochemical systemslizggu

soluble or cammobilized surrogate, articfial mediatoippropriately, the approach

in research design in this dissertation is based on mediated e#ilmged biosensor

configuration

2.2.4 Mediated Amperometric Biosensors

Mediators areartificial electron transferring agents that can readily
participate in the redox reaction with thmlogical component, and a such, assist in
the rapid electron transfein this regard, in a more defintive context, it is a low
molecular weight redox c@le, which shuttles electrons from the surface of the
electrode to the redox center of the enzyme. During the catabaiction, the
electrochemically reducéokidizedmediator reacts with thenzyme, to redudexize
it and then diffuses back to the elede surface to undergo rapid electron tranfer

again.An ouline of thethis process is illustrated Figure 2.5
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Med%?tor Protein/
Reduced Enzyme
Substrate
Mediator Examples: B
* Ferrocene derivatives;
* Quinones;
* Os-complexes 2
Protein/ Product
Meﬂgator Enzyme
Oxidized Oxidized

Figure 2.5 Principle of operation of amperometric mediated biosensor

As shown inFigure 2.5 duting themediator facilited electron transfer of the enzyme
(protein/biological molecule)the mediator is cycled between its reduced and
oxidized forms. Overall, the process is thermodynamically, but not kinetically
favourable. The following equations showsnare detailed sequential flow of the

overall sequence of evenisth and withoutmedtiated electron transfer to get an idea

of the main benefit othe presence of the mediator

Moyt e @ Mg electrochemical
2.1(a)

Eoxte 2 Egr electrochemical (veryslow reaction)
2.1(b)

Mr + Eox - Mox+ Er chemical
2.1(c)

where Mok and By are the oxidized forms andgvand E are the reduced forms of
the mediator and enzyme, respectively. In a bioelectrochemical setup, the overall
electrochemical reaction occurs at the charactensitential of the mediatoiThe

Mox is thus regenerated close to the electrode surface andchdbésve to diffuse
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very far to again undeograpid electron tansfer. In thiregard, thus, a significant

enhancement of the current may be observed for only a small amougit rieEent,

provided the chemical reaction with the mediator is rapie obgrved current may

be related to the concentration o«Epresent, and therefore the mediator approach

has been widely applied for the fabrication of biosensors with various biological

compounds as recogntion componesitice reaction of the electrogeneradd is

not very specifihowever care must be thus taken to exclude other potemtidbants

that can compete withdg, so that mediator casuccessfully and efficiently divert the

flow of electronsbetween the elede and enzyme active site. On the subject of

effectiveness and efficiencytp confir successful mediatipra mediatorspecies
should preferentially fulfill certain crite, including the following:

1 A mediatorshould be stable under required working dibons and should not
participate in the side reactions during electron transfer.

1 The mediator should prefetially have a lower redox potential than the other
electrochemically active interferents in the sample.

1 The redox potential of the mediator shobyprovide an suitable potential
gradient gradient for el ectron transfer
electrode

1 The redox potential of the mediator (compared to the redox poetntial of the
enzyme prosthetic group (active site)) should be more negative for reductive
biocatalysis or more postive for oxidative biocatalysis.

1 A suitable mediator has to be able to regateethe active site of the enzyme
with fast kinetics, to diffuse back to the electrode to be converted there to its
initial stage.

1 The redox mediator has to be stable in both oxidation states and should not
have a toxic nature.

1 The mediator have to diffuswith high diffusion coefficient between the
enzyme and electrode.

1 The overpotential for the regeneration of the mediator should be pH
independent.
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Overall one other aspect surrounding the characteristics of anmeelgtor, is that

in its reduced formit should preferentially not react with oxygen, however, since
many mediators exhibit some degree of oxygen interaction, if indeed it does, the
reaction should be slow enough to not compete wittrelbetron transfer kinetiosf
mediatorenzyme interactio, since it mayotherwise leed to false signalBhere are
many available mediating species which may be used in electrochemical systems, the
most common being ferrocene and its derivatives, quinones, tetrafuvalene, Os
complexes and conducting sal#6, 56, 90] With regard to cytochromes P450
enzymes in particular, research conducted by Estabrook andr&ers has identified

the compound,cobalt(lll) sepulchrate as an effective electron shufitle these
enzymes. In this regard colfdlf) (sepulchratemediated (electro)catalysis with a
variety of P450s, including mammalian (membrane bound) and bacterial, with rates

approaching that of native NAD(P)#tiven system&ave been realized.

Generally, cobalt(lll) sepulchratgCo(sep§'] is a cage compound. The termage
compound refers to the class of transition metal complexel®sed byencapsulating
ligands ( 6 ¢ a g &enérally, these encapsulating caga® macremulticyclic
ligands, which consist of a neplanar arrangement of three arms enclosing a 3D
space,into which donor atoms have been incorporated, which in turn allows
encapsution of metal ionswithin these cage€xamples of cagéype macrocycles,

are Clathrochelates &ryptan® and dis-tren derivitive§ where the latter two
contains mixed ND donor atoms, while the former one contains unsaturated N
donors within the 3D spac&epulchratepn the other hands aclass ofsaturated
aminedonor macrobicycles (1,3,6,8,10,13,16,18ctaazabicyclo[6.6.6]eicase)
call ed O6cage amines?ao, oi$ showh inEigure 25(ay r ap hi c a
Incorporation of the metal ion (€9 into the sepulchrate cage results in a
thermodynamically and kinetically inert complgSo(sep§'], in which the metal ion

is not easily released. A graphical illustration o€o(Sepj’] is shown inFigure
2.5(b)
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(b)

(a) 13+
o/ \n
Iﬁ£[§ij;;l ;5:§"f:-:Xﬁ;7Qk

oD A
Eﬂ{[ ] —/ N

Figure 2.6 (a)The cagetype N-donor macrbicycle: Sepulchrate
(b)Sepulchrate with incorporated Co(lll) transition metal ion:
Cobalt(lll)sepulchrate

The distinctiveness about the thesgecomplexesis theexcellent reversible metal
based electrochemistiy aqueous and other solvents, which is particularly interesting
for applications as electron relays in electrocatalysis. With regard to CH($ep)
particular, which according to research findings was shown to have a formal
potentel (E°) of betweenz -550 to -700 mV (vs Ag/AgCl) which of courses a
sufficiently negative potential to be abla turn reduce theferric ion of the
cytochromes P45@nzyme heme groupg hence the polularity of applying this
particular compound as surrogate mealidor these enzymes, to couple them to an

electrode.

In a general contextmediation may be homogeneous or heterogeneous. Since
homogeneous reactions refers to both the medatior and enzyme freely diffusing in
solution, it will not be further discussed, as it falls out of the scope of this tiMéths.
regard to to heterogeneousediation on the other hand, particulary in terms of
amperometric biosensor configuratiandepending on the level of integration of the
mediating species within the transduserface the biosensor may be secondary or
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reagentlesand/ortertiary configiration. In secondary biosensor configurations, as
mentioned inSection 2.2.2.1 the mediator is added to the bulk of the solution.
Reagentless configurations on the other hand, requires mediator confinement as close
as possible to the electrode, alamfyother necessary componenidoreover tight

fixation of the mediating species is important, while architechdéboruldto be such

that lealageis prevented, which is crucial, since mediator leakage will obviously
directlty affect the obtainesignal Moreover, such leakage widbncomitantlyaffect

the longterm biosensor stability, whilmadvertently canalso lead taontamination

of the adjacent sampl€®n the other hand, movemement of the mediator is an
absolute prerequisite for productive antsessful electron transfer in amperometric
biosensorconfiguratiors. In addition to this, most mediators are small molecules,
with molecul ar weights c¢l| pniehmakesretdineng of t h
themat the electrodesurface more difficd) as Ingterm leaking is highly probahle
Taking into consideration the latter and aforementioned constricts, options for
confirring effective retainmendf mediators at electrode surface, while concurrently
allowing mass diffusional movement of mediator, as well as rapid electrochemical
communicationare fairly limited. In this regard, techniquebased ondifferent
mechanisms haviedeedbeen formulated(i) A relatively easy approach is based on
simply mixing the mediator into a carbon paste, followed by enzyme immobilization
on top of the carbon paste surface. Further modification with additstesh as
stabilizersor polyelectrolytes may also be addé€d) Another approachinvolves
modification of the enzyme (protein) itself with covalently bound redox medjatsrs
such for mi ng .dhelprentise heveasntimtythe es/aently bound redox
relays are supposed to shorten the electron transfencikstaetween the deeply
burried active site and the enzyme surface by allowingebletctron hopping vi a t he
enzymebound artificial mediatorsA third approach combines flexibility with
binding of the redox mediator by covalent attachment of the redoxataed
molecules via long spacer chainsither to the electrode surface (seaweed
mechanism), a suitable matrior the outer surface of the enzyme itself (whip

mechanism). Alternatively, covalent binding &fdox species to the backbone the
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immobilized matix, such as a conductive polymer, can be done, thus creating a redox
polymer which is then used to wire the enzyme to the electtodke d o x hy dr ogel
consisting of a poly(vinyl imidazole), a poly(vinyl pyridine), a poly(acrylic acid) or
poly(allylamine) backbone with covalently bound osmitcomplexes or
poly(siloxane) backbones with covalently bound ferrocene units have also been

applied to provide an increased local concentration of redox mediator.

Although theretically, these techniques are promising, in praessejth anysubject

area, they are eachissocoiated wittsome constricts odrawbacks, for instance,
technique are only successful when the enzyme is in solution, whilest suffer

from mediator leakage from the reagent layer. Moreover many of these methods
involves modification of the enzyme/protein itself, which can only be successful for
highly stable enzymes, a demand which is essentially unrealishde some
techniques also reqei extremelytechnically complex and expensive approaches
Furthermore, covalent mediator attachment, theoretically identified as the most
attractive method in practisenave not been able tensure coupling of redox groups

cl ose enough edaxcenteré¢o emsare fgshremndugh electron transfer in
order to effectively compete with molecular oxygeNonethelessin spite of such
complications and drawbacks, with regard to #fi@rementionedechniques some
degree of success was indeed attaindlgough at this stage, choosing an
appropriate mediator confiment technique may seem like an excerdistliin; a

good approachs still realizable, bychoosing a multifaceted matrix that not only
allows fairly simplistic mediator uptake/coupling, but also contributes to sensor
performance by promoting permselectivity. In this regamndterms of versatility,
permselectvity, as well as numerous otherenently novel attributes, the superior

choice would behe eminentpolymer electrolytemafionﬁ'.
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225 Nafion

Nafion" is a solid polymer electrolyte with dinear structure It is a
copolymer with the main skeleton structure based on a polytetrafluoroethylene
(PTFE) backbone. #fion wasoriginally created bypupont de Nemours in 1962 and
is the first class synthetmolymers with ionic properties and are called ionomers. In a
defintive context, an ionomeefers to a polyelectrolyte that comprises copolymers
containing both electrically neutral repeating units and a fraction of iosidptionic
acid units/groups, which in turn amounts to no more than 15% ionizable groups per
monomer nafion unitThus, basically, in its full description, nafion may be described
as asulphonatd tetrafluorethyleneopolymer consisting of a PTFE backbone with
regularspaced perfuorinated vinyl ether sigl®oups that are each terminated with a
sulphonicacid group or its salfisulphonicionic group) which in turn are covalently
attcahed to the fluorocarbon backbokeschematic representation of the structure

nafion is shown inFigure 2.61

[+(CFy:CF3)+CF-CFy-]py
|
0-CF-CF2-0-CF5-SO-3M+
|
CFks

Figure 2.7. The structure of Nafion

Where, M is thecounter ion(H*, Na"), which isdissociable and thusgxchangeable
for other (electroactive)cationic speciegrom a contacting solution phasthe i

SO; Na" form of nafion, is referred to as its neutral or salt form, whereasithe

SO; H form isthe acid formDue to the fluorocarbon backbone, these polymers are
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chemicaly and thermallywery stable mostly due to an absence of sites for attack by
reactive oxygen radicals, sin€G& F bondsgenerallycannot react wittmydroxyl (OH)

and other radicalgeven at elevated temperaturdoreover,the unique anatomical
combination and arrangement of the PTFE, the fluorocarbons and the ionized
sulphonicacid groups confirs a ungiueheterogeneityto nafion complimented by
numerous inherent peculiar featusagch as ion exchange selectivity, good wetting
properties, selbrganization in hydrophobic/hydrophilic domains, ectical and
biological inertnessthus enabling the polymer to have numerous and diversified
applications that is unparalleledby most other polymers, whether electron
conductive, norconductive and/or electropolymerizedo fully understand and
appreciate these features, the microscopic structure of nafion is further elucidated.
The first eminent structural unique quglivf nafion, is the fact that nafion films
feature intenal segregation of hydrophobic andydrophilic domains On a
microscopic level, this ion containing polymer is known to seperate into different
phasesjncluding ionic, organic and interfaciategionsi reailting from a unique
cluster type structure containiigw a-t et | ed p aqudowstioastemlzedddd

in a continuousydrophobicfluorocabon surrounding-he first phaseconstitutes the
hydrophilic ionic cluster phasehich contains the sulféon groups, thedissociable
counter ios and hydrated water, of which the latter in its properties do not differ
from water that occurs in the bulk of the solution. The second phdse teflonlike
fluorocarbon framework (backbone) surrounding these chisted is essentially
hydrophobic.The third phase on the other hand, refers to the nsnbsidiaryarea
between the hydrophobic backbone and the hydrophilic ionic clustech mainly
consists ofa flexible amorphous part of the perfluorocarbon backlamkin general
constituted byan intermediate hydrophilic phase. A schematic repretentaf the

phase segregation in a nafion membrane is shovigare 2.6.2
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Figure 2.8: Nafion structure showing schematic presentation of the different
phasesobservable in a nafion membrang&he sulfo groups are clustered in
hydrophilic inclusions, referred to as pha&e PhaseB referes to thdeflonlike
fluorocarbon backbone, and is essentially hydrophobic. PG@aseintermediate in
hydrophilicity.

With regard to the physical characteristics of the ionic clustbfferent models by
various researchers has been proposed, but genfer#tigy are roughly spherical in

nature with a diameter a&f 40-50 A (45 nm), which varies with water content, as

well asthe equivalent weight of the particulaafion membrane and the type of
cation €ounter iof contained within the clustersGenerally, these clusterare
randomlydistributed throughout the backbone tetrafluoroethylene (TFE) polymer and
they are intecomectedby small channels of approximately 10(Anm)in diameter.

It has also been proposed that the average cluster contains about 70 exchange sites
and approximately 1000 water molecules graphical illustration of the cluster
network, highlighting tk physical characteristsics of the sulfo ionic clusters is shown

in Figure 2.6.3
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Figure 29: The characteristi¢onic sulfo cluster networky a Nafion membrane

The channels connecting the ionic clustars generallythermodynamically stable

and they function mainly ideterminng the transport properties of the ions (counter
ions) and water, while the water content/degree of hydration is of great importance
since it byandlarge dictates the properties of Nafipalymer membrane/fiim. The

water content is in turn determined by the type of cotintercontained within the
ionic cluster phaséOn the subject of the water contemid the type of counteon [

in these nafiononomerfilms, the water increases the ér@olume of and decreases
the PTFE polymer chain concentration in the ionic cluster, and as such, in this
context, the water of hydration acts as a placticizer for the ionic cluster region
nafion and ionic polymers in generé&n the other hand, thougthe water content of

the ionic clusters decreases as the size of the ceionteincreasegnd since Nafion

is known to have a high preference for large organic cations relative to smaller
organic and inorganic cations, this is not an uncommon phenomienthis regard,

thus, as the water conteof the cluster decreasebe polymer chain materighust
unequivocally play an increasingly significant role in determining the chemical
environment of the cluster region. Since the TFEkbane in nafion is ighly

hydrophobic and has an extremely low dielectric constant, this essentially means,
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that, in the case whexlarge organic catiors the countesion and as its concentration
increasesthe ionic cluster resembles a lipophilic phasenversely, whena small

cation is thecounter ionthe water decrease is considerably less, and as such, in such
cases, the ionic clusters in nafion remain essentially hydrophiiamportant aspect

to add in the context o€ounter ios, is that nafirollargeg hi gh
hydrophobiccationiccounter ionspecies is contrary to the characteristics exhhibited
by conventional iorexchange material. Moreover, research has conclusively shown
t hat nafi onods pneconcemtcatioroff cationi tspeciesvithan rthe
polymer is dictated by hydrophobic interactions, which diffensiderablyfrom
conventional iorexchange resins afmt electrostatic binding polymers, in which
electrostatic forces dominate the emtion interactions. These fundental
differences in exchange characteristics between nafion and oth&xdbange
materials/polymers is best explained by highlighting taminant structural
differences between ttiteem Firstly, conventional iofechange resins are covalently
crosslinkedwhile nafion is not. In this regard, the Gibbsnnan egation, which is

the fundamental thermodynamics equation for exchange reactions, accounts for the
effect of crosslinking through inclusion of the so called PV term, wisiehterm that
functions todiscrminate against ions of large size. Since nafion is not-tirdes],

there is no PYbased discriminating against large ions, and thus, such ionic species
may be partitioned into nafion without the thermodynamic penalty inherent in the
GibbsDonnan equi#on. The secondignificantstructural differences that in nafion

only about one in eight monomer unitssislphonatd, conventional iorexchange
resins are close to 100%tiphonatd. This essentially means that the large segments
of uncharged chain nial allow for hydrophobic interactions which drive ion
exchange reactions farations in nafion. Other inheremlissimilarities between
nafion and electrostatdly binding polymers which are of significance in this
subject area is the difference ineldictric constant of the chain material and the
charge density divergence: nafion has a very low dielectric constant, as well as a
fairly low charge density, whereas the converse is exhibited by the other

electrostatically binding polymers.
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One other a@a of significance, is the subject of transport properties within nafion
polymer films, which is a p@nent aspegtespecially since the ionomer is known to
take up electroactiveounter ios, a feature that is of particular relevanoethe
applicationof electrochemical studies and biosensdrsthis contextunlike in other
membranes where transport, in accordance with the Donnan equilibrium, is a one
dimensional process; in Nafion, transport does not comply with the Donnan effect
and actuallyoccuss througha three dimensional procedargely controlled byan

effect known as percolation.The actual mechanism of charge transporhafion
polymer films (in the absence of chemical kinetic complicatioregnsist of mass
transport (diffusion) of the electroactive species, electron hopping and migration of
counter ios. However, research has conclusively determined the electron hopping
pocess to be equivalent to diffusion, and as such, the overall machahicharge
transfer within nafion polymer films, in the absence of chemical kinetic
complications, is byandlarge dictated by difussion and as such, the overall rate can
be described by an apparent diffusion coefficientpdD On the other hand,
dependhg on the thickness of the formed nafion film, regions of monolayer-(thin
layer) behaviour may or may not be observed, for example, in a study conducted by
Bard and coworkers, a nafion film with thickne8€.1mm with incorporated
Ru(byp)’* on a glassy a@on electrode exhbited thiayer behaviour below 30 mV's

! accompanied by a smalkperation between anodic and cathodic peak potential
(DEp), which was independent of scan ratggnd a lineabehaviourof peak current
(Ip) vs n; whereas nafion filnthicker than 2nm with incorporated Ru(bpy)'

exhibited no region of monolaybehaviour

The aforementioneds e gment s provided i mportant i nsi
structural characteristics and setpsent distinctiveness; behaviourand function
relative to other ionic, ion-exchangeand electrostaticallpinding polymers and/or

materials. As gathered by these discussions, considerable differences are eminent,
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which of coursewould profoundly affectanticipatedresults at chemicall modified
electrodes based on nafion as apposed to otleaic polymer and coordinating
polymer electrodessome of which was highlighted and discussé&dthis regard, a

last fewrelevant variations areighlighted, which provides more insightfncertive

fort he polymerds popularity of appli-cation.
based films has a greater lifetirtt&n other electrodes of this typdoreover, the the
retention of the electroactive molecule is more stablele the counter iorspeciess
retainedand film stays orfor longer Such etxtended lifetime is of course highly
beneficial in possible applicationsSecondly, nafion polymer films shows no
difference in observed electrochemical propertiesspectiveof preparation methqd

i.e. wether onestep or multiple-step coating procedure, which is unlike what can be
observed for a coordinating polyme, which exhibits large variation in electrochemical
properties, depending on the preparation procedturgas been proposed thtite
difference can be attributable to the presence of only comparatively weak electrostatic
interaction in nafion and to the ionic unique interchaimoeinected ionic cluster

morphology which allows for easier diffusion.

In a final notepasedn af i onds diverse areas of appl i
features, coupled with its simplistic film formation, which signpivolves traditional

dip-, spincoating or casting procedures from the ionomer solutikmown
biocompatibility and its unpaalelled discrimination ability bewteepostitively and

negativele charged species, creates an easy comprehension of its popularity in
polymer film/membrane application. Moreover, the fact that electroactive mediating

species can be stably incoporated it matrix allows for closgroximation to

subsequently immobilized enzymes in bioanalytical applications, which in itself is

invaluable for electrochemical communication purposes.

At this stage, to recapitulate latter and previous sections provided

comprehensive insight into important aspects of tayloring electrode architecture for
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stable CYP45(BA4 tethering with special reference to enzyme structural and
functional features and requiremecnstricts immobilization methods, mediator
aspects etdn view of the extensive elaboration on these aspects, there is not much
left to discuss, however,one final important aspiration for biosensor to be of
practical use, is that that once formed, the biological fiast be adaptable to
different environmets. In particular, the immobilized films need to be resistant to a
wide range of physiological pHs, maintaining their stability and activity with changes
in temperature, ionic strength and chemical composife®]. In this regard,
polymeric hydrogels in particular has proven to betromendously beneficial
especiallyin the case of membrasmund CYP450 isoenzymes. In this regdhdy
exhibit various physical and chemical phenomena, such as bending and volume
change in the presence of external stimuli (such as changes in pH, solvent
composition, ionic strength, tenmagure and electric fielfb0]. Moreover, these gels

can undergo considerable swelling and collapsing as a function of their environment,

up to 1000 times in volume, which is one of their most eminent qualities.

2.3.6 Polymeric hydrogels

The inherent biocompatibility of polymeric hydrogels together with their ability to
simulate natural tissues makes them potentially important eleatoadeg materials,

and as such, they are excellent carriers of biomolecules, which can be immobilized
within the hydrogel matrices.

Hydrogels are thredimensional, hydrophilic, polymeric networks capable of
absorbing large amounts of water or biological fluids. The networks are composed of
homopolymers or copolymers and are insolublavater, through he presence of

chemical cros$inks, otherwise known as tipoints or junctions; physical crosslinks,
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such agperminent entanglements; dadionic interactionsThese hydrogels exhibit a
thermodynamic compatibility with water which enables them tadisstolve in water

at physiological pH, but allows them to swell considerably in aqueous media.
Moreover, gel volume transitions can be induced by temperature, pH, or ionic
strength among other stimuli, and collectively these phenomeriadpaged research
investigations for applications of these gels as potential actuators, artificial muscles,
in sensors, controllable separation membranes and drug delivery vehibtas.
regard to sensapplicationin particular, lydrogels can either be used in the irgeri

of sensors, as a gel matrix to imbed-k@gognition proteins, such as enzymes; or
they may be applied to the exterior of the sensor. As exterior coatings, the polar,
(un)charged, water swellable, flexible materials mask the underlying surfaces by
prodwcing a hydrophilic interface between the solid surface and aqueous bulk.

With respect to known labilsoenzymesmembranebound CYP450s in particulat,

was documentedhat a softhydrogel is the most suitable environment to retain the

e n z y me Oysandaintegrityuni this regard, the greatest promise was shawtim

water soluble agarose. Moreover, agarose can be blendid with other water soluble
nontoxic polymers, such as pdiynyl alcoho) (PVA), to createbiopolymeric gel

that ensures stabEnzyme encapsulatioand catalytic retention Both agarose and

PVA are promising outer membrane coatings for sensors, becausesuolatde
analytes can readily diffuse through the weatepllen polymer gel layer. The degree

of analyte diffusion is readily adulated by controlling crosslink density of the gel,

which in turn controls the gel water content and openness of the polymer network.
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2.3.6.1Agaroseand related relevant subjects

Agarose is a highlyprominent natural biopolymer, which has dong
standing application in the separation and/or purification of various biological
molecules, including enzymes, polysaccharides, nucleic acids and protiady
done througtgel permeationandbr affinity chromatography methodshis polymer
is a naturally occurring polysaccharide, and in a definitive context, it newral
component of polygalatoside agar; in particular, it is one of the two major
components of agar, with the other major component being agaropethne.
strucure of agaroses based on a linear polymeronsising of repeating units of
alternating 1,4linked 3,6anhydreU-L-galactopyranose and 1,3 linke8i Di
galatopyranoseA schematc illustration of the structure of agarose is exhbited in
Figure 2.7.1

CH,OH
Ho

Figure 210:  Structure ofAgarose

OH

Whendissolved in water, agarose forms thermoreversible gels, the characteristics of
which essentially involvea temperature controlled liquid-gel forming process. In

this regard, in a hot solution, agarose chains existstiff and disordered
configuration whereas upon cooling belo#40 °C, the coils form orderly helices
which subsequently aggregates into thick bundie®ugh forming inter and
intramolecular hydrogen bonds. These bundla#tain large pores of wateand are

characterized Y a soft porous getonsistency of which the pore size can be

84



Chapter 2 Biosensors: Areview Of The Relevant Aspects

controlled by the concentration of the agarose general, agarose gel matrices
exhibit considerable elasticisity and high turbidity, complimented by an aqueous
microenvironment and significarbioaffinity, and thecumulative effects of these
features makes it an ideal biopolymer for the immobilization of biological molecules
on solid substrates, including electrodestact, agarose has proven to be the superior
polymer gel forpreserving engme activity in bioreactorbased electrochemical
studies with microsomal CYP450, compared with other tested gels, such as
polyacrylamide, calcium alginate and prepolymerized polyacrylamide hydrezide
which, overallis highly significantstudy, sincesuitable immobilization methods for
mammalian microsomal P450 enzymes are not well establishedaubecthese
enzymes are labile. Moreover, it was documented thgelentrapment is the
preferred immobilization method the purpose is the construction ofusable

bioreactor and/or biosensor.

The beneficiabspectof agarose can be furthexploitedby combining it with other
biocompatible polymersn the form of blends, copolymers and/or interpnenetrating
polymer networks or geldvioreover, polymer bleding is one of the most effective
methods for providing highly specializecomposite material that combine the
physicochemical qualities of both components and overcome thdividual
shortcomingslin this regard, the hydrophilic polymer, poly(vinylcahol) (PVA)
which is nontoxic, is frequently used in biomedical applications and protein
immobilization, has numerous industrial applicatioasd is equilly well-known for

its good membrane forming ability has proved highly compatible in combinaton with
other polymeric materialsin fact, agarose and PVA are often used to form bi

composite matrix for enzyme immobilization.
Generally, in a definitive context, PVA is an uncharged, water soluble polymer which

is commercially prepared by the hydrolysis of poly(vinyl acetate). A schematic

illustrationof PVA is shown irFigure 2.7.2

85



Chapter 2 Biosensors: Areview Of The Relevant Aspects

& CHZ_CH <&

n

OH

Figure 211 Structure of Poly(vinyl aohol)

I n a gener al c o n toERVA are cbimmhefrcally evaitabledwithr a d e s 6
varying degrees of hydrolysis and a range of molecular weights; however,
irrespective of grade and/or molecular weight, their hydrophilicity enemical
intertnessremainsan essentialp a r t of the pol ymehichare struct
two aspects that play an eminant role in their biocompatibility. In fact, athimn

surface coating of PVA is frequently applied in biosensors to ensure the prevention of
nonspeific binding of protein molecules, which in itself, is fandamental

prerequisite for success of perfamse criteria in such deviceAbove and beyond,

the afformentioned attributes, PVA hydrogels can easily be formegolymer

grafting, or simpleionic complexation and/ocrosslinking with suitable reagents,

such as poly(acrlic acid), citric acid, glutaraldehydad acid catalystsor
polyelectrolytes Moreover the aforementionedinteractions concurrently confers
insolubilization of PVA during hydrogdbrmation and as suclalleviates its poor

instability in aqueous mediungwhich is a known weaknessf &6 p u), while PV A
simultaneously enhancing the structural porosity, mechanical stailityobustness

of PVA. A particular popular choice among these blendirmgslinking agents, is
aminecontaining polyelectrolyte, polyethylemaine (PEI), which induces hydrogel

formation in PVA through ionic interactions.

Generally PEI is a charge modifier which himeind widespread application as
membrane surface modifier, dylending it with theinterfacial enhancing matrix

material. Its contribution to themprovement of biosensor performanie a
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particularly interesting area of application, and in this regard, it confefgionic
bonding interactions between reaglyer components, while concurrently
improving hydrophilicity on electrode surfaces, and its presence also contributes to
providing unique microenvironment for the immobilized enzyme. In a defintive
context PEI is a branched chain cationic hydrophilic polymer withabundance of
amine groupswhich at physiological pH, are highly protonated, thus conferring
multiple interactive functional sites to ionically interact with other polymer species
with anionic groupsA schematic representation of the structure of PEI is shown in
Figure 2.7.3

CH,—CH—N CH,—CH—N
CH,—CH,—NH,
Figure 212 Structure of Polyethyleneimine (PEI)

With reference to the interaction between PVA and PEI in particcdathe
interaction during the blending of the two homopolymers is highly ionic in nature,
resulting from ion complexation between #mgion (CG) group of the PVA and the
cationic (NH'C) of the PEI, of which the overall result is an ionically crosslinked
composite, which is insolublélfhe so produced blend, is highly hydrophilic and
preferentially absorbs water, due to the extensive interaction arising from intra and
inter molecular hydrogen bondirand dipoledipole interactions between water and
the functional groups of PVA/PEI suas amine, acetal and hydroxyl, as well as

some unreacted amine moieties.
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In all analytical techniques, as is the case in any (bio)sensor, based on molecular
recognition, standard protocols for evaluation of performance criteria, in accordance

with standard IUPAC definitions needs to be examined. Amongst these criteria are:

0] Calibration characteristics which; are based on sensitivity, working and linear
concentration range, detection and quantitative determination limits;

(i) precision, accuacy and repeatability;.

(i) Selectivity and reliability; and finally,

(iv) time factors, which includes response times, recovery taneslifetime of

the biosensor.

It has already been established that dp&misationof biosensors is by and large
dependant on the immobilization technique used, however, as biosensors -are self
contained, all parts being packed together in the same unit, elegant research on new
sensing concepts, coupled with numerous technological innovations, has opened the
door to achieving higher sensitivity, specificity, simplicity and inherent
miniaturization of modern electrical bioassays permitting them to rival the most

advanced protocols
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Chapter Prelude

This chapter consists of two parRart Atakes a much closer look at the specific
variables which needs to be considered duringagi@ication ofcytochrome P450

3A4 biosensors as applied in tseope ofcurrent dissertatiorin this regard, the
aspects covered in this chapter is aimed at forming the basis of the experimental
methods of investigation, particularly in terms of biosensor configusatimiuding
thermodynamic parameters, kinetic parameters, as well as performance factors which
include range, linear range, detection limits, time factors, precision, accuracy and
repeatibility. Furthermore, the significance of this review is that it aahproviding

the reader an anhanced understanding of obtained results, since it comprehesively
explains and defines important aspects, as it applies to the ehaged
electrochemical and/or bioelectrocatalytic factors in this stlidg.second pargives

a succinct overview of general experimental protocols as pertaining to the dissertation
as a whole. Also included are all the materials and reagents used throughout the
conduction of the PhD research, including general preparative protocols of samples
and reagents. In addition to this, the schadl thought with regard taelevant

calculationsof specific parameters are also provided.
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3A Variables of Investigation

3A.1 Introduction

A biosensor in the context of this thesis may be describedl@e)analytical device
which exhibitsthe chemistry of th@nmobilized biological component, witihespect

to its electron tranfers processes, its reduction and oxidation, adsopatimmena
kinetics of eletron transfer and reaction mechanisms and oatafteractionsi by
through electrochendal methodsand by making use ofanalytical tools To
effectively determine the aforementioned phenomena, the type of transduction
method is a key juncta, which according to the scope of the current dissertation is
electroclemically based. Generally, electrahical transduction operates on the fact
that during a bianteraction process, electrochemical species such as electrons are
consumed or generateaind as suclproducing a measurable electrochemical signal.

In this regard, it is evident that evaluation of all of the relevaspectsand
parameters pertaining to tloperation, and performance of the prepasexsensos
areby-andlarge based oanalytical electrochemistry methods, which are collectively
referred to as Electroanalysis. Appropriately, this subject, togetheralitblevant

related topics are subsequerdbfined andliscussed.

3A.2 Electroanalysis(Electroanalytical Chemistry): Theoretical Aspects

On a broad scale, electroanalysis may be described as the science of
carrying out analytical chemistry by making use of electrochemi&tryhe core of
this subject area, are two prominent electroaigltobservables, which includes
potential E) (also called voltage) and the curreht(pr its integral, i.e. charge (Q)).
During electroanalytical analysis experiments, the interplay between these

observablesH, I) and chemical parameters are observed, assessed and subsequently
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exhibited in appropriate configuration. It is noteworthy to also add that since
current is expressed per unit time (currept(amperes (A)i.e. coulombs/second)

time also plays a signifant role in electroanalytical techniqu&senerally within the
context of electroanalsysis, potential mead is referred to gsotentiometry, while
current measurememone in association witamperometryand itsmain cotopic,
voltammetry In a more dexiptive context, potentiometric detection requires two
electrodes, which includes the working electrode and the reference electrode and
measurements is made at thermodynamic equilibrium conditions, which essentially
involves conditions with no currenflv. The potential difference, measured between
the two electrodes is then related to the quantity of the electroactive species/analyte.
In current measurement detection technigoreshe other hand, the focus is on the
current passing through a polarizal#lectrode which is generally meared as a
function of careful potential manipulatiofcontrolled potential methods)The
magnitude of the current is directly gportional to the conentration of the
electroanalyte species in the electrolyte soluti@umpared to potentiometry,
amperometric techniques has high precision and accuracy, and is much more
versatile. Moreover, a complete study of an electrode process requires measurments
of kinteics, as well as thermodynamics, for whpotentiometry is inagluite, while
amperometc based techniquesn the other hand can be applied to determine all

parameters catagorized under kinetics and thermodynamics.

Generally, the chemical questions thah de answered by such use of electrical
measurements ampeometric techniqueiiclude (1) the standard potentials (©f

t he ¢ op o u n-tkdustionoreactiohs, {2) ewatuation of thermodynamics of the
compound, (3) determination of the eleatrstoichiometry (4) evaluation of the
heterogeneous eletrdrander kinetics and mechanisms of the compihufb) study

of pre and postchemical reactions, heterogeneous (thermodynamics and kinetics) that
are associated with the electron transfer of a reaction, (6) study of effects of the
solvent, supporting electrolytnd solution acidity on oxidatiereduction reactions

and (7) study of reaction and product formation in relation to heterogeneous catalysis.
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It is not possible to measure current during a homogeneous reaction, since an
electrode and an electrolyte stdun is required, which each represents a different
phase. Moreover, amperometric type electroanalytical measurements takes place
across an electroesolution interface, and as such these methods are based on
heterogeneous electrdransfer reactions. Also noteworthy, is that isce
amperometric analysis does not occur at equilibrium, these techniques are dynamic in
nature, and as such is accompanied by compositional changes in the electrochemical
cell material. The most common techniqudgectly associatewith amperometry is

polarography (when a mercury electrode is used) and voltammetry.

3A21 Voltammetry

Voltammetry has its roots from the discovery of polarography in 1922 by
the Czech chemist, Jaroslay Heyrovsky, for which he was subsequently honored by
the 1959 Nobel Prize in chemistiy. this regardyoltammmetry is based on exactly
the same principleshat pertains to polarography. In a more definitive context,
generally, the common feature shared by all voltammetric techniques is the
application of potentialE) to the working electrode and the monitoring of the
resulting current Ij flowing through the electrochemical cell. Depending on the
particular type of voltammetric technique, the potential may either be scanned
between selected potentials, @ndEy), or the potential of the working electrode may
be changed instantaneousiywhereas the resuity current may monitored as a
function of potential or time (depending on the type of voltammetric technique).
Thus, overall, oe can conclusively say that all voltammetric techniques can be
described in terms of some function&fl and time.With refelence to the applied
potential in particular, depending on the desired effect, it can be used to derive an

overall reduction or oxidative process. In effect, htdre potential is used to force the
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electraoctive species to either gain or lose an eleatrbich essentially happens in a
potential region that makes electron transfer thermodynamically and kinetically

favorable Thus at the core or voltammetry, is also the transfer of electrons:

Ox+ne R 3A.1

where Ox and R refers to the oxidized amdluced forms of the redox couple,
respectively Such oxidation/reduction reactions, derived by electron trangfer,
governed by Faradayo6és | aw (i.e., the amoul
of | is proportional to the amount of electricity pads In this regard, the resultant
observable voltammetric response, exhibitedtlas Faradaiccurrent, is directly
proportionalto the concentration of the electroactive (analyte) spe(qigsﬁﬁ ).
Moreover, the surface concentratiarfsthe amlyte species involved in tHéaradaic
processes are related to the electrode potential bythienodynamicNernst
equation

E=E+ ?—"éﬁlog%f 3A.2
Where (E°) is the standard potential for the redeaction, R is the universal gas
constant (8.314) K* mol™®), T is the Kelvin temperature and F is the Faraday
constant (96,487 As the electrode is polarized aRdradaiccurrent is passed, the
potential is in effect moved away from the equilibrium anzbncurrent change in the
concentration offL ¢ is enforced, however, for a system that is controlled by the
laws of thermodynamics Nernstian conditions), equilibrium needs to be
continuously reestablished as changes are mada as sug the potential and the
surface concentrations are always kept at equilibrium with each other by fast charge
transfer process. In effect, the potential forces the respective concentrations of Ox and
R at the surface of the electrode to a ratio thkah compliance with the Nernst

equation, which essentially means that, changing the applied potential will
concurrently induce a change in the ratio-%#f, SO as to satisfiEquation 3A2. On

the other handjue to the fact that the applied potential enforces a gaining or losing

of electrons, it may be viewed as fndel ectrc
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also reflects the rate at which electrons move across the elestltien interface.
In this regard, the rate of reaction can be described by the Butlerer equation,

which is one of the prominent laws that descubammetry:

=K FpoexplU d by exp[(H0) d ] } 3A.3
where d-EYRT,rKKFi(SE the heterogeneous rate cor
coefficient, and A is the area of the electrods.can be observed frofquation
3A.4, the Butlervolmer equation links the variables for current, potential and
concentration, which is a very usefuklationship for the benefit of many
voltammetric techniquedoreover, it allows one to determine the values of the two
analytically important parametersandk’. Another noteworthy fact jshat charge
transfer (current flow) is always accompeohiby diffusionatmass transferThis
essentially happensince no equilibrium exist between the surfaaed the bulk
solution concentrations, becauas,the reagent is consumed or the product is formed
during the redox reaction of Ox and, Boncentration grdients between the locality
of the interface and the bulk solution arise, which in effect, induces diffumnohas
such reactantsor productsare continuously transported,tor away fromthe
electrode surfacgor to/from the bulk of the solutiorhy diffusion. This concentration
gradi ent and mass tr ans wloch essentially dkscsbesr i b e d
the amount of materi al i mpinging non the
particular,Fi ckds | aw states, tdhtaitvealhandll yutxe od p e
is directy proportioral to thechangein concentration of species a function of the
distancex, away from the electrode surfa@ncentration gradient)

U ADox(MCo/LX) 3A.4
whereDg is the diffusion cofficient of Ox and x is the distance from the electrode
surface. An analogous equation can be written fdt R.important to note thatince
voltammetric electrochemical processes always involves consumption of
electroactive species and formation of prodchszturringat the same time that current
is flowing, theseprocesses will always be accompanied by the formatiosuoh
concentration gradiestand as suchmasstransport indueed and flux plays a
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significant role In effect,the flux of Ox and R at the electrode surface controls the
rate of reaction and thus tl@radaiccurrent flowing through the celln addition to
diffusion, masdransport may also occuthrough migration or convection.
Convectioninvolves the movementfansport of species by a forceful physical
movement, in which such fluid flow occurs with controf&ring or flow-through

of the solution, as well as with rotatiar vibration of the working electrode (i.e.
forced convection), or due to density geaxds.Migration on the other hand, refers to

the movement of charged particles under the action of an electric field (a gradient of
electrical potential). In effect, it may be simply described as the movement ofcharge
carrying ions in the solution duringn electrode process: the positive ions are
attracted by the negatively charged electr@mhode) while the negative ions are
attracted by the positively charged electrgadeode) The rate of migration depends

on the charge on the ion (transfazemumber), the size of the ion (including its full
salvation spheres) and on the strength of the interaction between the ion and electric
field. A stronger field will of course form at an electrode bearing a larger poténtial.
voltammetry,however,the effets of migrationis attenuated by using an electrolyte
which contains an excess of-teactive ionic salt, known as a swgaimg electrolyte.

More on this subjeds discussed itsection 3.3.1.2

From a general perspectiveyoltammetricelectrode reaction can be quite complex
andtakes place in a sequence that involves several dtefise simplest case, only
mass transport of the electroactive species to the electrode sutfacelectron
transfer across the interface and the trarispiothe product back to the bulk of the
electrolyte solution is involved. More complex reactions include additional chemical
and surface processes that precede or follow the actual electron trahsfeet rate

of the reaction, and hence the measuredeatl value may be limited either by the
mass transport of the reactant or by the rate of electron trandfez slower process

will be the rate determining step. Overalhether a given reaction is masansport

or electron transfecontrolled is detemined by various parameters, including the
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type and concentration of the redagtive compound being measured; the size, shape
and material of the electrode; the electrolyte solution resistance; operating potential;
mode of mass transport; number of aleas transferred; time scale, efthus, in
effect, these parameters also determine the measured current\dgealthe overall
reaction is controlle@xclusively by the rate at which the electroactive species reach
the surface, the current signal iscstd be mass transport limited. Such reactions are

labeledNernstian or reversible, since they obey thermodynamic relationships.

Commonly resultsobtained from voltammetric analysasedisplayed in terms ofa
voltammogram, whichin the most general form is a plot of curregnal versus
excitation potential In fact, this currenpotential plotis used to exhibit results
obtained from the most popular and widely used voltammetric technigueyclic

voltammetry.

3A.211 Cyclic Voltammetry

Cyclic voltammetry is undoubtedly, the most widaeledelectroanalytical
techniqueandis highly beneficialin diverse areas of scientific reseamgbplication
mainly due itsexceptionalability for providing qualitativeinformation about redox
processes In particular, it provides rapid information with regard to the
thermodynamics of redox processes, on the kinetics of heterogeptmmimon
transfer reactions, and on coupled chemical reactions or adsorption prpcesses
including understanding reaction intermediates and for obtastaimlity of reaction
productsin fact, cyclic voltammetry is normally the first experiment performed in an
electrochemical studysince itenables rapid location of redox potentials of the
electroactive species, as well sisiplistic evaluation of the effect of media upon the

redox process.
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The technique itself is based mearly scanning the applied potential of a stationary
working electrode (in an unstirred solution) in a triangular wavefwitin time. The

form of the potentiatime impulse is exhibited iRigure 3A.1

= Cycdel =

Reverse
Scan

Efinal

Potential

Forward
Scan

mitial

Switching
Potential

Time

Figure 3A.1 Potentialtime excitation signal igyclic voltammetric experiment

During the process of potential scannitigg potentiais variedwith time,in a linear
manner ata specificscan rate, up to a pdefined limit (known as the switch
potentia), and then reversed to the initial valuEhe parameters which are of
significance during the actual sweep scan, are the initial poteBf)altife initial
sweep direction, the sweep rat®, (the final potential &) and the switch potential.
Depending on the particular experiment being conducdtesdjnitialforward sweep
may be in the negative or positive direction, whereas the reverse Iszag the
inverted sweep,will then obviously be in the opposite direction. Moreover,
depending on the information sougéiich aghe potential at which theedox process
occur, or the concentration of the electroactive species, or the presence of preceding
or following chemical complicationg a partial cycle, full cycle, or multiple cycles
can be performeduring the potential sweep, the current signal ltegy from the

applied potential is measured by the potentipstditereas the overall response is
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collected as a resulting current versus potential plot, kn@snthe cyclic

voltammogram. An illustration of the expectsgbical cyclic voltammetric response
of a FeCN"" " redox couple during aingle full potential cycle, is exhibited in
Figure 3A.2.

WA
(@]

T T T T T T T T T
-200 0 200 400 600
Potential vs Ag/AgClI (3M NacCl)

Figure 3A.2 Basic parameters for a cyclic voltammograms, Eefers to the
potential of the anodic (forward) peaky.Eepresents the potential of the cathodic
(reverse) peak; Hs the potential value at the inversion of the scan direction (switch
potential); ha represents the current of the forward peak with respect to its baseline;
ipc iS the cathodic (reverse) peakrent with respect to its baseling){is the current

at the inversion potential with respect to the zero current baseline

With the assumption that only the reduced form is present initially. Thus
appropriately, a positive potential scan is choseriHerfirst halfcycle, which starts

from a value where no oxidation occurs. As the applied potential approaches the
characteristic E° for the redox process, an anodic current signal begins to increase,
until a peak is reachedfter passing through the paitial region where the oxidation
process takes, the direction of the potential sweep is reversed. During the reverse
scan, Ox molecules (generated in the forward half cycle), and accrued near the

electrode surface) are reduced back to R and a cathodticqsedis.
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Generally,as shown irFigure 3A.2 the prominent observablparameters in a cyclic
voltammogram are the pegotentials (B, Eya), the peak currentsyfl 1p3 of the
cathodic and anodic peaks, respectively; the switch potentigl g thepeak
potenti al §.1f teres of wataeinte(preethtion in particular, of these
parameters, the most important are the two peak currents and peak potentials, which,
based on the theory developed binalMi chol so
eectr ode poi$ wseddognalyze thg cyglic voltammetric response. In this
regard, these parameters are applied as diagnostics for determingtiger the
system islectrochemicdy reversilbe, quasireversilbe, or irreversible, as well agor
the study and determination of other relevant aspects, such as coupled chemical
reactions and adsorption processés a reaction which is electrochemically
reversible,i.e., a reaction in which thelectron transfer is fastompared withmass
transfer (sudh as diffusiof Y2 the peak current is given by the RaneBes/cik
equation:

I, = (2.69 x 16)n*?ACD”A* 3A5

where n is the number of electrons, A is the electrode @rean), C is the
concentration (in mol ci), D is the diffusion coefficient (ikn’s?) and n is the

scan rate (in V9. As observed irequation3A.5, the current is directly proportional

to the concentratigrand furthermore, peak current increases with square root of scan
rate.What is morefor a simple reversible reaction, traio of the reverséo-forward

peak currents=g/ l=_' is unity. On the other hand, tladorementioned peak ratio can

be strongly affected by chemical reactions coupled to the redox p(ow@sson this
subject will be discussed in following sect8). The positions of the peaks on the
potential axis is related to the formal potential of the redox process. In particular, the
formal potential for a reversible couplecentredoetweerk, sandE, ¢

_A'TH A'RH

E° 3A.6
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The separatiobetween the peak potentials (for a reversible couple) is given by
aE, = Epal Epc =2.303RT/NF 3A.7a
Which at 25°C becomes:

In this regardthe peak separation can be used to determine the number of electrons
transferred,and as a criterion folNernstian behaviourHence, a fast orelectron
process &yxohabduti59 sV and sech value maintains constant with scan
rate. Thusfor reversible electrochemical reactidogth the cathodic and anodic peak
potentials are independent of scan rate. It must be noted though, that in peactice,
val ue o fE, i i@deet Veryddifficult to attainpecause of small distortions
caused by solutioresistance, so an error variableabout 1015 mV is still regarded

as acceptable.

Unlike, the electrochemicddehaviourf or r ever si bl e r-ede’l pr oce
redox processesuch as irreversible and quaeversible processes which the

electron transfer is slow, or coupled with a chemical reaction, a very different

situation presents itselfSuch processes are actually of greatest chemical interest and

for which theinvestigativeingenuityof cyclic voltammetryis most valuable.

In terms ofirreversible,electrochemicaprocesses in particular (those with sluggish
electron exchange)n general the commonality is that theate of the electron
transfer is lower than the rate of the mass transpo of the minentcharacteristics
features of irreversible processas thatindividual peaks are smaller in size and are
widely separated from each oth&idgure 3A.3, curve A). In fact, in many cases, the
separation between the forwamhd reverse peak is so lardpat the reverse peak is
undetected. This essentially happens, because the forward peak, compared to its
standardthermodynamicpotential, is located at potentials more negative than if it
wereareversiblereaction.Moreover,the forward peak potentidk, ¢ shifts with scan

rate, such that for reduction processdabe shifting will be toward more cathodic
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values. At 25 °C (298 K), the shift is approximately 7 mV for a tenfold

increase of the scan rate. Overall, the precise dependence abgieakal E,) on

scan raten, is expressed by:

Ep= E9 @ L[ 0.78¢ Ing2 + In 'an] e 3A.8
where U is the t nisihs hueber of eeetforisiingolvedrintthe a n d
chargetransfer step.Thus, E, occurs at potentials higher than the standard
thermodynamic potential (§° with the overpotentiak related tothe heterogeneous
standard rate constaike, andthe transfer coefficient) However, independent of the
value ofk® an appropriate change scan rate, can compensate for the displacement
in peak potentialAlso noteworthy, is that if the haffeak potential (k) is the value
at halfheight peak currentys, it holds that at 25 °C:

VEp & Epge= =20 = — (inmV) 3A.9
Thus, asobserved inequation 3A.9 at 25 °C,the pe# potential and the halfeak
potential will differ by a magnitude48/J nmV. This essentially means that the
voltammogram becomes more drawmt asU nincreasesWith regard to the peak
current on the other hand, given by:

. 8 3 023, ¢ =0rt.Op/Ff 3A10
it is still proportional to theoncentration, but will be lower in magnitydeith the
actual peak current height depending bnet v al ue of the U (sinc:
shown inequation 3A.10shows thal,depends on t he.Inghgsuare r o
regard, assuming a value of 0.5 for U, the
a magnitude of about 780% of the peak for a reversible one, which amounts to a
ratio of reversiblgo-irreversible current peaks of approximatély51.27. Another
noteworthyaspect with regard to the peak current for irreversible processes includes
the fact that no current ratio foy,/l,, s exists. In this respect, however, it must also be
taken into account that the lack of any reverse response is ratiesuf to

conclusively diagnose an electrochemically irreversible step, since the presence of
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chemical reactions involving the electrogenerated species can attenuate the reverse

respons.

TI B

Figure 3A.3 Cyclic voltammograms for irreversible (curve A) anguast
reversible (curve B) redox processes.

The other foreseeable type ddox electron transfer process, the quasiersible
reaction, involves processes in the transition zone between reversible and irreversible
behaviour.In such reactions, the shaptthe cyclic voltammogram is a function of

ko/- paD (where a mF/RT) % thus as k¥ paD increases (i.e., atry fast scan
rates), the system potrays irreversible behaviour. Therefoseich reactionst is not
uncommon that at low scan rates, the@ose couple exhibits reversible electron
transfer behaviour, whereas at high rsgates the process behaves irreversibly.
Generally, qusi-reversible system®ccurs when the rate of the electron transfer (of
the redox reaction) is of the same order of nitage as the mass transport and as
such, consequentlyhie current is controlled by both the charge transfer and the mass

transport Another point also noteworthy is that it is commonly assumed that an
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electron transfer behaves quesiersibly when the ahdard rate constant lies within
the values expressed as a function of the highest and lowest scam rates

3 x 10° "2 ko2 2 x 107 An*
wherek?is expressed im s* andnin V s*. From amore practial perspectivepne
of the most eminent readilybservableaspects of a quaseversible redoxeactionis
the separationbetween the forward and reverse peaks (DEp) ¥ which in this
case, is much greater than that of a reversible probksgover, the peak height is
not directly poportional ton” Also noteworthy is that the peak shapes and feak
peak separatiorDE,) dependthrough acomplex mathematical functiovi (known
as the rate parameter) o k?andb:,

T A

nd

The above rel ati on hol ds U Nndgl 8 Dreg £ De assum

Considering the latter andforementionedaspects, it becomes evident that for

diagnostic characterisation of a quesversible process, the parameters of relevance

includes the thermodynamic parameter, Bhdt he ki net i ¢ k.dmr amet er ¢
this regard, the parameter;j E&n be efficientlycalculated as the average between the

forward and reverse peaks, given that 0.3 | 0.7; whereas k° can be calculated if

both D and U are known. In this regard, U
0.5, however, one can also roughly evaluatethé¢ we of U by taking ir
effect of U on the shape of the cyclic vol

1 Forthe case ob)> 0.5, the forward peak is sharper than the reverse peak, and
as suchlps> 1y
1 F o r< 018, the opposite is evident

Other noteworthy factora/ith regard to the potential and current which are also of

significance in qausieversible processasclude the following:

1 The forward peakH, ) shifts withn, i.e., toward more negati\g, values for
reduction process;

1 At 25 °C, the peako-peak potential difference is higher than 59.0/n, of which
the difference become much more prominent with increasing

104



Chapter 5 Variables of investigation and general protocols

1 The forward peak current Ip,f increases with, but the dependence may not
be linear.

1 The current ratio/l,re qu al s 1 o@theswisé,if U = 0. 5.

To sum up the aspects of reversibility, irreversibilility and quesersibility, Table
3.2 highlights the important aspects that may be applied as diagnostic tools for the

correct classification of electrocheralaeactions during experimental investigations.

Table3.2 Summary of diagnostic criteria for electrochemical reversibility,
irreversibility and quasieversibility of a redox couple, obtainable
from cyclic voltammetric investigation

Property | Reversible Quast Irreversible

Reversible

For Diffusion Controlled processes
aEp,= = for | Epvarieswithn | Epsvaries
an nelectron DE, 57.0/nmV | withn
couple (departure from
Peak potential, | 59/n becomes
Epcand Baare | very significant at

: i ndepend| highern)
Properties Peakto-Peak

of the .
Potential separ agis

independ

pl ot pwd

= linear

E%= (Epa+

Epc)/2

lpc = lpa lp.s increasesvith plot of I,

|, is proportional | 3, but the v s%=3

t 0*; got of o dependence may| linear,
properties | s” =dinear be nonlinear; - Lo 1pc® lpa
of the lpdlpc =1 IP’|'/|p’f: 1 only if or lpc(no
Current Uu < 0.5 current

(ot her wi ratio of
U < 5L
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So far, the application of cyclic voltammetry was discussed with respect to
the response of diffusive solution systems. However, the explorative diagnostic
ability of cyclic voltammetry can also be used to investigate redox processes for
electron transferacross the electrode/film interface involving(electroactive)
species/molecules adsorbed onto, or confined to a thin layer close to the electrode
surface.For such redoactive interfacial supramolecular assembliesdistinctly
different observable electhemical behaviour is exhibited Firstly, for such
confinement/immobilization of electroactive species, the remtive material
normally does not have to diffuse to or from the electrode surface, which
concomitantly leads to changes in the shape otybkc voltammograms, i.e., peaks
are more Gaussian in shape. Moreover, the separation between the peak potentials is
also much smaller than expected for soluptrase processes, which become more
evident at slow scan rates where the species is exhdysikidized or reduced. In
fact, idealNernstian behaviouwf surfaceconfined norreacting speciegpecies with
no lateralinteraction between redamentres or in which interactions are independent
of surface coveraggeis characterised by symmetrical voltammetric peaksKgpae
3A.4), with an ideal peako-peak potentiabifferenceof zero PE, = 0). Moreover,
the peak current is directly proportional to the potential scanmgtag shown in the

following relation:

lp=——nA { 3A.12
n

where n, F, R and T has its wusual meani ng s
surface coverage or concentration of the redox active molecule (in Mol thone

recalls from aforementioned sections, thigrngian behaviourof diffusing species

yields an” dependenceConversely, as shown Bquation 3A.12, surface confined

species exhibits a linear scan rate dependemcand notn”. Also noteworthy, as

shown in the retion exhbited by the above equatias the fact thathe peak current

is directly proportional to the surface coveralymreover, the area under the peak
corresponds to the charge associated with the reduction of the adsorbed species and in
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this regard,the surface coverage and the quantiy charge consumed during
reduction or adsorption of the adsorbed/confined layer is related in a very useful
equation:

Q = nFAQ 3A.13
In effect, the above relation shows that by measuringFdradaiccurrent passed
during exhaustive electrolysis of the adsorbed/surface confined layer, the surface
coverage of the latter can be determined, which in turn, can be used to calculate the
area occupied by the adsorbed molecule. From a practical perspdusvenay be
done through slow scan rate voltammetry, or by using bulk electrolysis with
chronocoulometry. Overall, essentially, this can be used to calculate the area
occupied by the adsorbed species. Generally, for a species exhibiting an ideal
Nernstian behaviour, in which there are no lateral interaction between resiuxes
or where interactions are independent of surface coverage, the surface confined

species will commonly adhere to the followiredationships
FWHM = 3.55'= -2 mv, 3A.14
Epa=Epc 3A.15

where FWHM is the full width at half maximum of the cathodic or anodic wave. On a
final note,ideally, for speciegxhibitingthe relations described tyquations 3A.12
i 3A.15, the type ofadsorptiorof the adsorbed redox active species can be described

by the Langmuir isotherm:
AA

i = &m 3A.16
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n(E - Ep)/mV

p,c

Figure 3A.4 Ideal cyclic voltammatridbehaviourfor reductionand oxidation of
adsorbed/surface confined speciBsesurfacec over age, {, can be
area under the peak

3A.2.1.1.2 Aspectsof chemical reactions coupled to electron transfer

As mentioned in preceding sectionBeterogeneous electron transfer
processes in voltammetric reactions can be quite @mdue to the common
occurrenceof homogenous preceding or following chemical reactions. The presence
of such reactionsvill concomitantly affectthe shape of the cyclic voltammograms,
and thus will inevitably appreciably perturb the diagnostic investigatior electron

transfer processemn this regard, the chemical complications are categodsed
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1 Preceding (the electron transfer) chemical reactions

1 Following (the electron transfer) chemical reactions

With regard to specific classifications, thesectmes may be catalytic or just
coupled homogeneous chemical reactions. A specific examjutle, referenceto
catalytically coupled chemical reactions i€YP450based electrochemical
investigations in particular, the reduced product formed fromfdhgard scan are
normally, in the presence of oxygen, used up in very falbow-up chemical
reaction, hence the lack of the reverse scan, partigudaritient at low scan rates.
Indeed there are many aspects to consider in evaluating such reactions, hoatver, th
will not be further elaborated on at this stage. For more information regarding this

subjects areas, the listed textbooks may be condaite@R].

3A.2.1.2 Pulsed Voltammetric Techniques

From a general perspective, in terms of the analytical sensitinity
classical cyclic voltammetrgetection limitscan go down to approximately 1ol
dm® concentration level. However, at very low concentrations of analyte, the current
perturbationcaused bydouble layer effectsr other noAFaradaicsources induces a
substantial compromise in the accuracy. As an example, consider the esszroh
trander processes in cyclic voltammetry complicateccbpsecutiveelectron transfer
process, with theelectrode potentials separated ®y100 mV Y% the resulting
overlapping peak systems are very difficult to be resoimedrderto obtain the
precise formal lectrode potential for each step. Moreover, during the study of
catalytic electrochemicalexperiments, in which electron transfer processes are
complicated by follomup chemical interactions, a more accurate measure of
electrode potential with preferablgwer signatto-noise ratio is requiredn the latter
and aforementioned cases, it is convenient to make use of pulsed techhioses.
met hods al l 0 a ¢ Caaddiccuaente whengreatly rhiryindizing thee
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capacitive (charging) current. This essentially achieved by applying a sequence of
potential steps to the working electrode which enables the experimenter to exploit the
variation in decaying rate dfaradaiccurrent asopposedo the charging capacitive
current. In this regard, after the potential is stepped, the charging current decays
rapidly (exponentiallywith time) to a negligible valuewhile the Faradaiccurrent
decays rather slowlyThus, after triggering the electromansfer by potential
applicationacrossthe working electrode, and sampling the current late in the pulse
life, effectively discriminatesagainst the charging current, and as such, the observed
current is byandlargeFaradaic

Overall, in this regard, thievo techniques which are particularly useful and also as
pertaining to the scope of the dissertation include:

i Squarewave voltammetry
1 Differential pulse voltammetry

3A.2.1.2.1 SquareWave Voltammetry (SWV)

Square wave voltammetry is originaligvented by Ramaley and Krause
and subsequently extensively further developed by Osteryoung amdrkers into
the modernanalyticaltool which is often regarded more popular than norroal
differential pulsevoltammetry In fact the technique itself cabe viewed as a
synergistic combination of the best aspects of several pulse voltammetric techniques,
including background disgnination and superior sensitivity of differential pulse
voltammetry, the diagnosticompetenceof normal pulse voltammetry dnthe
capability of direct interrogation of products in the same manner as reverse pulse

voltammetry, hence the popularity of the method.

Essentially, SWV is a largeamplitudedifferential techniquegdeveloped through the
combination of the higlamplitude high frequency square wave with the fast
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staircase waveform, and by making use of compedetolled electroanalytical
instrumentin preference t@nalogue hardwar&Vith regard to practical aspects, it is
normally applied to a stationary electrode, anlves the application of potential
waveform to the working electrodén particular, the waveform composed of a
symmetrical square wave, superimposed on a base staircase potential, is applied to
the working electrodeWith respect to the interpretati of results, it is best to
consider the waveform as consisting of a staircase scan, of which each tread is
superimposed by a symmetrickublepulse, one in théorwarddirection and one in

the reverseln general, the principle parameters associateith &i square wave
include a pulse heightDE,, which is measured with respect to the corresponding
tread of the staircase, and the pulse wigthThe pulse width can also be expressed

in terms of the square wave frequentys 1/2,. The scan rate = DEJ/2t, = fLE;,

which is based on the fact that thimircaseshifts by DEs at the start of each cycle.
Figure 3A.5 exhibits thewaveform and measurement scheme, including the principle

parameters, for square wave voltammetry.

1 I 1 1
i I i i
! «Cycdel> }¢«Cyce2—» ! «Cycle2—> |
I I
i i i .
8 o
orward
= current @
= sample
) AEP
(=% — <— tp
Y AE <l T _’
e ®
Reverse
current sample

Time

111



Chapter 5 Variables of investigation and general protocols

Figure 3A.5 Time-potential waveform profile for square wave voltammetry.
Showing initial potential, E pulse height (amplitude), ;Estep height, & pulse

width, {, (also known asquarewave period), forward currenaind reverse current
sample.

FromFigure 3A.5, one can sedistinguish a number of important parameters. Firstly,
the square wave scan begins at an initial potentiglwhich is applied fora
subjective time to initialize the systerAnother significantparametens the pulse
height/amplitude PE,, which is measred with respect to the corresponding tread of
the staircase, as well as thelsewidth/square wave period,. tDuring each square
wave cycle, the current is sampled twice, i.e., at the end dbtheard pulse (at4)
and at the end of the reverse puyksieR).

111
30
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A5 1 . , . , . , ,
600 400 200 0 -200
(E - EVz)mV

Figure 3A.6 Typical square wanvoltammogram exhibiting reversible electrochemistry
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3A.2.1.2.2 Differential Pulse Voltammetry (DPV)

In DPV a succession of pulses of fixed magnitude, which is superimposed
on a linear potentialamp, are applied to a working electrode. Here, the current is
monitored (sampled) twice per drop, i.e.: The first sample is taken just before the rise
in potential, at the beginning of the pulse, whereas the second sample is taken late in
the current pude life just before it decreases back to the bas@hen the charging
current is decayed) The difference between these two currents, which is
instrumentally subtractedis t hus e s s gud t Tihe Idiffeyentiabtp pulse
voltammogram is then subsequgnplotted as a current vs potential graph. A
noteworthy factor to also add, is that since the difference betweeRattaelaic
components of the two current samples is usuabfligible i n p gui€zero,c e ol
unless a legitimate redox activity oesu From apractical perspective, during
investigations involving DPV, the important parametectude

i the pulse amplitud€ qfsd, which is the magnitude (height) of the applied
potential pulse;

i the pulse width which is the time duration (in ms) mhich the pulse is
maintained,;

1  thesample widthwhich corresponds to the time (in ms) at which the current
is measured after the application of the potential pulse;

1 the pulse periodwhich is the time required to complete one cycle of variation
of potental.
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Figure 3A.7 Potential wave form and tim#gependence of applied potential in
differential pulse voltammetry

3A.3 Practical considerations

3A.3.1 Voltammetric investigations Instrumentation and general practical

requirements

From a general perspective, the basic requirements for the conducéion of
voltammetric electrochemical investigation include an electrochemicali deillly
equipped with a threelectrode system, a voltammetric analyzer (consisting of a
potentiostatic ctuitry, including a voltage ramp generator), while the other
component is an X -t recordefplotter (X-Y: for currentpotential measurements and
X-t: for currenttime/concentration measurement&)so noteworthy is the fact that
the complete systershould be kept in a location that is free from disturbing
vibrations and drastic fluctuations imemperature since these aspects can

substantially influence the obtained results.
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3A3.1.1 The dectrochemical cell

Generally, voltammetric experimental investigations are commonly
conducted in a glass electrochemical cell, equipped with a three electrode system. A
typical electrochemical cell is exhibited liigure 3A.8. The general volume capacity
of such cells rangérom 5 to 50 mL and it is usually fitted with a teflon cover,
equipped with eing adaptors to hold the three electrodes, which includes the
working electrode (WE), the reference electrode (RE) and the counter electrode (CE)
(or auxiliary electrode) In this regard, the WE is the electrode that is usually
modified with theappropriatelychosen interfacial enhancers and is the electrode at
which the reaction of interest occurs. Various materials can be used as working
electrodes, and based on origin, thesay nbe metals, carbonaceous materials,
semiconductorsand organic conducting salts. With regard to the scope of this
dissertation, carbonaceous WE was used. In particular, glassy carbon WE was used,
the characteristicof which will be elaborated on in mometails in subsequent
section. The RE consist of an inner solution of constant composition of both forms of
its redoxcoupleand as such, is resistant against potential changes which enables it to
provide a stable and reproducible potentiajependentof sample composition.
Common reference electrodes are saturated calomel (KHgdgand silversilver
chloride (Ag/AgCl)electrodesof which the latter was used in this dissertation. With
regard to the counter electrode on the other hand, an inert ¢migdueaterial,
usually a platinum wire is used. During therformanceof the actual voltammetric
experiments, these electrodes are immersed in the solvent and supporting electrolyte.
In addition to this, depending on the type of voltammetric experimeatsalution
may bequiescentor may require stirring, for which a stirrer bar is included in the
cell. Moreover, the tube used for bubbling timert deoxygenating gass also

supported in the holes of the tefloover.
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WE RE
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Teflon - ‘ J_

cap
Modified
Working electrode
surface
Electrolyte
Porous
vicour tip
Stirrer bar
Figure 3A.8 A typical electrochemical cell used during a routine

electrochemical insstigation

The relative positions of the electrodes are important and should be payed close
attention, while their connection to the electrochemical analyzer should also be
closely monitored. Also noteworthy is the fact that in techniques where the potential
for highbackground currents exist, such as chronoamperometry and bulk electrolysis,
the CE can be separated in a gifads in order to alleviate interference by

electrolysis products.
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3A3.1.2 Solvents and supporting electrolytes

Akin to common chemicateactions, the electrolytic medium, which is
generally constituted by the solvent and the supporting electrolyte, plpy®tal
role in the success of an electrochemical measuref@8q4]. In this regard, the
choice of solvent in particular iBmited by a combination of prerequisites to
adequatelyacilitate the heterogeneous electron transfer to and from the electrode and
solution.In this regard, the solvent should not react with the analyte and should not
undergo electrochemical reactionseo a wide potential range, but should be
adequatelyelectrically conductiveto dissolve the analyte under study, but to be
chemically inert with respect to. iDther requirements with respect to the solvent
include the following:

1  to dissolve considerablirigh amounts of supporting electrolyte, with the
overall aim of improving the electrical conductivity of the electrolyte
solution, whileconcomitantly reducing its resistance;

1 impurities which have the potential to interact with the analyte under study or
interfere with the electrochemicaprocess must beasily removable and as
such, the solvent should be easily purified;

i since enzymdéased modified electrodes are very sensind susceptible to

fouling, the solvent should nptocessany toxic constituents.

Generally, water is the most common solvent used, but, depending on the specific
requirements of the electrochemical investigation,-aguneous media may also be
used.As for the supporting electrolyte on the other haograll, its presence in
controlledpotential electrochemical investigations are required to decrease the
resistance of the solutipto attenuate electrmigration effectsand to maintain a
constant ionicstrength. It is important that the concentration of the supporting
electrolyte is sufficiently high, Sso as
of naturally occurring electrolyte (migration effects). In this regard, the usual

concentration is 0.05 1.0 M, in other words in excess of the concentration of all
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electroactive speciesln terms of specific constituents, the inert supporting
electrolyte may an inorganic salt, a mineral acid, or a buffer system, of which the
latter is used when a pH coaoliis essential. With regard to the current dissertation,
with specific reference to theensitive nature of the biologically based recognition
component, all supporting electrolytes were prepavgth phosphate buffer

systems, prepared at predeterminedopH.4.

3A.3.13 Conditions for requirement of oxygen removal

From a general perspective molecular oxygen (dioxy@enis chemically
reactive withnumeroussubstances, but more importantiring electrochemical
experimentsat cathodic potential€, is electrochemicallyreducible.This can be
highly problemati¢ since the reduction of Ocan result in series of electroactive
intermedary products which of course couldive dramatic effects on the electrode
reaction being stilied. In a more descriptive context, a detailed outline of the possible

electrochemically base reactions and intermediates is subsequently discussed:

The ground state of molecular oxyge®Z0 3Sg') has two unpaired electrons in
degenerate [ orbitals. Essentially, atmospheric dioxygen dissolves in water to a
concentration ofapproximately 1 x 18 M. Thus in undegassed supporting
electrolyte solutionat sufficiently cathodic potentialghe dioxygen will be reduced

by the electron transf@rocess, the effect of which gana reductionhydrolysis and
disproportionationsteps,result in the formation of a series of intermediate basic
dioxygen and monooxygen species, that may take up one or two hydronium ions
(Hs0") from the electrolyte medi(Q; T, HOO', H,0,, HOO , HO? H20, HO). With

regard to the overall general significance on electrochemical and electrocatalysis
investigations in particular, the formation of hydrogeeroxide andwater is the

importantbranchingpoints.Consideringthe two main branching points in the overall
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reduction of oxygen, the formation ob®, and HO proceeds via two welieparated
two-electron steps, respectively. The first step corresponds to the formation of
hydrogen peroxide:

O+ 2H +2e - Hy0, 3A.18
The hydrogen peroxide formed above is essentially also electroactive and thus a
second reduction step occurs:

H,O, + 2H + 2e - 2H,0O 3A.19
Thus overall, since electrons are being consumed here, the associatealamtaic
current can result in large background current accruing from this stepwygen
reduction, and will ineffect interfere with the measurement of many reducible
analytes. Moreover, the products of the oxygen reduction aHect the
electrochemicalproces being investigatedConsidering these aspects, during
investigationof the electrochemical behaviour of a redox process, ideally, oxygen has
to be removed/excluded, which can be done through degassing watbpespriate
inert gas prior to the experimenthile a blanket of gas should also be maintained
atop the solution during the experiment.

At this stage, it should also be said that in cases where the presence of dioxygen is
essential, such as during normal electrocatalysis studies, particularlyegérd to
CYP450based platforms, the possible formation and interference of reactive oxygen
species can be limited/avoided by working at a lower operating potential and/or
working under conditions of low oxygen tension. Moreover, in reagentless mediated
biosensomlatforms mostreducedmediating species poses the potentiateacting

with oxygen resulting in the formation of,8, through dismutation of superoxide, so

care has to be taken in this regard also.
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3A3.1.4 Working electrodes

Essentidly, the working electrode (WE} the electrode where the redox
reaction of electroactive species takes place and where the charge transferdmccurs.
this regardfrom a practical perspective, the electrochemical performasgpects are
influenced by the characteristics of the WE&.this context, e ideal WE should
operate at a wide potential window, provide a high simaloiseratio; conferlow
resistance an@dequate conductivity, while algoelding a reproducible response
Geneally, severalypes ofmaterials can basedas WE, of which the most popular
are those involving mercurgarbon, or noble metals (especially platinum and gold)

A significant factor to consider during application of a solid WE is the dependence of
the response on the surface state of the electrode. Therefore, appropriately, the
application of these electrodes requires specialized pretreatment and polishing
procedures to obtain reproducible resulise nature of the pretreatment protocol is
highly dependet on the type of electrode material involved. To this end, mechanical
polishing (to a smooth mirrdike finish) and potential cycling are common effectors,
while various thermal, chemical, or electrochemical protocol steps may be added for
activating suiaces. In this regard, carbdmsed surfaces benefit especially from
speci fic 6activatingo pretreat mebased st eps.
electrodes, amongst available ones, the glassy carbon electrode is the most popular
and in the context of ith dissertation, is the electrode used for all electrochemical

investigations and prepared platforms.

3A.3.14.1 Glassy carbon electrodes

Glassy carbon(GC), as does all other carbon electrode materiatestne
basic structure of a simemberecaromatic ring spbonding. In its fulldescription

GC is also called vitreous carbon and is a popular choice for WE based on its wide
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potential window, chemical inertness, as well as providing a relatively reproducible
performanceWith regard to the sxific structureof GCEs, it consist thin, tangled
ribbons of crosginked graphitelike sheetsWith regard to the actual use of GCEs,
usually a surfacepretreatmentis employel, mainly functioning to activate the
electrode surface group, while also emtiag their analytical performance. In this
regard, the most basic step of course involves polishing procedures. However,

additional steps, have also been used to enhance performance factors.

3A.3.2 Human cytochrome P450 genetic engineering: Importantheoretical

pre-emptive and research design considerations

3A.32.1 Foreword

Based on the fact that a significant part of the successeakesiearch
investigation exhibited and discussedn this dissertation centred around
understanding and physically applyinthe intricate process of preparing
catalytically active enzymebased biorecognition source for the purpose of
conducting successfeixperimental protocojst is only appropriate to enlighten the
reeder 6s under st andi ng This subdject mattgrasrparticilady t hi s
important to get a complete grasp of the experimental aspects and results
interpretation ofChapter 5B, since the recognition component for these biosensors
were preparedocallyd b yauthotamdnot sourced froncommercialdomains, as
in the case of recognition component used in Chapter 4

3A.3.22 The road to getting started: Important considerations
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As emplasized inChapter 1, for the study of enzymdrug interactions
and drug metabolic profilingnvestigationswith cytochrome P450 enzymes and/or
CYP3A4 in particular, a viable catalytically active enzyme source is a prerequisite.
As already stated, theseurcescan be either cellultured and tissuébased systems,
liver microsomal systems, omgenetically manipulated recombinant systems
expressing single CYP isoenzymbsboth the case of liver microsonfedctionsand
celltissuebased systemghe enzymes sourseare directly obtined from human
origin, and as such, arpart of complex systemswhich may contain other
isoenzymes native electron transfer mediator complex componeats] these
isoenzymesare largely bound to cell membranes, whidbr the purpose of
bioelectrochemical studiesnakes the systems essentially difficult to use, since the
study ofa particulari soenzymeds specificity for subs
reaction and possible means of regulatineferentiallyrequires the isolation ohé
isoezyme This would require extensive purification proceduregich involves
disruption of the cell membranes, and othiexchemical proceduresuch as column
chromatography, etc., of which these procedwes highly timeconsuming, and
expensive, WWile the isolated isoenzyme may be inactive in tigsence of
phospholipidsor detergent and as suatgtalytic reconstitution systems would need
to contain all such additional componef@§], particularly in the case of CYP3A4
Moreover these sources angghly sensitiveand decay rapidlywhich means that
fresh supplies would have to be sourced very regularly an human liver
tissues/fraction/slices are not always readily availdhladdition to this, many of the
isoenzymeswithin a family, share extenge homoloy with each other in their
amino acidsequence identity, some of which have been shown up to 97%, and as
such, their substrate selegties overlap considerably96], which means that
additional methods of analysis would be required for the interpretation of the results
in terms of one padular isoenzyme (more on this particular subject is elaborated in
Chapter 1).
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For the purposeof electrochemicalhbased, biosensdype, enzymeanodified
electrodedor drug metabolismstudiesin particularthough where theocus usually

is on thestudy and investigation of the interaction of selected drug(s) with a single
biorecognition componenhosted within appropriate interfacial carrier matitxis
essential that prepared enzyme constructsubdied andisolated rather than mixed
enzymeconstructs or crude preparations, molecular impurities and/or other
0 u n w a (eleceath@mically actiyespecies willinterferewith electron transfer and
catalytic activity This mayoccurby preferenciainonspecific bindingof impurities
and/orblocking and fouling the modified electrode, inadvertentlyleadng to false
signals which complicats the analysis and interpretation of thebserved
voltammetric result output For this purpose, genetically engineered, recombinant
CYP450 costruct sysems are highly recommendedince such methods can
generate sufficient quantities of highly purified enzyme preparations, without
compromising selectivity or activitMoreover, and perhaps more importantly, these
enzymes can be prepared as the hdarean and surrounding proteirwithout the
inclusion of the native electron transfer mediatocomplex (CPR: NADPH
cytochrome P450 oxidoreductadeysed to the enzyme, which for the scope of the
dissertation is absolutely nessary, since the purpose is usitigetmodified electrode,
with appropriately chosen interfacial enhancers as electron transfer donor, rather than

the native CPR electron trstar donor system.

3A.32.3 Practical research design spects and considerations forgenetic

engineering:cloning, purification and expression
From a very broagerspective protein genetic engineering is generally

understood to involve the use of sitieected or randonmutagenesido alter the

properties of a prein or enzyme.In this regard, interms of he scope of this
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dissertation, the definition may beextended andtailored to encompassthe
modification of the Nterminal membrane anchor afdsiontagging ofrecombinant
cytochrome P45@A4 to facilitate over expression for the investigation of protein

targeting with respect tenzyme substrate interactiof®7].

Generally, all human microsomal P450s are essentially membrane bound, unlike their
bacterial and mitochondrial counterparts, who are soluble and thus confdarttded
cytosol. In generalthe expression afecombinant (human)full length, wild type
CYP3A4 in particular, is quite a difficult endeavourbec ause t he enzy
complicated structural and catalytic requiremeritased on its membrateund
nature caugsa combination of constrictdn this regardfirstly, a full length wild

type CYP3A4 usually expresses at very low lewslgpled withequallylow activity;
secondlywhenconsidering the highly hydrophobic character of the enzyme, the host
cell would equire cellular organelles, because the enzyme is essentially membrane
bound and would prefentially be confounded to the endoplasmic reticulum of the
host cell.Also important, is the requirement of additional monomerisation methods
and reagents duringpplication of the prepared enzyme, due to its aggregation prone
nature On the other hand, research has shtwat CYP3A4 and other microsomal
P450s contain a sequence of-Z% amino acids spanningcrossthe Nterminus,
which provide the major hydrophabinteraction with the endoplasmic reticulum,
and in this regard, this stretch of amino acais the major determinant of the
enzymeods me mbatue Naeovern, and pemmaps more importantly, it was
determined that this particular region does ptaty an active role the catalytic
activity, substrate interaction, or electrdanor interaction of the enzyme, and as
such, its modification holds no potential for damage to the enzZyheesignificance

of latter and aforementioned aspectse that durig preparation of recombinant
CYP3AA4, specific manipulations to this particular region has enabiiedevolution

of innovative techniquespased on siteirected genetic manipulatipnwhich
significantly enhancethe prejration of soluble heterologouslyexpressed enzyme

constructs that are catalytically activéhese methods caimclude either the
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truncation of the Nerminal membrane anchor domaionr N-terminal sequence

modifications or complete removal of the hydrophobig@tminalanchorsequence

In terms of the practical aspects of the genetic preparati@tombinanCYP3A4in
particular with the overall aim beinghe preparation of an NMerminaly modified
CYP3A4 construct(nCYP3A4) %2 the experimental protocolfollowed should
provide the highest soluble protein expressi@md in this regard a number of
requirements and factors needs to be considered and addresseder to have a

successful expression and purification procébese includ¢he following

i The type of hostand the particular host straimwhich will be used for the
heterologous expression of the enzymeailable hosts, whicltan be used
include Escherichia coli (E coli), yegsmammalian cellandinsect cells, of
which, based on financiatime, userfriendliness and potential for increased
protein yieldconsiderationsk-coli are the preferred expression hadtwhich
available strains may b®Vith regard to the particular-Eoli strain,t he D5 U
and JM10Strairs areknown fortheirincreased insestability and good yield
and as suchmore populachoices

1 Choosing and obtaining the host (parent) expression veaithr, plasmids
containing the amplified cDNA (complimentary DNApPf the particular
isoenzymeas well as promoter elemenkdoreover, coding sequences for any
additional fusion tag components are also cloned into these vectors, and
overall, the prepared vector is then used to initiate the whole heterologous
enzyme expressiqgorocess.

1 The choice of ceexpresgg chargedsoluble proteirs tags as fusion adducts
which functions tofurther enhancethe soluble yield of the genetically
prepared recombinant construley enhancing th@roteintargetingexpression

to specific cellular or extracellular compartmerdaad as such increasing the
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cytosolic (soluble) expressiom this regard, the placement position of the tag
plays a significant roleAlso important,s that the tags should preferably be of

a small enough nature, as to not interfere witle correct fing of the
protein during expression, oenzymeelectron donor interactionsluring
catalysis applicationThe most popular tags which may be used ircds.
expression systermare NusA (E coli Nutilisation substance protein A), His
(polyhistidine, usu®y Hise: containing 6 residu¢sBMP (maltose binding
protein), GST (glutathione -8ansferase).In this regard, hidag is the
preferable choice, since in addition to confirring increased solubility to the
protein, it has reversible binding ability andansiderable affinityor Ni*, of
which these attributes can be used to simplify the purification step Vfth N
affinity chromatography without denaturing the protein.
Investigatingevaluating which prefered specific method to choose for
modification of the Nterminal region. This is an important aspect, since
without suchmodification; the Nterminus of the expressed construct will
target the protein to be anchored into the inner endoplasmic membrane of the
host cell, with only the active site facing tbytosol. The overall implications

of this would obviously be at the cost of the soluble yield of the prepared
enzyme, which defeats the purpose as it pertains ¢ostiope of this
dissertation.

As CYP3A4 and other human CYP450 enzymes also contain Hyalap
amino acids at other regions of the protein, distinct from thieriinal
domain, such as areas of the catalytic domain, whiclstgct from the N
terminus, addition of other reagents may be added to further increase the
soluble yield of the prepad construct. In this regard, the use of detergents,
particularly norionic detergentgat a final concentration of 0:0.2% (v/v)

was shown to be of great benefit.
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3A.3.3 Enzyme kinetics

Generally, enzymes may be redrad as biological catalysts effect they
possessctive sites that function toind to the substratewhich essentially leadso
the cadlytic production of product, PIn this regard, enzymes are able to act on
substratesand produce product with the overall effaftlowering the activation
energy required for product formation. In a more descriptive context, the theory
behind enzyme catalysis are allsbd on the pioneering work of &hiaelis and
Menten postulated the formation of the enzyswbstratecomplex (ES), based on
their studies regarding the substrate concentration dependence of enzyme reactions
[98-99]. According to the Michaelis MentgiMM) theory, the rate or velocityn) of
catalysis by enzymes varies with substrate concentration. In this regard, the velocity
increases with the increase in substrate concentraticio gprtain point and then
becomes anstant, thus reaching a maximwelocity V,, as shown irfrigure 3A.9.

m [S]

Figure 3A.9 Initial velocity n; as a function of substrate concentration [S] for
enzymecatalyzed reaction following Michaelislenten kinetics.
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According to theplot of Vi as a function of [S], the following findings is made:

1 At low values of [S], the initial velocity, ¥ rises in a linear fashion in
association with increasing [S]

i However, as [S] increases, the gaindewel off (forming what looks like a
redangular hyperbola).

1 In this regard, the asymptote represents the maximum velocity of the reaction,
known as Vhax

1 The substrateoncentration that produce g Which is onehalf of Viay is
designated th&IM constant, k..

With regard to the K in particular, it is noteworthy to also add that it is an inverse
measure of the affinity f strength of binding between the enzyme and its substrate.
This essentially means that the lower thg Kie greater the affinity (thus, the lower
the concentrationf substrate needed to achieve a given r&athermore, théiM
modelfurther postulates thdhe ES is temporary and as such, can either dissociate
back to E and S or proceed to form a product, P.ifiteeaction based on th&M

modelis shown inScheme 1

k
E—*—SfES—’E—FP 3A.20
-1

The maximum ratéV may) will be observed when all the enzyme is in the form of the
ES complexThe kinetic of the reaction shown in Scheme 1can then be described
by thefundamentaMichaelisMenten equatiorshownas follows:

i Hon

n=—— 3A.21
€ n

where 3 i s the | Wjixtsiha maximantr rate of catalysi€,§9s/ t i me )

the apparent Michaetlislenten constant and [S] is the substrate comaton.
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3A.3.3.1 Treatment of data

Due to the difficulty of determining the limiting value dpecific
parameters, such asyKlirectly from the plot of V vs[S], theMM equation can be
rearrangedn either of three different ways yield a linear graphicakpresentation.
These ar&known as the LineweaveBurk equation, the Eadidofstee equation or
the Hanse equatiomn this regard, in the first case, Lineweaver and Burk converted
the MM equation 3A.22) into straight lineform by taking thereciprocalsof each

side of the equation amdarrangingerms to obtain:
_=fL 3A.22
o fiioon i

Thus a plot ofa vs+ gives a straghtline with a slope i and a yintercept of

fi

M

Figure 3A.10 LineweaverBurk doublereciprocalplot of ~ vs f for the

dependence of enzyroatalyzed reaction velocity on substrate concentration.
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3A.3.3.2  Enzyme inhibition

Noncovalent binding of inhibitors can reversibly or irreversibly decreasacthaty
of the enzyme This is a particularly eminent factor in the case of CYP450 enzymes

which are known to have specific compounds that act as inhibitors of these enzymes.

3A.35 Biosensor performance aspects

In the conext of the overall scopef this dissertation, thanvestigation of the
electrochemical behaviour of the fabricated biosensotheésmain theme, and as
such, an important factor is also the evaluation of the biosensor responsespébt

to performance factor$n effect the ealuated operating parameters may indicate the
nature of the ratémiting steps (e.gtransportor reaction factors), and can facilitate
biosensoroptimisationin a given matrix. In this regar@d list of parameters are
denotedand described:

3A.3.5.1 Sensor calibration: sensitivity, working and linear concentration

range, detection determination limits [52, 57]

Calibration of sensor, from a general perspective is usually done by adding standard
solutions of the analytesbstrate and by plotting e (steadystate) responses;R
possibly corrected for a blank (usually referred to as the background) signal R
versus the substrate concentration ([S]). The sensitivity and linear concentration range
of the calibration curves are then determined logtiplg the change in concentration

(Rrs - Ry) versus [S]. Thus, in this regard, teensitivityis determined within the
linear concentration range of the biosensor calibration cotM@ined from the slope

of the particular linear plot.
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Electrochental biosensors normallgave an upper limit of the linear concentration
range, of which this limit is directly related to the biocatalytic or biocomplexing
properties of the biochemical or biologicacognitioncomponent. A noteworthy
aspect in this regdr is that in the case of enzyrhased biosensors that has an
additional outeftayer films, the linear dynamics may be larger if the sensor response

if controlled by the diffusion of substrate through the outer membrane and not by the
enzyme Kkinetics. Hamg said that, the compromise for such an extension will
obviously be at the cost of sens@nsitivity, with the latter showing an associated
decrease. Nevertheless, still on the subject of the linear concentration range and upper
limit, the parameters foMichaelisMenten Kkinetics can then subsequently be
determined, of which, as described in Sec8&3.3, the most notable parameters are

Km and Vimax In this regard, whe the Kis much larger than its value for soluble
enzyme, it signifies that either a significant barrier to the diffusion of substrate is
present between the sample and the reaction layer, or that the rate of reaction of the

co-substrate with the enzyme is incsed.

On a final note, the limit of detection (LOD) is also of significance, where
determination of this parameter takes into account ek and the signal
fluctuation. Theexactmethod used for determination of the LOD in the context of

this dissertadn is shown irthe appropriate section @hapter 3B.

3A.3.5.2 Reproducibility, stability and lifetime

Reproducibility may be described as a measure of the scatter oinduifseries of
results performed over a period of time. The operational gtabflthe sensor on the
other hand, can vary significantly, depending on the method of sensor preparation, the
applied recognition component and the transducer used. Moreover it is also
dependent on the response rate limiting factor, and furthermore, yit vauy

considerably depending on the operational conditions. In the case of sttabiljey
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assessment, the parameters that requires clear distinction when reporting on this
parameter, is the state of storage, i.e. dry or wetatimesphereomposition,which
usuallyrefersto air, or under inert gas (e.g. nitrogen), pH, buffer composition and the

presence of additives.

3B General Experimental: Protocols andMethods of Investigation

3B.1 Introduction

This chapter gives a succinct, but detabedrview on the following:

1 Materials: Describing sources and preparative methods for all reagents and raw
materialsas pertaining to the context of the dissertation as a whole

1 Platform(s) modification method# this regard, a general flow diagram of the
design foreachbiosensor platform used in tlowerallresearch investigation of
this dissertation is given, with particular reference to highlighting the
differences in overall preparation. A motea-depth description of the
modification steps in resedrdesign of each enzynimsedbiosensor platform
is given at the end of the relevant results chapters.

1 Morphological and structuralharacterization methodsSince the échnques
used in the characterization methods are common to the dissertation de,a who
all morphologicalandstructural characterization methods applied are described
in terms ofrelevant preparativenethods.

1 Voltammetric instrumentation and techniques: Ajeneral methods and

protocols used imoltammetricinvestigationsare described.
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It is noteworthy taremindthe readerthat this dissertation reports on results obtained
from two different enzymebasedbiosensoiplatforns (i.e. biosensoplatform 1and
biosensorplatform 2), each based on a distinctiynique design protocoli with
common features being the mediating species and category of enzynee,
microsomal mammalianytochrome P450 3A4 enzymia this regardthe methods
and techniques described in this chapter serves as a general poetodecide with
obtained results irthe context in the relevarbrthcoming chaptersHowever, in
terms of specific stepiise sequential modifications and protocols applied at the

end of each of the results chapters (i.e. Chapter 4, Chapter 5&rapter5B) a
comprehensive descriptionith relevant subsections pertaining to each procedural

outline isgiven.
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3B.2 Materials and reagents

Table 3.1shows a list of algeneralmaterialsand reagentsisedin the
course of te research investigatisnof this dissertatianAll reagents were of

analytical grade

Table 3B.1 A complete comprehensivelist of all materials usedduring the
conduction of this PhD research investigation; listed alssaueces
and specific information

Materials/Reagents Source Information | Specific Information
Milli -Pore filter
Milli -Q water system

Supplied as a 5%w/v)
solution in lower
aliphatic alcohols;
Equivalent weight =
1100g mol™*; wet

Nafion Sigma Aldrich density .87 g crit
Cobalt(ll) sepulchrate

trichloride Sigma Aldrich 95% purity

Potassium Ferricyanide

(K3Fe(CNY) Sigma Aldrich

Ruthenium(lll) hexaamine

chloride Sigma Aldrich

2,4-Dichlorophenol

Potassium dihydrogen Analytica grade€9.99%
phospahat@KH,POy) Sigma Aldrich Purity

Quantofix hydroperoxo sticks | SigmaAldrich
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Low melting point Agarose Hispan agar
Ethanol
Methanol Merck HPCL grade
Carbon monoxide Specialty Gases 99% Pur, gas form
Oxygen Specialty Gases 99+% Pure, gas
Erythromycin Sigma Aldrich 916ngy mg*
Quinidinehydrochloride
monohydrate Sigma Aldrich
Supplied as 25% (v/v)
Glutaraldehyde Sigma Aldrich stock
Polyvinyl alcohol (PVA)
Supplied as tablets
containing 400mg
IndinavirO Crixivan indinavir sulphate
Polyethylene diamine (PEI) Sigma Aldrich
Eastman AQEAQ)-55 Eastma Supplied as pellets
L-glutamic acid Sigma Aldrich 99.5%
L-asparagine anhhydrous Sigma Aldrich 99.5%
Bovine liver catalase Sigma Aldrich
Full-legth wild type CYP3A4 | Merck South Africa
Teflon shrouded;
geometrical area =
Glassy Carbon Basi 0.071cnd
Reagents and materials for Electrolyte buffemedia
Sodium phosphate buffer NaHPOy, NaH,PO,M,0 (Sigma Alrdich)
solution (PBS) Prepared as 50 mM solution (pH7.4)
Sodium phosphate buffer saling NaogHPO,, NaH,PO,B31,0 Prepared as 50 mM
(PBL) solutioncontaining 100 mM KCI (pH 7.4)
Materials for enzyme expression and purificationof N-terminally modified
CYP34
pBJW102.2 and
CYP3A4 Parent vector PMDO004 UK
Ampicilin (Amp)
Glycerol Sigma Aldrich
d-aminolevolunic acid (ALA)
MgCl, Sigma Aldrich

Detergents: Igepal GA600,
{3-I(3-
cholamidopropyl)dimethylammoni
o-1-propansulphonatg (CHAPS),
Triton X-100

PD-10 Columns

GE Healthcare,
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USA
Polyhistidine (His) As soluble his tagg
MachereyNagel,
Ni-TED resin Germany
Centriprep YM10 columns Millipore, Island
Milli -Q water
Zeba column Pierce, USA
Bovine serum albumin (BSA) Sigma Aldrich
Based on Bradford
Bio-Rad protein assay dye Bio-Rad, USA assay
New England
DNase | Biolabs 500 Units supply stock
Mercapto ethanol SigmaAldrich
Thiamine

Isopropyl thiogalactose pyranosid

(IPTG)

Glycerol stock

It consist of the EColi cells containing the plasmid with
the enzyme DNAsequence (Stored at80 °C)

Lysis buffer, pH 7.4

Corstituents K;HPO, & KH PO, (20 mM), glycerol
(20%, v/v),b-mercaptoethanol (10 mM)

Terrific broth

Constituents(per litre of solution) K,;HPO, (2.319) &
KH,PO, (12.54g), yeast extract (24g), tryptone (12
lycerol (4 ml)

Phosphate buffer saling

Constituents: NdHPO,B1,0, KH,PO4, NaCl, KCI

10 x phosphate buffe
saline (PBL) pH 7.4

Constuents: KHPO,2H,0 (4.3 mM) NaCl (147 mM),
KCI (2.7 mM), KH,PO, (1.8 mM)

Trace elementéer
100 mL)

Constuents: FegBH,O (2.7g), ZnC#H,0O (0.29),
CoCbBH,0 (0.2g), Na2MoO&H20, CaCio ¢ ( ¢ /
(0.13g), HBOs (0.05¢g), CuCiO @O (0.1g), conc. HCI
(10 ml)

Luria Bertani media
(LB)

Constuents (per 500 mL stock): tryptone (5 Q); V¢
extract (2.5 g); NaCl (2.5 g)

Purified nCYP3A4
storage bufferi00 mM
potassium phosphate
buffer storage solution
(KPBST) pH 7.4

Constituents: KHPO,:2H,O and KH,PO, (100 mM);
20% glycerol (v/v); 0.2 mM EDTA; 1 mM DTT
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3B.2.2 Solutions

All chemical solutions were prepared using ultra pure wddtined from
a Milli-Q Water System (Millipore Corp., BedforA, USA).

3B.2.2.1 Preparation of electrolyte buffer solutions

All biosensor investigations done throughout the course of the research
investigaions were conducted in aqueous solutions, with phosphate buffer as
supporting electrolyte. In this regarfl) mM sodium phosphate buffer (pH 7.45),
containing AnalaR grade NdPO;, NaHPO: was prepared with milQ water.
These electrolyte buffers, prepared without the addition of the inorganic salt, KCI are
referred to as phosphate buffer solutions (i.e. PBS). On the other hand, saline
phosphatduffer solutionspreparedcasabove, but with the inclusion of 200 mM KClI
is denoted as PBL.Generally, all electrochemicallyased voltammetric experiments
conducted with control and enzyrhased biosensors were either conducted in PBL
or PBS. In this regard, the author specificalpecifies the type of electrolyte used

when describing the various experimental protocols.

3B2.2.2 Preparation of redox probes

1 mM hexaamine ruthenium(lll) chlorideorking solutionwas prepared in
100 mM aqueous KCI solution, by dissolving the appiaie mass in the KCI
solution in a suitably calibrated volumetric flasik.addition to this, the Ferricyanide
[K3Fe(CN)] redox probe was prepared admM working solutionin an aqueous
KCI solution,by dissolvingthe appropriate amount in a calibratedumetric flask
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3B.2.2.3  Preparation of working solutions for casting components for

biosensorplatform 1 and biosensomlatform 2

3B.2.23.1 Preparation of Nafion castingsolution

1% nafion solutionv/v) was prepared by diluting the appropriate volume
of a 5% nafiofl stock Bupplied as a 5% solutiofw/v) in lower aliphatic alcohols]
with milli-Q water in a calibrated volumetric flask. Thie of theso prepared nafion
solutionwas adjusted t@reparea waking solutionof pH 7.45. This was done by
adding aproximately 23 drops of a previously prepared pH 12.0 potassium
phosphate buffer solution (of concentration 100 mM), with intermediate pH
measurements until the desired pH of 7.45 was obtained. i&lentafion solution,
was then subsequently used for casting. Care was taken not to store theasdian
solutions for long periods, since evaporation alcohol may change the

concentration, as well as precipitation reactions that may take place.

3B.2.23.2  Preparation of electrolyte solution of cobalt(lll) sepulchrate
species for electrodeposition (for preparation of biosensor
platform 2 )

1 mM Cobalt(lll) sepulchrate [Co(SeP) was prepared as an aqueous
buffered salinesaline solutionby dissolving the appropriate amount of cobalt(lll)
sepulchrate trichloriden 100 mM potassium phosphate buf(pH 7.45 containing
100 mM KC) in a calibrated volumetric flaskhe prepared electrolysolution was
then subsequently used for the fotima of the nafiorEl-Co(Sep}* carrier matrix, as

well as for the pregration of the nCYP3Aased biosensor platform
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3B.2.2.3.3 Preparation of EastmanAQ castingaqueous dispersion

A EAQ concentrated aqueoulspersion 15% w/v) stock was prepared
according established methofis00-101]. In this regard, stock was prepared by
treating theapproprate amount ofis obtainedEastmarAQ 55 in H,O at 45 °C,
under vigorous stirringuntil a transparentolourlessand homogeneous phasas
obtained A 3% EAQ workingaqueous dispersiomas then subsequently prepared by
appropriatedilution of the stock.When required, the 3% solution was used for
casting during biosensor construction, but before useadiueous dispersiowas
always sonicated for at led€s20 min, to obtain a smoottonsistencyor better film

preparation.

3B2.23.4 Preparation of 1% agarose(w/v)

The preparation for the agarose working solution was done according to
standard method4.02]. In this regard, 100 mL Milli-Q water wasrought to boiling
point on atemperatue controlled hotplate, equipped wim inbuilt magnetic stirrer.
The appropriateamount of low melting agarose was then weighed out, after which
the agarose powder was very slowly added tdthkeng water. This was done while
vigorously stirring thedution, and after all the agarose was added, the solution was
stirred at the same temperature until complete dissolving of the agarose, at which
point a solution with a clearonsistencywas obtained. The formed agarose solution
was then emoved from théheatand stored at 4C when not in usdt is noteworthy
to add that working solutions of agarose was strictly only used for a maximum of two

or three times, after which fresh solutions were prepared.
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3B.2.2.3.5 Preparation of agueouspoly(vinyl alcohol) solution

A concentrated stock solution of PVA was prepared according to standard
methods[103]. Milli -Q water was heated to 7€ on a thermostated hotplate, after
which an appropriateamount of PVA was slowly added to obtain a final stock
concentration of 25% (w/v). The addition was done with vigorous stirring and the
stirring was continued until complete dissolution of the PVA, at which time a clear
colourlesssolution wasobtained. The next step, invotvehe preparation of the
working solution of PVA which was subsequently used in the casting dagar
composite solution preparatiolm this regard, a 5% PVA solution in 0.1 M potassium
phosphate buffer (pH 7.4) was peaeed by appropriatéilution of the 296 stock.

3B.2.2.36  Preparation of aqueouspolyethylenamine solution

A working solution of PEI was prepared by dissolving 2 g of PEI in 20 mL of 0.1 M
potassium phosphate buffer solution. The solution was thoroughly mixed and stored

at room temperature until required.

3B.2.2.3.6 Preparation of outer-film polymer blend casting solution for

biosensorplatform 2 (Results and discussion: Chapter 5B)

Equal volumes of the 5% PVA working solution and the 1% agrs solution
placed in a prdneated eppendorf tube and blended together by-mxidg. The se
formed solution may @ referred to asolution A. Following this, a volume of the
prepared PEI solution was addex solution A, such that the final ratio of PEI to
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PVA-Agrs (PEI:PVA-Agrs) was 0.2 : 1 This solution was then subsequently used for

casting.

3B.2.2.43 Preparation of Indinavir stock and working solutions

1 Capsule of indinavir, as obtained from the manufacturers was opened up
and placed in a 25 mL volumetric flask, made up to the mark with 50 mM sodium
phosphate buffer solution. The active ingredient va#tsacted and undissolved
components removed by #iting the formedsuspensionthrough a Whatman
polytetrfluoroethylenesyringe filter (pore size 0.3nm) into a clean glass storage
bottle. The so prepared indinavir sgbbn had a concentration of P85 nM of
indinavir sulphate. This solution was then usesd stock indinavir solution, from
which all other working solutions were prepared, by making the appropriate dilutions
with 50 mM sodium phosphate buffer.

3B.3 Voltametric investigations

3B.3.1 Instrumentation, apparatus and general procedures

Generally, all of the voltammetric experimenitsthis dissertationwere
conductedin a 20 mL volume capady glass electrochemical cell containing the
required volume osupporting electrolyte and a conventional three electrode system
consisting of a gksy carbon working electrode (GOE33 cm diametgra Ag/AgCl
(3 M NaCl) aspseudoreference electrode, and a platinmme as counter electrode
(CE). Unless otherwise stated, all experiments conducted in the theleetrode
electrochemical cells wereode atat 25 °C.
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All voltammetric experiments and measurements, including cyclic voltammetric
(CV), Osteryoung square wave voltammetry (OSWV) and differential pulse
voltammetric (DPV) measurements were obtained vatiBioAnalytical System
(BAS) 100 B/W Eéctrochemical Workstation.During substrate interaction
experiments, conducted with OSWV, convectikensportduring measurements was
achieved with the use of a magnetstirrer bar, and stirring was done at

predetermined rate.

3B3.1.1 Pre-treatment of the glassycarbon working electrode

Prior to all electrochemical investigations, allorking electrods
(modified and unmodified) weractivated by following a specific protocol in
accordance wittselectediterature proceduresz modified and customized for the
requirements of the practical aspects of the current dissertdienerally, his
entailed the polishing of the GCE withem diamond paste for 1 min, followed by
rinsing with methanoland water, respectively. The polishetectrode was then
ultrasonicatedfor 2 min. Then the electrode was polished consecutivweith
aqueous slurre o f 1. 0, nralBnina fordl nln.of &micrecloth pad
(Buehler). Residual polishing matenabs removedby ultrasonication for 3nin after
each polishing step. Finally, th@etreated GCE was sonicated in absolute ethanol
for 2i'3 min, rinsed with water, dried for 5min andmmediately usedSurface
cleanliness andlectro-analyticalreproducibility was always verifietbr all cleand
electrodesby st andar di zati on and <cali br®anMi on
Fe(CN)¥, and known standard solutian is also noteworthy to add that, when
additional cleaning or polishing of the surfaces were requiradmore vigorous
cleaningwas done withdiamond paste polishing kiby following the same general

procedure as described above.
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3B.4 Specific methods for important calculations of electrochemical
parameters

3B.4.1 Determination of film thickness

In the context of thiglissertation, the approach for thetermination of
film thickness was based omaking into consideration the volume of the drop of
nafion-solution, the density of the Nafi@hsolution and the area of the electrode,
according to théollowing equation104-105].

h= 3 08/|% XS =Muopx¥ fu xS 3B-1
whereh is the thickness of the filns is the volume of the solution applied to the
surface of the electrogel 5 is the denisty of the nafiofy cmi®), b is the fractional
concentration of nafiom the solution{J 4 . is the calculated mass of nafion, and S is

the surface area of the electrode

3B.5 Complimentary ex-situ characterisationanalysis

3B.5.1 Scanning Electra Microscopy (SEM)

Scanning electromicroscopywas used to characterize the morphology of
thepreparedilms, including the following:
1 the unmodified nafion filnprepared for each biosensor platform;
f the nafCME-Co(Sepj* composite film
1 the nafEl-Co(Sep}*

The SEM images were captured with Blitachi X-650 analyzer employinthe

secondary electron (SE) moeeth interchangeable accelerating voltages25
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kV electron microscope All samples prepared for SEM characterization were
adequatelydried before analysis. Screen printed carbon electrodes were used for
preparation of films for SEM analysis. The modified electrodes were fixed onto a
SEM mounting stage witlow resistancecarbon transfer adhesive. For cross
sectionalviews, electrodes wre fractured with a sharp surgical blade. Prior to
SEM analysis, each sample was gotéhted with a Polaron sputter coater. As a
control, for comparison purposes, a blank screen printed electrode was always

analysed in addition to the modified electrodes.

3B.5.2 Fourier Transform Infrared Spectroscopy(FTIR)

All the FTIR spectraf samplesvere recorded on a PerkinElmer Spectrum
100, FFIR spectrometerAll FTIR spectrarecordingswere done with small amount
of dried, or wet samples without KBR mixing. Moreover, all spectra were obtained
against the air background spectrum. With regard to the specific methods used: In the
case of the spectranalysisfor the prepared films, the isgples were first prepared on
the electrode surface, following the specific procedures for the particular plg&#srm
outlined in the methodology section of ttedevantresults chapterspfter which the
samples were gently scraped off the surface, fatbwydesiccatodrying. The dried
samples were then ed for recording of the spectra, as shown in Figure 3B.1. In the
case of FTIR spectral analysis for the enzyme solutions on the other hand, the wet
samples were used, as described in the experimeratbrs of the relevant results

chapter.

4= Ppiston

dried sample
6 = gasketwith
hole
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Figure 3B.1 Showing method of FTIRnalysis with higkpressure anvil cefor

dry samples

3B.5.3 UV-Vis Absorption Spectroscopy

All UV-Vis absaption spectroscopic analysis wetene with a Nicolet
Evolution UV-visible scanning gectrophotometefThermo Electron Corporation,
UK) using Xcm pathlength quartz cellsThe exact protocols followed for the
specific analysis experiments are discussed in the Experimental outline of the relevant

resultschapter.
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CHAPTER 4

RESULTS AND DISCUSSION: Biosensor Platform 1

Chapter Prelude

Theresults presented in the current chapter vperglished inElectrochimicaActa,

2009, 54, 19249931.In the context of the dissertation as a whole, the biosensor
platform presented and discussed in this chaperyes as a potrayel of an initial
attempt in the creation of a reagentless biosensor mediated by the electroggtive ca
type mediating species, cobalt(lll) sepulchrate, in which the mediasmtegrated

into the reagent layer. Generallythis initial approachw a s more ,0unref.i
consisting of casting and mixing was applied in creating this particular biosensor
platform 2 the main focus here was to observe the electrocatélgtiaviourof the

of the immobilized enzyme with its eubstrate (molecular oxygen) and selected
substratesThis could also be done, since the commercially soungid ,type, full-

length CYRI50 3A4 used on the current platform, is more stable than their N
terminally modified genetically engineerectounterparts, which was used as

recognition component in the platform presented and discussed in Chapter 5A and B.
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CHAPTER 4

Microsomal cytochrome P45683A4 (CYP3A4) biosensor for the
determination of 2,4dichlorophenol & An endocrine disruptor

compound

Abstract

Cytochrome P453A4 (CYP3A4) is a monooxygenasszyme that plays major
role in the detoxificatiorof bioactive compounds and hydrophobic xenobiotics (e.g.
medicines, drugs, environmental pollutafd®d supplements and steroids)uAique
CYP3A4 biosensorsystem that essentially simplified tkaezymatic redox processes
by allowing electron transfer betweéime electrode and the enzyme redox centre to
occur, without any need for then z y me 6 Pphysiotogiaalrremldx partnersyas
developedand tested with respect to analyte detection, by ugpgdichlorophenol
(2,4DCP), a priority environmental pollutaabd an endocrine disruptas substrate
The biosensor, GCE|[NaflCMECo(Sepy'|flCYP3A4Naf, was constructed by
entrapping commercially obtained wild type full length cytochrome P450 3A4
(ICYP3A4) on a preformedelectroactive carrier matrix, consisting of a Cobalt(lIl)
sepulchratenodified rafion membraneon a glassy carbon (GQjlectrode. The
responses of the biosensor to -@idhlorophenol, erythromycin (CYP3A4 native
substrateandketoconazole (CYP 3A4 natural inhibitor) were studied by cyclic and
square wave voltammetric techniqu&bse detection limit (DL) of the biosensor for
2,4-dichlorophenol was 0.048gL'!, which is by an order of magnitude lower than
the EU limit (0.3 ngL'Y) for any pesticide compound in ground water. The
b osensords DL is | ower than the U.S.
water equivalent levéDWEL) value for 2,4DCP, which is 2rgL".
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4.1 Introduction

The pervasiveness amacapacitatinglynegative impact of 2;dichlorophenol (2,4

DCP) both on the environmefparticulaly our waterway} as well as on human
beings are well known and exhaustively documented in many peer reviewed literature
[32-36, 41, 44] Most of these aspectseve alreadydiscussedn Chapter 1 Section

1.2.3 and as such need not be elaborated on in its entirety this time. Hoivewkr,

be said that in terms of the mufile catastrophic effects of thgollutant, it is the
endocrine disruptingproperties that poses the biggest threat, affecting not only the
exposed person, batiso their generational offsprin@2]. Overdl, with regard to
curbing the effects of 2;BCP, safety limits have been sas 50i 100ugL'*, 1 i

5ugl'* and 100i 500rgL'* for river water, prereatment potable water and drinking
water, respectively (WHO, EPA, EULonventionalanalytical methods, used for
determination of 24CP and other chlorophenoisdeed have high accuracy
obtainingdetection limits ranging from 0.01 to Ce§ L'*, and linearity of up toi23

orders of magnitudg32], but all fall short in terms ofhe requirement of extensive
sample preparation and tingensuming preoncentration stepsVioreover, onsite
reattime measurements are out of the questiorcontrast, it is known that biosensor
devices basedn electrochemical principles can offer analytical solutions with low
cost, simplicity and fast samplkaroughputs while being suitable for othe-spot
testing of environmental samplgs3-54, 106] The biosensors reported so far for the
determination of chlorinated phenols are mostlyedasn indirect recognition of the
analyte, and rely on the inhibition of enzymes such as horseradish peroxidase,
tyrosinase or cholinesterase immobilized over an electrode s{Bfac43, 107] This
preference may be due to limitations in the availability of oxeltuctase enzymes
which can at on these pollutants. Nevertheless, biosensors based on enzyme catalysis

woul d oper adreo otnr afinssidguncatli on basi s and,

t hi

l i mits. Amongst the possible en-engyme O6candi

CYP3A4, is themost catalytically versatile, having the ability to catalyze the
oxidative metabolism of variouspophilic xenobiotic compounds which includes
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chlorophenols, pesticides, carcinogens, &c64, 66, 108jand thus can be used for

the development of nemhibition based biosensor for these pollutatrifact, based

on the ability of CYP3A4 and many other microsomal CYP450s to break down
highly toxic hydrophobiccompounds to harmless water soluble products, such as
aromatic hydrocarbons, afflatoxins, etc., their proposed future significance in
industrial gplications have long been predictgD9]. Notwithstanding all these
factors to this end,no biosensors have been reported for-2GP and/or other
chlorophenols using CYP3A4 as the enzymatic recognition compadweveertheless,

in considering such an endeavor, based on the unique and highly complex nature of
CYP3A4 enzymes, very versatile and innovative electron transfer mechanisms is
requiredsupport this membrane bound, microsomal mammalian heme thiolate protein
chemistryi the overall challenge being designiagystem that has a good electrode
enzyme electronic coupling that, in turn, would drive catalytic turnover at relatively
high rates In this regard, the integration of a mediator into the reagent layer has
proven highly beneficial in functiong as electron transfer shuttie and from the
deeplyburiedenzyme active site. Amongst available mediating species, with specific
reference to microsomal CYP450 enzymes, cobalt(lll) sepulchrate [(C3{Skp)

shownto be the better choice.

In this study, firstly, wild type fullength CYP3A4 was monomerized through
treatment with nonionic  3-[(3-chlolamidopropyl)dimethylammonieil-
propansulphonatg CHAPS) which prevented aggregation of the enzyme units and
enabled simplified casting of the enzyme. Th®sensor wasconstructed by
immobilizing the enzyme ona carrier matrix consisting of aafion-cobalt (lll)
sepulchrate composite filnThe choice ofnafion as base matrix, was due to the
multifaceted inherent features of the ionomer, including its unique cation pre
concentration ability that is distinct fromost other ionic polymers armmbnventional

ion exchanges, its high chemical stability, as weals its microscopic
hydrophobic/hydrophilic phase segregatidiese qualities was applied to firstly

extract and stably preoncentrated the mediating species in the overall carrier matrix,
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while secondly providing the suitable platform in which the imrimdal fICYP3A4

could interact with the pseudtonor electron platform through its required
hydrophobic/hydrophilic interactions that it normally use in natiweitio and in

vivo systemslin order to reenforce the stability of the reagdayer film ard protect

the underlying components, an additional thin layer of nafion was used as outer film

throughout all experimental investigations.

4.2 Morphological and structural characterization of the nafion
CMECo(Sep)* film (carrier matrix) formed on the GCE [GCE
(GCE||naflCMECo(Sep)*]

Before the application of the carrier matrix in the fabrication of the
fICYP3A4-based biosensor, some morphological and structural analysis of the
formed film was done. In this regard, morphological studies were tmoeigh
Scanning Electron Microscopic (SEM) analysis, while the strucauralysis of the

films wasdone with Fourier Transform Infrared (FTIR) Spectroscopy.

4.2.1 Morphological characterization: Scanning Electron Microscopy (SEM)

Figure 4.1 a- c shows the top sectional view of the blank,-modified
electrode (bE), the nafionrmodified electrode, as well as the nafmodified
electrode containing the incorporated Co($egpecies. The nafion film displays
more ofan islandtype feature, containing randowoid-type areas, thus overall not
does not really have a smooth consistency. This may probably be due to the argon
flow used during the drying of the nafion film, which could have possibly slightly
perturbedhe nafion durng film formation On the other hand, one mumarin mind
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that nafionis known for itshigh chemical stability and in this regard, i#l stxpected

to provide an acceptabienerfilm for the incorporatiorand/or immobilizatiorof the
other reagenlaye constituentsMoreover, according to documented literature, actual
decomposition of a nafion film is signified by visible pore holes which is evident in
crosssectional viewq110]. In this regard, the cross sectional images taken of the
formed film, exhibied an intact film, devoid of any such pores. The CofSep)
modified nafion film, of which the SEM image is shownRigure (c) also exhibits

an islandlike film, which does not really have a smoatbnsistency, but rather
resembles cadliflowert y m@&fdce
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Figure 4.1 Top scanning electrochemidatage ofelectrode (a) blank electrode {bl
E): (b) nafion modified electrod®@f-E); (c) Naf-E with preconcentrated Co(Se})
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4.2.2 Structural characterization: Fourier Transform Infrared (FTIR)
Spectroscopy

Figure 4.2 a- c exhibits theFTIR spectraof the nafion membrane,
commercially attained pure cobalt(lll) sepulchrate trichloride, and the chemically
prepared nd€MECo(Sep}" composite film, respectivelyn this regard it shows the
strudural features, exhibited as vibrational fingerprints, associated with each
component within an analyzed film. The assignment of vibrational bands thus assists
in identificationof species. In terms of the nafion membraneparticular,shown in
Spectra acharacteristic bands associated with the giracof pure nafionidentified
as the CFassymetric stretching (1207 &n CF symmetric stretching (11490 &y
S-O symmetric stretching (1058 €y C-O-C stretching (981, 862 cfy, and GF
stretching(630 cn') are shown and appropriately highlighféd0-114] With regard
to the pure wmodified cobalt(lll)sepulchrate [Co(SeP], shown in Spectra b, the
exhibited absorption bands, associated with the associated with methylene groups
(733, 834, 2850, 3034 ¢t and secondary amines (1055, 1130, 1168, 1335, 1366,
1444, 3415, 3520 cM) are in factcharactestic functional groupsn the structure of
of Co(Sep§" [115], and as such, may be regarded as an efficient fingerprint
identification of the unique structural featsref the compoundwith regard to the
chemically prepared nafieBo(Sep}* composite film on the other hand, shown in
Spectra cfrom a general perspectivejost of the characteristic fingerprint bands
associated with the structural features of nafion can be seen. Hovobysezr
evaluation of the spectra revealed the preseneewfvibrational bands, as well as
slight positional shit in some of the origind bands as seen in Spectra a.
Cumulativdy, these observation®f course suggest the modification of the
microstructure of nafion, which in the current case is due to theqgmeentration of
the chencally deposited Co(Sep)within the preformed nafionmembrane Thus
appropriately, the changes in vibrational absorption bands associated with the
incorporation of the Co(SepP) have been indicated bgoloured arrows on the
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spectrum with the likely functional groupnvolved in the change also suitably
marked on Spectra b. In this regard, in the modified nafion membrane, the appearance
of vibrational band located at 854 ¢rfindicated by the magentmlour arrow) may

be ascribed to methylene groups associated with the C{Sepicture.Moreover,

the appeance of bands in association with secondary amines, locatgt#@tand

1462 cnt', (indicated by the blue and green arrows, respectively) also signify the
presence of Co(SeP)within the nafion membrane. Also, it is notalthatthe peaks
centredat 2892 and 2997 ci, associated with methylene functional groashe
Co(Sep§* structure. Interestingly, it is noteworthy that the water content of the
modified nafion membrane, signified by the broad peak fatchting vibration of

water moleculescentredat between® 26307 3740 cnt, is still very high, as
compared to the untreated nafion membrane. On the one toasoime extenthis
phenomenon may beartly ascribed to the blending vibration of molecularly
adsorbed water in the membrgid6]. On the other hand, since the Co(Sémas
manually casted and allowed to mix with the-fimaned nafion membrane, which in

itslf is known to contain an appreciable amount of water molecwleish functions

as plasticizeraround thesulphoniccluster egion[117] - this could indicte that

while some of the Co(Sefi)molecules weréndeedtaken up within théower density

ionic cluster phase, some were probably still concentradadhe surfacef the bulk
polymer phase. The reasoning for the school of thought here is basedfact thet

from a general perspective, the water of hydration contained witkimafon is
normally reduced in direct association with the increase in the uptake of the amount
of counter ions particularly in the case ofounter ionspecies which contains
hydrophobic ligands, such as is the case with Cof5¢p)7-118] Nevertheless,
overall, the results shown in the FTIR spectra does indeed confirm the existence of
the electroactive Co(Sep)mediating species in the nafion membrane, which of
course is the more important factdbdlor eov er , due to nafionds
extraction of cationic species that, as described in €©h&p Section is quite diatt

from other ionic polymers and/aronventional cation exchangem@d as such, is

known tostablyretain these species for much longer time frafh&8]. (More on the
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subject of the aforementied aspects surrounding the water molecules &c.,
comprehensively discussed in Chapter)5A.
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Figure 42 Fourier Transform Infrared Spectroscopic (FTIR) spectra of (a) un
modified nafion membrane; (lWommercially obtained, pure cobdlll) sepulchrate
only; the nafion membrane modified with tiseemically deposited NaEo(Sep®'-
composite filmnafCMECo(Sep}?)

On a final note, regarding the latter and afshewed characterization results:
Although the morphology of the formed films were not exactly visually ideal, the
structuralanalysis of the formed films still showed the presence of the expected

functional groups and as such, the method of preparation may be regarded as
acceptable.
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4.3 Voltammetric characterization of the modified electrode

Before commencing with the electrochemical results, it is noteworthy to bring
to the r ead e todganforeetthe stabtlity of the tatrier tmatrix and/or
enzymebased reagent layer, a thin lagémnafion film was useds outer film

43.1 Electrode Assembly

In order to ascertain whether the proposed electroactive compound, i.e.,
Co(Sep§*, can effectively function as mediating species within the fICYR3A4
derivatized biosensor platform, background studies first have to be condlicged
specific aim herdeing thedetermnation ofwhether themediator exhibits a redox
response at a suffemtly negative potential to be able to, in turn, reduce the enzyme
ferric iron (FE€") for the initiation of its catalytic reaction cycle and concomitant
electrocatalytic interaction with its eubstrate molecular oxygenand/or selected
analytes (substtes)[74, 120] The results for these studies are showhigure 4.1
In particular,Figure 4.1shows the cyclic voltammogram ofriM cobaltsepulchrate
on a bare GCE working electrode performedGnVs * in argordegassed PB The
voltammogramexhibiteda cathodicpeak € =T 640mV/Ag/AgCI, I, =T 3.74uA)
and an anodic pealpa = 1579, . = 3.541A). Moreover,both the cathodic and
anodic waves consisted of one pesdch which is indicative of only one redox
species, and can thii® ascribed to thenetatcentred oneelectron process due to
Co*'/Co™ with a Ej determined as 610 (+ 10) mVhe peak separationdE,) value
was61mVv+3mV, whereas thg, /1, c value was 0.950.05uA. In this regard, in terms
of theoretically based valueghe aforementionedgE, and |, /1, values are well
within the range forfast diffusion controlled reversible one electron cyclic

voltammetricprocessegi.e. qE, = 59 andlp {lpc = 1) [74, 121]and as such, imply
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rapid electron transferin addition to this, the inset iRigure 4.1 exhibits the square
wave response th6CE inthe 1 mM Co(Sepj’, shown as the difference square
wave, for which a signal was obtained@t0+5 mV. In this regard, as compared to

the Ej obtained for the CV, there spproximately 30mV difference between the
values obtained from the two respective voltammetric techniques. However, as
explainedin Chapter 3A Section3A.2.1.2.1 squarewave voltammetry is eminent

for its lower signato-noise ratio and as such, variation in obtained results from the
two techniques are indeed expected. Nevertheledgrms of specific assessment,
both of these values are sufficiently cathodic, tbe able to, in turn, reducethe

enzyme heme ferric ion (F@ to its active F& form for its electrocatalytic function

S 1
-2
-3
. «—(-640 mV)
-1000 -750 -500 -250
-4 E, mV

| . | L I . I ¢ |
-1000 -800 -600 -400 -200

E, mV vs Ag/AgCI (3 M NaCl)
Figure 4.3: Cyclic voltammogram of bare GCE in phosphate buffer salRieL,

pH 7.4)containing 1 mM Co(Sep). Insetshows the square wave (SW) voltammetric
response of the GCE in 1 mM Co(SEpkxhibited as the difference SW.
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The stepwise modification of the GGias monitored byelectrochemicastudies in
order toinvestigate the variation in the voltammetdbaracteristics in association
with the progression from the nafionodified GCE, to the reagentless, mediator
containing fICYP3A4derivatized biosensor platform
(GC|naflCMECo(SepJ'[fICYP3A4|naf). Amajor mainaim here, was also wnfirm
electron flowfrom the electrode tthe fICYP3A4 via th¢ nafion pre-concentrated
Co(Sepy* mediator In this regardFigure 4.4a) shows the cyclivoltammogram®f
the nafioamodified GCE (GCHnaf) and theCo(Sep}*-entrapped nafion film
(GCHlnaflCo(SepY"). In addition to this, the difference SW voltammogram of the
GCHjnaflCo(Sep}* is shown inFigure 4.4(b) With regard toevaluation othe CVs
exhibited in Figure 4.4(a) the nafioamodified electrode did not exhibit any
discernable electrochemistry. Essentially, this is not an unexpected phenomenon,
since nafion is not itself electroactivmit due to its unusually high ieexchange
ability and/or affinity for large (hydmhobic) cations it may be used to pre
concentrat¢52, 122] or simply physically absorb electroactive cationic molecules in
a thin membranéayer, onto a suitable electrode, as is the case in the current study.
This usually done by contacting a goemed nafion film with an aqueous solution
containing the specificounter ionspecies, in accordance wih the following equation
[52]:

C™ (aq) + Naf (film) - C™ (film) + "Na" (aq) 4.1
On the other hand, in biosensor preparation in partidogesed on its unique physical
and structural characteristicsnafion may be used as an electrode coating for the
stable incorporation and immobilization of biomolecules, while simultaneously
preventing biofouling52, 122123]. Consideringaforementioned characteristics of
nafion with regard tats superiorcounterion preconcentratiorability, it is thusnot
surprising that in the C\or the GQINaflCMECo(Sepj" electrode a pair of well
defined symmetrically shaped redpgakscan be observed. In terms of the context of
the current research investigation, the peecds be ascribed to the exgible one

electron transfer reaction of the metehtred surfaceonfined redox species
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Co(SepJ/Co(Sepj" and as such, also exhibits fast electron tunnelling process
through the Nafion layer, to and from the underlying GCIbser evaulation of the
redox coupleshowed that theyconsist of cathodic peakEf{. = 1609 mV (vs
Ag/AQCl), lpc=T11.048¢A) and an anodic pealEf.=1534mV (vs Ag/AQCI), lpa

= 0.848 ¢A) with a midpoint potential, E, of 1571 5 mV. Compared to the
electrochemistry o€o(SepJ* on bare GCE, GfNaf-Co(Sepj* showed a decrease in
the magnitude of thi candl, sand an anodic shift in thg, » value by approximately
23mV. Interestingly, in previously documented literaturéher researchers report a
cathodicpotential shift in the E,, value of GQNaf-Co(Sepj" as compared to that
observed for the bare elecrod24].In this regardunlike the physical casting/mixing
technique of Co(Sep)nafion interaction used in the current investigation, in the
aforementioned studyincorporation of Co(SepJ" within the preformed nafion
membrane was done through potentiodynamic cycling in the contaciiuton. The
significant difference in applietechnique could thus possibtpnfera variation in

the interaction and/or distribution of the Co(Sémpunter ionspecies within the
microstrucure of the nafion film. Moreoveconsidering that the redox potential of
Co(SepJ* depends on thspecific eperimental conditions, such as the nature of the
film, pH, supporting electrolytegtc., the results are well within experimental
variability. Another noteworthy factor with regard to the exhibited CV for the
GC||NafICMECo(Sep" is that the anodic pealcurrent is slightly smaller in
magnitude than the corresponding cathodic peak current, by a value of abaA.0.20
This is not an uncommon phenomenon and can be ascribed to the fact that the
electroactive species was entrapped in the Nafion film in idized form Co(Sep)

[91]. With regard to the difference SW vakaogram shown inFigure 4.4(b) for

the GC|Naf-Co(SepJ* electrode, the signal is observed-5f0 mV, which, as in the
case of theesults obtained for th€Vs, shows an anodic shift as compared to the
obtained E observed for the difference SW of the bare GCE, by a magnitude of
approximately 70 mV.
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Figure 4.4 (a) Cyclic voltammetric response for the naforated GCE
(GCHnaf), and the cobalt(lll)sepulchrate  modified GCHnaf (i.e.,
GClnafiICMECo(Sepy'|naf ) for experiments conducted in argiegassed(Ar) 50

mM PBL at 10 mV & (b) Square wave voltammetric response of the
GClnafiICMECo(Sep)'|naf also in ArPR., presented as the difference spectrum.
Experimental conditions: StepE =4 mV; amplitude = 75 mV,

In terms of the fabricated biosensor, the results foraydic and squarewave
voltammetric responsesr the GC|[naflCMECo(Sep}[fICYP3A4|naf electrode for
an experiment conducted in ArBBis shown inFigure 4.5 (a)and(b), respectively.
In the absence of substratedinavir), andor co-substrate (molecular oxygerthe
immobilized enzyme gives no catalytic response, and as such|ettteochemistry
observed is essentialljictated by e the Co(Sep) mediator[125]. In this regard,
with respect to th€V in particular the anodic andathodic peak potentials for the
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reactionwasi 555 andi 625 mV, respectively, corresponding to the e 14

Cd®* redox systemMoreover, the cathodic and anodic peak currents<X11.322

eA; Ipa= 0.717¢A), were fairly symmetrical, with thk, c exhibited for the fabricated
biosensor GCHnafCMECo(Sepj'[fICYP3A4|naf) shown to be higher in magnitude,
than the I, of the Nafionentrapped CMECo(Sepy* modified GCE (i.e.
GCH|naflCMECo(SepJ") [Figure 4.4(a), by almost 2 orders of magnitud®rior
research has established Nafion as a perfluorinated polymer wititcedlar pore
structure, that is able to stably bind or incorpogatdactants and other molecules to
and/or into its bulk membrane through coulombic and/or hydrophobic interactions
depending on the charge and hydrophobic nature of the compb2@d126] Thus,

the incrase inl,, may be ascribed to the favourable interaction between the Nafion
and the CHAPS monomerizefl CYP3A4 without the need for any additional
coupling reagents and/or bifunctional linkingplecules to renforce stable enzyme
immobilization. The overall result is effective electron shuttling between the reduced
mediator and the enzyme heme group yieldppc andgEp values of 0.9 and 70
mV, respectively.The gqEp value is close to 65mVhdicating the presence of a
surfacebound electroactive species undergoing fast reversible electron transfer at the
electrode[74]. In this context, e GC||NafICMECo(Sepj* is therefore a better
electrode system than the Nafientrappedmediators reported byome other
researchers. For  example, Nafientrapped [cobalt(ll)phthalocyanine
cobalt(ll)tetra(5phenoxy10,15,26triphenylporphyrin)] 8 pentamer also done
through a casting/mixing techniqushowed a qE, value of 200mV[127]. Figure
4.5(b) shows the squarewave response of the
GClnaflCMECo(Sepi*|fICYP3A4|naf electrode, for which signals was
obtained afi 600 +5 mV. Compared to the results shown for the nakotrapped
CMECo(Sep}" and the bare GCE in Co(Sé&h)the signal shifted anodicgllby
approximately 40 mV and 30 mV, respectivelihese results are comparable with

those obtained in cyclic voltammetric studies and thus corroborate those findings.
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Figure 45. (a) Cyclic voltammetric response for the fICYP3A4 based biosensor,
i.e., nafflCYP3A4|Co(SepfInaf|GC electrodefor experiment conducted in argon
degassed(Ar) 50 mM PBL at 10 mV &. (b) Square wave voltammetric response of the
nafflCYP3A4|Co(Sep}'naf|GC electrode in ArPB, presented as the difference
spectrum. (Plot shows the net current of the forward and reverser&$fgonsdor a
scan that was done -cathodicallyExperimental conditions are: squavave
amplitude 75 mV; potential step 4 mV. gt€ = 4 mV; amplitude = 75 mV;,
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432 Electrochemical behaviar of the
GC|naf|CMECo(Sep)**|fICYP3A4|naf biosensor

To ascertain and identify the type of curremnMolved in the redox process,
the dependence of the peak current on scan rate was investigatetdeopetential
range scanned-350 - -850 mV). In this regard,scan rate studies for the
GCE||NaflCo(Sep}'|CYP3A4Naf biosensorwas conducted in argodegassed PBS
(50 mM, pH 7.4) from which the obtained voltammetric results were fitigdinear
regression analysi®f which the results are shown figure 4.6. In this regard, the
current function, J "3 exhibited a constant valuerf all the scan rates within the
range of 20 1500mV, essentially implying that the charge transfer at the electrode
film interface, in the absence of oxygen and substrate in the higher scan rate region
(20i 1500 mV$Y), is diffusionkinetic-controlled andas such, governed bsemi
infinite conditionsat allthe scan rates employ§til9, 125, 128129]. In the context
of electrochemicatharacteristicsgenerally this behavioursuggesthe possibility of
kinetic effectsfor bulk andor surface processedowever according tadocumented
literature the unique phase segregation in the maomain of nafion membranes,
conferelectron transfer and/or charge transporsuch membranes to be equivalent
to a diffusion proces As such these resultsloes not necessarily reflect kinetic
limitations, but more on tsubjecton the type of charge transport and electron
transfer in nafion membraness comprehensively discussa&d Chapter 5A, which
will give the reader a more hepth view on this subjedtlevertheless, as is common
with many films showing diffusion controlled current, a region of monolayer
behaviourmay beexhibited at low scan rateB1 which thin layer electrochemistry
behaviouris mimicked and exhaustive electrolysis of the electroactive species is
possiblel n t his regar dg<9aV s' lthe surfaseccaverage af the s | 3
Co(Sep¥, @i (mol cm'?), was determined bymeasuring theFaradaiccharge Q)
passed during exhaustivelectrolysis of theassembly, using slow scan rate
voltammetry[91, 119, 129]This is based on thequation92, 129130].

0 =Q/nFA 4-1
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wheren is the number of electrontgansferred anéFi s Far adayAdshe const at
area of the electrod&@he surface coverage was calculated to b&1®8 mol cm 2.

On the other handyith regard to the least squares regression results shown for the

higher scan regiongigure 4.6Inset), he linear regression equations for the cathodic

and anodicpeaks, based on peak current verstiplots for diffusionkinetically-

controlled scan ras were determined dg:=1 0.15933"=10.07335 { = 0.996) and

lp =0.11483" = 10.2027 ¢ = 0.99854) respectively. Concomitantly, the slopes of

these graphs could thée used to determine the charge transfer diffusion coefficient,

D (cn? 1), in thefilms by Randle Sevcik analysis, as showedguation:

lp = (2.69% 1058 D" 4-2

The volume of the film I&A) was determined from the moleculaolumes and
amounts of Nafion and Co(Sép)deposited inthe film [128, 131] The electron
diffusion coefficient,D¢; for the electroactie film was estimated as @0 ® cn’ s ™.
The D¢ value issubject to error of 05808 cn S due to the uncertainty in film
thicknesq130, 132]

4l 50 J
ly = 0.1149x - 0.20274 ——
1 -75{ R=09985
2 0 5 1015 20 25 30 35 40
v?mv s’
2 o-
20mvs”
9. 50mvs’
i 100mvs’
4] 300 mv's”
500 mVs”
700 mVs"
-6 1000 mV's™
1200 mv's”
-8 - y 1500 mv's”
I L I v | L I p I
-800 -700 -600 -500 -400

E/mV vs Ag/AgCl (3 M NaCl) 164



Chapter 5 Results and Digussion: Biosensor Plaform 1

Figure 46 Cyclic voltammograms of N#&EYP3A4Co(lll)SepNaf-film in
phosphate buffer saline (pH 7 &) scan rates 201500 mVs'. Inset: Plot of cathodic
and anodic peak current x§.

With regard tothe operational stability of the film within the context of an
experimental setyp when the G(aflCMECo(Sep}|CYP3A4Naf electrode
(biosensor)was scanned continuously in 50mMPEpH 7.4), the voltammetric
response decreased gradually with increasinges. The peak current remained
approximately 90% of thénitial response afteR0i 30 cycles.In terms of storage
stabiity, on the other hand: Upon storage of the biosensor in buffer solution,
followed by subsequenelectrochemicalcycling in fresh PR, under the same
experimental conditions used in the studygradual decline in signal, equivalent to
approximately 610% per daycould be observedThe declineis an indication of
gradual leaching of the mediator species from the reagent layer, since as discussed
earlier, in argordegassed FB in the absence of substrate and/or oxygen, the

observed electrochemistrydssentially dominated by the Co(SEphediator.

4.3.3 Electrocatalytic investigations of the fabricated biosensor

(GCE||naflCMECo(Sep)'[flCYP3A4|naf)

4.33.1 (Electro)catalytic responses to cesubstrate (oxygen) and substrate 2;4
dichlorophenol (2,4-DCP)

One of the major disadvantages r@fion is its extremely acidioature

which usually limits its usefulness as an enzyme immobilizagent. However, in
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this study the pH oNafion was adjustedo 7.4 before the incorporation of CYP3A4.
The responses of thbiosensor under anaerobic or aerobic conditions are shown in
Fig. 4.7 for experiments carried out at a potential scan rate of 10hiv$BL. The
biosensor response in argdagassed substraftee PB. (voltammogram(a) of
Figure 4.7) shows that in the absence of substrdie,observed charge transfer is by
andlarge dictatecby the Co(Sep¥*/Co(Sepj" electrochemistry. In the presence of
11. 024bBAR in anaerobic PBS (voltammogrdh)), there wasan increase in
the cathodic peakurrent () and a small cathodic shift in reduction potential.
Compared to the substréftee CV in anaerobic PBS, thg in the presence of the
substrate (24D CP) increased by 317 nA (0.3tA) and theE, . shifted cathodically
by approximately 5 mVThe increase i, value upon substrate binding illustrates
the typical response of fetfnemecontaining enzyme biosensors, in which the
reduction of the heme group (FetldY Fé) is coupled to monooxygenation
(hydroxylation) of the substrateOxygen binding to ferrous -B50 enzymes are
known to be very rapid, even latv oxygen tensionsuch as found in the liv¢t2].
With regard to CYP3A4 in particular, according to documented findings, binding of
oxygen to the reduced heme iron! lBecurs at an estimated rate of 35@00 $'67].
Considering the latter and aforementioned aspectsjaif beconcludel that he
residual oxygerontainedn theinjected substrate containisglution wassufficient

for the formation of the activated fefrmxo complex,which in turn functioed in
substrate metabolisnn fact, the observet}, . increasein the presence of substrate
under anaerobic conditionis in agreement with previous findings/olving P45Qam
reported by Iwuohat al. [74]. The shift in peak potentian the other hand, may be
attribued to substratedocking via weak hydrophilic interactions between distant
prosthetic group amino acidfollowed by binding to active site functional groups
[25]. In this regard, gbstrate binding is accompaniég the displacement of water
(originally bound to CYP3A4 as thexth axial ligand), concomitantly resulting in the
conversion ofhe heme to high spin, while sufficient oxygen was presersuflostrate
hydroxylation. However, with limited residual oxygenesent, only the partial

displacement of water at tleazymeactive site was possible, hence the small shift in
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Eoc [25, 74, 133] It is noteworthy though, that the absence of cathodic shift in the
Ep.c values on changing from substrdtee sensor to substra®undsensor under
anaerobic conditions does not necessarily inaplgick of hemisubstrate interaction
[73, 134] Previous studiesuggestedhat in the absence of oxygen, the effect of
substrate orthe heme electronic environment may be negligible. This, however,
turn depends on the nature of the substB®8]. The voltammetric response of the
biosensor in substrafece oxygenated PBS is shown wolatmmogram(c) of Fig.
4.7. Oxygen is the natural esubstrateof CYP3A4 and binds to the ferrous iron
(F€ at a veryfast rate, usuallynore rapid than substrate bindifrg106 M*s?) [74,
77, 135] Thereforeyoltammogram(c) is essentially the electrocatalytic respon$e
the enzyme heme redox centre to dioxydenthis regardthe most likely equation
which can adequately describe the aforementioned oxygen interaction is as follows:
fICYP3A4-F€' + O,- fICYP3A4-Fe O, 4-2
Figure 4.7 CV (d) on the other hand showsthe biosensor response1ol . 04 ¢ M
2,4DCP in oxygenated AB The presence of substrate, in this case-R2@GP,
increases the rate afioxygen binding to the heme, which is exemplified by the
increasein the electrereduction currentlfo shown in the cyclic voltammogram.
Moreover, the fICYP3Adhxygen and/or flICYBA4-oxgen/substrate interaction is
essentially a chemical reactioand as such, irreversibleln terms of an
electrochemical perspectithis means thahe hemeFé' of the fICYP3A4produced
during the cathodic scan, was consumed in the fast fallpwhenical reaction, thus
making it unavailable for rexidation during the anodic scanin this regardthe
background capacitativeurrent subtracted CVs specifically showing the
electrocatalytic rgponse of the enzyme based bioserteosubstrate and/or oxygen
exhibited inFigure 4.8 essentially shows that thigasaccompanied by a complete

attenuation of the anodic peak currégy).
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Figure 4.7 Cyclic  voltammograms of  GJBaflCMECo(Sepi|naf
(biosensor in 50 mM PBS at 10 mV'5 showing: (a)biosensor in anaerobic PBS
with 0  €¢2W-DCP; (b) anaerobic ABwith 1 1 . 0 42,4BDQW; (c) airsdurated
PBS containing @ M2,4-DCP; (d) airsaturated PB containingl1.04e M2,4-DCP
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Figure 4.8 Voltammetric response of the G{FERICMECo(Sepj‘naf biosensor,
showing background capacitive currsaibtractedCVs in: (a) the presence of 11.04
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e M DCRin argordegassed PBS; (b) substréitee urdegassed FB (c) in un
degassedABi n t he presen®eP.of 11.04 &M 2, 4

On a final notewith regard to the catalytic response profile of the biosensor exhibited
in Figure 4.7 CV(d) and Figure 4.8- thisis typical of cytochrome P450 enzymes in
particular, and hemenzymesn generaltherebysuggestig the metabolism of 2;4
DCPby CYP3A4[74, 135]. It is noteworthythough to also add that, as discussed in
Chapter 2, Section 2.2.3 the catalytic cycle of P450 enzymes are frequently
complicated by uncoupling reactions, such as the formation of superaride
concomitantly producegeroxide, which of course can complicate the interpretation
of exhibited resultsHowever, based on documented literature, it has been shaivn
the substratdéas astabiliang effect onthe oxygenated P450 enzymehich in turn
could minimize side reaains thatcould generate superoxide and peroxj@é].
Having said thathowever, this does not preclude the possible contribution of
peroxde to the obswed electrocatalytic responsespeciallyconsidering the large
difference between the catalytic oxygen reduction current in the absence and in the
presence of 2:{DCP, of which such a phenomenon has bbenghtto indicate the
possibility of the contribution ofvhat is known ashe peroxide shunt pathway7,

136]. On this note, Section 4.3.2%5, gives more insight into the enzyrmubstrate
interaction, with inclusion of some perspective of reactive oxygen sp&drethe
other hand,it is also noteworthy tobr i ng t o t he that Gedtierr 6 s
5B.3.3.1.1 in Chapter 5B gives an even morecomprehensive overview all of the
possible envisagedreaction pattvays in relation to electrocatalytic investigations
with this category of enzymencluding the effects ofeactive oxygen speciglkoth

with specific reference to the enzyme, as veallin consideration of thenediating

speciesin this regard, detailed equations are also provided.

Theresponse of th&CHnafCMECo(Sepj‘|naf biosensor in the presence

of increasing concentrations of ZXCP wassubsequentlyinvestigated and the

169

at



Chapter 5

Results and Disussion: Biosensor Plaform 1

results recordedvith squarewave voltammetry. In the presence of increasing 2,4

DCP concentrationsan eminentincreasein peak catalytic current, in a
addi ti

observed These results are showm Figure 4.9 In addition to this, the calibration

fashionwi t h

curve for 2,4DCP was also constructed, by the plot pbt 2,4DCP versus their

each

consecuti ve

linear

concentrations, of which the results are showirigure 4.1Q Also shown inthe

inset ofFigure 4.1Q is the linear rangef the biosensoin this regard, the dynamic

linear range for 2ADCP had an upper limit of 4%A and a sensitivity of 0.038A

mM™. Moreover, the corresponding detection limit, calculatedttes concentration

giving asignal equal to three times the standard deviation of the blank sigitdd
by the sensitivity [3(S/N) =<, was determined as 0.04% L™

Figure 49
GCHnalCMECo(Sep)fICYP3Adnaf biosensoiin 50 mM undegassed FBcontaining
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GCH|nalCMECo(Sep}'[fICYP3A4|naf biosensor for 2,4DCP for experiment
performed in urdegassed 50 mM RB

4.3.3.2 (Electro)catalytic response to native marker CYP450 3A4&ubstrate
Erythromycin

In order to reaffirm and corroborate that the response of
GCH|naflCMECo(SepJ'[fiCYP3A4|naf biosensor is due tdlCYP3A4 enzyme,
experiments were carried out wignythromycin, which is anacrolide antibiotic that
is frequently used in vitro studies as standard substrate for testingcamdirming
CYP3A4 activity[12]. The responses of the biosensor under anaerobic and aerobic
conditions, in the presence and absence of erythromycin (ERM) are shown in
voltammograms (&)d) of Fig. 4.11, for experiments carried out at a potential scan
rate of 10mVs ' in 50mM PB., pH 7.4. The cyclic voltammetric responses in the
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absenceand presenceof 2.18 mM ERM under anaerobic conditions are shown in
CVs (a) and (b) oFig. 4.11, respectively. CVs (c) and (d) on the other hand, shows
the cyclic voltammetric responses of biosensor in the absence or preseéhd8 of
mM ERM, in the presence of dissolved oxygdrhe sensing of ERM in anaerobic
PBS caused an increaseljn value (by0.1462¢A) and an anodic shift (by 14mV)
Ep.c value. The voltammetric response of the biosensor in sub$teat@xygenated
PBS is shown irFig. 4.11 CV (c). The CV portraying the biosensor response in
oxygenated PB (Fig. 4.11 c¢) displays a distinctncrease inl, . value due to the
coupling of the ferr/ferro-heme reaction to the binding of dioxygentthe reduced
heme(F€') [74, 135] Biosensor response £©18 mMERM in oxygenated PBis
shown inFig. 4.11 CV (d). Thel, ¢ value increased by 0.64A over the responsef
erythromycinfree oxygenated sdion. The results for the voltammetric studies with
ERM exemplify a response profile which is in complete agreement with those
obtained for 2,4DCP, thus corroborating and confirming the latter as a substrate of
fICYP3A4.
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Figure4.11 Cyclic voltammograms o6CH|nalCMECo(Sep3'[fICYP3A4|naf
biosensor in 50 mM PBS at 10 mV, sshowing: (ajiosensor in anaerobic PBS with
0 mM erythromycin (ERM); (b) anaerobic PBS with 2.18 mM ERM,; (csanmurated
PBS containing 0 mM ERM; (d) agatrated PBS containing 2.18 mM ERM

As in the case of 2;BCP, response of th& CEnaflCMECo(Sep}[flCYP3A4|naf

biosensor to increasing ERM concentratioas also investigated his was done by
successively adding ERM in conjunction wittiermittentstirring of the solution in

un-degassed PBunder optimized conditionfllowed by subsequent voltammetric

recording of the responsé&he results showing the SW voltammetric response of the

bi osensor to ERM up HRigore 418 4TheOvotamihograms s h o wn
shown represent the difference SWVs, for scdone cathodically.Overall, a

periodic increase in peak current in conjunction with each consecutive addition of

ERM up to a final concent Afaltcalibrationacdirve 1 6 4 ¢ M

was then subsequently constructed. In this reg&idure, 4.13 exhibits the

dependence of catalytic peak current on ERM concentratien09 2 ¢ M) , showin
an upper limitforthedynalm | | ne ar rAaAligearplotWas bgined foe
ERMoverthe4.63 26. 4 &M concehz0r9as7,islope = 0.08289 e , (R
eM; intercept = 1. 92 ¥a2ERMAvasddidingned as 27t o f d e
x 10° M.
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Figure 4.12 Square wavevoltammetric response of GEBICMECo(Sep/fiCYP3Adinaf
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4.3.2.3 Electrocatalytic behaviaur in the presenceof inhibitor : ketoconazole

Voltammetric experiments were conducted to ascertain the effect of heme
inhibitor interactions on thelectracatalytic metabolism of 2;BCP. In this regard,
the effect of ketoconazole, a known CYP3A4 inhibitor, on the response of the
CYP3A4 biosensor t02,4DCP was studied by squanave voltammetry.
Voltammogram (a) oFig. 4.14 depicts the SWV of thB CYP3A4 biosensor in PB
containing 245 €M DCP, with no ketoconazol
this SWV was determined J@asculblat8 oonA.wi Aht
ketoconazole, thesquare wave voltammetricsignal was reduced by 12%
(vol tammogram (b)). 188 eM ketokonazol e
(voltammogram (c)) and 36% for 15 and 30 min incubation periods, respectively.
These resultsagree with the finding of Josepdt al. [135] f o r which 500 ¢

ketoconazole induced an 80% decrease in CYP3A4 activity.

-12.0 245 uM dicholophenol

0 uM ketoconazole

| 188 uM ketoconazole

(15 min incubation) 94uM ketoconazole

(15 min incubation)

-9.0
188 uM ketoconazole
(30 min incubation)
<
=
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E/mV (vs Ag/AgCl [3 M NaCl])

Figure 414  Square wave voltammogras dBCHnaiCMECo(SepfiCYP3A4|naf
biosensorin 50 mM airsaturated PBS: showing biosensor response tDCR
before (a) and after incubations with enzymigihbitor, ketoconazole (bd) .

175



Chapter 5 Results and Digussion: Biosensor Plaform 1

4.3.25 Critical assessment and additional observations of electrocatalytic
behaviour of biosensor:A closerlook at the bio-electrocatalytic response

The results obtained for the electrocatalytic response of the
GCH|naflCMECo(SepJ'[fICYP3A4|naf biosensor with respect to oxygen, as well as
the investigated substrates, i.e.,-B@P and ERM wereomprehensively compared
and assessd to reveal additional findings which may contribute to the diera
understanding of thdynamic mechanisrof the enzyme-based detection process. In
this regard, thdollowing findings were madeFirstly, with respectto the cyclic
voltammetric studies exhibiting the biosensssponsén the absencandpresence of
2,4DCP or ERM, as shown irrigure 4.7 and 4.11, respetively, a peculiar
phenomenon presents itselthe augmentation of the d by the additional catalytic
response to ERMwvas accompanied by anarked anodic (positive)shift in E,g,
corresponding to a magnitude of 17 mV, whereasrthiibe case of 2;DCP asmall
cathodic B shift was found. These results, seemingly contradictory can actually be
moderately welexplained byunderstandingarticular aspects of the igue nature of
the structureand substrate interacti@spectof CYP3A4active site Firstly, from a
general perspectivéhe metabolism of CYP3A4 and/or P450 isoenzymes is governed
by three generic rulg25]:

1 The topography of the active site.
1 The measure of steric hindrance of the access of theoxypgen complex to
the possible sitefr metabolisnon the substrate.
1 The possible ease of hydrogen or electron abstraction from the various

carbons or heteroatoms of the substrate.

In view of the aforementioneakpets, with regard to the more speciftbaracteristics

and specifications ofCYP3A4 in particularfirstly the initial motion of substratde

within the vicinity o f the enzymebs active slicte is e
interactions. However, actual substrate binding to the enzysne acti ve si t e,
consist mainly of hydropibic residuess by-andlarge governed biiighly lipophilic
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forces, and as suctalso requires the removal/stripping of any water molecules
associated with any of the functional groups on the substrate molecule, a process
which requires a considerable amd of energy Moreover, favourable substrate
binding governed by lipophilic forces results in the preferential expulsion of water
from the active site, which in turn provides the driving force for the enzyme spin state
change and hence the formation of itatalyticoxy-complex, [FeO}*], unit. Also
noteworthy is the fact thahe substrate can adopt more than one orientation in the
active site of which, the eventual product is governed by the interaction between one
of these orientations and tleezymecatalytic (FeOJ" unit. In addition to the above
aspects,with specific reference to substrdatenover and the formation of the
catalytically-active oxycomplex of the enzyme, important documented findings have
been mad¢67]: From a general perspective, in bacterial P450 counterparts, such as
P450camsubstratgurn-over rates are typically mudhsterthan the autoxidation of

the catalytic oxy-complex, [(FeO)] in substratdree oxygenated solution.
Conversely, in human CYP450s, the catalytically active-axyplex is highly
unstable and, once formed can decompose at a rapid rate. Ipréaktctformation,
particularly in the case of CYP3A4, is much more slower and significantly lower
than the rates for spontaneous decomposition oF&@y*, which decomposes at a
rate of 23 orders ofmagnitudefaster than in other CYP450shi§ poseshe potential
threat of rapid ucoupling reactionsluring catalytic studiewith this enzymeOn the

other hand, saturation of CYP3A4 with substrate, confer a marked ztbii of the
catalytically active oxyferrous intermediate of the enzyniehis unique stabilization
ability of CYP3A4 substrates presumably occurs through modulating the escape of
superoxide or hydroperoxyl radical from the distal binding pocket of the enzyme.
Cumulatively, he unique stabilization ability of substratescan result in the
acceleration of the reductioate concomitantly attributing to a positive shift of the
redox potential in response to substrate binding to the enZym#his note, it must

also be remembered though, that the percent contribution of stabilization and/or
increasededuction, is highiydependent on the type of substrate
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Keeping in mind all of theaforementionedaspects, tth these compounds are
essentially hydrophobic in nature, however ERM holds the additional advantage of
being a significantly large molecule, thus avoiding the bssbccurrenceof
randomly unfavourable oriented conformations within the enzyme active site, while
being large enough topossibly effectively confer the expulsion of the sixth water
ligand from the active site, thus effectively driving the required daite £hange of

the enzymeto rapidly drive the formation of the catalytic (FeO)unit. Moreover,
during phase | reaction with CYP3A4, this compound is kndwrundergo N
dealkylation This requires the abstraction of an electron fromBR& molecule, a
phenomenon which could have a synergistic effect on thesfénaof the second
electron required in the catalytic cycle of the enzyimeaddition to this, the fact that
this particularelectrocatalytic interaction of substrate additiwwas investigatedin
argondegassedPBL, coupled with the fairly highnjectedconcentration of ERM,

held an advantage: In this regard, binding of the substrat@php occurred at a fast
rate, thus essentially stabilizing the enzyme, while the undegassed substrate solution
provided sufficient residual oxygen to effectively drive the required oxygen
activation and subsequent substratenover Moreover, ERM being the larger
substratgrobablyenabled a ERMCYP3A4 complex that minimizkavailable active

site volume to any woupling intermediates. The cumulative effects of these
attributes would of course favourably affect the metabolism of ERM, which, from an
eledrochemical point ofview, can greatly contribute to the observed positive
potential shift in association witthé electrochemicalipased substrate interaction
The small nature of the 2[ACP molecule on the other hand, could induce random
orientations of the substrate in the enzyme active site, which, inculd confer an
initial unfavourable orientation, tisuslightly impedingnteraction with the catalytic

(FeOY" unit, while alsoresulting inpartial expulsion of water from the active site.
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4.34 Performance aspectsreproducibility and stability

Some selected aspects regarding the repeatability and stability of the
GCHnalCMECo(SepyfiCYP3Adnaf  biosensor with respect to 2RICP was
considered. Firstly, the repeatability of the measurements of the biodassat
electrocatalytic response was evaluated by measuring the response of freshly
prepared bi os e mDEPwithint the fidtdsix Uk of preparation,
consecutively at = 1 hr time intervals, with intermittent rinsing and storing of the
biosensor at 4C after each measuremeit. this regard Figure 4.15, exhibits the
obtained current responses for the biosensor for five conseocui@surements taken
within the first five hours. Assessment of the results reveals that a fairly consistent
response was obtained, declining very gradually, by a magnitude of approximately
5% with each measurement, up to the fourth measurement, after avimakch more
eminent decline, corresponding to a magnitude of atbdUt was observed. Overall,
in its completeness, the evaluation of the repeatability of measurements exhibited a
relative standard deviation (R.S.D) value of 5.5%, indicating good repégtaloi
anot her eval uati on, t h e (stdrageo stabilitg) wasod s sto
investigated, by monitoring its response2td-DCP at predetermined timentervals.

In this regarccyclic and square wave voltammograms were recorded usirgathe
biosensor after storing in PBS al@ for Oh, 12h, 24h2 days, 4 days and 1 week.
The peak current decreased withrease in storage time; however, the biosensor still
retained65% of its initial response after 1 week of storage. A R.DdBue 0f5.2%

for n = 3 was obtained for the 1 week stabilgjudy (wheren is the number of

biosensors tested).
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Figure 4.15 Repeatabilityof measurements: Showing respone
GCHnalCMECo(SepjfiCYP3A4nafb i o s ens or in oxygenated

consecutive measurements, with intermittent rinsing

4.4  Conclusions

Nafion-entrapped cobalt (lll) sepulchrate provided stable matrix for the
immobilized CYP3A4. The film permitted fast reversibtdectrochemistry of
Co(Sep)3+ which was coupled to the reduction of feerne to ferreheme and the
resultant monoxygenation reaction steps responsible for the amperometric detection
and quantification of 24DCP. The proposed reaction scheme is showfig. 4.16
The sensor exhibits high sensitivity and a detection limit fordi;hlorophenol far
below the EU requirement for pesticides in ground water. The sensitivity, detection
limit, as well as the wide dynamic linear range associated with this sgystem

makes it very promising for environmental monitoring. With an upper linear range
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value of 45mM the biosensor may, in future be used to determine and thereby control
the amount of 2CP in industrial effluents from pesticide plants where the
concentration of the compound is expected to be high. Since exposure-RCR4
contamination can only occur through drinking water it is important to compare our
results with the USA Environment al Prot e
equivalent level (DWE).[44,45] The DWEL value is the daily intake that will not
cause any deleterious effect to a kg adult exposed ovea lifetime period and
drinking 2 L of water per day, which for 2RCP is 2ng L'*. The detection limit
calculated for the GC/NaEo(Sep**/CYP3A4/Naf biosensor system reported in this
study is 0.0431g L'!. This demonstrates the potential of the sensor as an easy to use
device for possible regular testing of drinking water since it can detect concentrations
of 2,4DCP well below the DWElvalue.
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4.5  Experimental protocols

4.5.1 Reagents and Materials

Wilde type gnetically engineered cytochrome P45 (CYP3A4),
purified from a full length human CYP3A4 cDNA clone and owetpressed in
Escherichia colicells [137], consisting of only théerminal oxidase (heme domain)
and surrounding protein, wasirchased from Merck StuAfrica. Upon receipt, the
originale nzy me st ock, Msugpenkionewdsnraesiatedy aligudtede
into 5eL portions, each of which wasdways stored &t70 (C until used. Nafion (5%
(w/v) alcoholic solution), cobalt(lll)sepulchrate trichloridgCo(Sepj’} and 3[(3-
chlolamidopropyl)dimethylammonidl-propansulphonate (CHAPS) were the
products of SigmigAldrich. Di-potassium hydrogephosphate (KHPQOy), potassium
dihydrogen phosphate (KRO;) monohydate salts, and KCI were purchased from
Sigma and usedo prepare phosphate buffer saline (PBS) (50mM, pH 7.4,
100mMKCI) used as supporting electrolyte. All solutiamsre preparedvith water
obtained from a Millipore MilkQ purificationsystem.

45.2 Preparation of biosensor for voltammetric analysis

45.2.1 Pre-treatment of working electrode

The conditioningand pretreatment of the WE werdone exactly asutlinedin the
general experimental Chapter, i.e. ChapterS#;tion 3B2.2
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4.5.2.2 Preparation of GCE||naf CMECo(Sep)*‘[flCYP3A4|naf biosensor

Nafion stock solution was diluted to 1% (w/v) and the gdjustedwith
PBS, yielding a 1% solution (pH 7.4) or solutidn This was followed by the
preparation of a-inM solution of Co(Sep} in PBS, yielding solutiol. 5L of the
38 eM CYP3A4 enzymestock suspension was solubilised in CDPS followed by the
additionof 100mM PBS to give solutio@ containing 3.&M monomericCYP3A4
enzyme and 0.8mM CDPS. The following coating procedyistded the best
electrochemical reversibility for the &6Co** process: 4L of solutionA was drop
coated onto the clean GCE adied for 10 min under a gentle flow of argon, in order
to evaporatehe excess ethanol. Care was taken to avoid the completg drytirof
the Nafion layer. Then 4_L of solutidh was dropcoatedonto the Nafioamodified
GCE and allowed to stand for 20 mimder argon, during which time Co(Sep)3+
diffused into the Nafionlayer to form Nafiorentrapped cobalt(lll)sepulchrate
modified GCE (GC/NafCo(Sep"). The next step involved the drapatingof 5 €L
of solutionC onto the Nafiorentrapped Co(Sep)layer,and argordried for 20 min.
Finally, approximately 2L of solutionA was dropcoated onto the enzyrmodified
GCE, to keepghe enzyme film stable, whilst protecting the enzyme from biofouling.
The resultant enzyrmodified electrode is denoted as
GCH|naflCMECo(SepJ'[fICYP3A4|naf

45.3 Biosensor response experiments

Biosensor responses to DDECP (analyte of interestketoconazole(a CYP3A4
inhibitor) and erythromycin, ERM (aative CYP3A4 substrate) were studied by
cyclic and square wave voltammeirythe presence and absence of the substances.
All the electrochemical measurements with the biosensor eeeried out 825 € in
either degassed or wtegassed 50mNdotassiumphosphate buffer solution pH 7.4,
100mM KCI. Anaerobiccondition wasensured by passing argon gas through the
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electrolyte for at least 15min before measurements and maintaiaimgargon
atmospheretop the solution throughout the durationtlé particular experiment.
Cyclic voltammetry (CV) and Osteryoutgpe squaravave voltammetry (SWV)
were run in the presence and absenceofgen and/or substrate to probe the

enzymé oxygen substratenteracton.

4.5.3.1Inhibition Experiments with Ketoconazole

The inhibitoryexperimentsvere performed with 256M 2,4-DCP. In the
method,250 eM 2,4-DCP was added to the PBS, under aerobic conditmaisthe
voltammetric response of the CYP3A4 biosensor wesorded. This was then
followed by the addition of known concentratiaf ketoconazole. The CYP3A4
biosensor was incubatedith ketoconazole for a specific time, under constant
stirring, afterwhich the voltammetric response was again taken. The ketamenaz
concentrations, asell as the incubation timeere varied andhe cyclic and square

wave voltammetric signals recorded, atach incubation session.
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Chapter prelude

In the context of the dissertation as a whole, the current chapter senas as
improvedversionof the biosensor platform presented and discussed in Chapter 4
which the platform wasip-scaledand cusomized for thecurrent purposeParticular
attention was focussed on a more sophisticaiad reproducibe method of
preparation of the carrier matrixwhile simultaneouslypre-concentrating a larger
percentile of the mediating species deep within the microstructuhe mafion film,

thus attenuating potential premature and/or long terneaching of the small
mediating speciesrom the reagent layeThe other important focus pomtvere
lowering of the operating potentiahs well asdown-scalingon financial burden of
expensive commercially sourced biosensor components, such as nafion and biological
recognition componentn terms of layoutthis chapter consists of éwparts:In the

first part, Chapter 5Athe results for the synthesis and claesization of the base
composite film(carrier matrixfor enzymederivatisd platform) are presented and
discussed. In thesecond part Chapter 5B, the results for the preparation,
optimisation, electra&chemicaland catalyticperformanceof the enzymelerivatised
biosensoplatformis presented and discussédom a panoramic perspectiaerall
platform improvementwas done with a multifaceted approaéirstly, 34.8e6 g wa s
casted in the current platform, instead ofe34 , as usedpresentetihe pl at
Chapter 4. Moreover, dried nafion film formation was done under vacuum congditions
rather than under argdfow as used in Chapter 4n addition to thisthe Co(Sep)
mediatorwas not immobilized through manual casting technique, but rathas
incorporated within the bag®fion film through electrochemical deposition method.
Secandly, the enzyme used for #particular biosensor platform, ike hemedomain

of the Nterminally modifiedq humanrecombinanimicrosomalCYP3A4 isoenzyme
(nCYP3A4), expressed as a catalyticaligtive His-tagged enzyme construct
prepared in-house by theinvestigatorthrough genetic engineeringnlike the fult
length hydrophobially-basedcommerciallyattained countepart used in Chapter.4

In the third aspect, unlike the biosen used in Chapter 4, where an additional
nafionlayer was used as outer membrane, in this particular biosensor, a hydrogel
film based on a biocompatibleydrogeltype composite membrameas used as outer
layer. Lasty, the analyte detected in this studydaspharmaceutical drug, extensively
used as part of the HAART treatment regime.
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CHAPTER 5A

Assemblyand characterization of compositdilm consisting of nafion
and electrochemically depositedobalt(lll) sepulchrate [El-Co(sep)]

Abstract

In the current chapter, the incorporation of electrochemically active transition metal
complex, cobalt (ll)sepulchrate (Co(S&pinto preformedionomer nafion polymer

film, prepared on a glassy carbon electrodéaseris presented and discussed. Based

on the hydrophobic nature of the sepul chr
for hydrophobic compoundspre-concentrationof Co(Sepj* was easily achieved

through potentiostatic electrodeposition methodapplying a constant potential of

450 mV for 1200 seconds (20 min) in aqueous solution, with cobalt (Ill) sepulchrate
trichloride (1,3,6,8,10,13,16,18ctaazabicyclo[6.6.6]eicosainecobalt trichloride) as

starting material. In this regard, the nafion bisé m, of thickness 3.1
an efficient matrix for the incorporation of Co(S&pmnd a gble functional

electroactive compositéNaf|[EFCo(Sepj") film was prepared, for which the surface
concentrati on *(was) deterrhined ds &.53C x(MBlem?). Thus,

the Co(Sep) species was preferentially incorporated into the ionic cluster
microdomain of the polymer, and the forméaf|EFCo(Sep}" film exhibited

diffusion controlled electrochemistry with a formal tpetial (E°) of-615 mV.
Moreover,electrochemical behawio exhibited bythe electroactive film was in line

with the unique inherent charge transfer charactersitics of naviufe the obtained

charge transfer coefficient determined as 2.63 %X d®’ s*. In addition to this, the

composite film was highly stable
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5A.1 Introduction

Although polymers, particularly of the ion exchange type, are popular
choices for fabrication of composite electroactive platforms for electroacatalytic
studies and/orcreation ofcarrier matrices for mediated biosensmmstruction a
major limitation is their short lifetime caused by low ionic mobility in the polymer
film and/or easy loss of electroactive species from the inner phase of the membrane
[117-118] Attempts have beenmade to fix such problems through covalent
attachment of dective ligandsto polymers, however, these techniques require the
addition of plastizers which tend to leach and thus leads to demise of the formed
films. On the contrary, the neelectroactivejon-containing polymer, nafion, have
the ability to circumvent such problems, based on its very unigh@racteristics
which includesphasesegregationwith phases consisting of components which are
highly hydrophic in nature;containing no water leachable compongtigving an
inherent ability for chargexclugon and being chemically inert; and also having
unparallelecaffinity for cation speciesparticularly ofhydrophobicnature as well as
unigue cation preoncentration features.In this context the unique features of
nafion is combined with novel electrocatalytic techngite,afford an electroactive
coating that ihighly chemicallystable andpreoperativelyeasilyreproducible while
alsosubsequentlgerving aseffective carier matrix for the coupling of the prepared
enzyne to the electrode in the creatiohbiosensor platform 2.

As for the overall aim of the current investigation, the emphasisowéise creation

of a stable Co(Sep}modified, electroactive nafion membrane which, as mentioned
in the prelude to Chapté& A and B, would subsequently serve as carrier matrix for
fabrication of anenzymebased biosensor. On the other hanotwithstandingthe
factthat the composite film is based thre same starting components as in Chapter 4,
a major focus point of the cwent study was the improvement of the matrix,
particularly in terms of repeatability, structural morphology and ease of preparation.
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This required a multifaceted approach and in this regafidgstly, 0.045 mg cnf

nafion was usedas the base layer, as opposedhe 0.35 mg crif used inthe
platform prepared ilfChapter 4 This wasdone in an overall quest to pide better
coverageon the underlying GCESecondlya more evenly dispersed nafion layer was
formed by using a speciadid shortstrudured micro-tip for casting while drying of

the nafion film was niodone under argon flow, buatherunder a tightly fitted cover
which provided a vacuum effect. Lastly, and perhaps more importantly, as already
elaborated, a potentiostatiechnique was used for Co(S&pincorporation, rather

than the manual castifigixing method used in the previous chaptém. addition to
voltammetric characterization, the assembly of the prepared matrix was characterized
with selected esitu methods, owhich the results are subsequently shown and

comprehensively discussed.

5A.2 Assembly: Electrochemicalcharacterisation of the GCE|Naf|E+Co(Sep§*

As explained in the outline of the experimental protocols described in
Section 5A.5 the cobalt(lll) sepulchrate was deposited on afgmaed nafion
matrix on a glassy carbon working electro@ibe stepwise modification of the GCE
was monitored with voltammetry and in this regard, the findings are appropriately
exhibited and discusselh this context an importanhoteworthy aspect temphasize
is that all cyclic voltammetric resulre obtained from scans taken aftepeated
cycling when asteady stateesponse was attainedoreover, all reported values, for
determined parametersuch as formal potential (E®) , are reported as nfean
standard deviation for-8 experiments. In addition to thie results presented and
discussed in this chapter are all based on an optimized refimait(l1l) sepulchrate
compsite [GCE||Naf|[EFCo(Sepf'] film, in which optimisationwas done with
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respect to electrocatalytic response of @é&P450 enzymenodified electrod¢138],
since theCo(Sep}*-modified nafionplatform was created with the overall aim to
eventually fabricate a nCYP3Adased biosensor for detection of HAART associated
drug, indinavir. In this regad, results foroptimisationis not shown in this Chapter,
but are exhibited ancomprehensively discussed@hapter 5B.

The cyclic voltammogram of the nafionodified GCE, GCHnaf, in
anaerobic PB (50 mM; pH 7.4) is shown irFigure 5A.1, for an expement
conducted at a scan rate of 10 m¥/ Essentially, the voltammograabtainedfor the
nafionmodified GCE issimilar to that for bare GE (not shown), with the
fundamental difference being that thackgroundcurrent is appreciably reduced,
which indicates that some active sites have been filled in by the smooth fiafion
In fact, according to literature findings, the proportion of active sites blocked by
nafion ranges from 15 to 20%139]. Moreover, the lack of observable
eletrochemistry is in complete agreement with studies basedafoon rmodified
electrodeq104, 122, 14Q]The important fachereis that the presence of the nafion
does not substantially modify or block electron transfer with respect to the underlying
electrode, and as such the nafion film may be effectively used as matrix for

subsequent incorporation of catiofiediating)speciesaswell as additional layers
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Figure 5A.1 Cyclic voltammogram of GCE|Naf at 10 mV & argondegassed
phosphate buffer (50 mM, pH 7.45)

The thickness of the nafion film was also determirddyhich the elculations were
done according toestablished method®) conjunction withrelevant theoretichi
basedequations from already published dafd04-105, 128, 132]In particular
calculationswere done according tmethodologyoutlined by equation 3B-1 in
Chapter 3BIn short however, ssentially,the relationtakes intoconsideration the
fractional concentration of the nafion added, the density of the Niafssock
solution, as well as theedsity of the dry film and the area of the electrode. The
nafion film thickness estimateldy this methodwas det er mi ned as
regard, considering thahe nafion film essentially served awer layer, for the
eventual assembly of an enzyesed biosensor, the thickness value is in fairly good
agreement with other research investigations which utilized nafion for similar
purposg122].
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The cobalt(lll) sepulchrate, which wa®aded into the nafion membrane though
potentiostatic deposition, on the other hand, exhibited a completely different
electrochemicabehaviour Figure 5A.2 displays thevoltammetric response dhe
GClnaf|[EFCo(Sep, for scans taken in argategassed PB In particular, the cyclic
voltammogram for the G@4f|EFCo(Sep}" shown in Figure 5A.2(a) for an
experiment conducted at scan rate 8f mV s' shows a pair of wellefined
symmetrically shapededox peaksgonsisting of a cathodic and anodic wakrethis
regard, considering that an oxygae medium was used and that fact that only one
pair of redox waves, the cathodic and anodic peak of the CV can be ascribed to
Co(Sep**/Co(Sepj* redox couple.The reduction (cathodic, ple and oxidation
(anodc, E,5 peak potential values were determined -884 and-575 mV,
respectivel vy, whi |, ef 74(° 3 ;¥ was detcepnenedalhei o n pE
f or mal potenti al ( EUG) , d edg)eestimtateceftomas t he
the cyclicvoltammetric datawasfound to be-615 mV, and in addition to this, the

ratio of anodic to cathodic peak current:ll,) was estimated to k2. In fact, the
values ofEmig, DE, and bdlpc from CVs between 2 and 10 mVf sdetermined as
averaged values corresponded@dl mV, 77 and 1.MMoreover, the variation iDE,

for these scan rates were negligibtethis regard, in terms of the theoretical aspects

of electrochemical reversibility, a value of 1.0 fpgl, c corroborateghe reversibility

of the electron transfer reaction at the electrode surface, while a value of lower than
65 mV fis an imghEation of a surfadsound electroactive species which
undergo fast reversible electron transfer at the elecfi@@eln practice however, the
exact valusfor these parameters arefaitilt to attain,and as such, room is made for
experimental error of approximately10%, which essentially means that the results
obtained for the current electrochemical system shemesjuatgoromise in terms of

ideal proximity.Another noteworthy point to emphasize at this stage, is that repeated
CV scans recorded at half hour or one hour intervals, up to three/four hours after
assemblyof the GC||Naf|[EFCo(Sep] exhibited stable background currents, with no
indication of instabity or reduction of peak curren¥z a factor which also

corroborates the findings of ttstability and reversibility of the prepared filfiihe
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tot al surface cover age/ ¢catone rspecies tini tien ()
nafion film was calculated bjeasuring thé&aradaiacharge Q) passed at slow scan

rate, where exhaustive electrolysis of the film oc¢29, 141] In particular, thel

was calculated by integrating the cathodic charge under the voltammetric peak

recorded ah = 2 mV s, by wusing t%ewhamnuiatmeinmer ofi =

electrons of the redoxeaction, A is the geometric electrode area (0.071
cm?), and F is the Faraday constant (3@ C mof"). Considering n = 1

of the Co(Sep) was calculated to b&.537 x 1@ mol cmiZ Si nce the & of
electroactive Co(Sep) species may be regarded as a reflection of the amount of
cationic species incorporated into the -fsamed nafion film it is important to
accentuate that, the technique used in the current stualyled the inaporation of

the highest possible percentile of electroactive species within the nafion membrane in
the shortest possible time. In fact, it is highly comparablpreviously published
studies involvingmetal centredand/or cage complexesfor example,in a study
conducted by Dewaldt al..[124], the maximum loading for Co(Sépjnto a3 6 & m
pre-formed nafion film,wasonly 2 x 10* mol cm?, obtained by potentiodynamic
cycling method over a two hour peridd this regard, the method used in the current
study (i.e. potentiostatic deposition) mayrbeered as an effective technique for-pre

concentration of countaon species in nafion and/or other ibased polymer films.
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Figure 5A.2 Voltammetric response of the naftenbalt(lll) sepulchrate composite
film, GC|Naf|EFCo(Sep] in argondegassed P8 Cyclic voltammogram taken at 3

mV s?, with cathodic and anodic waves indicated by negative and positive currents,
respectively. Experimental conditions for square wave: StepE = 4 mV; S.W.
amplitude =25 mV; frequency = 1 Hz

The effectiveness of pulsed techniques such as square wave voltammetry to
accentuate thé&aradaiccurrent while discriminating against capga@ (charging)
current cannot be over estimated. In this regard, Osteryoung square wave (OSW)
voltammetry was employed to compliment cyclic voltammaeprticularlyin terms

of a more accurate meas{/€xSepd fedok toeple.E Ub
Thus appropriatg, Figure 5A.2 (b) depictsthe SWV responses of the GC|Naf|El
Co(Sep], with the main graph showing theet @ifferencd SWV responsand the

inset showing the forward (negative wave) and reverse (pos8Mejesponsedhe
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value of the net SW responas determined from SW data-820 ¢ 5) mV, while

the forward and reverse potential values was determinegilésand-624 ¢ 5) mV,
respectively. Moreover, these results revealed a dbg|l corresponding to a value

of only 8 mV. On the other hand, therward and reverse waves, although fairly
symmetric in shape, revealed that, the magnitude of the reduction SW is higher than
that of the anodic SW, by approximately one order of magnitude. In fact, these
findings, although with a smaller difference, wako found in CV and this
essentially means that the metahtredelectroactive species wascorporated into

the nafion film in its Co(Sepj* form. This is indeed a true representation of the
electrode reaction, since the Co(Sép)was potentiostatally deposited at a
sufficiently anodic potential (i.e. +450 mMyvhich means it wataken upinto the
nafion layer in itsoriginal Co(Sepf foorm.Over al |, the EU6®6, as
aforementioned results shows values that are significantly more cathodic in
magnitude(by at leas 65 mV) as compared to results obtained for Co(Sepi

bare electrodes in similaqueousolution and potential scan conditiofiuis finding

was also reported irsame previous research investigatiof$24, 142] involving the
incorporation of other metatcentredcationic electroactive speciesto nafion films.

In fact, it has been determined by priosearch investigations, that this type of
cathodic potential shift suggeatstrong affinity of nafion for the particular cationic
specieqg143], and as such incurs uptake and retention of the cobalt(lll) sepulchrate
species within the nafion structure, through strong hydrophobic atitenabetween

the two speciedn this regard, to substantiate the aforementioned proposed method of
retention, it is noteworthy to some of the structural unique attributes of HafiGn

119, 143]

1 Firstly, unlike conventional ion exchange resins which are all 100%
sulphonated, in naflg only about one in every eight monomer units is
suphonated and consequently, the large segments of uncharged chain
material enable an enhanced ability of hydrophobic interaction, and these
hydrophobic interactions dominate ion exchange reactions famcspecies

in nafionmembranes/films.
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1 Secondly, unlike otherion exchange polymers, such as PVRafion has a
very low dielectric constant, as well as a low charge density and the
implications of these factors is that hydrophobic interactions dominate
retention in nafion polymers, whereas electrostatic forces are the critical
component in other ion exchange polymers.

1 Thirdly, unlike Co(SepY, nafion has very little affinityfor many other
trivalent speciessuch as F&, EU** and Ru(bpyy®*, which essentially indicate
that enhanced electrostatic interaction based on charge, is not the only or
domi nant factor responsi bl e for nafi on
cationic species. In fact, it has been shown that solvation of the hyéopho
parts of a cationic complex by nafi onf¢
determining factor for uptake and retention of cations, and considering the
hydrophobic nature of the sepulchrate ligand (containing at bkea3t
methylene groups, sdagure 25(a)), this type of interaction is definitely
highly possible.

1 Fouthly, nafion is eminent for its microscopic phasegregaon, which is
mainly constituted by the bulk polymer phase and the much lower density
ionic cluster phase.Electroactivecounterions are present in the ionic cluster
phase and chargeased iorpair formation, although present to some extent,
is not significant in these polymets fact, it has been proposed that due to
nafionds high prefer en cleterfregionsmusthb@a ni ¢ cC &
regarded as a rather lipophilic environment, while the water contained within
these regions acts a plasticizer, functioning to increase the free volume of and

decrease the polymer chain concentration in the ionic cluster

Considemg all the aforementioned unique structural attributes of naffen most
fundamental conclusion that can be drawn at this stage is that the mechanism of
retention of electroactive ions in nafion membranes are significantly different, as

compared to conveional ion exchange polymet¥s nafion being largely dominated
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by hydrophobic interactions, rather than the normal electrostatic forces. This also
confirms and reiterates the proposed mechanism of uptake and retention for

Co(Sep§* as described above.

Another noteworthyfinding, as determined from the voltammetric results exhibited
for the GC|Naf|ElCo(Sep]" in the current studyis that the BU, 6determined as615

(° 5) mV, varies quite significantly from the value determined for the previous
platform presented i€hapter 4 (-571 ° 5 mV) but is quite similar to previously
reported value obtained for a different investigatioonducted by Dewald and Chen
(i.e., ¢) -600 m\), which also involed a nafiorcobalt(lll) sepulchratecomposite
film. In this regard, the composite film presented and discuss&dhapter 4,
involved chemicalpreparation methods, in which the Co(S&p)as manually mixed
with the preformed nafion film, whereas the protocol used by Dewald and Chen, on
the other hand was based on potentiodynamic technique, in @aitPepj" was
incorporated into the nafion film through electrochemical cycling in a contp
solution, containing the electroactive specidse overall fundamentadeduction that
canpossiblybe made from these findings is that electrochemicatpneentration of
cobalt(lll) sepulchrate and/or other mete¢ntred electroactive species inon-
containng pdymer films, such as f@n is a more effective method for producing

stable composite films, as opposed to chemically preparative methods.

Overall, a critical evaluation of the aboyeesented and discussedltammetric
results for the GC|Naf|ELo(Sep}" system,n terms of thedetermined ddlpc (° 1);
DE, (close to65n mV); DE, and variation with scan rates (negligible for 3M5L0
mV), corresponds to a reversible systgérd, 131] On the other hand, for ideal
Nernstian electrochemical reversibilitpf a surfaceconfined electroactive specjes

the relationship, f: = E,a should be satisfied and in this regard, the difference in
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peak potential, which was determined as an average value of BJ Vv, is
consistent with seminfinite linear diffusion, and not with ideaNernstian
electrochemical surface confined speciasviich peak potentials should coincide
[130, 144] In fact, the results obtained for the investigation of peak current on scan
rate of which the results are exhibited figure 5A.3, revealed a perfdg linear
relation for the ¥n” for both the cathodic and anodic peak currents, as shown in the
inset ofFigure 5A.3, with correlationcoefficients obtained frortinear regression for

both 1,4/n” and |,/n” functions determined as 0.989This finding essentially
corroborates diffusion controlled electrochemistry for the E(B@f|EFCo(Sep}
system. On the other hand, when looking at the cyclic voltammograms shown in
Figure 5A.3, the reductionand oxidation waves were fairly symmetricallghaped

and increased gradually with the scan the scan rates studied ¢ 50 mV s,

with no visible tailing observedSuch results, would normally indicate thin layer
electrochemistryusually accompanied by a lineagdn function, which is not the

case here, as shown by the linear relation between peak current and square root of
scan rate. These results, although seemingly baffling, can be perfectly explained and
envisaged if one understastthe peculiar nature dhe mechanism afhargetransport

in ioncontaining nafion films Unlike conventional polymers containing
electroactive sites along their polymer backbdaewhich charge transport is a one
dimensional process (Donnan equilibrium), mainly constituteelégtronhopping in
which electros are transferred from reduced to oxidized sites in the flay a
major role in charge transfer within the filni¢ in ion-containing polymers such as
nafion, for which phase segregatiand water of hydration in microdomains dne
characteristic featuse a significantly different model for charge transport has been
shown [117-119]. Electroactivecounter ios taken up by nafion, is bgndlarge
present in the randomlgistributed low density ion cluster regions in nafion films.
These clusters are inteonnected by smiathannels, and as such charge transport
within such films in the absence of any chemical kinetic complications actually

occurs through a three dimensional process, consisting of diffusional mass transport
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of species through these channels, largely ctetrdoy what is known as the
percholation effe¢ct which proposes that the short channels connecting two
neighboring clusters are thermodynamically stabiefact, it has been documented

that in nafion membranes, all electron hopping processes has begn &hde
equivalent to a diffusion process and as such the overall rate of charge transport can
be described in terms of an apparent diffusion coeffidiet®]. What is morein a
previously documented study conductedalgifferent research grodip24], in which
Co(SepJ* was preconcentrated through potentiodynamic cycling iatpre-formed

nafion film, the current function,in” also exhibited a constant value at different
scan rates, which essentially corroborates the results obtained in the curreohresea

investigation.

-
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Figure 5A.3 Cyclic voltammograms of GC|NaffElo(Sep} showing voltammetric

response imrgondegassed PRith increasing scan rate (450 mV $Y). Inset;
Influence of scan rate on cathodigdland anodic ) peak currat

199



Chapter 5 Results and Discussion: Biosensor Platform 2

With regard to the charge&ansfer diffusion coefficient (&) for this study in
particular, the Randle Sevcilehaviourof the cyclic voltammetric peak currents, as
exhibited inFigure 5A.3, was used to evaluatefrom the slope of thetiight line

8 o FAre O A
E

obtained fronthe |,cvs n"plot[129, 131] by using the equatior?]i,'e'— =

=slopewhereA i s the geometric surface area of
concentration of the ECo(Sepj* (1.537 x 1@ mol cm?) and L is the thickness of

the film (3.10 x 10° cm). Based on this method, using théready calculated
aforementionedvaluesfor & a n d DO, for this study was determined as
2.64 x 10’ cn’s’. Compared to other metakntredcationic species incorporated
within nafion films of similar thickness, i.eRu(bpy}*'[119] [141]; Ru(NHs)s>"
[143]; [Os(bpy}(PVP)CIICI [145], the aforementionedralue of D¢ obtained in

the currentstudy is in the higher regionin fact it is comparable to
previously reported valuesbtained for smaller counteon species,

Na* (9 x 107 cm? s%) [143], which is emirntly known for its fast diffusion
through nafion films, as compared to many otlpee-concentrateccationic
counterion species. Moreovert ihas been documented thatargerD.; is a
reflection of a more homogeneous distribution of the cationic species within the
microstructure of theolymer film[119]. The cumulative significance of the latter
and aforementined findingence agains of course toexemplify andreiteratethe
effectiveness of the technique used in the current studgréconcentratiorof the

cationic species within the nafion film.

In addition to the above results exhibited for scan rate studies, the gtmlg¥s log

n for both anodic and cathodic peak currents, revealed slopes of 0.47 and OdgR for
Ip.dlogn and log p Jlog n respectively. Both these values are close to the theoretical
value of 0.5 for diffusion controlled electrode proces$&®2] and as such,

corroborates the abe findings. The results for these plots are showkigare 5A.4.
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Figure 5A.4: Plots of log } vs logn for cathodic and anodic peak currents, to show
influence of scan rate on peak current@g|Naf|[EtCo(Sep]' films

5A.2.1Long-term stability of the GC|Naf|EI-Co(Sep§" film

Due to naf i on 0 saion exiragtioreandmpke wlucth aso f
described in aforementioned and preceding sections is distinctly difiementnore
effective tharconventionaion-exchange resinsnd/or electrostatic binding polymers
[118-119], combined with its phasesegregatiorenabledthreedimensionalcharge
transport network, providing molecular accessibility and rapid diffusional mass
transport of electroactive speci¢s04-105, 118, 143] as well as its renowned
superiorchemical and thermal stabilift46-147], a factor that remaingven in the

presence of strong oxidants at elevated temperatdreafion-based electroddsas
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been show to have a greater lifetimevhile retaining electroactive species for longer

times than other ionic polymer and/or coordinating polymer baksdrodesin this

regard, to illustrate longterm stability, the storage stability of thenafion El-

Co(Sep§* film was investigated, of which the results are exhibiteBigure 5A.5, in

which Day 0, refers to the day of fabrication of the GC|Na€B(Sepj" film, and &

such, considered as time B. close evaluation of the results depictedrigure 5A.5

reveded the following

1 On the third day, there was a 13%d 8.8% decline in the magnitude gf |
and | respectively. This was accompanied by a cathodic peak potential
shift for both E¢cand B by a magnitude of 16 mV and 9 mV, respectively.
In addition tothis, the formal potential (E°') for GC|Naf}Elo(Sepj*
shifted cathodically by 13 mV, as compared to the original CV exhibited
for Day 0.

1 On the fifth day of storage, there waad4.3% delne in the magnitude of, 1
On the other hand, the no measurable change,drwhs observed, as
compared to what was determined for the third day. As feakd &, once
again a cathodic shift was observed corresponding to a magnitude of 30 mV
and 24 mV for K. and B, respectively.Similarly, the E®' shifted
cathodically by a magnitude of 27 mV, as compared to dhginal
results for theGC|Naf|E}Co(Sep§* film observed on Day 0.

Overall, the above electrochemical results for @&naf|E-Co(Sepj* system
showed thatupon storage for up to one week in dry conditi@sambient
temperature (23°3 °C), the film still retained 73% of itsoriginal
electroclemical signd, without the need for storage and/or physical contact
with the Co(Sp)**-containing supporting electrolyte Moreover, the
presentedCVs were recorded after repeated cycling, when a steady state in
lp,c and |, awere attained, in which these cycles were completely identical and

showed no loss of signalvhich are all indicaons of a stable film.
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Figure 5A.5 Cyclic voltammetric reponse showingariation in Faradaiccurrent
and peak parameters §l; lpa Epc Epo Of the GC|Naf|[EiCo(Sep§" films with
numbers on the curves denoting days elapsed fatbeication The voltammograms
were recorded ianaerobid®B (50 mM; pH 7.45)

The cumulative implications odll the preceding and aforementioned
results with regard to th€o(Sep}* loading, voltammetricbehaviour as well
as thestability of the composite nafieEIl-Co(Sepj", is quite significant, since
it not only accentuates improvemeas comparedo techniques applied in
numerougreviousdy conducted research investigations involvingorporation
of metalcentred cationic sgcies into nafion films but also exhibits
enhancement in terms of long term stabiligs opposed t@some of these

studies
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1 Firstly, loading methods used by most previgusonducted research
investigations involved eithgrhysical equilibration with the solution, which
were usually done from a few hours up 24 hours to ensure adequate loading or
in some casespotertiodynamic techniques using potential cycling for up to
2-3 hours in the supporting electrolyte containing hetal centredcationic
specieqanalyte solution]124, 143] To recall,the technique applied in the
current studyon the other handnvolved potentiostatic deposition of the
Co(Sep§* at +450 mV for 20 minwhich overall, resulteih a highly stable
composite film.In this context, with regard t€o(Sepj* in particular,the
rate of loadingfor the current research investigatisas considerably faster
(by a factor o), as compared to rate observed for Co(Zdppdingfor a
study conducted by Dewald and Ch§t24] who used the potential cycling
pre-concentration technique

f  Secondly, thecomposite nafiorEl-Co(Sep}*- (GChaf|EFCo(Sep}") film
exhibited well defined, stable voltammethehaviouy upon repeated cycling
in the PB supporting electrolyte containing no Co($eppalyte. In some
other studies, conducted by other reseamglstigators involving composite
nafion'metal centredcation speciedhowever stable CVs were only possible
in electrolyte solutions cdaining the cationic analy{@43, 148]

1 Thirdly, under the experimeagitconditionsappliedfor the current study, the
GChaf|EFCo(Sepf" film maintained at least 73% of its original signal after
five days of storage, wheredsr methods based on poencentration ometal
centredcationic species (analyte) through physical equilibration techniques
especiallyz maintaining adequate signabpense of the composite film was

only possiblen conjunction withstorage in the supporting electroly1 9].

Before commencing with subsequent discussions, a final important subject
to alsoaddressis theimplications of the exhibited voltammetrizehaviourof the
naf|EFCo(Sep]* composite film with regard to its proposed application, i.e., as
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mediatingcarrier matrixplatform for amperometridoiosensor construction wittine
synthesized n-terminally modified recombinant CYP3A4-@QYP3A4). As already
accentuatedand discussed isection 2.2.4in Chapter 2, creatinga successful
reagentless amperometrinediated bieensor requires effective retentiai the
mediator at the electrode surface, and, perhaps more importantly, allowing
simultaneous free diffusional movement of the mediating species, as well as rapid
electrochemical communication-emdfrom the electrode surfacén fact, according

to relevant literature survey, it has been recorded that the diffusional movement of the
mediator is an essential prerequisite for a productive electron trg65fet49]in
mediated biosensarsTaking into consideration the latter and aforementioned
criteria: Based on the results exhibited and discussed in terms of elentroahe
performance factors of the composite film, as well as critical comparisons to relevant
literature findings, the suitability of therepared af-El-Co(Sepj* film with regard

to suitability for biosensor constructiowas critically assessednd the findings
summarizedIn this regard, firstlyas corroborated by previous findings, nafion was
shown to retain and incorporate the electroactive caiediator distinctlydifferent

from other ion exchange polymers/resins, which resulted in a statde film,
exhibiting good reversible electrochemistry. Secondly, also as corroborated by
previous findings, in the absence of any kinetic complications, the electrochemistry of
the film is dominated by diffusionamovement which as elaborated aboves i
fundamental for productive electron transfér.h i r d | vy , due to nafion
lipophilic nature, essentially containing no water leachable components, formed
membranes/films consequenshouldhave much longeiifetime, particularly with
regardto incorporated electroactive counten specieg118] [117]. In fact, research

has shown that unlike conventional polymer membrane ion selective electrodes
(PMISEs),which require plasticizers and covalently attached ligands to increase ionic
mobility in the polymer membrane, as well as preventing logteatroactive species
from the membranespn containing polymers, like nafion, requires no additional
componentsaand films containing ionic species have shown stability for up to six

months[117]. In thiscontext, as evaluated by the results exhibited and discussed for
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long term stability, the Naf|EFCo(Sep}*film corroborated the aforementioned

findings and thus maintained a high eleoic signa after storage for up to one week.

5A.22  Electrochemical behaviour of GCE|Naf|Co(Sepj" with Ruthenium(lil)

hexaamine redox probe

It is an eminent fact that nafion has an unusually high affinity for
ruthenium(lll) hexamine In this regard, thust seemed apppriate to further
investigate thentegrity and chargéransferbehaviourof the naf|Co(Sepy film by
using Ru(NH)eCls as a redox probe, for which the studies were done in PB
containing 1 mM Ru(NBeCls. Upon initial potentiodynamiccycling in the
Ru(NHs)sCls containing PB with theGCEhaf|Co(Sep)” electrode, there was a
gradual increase in, ¢ and |, o with time, of which steady state background current
was obtained after approximately five houree CVs are shown iRigure 5A.6, for
0 7 5 hour equilibration time. The results, in terms of increaspygand |5 is
completely in accordance with previous findingsd in this regardusually
signifies the extraction and p@ncentration of theRu(NHs)e®" into the films
a proceswhi c h, for a 1 em thicktomeefdayoar f i
completon. However, the uptake of the Ru(N§t** into the film can only be
conclusivelydeducedwith the aid of additional investigations, suchdagermination
of distribution coefficiens (kp), etc.,however such parametengere not determined
at this stage, since it is not required the scope of the dissertationVith regard to
further evaluation of the CVs presentedFigure 5A.6, a fairly welldefined redox
couple canbe observed, which corresponds to the oxidation and reduction of the
Ru(NH3)>*/Ru(NH3)** couple The specific peak parametalues for k¢ E, 5 E,
for the redox couplevere determined a210 mV;-145 mVand-176 mV { 5 mV)
respectively. These were determinednasan standard deviaticat low scan rates

whereexhaustive electrolysis were possible, as such converting all of the Bg{NH
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to Ru(NHs)¢>*. Furthermore|lp,c/Ip,a| was determined as 1.4, whileesk poential
difference pE) of 60 ¢ 2) mV signified semiinfinite linear diffusion, as its close
to the theoretical valuef 57 mV for adiffusion controlledsystem. Diffusion control
was confirmed by varying the scan rate, as showRigure 5A.7 which exhibits the
cyclic voltammanatric responsess well as a linear relationship @fcland |, 2 with
n” of Ru(NHs)sClsat theGC|Naf|[E+tCo(Sep}" electrodefor scan rates from 10
to 150 mV §. A closer evaluation of the exhibited CVshowsa gradual
increase in bothylc and | . with each scan rate, up to 150 mV, coupled with
a verysmall cathodic and anodipeak shifs for the cathodic wave and anodic
wave, respectivelywith each sca rate (by a magnitude of 5 mV). The
RandlesSevcik relation for a onelectronreaction wasapplied to determine
the apparent diffusion coefficient, based on the following equation:

I, = (2.687 x 16)n%*n" D,py” AC
Where |}, is the peak current, n is the number of electrons transfemresithe
scan rate (V9), A is the electrode are (¢ C is the bulk concentration b}
is the RU**/RU?* diffusion coefficient (mol cii). In this regard, by using the slope of
the straight line obtained from the 4 vs n” plot, and applying it in theRandles
Sevcik equation (Equation ),.p was determined a8.982 x 10'° cm® s, It is
noteworthy to add though, that the obtainBg,pis slightly on the lowside, but is
not entirely unexpected, sinaesually smaller ions like Na havdas expected
and indeed does exhibited larger diffusion coefficient§l43]; on the other
hand, research has shown that diffusion of Ru{H into preformed nafion
films can take up to 24 hours to reach equilibrium, wtelguilibration for
Ru(NHs)6>* uptake can takaip to one weekf117, 143] which essentially
translates into correspondingenerally lower Dy, values. That being said,
considerng the preformed nafion film already contained a couriten
(Co(Sep¥"), which were quite stably retaingdas well as the fairly good

charge transféelectrochemicalbehaviour of the film with respect to the

Ru(NHs)eCls redox probeincluding the facthat equilibration with RuNkf* took ° 5
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h to attain a steady statethe obtained B, are well within reasonMoreover, he
value obtained for B, for RU**/RU* in this studyis actually completely in line

with literature reported values for nafionnfil o f similar tHiickness
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Figure 5A.6  Cyclic voltammograms (5 mV-%) of the GC|Naf|E}Co(Sep§*
electrode in anaerobic PB containing 1 nmthenium(lll) hexamine chloride
[Ru(NH3)6Cl3]. Voltammograms at-Q1-, 3-, and 6 hours arshown
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Figure 5A.7 Cyclic voltammogramsshowing the influence of scan rate on
oxidation and reduction peak current for 1 mkithenium(lll) hexaminechloride
[Ru(NHs)eCls], in 50 mM PBS (pH 7.4) at the GC|Naf|E+Co(Sepj* electrode.

Scan rates in order of increasing peak height are 10, 20, 30, 40, 50, 60, 70, 80,
90, 100, 110, 120, 130, 140 and 150 mV. sn set shows the linear
relationship between peak curreng {bnd | ,) andn”, with determined slopes

5A.3 Morphological and structural characterization of the Naf-El-Co(Sep§*

film

To get a completeomprehensiveverview of apreparedplatform, morphological
and structural investigation of the film is also required, of which these investigations
may be conducted through various spectroscopic and microgecpiuquesbut the
most eminent beingiormally done through Scanning Electristicroscopic (SEM)

analysis and Fourier Transform Infrared (FTIR) Spectroscopy, respectively. In this
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regard, obtained FTIRspectra enableshe assignmentof unique characteristic
vibrational signals, which allows for easy structural analysis of compounds.
Similarly, changes in chemical environments due to incorporated chemical
components, etc. induces vibrational peak shifts, which may aidtructural
characterization of composite materigbn the other handSEM analysisallows for
top-sectionaland/or crosssectional viewsyevealingmore detailed information on

film morphology,and integrity of film constituents.

5A.3.1Morphological characterization: Scanning Electron Microscopy (SEM)

Figure 5A.8 ai ¢ shows top view SH images of the blank scneg@rinted
electrode (bSPE), nafiemodified SPE (nd8PE), as well as the Co(S&pinodified
electrode (SPE||naffElo(Sepj"). Compared to the rough surface observed for the
bSPE, the surface morphology exhibited by the nafion film on the other, hand
revealed a microstructure with a smooth coreisy, which indicates a chemidg
stablemembrane thatovers and protects the underlying electrode. In this regard,
according to research findings, nafimknown to maintain its chemical stability
under extrera conditionsi proven tomaintain characteristic striuzal bonds even
when exposed to radical producing ¢t O, environment for up to 1000 houikl1].

The incorporated Co(Sep)cation specieslid not induce my noticeally visible
changs to the nafiorderivatisedilm, but rather als@xhibiteda fairly smooth film,

as shown inFigure 5A.8 (c) The notable similarity of thecomposite nafEl-
Co(Sep¥*-film to the film consisting only ofnafionis indeed an interesting feagyr

not an entirely unexpected phenomenon, since as described in preceding sections
within this chapter, once exposed to the Co(Sefthe nafion extracts the cation
species and it subsequenttgken up within the nafion microsticture, which
essentially reans that, although inherent structural changes within the nafion
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microstructure occur, this does not necessarily translate into visible changes and as

such,not much visible changes of the film surface is really expected.
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Mag S8 .88 K X EHT =26 .88 kV I Probe 58 pa WD 1S5S nm Photo No 20

Figure 5A.8: Top Scanning electrochemical microscopy images of electrode and
films: (a) blank screen printed electrode (bSPE); (b) Naf modified SPE (nafSPE); (c)
nafSPE withpre-concentrate€€o(Sep}* (SPE||naf|[ECo(Sepi")
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At this stage, still on the subjeaf the exhibitedSEM-images, an important aspect to
bring to the reader 0s urequiveeadissimnilanty inthe t he f
surface morphology with spect to the prdormed nafion membrane, as well as the
Co(SepJ*-modified nafion memtane in the current study, as compared to what was
observedfor the study presented and discussed in Chaptkr this regard, for the
current study, both films exhibited a compatature with a highly smooth
consistency, whereas those observed in the pusvebapter was highly unevenly
distributed films with very little signs of compdweess. This finding is quite
significant, sincefirstly, the compact nature and smooth coeaist of the nafion

film, in turn allows for a better coverage and/or protectafnthe underlying
electrode. Secondly, the marked similarity of the modified andhadified nafion

films, essentially prrays a gooextractionanduptakeof the incorporated Co(Sep)

within the nafion microstruare. The cumulative sweonclusionwhich may be
drawn from these findingspoint to theimprovementin technique used for film
preparationas compared tthee x p e r i nméial approadhusetbr thedesign of
biosensomplatform 1 in Chapter4. The observed improvement may be attributed to
the different approach taken terms of design parametewsith particular reference

to the amount of nafion cast, the technique dsedafionfilm formation, as well as

the specific technique used for incorporation of the Cot§spgcies, as comparéa

the design path used in the preparation of the carrier matrix for the preparation of

biosensor platform 1.

5A3.2 Structural characterization: Fourier Transform Infrared Spectroscopy
(FTIR)

Figure 5A.9 ai c shows the FTIR spectraf nafion used in this study,

commercially obtained cobalt(lll) sepulchrate trichloride as well as the

electrochemically prepared nafion/Eb(SepJ* composite membraneespectively
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In this regard, the spectra exhibits the major vibrational fingegpassociated with
eachsingular and/or compositeompound of which the assignment of vibrational
bands was based on relevant already published data, as well as theoretically
established IR correlation chartgVith regard to the wmodified 6 pur edé naf i or
membrane exhibited ispectra g characteristicabsorption bands associated with

CF, asymmetricstretching (1207 ci), CF symmetric stretching (11490 ¢ S-O
symmetric stretching (1058 ¢fjy C-O-C stretching 981, 862 crif), and GF
stretching (630 cff) are shown and identified within the grajdi1-114, 116, 15Q]

In terms of the pure Co(Sép)exhibited inSpectra b absorption bands associated
with methylene groups (733, 834, 2850, 3034 gnand secondary amines (1055,
1130, 11681335, 1366,1444,3415,3520 cnt), associated with the characteristic
structural features of Co(Sép)seeFigure 2.5, Chapter ? is shown[115].

With regardto the Co(Sep)-modified nafion film (naf|EFCo(SepJ"), shown in
Figure 5A.9 (c) mostof the major vibrational fingerpriftandsassociated with the
nafion are also exhibitedgowever,positional shifts in vibrational bands, as well as
new vibrational bands is exhibited in the FTIR specirhis is a unequivocal
indication of structural changes within the microstructure of the nafion membrane and
can broadly be ascribed to the incorporation of the electrochemically deposited
Co(Sep§* within the membraneln this regard, vibrational absoipn bands
associated with the structure of Co(Sémre indicated/highlighted by differently
colouredarrows inSpectra b and cof Figure 5A.9. Thus,in a more descriptive
contextregardingSpectra c, in terms ofa more indepth investigation of theresence

of Co(Sep" in themodified nafion membrané particular firstly, the appearancef
vibrational bands located at 73835 and 971cmi’ (highlighted bythe red arrows)

can be ascribed to the methylene groups associatedheitstructure ofo(Sep}".
Secondly, the appearance of absorption peaks for secondary amine frcates at

1367 and 1448 cih indicated by green arrowas shown irSpectra ¢, once again

signifying and confirning the presence of Co(SeP)within the nafion membrane
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Another very noteworthy aspeid that the FTIR spectra for the unmodified nafion
membrane $pectra g exhibited a notable amount of inherent watemtentsignified

by the broad peak for stretching viibratiol
3740 an*, whereas nasuch observable peaks in this region for the Co(3ep)
modified nafion membrane can be seerfpectra c. Thisis not unexpected, since
un-evacuatedin-heattreated pure nafion membranesare known to containan
appreciable amount of waterpnstituted by hydrogen bonded, partially hydrogen
bonded and nehydrogen bonded water moleculdd4] Y2 of which these water
moleculesdecreases relative to the increase in concentration of and/or size of
counterion gecies(particularly hydrophobic cation specig4)18] and considering

that on average, each prepared nafion membrane usédeincurrent research

i nvestigation (thichkdatseast®dl.5x101mot m) con
cm? extracted/preconcentrateco(Sepj" counterion speciesa significant decrease

of watercontentare within experimentalkexpectancyMoreover the intensity of the

% CF, absoption bands, as well as for the sulphonicgroup (1055 cnt) in the
Co(Sep* modified nafion membrane shown Bpectra c are more intenseand
slightly shifted as compared to the banabserved for the unmodified nafion
membrane shown ifspectra a Considering the afordiscussedvisibly reduced
water contenaissociated witlthe modified nafion membrane, thgsceitainly not an
unexpected phenomeno@Generallyeachsulphonicclusterregionin an unmodified
nafion membraneontainswater filled pocketsconsisting of approximately 1000
water moleculesnd the ensuing interaction of theghonateion groups with thee

water molecules results in less intendé @ (SGQ') absorption bandsag seen in
Spectra ad 1 0 5B Mocenver, these water molecules is known to function as
plasticiser thus increasing the free volunf@nd decreases the concentration of the
polymerchain) inthe sulphonicclusters[117]. However, as the concentration and/or
size of the counteon species increases during ion Homcentration and/or
modification of the nafion membranethe cumulative effeatoncomitantlyresults in

loss of water moleculeg&dehydration)from the sulphoniccluster regions, witha

simultaneousncrease in the role dhe CF, groups, thus leading to more intense
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FTIR absorption bands for these groupsirthermoreanother prominent finding as

observed from the current spectrathe appearance & new absorption banof

quite strong intensity at 1742 &nwhich is likely to also beassociated wittthe

structural changes due to the blending vibration of the incorporated cationic

Co(SepJ* specieswhich, based on the upward shift of the frequency as compared to

position of absoption band observed in that vicinity (se®pectra g for the

unmodified nafion membrant)is may be attributed tihe resultant effect of specific

interactions such astong hydrogen bond interactions between the CofSepy
structural groups in the nafion microstruct{t&4, 118]
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Figure 5A.9:

Fourier Transform Infrared Spectroscopy (FTI&)ectra of (a)

unmodified nafion membrane; (b) commercially obtained cobalt sepulchrate
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On asub-conclusivenote, in a conclusive observation regarding the gboesented
anddiscussed FTIRresultan i nteresting feature to once
attention, is the conspicuous variation in the mictrostructure of the C6&{Sep)
modified nafion membrane, compared tattbbserved fo@pureé nafion, particularly

with regard to thenmarked diffeence inwater moleculesand associated stural
vibrations.In a critical comparative evaluation, with specific reference to the FTIR
results exhibitedor the nafioRCMECo(SepJ* carrier matrixin Chapter 4, for which

a chemicaly-basedmodificationtechnique wasapplied the results were significantly
different.In the context ofthe x p| anati ve significance of t
attention is drawn to the followingfacts Generally, he change in the chemical
nature of the ionic domainasso@ted with the nafion structurés caused by the
increasing uptake aridcorporationof the cationic pecies particularly in the case of
compounds with hydrophobitigands This behaviouris caused by a change in
polarity of the microenvironment surrounding a portion of sudphonategroups

from hydrated, inverted micelle type domains to a more hydrophobic, low dielectric
medium. As the content of thecounterion speciesincreases, theonic clusters
become increasingly dehydratd and the quantity of the other linkages which
penetrate into the polar interior of the ionic clusters decreases while the quantity of
ether groups surrounded by the less polar regions of the ionomer inckasssin

this regard,the fundamentaktructural changes observeoh accordance wittthe
modified nafion microstructure, is in fact a good indication of the effective uptake of
the counteiion mediator speciesvhich in turnsignify the superiorefficiency of the
electrochemicallybased technique, aspposedto the chemicalibased, manual
casting/mixing technique used in Chapter 4.
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5A.4 Conclusions

The cationic species, Co(S&h)was successfullyncorporated into the
microstructure oftie pre-formed nafion film through potentiostatic electrochemical
deposition method. Moreover, FTIR spectroscopic studies confirmed the
incorporationof the eCo(Sepj" species deep within the microstructure of the nafion
membrane. In addition to this SEMalysis revealed that the formed composite has a
exceedingly smootlonsistencywith a highly compact structure. In addition to this
resultsobtained from electrochemical investigations all pointed to a stably prepared
electroactive film, which exhibitedexcellent electrochemical characteristics,
particularly in terms ofast reversible electron transfeith the underlying electrode
as well as stability and reproducibility. Compared to oglreiconcentratiormethods
involving metalcentredelectroactive species, the technique applied in this study
enabled thencorporation of the highest possible percentile of electroactive ceunter
ion speciesvithin the shortest possible timeyith a G value of the incorporated
counter ionspecies. Simarly, a fairly high obtained charge transfer diffusion
coefficient 2.64 x 107, wasevidence of a fast uptake of cationic species, as well as

the ease of preparation using the proposed method.
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CHAPTER 5B

N-terminally modified genetically engineered human
recombinant P4503A4 (nCYP3A4) biosensor for the

determination of protease inhibitor ARV drug, Indinavir:
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Abstract

A catalytically active Nterminally modified humamecombinant CYP3A4 isoenzyme
was successfully prepared through genetic engingeasga catalytically active
histdinetagged Nterminally modified soluble construcThe active P450 content
was corroborated witfihe catalytically active P450 content weenfirmed by the
absorption maximum of the reduced ®06und complex at 450 nn&\ reagentless
medated biosensor was constructed wittobalt(lll) sepulchrate Go(Sep§] as
mediating speciesntegratedwithin the microstructure oh preformed nafion base
film by potentiostatic deposition, and therepared enzyme was used as the bio
recognition componenStable enzyme immobilization was ensured by a combination
of entrapment and encapsulatiom this regard,d ensure enzymstabilization and
retention of catalytic activity, the immobilized enzyme was encapsulated vatfica
hydrogetcompositemembraneThe hydrogel was prepared through-ptending, via

the combination of agarogégrs) hydrogel with hydrophilic polymer, pg(vinyl
alcohol) (PVA) and cationic polyelectrolyte, polyethylene amine (PEI). The
combination of PVA and agarose , while the addition of &t&bled the ionicross
linking of the biocompatible Agr®VA composite hydrogel, and thusnfirming
reductionin the swelling index of both polymers, while alswucing ionic cross
linking of the polymers, thus ensuring a more stable insoluble hydrogel blend, with a
porous meshwork that still freely allowed the diffusion of the substrates into the
reagent layerThe prepared biosensor, GCE||naffel(Sepj|nCYP3A4|AgrsPEF

PVA, exhibited a low operating potential for oxygen reduction, determined@6as

mV. The biosensor successfully detected and quantified the selected model substrate,
indinavir. In this regardthe biosensor showed a linear range between 2.183%10
3.552 x 10 M, a sensitivity of 0.0349A nmM-1, while the LOD was determined as
59.72 mg [*. The LOD was shown to be significancein the Guax of the ritonavir
boosted regimen, as well as faxgy metabolisersControl experiments corroborated

the bioelectrocatalytic response from the active enzyme.
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5B.1 Introduction

The Pl ARV, indinavir is given either by itselor in association with
boosterPl ARV, ritonavir. An important problem associated with the ddath
singular and/or boostetegiment is the manifold side effects, which is in direct
relation to drugnduced toxicity, in association with the P450 3A4 firgtass
biotransformation pathway. Therefore, #@utic drug monitoringTDM) is always
a highly recommended fundamental aspect of indinavir treatmdmth normally
involves blood sampledaken and sent for analysis with standard centralized
techniques Y trained personnék in effectboiling down to a tedious and expensive
endeavour However, he often overlooked, butlearly pivotal subjectarea during
such treatment regimess finding alternativecheapergdecentralized techniques for
TDM of indinavir andor other HAART associated drugsin fact, during theinitial
comprehensive literature survey, approately one journgl focussing on cheaper
alternative detection/quantification method for selectelAART drug, nevirapine,
based on the development of a immunochromatographic (IC) stripmastfound
[16]. In contrast,all other available literature focussed oenhancingcentralized
methods of detection and analysis, particularly, HP&G technique which in spite
of its precision, is highly expsive,requiringtedious sample prepatron with trained
personnel.In this regard, imsensors isthe only analytical device that have the
potential to parallel the detection and quantification ability of these centralized
methods, the difference here of course being a much more simplified analysis
technique and redime analysisMoreove, due to the complexity and unique nature
of CYP3A4 enzymes, substantially multifaceted electron transfer machinery is
required to support this membrane bound, microsomal mammalian heme thiolate
enzyme chemistry, and in this regard, the electrochemiedfoph provided by
biosensor configurations caubstitute for many of these needed componénighe
other hand, genetically manipulated cells expressing single CYP genes/isoenzymes,
can be an effective way of providing a continuous supply of biologezignition

component for these biosensor platfornis. such configurations, an important
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aspects is enzyme immobilization. In this regafthoagh immobilization methods

for mammalian microsomal P450 isoenzymes are not as yet entirely well established,
gelentrapment has been documented as the least damaging to such enzymes and can
even be used in methods when reusable enyased sensor gfarms are required.

The high preference for hydrogel material is based on collective inherent favourable
attributes, of which the most eminent include their considerable water imbibing
ability, and soft consistency which is similar to natural tissue.atn, fhydrogels
resemblenaturalliving tissue more than any other class of (synthetic) biomaterials,
and are thus considered highly biocompatible

In this study,the favourable interactiometween the ionomer, nafiprand the
Co(SepJ* mediating species saurtherexploredand harnessed fatilization in the
creation of alternativeanalytic tool for decentralized method of therapeutic drug
monitoring specifically aimed aselected HAART associated drug componenitss

was done througlthe creation of aophisticatedrobustreagentlessype mediated
biosensor preparedhrough the innovative combination of potentiostatic deposition
technique combined withgenetic engineering technologyd complimented by the
application ofthreedimensonal biocompatible hydrogel blershembrane creativity

In this regardfirstly a highly stable and reproducibétectroactive carrier matriwas
prepared through potentiostaticelectrodepositiorof Co(Sepj* onto a preformed
nafion membrane for which the reslts were presented andomprehensively
discussed in Chapter 5A. Secondly, agentless, mediateginzymebased biosensor
was constructedby using the heme domain of mammalian microsomal CYP3A4
(expressed as a catalyticaligtive histidinetagged N-terminally modified soluble
construct as bierecognition componentin addition to this, stable enzyme
immobilisation was ensured by its mild entrapment in @nically-based three
dimensional hydrogel blend, consisting afgarose, polyvinyl alcohol and
polyethyleneimine. In keeping with the main aim of the biosensor, the HAART
associated protease inhibitor ARV drug, indinavir, was used as model substrate, in

order to evaluate its performance in the detection and quantification of ARV drug
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components. As elabated in thePrelude of Chapter 5,a major aim of the current
biosensor wat improvethe characteristics of the Co(S&m)iosensofdesigned and
created in the research investigation presented and discussed in Chapigh 4)
particular reference tor@determinedaspects, of which the mogindamentalwas
the following:

1 Desigiing a reproducible methoaf preparation of the carrier matrix
especially in terms of preventing/alleviating ynature and/or longerm
leaching of medating species

1 Pre-concentrating a larger percentile of mediating speaieshe nafion
microstrucureto allow faster enzyme/electrode interaction at the shortest
distance

1 Lowering the operating potenti@b a less cathodic valuedspecially in terms
of the reduction of xygen,which plays gpivotal role in the reaction cycle
of n CY P 3 Ackedrsatalytic response to theubstrate Moreover a less
negative oxygen reduction potential would also considerably allearate
air-sensitivity/reactivity of the Co(Sep) mediating species within the
NCYP3A4based biosensoconfiguration, a process that woulktrongly
curtail the potential formation of reactive intermediate species that could
affect the efficiency of the bioelectrocatalytic activity of the enzyme to
oxygen and selectedubstrates

1 Incorporating cheaper alternatives for selected redgget components,

sourced commercially.

On the subject ofmproving the operating potentialith respectof reduction of
dioxygenin particular¥z the results obtained fdnosensoiplatforml, preseet and
discussed in Chapter, das used agrimary reference pointand as such obtained
results on this factor wasomparativelyevaluated Thus, wth all the proposed
criteria in mind, design andptimisation of the nCYP3A4based biosensor with

regard to major objectives and spibblems were conducted accordingly.
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5B.2 Structural aspects of thegenetically engineerechiss-tagged Nterminally
modified recombinant CYP3A4 (nCYP3A4)

Before commencing with presentation and discussion of the
electrochemical results, the synthesized nCYP3A4 enzyme was subject to specific
characterization studies, teerify and corroborate certain characteristics associated
with CYP450 enzymes, for which the results awdbsequently presented and
discussed.

In general, cytochrome P45Q0CYP450) enzymes, in their naturally
oxidised resting statgyortrayinherenly unique trait-specific conformational and/or
structuralfeatures which are easilydistinguishableby specific compmentaryin-
situ/exsitu  spectrophotometric, spectroscopic andor biophysical techniques.
Moreover,in theirreduced and/or excited stateese enzymesndergocharacteristic
conformational changeshich are also discerniblethroughthe application ofsuch
complimentary methods. The significance of such techniques also allows
experimenter to assess the successexjbressiorgynthesis methods used for
preparation of these enzymes with genetitgineering since secondary/tertiary
enzyme suctureexhibit uniquecharacteristicswhich are easilgletermined byhese
methods In this regarddepending on the specific purpose, there are a number of
possibletechniqueghat can and have been appliedhich include Fourier transform
infrared (FTIR)spectroscopy, Utravioletisible (UV-Vis) absorption spectroscopy,
Circular dichroism (CD)Resonanc®aman spectroscopin the interest of the scope
of this dissertation however, only results for FTIR and-\4¥ spectroscopic analysis
are shown and discussed, since these two techniques are basic exploration methods
which can provide sufficient farmation regarding the secondary structure of
CYP450 enzymes. Formorecomprehensive outline regarding tsteucturefunction
and other biophysical properties of these enzyiesreader is encouraged to read
the PhD dissertation of Natasha Beek®ampton.
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5B.2.1 Fourier transform infrared spectroscopy (FTIR) characterization [151-
152]

The characteristicshape and positions of amide and/or other bands
observed in FTIR spectrum can be used as fingerprint identification of
enzymes/proteins, while simultaneougbyoviding information on the secondary
structure of the polypeptide chains of these compounds, and as such, iscdah, age
invaluable tool for studying their structuf@nction relationships. In this regard, FTIR
spectroscopy was used for conformational studies of the prepared enzyme
(nCYP3A4), of which the results are exhibited in the spectrum shotigume 5B.1
Before commencingwith the discussion of the observed uigs an important
noteworthy factor Sshould first be brought
principle, in FTIR analysis of CYP450 and/or other heme proteins, all of the
components in the sample contribute to the observed spectrum This essewrtzally
that the full spectrum, as obtained from trayinal FTIR scan, consist absorption
bands from (i) the surrounding apootein part; (i) the heme (prosethic group)
component and heme ligands; (iii) interactions between the heme asutithendng
apoprotein; and (iv) the water and other components of the buffer solution,
particularly those from the phosphate grodjus considering the aforementioned
aspects, with regard to the results exhibitedrigure 5B.1%: the inset shows the
full spectum as obtained from thariginal FTIR scanwhereas the maigraphis an
enhanced graphical presentation of te&vantabsorptionbandsrestricted to the
components of enzyme itselife., the spectral region of 2200 &no 1300 crit.

In terms ofspecific band assignments, firstly, the distinctive absorption bearied
as+1630 cm', may be #ributedto overlappingcontributions from thesurrounding
apoprotein groupgprotein component)as well as hemassociatedyroups. With
regard to thg@rotein component in particular, it may be ascribed to the Amide | band,

primarily from the stretch vibration of the peptide=@ With regard to the
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contribution from the heme, on the other hand, it may be ascribed to=iie C
stretching from the vinyl grquin the protoporphyrin IX (Normally, distinctive
porphoryn vibrational modes are difficult to detect in isolation, because of their low
intensity and their overlap with amide bands from the surroundingpiagtein)
Secondly, the smaller and much lesstidctive band, highlighted at position + 1459
cmi! may be attributed to the Amide Il absorption band, of which the latter arises
from N- H bending coupled with QN stretching According to documented reviews,
the positioningof this particular band is nomiy centredaround + 1550 cifh
however, FTIR reflects the degree and strength of hydrbgading a phenomenon
whichis known tobe strongly influenced bgources other than changes in the protein
secondary structure, including different sampling teghes, the surrounding water
and other molecules from the protein storage solution; stress factors such as
lyophilisationof the protein, etc. These constricts, tkegsentiallyshiftsthe modes to
higher/lower frequenciesnd as such, the results within thésearch investigation
are well within experimentalariability. The absqgstion band positioned at + 1328
cm* may be ascribed to the proteissociated Amide 11l band, while ti¢her bands

of equallysmall intensityin the surrounding arg@ighlighted by red arrowstan be
ascri bedh et o c edheets Asdnduzed by the protein secondary structure,
as well as the infrared absorption of amino acid side chains.
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Figure 5B.1 Fourier transforminfrared (FTIR) spectra of the pure synthesized N
terminally modified CYP3A4 construct (nCYP3A4). Inset shows full spectrum as
obtained directly from FTIR analysis. Main spectrum shows the relevant spectral
range for bands associated solely from nCYP3Adtricted to the region of 1830 tm

1. 1140 cnit.

5B.2.2 Spectrophotometric characterization: UV-Vis Spectroscopy

The inherent advantage of tpeesencef the spectroscopically richeme
in the active site of CYP450 enzymes can easily serve iassan probe exhibiting
characteristiovisible and neaultraviolet absqgstion bandchangedor recognition of
protein, andin association with interaction of the protein/enzyme with various
effectors [153-154] In this regard, le resuk of the U\WVis analysis of the
synthesized CYP450 3A4 enzyme (nCYP3A4), are showigare 5B.4a) and (b).
Figure 5B.2(a) in particular, igshe absoluteJV-Vis absorption spectrum of tipeire
substratdfreen CYP3 A4, from which a distigat peak
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424 nmis observed This is essentially characteristic of P4BfGzyme in their
resting state ands suchexhibitsa low-spin stateof the waterligatedsix-coordinate
heme in which the heméon is in its ferric (F&') oxidation statd83, 155156]. No
additional shoulder peak at ~ 390 nm can be observed, whiatesémqt, would have
indicated amixed spin heme, of which groportion would be in thehigh-spin state.
Moreover, the smaller shoulder peak &wd slightly broad troughs, located at + 358,
536 and 570 nm, respectivebxhibits spectral properties typical for members of the
P450 enzyme class, and aslsuare always observed DYP45Q..- Fé" absolute
spectra[153, 155156]. Moreover, these peaks may be attributed to the instrinsic
apoprotein absorbance of the surrounding protein molecule, thus confirming the
overall structural integrity of the synthesized enzyme constiu¢erms of specific
classification, thesebpedké 3 Band @repm)abcr i be
and thdne (53 nm), respectivelyReduction of the nCYP3A4 enzyme and
addition of carbon monoxide (CO) gave the characteristic CY;R4F@"- CO band,
exibited in the difference spectrumth a soret maximum at + 449 nm, as shown in
Figure 5B.2 (b) With regard to the displayed CYP45QF€'- CO complex, the
structure of CYP450 enzymes is such that,
is canstituted of an iron(lll), protoporhyriiX which is covalently linked to the
surrounding apoprotein by the sulphur atom of a proximal cysteinF{geee 1.2 a

and b, Chapter 1) [22-24, 72] Moreover, the catalytically active conformational
state of these enzymes are guaranteed/corroborated by the presendbe of
aforementioned specific thiolate bond between thenehdron and the highly
conserved cysteine residehe fifth ligand of the heme)f which such an active
state may be spectroscopically identified as a reduced CYP45DBecomplex21,

23-24, 137](formed upon reduction of the heme iron and exposure to CO @gas),
shown inFigure 5B.2 h Thus in essencéhe UV-Vis absorption sperum shown for

the reduced C@omplex of the prepared enzyme is very significasifice it
contributes to the corroboration of the success of the preparation of a catalytically

active enzyme construgt2, 156158].
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On the other handtill on the subject of the G@ifference spectrum, it is noteworthy
to also add, that the full spectryshown inFigure A-1, Appendix A) also exhibited
an additionahbsorbance peak a419 nm,albeit a peak maxima of smaller intensity,
as compared to the P450 pedkis is also a finding that requires its own merit of
attention, since idély, the carboamonoxide difference spectrum produced from
reduction and CO treatment of pure catalyticalbitive; CYP450 enzymes should
produa@auptanabdsor pti on maxi mum, wi t[B4, no addi
72, 159] Observation of a peak at 420 nm in tlsntext would thus imply a
proportion of the protein beingdenatured[24, 72, 83, 156] Based on the
aforementioned criteria, such a resultjtagandsimply that the synthesized enzyme
contains a mixture of spectral specieswith a proportion being in its native
catalyticallyactivestate,and aproportion being denatured hat being said, based on
documented findings regarding genetically engineeradrivinally modified soluble
CYP450 constructs and other constricts known to contributeotdole shooting in
this area in such enzymes, the reader is cautioned to cotisdetiowing[24, 158
159].

i Prior research has shown that mammalian microsomaDs?4%articularly
CYP3A4 has a rather unstable conformational natuith the enzyme easily
being denatured during treatment with various effectorgact, it has been
shown thatresearch has shown that the P4B@nplex in these enzymes are
unstable, with P450 very easitpnvertingto the inactive P420 form within
minutes of formation of the complex. Similarihe agitation brought about
by excess dithionite treatment and/or CQubbling also can cause
distortion/loss of the herihiolate ligation, which in effect will cause
denaturing of the protein.

1 The sensitivity of Nterminally modified CYP450s as compared to their-full
lengthwild-type enzyme equivalents are generally welbwni the protein
structure being easily disconcerted, and as such, easy loss of cystein ligation

could be an artefact of the genetic engineering process.
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1 To obtain sufficient yields ofoluble purified protein, the application of
detergents during the getic engineering process is crucial, however, it has
been documented that they do haveeecentileof destabilisingeffect on the
so produced enzymes, thus onagain enzyme sensitivity with loss of

cyteinate could be an artefact of the preparation process.

Based on the preceding facts, it is evident thanumber of constricts could have
contributed to the inactivé?420 forndduring CO studiesNeverthelesshe results
does indeedshow structuraly intact, catalytically active native enzyme catruct.
Moreover, the sensitivity of the so produced enzyme construct is not uncommon
since all proteins/enzymsuffer a percentile of this fatevhich is always taken into
consideration dunig biosensor construction, particularly in terms of optimum

immobilization and coupling efficiency.
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Figure 5B.2 Electronic absorption spectra fothe synthesized, ferminally
modified CYP450 3A4 (nCYP3A4) The U\W-Vis absorptionspectrum for pure
NnCYP3A4 € onc e nt r) ahowing (@) nEYWR3A4 in itsresting low-spin Fe"
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state inset(b) nCYP3A4F¢€'- carbon monoxideprepared by reducing nCYP3A4Fe
with excess sodium dithionite and saturating with CO by bubbling for 2 3piectra

in (b) were difference spectra taken against references of reduced nCYP3A4 before

addition of CO.Working solution of nCYP3A4 was 20 mM potassium phosphate
buffer, pH 7.40, 20% glycerpEDTA, DTT.

5B.3 Assembly and éectrochemical characterization of the hydrogel-based
enzyme biosensorprepared on glassy carborelectrode

5B.31 Electrode Assembly Optimisation of the variables concerning the

indinavir amperometric biosensor assembly andbehaviour

5B.3.1.1 The effect of @rrier matrix assembly: Optimisation of constituents
and method of preparation

Witht he oOresearch spotl i gh tpooblemsfort he
the current investigatigras elaborated in the Prelude of Chapter 5, as well as the
aspectsighlighted in the introduction of the current chapterthe investigation in
the initial studies were focussed on three important aspkriag the biosensor
construction Firstly, the feasibility of using the poly(estersulphonicacid) cation
exchangg EastmarAQ55 (EAQ), as cheaper alternative to the more expensive
nafion membrane as base film was explored. Secondly, in the quest to design a more
reproducible method of preparing the electroactive carrier matrix composite, the
Co(Sepf" mediating speies was incorporated into tEAQ through electrochemical
deposition With regard, to the time aspect of the potentiostatic deposition process in
particular,an electro deposition time of 12@@vasregardedas a optimal periodto
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accumulate sufficientediating species within the pfermed polymer film.The
selectionwas based om series of experimental trial investigatioinswhich the
stability of the background signal was evaluatadhe third aspect, the investigation

of a suitable aqueous biaopatible hydrogel as outer layer, instead of the more
expensive nafion film was conducted. In this regaad, an initial possible
replacementthe hydrophilic, nontoxic, biocompatible polymer, poly(vinyl alcohol)
(PVA) was evaluated However, PVAhas a caosiderably high swellingndex and
dissolves readily in water when not créis&ked, and as suctduring the fabrication

of the biosensorthe PVA was crosiinked with gluteraldehydéGA) under acid
catalysis denoted cIP¥. (A comprehensive stewise description of the
experimental protocols used in the preparation of the biosensor is elaborated in
Section 5B in the current chapter As a sensitivity criterion, the prepared
biosensor, denotedSCH|EAQ|Co(Sep}nCYP3A4cIPVA, was evalated with
regard tothe stability of the prepared platform, as well as electrocatalytic response
both in ter ms @udbstrdtefi.e maecuway oxggéns £ and the
substrate (indinavir), paying particular attention to the operapatential for

electrocatalysis

The obtained results for the GIEAQ|Co(Sep}|nCYP3A4cIPVA biosensoris
exhibited inFigure 5B.3 In the first aspect, the stability of theagentayer coating
was evaluatedboth visually (i.e. by observing the integrity of the coating in the
aqueous buffer electrolyte) and voltammetrically (i.e. by observing the stability and
reproducibility of the obtained voltammetric signaMjhen the prepared biosensor
was placed in thargondegassed electrolyte buffer, the film took on an opaque
appearancealso exhibiting a subatial amount of swellinga finding which is
characteristic of E®-coatings and in agreement with previous studies. However,
upon close visual examination, sizeable percentage of reagéer component
leaching could be seaiterinitial placing of the biosensor in the electrolyte solution.
Moreover, the film appeared unstabldeseobservatios werein fact mirrored by

the voltammetric behaviour exhibd by the biosenspas shown irplot | of Figure
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5B.3. In this regardthe obtained cyclic voltammograms shemha distinct decrease in

Ip.c and |4 in direct accordance witincreasedequilibrationtime, observedduring
repeated cyclinga phenomenowhich lasted at least 580 min after initial placing

in the electrolyte. In terms of magnitude, the highest decreagevasiseen in terms

of the cathodic peak current, and thus points to the loss of electroactive Co(Sep)
species from the reagent lay@vhich is pre-concentratedn the oxidized form)/
essentially meaning that with each scan, there are less avata§fep}* for
reduction. Similar observations and findings regarding leachlighaviour and
instability of EAQfilms have been observed previousresearch investigations
[160]. In terms of a plausiblexplanationfor the current investigationhése
observations carperhapsbe explained in terms of the literattbased uigue
structural aspects of Eastman AQ. Firstly, & known to take up huge amounts of
water, swelling to 4 times its original dry volume after hydrati¢h61-162]. In fact

EAS films with or without electroactive and/or enzyme species have been shown to
contain at least 87% water, following hydration after being placed inreige
solutions. Moreover, EAS films, in their characteristibave been compared to
biomembrandike surfactantbased films, of which the latter is known to exhibit
fragility in agueous solutions, while alsshowing a certain degree of leaching
behaviar after initial equilibration.In a comparativecontext, swelling in nafion
membranes are not that extensive, with dry films shown to contain umlto
approximately28% after soaking in aqueous solutigh61]. In addition to this, and
perhaps more importantlyith regard to the upke andpre-concentratiorof cation
species research has showthat EAQ has other inherent structuréunctional
features that are distinctly different from those observed for nafiom: r st | vy, AESO
method of cationic retentigore-concentrationoccurslargely in accordance with the
GibbsDonnan equation which essentially means thainic charge, and as such
electrostatic binding, rather than hydrophobic interactions plays the determinant role
in cationic retentiofj163]. With nafion on the other hand, adar ion retentionpre-
concentrationis dictated by hydrophobic interactions, whereas the Gilab®an

equation does not play a rolith this polymer [118-119] Moreover, lased on
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documentedliterature, trasport in accordance with the Donnan equilibrium is a one
dimensionaprocess, which would be the case in EAS, whereas in the case of nafion,
who does not comply to the Donnan equilibrium, transport is a three dimensional
procesq118-119] This of course has highly significant implications, since it would
mean faster chge transport in the case of electraoctive platforms created with
nafion, as compared the use oEAQ. The general implications of thefactors

points tonafion beingfar more superiofor application in the current purpose, as
opposedio EAQ. Thus, cumulatively, allof aforementioned literatuseased factors
gives some insight into theobserved instability with regard to the
GCHIEAQI|Co(Sep§InCYP3A4cIPVA biosensor.

The next aspect was of course the evaluation of the electrocatalytic respahse
GCH|EAQ|Co(SepI InCYP3A4cIPVA biosensor, the results of which is shown in
plots Il and Ill of Figure 5B.3 In this regard, plot Il shows the cyclic voltammetric
responses of the prepared biosensor in adgmassed phosphate buffer solution (pH
7.45) (a) in response talissolvedoxygen (b) and in response to OrfM indinavir

(c). Indeed in the presence of molecular dioxygen, the reduction peatistiastly
augmented by the marked increase in peak current caused by the catalytic reponse
the immobilized enzyme to itsoesubstrateoxygen and a concomitant decrease in
Ip,a Similarly, the response to indinavir was signified by a further increase i ¢he |
and accompanied by a further decline in e These results were coraiated by

the squarewave voltammetricdesponseof the biosensor in the presence of oxygen
and indinavir, as shown iplot Ill of Figure 5B.3 These results are characteristic
behaviour of CYP450 enzymes, and tlaigygestthe redwation of oxygen by the
reducedhemeiron (i.e. Fé), a reaction which isncreased in the presence of the
substrate, as shown by the additional increase in response to indinavir. Having
said, analysis of the obtained voltammetric results revealed that oxygen reduction
occurredat an aerage operating potential 650 10 mV, while, average response

to indinavir occurred at630 ¢ 15) mV. In this regard, the operating potential

attained with this biosensor is quite higih,fact reduction of oxygen and substrate
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detectionboth occured at more cathodic potentials, as compateziresultobtained

for biosensor platform1, presented in Chapter 4
(CGE|naf|CMECo(Sep)flCYP3A4|naf), for which reduction of oxygen occurred at
an average fof -600(° 5mV), while the average operating fér the substrates was
-585 mV for erythromycin and590 ¢ 5mV) for 2,4dochlorophenol(as determined
from SWV), respectively. Moreover,a more cathodic potential can increase the
likelihood of reactve oxygen intermediatspecies such assuperoxide aniorand
H.O,, through a process known as uncoupling reaction, which in itself could have
contributed to the observed increaseyin (More on this subject and a deeper insight
into the process of oxygen reductiangiven in Section5B.3.31.1 of the current
chapter).Moreover the obtained electrochemical and electrocatalytic response did
not exhibit sufficientreproduciliity, which could le due to a combination of the
instability and leaching incurred by using the@As base layer, agell as the acid
catalyzed crosinking of the PVA, of which the latter could have negatively
impacted the integrity of the delicate enzyriéith regard to the latter constrict,
CYP3A4 constructs produced throught&tminal modification is generally known

be moresensitivethan its wild type fullengthcounterpartand as suchieagent layer
preparatiormethods needs to be mild enough asrtsure the absolute integrity of the
immobilized enzyme, ato obtain the highest possible iaiy for the longest
possible timeln this regarda more stable crosslindd?VA film was only posble if

the acidcatalyzed glutaaldehyde crosslinking was done after casting of the PVA on
the electrode surface, so itgessiblethat although extreme care was takesome of

the active cast enzyme units could have been affectéttbgsidualtracesof acid.

On a final note, in keeping with the original objectives, as outlined in preceding
sections in this chapter, in light of the instability and leaching\betraincurred by

the fragile nature of the Eafilm, as well as the high operating potentiahd the
nonreproducibilityof the signal obtainegthemethod ofbiosensoipreparation based

on theusing EAQ in creating the current platformas not takeforward
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Figure 5B.3(I-Ill) Voltammetric behaviour and electrocatalytiaesponseof the
nCYP3A4based biosensor, fabricated from Eastre@(EAQ)-Co(Sep}* carrier
matrix (i.e. GCHEAQ|Co(Sep}'InCYP3A4) plot I: CVsillustraiing the biosensoin
argonrrdegassed phosphate buffer solution (ArP®Eh increased equilibration time
plot II: cyclic voltammetric response of the biosensor in ArPBS (a), in tisepce of
dissolved oxygertb), in the presence of 0.8M indinavir in un-degassed PBS (c);
plot lll: squarevave voltammetric response to dissolved oxygen (b) and indinavir (c).
Co(Sep§* was pre-concentratecbn preformed ionomer ionic polymer (nafion or
EAQ film, respectively by potentiostatic deposition at +450 mYArrows show the
trend ofthe variation irpeak current.

With it now clear that the compromise on nafion as base laya&y not be
a suitableout for improving on the Co(Sep) mediated biosensor, the next step was
to re-strategize the biosensor desigrfuaher explore and optimize dhis variable.
In this regardthe biosensor wagabricated by following the same general protocol as
usedfor the EAQ-Co(Sep§" platform, but with nafion as base matriXhe fabricated
biosensor is denoted, GCE|ffo(Sep}|nCYP3A4|cIPVA.Indeed, the obtained
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results both in terms of general voltammetric respopseicularly with regard tahe
stability of thesignal responsshowed by théiosensor, as well as electrocatalytic
responsgproved to be a definite improvement as compared to the results obtained for
the EASplatform.Figure 5B.4 shows the voltammetriesponse othe GCH|naf|E}
Co(Sepf|nCYP3A4|cIPVA biosensor, prepared witihe electroactivenafion
Co(Sepy* composite as carrier matrix, in which Co(Sép) potentiostatic
electrodeposition was done for 1200 sec. fidsellts presented afer an experiment
conductedn argondegassed®BS at 5 mV &. Thus when the GCEcoated with the
complete reagedayer film components were placed in argiegassed buffer
solution repetitive scanning revealed aingle redox couple, exhibiting a stable
background current, consisting of a cathiedand anodic peak, with an overallE
determined as600 (¢ 3) mV. Moreover, the integrity of the coating remained stable
in the aqueous electrolyte buffeexhibiting negligible leaching behaviour In
addition to this, the stability of the backgroungd &nd | . signal remained stable
throughout the equilibration timee., from initial placing in the buffer up to 60 min,
exhibiting a very small, almost negligible increasepipand } . in association with

increased equilibration time.

236



Chapter 5 Results and Discussion: Biosensor Platform 2

0.6

/

0.3

0.0

-0.3

I pA

-0.6 —
Change in Ip with T in equilibration

in argon-degassed phosphate buffer

-0.9 - (0 - + 60min)

-1.2

T T T T T T T
-980 -840 -700 -560 -420 -280 -140 0
E, mV vs Ag/AgCI (3M NaCl)

Figure 5B.4 Cyclic voltammetric response of the GCE|naf|lE
Co(Sepf'InCYP3A4|cIPVAbiosensor in argedegassed PBS, showing £and .a
variation with increased equiliiion time, from O up to 60 min. Arrows show the
trend of thevariation in .

The electrocatalytic response of the biosensor was also investigatethjch the
results are shown iRigure 5B.51- 1. In this regard, irgraph I, plot (a) i (c) shows

the cyclic voltammetric response of the biosensor in adpwassed PBSn the
presence of dissolved oxygen in the PBS containing no indjraandrin undegassed
PBS containing22.45 nM indinavir, respectively. Thus as shown piot (b), the
interaction with dissolved oxygen is signified by a marked increase in the cathodic
peak current (l) and associated decrease in the anodic peak culmethis regard,
these resultstherefore suggest the rapid interaction of the electrochemically
generatd CYP3A4F4  with dioxygen, followed by the reduction of the
CYP3A4'- O,, as such, leaving a very small amount of the reduced hehspEeies
available for reoxidation, during the reverse scan, hence the significant decrease in

Ip,ain the reverse sca

The presence of indinavir, increases the rate of oxygen binding and subsequent
reduction, as shown by the dramatic increasepnirl response to 22.4&5M

indinavir. In terms of the specific operating potential, thesensor response to
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molecularlydissolved oxygen was determined to occur at an averagé 615 (

10) mV, whereas the response to indinagcurred at an average -&95 ¢ 10 mV)

mV. The response of the biosensor to increasing indinavir concentrations was also
evaliatedand in thisregard,Figure5B.511 shows the dependence of current change
on increasing concentrations from 0.05ta|®6.95nM indinavir. A linear calibration

curve was also constructeas shown in thenset of Figure 5B.5 II, which reveals a
linear concentration rge from 2.15 x 181 18.25 x 1# M (r = 0.9903) and a
sensitivity of 0.02932A nM™.
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(I): Voltammetric response ofGClnaflEl-Co(Sep}'|nCYP3A4CI-

PVA electrodein (a) argonrdegassed PBYb) un-degassedPBS OxPBS containing
22.45nmM indinavir. (Il): Biosensor response to indinavir at concentrations ranging
from 0.05 upto 96.95mM. Inset shows the linear calibration curve for the biosensor
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5B.3.1.2 Outer layer optimisation: Effect of film constituents and/orratio

The school of thought here, was to create a biocompatible composite film,
for which lowmelting point agarose served as the base component, while polyvinyl
alcohol (PVA) and polyethyleneimine (PEI) functioned as enhancing/supporting
components. Theverall emphasis was to provide a mild entrapriEsed outer
layer for the nCYP3A4lerivatized biosensor platform. These components were
comprehensively evaluated in terms of their awerit, as well as their contributory
factor in combination, paying péular attention to their optimum working
performance ratio. The evaluation criterion fooptimisation on this particular
variable was done firstly, with regard edficient reduction of oxygen, and secondly,
in terms of substrate interaction, payingrcular attention to achieving the lowest
operating potential With regard to PEI in particular, its inclusion in hydrogel blend
membranes enables the effective formation of polyion complex membranes, which
exhibit a high degree @itability andstructual strangth [164-165]. In fact, according
to documented findings, it has beshown to improve the sensitivity and other
enzymebased biosensoperformancefactors, by favourable modification of the
electrochemical properties, as well as the stability and activity of the biocomponents,
if included in the reagedayer film preparabn[74, 121] However establising the
correct ratio of PEI in association with the other components obuter layerfilm
was a critical aspect. In the initial evaluation, a ratio for PEI#Ag#fs of above 0.2 :,1
substantially impeded the electrochemical interaction of the thaglispecies with
the underlying electrode, as well as its concomitant interaction with the immobilized
NCYP3A4 in the reagent layer. In this regaFdgure 5B.6 shows the obtained
voltammetric response for a biosensor, based on5a Q.2atio of PEI:NA-Agrs.In
argondegassed PBS shown in plot (a), a CV consisting of only an oxidation peak
centred at -560 mV, while no observable reduction peak could be seen. This

essentially suggests the difficulty of the required electrochemical reduction of the
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Co"' metal ionwithin the mediahg speciesto the requiredCo', which in turn, is
necessary to effectually reduce the heme iron of the immobilized enzythéée

In effect, this phenomenon willof courseconcomitantlynegativelyaffect thebio-
electrocatalytic ability of the immobilized enzyme, due to the inability of generating
the necessarwctive oxidatiorstate conformationin order to initiate its catytic
reaction cycle. Indeealsshown inFigure 5B.6 (b), which represents the response o
the biosensor tonolecularoxygen in undegassed PBSor a scan taken after a 60
min equilibration time in oxygenated PB®0 observable reduction peak current is
seen. Oxygen is the ubstrate of CYP450 enzymes, and interaction of the reduced
enzyme with molecular oxygen encompass a catalifffge interaction, a
phenomenon which, from an electrochemical perspective, isifisdy by an
additional cathodially-based catalytic currenfi74, 83] Moreover, still @ this
subject, an observable electrocatalytic response to molecular oxygen could only be
seen after arpquilibrationtime of at least £210 min (i.e. £ 3t in undegassed PBS,

as shown in the inset iRigure 5B.6. The implications of these results oburse
points to the mpracticality of applyingthis particular ratio of PEI in the blend
hydrogel outetayer membraneand as such, the ratio had to be appropriately
adjusted On the other hand, let us draw our attention to theoviding a plausible
explanation for theaforementionedexhibited unfavourable biosensor responsés.

is a cationic hydrophilic polymer, which essentially contains a high density of
reactive primary, secondary and tertiary amine functional groups. In this regard,
within the iight setting, under optimized conditions, thesactive groups can
confirm ionic crosslinking with the functional groups of PVA through ionic
complexation between the cationic group @E) of PEI and anionic group

(- CO?)of PVA and/or other hydrogddlend membraneo-constituentsto form a
strudurally stable hydrophilic blend membrane, that effectively allows the
permeation of water molecules and associated analyte/ions contained within the
surrounding solutionMoreover, the presence of PEArcinduce a small degree of
pladicisation of the polymex within the blend [164], a factor that camprove

favourable, prticularly in terms of increasing selectivity of fabricated biosensor .
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On the other hand, if the ratio of PEI is too high, as compared to that of the other
components, the crodéimking reaction may be intsified by the multifold ierease in
available functional moieties, resulting excessive reductioim the proximity ofthe
polymer chains with respect to each ofhbus producing a very rigid membrane,
which in turn highly restricts movement of reagkyer constituents, as wehs

impedingdiffusion of analyte species.

Interestingly, upon interaction of the biosensor with indinavir, the electrocatalytic
response was dominatedageratingpotential in the region o660 mV, which was
accompanied by a measurable concentration,@bHas determined from the reagent
layer through quantofix peroxide sticks The significance of this finding is quite
pivotal, since as will be shown in subsequent sectjelextrocatalys section) this

IS in fact related to thautooxidation of the enzyme and tleemation of uncoupling

reactions
0.2
(a) Biosensor in ArPB:
+ 180min equilibration
0.1 4
(b) Biosensor in OxPB:
| + 60min in oxygen atmosphere
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Figure 5B.6  Voltammetric response of G&fEI-Co(Sepj |nCYP3A4PVA-PEL
Agrs electrode in: (a)argetegassedPBS (ArPBS); (b) response aftei6Omin
equilibration in aerobic condition®©xPBS) and after £210 minn OxPBS (lI).
Note: Theouter layerof the biosensor is prepared with a ratio of PENVA-Agrs of
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0.25: 1 (v/v). Experimental conditions: CVs taken in PB, pHt at 10 mV §&;
reductively scanned:;E - 100 mV, E=-950 mV.

Figure 5B.7 shows the obtained voltammetric response for a biosensor, based on a
0.1: 1 ratio of PEI:PVAAgrs. Indeed, the exhibited electrochemidedhaviouris
distinctly different from that observed previously kigure 5B.6. In this regard, in
argonndegassed PBS, a cyclimltammogramconsisting of a sigle set of fairly
symmetric cathodic and anodic peak currentgith an average [k of
approximately-617 ¢ 5) mV is observedMoreover, the L. and |} . increases
gradually with increasing equilibration time, upaibout 50 minafter which asteady

state CVs were obtaineds observeavith subsequent cyclingrhe electrocatalytic
response of the biosensordissolved molecular oxygen was also investigated, from
which the results are shown in the inseE@fure 5B.7. As can be seen, tipgesence

of oxygen, signified by a dramatic increasegn Moreover, this is accompanied by a
fundamental augmentatioof the | due to the appearance of a single new peak
centredat-445 (¢ 5) mV, while the § .completelydisappearedlhese results suggest

the rapid binding and reduction of dioxygen, catalyzed by the reduced immobilized
nCYP3A4. When compared to thesults obtained for bielectrocatalysis exhibited

by the biosensor platform in Chapter 4, the overpotential was reduced by at least 135
mV, whereas in terms of the results shownaforementionedsections within the
current chapter, the overpotential totygen reduction was reduced by betweenil80

200 mV. Thus, based on the favourable results shown by the biosensor, this

fabrication method was takdéoarward

242



Chapter 5 Results and Discussion: Biosensor Platform 2

0.3 4
0.2 —.
01
0.0 —-

-0.1 4

I, pA

-0.2 S
-0.3 S

§-1.5

0.4 - -3.0

900 -720 -540 -360 -180
E, mV

-0.5 S

: : . T : : . : v .
-1000 -800 -600 -400 -200 0
E, mV vs Ag/AgCI (3M NaCl)

Figure 5B.7  Voltammetric response of G@fEl-Co(Sepj|nCYP3A4PVA-PEI
Agrs electrode in: (a)argedegassedPBS (ArPBS) inset: response to dissolved
molecular oxygen in aerobic conditioriBarametersRatio of biosensorouterlayer
(PEI:PVA-Agrs) = 0.1: 1 (v/v). Experimental conditions: CVs taken in PB, pH 7.4
at 10 mV &; reductively scanned:E - 100 mV, E =-950 mV.

With protocol now in place, the next step was just to optimize on the specific minor
variables such as the enzyme loading amount and the potentiodynamic deposition

time.

5B.3.13 Optimisation of Enzyme(nCYP3A4) loading

From a generalperspective for optimal analytical performance in
biosensors and/or bielectrochemical platforms in general, the enzyme concentration
needs to be sufficiently high, so as to ensure that neither the rate of the enzymatic
reaction, nor the electrode kinetics is the limiting step in the overall detection scheme.

In this regard, too low enzyme loading can concomitantly result in high sensitivity to
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small variations in activity, which in effect can lead to poor analyticdbpaance.

On the other hand, too high enzyme loading may induce an effect in which the
enzyme layer itself becomes a barrier for the diffusional movement of both the
substrate and the mediating specwhbjle simultaneously affecting rates of mass

transferto the electrode. In this context, the cumulative effects of these constricts can
inadvertently cause delaying in biosensor response time. With all such and other
aspects in mind, the enzyme loading amount for the indinavir amperometric biosensor

was investigated, by varying the amount of the enzyme per angdd i . e . €g
nCYP3A4 cn¥), while keeping all other variables constant. Regarding the practical
aspects for this particular variable, the calibration plot for indinavir in the 68258

eM concentration range was selected, with
from overall regression analysis obtained and comparatively ass€sgpaick 5B.3
exhibits th#e&) assl ogpefsunctA ccnM of amouit of nC
Evaluation of the graph reveals that the slope of the indinavir calibration plot

i ncreased with enzyme | oa’ddfter ghichithe stoge 5. 58
value levelled off. With regard to relating the aforementioned obtained amount to

units of enzyre cnmi”: Considering that, 1 mg of nCYP3A4 contains approximately
0828 x 10" units of enzyme, thismg) BCYPI4isg (i . e
determined to contain 4.61 x 1@nits cm?. The school of thoughtegarding the
determination of the units of "®3A4 in 1 mg ofenzymeis in relation with the

established standard unit for expression of enzyme, according to the International
Union of Biochemistry. In this regard, in terms of a definitive context, one
international unit (IU) of enzyme activity isfde ned as 0dftehzgmea mount
necessary to produce one ¢ mol of product
conditions of substrate [99.lous,the uniafactoo n , pH
here, is in specific reference to the amount of active enzyme per unit dilea plot

showing the slopesas a function ofenzyme units as a function of amount of
NCYP3A4 loadedn particularis shown inAppendix Al1-2(b).
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The individual calibration graphand all obtained parameters for each enzyme

loading amount is exhibited Wppendix B1-2 a-b.
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Figure 5B.8 Effect & nCYP3A4 loading amount on the babtectrocatalytic response

of the nCYP3Adbased biosensofGCE||naflEICo(Sep)3+|nCYP3AAQgrs-PEI

PVA]. Slopes obtainedfrom indinavir calibration plots in the 0.05 25 . 6 0 ¢ M
concentration range. Supporting electrolyte: 0.05 M aerobic PB (pH 7.4).

5B.3.1.4 Optimisation of potentiostatic electro-deposition time for Co(Sep§*

The optimisationon the deposition time of Co(S€p)s a subject arethat
required the judicious alhclusive consideration of a range of different, but equally
fundamental aspects

1 Firstly, from a general perspective, physiological reconstitutioniofosomal
P450mediated monooxygenase activity requires a relationship wath

NADPH-basecelectron transfer donaromponent, such that a Icbmplex is
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formed In terms of a bioelectrochemicsdtupon the other hand, although no
actual complex is formk %2 as exhibited inEquation 2.1(c) enzyme
reduction proceedsia a chemicallybased interaction between the reduced
mediator (Mk) and theoxidizedenzyme (k). In this regard, diffusion of the
mediating species to and from the underlying electrode néedbe
sufficiently swift in order to ensure fast, continuous regaion of enzyme
active site. Moreover the percentile of available electroactive mediating
species needs to be sufficient aptovide optimally favourable interactions
with all catalyticallyactiveimmobilized enzyme unitger unit electrode area

1 Dueto theinherentsusceptibility to denaturisation of microsomahmmalian
heme thiolateCYP450s, particularly in the case oftdrmnally modified
constructsas a precdionary measure to maintain the functiongkgrity of
the enzyme during immobilizatiomo exchange of buffer for glycerbee
casting solution was maderesulting in casting solutions containing 20%
glycero,.However, considering glycerol 6s
its low dielectric constant (as compared to water, i.e. 43) and high viscosity,
the overall effeciof its presence on the electrode would of cowrsefera
substantial degree of electronicesistance. Moreover,according to
documented findingsthe buried cofactor of the enzyme, which is normally
encased in a fairly hydrophobic intervening peptide shelimally results in
moderately weak electronic couplingetween the prosthetic group and the
externalreluctant(the GQ/naf/El-Co(SepJ"). The cumulative effect of the
aforementioned constricts, generally translates into lowered electronic
conductivity, and in this regard, it is essential thatcarrier matx containsa
sufficient percentile of electroactive species, in order to effedyve
recompense these constricts.

1 In terms of the specifiactivity of the synthesizedecombinant enzymest
66 kDa), on average, they have been determined to contain 0.82®*x
(catalytically active) units per mg of protein, which is essentially on the low

side.Moreover, from a general perspective,a bioelectrochemical setting,
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enzyme immobilization always occurs at the expense of denaturalization of a
small percentagef active enzyme[87]. The cumulative effect of these
consticts results in the requirement of highe@mountof enzyme pernit
surface areacft) in order to drivea sufficiently productivecatalytic
turnover On the other hand, based on documented literature, as stated in
Chapter2 Section 2.24 the diffusional movement of the mediator as
absolute prerequisite for productive and successful electron transfer in
amperometric biosensor configuration€onsidering theaforementioned
aspects, including the fact that as shownSection 5B.3.1.2,the enzyme
sampleused in thecurrent research investigati@ontains a small percentile

of inactive P420 component, it is essential shaficient mediator species is
pre-concentratedwithin the carrier matrix, such as tensure optimm
interaction with theactiveimmobilized enzymaunits at the shortest distance

possible.

In view all the preceding aspectise primary objective during thevestigation of the
effects ofCo(SepJ* loadingtime, the focuswason providing the highest fraction of
electroactive mediating species within the bagBon matrix to ensure that all
available exchange sites are filleghile not exceeding an amount that may actively
block electron transfer, as too high fractiongraiating species has been shown to
incur blockage effectdVith regard to the actual experiments, as a sensitivity criterion
for the optimisationon this particular variable, the slope for the calibration plot for
indinavir in the 0.05- 25.60 mM concentrabn range was chosen, and as such,
mediator loading timavas varied (from 300 s 2000 s), while keepig all other
variables constanbf which the results are shown kigure 5B.8 In particular, the
graph showshe obtainedslopes for the aforementioned indinavir concentration range
obtained by the AgrPEIPVAINCYP3A4Co(Sep}'naf|GC electrode (nCYP3A4
based biosensor), as a function of Co(3Selprding time As can be seen from the
graph, 300 s resulted in th@oorestperformance while optimum reponse was

observed for deposition times between 600 apdto 1200 s thus exhibiting an
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upperlimit within thisregion Potentiostatic loading times exceeding 1200eadhe
other hand, resulted in drastic reduction in b&ssor response to the selected
concentration range in fact, the value obtained for a loading time of 2000sec, fell
completely oubf the range of the points shown kigure 5B.8 and, as suglcould

not be included in the graphThis phenomenorhas been encountered befare
mediated biosensor systemand as suchgcan probably be attributed to non
conductivity, caused bfiindranceof electron transfer in thpresenceof too high
fraction of pre-concentratedCo(Sep}* [138]. Although 600 sec, fell within the
starting range of the upper slope value limit for thasticularvarable, 1200 sec was
selectedas the formal Co(SeP)loading time, since it enabled the highest mediator
pre-concentrationwithout exhibiting any visible kinetic limitations to electron
transferin terms ofblocking interactions. Mreover, this particuladeposition time
resultedin highly stable and reproducible results observed, foreteetroactivenaf-
Co(Sep§* carrier matrixin particular. Still onthis subject of the carrier matrix, a
comprehensive morphological, structural asldctrochemicalnvestigation on the
nafionCo(Sepj" was conducted, the results of which have been exhibited and

discussed irfChapter 5A.
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Figure 5B9 Effect of Co(Sepj" electrostatic depositiooading time on bio-
electrocatalytic response of theGCE||naf|[EiCo(Sepy|nCYP3A4pgrs-PE-PVA
biosensor Showing slopes of indinavir calibration plots in the 0-02 5. 6 0 & M
concentration range. Supporting electrolyte: 0.05 M aerobic PB (pH 7.4).

The typical calibration curves obtaineafr feach Co(Sep) loading time is exhibited
in Appendix B.1.

5B.3.2 Voltammetric characterization of the fabricated biosensor (prepared
under optimized conditions) General electrochemical behavior in

anaerobic conditions

Figure 5B.10 exhibits the voltammetricresponseof the fabricated
biosensor, both in terms of the biosensomuetdiated biosensor [plot (a)], denoted
GCE]||nafiInCYP3A4|ArgREIPVA, as well as the mediated biosensor [i.e. plot (b)],
denoted GCE||naf|Eo(Sep}'|nCYP3A4|ArgsPEFPVA. The cyclic
voltammograms werebtainedfor a typical experiment conducted in argidegassed
phosphate buffer, for a scan dooathodically at 3 mV §" in (pH 7.45) In this
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regard, in the absence of the Co(Sef)e obtainedCVs were defied by iliformed
cathodic and anodic waves, with no observapleahd |, » maxima, and as such the

E 6could not be determinedimilarly, complimentary techques, with inherently
higher signahoise ratio, such as SWV also did not show an observalhe and | »
maxima. This phenomenon has been observed before, in particular, attempts to
observe cytochrome C electroactive signals in nafion films were shown to be
unsuccessful[101], while, in a seprate studyconducted with moglobin, the
presence ofsurfactantswere required to observe electroactivity signals with
hemoglobin,sinceno observable signals could be obtained witimodified nafion

films [122]. Similarly, in yet another study, HRcould not be incorporated into
unmodified nafion filmg160]. Based on these documented findings and the results,
as shown irFigure 5B.100f the current studythis phenomenonbserved here can
probably be ascribed to somewhat weak electronic aoypdf the immobilized
enzyme with the underlying nafiemodified GCE which may bedue to a
combination of factors: Firstly, thenzyme prosthetic group Imiriedwithin a fairly
hydrophobic intervening peptide shell and as such will not readily excledegeons

with the modified electrodf4, 87] Moreover,in terms of nafion in particularjt

hasa small micellar pore structuf@22, 160] with small wateffilled volume, due to

its limited water imbibng ability (dry nafion films, was shown to absorb up to 28%
water upon rehydratiorfl61-162], and as such cannot incorporatadge molecular
weight biological molecules into itporous microstructure.ln fact, according to
documented literature, nafion is not able to incorporate species with a molecular mass
higher than 10 000 g mibl into its microstructurg160]. Therefoe in the current
study, with nCYP3A4 having an averalg®V of © 46 500 g mof, such arendeavour
would also prove difficultIn addition to thisnaf i onés phase segregs
confersit a substantialdegree of heterogeneitgxhibiting a large percentage of
hydrophobic regions,can in turn result in the formation highly hydrophobic
interactions with immobilized biological moleculg®91], as it woutl probably do in

the presenplatform, which in turn would be unfavourable for electron transfer due to
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enhancecelectronic resistangceand as such, exhibitingnoderately weak electronic

coupling between the enzyme and the modified electrode.

In terms ofthe Co(Sep) mediated biosensor, on the other hand, the results were
significantly different, as shown by the CV kingure 5B.10 (b) The voltammogram
exhibits a typicalelectroactivesignal of the fabricated biosensor, and essentially
consists of a redtion and oxidation wave, typical of a single redox couple.
Considering that substratand oxygerfree electrolyte reaction medium was used,
the observed anodic and cathodic waves were attributed to the CoiGe(gepi*
redox species contained withitetreagent layer. In this regathe electrochemistry
under aaerobic conditions are normally dominated by the mediatperies[74].

The Ecand k5 determined as average values from four different biosensors at scan
rates between-2and 10 mV &, was determined as670 ¢ 5) mV and-565 ¢ 5)

mV, respectively. Thaverage B as determined from cyclic voltammetry w&4d7

(° 5) mV. Moreoverthe DE, was determined as 100 (0) mV.As far as the peak
shapes are concerned, thag roughlysymmetric, however, thg d was larger than

the L, , a phenomenon that wabserved at all scan rates studied, by on average, 1.2
orders of magnitudeAs compared to the results obtained for the peak analysis of the
nafion-Co(Sepj" carrier matrix platform and that obtained for the control sensor
(containing all reagerdtyer components, but with BSA instead of nCYP3A4) in
particular, variations in all parameters was observed. In this rebalote 5B.1, lists

comparativelyenlists he obtained values forE E, s DE, and E6 .
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Figure 5B.10 Cyclic voltammetric response of (a) @inCYP3A4Agrs-PEK

PVA electrode; (b) GEnafCo(Sepi|nCYP3A4Agrs-PEIPVA biosensor Scans

taken in substratiree argordegassed PB ol ut i on at. S@nsdone3 mV
reductively, thus negative scan represga{dathodic).

Table 5B.1 Peak parameters as obtained from GCE||n&ftESepy":
GCE||naf|EiCo(Sep]|BSA|AgrsPELPVA (control sensor);
GCE||naf|ElCo(Sep}'|nCYP3A4|AgrsPEFPVA

EpdmV) EpamV) E° DE,
GCE||naf|ElCo(Sep§* -654 -575 -615 79
GCE||naf|EiCo(Sep)|BSA|AgrsPEL
PVA -703 -547 -625 156
GCE||naf|EiCo(Sep|nCYP3A4|Agrs
PEFPVA
-670 -565 -617 100

With regard to the aforementioned results, it is alseworthy to add that the CV of
the control sensprenotedGCE||naf|EiCo(Sepy|BSA|AgrsPEPVA, is shown in
Appendix C (Figure C-1).

In addition to cyclic voltammetry, other complimentary voltammetric techniques,

known for their low signato-noise atio and particular exclusion of charging current,
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was also useeéxplored, the resultsf which was compared to thabtained for the
biosensor from CV.In this regard, the sge wave voltammetric response for the
GCE]||naf|EiCo(Sepf InCYP3A4AgrsPEFPVA biosensorin substratéree argon
degassed PB%: exhbited as the difference SW, for a scan done cathodically, is
shown inFigure 5B.11 (a) Moreover plot (b) shows the cathodi¢red) and anodic
(black) differential pulse waves as obtaifedthe biosensor in argeshegassed PBS.
With respect to the SWV results, thedE, obt ai ned as evalmtionaver age
of at least four biosensors, was determineebd$ ¢ 5) mV. Results obtained from
DPV on the other hand, exhibited cathodic amabdic waves showing good
symmetry. Close evaation of the scans, revealedE. of -600 mV and Ea
corresponding to a value 610 mV respectively, thus showing an oveE, of 10

mV. Moreover,the L /I, ratio was determined to be 0.97, whichclsse to the
theoretical value of 1, for electrochemically reversible systéhese results, with
respect to both SW\as well adDPV arein factin good agreement with that obtained
from cyclic voltammetry. Moreover, the smdlE, suggest rapid electron transfer

between the electroactigpecies in theeagent layefilm and the underlying GCE
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Figure 5B.11 (a) Squarewave (SW) voltammety responseof the GCHnafEl-
Co(SepyInCYP3A4Agrs-PEIPVA biosensolplot shows thalifference SWeurrent
obtained for a cathodic scan). (b) Differential pulse waves, showing cathodic (red)
and anodic scans for the GB&(Co(Sepj|InCYP3A4Agrs-PEFPVA biocsensor.
Experimental conditions: All scans were takersutstrateree, argordegassed PBS

(pH 7.45). SWV: square wave amplitude 25 mV; potential step 4 BR¥: pulse
amplitude 25 mV; sample width of 15 ms; pulse period of 200 ms.

On a final note, the backgroungubtracted CV of the GQiafEl-
Co(SepyInCYP3A4|Agrs-PEFPVA biosensor is exhibited iAppendix C (Figure
C-2).

The next factor involved théetermination othetype of current involved
in theredox reactiorof electroactive film of the nCYP3ABasedbiosensor In this
regard,the dependence of peak current on the scan rate was investigated in order to
identify the type of current, from which it was shown that the current funct,LbrlféXI
has a constant value at the different scan rates st(idie8i 10 mV s%), the results

of which is depicted ifrigure 5B.13 The electrochemical bahiour, as it presents
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itself here is in accordance with the unigsé&ucturalaspects of nafion membranes,
since as explained irfChapter 5A (Section 5A.3, according to documented
literature,in general, electron transfer in nafion membranes has been shown to be
equivalent to a diffusion proce€3n the subject of scan rates and electron transfer, it
is noteworthy to also add that scan rates up to 10 mV*geak potentials for the
Co(SepJ* mediated biosensor were nearly constant in the film. Howevéteasan

rate increased beyorid mVs', a marked negative shift in peak potentials could be
observed. Thibehaviourhas been depicted Figure 5B.14 which exhibits Ecas a

f unct i onThis $uggestile onset of limiting kinetic effects in associatio
with increase in scan rate. Nevertheless, overall, in a critical comparison of the
electrochemicabehaviourwhich includesall determined parametersi the enzyre-

based biosensor, as compared to that exhibited by thEl@d(Sepj" film (the
results of which was presented and comprehensively discussedyteCBA Y2

based on the exhibited and afaliscussed results, as well as data showmalble

5B.1, the key aspectdncluding I, 4l E® DEy I/ % EJ/ L o all exhibit an
unambiguous similarity. The cumulative itrgations of this finding suggest that
indeed, in substrattee argordegassed electrolyte medium, the observed

electrochemistry is dictated by tleéectroactiveCo(Sepj" mediating species, and as

such, the observed redox waves may be ascribed t€dfie+ 1  Co* redox

system
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Figure 5B.13 Influence of scan rate on cathodic peak potential for a GC|lnaf|El
Co(Sepy|nCYP3A4|AgrsPELPVA electrode
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5.B.3.3 Bio-electrocatalytic actvity of the GCE||naf-El-Co(Sep)|nCYP3A4}
PVA-PEI-Agrs biosensor

According to documented litexae, with referenceto the quest for
preventing the futile cycling of electrons and &artailing/attenuating the formation
of reactive oxygen species,has beerproposedthat electrocatalytic investigations
involving Co(Sepy” mediated systems with P450 enzymes are best done under
conditions of low oxygen tension, by gentle blanketinghef reaction mixture with
an inert ga$120]. However, due to the possible associated constraints with regard to
diffusional rate limiting ofdioxygenwithin the reagent layer under conditions of low
oxygen tensioiz in the current research investigation, catalytic studies were done in
ambient caditions in the presence of molecular oxygen, while o#laielitionalsteps
were taken tdelp to maintain the catalytic integrity of the enzybased recognition
component. With regard to the latter constrictaintaining a 1620% glycerol
presence withirthe reagent layemproved to be an important factor, the reasons of
which will become apparent in the discussion involving a more comprehensive
overview of the reaction steps in thedgie@ctrocatalytic procegSection5B.3.3.1.).
In addition to this, de to the fairly low small amount of active CYP450 upis mg
of protein (as determined by standard reconstitution methods) and the kalowity
of these enzyme constructs, all electrochemical investigations with the prepared
biosensor platforms werdone in a salfree phosphate buffer solutiai®BS) as
supporting electrolyte, rather than the phosphate buffer sgRil), which
according to documented findings may induce possible inhibitory effects due to ionic

competition[166].
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5B.3.31 Bio-electrocatalytic response to molecular oxygen and substrate

(indinavir)

Under optimized biosensor fabrication conditionsoltammetric
experiments were undertaken to ascertain @ffect of hemeco-substratésubstrate
interactions on the redox properties of the immobilized nCYP3A4, without the
presence of the electroactive Co(Sémyediator species. This was done in order to
observe the féect of the absence and/or presence of the mediator on the bio
electrocatalytic response of the enzybasedbiosensor, wittparticular reference to
observing any changes in the obtained overpoterfigure 5B.14 exhibits the
voltammetric results obtagal from the bio-electrocatalytic studies with the
mediatorless nCYP3Abasedbiosensorwhich was fabricated by immobilizing the
enzyme directy on the unmodified nafion ~membrane, denoted
GCE||nafinCYP3A4|AgfPEI-PVA. In this regard,plot | (a) exhibits he cyclic
voltammetric response of the biosensor in subsfrate argordegassed PBS,
whereasplot | (b) shows the cyclic voltammetric response of tH&YP3A4based
biosensorin substratdree oxygen in airsaturated PBSandplot | (c) depicts the
biosensor responsein oxygensaturated PBSontaining 14nmM indinavir. The
voltammetric response of the biosensor in subsfrate argordegassed PBS was
already discussed in previous sections and thus need tiotther elaboratesow.
Compared to the Hefined redoxwavesseen in substratieee, argordegassedthe
presence of dissolved molecular oxygen)(@owever, wasignified bya dramatic
augmentation of the cathodic peak currembich was simuaneously accompanied
by a marked increase i From a general perspectivey an electroddased
electrochemical settinghe observation afdditionalcatalyticcurrent isin effectthe
classic voltammetrisignaturefor electrochemical catalys[85, 167] In the current
situation it reflects the reaction of the reduced nCYP3A4 heme iron, i.e. nCYP3A4
Fe', with dioxygen followed by theeduction of the nCYP3A&€'- O, complex
(known as the oxyerrous complex)a reaction whichwithin the context ofthe

current experimental conditionsccurred at a determined, Eof -650 ¢ 10) mV.
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Direct reduction of oxygen on these electrodes (prepared without enzyme) occurs at
potentials significantly more negative than observed for the enbased electrode.
Nevertheless, under aerobic conditions, in the presencerdfllidinavir, as shown

in plot (c) of Figure 5B.14 a further increase in the cathodic peak current was
observed, whiclin effectreflects the increase in turnover of dioxygen induced by the
presence of theubstrate suggesting the metabolism of the substrate by nCYP3A4,
which is in turn rgenerated for the next catalytic cydedeed, based on documented
findings regarding the catalytic interactions of CYP450 enzymes, it has been shown
that the presence of substrate favourably affects the erayygen interaction, by
significantly increaing the rate of oxygen binding to the heme recknire a factor

that has been observed in numerous studies involving?468) and/or heme
containing enzyme$74, 77, 85, 135] A closer evaluation of the exhibited CV
showed that the bielectrocatalytic response to indinavir occurred at a pakent

of -687 mV, which, comparedo the operating potentiatletermined for oxygen
reduction, shifted negatively by a value of 36 niNormally, in the context of
electrochemical systemand with regard to CYP450 enzymes in genexgpositive

shift in E, in associationwith substrate interaction signifies the thermodynamic
favourability of the interactionsvhich in terms of specifics portrays the expulsion of

a water molecule (bound as a sixth axial ligand) from the feamie in association

with the change in hemeon from six ceordinate, low spin to five cordinate high

spin stateOn the other hand, a&xplainedin Chapter 2 (Section 2.2.3.2)according

to the Marcus theory for biological electron trandt&s, 70] the kinetic effects of
electron transfer is between two redox species is directly dependent on the driving
force (i.e. the potential difference), as well as the reorganizational energy. Having
said that, a cathodic (negative) potential shift, in this context, signifies a larger
reorganization energy in association with a slower rate of electron trgh34gr In
thiscontexton a mi cr os c o pi csmalencaldr porecdigeiecarinat naf i or
incorporate tk large enzyme into its structure. However, based amhigsent phase
related heterogeneiticonsisting of the bulk hydrophobic phase and the much lower

density hydrophilic ionic cluster region it can form strong interactions with

259



Chapter 5 Results and Discussion: Biosensor Platform 2

compoundslargely daninated by lipophillic forceswhich is probably the case
between the prormed nafion and the nCYP3A4 in the current investigatitime

results of which would beinfavourable for electron transfer with the underlying
electrode Indeed, this phenomenohas been observed with othe&mzymes
immobilisedon nafion matricefl01]. Moreover, this in itself could also constrict the
accessibility t-buriedprestheti graup, the dverall éfiect \whicly
would be an increase in reorganization energyssociatiorwith co-substrate and/or
substrate interactigrthus resulting in a negative shift in.En addition to this, the
enzyme stabilizing effect of glycerolby-andlarge operatindby slowing down the
conformational changes of the enzymegjuired for electroriransfer to minimize
enzyme denaturation and/or unwanted harmful side reactions, could also contribute to
the observed negative shifts in potential, as welth&s high operating potential.
Nevertheless, the presence of the Co(8emediating species would thus play a
significant role in enhancing the electron transfer reactions and as such, the overall
bioelectrocatalytic response of the enzybased biosensorIn addition to cyclic
voltammetry the bioelectrocatalytic response was also studied with SW voltammetry,
the results of which areshown inplot Il of Figure 5B.14 The scans were done
cathodically, and as such, the difference SWs shown here reprémen&t reduction
process.Evaluation of these results showed that once again, as in the case of the
cyclic voltammetric study, the presence of dioxygsera( b and substrates¢anc i

e) results in a marked increase in catalytic peak current. In theofabe plots
showing the substrate (indinavir) interaction in particular, a concentration dependent
increase in peak current up to the final concentration (i.eM% can be seen.
Moreover, with regard to the peak potentials observed from SW voltamrsieities

in particular, oxygen reduction occurred at approximate§78 mV, whereas the
catalytic response to indinavir occurred at a nmegative potential, corresponding to

a value of-706 mV, thuscoincidingwith results observed fromyclic voltammetric
studies At this stage it must also be emphasized that the high operating potential with
regard to reduction of dioxygen, as well as substrate detection and monoxygenation,

as observed from both cyclic voltammetric and squaage voltammetricresults,
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holds the potential consequence of a much higher likelihood of the formation of
reactive oxygen species and associated uncoupling reactions, and ass sauttier
statedthe presence of the mediator will greatly aid the-biectrocatalytiaesponse

to effectivesubstratdurnover.
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Figure 5B.14 I: Cyclic voltamnograms ofthe GC|naf[nCYP3AAprs-PEIPVA
electrodein 50 mM PBS, showingiosensor response (@) substratdéree argon
degassed PBS; (ljr-saturated PBS with 6M indinavir; (c) airsaturated PBS with
14 nM indinavir. Il : square wavesoltammograms of th&C||naflnCYP3A4|Agrs
PEIPVA electrode showing response in (a) substriee argordegassed PBS; (b)
air-saturated PBS with 68M indinavir; airsaturated PBS with (c) 4M, (d) 2 nM
and (e) 14nM indinavir, respectively. Experimental conditions :a@/s scanned
cathodically at 5nV s*. SWVs: square wave amplitu® mV; potential step 4 mV
(showing difference SWs)

The results a observed for theCo(Sepy'- mediated electrochemically driven
catalysis of NCYP3Adn the presence afissolved molecular dioxygen and indinavir
was markedly differentn this regard, the voltammetric response of @@||nafEl-
Co(Sepy|nCYP3A4{PVA-PELAgrs electrode(biosensor)n the presence of Das
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well indinavir was investigated with cyclic voltamtne and square wave
voltammetry,for which the results are exhibited gure 5B.15 |, (plot b, ¢) and
Figure 5B.16 | (plot a, b). With regard to thecyclic voltammetric resultsni
particular Figure 5B.15 |, plot b and c exhibits the response of th&C||nafEl-
Co(Sep¥|nCYP3A4}Agrs-PEIPVA electrode in substratdree airsaturated
phosphate buffer solution (PBS) and-saturated PBS coahing 5 M indinavir,
respectively Plot a on the other hand depicts the cyclic voltammetric behaviour of
the biosensor in substratieee argordegassed PBShese plots show results for an
experiment conducted at 5 mV for which scans were done cathodicalfyduation

of the exhibited resultsrevealed thathe presence of molecular oxygen caused a
dramatic augmentation of the CV as compared to the cyclic voltammetric response
observed from the biosensor in substifas¢e, argordegassed PBSplot a]. In a
moredescriptivecontext, the presence of oxygen was signified by a distinct increase
in the cathodic current, which wascompanied by the emergence of a new peak,
centredat an average potential e440 ¢ 10) mV (n = 10) andalsoaccompanied

by aconsiderale decline of theanodic currentMoreover, as compared to the CV in
argon atmosphere, for which the cathodic wave exhibited a singlecee#iedat
approxinately -670 mV, theresponse in the cathodicave of the CVin oxygen on

the otherhand was dommated by the new peakentredat -440 mV, while the peak

in the region of-670 mMVb ec ame al most 0 fiieexdctparameters s 6
could not be determinedWhen indinavir was added to the-aaturated PBS there
was a further increase in the cathodic current, in specific association with the peak
centredn the region of that observed for the response to oxygereover, the small
increase in reduction (caitlic) peak current, in association with indinavir addition,
coupled with the negligible amount of,® formation (as measured by Quantofix
hydrogen peroxide sticksyuggest theniminal occurrencef fifutiled redox cycling

of the system and associatesh@mitantproduction of reactive oxygen speciés,

89, 168] Consideringthe latter, including théact that oxygen is the esubstrate of
NCYP3A4, and n view of the exhibited voltammetric responses, as well as the

absence ircatalyticresponse of the enzyme inbstratefree argordegassed PBS (of
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which theobserved redox processdeminated by th€o(Sepj" medating species),
these results sggest the bieelectrocatalytic reduction of oxygenby the
mediator reducechCYP3A4, (i.e.nCYP3A&€"), in the substratéree aerated buffer
and the increase in turnover of dioxygen affected by indinavir in the substrate
containing aerated buffer (shown mhot b) [77-78, 136, 142] With regard to the
square wave voltammetric resulta, more weldefined indication of the position and
magnitude of thepeakresponse for the GC||rEf-Co(Sepj|nCYP3A4{Agrs-PEF
PVA electtrodein the presence of oxygen, and ire thresence of indinavir can be
observed. In this regardrigure 5B.161 plot a and b depictsthe response of the
GC||nafEIl-Co(Sep}'|InCYP3A4{Agrs-PEFPVA electrode in substratdree air
saturated phosphate buffer solution (PBS) andatirated PBS containing indinavir,
respectively.The voltammograms represent the net (difference between forward and
reverse scans) SWV responses when the modified electrode wasedcan
cathodically. Evaluaton of the observed plots revealdtht these results coincide
with that exhibited for cyclic voltammetry and as suitie presence of both,@nd
indinavir was signified by a distinct responsentredin the potentialregionwhere

the new peak emerged [as compared to the SWV observed in sufisgat@rgon
degassed PBS (see inseFigure 5B.1§ i.e. plot I1)] . It must also be emphasized at
this stage that although thexhibited SWs are characterized by two peaks, no
discernible response was observed at the other peak positiof @687 mV), which
can be evidenced by theoticeable lack of catalytitype increase in inplin
association with indinavitO, addition Moreover, at the same timan increasé net
cumrent in association with the response of the biosensor to bagimdndinavir, as
compared to that observed for the biosensosubstratéree argordegassed PBS
(plot II') was also obervable With regard to theexact position of theemergedreak

in association with thdvio-electrocatalytic response to,,Cthe peak potential was
determined as365 ( 5) mV, while the addition of the indinavir resulted in a small
cathodic shiftof approximately 4 mYythus yielding a final response potential 859

(° 10, n=10) mV. In terms ofcurrent magnitude on the other handheg »1 €

the presence of indinavir was significantly higher than that observed in the presence
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of dioxygen (containing no indinavir)thus showing anncrease in the \ae of

o

g AN'E (8 -369 mV)of approximately 1.®rdess of magnitude Still on the subject

of theobserved bieelectrocatalytic results, it isoteworthy to emphasize the fact that
the presence of the Co(S&pinediator has enabled anequivocal reduction in the
overpotential for the bielectrocatalytic reduction of Das well as for the bio
electrocatalyticsubstrateturnover as compared to the results observed for the un
mediated biosenso(i.e., GCE||naf[nCYP3A4|AgrBEIPVA). In particular, the
overpotential for the reduction of,Qvas reduced by at least 210 mV, while the
overpotentiafor indinavir detection/metabolismas reduceapproximately 24@nV.
Moreover, with specific reference to the reduction ¢f & compared to ¢hresults
obtained for thebiosensorplatforml, presented and discussedGmapter 4, (i.e.
CGE|naf|CMECo(Sep)fICYP3A4|naf), the operating potential was reduced by
approximately 215 mV This observation also holds for previous investigations
involving CYP3A4based biosensor platforrirs in particular,compared to the study
involving full-length human recombinan€YP3A4 in a PDDAdpolyelectrolyte
platform [135], the overpotential for th&ioelectrocatalytic reduction alioxygen
was reduced by 250 mV; andas compared tanother study also involving full
length micosomal CYP3A4, in a DDAB liquid crystal vesicular systfifi6], the
overpotential was reduced By270 mV. It is also noteworthy tagain point out the
effectiveness of the design path used in this biosensor platform, as compared to that
used for biosensor platform 1, with particular reference of the technique used in the
fabrication of the electroactive carrier matrix. In this reg#nd design path used in
biosensorplatform 2 probably enabled a better couplimdficiency between the

immobilised enzyme and the transduceaterial

In the interest of negative control measures, ibbaviourof the control sensor,
fabricated with the exclusion of nCYP3A4, by usitige seudo carrier enzyme,
bovine serum albumifBSA), in the presence abxygen and in the presence of

indinavir was also investigatedith cyclic voltammetry, as well as square wea
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voltammetry In this regardwith reference to the CV results in particulpiot b of
Figure 5B.15Il depicts theyclic voltammetric response of the control
sensor (i.e. GCE]||naf|[EiCo(Sep}’|BSA|AgrsPEI-PVA) in
substratefree air-saturatedPBS, whik plot ¢ exhibits the behaviour ofhé
control sensor in aisaturated®BS in the presence of indinavin addition to this,
plot a (in Figure 5B.15I1), which depicts the redaeactivity of thecontrol sensoin
substatefree argordegassed PBES also showedn terms of the SWV results on the
other hand, Figure 5B.16 plot c depicts thereactivity of the GC|naf|El
Co(Sepy|BSA|AgrsPELPVA in substratdree aeratedBS, whereaglot d shows
the reactivity of the control sensor in aeraBBIS containing 5nmM indinavir.
Evaluation of the CV results in particular, showed thateed, the presence of
molecular dioxygen, as well as indinav(in air-saturated PBS) were both
accompanied bg measurabléncreasdan cathodiccurrent, as compared to the CV in
substrateéree argordegassed PB%nd although the cathodic wave was not entirely
featureless/iliformed, the exact positions othe observedsmall cathodic peals
(minima) could not be determinedoreover, unlike in theesults observed for the
NCYP3A4based biosensor, where a clear respon8e-440 mV could be observed,
no clearE, could be observed in this region with the B6#&sed control sensain
terms of the SWVs, in the presence of oxygen, a small, but measuratdase in net
currentcould be observed, while the introduction of indinav@sulted in another
small measurable increase in net SW current. However, the reactivity in the presence
of both G and indinavir wasndistinct, with current increasa bothcasesobserved

to beat two peak potentials, i.€® -410 mV and-645 mV. This was contrary to the
clear response as exhibited by the nCYP®@&4ed biosensor, for which a distinct
current increase centragh a single potential was observetypical of a atalytically
active enzymecontaininga single prosthetic groupNeverthelessin terms of the
observedncrease in catidic currentas seen from CV and SW voltammetric studies
for the BSAbased controklectrode’2z based ondocumented literature findings
regardingcatalytic electrochemical studieshis type ofphenomeann isin fact not

uncommonOn t he ot her h a n d-peaktintreasdietagiccid vied 06do
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characteristic of the reduction of two species at different poteiiti&@®, which, in

the current case, suggesth relative certaity, the effect of reactive oxygen species,
particularlyH,O,, formed in association with two electrochemically driven processes.
In this regard, the first process most probably involved the direct reduction of
dioxygen in the film at the GCE, while the ethprocess may be attributed to the
coupling of the lereduction of the mediating specw#h a fast followup chemical
process, which involves thiateractionof the reduced speciesgith dioxygen[85,

120, 135, 169]A comprehensive description of the detailsluéseinteractiors and

their concomitant implications aggven inSection5B.3.3.1.1
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Figure 5B.15 Cyclic voltammograms showin@a) response ohCYP3A4-based
biosensoy (GCE||nafEl-Co(Sep}|nCYP3A4|AgrsPEIPVA) in argondegassed
PBS containing GrM indinavir; (b) response afiCYP3A4-based biosensom
air-saturated PBS containing M indinavir; (c) response afiCYP3A4-based
biosensorin air-saturatedPBS containingd nM indinavir. (d 7 e): negative
control, showing BSbased control sensdi.e. GCE||naffl-Co(Sep|BSAAgrs
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PEIPVA in (d) air-saturated PBS containing M indinavir; (e)air-saturated
PBS containingndinavir
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Figure 5B.16 Square wave voltammogramshowing: (a) response of
nCYP3A4-based biosenso(GCE||nafEl-Co(Sep}'|nCYP3A4|AgrsPEFPVA) in
air-saturated PBS containing rtM indinavir; (b) response ofnCYP3A4-based
biosensolin air-saturated PBS containingn® indinavir; (d)T (e) negative control
showing: reactivity of BSA-based control senso&CE||naf|[EiCo(Sepj|BSA|Agrs
PEIPVA) in air-saturated PBS containing OM indinavir [i.e. (a)] andeactivity of
BSA-based control sensor in aaturated PBS containing BM indinavir.
Experimental conditions aresquarewave amplitude 25 mV; potential step 4 mV;
plots show net currents for forward and reverse SW currents for scans done
cathodically.

To further explore thecatalytic response of the nCYP3Adsed Co(Sepj*-
mediated biosensawith respect to indinavitz the voltammetric response of the
GC||naffl-Co(Sepf'InCYP3A4|AgrsPEFPVA electrode in the presence of
increasing indinavir concentrations the potential region where the afatiscussed

biosensorresponse wa®bseved was investigated. In this regarBligure 5B.17
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exhibits the dependence of tequarewave voltammetric currenfresponsg as a
function of concentration, for indinavirThe depicted plots representthe net
(difference between forward and reverse scans) SWV responses for scans done

cathodically Moreover,the votammogramsshowed ameasurablancreasein the

©

g AM'E @pon subsequent addition of indinavir to thiesaturatedPBS up to the

final concentration of 7&M. In addition to thisjn the interest otorroboratingthe

lack of bicelectrocatalytic responsef the GC||naffl-Co(Sepj'|nCYP3A4|Agrs
PEIPVA electroden the potential regiorwhere the second peakas shown in the
aforediscussed resultgi.e.° -637 mV, for plots a and b of Figure5B.16), the
reactivity of the GC||nafEl-Co(Sep}'|nCYP3A4|AgrsPEFPVA electrode to
increasing indinavir concentrations in the region of that potential was also
investigatedvith respect to this particular potential regiémthis regard, as exhibited

in Figure 5B.17, other than the normaledox reactive peak seeno additional

discerniblecatalytic response in this region coulddieserved.
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