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Abstract

Horseradish peroxidase (HRP) is an oxidoreductase enzyme that has been used in imany bio
electrochemical applications such as biosensors, immunoassays, fuel cells etc. Osmium
polypyridyl complexes are advantageous as mediators as they are stable, hawve tonahble

redox potentials. The objective of this thesis is to study application of osmium polypyridyl
complex as mediators for immunoassays and sensors.

A range of osmium polypyridyl complexes with general formula [GN[BCI>]/[Os(N-N)2Cl2]*

and [Os(NN)2(L)CI]?* (where NN = bipyridine and its derivatives; L =(@minomethyl)pyridine,
1-(3-aminopropyl)imidazole and 1-methylimidazol¢ were synthesized and characterized.
Additionally, osmium redox polymessgith general formula [Os(MN)2(polyvinylimidazole)oClI]*

were alscsynthesized and characterizddhe redox potentials of these compleresl polymers

were manipulated by substituty the 4 and 4' positionsf bipyridine ligandwith electron
withdrawing groups (EWGs)and electron donating groupéEDGS). These complexes and
polymers were characterized using various analytical techniques such as cyclic voltammetry, mass
spectroscopy (MS), and singteystal Xray diffraction (SCXRD). Furthermore, a comprehensive
report forsynthesis of osmium complexes and polymers was prepared with various synthetic
approaches and extraction procedures. These complexes and polymers were utilized as mediators
in applications such as immunoassay and peroxide sensor.

The kinetics of HRHnedator interaction in solution phase have been evaluated for hydroquinone
and the osmium polypyridyl complexes synthesized in the earlier chapter. The objective of this
study wadinding an alternative mediator that could be used in place of hydroquinaotialyin

the stability of aqueous solutions of hydroquinone and osmium complexes were studied using UV
VIS spectroscopy. Finally, the relative rate constants of-HigBliator interactions were estimated

using NicholsolSh ai n ap pr o a-bipyridindpllg* cdmPlex (was,egirdated to be the

best mediator for HRP among the osmium polypyridyl complexes studied in this study. The
stability studies and the rate constant calculations can be used to screen mediators for any enzyme.

Screenprinted electrode (SPEs) are a versatile choice for electrodes for sensors. However, the
variability in surface area of electrodes will cause variability in current output. This variability can
interfere with the repeatability and accuracy of any sensor. Therefore, rmatinal of current

output is required to improve the accuracy of a sensor. ifvgitu normalization methods,
capacitive currents, and faradaic currents were studied for their applicability as normalization
methods for current outputs from electrodes. €hewmalization methods were further employed

to normalize the current output from ktectrochemical applications such as immunoassay and
sensors. This study showed that capacitive currents produce high standard deviations and could
not be used to normiaé current output.

A peroxi de sensor w a s -bipdridisep(gplyvingdimidazale)o@l]g [ Os (
(OsbpyPVI) crosslinked to HRP usinglp(propylene glycol)diglycidylethe(PEGDGE). The

amounts of the individual components were optimized and validated usingBeBoken design

(BBD) to maximize the current density produced by the enzyme electrode. This is a short study on
application of a chemometric tool such as BBD ttroze components of an enzyme electrode.

Xl



A multiplex electrochemical immunoassay for diagnosis of prostate cancer (PCa) is designed. This
immunoassay builds up on the previously designed immunoassays where anseqggve
mediator (hydroquinone) wased. An oxygeinsensitive osmium polypyridyl complex is used

as an alternate mediator in the current immunoassay which eliminates the need to deoxygenate
mediator solutions throughout the experimentation time. Moreover, 3D printing was used to design
microfluidic chips which eliminates bulky setup and promotes ease of use.

Overall, this thesis studies various aspects of designing an electrochemical sensor. The synthesis
and characterization of osmidbased mediators is studied. Subsequently, these wshased
mediators were screened as suitable mediators for HRP enzyme. The solution phase kinetics study
is the fundamental aspect of studying the enzymediator interaction. The electrodes play an
important role in any electrochemical sensor. Variabilitycurrent output arising from use of
electrodes with irregular surface area will interfere with the accuracy of any sensor. Therefore,
normalization methods were studied to supress the eledivarlectrode surface area variability.

A short study for apjation of BBD to a peroxide sensor was performed. Finally, an osmium
based mediator, 3D printing, and microfluidics were integrated into design of a rapid and sensitive
multiplex electrochemical immunoassay for PCa.
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Chapter 1: Introduction

The development of biosensors started in the 1960s. Clark andwgoathe first group to report
an Noxygen el ectrodeNj f owhichéet te developnment of glycgse n i n
sensors by Updike and Hicks who reportéd an N
The term Njbi osens o Cajmamm & 1977 Thésenot et @ define wosengp Kar |
as any seltontained integrated device which can provide qualitative, -gqaantitative, or
guantitative information about an analyte using a biological recognition or sensing element
(bioreceptor). A typical biosensor has five elenents
i.  Analyte: A substance of interest which must be detected. Common analytes in diagnostic
biosensors include proteins, genes, glucose, peroxide, etc.
ii.  Bioreceptor: An element which recognizes the analyte. For example, enzymes, antibodies,
aptamers, cells, etc
iii.  Transducer: After recognizing the analyte, a transducer generates a measurable signal that
relates to the analyte concentration.
iv.  Signal conditioning: It processes the transduced sigt@laidisplay format, for example
analog signals from the trans@u@re converted into digital signals.
v. Display: The digital signals are displayed in a tfsendly manner on computer screen,
smartphone, or any other device with a screen.

Since the 1960s, there has been a tremendous progress in the field of bso3enksy, biosensors

are used for diagnosis as well as prognosis of diseases along with general health nHitoring
Biosensors are also used for quality control in food indtfsty monitoring of hazards in
environment**>and in the defere sectol®. The biosensors market was valued at (253 billion

in 2021 and is projected to reach USD 36.7 billion by 2028 of the most commercially
successful biosensors has been the glucose sensor which is a multbilkoimdustry todal/ 18
Biosensors can be classified into different categories depending typthef transducer used,

such as optical?® calorimetrié’, piezoelectri€®?3 electrochemical biosensétsetc. Optical
biosensors measure thisible colourchanges or fluorescent intensity changes occurring due to a
biochemical reaction. These changes are measured using absorbance, fluorescence,
chemiluminescence, or surface plasmon resonance (SPR). Calorimetric biosensors detect the heat
evolval due to interaction with an analyte through a calorimeter. Piezoelectric biosensors measure
the change in the mass or frequency of oscillation when an analyte is adsorbed on the sensor
surface A quartz crystal microbalance (QCM) or a surface acousticeW&®AW) device is
generally used as transducer in piezoelectric biosensors. Electrochemical biosensors central to this
thesis, are introduced and discussed in the next section.



1.1 Electrochemical biosensors

A biosensor using an electrochemical transducing element is called an electrochemical biosensor.
During interaction with an analyte, biochemical reactions generate an electrical respohsas(
current or impedance) which can be measured based onlsgeetaochemical techniques.

— Signal i
Bioreceptor Transducer & . Display
conditioning

© Enzymes + Conversion " Computer

" Antibody * Electro- of analo screen

« Aptamer chemical to di italg * Handheld/

« Cellsetc. B standalone
— devices

* Smartphone

Fig. 1.1: Schematic illustration of an electrochemical biosensor

The electrochemical biosensors are of special interest because of the following reasons:

a) Electrochemical biosensors provide higher sensitivity wtmmpared to other types of
biosensors. Several researchers have reported high sensitivity, low limit of detection
(LOD), and broad linear dynamic range with electrochemical biosé€ri$érg®

b) Electrochemical measurements are not &fgcby colored components such as
chromophores, fluorophores etc. that often interfere with spectrophotometric detection in
optical sensorg.

c) Electrochemical biosensors usually require small reaction volume which minimizes the
overall cost of biosensor. The analysis time is relatively short with electrochemical
detection method’

d) Miniaturization with microelectrodes and scrg@mted electrodes (SPES) is possible in
electrochemical biosensors, leading to portable biosensors andofoare (POC)
devices®.

Detection & analytes in electrochemical biosensors is achieved by use of techniques such as
voltammetry®, amperomet8?°>2630 impedanc& 2 chronoamperomet?y etc. Amperometric
biosensors are quite commonly used biosensors with major applications as glucosé*sensors
peroxide sensot$®® and in immunoassay$'®’. This thesis isentredaround the electrochemical
detection of hydrogen peroxide {Bk). Amperometricmethods for HO> detection include two
mechanisms: a) neenzymatic and b) enzymatic.@k is an electroactive chemical and®i can

be detected electrochemically using electrodes made of transition metals (platinum, palladium,
silver, gold etc.) and carbon nanomateralpotentialdD 600 mV (vs Ag/AgCI§®“°. However,

there are céain drawbacks to neanzymatic electrochemical sensors such as low specificity,



toxicity of electrode materiahigh cost of materials, and oxygen depeend!*2 Additionally, at

high potentials, the neanzymatic electrochemical sensors are influenced by interfering reactions
from other electroactive species (such as ascorbic acid, dopamine etc.) present in tesP4amples
On the othehand, enzymatic electrochemical sensors provide high specificity by using enzymes
specific to the target analyfés Horseradish peroxidase (HRP) enzyme is specific 40.H

Therefore, HRP is extensively used imzgmatic electrochemical sensors for detection @4
50

1.2Enzymes

Enzymes are proteins thedtalysechemical reactions in living organisms. Enzymes decrease the
activation energy of reactions, thereby, accelerating the rate of the reactions. Enzymes consist of
two parts: cofactor (coenzyme/prosthetic groups/metal ions) and apoenzyme. The cofactor is the
part that is responsible for the catalytic reaction of the enzyme. The substances that enzymes act
on are substrates. During reactions, the substrate binds to the active site of an enzyme and forms
an enzymesubstrate complex. The active site or catalgiie is a specific place in the enzyme
where the substrate can bind. After the reaction between enzubstrate, the substrate is
converted to product, while the enzyme usually is changed back to its original. form

€10 €

Enzyme Substrate Enzyme-substrate Enzyme Products
complex

Fig. 1.2: Schematic representation of an enzymatic reaction.

The mechanism of the enzyrasabstrate binding is described by usingfjfe o c k and keyN;j
and the Njinduced fitN model. The |l ock and key
have an existing fit between thesingilar toa lock and its key§. The induced fit model theorizes

that the enzyme modifies its conformation during contact with the substmaaio the optimal
conformation to form the enzyrsibstrate complex. Only a particular substrate can induce that
optimal conformation in the enzyme required for catalysiBoth these models state that the
enzymes are specific to their substrates, which allows them to distinguish between different
substances and react only with the substrates.



Enzymes are categorized into different classes such as oxidoreductasesatasishigases etc.
Oxidoreductases, or redox enzymes, are used in electrochemical biosensors becaataybey

redox reactions of substrates (or analytes) and transfer electrons from an electron donor to an
electron acceptor. This electron transfen && detected by various electrochemical techniques.
Biosensors using enzymes for detection of analytes are called enzymatic biosensors. Since
enzymes are catalysts specific to substrates, use of an enzyme increases the sensitivity and
specificity of a bisensor. Enzymatic biosensors also require mild conditions to operate
(temperature ~ 4C and pH ~ 7). There are some shortcomings of using enzymes in biosensors,
such as stability issues with the enzyme and the temperature/pH degemcich can limit ta
application of the enzymatic biosensors. Horseradish peroxidase (HRP), glucose dehydrogenase
(GDH), and glucose oxidase (GOx) are some examples of oxidoreductases that have been
extensively used in enzymatic biosen&éf$°. HRP is an important enzyme in bioanalytical
chemistry as it is widely used for the construction of bioseMstiand is also commonly used as

an enzyme label in immunoass3ys Applications of HRP in biosensors and immunoassays is a
central topic in this thesis.

1.3 Horseradish peroxidase (HRP) enzyme

1.3.1Structure of the enzyme

The HRP enzyme is found in the roots of the horseradish @amoraciarusticang. The plant

root contains many isozymes (different proteins with same enzymatic activity), but the isoenzyme
C (HRP C) is most abundant and most frequently used in electrochemical biosensors. The HRP C
is used in this thesis and is referred tblBP throughout. The crystal structure of the HRP enzyme
was first solved in 1997 by Gajhede éfaHRP has a molar weight of about 44 kRaelectric

point (pl) of 8.8, and is comprised of a single polypeptide of 308 amino acid réSidiestotal
carbohydrate content of HRP varies betwee2a% depending on the source of the enzyme. HRP
contains two distinct types of metntresiron (Fe**) protoporphyrin IX (heme group) and two
calcium atoms. Té heme group is anchored to ttentreof the enzyme by a coordinate bond
between the histidine (His170) and the heme iron &tom



Fig. 1.3: Threedimensional representation of the-rXy crystal structure of horseradish
peroxidase isoenzyme C. The heme group (red) is located between the distal and proximal domains
whi ch each cont ai n one -heliees (purplen dshebsniyellow) ara e s p h
also shown in the crystal structite

1.3.2 Catalytic cycle of HRP

The mechnism of HRP catalysis has been investigated extensively, for exdmpie research

groups ofbunforcf3 Gortor?*®’, Limoge$®°®® and otherd:’2 HRP catalyses the oxidation of a
broad variety of electron donors (AHby peroxides such as hydrogen peroxidgdl Common
electron donors include phenolic compounds, aromatic amines, quinones etc. The first step is a
two-electron oxidation reaction of the native peroxidase/ferriperoxidasé @edation state =

+3) by HO- to form compound I. The @ bond in HO: is cleaved during this step and a water

5



molecule is released. The compound | is an intermediat¢ainirg an oxoferryl iron and a
porphyrin” cation radica(F&**= Oandp o r p h%" oxidation'state = 95 The second step is
the oneelectron reduction of compound | to compound Il by the first molecule of AHe
compound Il is another intermediate cotisig of an oxoferryl iron (F& = O, oxidation state =
+4). The third step is the omdectron reduction of compound Il back to the ferriperoxidas¥ (Fe
oxidation state = +3)y the second molecule of AHThe last two reduction steps are accompanied
by the uptake of two protonshich releaseanotherwater moleculeAn excess of kD, produces
compound Il (oxidation state = +6) which is an enzymatically inactive state of‘HRRe
potentials of the redox couples compound I/compound Il and compoundipkfertidase were
found to beclose to+700 mV (vs Ag/AgCl at pH ?§-6468

"0Q1 1 QA Q1 QOO ® HE ané O i Q06 pg
HEANEDEDO Q OO0 HE AR L ODEC R OXAYAL IS
GEAREODIO Q 'O 0"0Q1 i QR QI B0QQOET Q00 i QH O iy

Table 11: Reaction steps of HRP catalysis

Fig. 1.4 illustrates the twdistinct types of electron transfer in HRBsed electrochemical
biosensors. The electron transfer between the enzyme active site and the electrode can be detected
using two mechanisms: a) direct electron transfer (DET); and b) mediated electron thMBESfer (

) b) Reduced Oxidized
a mediator mediator
Substrate Product Substrate Product
Enzyme Enzyme
active active
— site +————— site

Electron
transfer
distance

Niffusion
Electron
transfer / .

distance

Fig. 1.4: Electron transfer (ET) mechanisms: a) DET; and b) MET
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a) Direct electron transfer (DET)

In the DET approach, after reaction of ferriperoxidase wi@2Hthe intermediates Compound |
and Il are reduced at the electrode by applying a potéesisipositiveo +700 mV (vs Ag/AgCI

at pH 7472

"0Qi 1 Q7 Q1 QU '® wé ané OEM) I Q&0 qoné
WEANEOEN O O Q¢ anéOOQ I Q00 qa0é
WEANEODQ O °'0QI 1 Q[ QI DAQQABL Q I QO 0QaE

Tablel1.2: Reaction steps t{RP catalysis through DET mechanism

Compound-I
(Fe** = Q), P**
H,O
e-
-
Compound-Ii
(Fe* = 0)
a-
-
HZOZ
v
Ferriperoxidase
(Fe™)

Electrode

Fig. 1.5: Mechanism of direct catalytic reduction 0f® by HRP(DET mechanism)™* is a”
cation radical localized on porphyrin ringlechanism adapted from Ruzgas et*al.



The distance between the enzyme active site and the electrode surface is crucial to the efficiency
of DET. For an efficient DET, the distance of the enzyme active site &dtieode surface should

not exceed 2 nfM Moreover,DET is also affected by electrode surface modification designs
inappropriate orientation of enzyme towards electrode surface, apprapriate conformational
structure of the amino acid residues that stabilize the intermediate®ed during enzyme
catalysi€®. HRP is one of the few enzymes which is capable of BETGorton and cavorkers

have published extensively on DET in HRRsed biosensdre®727577 Modification of the
electrode surface (by using carbon or metallic nanoparticlesassdinbled monolayers (SAMS)
etc.), deglycosylation, and sitdirected mutagenesis of the enzyme are some of the ways that can
be used to enhance DET by promoting the appropriate orientation of the protein towards an
electrodé7374.78

b) Mediated electron transfer (MET)

In the MET approach, redox active compoundsdgbstrates, termed mediators) are used to
shuttle electrons between the electrode surface and the rezativasof compounds | and 1l as
shown in fg. 1.6. The electron transfer between the enzyme active site and the electrode surface
happens rapidly due to electron shuttling by the mediators, thereby amplifying the responses of
electrochemical biosensors. For a catalytic reduction of a substraae bnpzyme, the redox
potential of the mediator must be less than the redox potential of enzyme acti&Saite the
reduction potentials of the redox couples compound I/compound Il and compound
ll/ferriperoxidaseare +700 mV vs. Ag/AgCl at pH% the redox potential of the chosen mediator
mustbe below +700 mV for substantial catalytic reduction of any substrate by HRRi{& <

700 mV (vs Ag/AgCl) at pH 7.

"0Q1 1 Q) 'QI QAQQOD ® O dn é ®©eay 1 Q0 ody
WEanéOEM O 0 O Q& ané oD 1 QoY
wéanéove 0 0 0 "OQi 1 QR Q1 AQQQWI QO 1 Q0o
cO ¢Q ° ¢b 1 Q0o

Table1.3: Reaction steps of HRP catalysis through MET mechanissn=NMeduced state of the
mediator and Mx = oxidized state of the mediator

During an MET type reaction, ferriperoxidase is oxidized to compound L6y. ¥Dne molecule

of reducedmediator (Med) Oxidizes compound | to compound Il and is oxidized itself to its
oxidized state (Mk). Compound Il is reduced back to ferriperoxidase state while another molecule
of Mreqis oxidized to Mx. The two molecules of M are reduced back to thariginal state at the
electrode surface. This cycle continues until all the substrate is consumed. The mediator and the
enzyme get renewed at the end of each &cle



Compound-I
(Fe* = 0), P**
Mred
e-
MO){
Compound-Ii
(Fe** = 0)
Mred
e-
MD){
Ferriperoxidase
(Fe3*)
Electrode

Fig. 1.6: Mechanism of mediated catalytic reduction e®rby HRP(MET mechanismP®* is a
" cation radical localized on porphyrin ring. dand Meq are the oxidized and reduced forms of
mediator, respectively. Mechanism adapted from Ruzga<ét al.

Organic compounds such as methylene $)yghemthiazines?, viologerf?, quinone$!'®etc.,
inorganic edox ions such as ferricyanfdeard organometallic species such as ferroc¥rféhave

been widely used as mediators in HBdsed biosesors. Transition metal complexeef (
ruthenium, osmium eté9as well as polymefs of these complexes are also used as mediators.
This thesis is centred around HRBRsed biosesors with osmium polypyridyl complexes as
mediators. The osmium polypyridyl complexes and polymers have been used extensively in
glucose biosensdtd" %2 immunoassay$® fuel cell$*%**>among other applications.

1.4 Antibodies and antigens

Antibodies (Ab) are proteins with typical150 kDa in size, which are produced by the immune
system of a living organism to help defend the host against foreign invasion. The most common
class of antibody used for immunoassays is the IgG class of immunogblffig. 1.7). 1gG
antibodies are haped proteins composed of four peptide chains that are joined together by
bisulfidelinkages. The peptide chains consist of two identical light chains (LCs) and two identical



heavy chains (HCs). Both LC and HC have tlamnains: a constant domain (CL) and a variable
domain (VL). An antibody has three functional components: a) two fragment antigen binding
domains (&y); b) fragment crystallizable {f and c) hinge region (figl.8). Fan and k are
connected to each other by hinge region which allows the twsites more conformation
flexibility relative to the k. Each of the ks regions have identical antigéinding sites (paratope)

for binding to a specific site of the target antigen (eite ) . The ter m Nanti gen
substance that can generate an immune response. Antigens can be proteins, peptides, haptens, or
nucleic acids. The Jregion is the tail of the antibody with carbohydrates attached. Antibody
antigen interactionsccur through intermolecular interactions such as hydrophobic interactions

and hydrogen bonds. Immunoassays are dependent on the binding of antibody and antigen to form
an antibodyantigen (AbAg) complex to generate the binding that can be reportedtbe mssay
responses. Antibodies can be classified into two categories depending on clonality. Polyclonal
antibodies are a product of several different antibselyreting plasma cell lineages and bind to
multiple types of epitopes. On the other hand, mamadl antibodies bind to one type of epitope

as they are essentially clones of one antibselyreting plasma cell lineage. Monoclonal antibodies

are relatively more specific to antigens compared to polyclonal antibodies which is why
monoclonal antibodies arpreferred in immunoassays for their high specificity and lower-cross
reactivity with other antigef$®”.

Fig. 1.7. Crystal structure of a human IgG antibody accessed from protein data bank (PDB code:
1HZH).
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antigen within antigen antigen-binding site
antigen-binding site

hinge
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[] tight © chain
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Cy3 Cy3
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Fig. 1.8 Schematic representation of a typical IgG antibody. Reproduced from reférence

1.5Immunoassays: ELISAsS

Immunoassays are analytical methods used for the quantification of antigens by using the highly
specificantibodyantigen interaction. To quantify the antigen, specific signal molecules (labels)
are attached to the antibodies which can produce signals after an leantit@ody interaction.
Common labels include radioisotoptsnzyme$?®, fluorochrome¥®, etc. When an enzyme is

used as the label, the immunoassay is termed as enzyme immunoassay or-lieRegme
immunosorbent assay (ELISA). The ELISA technique was first developed i®@0=s%. Since

then, it has been extensively exploited to design biosensors for diverse applications such as
agriculture, environmental protection, food analysis, and diagnt¥étt€s There are three general

steps in performing an ELISA experiment: coating, blocking, and detecting. A blocking step is
done to minimize nospecific binding (NSB). NSB refers to binding of antibodies tontended
proteins, enzymes, or any species present in the immunoassay envirSAfiérnCommon
blocking agents include casein, bovineuse albumin (BSA) etc. Each of the steps is followed by

a washing step to remove unbound species. Washing is usually done using a buffer solution (such
as phosphate buffer) containing a detergent (such as Tween 20).
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An ELISA can be performed in fourfterent formats:

a) Direct ELISA
An antigen is coated on the sensor surface followed by binding with a primary antibody labelled
with an enzyme.

b) Indirect ELISA
An antigen is coated on the sensor surface followed by binding with a primary antibody and a
se®ondary antibody labelled with an enzyme.

c) Sandwich ELISA
An antigen is sandwiched between primary antibody and labelled secondary antibody. The primary

antibody is coated on the sensor surface.

d) Competitive ELISA

A reference antigen is coated on the sessirface. The sample antigen competes with a reference

antigen for binding to a specific amount of labelled antibody.

ELISA type Advantages Disadvantages
Direct 1 Rapid 1 Least specific as only on
91 Less steps to follow antibody is used
1 Easiest to use 1 High background noise
Indirect 1 Higher specificity than direc {1 Potential for crosseactivity
ELISA by secondary antibody
Sandwich 1 Highest specificity anc { Takes a longime because 0
sensitivity among all ELISA the number of steps involve
formats in this format
1 Compatible with comple 1 Only works with matched pa
matrices of samples of antibodies
Competitive 1 Good specificity for smal 1 Requires an antige
antigens conjugated with enzyme

Tablel.4: Comparison of different ELISA formats
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In this thesis, sandwich ELISA is used as it offers highest specificity. The sandwich ELISA format
requires two antibodies specific to epitopes of the same antigen. These two antibodies are normally
referred to as matched antibody pairs. Since two antib@ilesised to bind one antigen in a
sandwich ELISA, this format provides higher specificity. ELISAs can be adapted to generate an
electrochemical response. In an electrochemical sandwich ELISA the primary/capture antibodies
(Ab;) are attached telectrodes, often using chemical coupttig®® A sampe containing antigens
(biomarkers) and secondary/detection antibodies)(Abthen introduced to the electrodes. The
antibodies selectively bind to the Ag from the sample. Theig\typically conjugated to a redox
enzyme, such as HRP or alkaline phosphatase (A#)as shown in fig1.9. Electrochemical
detection is achieved using a mixture of substrate and mediator introduced to the immunoassay.
The catalytic redox reaction of the substrate is detected electrochemicallys@mee of mediator)

using techniques like voltammetty, amperomet§1125 impedancE! among others. The
electrochemical response (current or impedance) is related to the amount of enzyme conjugated to
the antibodies, therefore, to the concentration of antigen captured by the antibodies. This
relationship can be used to draw calibration curvesvdest electrochemical response vs
concentration of antigen.

H,O
HRP 272

H,0

Streptavidin

Biotin

Detection antibody

Antigen Mox Mred

Capture antibody

Chemical coupling

Fig. 1.9 Schematic illustration of a sandwich ELISA based mediated electrochemical biosensor.
Mox = oxidized mediator and M = reduced mediator.

13



1.6 Electroanalytical methodologies

Electrochemistry is the study of chemical change influenced by transfer of charged patrticles (ions
or electrons) between an electrode (conductor of electricity) and the solution in which the electrode
is immersed. This boundary between thieceode and the solution is termed as the
electrode/solution interface. There are several techniques that can bearsdydehese changes.
Throughout this thesis techniques such as cyclic voltammetry (CV), chronoamperometry (CA),
and amperometry anesed. Therefore, a brief description of these techniques is presented in this
section. The electrochemical experiments in this thesis are performed using a standard three
electrode system which consists of a working electrode, counter electrode, ancteséézetrode.

a) Working electrode (WE): The working electrode conducts the electrochemical event of
interest. For solutiowased electrochemical experiments, electrochemically inert
conductive materials are usually used as WE. Working electrodes thahareaoly used
in electrochemical biosensors include caf8f’ platinunt!? and gold®>.

b) Reference electrode (RE): A reference electrode has aefatled potential which is used
as a reference point against which the potential of the WE can be measured or set in an
electochemical cell. The applied potential is reported as V (vs a reference). Common
reference electrodes used in agueous electrolytes include the saturated calomel electrode
(SCE), standard hydrogen electrode (SHE), and the Ag/AgCl (3M KCI) electrode. When
an organic solvent is used as electrolyte, usually an Ag/élgctrode is used as the
reference electrode.

c) Counter electrode (CE): The counter electrode completes the electrical circuit as the current
flows between the WE and CE. Platinum wire/mesh and geapgds are typical examples
of counter electrode.

In an electrochemical experiment a WE, RE, and CE are immersed in a solution. When the
potential difference between the WE and RE is varied using a potentiostat, it produces a current
flow which happenslue to electrons crossing the electrode/solution interface as electrochemical
reactions proceed.

At the working electrode, two types of processes occur. The faradaic process is caused by transfer

of charge across the electrode/solution interface causiittmn or reduction of the species
(analyte) present in the solution. These reac
thus, they are called faradaic processes. Far
coulombs of charge caes one equivalent of a reaction. If the working electrode is driven to more
positive potentials, electrons will flow from an oxidizable species (a reductant) at the
electrode/solution interface to the electrode, resulting in an anodic or oxidation current.
Alternatively, if the working electrode is driven to more negative potentials, electrons will flow

from the electrode to a reducible species (an oxidant) at the electrode/solution interface, resulting

in a cathodic or reduction current.
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The second type gifrocess, the nefaradaic processes, are those transient currents that flow due
to changes in the potential. For example, when the potential across the electrode/interface is
changed suddenly, charged ions in the solution align themselves in a doubfadhig near the
electrode but they do not cross the electrode/solution interface. This double layer consists of an
excess of electrons on one plate and a deficiency of electrons on the other. The double layer is
made up of layers such as the HelImhalyzrs and the diffuse layer. The Helmholtz layer is further
classified into inner Helmholtz plane (IHP) and the outer Helmholtz plane (OHP). The diffuse
layer extends from the OHP into the bulk of the soldfibhisbehaviourof the chages near the
electrode and electrode/solution interface is similar to that of a capacitor. A capacitor is an
electrical circuit element composed of two metal sheets separated by a dielectric material. As the
double layer forms, a current called the chaggiarrent will flow which will be proportional to

the capacitance of the double layyerThe charging process tends to be very fast and resulting
current will expire in a short time (usually a femlisecond$.

The current from the faradaic electrochemical reactions is dependent on various factors such as
mass transfer, electron transfer at the electrode surface, chemical reactions preceding or following
the electron transfer and surface reactions (adsorption, tiescfr.). Mass transfer dictates most

of the behaviour of the electrochemical reactions. It is the movement of any species from one
location in solution to another. There are three modes of mass transfer:

a) Migration: Movement of a charged species untlergradient of electrical potential.

b) Diffusion: Movement of a species under the influence of concentration gradient.

c) Convection: Movement of species due to external force (such as stirring or hydrodynamic
support).

The mass transfer can be limited thffusion by minimizing migration and convection
contributions. Migration can be mitigated by using a fully dissociated electrolyte during
electrochemical experiments. In this case, the ions within the supporting electrolyte carry majority
of the charge inthe analyte solution thereby making the potential gradient insignificant.
Convection can be minimized by studying the analyte istirred solutiot® 117, When diffusion

is the only gjnificant form of mass transfer, the current in a voltametric cell is equal to:

¢ 00 0 0
1

where j is the diffusion limited current, n is the number of electrons in the redox reaction, F is
Faraday ds ¢he arsatofatmetelectrolle, D s the diffusion coefficient for the species
reacting at the electrodepfi and Giectrode@re the concentrations of redox species in bulk solution
and at the electrode respecti ayerl y, and 0 1is
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A typical redox reaction can be written as:
EweQ O 1 QQ

Where ox is the oxidized species, red is the reduced species, and n is the number of electrons
exchanged between the oxidized and redox species. The potential of the electrodsdinfical)
can be determined using the Nernst equétton

) ) v w, 1.Q0Q

@) @) — 0 £~

£ EW

where Ece is the formal potential of the redox reaction, R is the gas constant, T is temperature, n
is the number of electrons involved and F is the Faraday constant. [red] and [ox] are the

concentrations of reduced and oxidized species respectively.

1.6.1Cyclic Voltammetry

Cyclic voltammetry is usually the first electrochemical test done in many experiments. In this
technique, an initial potential {&s applied at the working electrode and ramped linearly over
time until it reaches a fixed switching poteniigt) at which point the entire process is reversed
back to the initial potential. The corresponding current is recorded as a function of the varying
potential. This results in a cyclic voltammogram (CV) which is a plot of applied potential on the
x-axis with current flow at the working electrode on thexis''>'® The schematics of a CV are
shown in fig.1.10Q
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Fig. 1.10 Plot of potential against time, plot of current against time, and the final cyclic
voltammogram (current against potential) for a reversdmutionphase redox reaction (0.2 mM
[Os(bpy)Cl2]Cl complex in 0.05 M phosphate bufaline, PBS137 mM NaCl, pH = 4). CV
recorded at scan rate = 100 mV/s at room temperature in ambient environmentnikal
potential and E= switching potential.
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In an electrochemically reversible reaction, reaction kinetic&aatgand the currens limited by
the diffusionof redox species to or from the electrode. The potential at which the current is reached
its maximum value is called the peak potential and the maximum value of the current is called
peak current. The peak potentials at maximum anodic curpgrafd maxinmm cathodic current
(Ipc) are referred to aspkand Ec respectively (fig. 111). The halfwave potential (k) is the
average of the anodic and cathodic peak potentials. It is an important parameter in the identification
of any redox species.
o 0O O

T G
The peak currents and peak potentials can be used to determine if an electrochemical reaction is
reversible or not. A voltammogram for a reversible electrochemical reaction has characteristics
such as voltage separation between the oupeaks equal to 59/n mV (n = number of electrons

involved in the redox reactionYQ0 'O O — & o). The position of peakurrens in the
CV does not alter as a function of voltage scan rate. The ratio of the anodic peak current and
cathodicpeak current is equal to one—< p). Additionally, the peak currentsp)(iare also

proportional to the square root of the scan rat¢ Qe 0)**>.

3.0x107
2.0x10°
1.0%10° -

0.0

Current (A)

-1.0x107
-2.0x107°

-3.0x10° -

-4.0x10°® T T T T T T T T T T T T T
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Potential (V vs Ag/AgCI (3M KCI))

Fig. 111 A typical cyclic voltammogram ofraversible solutiorphase redox reaction (0.2 mM
[Os(bpy)Cl2]Cl complex in 0.05 MPBS(137 mM NaCl, pH = 4). CV recorded at scan rate =

100 mV/s at room temperature in ambient environment. The anodic and cathodic peak current are
ipa @and i respectivel. The anodic and cathodic peak potentials aggafid Eyc respectively.
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The peak current,p,i of the reversible redox process is described by the Ra@les | 2 k
equation®®
£ o0 0

Q TTST([QEO'OOGT.,Y

Where n is the number of electrons involved in the redox reaction, A is the electrode are} (in cm

C is the concentration of the redox species(inmdycecn D i s t he di f fedogi on c
species (in cAls), ands is the scan rate (in V/s), R is the gas constant (in J/K/mol), and T is
temperature (in Kelvin, K).

1.6.2Chronoamperometry (CA)

In CA, the potential of the working electrode is stepped and the resulting current at the electrode
is monitored as a function of time.

a) b)

Potential (V)
Current (A)

Time (s) Time (s)

Fig. 1.12 a) The plot of potential vs time, B initial value and Eis the potential where no
faradaic process happens. b) The corresponding response of the current due to the potential step
(CA plot)

The current at short times (t = milliseconds and less) consists of a large non faradaic component
due to charging of the double layer near the electrodelaottode/solution interfaé€. The nor
faradaic current or the capacitive current d
according to the following equation:
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whereii s the current (in amperes, A), o®E is the
(in seconds, s) , R is the solution resistance
layer (in farads, F).

The capacitive current getermined by running a CA experiment in the presence of a supporting
electrolyte (such as PBS buffer) in the dodllger charging region.

CA can be used to measure the faradaic current for a diffgsigtnolled process occurring at an
electrode. Thetfaadai ¢ current (i) varies with analyte
equation.

& "OBQHT
w T ‘0 T

where i is the current (in amperes, &)= number of electrons involved in the reaction; F =
Faradayo6s const aledrod¢ area An6d)) € 8 Soncenjration Af redox species

(in mol/cn?), and D = diffusion constant of the redox species (iF€m

To calculate the faradaic current, CA is performed by applying a potential step that can oxidize or
reduce the redox spes of interest and then, the current is measured with respect to time.

CA is an important technique for determining capacitance and resistance of an eféctfbdeea
of electrod&®'?! diffusion coefficient of redox specfé$ etc. CA has also been used as a
detection technique in several renzymatic electrochemical sengéfs?4

1.6.3Amperometry

Amperometry involves the application of a constant reducing or oxidizing potential to a working
electrode and measurement of the resulting current. If a suitable potential is choseéhe then
current response is directly proportional to the concentration of the analyte species. Therefore,
amperometry is one of the most common methods of electrochemical detection in
biosensors**788and immunoassa$/$!?

1.7 Thesis proposition

This thesis studies the use of osmium complexes as mediators for electrochemical detection in
horseradish peroxidase (HRP) based sensors and immunoassays. The second chapter is focused on
the synthesis, purification, and characterization of osmium polyyycomplexes and polymers.

This chapter discusses the various synthetic approaciteslassifies theraccording to product

yield, reaction time, and ease of extraction of the product. The third chapter discusses the use of
various osmium complexes as nadrs for the HRP enzyme. The choice of osmium complex for
mediation is rationalized by examining the stability of the complexes in aqueous solutions and
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their electron transfer reaction rate constants. The fourth chapter focuses on accounting for
differences in surface areas of electrodes using squaeted carbon electrode (SPCE) arrays.
Capacitive and faradaic currentare evaluated as area normalization parameters for
electrochemical biosensors. The fifth chapter discusses the use of aafeskgp@iments (DoE)
approach for development and optimization of an HRRBed sensor for detecting hydrogen
peroxide. The sixth chapter is focused on development of a perokidasd immunoassay for
detection of prostate cancer (PCa). Using an osmium compleredstor and 3D printed
microfluidic chips, a rapid, oxygeimsensitive, and multiplexed immunoassay is designed for
possibleapplication to detection of PCa. The seventh chapter provides a conclusion of the thesis
along with presenting areas for furtmesearch.
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Chapter 2: Synthesis, purification, and characterization of
osmium polypyridyl complexes and polymers

3.1Introduction

Polypyridyl complexes with transition metals haween in use for a very long tif& These
transition metal complexes find applications as components in -org@hicframeworks
(MOFs)'8, photosensitizefs'3, anticancer drug$' 6, redox fuel cell¥"?% and biosensoté.

The group 8 transition metals (iron (Fe), ruthenium (Ru), and osmium (Os)) can form octahedral
complexes with stng field ligands where the metal centre is stabilized by ligands having strong
“-acceptor properties. Common ligands for these types of complexes include nitrogen heterocycles
such as pyridin®, imidazolé?, phenanthroling biimidazol€?, bipyridine®*, terpyridiné® etc., all

of whi c h -aacepsors.drbeopdlypyridyl liganddt is the focus in this thesis is the 2,2
bipyridine (bpy) ligand and its derivatives.

Why Os complexes?

The bpy ligand has been known as aadination ligand for the group 8 metals for over a century,

as reported in the review of the history of tipy tigand’. Metatbpy coordination complexes of

Fe, Ru, and Os have been prepared and chazactazktensively*®3 Metakbpy complexes of

Os are proposed to offer advantages over those of Fe or Ru as the metal centre because of following
reason¥ 4%

) Os complexes with the bipyridine ligand (By) are more stable than-Bpy and Ru
bpy complexes because -©gy complex has higher crystal field splitting parameter
(denoted by @o (o represents an octahedra
complexes.

Many properties of these metahy complexes are dependent on the crystal field splitting
parameter. Tis parameter defines the separation between the two degegendited and the

three degenerategtorbital electron energy levels (fi®2.1 ) . The oo -bpyor t he
compl exes i ndompgasco mpd etpd y <KE epmp I( KRixpy complepo  ( Os
as the size of the d orbitals increase. Gene
for 5d orbitals up to 70% greater than that for 3d orbitals when the same ligand is used for
complex formatiof?. The larger thevalue ofpo |, the more thermodynami
metal complex.
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Fig. 2.1: Crystal field splitting of the d orbitals of the central metal ion in octahedral
complexe® 44

Bipyridyl complexes with iron (Fépy complex) have their excitestate lifetimes dominated

by dd states that lie lower than the mdigand charge transfer (MLCT) states because of the

smal |l er Qo . Because -bply complegesitendetm lbse ligdndssahdat e s |,
decompose photochegailly. Bipyridyl complexes with ruthenium (Rapy) also have low

lying dd states which can limit excitestiate lifetimes and lead to decomposition of the complex

by loss of ligands. However, osmium complexes with the bipyridine ligant§§)sare more

stable than Febpy and Rebpy complexes because ®py compl ex has | arge
ot her two metal compl exes. Tyngddistatesgnel makeso r ai

their effect on complex formation negligible. Without any dlyimg dd statesthe osmium

complexes are photochemically stable and do not easily decompose by loss of ligands.

i) Osmium forms stronger g and bonds wit|
therefore, the Obpy complexes are more stable than the other two +hpial
complees.

Metatbpy complex stability depends on the synergic bonding in which electrons are
transferred from G orbitals on thgsandprogen
orbitals of the met aljzy ¢rhitalshobthednietaigo) tahned & mpotny
mol ecul ar orbitals of the conj ugabondidg)dset er o
shown infig.22andfig23. Thi s doubl e bond interaction i
metal atom and bpy ligand results a ligand fieldbisitaation energy, favouring formation of

the complex. The d orbitals of Os metal can be extended to a much larger degree than d orbitals

of Fe and Ru metals. This enhances maahd back bonding in Gspy complexes and thus,

provides better complex &fdity in these complexes.
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iii) Osbpy complexes have a lower redatgntial for Os(ll/111) redox reaction.

lonisation energy decreases down a group in the periodic table. This mak&ddhis&ion
energy of osmium metal ions lower than tf&@isation energy of ruthenium and iron metal
ions (3rd ionisation energymesponds to the following reactionM  M3* + €). A lower
3Yjonisation energy leads to lower redox potential for complexes of Os(Il) and also stabilises
the other higher oxidation states. This makes thbgyscomplex more stable than{fpy and
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Febpy complexes. The lower redox potential of-lipy complexes also better matches
applications as an electrocatalyst or mediator in biosensors as a low redox potential is needed
to minimise the effects of interferenées

The Osbpy complexes are chemically stable and electrochemically reversible because of the
advantages listed above. Therefore, the-b@s complexes have been widely used in
electrochemical systems as electron transfer agents (or medtafdr¥)*®*. In this thesis, the

focus will be on O$py complexes in the +2 (Os(ll)) and +3 (Os(lll)) osmium metal oxidation
states and the cycling between these states in thEIlDsedox couple. In the Os(ll) state, Os

bpy complexes assume octahedral configuration. These complexes apaispihand thus
diamagnetic in nature, withg configuration and coordination numberTiie, Osbpy complexes

in the Os(lll) state areatahedral, lowspin, paramagnetic in nature, witlgtconfiguration and
coordination number‘é

The redox potential of the Os(lI/Ill) couple can be tuned by using differbstisients on the bpy
ligancf*364050 As only substituenten the 4,4' position of the bpy ligand are considered in this
thesis, this introduction focuses on 4@y derivatives used to tune redox potentials. This
tunability of redox potenti al i's dependent on
Substituting with an electron withdrawing group (EWG) suchGlsor -CN at the 4,4' positions

of bpy decreases the electron density of the osmium metal centre, making it difficult to oxidise
Os(Il) to Os(lll), and thus requiring a higher potential for tedox reaction (increases the
Os(II/111) redox potential). Substituting with an electron donating group (EDG) sud¥ik-hsor -

OCHs on the bipyridine affects the redox potential of Os(ll/1ll) couple in the opposite way and
thus decreases the redox potdntigor example, while the Os(bp®l. complex has a redox
potential of 0 V (vs Ag/AgCl (3M KCIyF, the Os(4,4tichloro-bpy)Cl. complex (having an
EWG on bpy ligand) has a redox potential of +0.2 V (vs Ag/AgCl (3M REIPowever, the
Os(4,4*diamincbpy):Cl> complex (having an EDG on bpy ligand) has a redox potentid).66

V (vs Ag/AgCI (3M KCI)*L. Thus, using a range of different EWG and EDG groups on the bpy
ligand (fig.2.5) the Os(II/1ll) redox couple can be tuned to a number of different redox potentials.

The relationship between the type of the ligands (L) attached to the metal centre (M) of an
octahedral complex and the redox potential of the corresponding M(II/IIl) couple can be
determined using the Lever equati8fi? (equation 1).

For any metal complex with general formula, MXZ,, (M = metal; X, Y, Z = ligands), the ligand
parameters and the redox potential for the M(n)AUicouple can be plotted as angiot:

Ecac= Su[ ELFE* Im (equation 1)

where Eac is the calculaté redox potential of the M(n)/M¢d) couple, k£ is the ligand
electrochemical parameteny &nd M are the slopes and theintercept respectively of a plot of
calculated redox potentialcd/ev e r sus EE
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The ligand electrochemical parameter is definearesixth that of the Ru(lll)/Ru(ll) potential

for species Ruk.in acetonitrile and it assumes that all ligand contributions are additive.Mhe S
and . values are specific for each M(n)/M{) couple. The @ and l values are dependent on

the stereochemistry and spin state of the metal complex and on the solvent used. Lever performed
experiments with different complexes of ruthenium, iron, osmium, chromium, and other metals to
determine the effect of ligands on tleelox potential of the respective metal complex. It was found
that addition of one pyridine or imidazole group to the coordination complex increases the redox
potential of the complex bgpproximately+-0.25 \P*2 For example, Os(bpyGl. complex (parent
complex) has a redox potential of 0 Ws Ag/AgCl (3M KCI)® but the [Os(bpy)4-
aminomehylpyridine)CI]Cl complex (addition of a substituted pyridine ligand to the parent
complex) has a redox potential of +0.22¥ue to a positive shift in redox potential after addition

of pyridine to the metal centre.

Synthesis of compgxes

The synthesis procedure of ©gy complexes was first reportedtie 1950s by Dwyer and €o
workers. Later, several novel synthetic procedusese reported throughothe 1980¢:39:40.53.54
These procedures used®sCk', (NH)20sCk®¢, or OsC#>* as starting materials and includad
reduction step with sodium dithionite pooducethe reduced form of Gispy complexesOgl).

The reaction mechanism for reduction of Os(lll) to Os(ll) by sodium dithionite is shown below

(fig. 2.4). Sodium dithionite is a reducing agent with redox potenfe66V (vs NHE at pH =
7)55,56'

"YO ¢O0 z OV ¢cQ ¢O
cO i cQ z Ui
"YO cO i ¢Ob z OV cU i O

Fig. 2.4: Reaction mechanism for reduction of Os(lIl) to Os(ll) by sodium dithionite

Alternate synthetic approaches include using microwave irradiation during sytthidi&isowave
assisted synthesis reactions have been reported to produce higher yields of products and less side
products than synthetic approachesing solvents heated at reftdx®. The most common
synthesis procedure used is that reported by Kebal3® where (NH)0sCk and a bpy ligand
(N-N) are refluxed together in ethylene glycol to synthegizes polypyridyl complex. The use
of ethylene glycol as an alternate solventimethylformamide PMF) or ethanol results in an
increased reaction temperature and decreased reactioh Hthglene glycol also acts as a
reducing agent which helps the reaction proe&¥d

Synthesis, purification, and characterization of a range of ostpalypyridyl complexes is
described in this chapter. The initial focus is on N4bPg complexes (two bpy ligands {N)
attached to the metal centsghich are denoted as Os{¥)-Cl. (oxidation state of osmium = +2,
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reduced form) and Os¢(N).Cl,* (oxidation state of osmium = +3, oxidized form). Subsequently
N5 complexes are produced, which have two bpy ligandbl)(ldnd one additional nitrogen
heterocylic (pyridine or imidazole) ligand (L) coordinated to the metal refithe N5 osmium
complexes are denoted as [Od{)(L)CI]* (oxidation state of osmium = +2, reduced form) and
[Os(N-N)2(L)CI]?* (oxidation state of osmium = +3, oxidized form). The synthesis of osmium
redox polymers, where Gy complexes are coordinated tee N-heterocyclic polymer
polyvinylimidazole (PVI), is also presented in this chapter. These osmium redox polymers are
synttesized by substituting one chlorine ligand from the parent complex {Qp®) for
imidazole of the PVI forming a morsubstituted polymer ([Os@N)2(PV1)10CI]Cl). Degani et
al 8t first reported the use of suaimosmium redox plymer for a glucose sensor in 1989. Forster
et al®? published further studies on synthesis and characterizatiommrafus osmium redox
polymers. They reported thatetlsynthesis of monsubstituted osmium redox polymers requires
low reflux temperatures and nagueous solvents. When high boiling solvents and aqueous
solvents are used during synthesis, @ulistituted polymer ([Os@N)2(PVI)1gCl) is formed
because o$ubstitution of both chlorine ligands from the parent complex by imidazole. Presence
of trace oxygen during synthesis of osmipatypyridyl complexes and polymers can lead to low
yields of desired product and synthesis of side products (such adb@s0),)%. Therefore,
synthesis procedures of these complexes and polymers requir@xggdmatedenvironment
which can be achieved by constant purging of the reaction mixture by nitrogen or argon gas.
In this chapter, a range of approaches to the synthesis of osmium redox complexes and polymers
is studied taoptimizethe synthesis procedurbg congderingthefollowing parameters:

a) solvent used for synthesis reaction,

b) time taken for the synthesis reaction,

c) vyield of the product,

d) extraction of the product, and

e) time taken for the product to dry.
Selected complexes are purified using column chromatography and characterized using
electrochemistry, mass spectrometry (MS), and single crysRayXdiffraction (SCXRD).
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Fig. 2.5: Structure of the ligands used in this chapter: a) bpy; b) dBrbpy; )myCd) dCNbpy;
e) dabpy; f) dmobpy; g) dmebpy; RAMP; i) 3-API; j) 1-Ml; and k) PVI

3.2 Experimental
3.2.1 Materials

Ammoni um hexachl oroosmat e, p-bigyraddises fbpyyn K e A é&c hl
dimethoxy2 , -Bigyridine  (dmobpy) 4 , -dimethyt2 |, -Bigyridine  (dmebpy) 4-
(aminomethyl)pyriding(4-AMP), 1-(3-aminopropyl)imidazole(3-API), ethyl ene glyco
dimethylformamide (DMF), sodium dithionite, tetrabutylammonium tetrafluoroborate
(TBATFB), ammonium hexafluorophosphatidHsPFe), disodium hydrogen phosphate, sodium
chloride, sodium dihydrogen phosphate, aluminium oxide (activated, neutral, STD grade, 150
mesh), nitrocellulose membranes (0.22um and 0.45um) and polytetrafluoroethylene (PTFE)
membrane (0.45um) were purchased fr@mgmaAldrich and used as received. Ethanol,
acetonitrile(ACN), toluene, acetone, dichloromethane (DCM), and diethyl ether were purchased

from Fisher. Imethylimidazole(1-Ml),  4diamirdo2 , -Bigyridine (dabpy)a n d -ddbrohd

2 , -Bigyridine (dBrbpy) we r e p ur c h a s e-dichlbro-2o0, AigyFidine (dClbpy) wWad

purchased from Carbosynth. PVI was synthesized in the laboestprgviouslydescrited?,

35



3.2.2 Instruments

All electrochemical tests were conducted using a CH Instrument 650 potentiostat (IJ Cambria) in
a threeelectrode cell containing a glassy carbon electrode as working electrode, an Ag/AgCl (3M
KCI) electrode as reference electrode, and a platinum elecsodeunter electrode. The glassy
carbon electrode and the Ag/AgCl (3M KCI) electrode were purchased from 1J Cambria while the
platinum wire was purchased from Goodfellow. Tests were conducted in phosphate buffered saline
solution (PBS) (50 mM phosphate;i .4, 150 mM NacCl) as an aqueous supporting electrolyte
and in acetonitrile (with 0.1 M tetrabutylammonium tetrafluoroboratesNB&4)) as a non
agueous supporting electrolyte. Mass spectra (MS) of complexes were obtained using a mass
spectrometer (HRMSAgilent 6540, Santa Clara, CA, USA). A 20 ng/mL concentration of the
complexes in 50:50 acetonitrile:water mixture was used for MS characterization. Single crystal X
ray Diffraction (SCXRD) data was collected on an Oxford Diffraction Xcalibur system
(Oxfordshire, UK). The crystal structures were solved by direct methods using SHELXT and
refined using SHELXL 2018/3 within the Oscail package.

3.2.3 Synthesis

2.2.3.1 N4 osmium complexes

The use olusing four solvents: ethanol, DMF, ethylene glycol, and diethylene glycol monoethyl
ether was comparddr synthesis of N4 osmium complexes .

a) Ethanol: A mole equivalent of ammonium hexachloroosmate {dNBsCk]) and 2 moles
equivalent of the bipyridineégand (NN) are dissolved in ethanol andatedto reflux at 90
C. The reaction mixture is constantly purged with nitrogen gas. The reaction is stopped when
the reaction mixture shaexpected redox peakn a cyclic voltammogram (CV) and then the
reaction mixture is allowed to cool down to room temperature. The product in the reaction
mixture is the oxidized form of the osmium complex ([ONCI2]"). This complex is
precipitated by either precipitation from ether or metathesis to the water ibkolu
hexafluorophosphate salt.

i) Precipitaton is achievedby addition of ether into the reaction mixture and filtgrusing
aPTFE membrane. The precipitated complex is drigtiémven.
i) Metathesis is achievedy addition of a supersaturated solution of armnium

hexaflorophosphate (NHPFs) in water. ThePFR salt precipitate is filtered witha
nitrocellulose membrane and washed twice with Milli Q water and once with ether. The
complex is dried imnoven .

iii) The reduced form of the osmium complex (J[O$NCI2]) is obtained by addition of a
supersaturated aqueous solution of sodium dithioniteSia) to the reaction mixture.
The sodium dithionite solution reduces the [O®NCI2]* complex (Os(lll) oxidation
state) in the solution to [Os{N)2Clz] complex (Os(Il) oxidation state) according to the
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reaction shownin fig. 2.4. After the reduction to Os(ll), the Os(N)-Cl>. complex
precipitates out of the solution. The reaction mixture is stirred in ice for 2 hours or
preferably overnight for completegzipitation of the complex. The precipitated complex

is filtered the next day using a vacuum filtration assembly with nitrocellulose membrane
having pore size of 0.22 or 0.45 pum. The precipitate is washed twice with Milli Q water (2
X 250 mL) and once whitdiethyl ether (100 mL). After washing, the precipitate is then left
in oven to dry.

b) DMF: The synthesis in DMF uses a mole equivalent of potassium hexachloroosmate
(K2(OsCk)) with 2 moles equivalent of the bipyridine ligand-kN.dissolved in minimum
amount of DMF and heated to reflux at?®D The reaction mixture is constantly purged with
nitrogen gas. The reaction is stopped when the expected redox peak is seen on a CV and
potassium chloride (KCI) precipitates out of the solution. The reaction miiddiltered with
a nitrocellulose membrane to remove solid KCI from the filtrate. The product in the reaction
mixture is the oxidized form of the osmium complex ([O$NCI2]"). This complex is
precipitated by either precipitation from ether or metashés the water insoluble
hexafluorophosphate salt.

The reduced form of the osmium complex ([O$NCI:]) precipitates after addition of a
supersaturated aqueous solution of sodium dithioniteSg¥a) to the reaction mixture. The
precipitated complex ifiltered, washed, and dried in an oven.

The synthesiand precipitatiorprocedure in DMHKs shownin fig 2.6.

37



DMF, Ny, reflux

KzOSClG + —_— - —_— + KC(Cl

X = -H, -CHj;, -OCHs, -Cl, -Br, -NH,

Fig. 2.6: Reactioms for the N4 osmium complex synthesis using potassium hexachloroasmate
DMF.
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c) Ethylene glycol: For the synthesis of complexes in ethylene glycol, a mole equivalent of

ii)

iv)

ammonium hexachloroosmate ((BEOsCk)) and2 moles equivalent of the bipyridine ligand

(N-N) are dissolved imminimum amount of ethylene glycol andatedto reflux at 160177

C with constant purging of nitrogen gas throughout the reaction. The reaction is stopped when
the expected redox peak appears in@ve and the mixture is cooled to room temperature.

The product in the reaction mixture is tbeidized form of the osmium complex ([Os(N
N)2Cl2]"). This complex is precipitated bwgither precipitation into a solvent mixture,
separation into a solvent and subsequent solvent removal, or metathesis to the water insoluble
hexafluorophosphate salt.

Precipitaton is by addition ofa mixture of ethanol/methanol/acetone and ether. The
precipitate is filtered with PTFE membrane and driedrioven.

Solvent stripping with dichloromethane (DCM) or chloroform (Ck)Gt achieved by
addingDCM or CHCE to the reaction mixture in a separatory funnel and DCM is added.
The separatory funnel is shaken to extract the osmium complex in the d@WCk
layer. The DCMor CHCE layer is removed from the funnel atige solvent igvaporated
using a rotary evaporatarhis procedure is donetimes to extract the maximum amount
of osmium complexrom ethylene glycol

Metathesis is achievda) addition of aqueous NRFs. The precipitate is filtered, washed,
and dried iranoven.

The reduced form of the osmium complex ([O${¢Cl2]) is obtained by addition of a
supersaturated aqueous solution ob$@s to the reaction mixture. The precipitated
complex is washed, filted, and dried in oven before use.

The synthesiand precipitatiorprocedure irethylene glycols shownin fig. 2.7.
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ethylene glycol, N,, reflux

(NH4)20§C]6 + - -

[
-

Fig. 2.7: Reactioms for the N4 osmium complex synthesis using ammonium hexachloro@smate
ethylene glycol

d) (2-(2-Ethoxyethoxy)ethanol): (22-ethoxyethoxy)ethanol) is a polyol like ethylene glycol and
it is soluble in ethér. A mole equivalent of ammonium hexachloroosmate {NBsCE))
and2 moles equivalent of the bipyridine ligand-(N are refluxed at 16@70° C with constant
purging of nitrogen gas for 3 hours. The complex can be preeigites the oxidized form or
reduced form using the extraction methddsailed in (cabovefor ethylene glycal
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2.2.3.2 N5 complexes

Synthesis of the N5 Os(lll) complexes candohievedsimilar to the synthesis of the N4 Os(ll)
complexesusingthesolvents ethanol, DMBr ethylene glycal

a)

b)

Ethanol: A mole equivalent of Os{N)-Cl. complex is refluxed with 1 mole equivalent of the
pyridine/imidazole ligand (L) at 900" C. The reaction mixture is constantly purged with
nitrogen gas. The reaction stsopped when the expected redox peak is seen iB\thd he
complex can be extracteohd precipitatethrough methodpresentedor N4 complexes.

DMF: A mole equivalent of Os(M).Cl> complex is refluxed with 1 mole equivalent of the
pyridine/imidazole ljand (L) at 150C with constant purging of nitrogen gas. The reaction is
stopped when the expected redox peak is seen in the CV. The complex can be extracted and
precipitated through methods presented for N4 complexes

Ethylene glycol: A mole equivalent of Os(N).Cl. complex is refluxed with 1 mole
equivalent of the pyridine/imidazole ligand (L) at®00° C with constant purging of nitrogen
gas. The reaction is stopped when the expected redox peak is seen in the CdMnplex can

be extracted and precipitated through methods presented for N4 complexes.

The synthesis and precipitation procedameshownfor ethanol and DMF in fig2.8 and ethylene
glycol in fig. 2.9.
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solvent, N,, reflux

X = -H, -CHj, -OCHj, -Cl, -Br

L

4-AMP, 3-API, 1-MI

KLap pue 1y
- .

%d4d*HN ‘be

Fig. 2.8: Reactioms for the N5 complex synthesis. Solverdthanol or DMF.
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ethylene glycol, N, reflux
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Fig. 2.9: Reactios for the N5 complex synthesisethylene glycol




Synthesis of N5 complexes with ligands such -#€”8 which haveanalkyl chain containing an

amine grougtthedistalend, may form polymeric chains during the rea&iofihe 3API ligand

is a bidentate ligand where one nitrogen from the imidazole can attach to the metal centre and the
other nitrogen from the free amine groum e#so act as a ligandith the metal centre (fig2.10).

A long alkyl chain between the imidazole and the free amine group prevents steric hindrance and
thus, promotes polymer formation.

X
]
X
X
/| Sn c:|\ N|
N /—N/j\

X
NPy \\ ~
AN \5\\(“ “ ’ o
SN N "
x - l
“ =

X

Fig. 2.10: Reaction of the-API ligand with osmiuncomplex. X =NH, -OCHgz, -CHs, -H, -ClI.

To synthesize a complex without polymer formation, the group that causing unnecessary reaction
should be protectedin this case, the amine group can be protected wvgthtacting group-80C)

and the reaction can be carrimutheprotected ligand. Once the protected ligand is attached to the
metal centre (which can beerified using CV), the protecting group can bepietected. This
approachs illustrated in fig2.11and described below.

a) One mole equivalent each of theAPBI ligand, ditertbutyl dicarbonate (BO£D), and
triethylamine (TEA)aredissolved irmminimum amount of chloroform. The reaction is stirred
at room temperature. TEA is an organic base which picks up the proton from the protonated
amine during the reaction and helps progress the reaction. After 24 hours, the solvents can be
removed in vacuand the product checked using NMR.

b) Once the NMR shows that the protection readsosuccessful, the BOfrotected API ligand
(API-BOC) is reacted with the osmium complex. A mole equivalent of @§@El> complex
andl mole equivalent of the ABBOC ligand are dissolved ia minimum amount of ethylene
glycol and held at reflux at 11@. The reaction mixture is constantly purged with nitrogen
gas. When the CV shows the expected redox peak for the reaction mixture, the reaction is
stopped, and the reactiomxture is allowed to cool to room temperature. After the mixture is
cooled, an aqueous solution of ammonium hexafluorophosphate is added to precipitate the
osmium complex, [Os(NWN)2(BOC-API)CI|PFs. The precipitate is filtered using a
nitrocellulose memlane and washed with MilliQ water (twice) and ether (once). After,
filtering and washing, the product is left to dry in the oven.

c) Deprotecting the BOgrotected ligand in the compléxachievedy treatmentvith a mixture
of trifluoroacetic acid (TFA) an®@CM (20% TFA in DCM) at room temperature for 2 hours.
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After 2 hours, the solvents are removed in vacuo and the crude product is usedfwitheut
purification.

a) Protection reaction

[ T H,c._ _O_ _O._ _O_ _CH; TEA, CHCLy [B
N) + \"/ \n/ \|<CH3 - |

H;C

o] CH

.ty 24 1 3
I\/\ cfs © © cHs l o ‘\/\ )‘\ /|<CH3
NH u o CH,4

2

1 1

b) Reaction of the protected ligand with osmium complex

Ethylene Glycol, 110°C,
N3, reflux, 30 min

aq. NH4PF,
1 1
HN \(o
o CHs
\FCHa
CH,
¢) Deprotection reaction
— -+ — -+
TFA, DCM
PF, rt., 2 hrs PF,

X= 'H, 'CH_:;, -OCH_:;, -C], -Br
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Fig. 2.11: Scheme for [Os({)2(3-API)CI]PFs complex synthesis

2.2.3.30smium redox polymers

Synthesis of theedox polymersan be achieved using the solvents ethanol, DMF or ethylene
glycol as depicted in fi@.12 and described below.

a)

b)

Ethanolor DMF: The Os(N-N)2Cl> complex is refluxed in the solvent for 20 minutes to ensure
complete dissolion of the complex. A temolar equivalent of PVils dissolved in the solvent

and added dropwise to the reaction mixture. The mixwrefluxed at 9C with constant
purging of nitrogen gas. After synthesis is finishestimated by monitoring the CV response,

the reaction mixture is cooled to room temperature. The polymer is precipitated using diethyl
ether andhe precipitateés filtered with a PTFE membrane. The filtered polymer is driezhin
oven.

Ethylene glycolTheOs(N-N)2Cl> complex is refluxed in ethylene glycol for 20 minutes before
addition of teamolar (monomer to Os complex@quivalent of PVI dissolved in ethylene
glycol. The reaction is held at reflux at°dD. The reaction mixture is constantly purgedhwit
nitrogen gas. The reaction mixture is allowed to cool to room temperature once the synthesis
is finishedestimated by monitoring the CV respon3de polymer can be extractéwm
ethylene glycol using the procedures described for extraction of the Mgledes from
ethylene glycothrough methods shown below:
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Fig. 2.12: Reactios for [Os(N-N)2(PVI)10CI]Cl polymer synthesis
2.2.4 Purification

The crude products after the synthesis reactions consisteqiure complexes/polymers and
impurities (side products and starting materials). Once the crude complexes and polymers are dry,
they can be purified using chromatography. A thin layer chromapbgr (TLC) approach on
aluminawas first used to analyse the solvent composition required for separation # the
complexesfrom impurities. Column chromatography with alumina (aluminium oxidex@x) was

then performed tseparatghe complex out fromhie crude productSeveral researchers have
reported the use sblvent compositions such as methanol/BMcetonitrile (ACN)/methan®,
ACN/DCM® to purify osmium complexesThe solvent composition required for column
chromatography depends on the polarity of the osmium complex/polymer which further depends
on the polarity of the ligands attached to the osmium metal centre.

Various solvent compositions of ACN/toluene, ACNtmanol, methanol/hexane, ACN/DCM etc.
were testedin TLC experiments but those solvent compositions did not generate sufficient
separatiorbetween pure N4 osmium complexes and impurities durl@ experimentsA 1:1
mixture of ACN and toluene generatduk tbest separationand this solvent composition was
thereforechosen for the column chromatograpbypurify the N4 osmium complexes.

The N5 osmium complexeand osmium redox polymerarere used without anyurther
purification

2.2.5 Crystallization of selectedcomplexes

A vapour diffusion technique n approach that can provigeod diffraction quality crystaig

In this technique, two vials are usexdwide vial anda narrow vial that fis inside the widewial.
Theredox complexsolution is placed in the innaarrowvial. The solvent in the inner vial should
be less volatile thatihe solvenin the outer vialSome appropriatexamples for the solvet the
inner vial are chloroform, toluene, acetoniteDMF. For the outer vial, volatile solvents such
as pentanehexane, or diethyl ether are usually usece ystem, as shown in fig.13, is placed

in a fridge for 1620 daysminimizingall possible mechanical or air flow disturbances. The solvent
in the outer vial gradually diffuses into the inner vial, preaipigy theredox complexwhich forms
crystals. The cold temperature of the fridge sl@atventdiffusion which helps in generating
diffraction quality crystals.

A slow evaporation technigueEn also providgood diffraction quality crystaldn this appoach,
a saturated solution of thhedox complexn a suitable solvents(ich asethylene glycol, water,
DMF etc.),is kept in a container with large surface amasad covered lightly to allow slow
evaporation of the solverieaving behind crystals of thhedox complex
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Fig. 2.13: Scheme for the vapour diffusion crystallization technique

2.3 Results and discussion

2.3.1Comparison of synthetic approaches

The synthetic approaches described in this study rely on the s¢étbanol, DMF, ethylene
glycol, and(2-(2-ethoxyethoxy) ethano))being used during the synthesis reaction. The reaction
time, yield, andisolation procedure forthe solid product from eeh synthetic procedure are
presentedn tables2.1, 2.2a, 2.2b, and 2.3

Ethylene glycol turned out to be the most efficient solvent for the synthesis of osmium complexes
and polymers as it synthesized high yields of the products in relativeltinessThis could be
possibly because of high reflux temperatures that can be achieved by using ethylene glycol as
solvent. When ethylene glycol is used as the solvent, the reduced N4 osmium complex was
precipitated by addition of sodium dithionite to tleaction mixture. In case of oxidized osmium
complexes and polymers, two procedures provided efficient extraction in terms of ease of
extraction and time taken for product to dry:

a) Precipitating the product with solvent mixture

A mixture of ethanol/methanai¢etone and ether in 1:6 ratio is added to the glycolic reaction
mixture. The product precipitated out of the mixture which was ready to use within a day of drying
in the oven.

b) Extracting the product with solvent

DCM/chloroform was used to extract theg@uct from the glycolic reaction mixture. The product
was ready to use within a day after removal of DCM/chloroform.
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Solvent Reaction | Yield Extraction of solid product | Dry (in
time oven @
50°C)
Ethanol 8-10 days | 70- 80% Reduceoxidized N4with 2-3 days
aqueous sodium dithionite
(wait overnight for precipitate
to form), filter, and dry
DMF 34 hr 707 80% Two steps: 2-3 days
1 Filter KCI
1 Reduce thexidized N4
with aqueous sodium
dithionite (wait overnight
for precipitate to form)
filter, and dry.
Ethylene 20-40 mins | 807 90 % Reduceoxidized N4with 2-3 days
glycol aqueous sodium dithionite
(wait overnight for precipitat¢
to form), filter, and dry.
(2-(2- 1-2 hr 701 75 % Reduceoxidized N4with 2-3 days
ethoxyethoxy) aqueous sodium dithionite
ethanol) (wait overnight for precipitat¢

to form), filter, and dry.

Table2.1: Results for synthesis of reduced form of N4 osmium complexes
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Solvent Reaction Yield Extraction of solid product Dry (in
time oven @
50°C)
Precipitateproductby addition of| <1 day
etherto the reaction mixture.
Filter and dry.

N4 810
Ethanol days 70- 80% P.reC|p|tate by metathgsus reacti| 2-3 days
with agueous ammonium
N5 3-4 days hexafluorophosphat@vait
overnight for precipitate to
form). Filter and dry.
Precipitateproductby addition of| <1 day
etherto the reaction mixture
(having filtered KCI previously
for N4 synthesis)Filter and dry.
N4 3-4 days — -
DME 701 80% rPer:gtlir;l:]a\tﬁLogulcjteboyursnetathess 2-3 days
N5 23 days .

ammonium hexafluorophosphat
(wait overnight for precipitate to
form). Filter and dry.

Table 2.2a. Results for synthesis of oxidized form of d&nium complexeand N5 osmium
complexes
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Solvent Reaction Yield Extraction of solid product Dry (in
time oven @
50°C)
Extractproductfrom reaction <1 day
mixture using solvent stripping
method with DCM/chloroform
and evaporate solvent from
product.

Precipitateproductby addition of| <1 day

N4 2040 )
mins a mixture of
hanol/methanol ne an
Ethylene glycol 80 909, | Sthanolimethanol/acetone and
etherto the reaction mixture
N5 2030 )
. Filter and dry.
mins

Precipitate by metathesis reacti| 2-3 days
with agueous ammonium
hexafluorophosphatg@vait
overnight for precipitate to
form). Filter and dry.

Table 2.2b: Results for synthesis of oxidized form of d&nium complexeand N5 osmium
complexes
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Solvent Reaction Yield Extraction of solid product Dry  (in

time oven @
50°C)
Ethanol 1530 days | 75- 80% Precipitateproductby addition | <1 day

of etherto the reaction mixture.
Filter and dry.

Precipitateproductby addition | <1 day
of etherto the reaction mixture.
Filter and dry.

Extractthe product from reactio| <1 day
mixture using solvent stripping
method with DCM/chloroform
and evaporate solvent from
product.

DMF 5-8 days 7571 80%

Precipitateproductby addition | <1 day
of a mixture of
ethanol/methanol/acetone and
etherto the reaction mixture
Filter and dry.

Ethylene . .
glycol 1 3days | 80i 90 % Extractthe product from reactio| <1 day
mixture using solvent stripping
method with DCM/chloroform
and evaporatsolvent from
product.

Table2.3: Results for synthesis osmium redox polymers
2.32 Characterization and purification of N4 osmium complexes

The complexes were characterized using cyclic voltatryrand mass spectroscopy (MS) post
purification. For CV characterization, the complexes were dissolved in PBS asdweié
performedinathreel ectrode el ectrochemical cel I . For ma
from the CVs by calculatingthe mean of the oxidation and reductionalpepotentials,
corresponding to the Os(11)/Os(l1l) redox couple. Depending on the nature of the substituent group
(EDG or EWG), the v a-0.52¢ aml f0.2E¥ @s Ag/AgClipeshowhiet we e n
Table2.4. The CV and MS dataresented in Tabl2.4 is consistent with previously reported
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result$®°2%8 The CVrecorded for therude and pure [Os(dmebp@)2]PFs complexin PBSis
shown in fig.2.14. The crude complex shows two redox peagtgredati 0.11 V and +0.45 V (vs
Ag/AgCl) in the CV.Once purified ie Os(lI/Ill) redox potential of Ps(dmebpy)Cl2]PFs is
centred af 0.11 V (vs Ag/AgCl) which is consistent with previous repSrt§he redox peak at
+0.45 V in the crude samplecould emanate fromthe Os(ll/Ill) redox transition of
[Os(dmebpyd](PFe)3z (N6 complex = three bpy ligands on osmium metal centre) wheyhave
also formed during the synthesis reaction along with the desired complex. The pure esarplex
produced byseparatiorfrom the crude mixture through column chromatography experinagoaits
characterized by recording a CV in PBS (dL5b and fig2.16a) or in acetonitrile (fig2.16b).

1.0E-5

5.0E-6 -

< 0.0E+0

Current (

-5.0E-6

-1.0E-5 1

-1.5E-5 . ; . . T . , ;
-1.0 -0.5 0.0 0.5 1.0
Potential (V vs Ag/AgCl)

Fig. 2.14: CVs 00.2 mMcrude (red) and.2 mMpurified (black) [Os(dmebpyEIo]PFs complex.
CVs recorded i9.05 MPBS(137 mM NacCl, pH = 4) at room temperature at scan rate = 100
mV/s in ambient environment.

MS experiments were done on the complexes after purification. The Os(dEBbpydmplex

could not be purified, therefore, it was not characterized using MS.ohmation during MS
generates various fragments of the complexes which can be used to collect information about
molecular mass and structure of the osmium complexes. The MS of the ions of these complexes
appears as a series of peaks. The main moleculgre@ak shown in the MS corresponds to the

most abundant species present in the sample. In the MS graphs of osmium complexes, six extra
peaks can be seen around the main molecular ion peak. The seven peaks correspond to the seven
stable isotopes of osmium &, 058, 0d8’ 0d%8 058 0d%and 0%°9. The MS data for the
complexes is available in the appendix.
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Complex Formal potential, E° | Calculated m/z| Observed m/z
in PBS(V vs Ag/AgCI | peak peak
(3M KCI))
Os(dabpy)Cl -0.52+ 0.02 634.1 634
Os(dmobpy}Cl> -0.27 £ 0.01 694.1 694
Os(dmebpy)Cl2 -0.12+ 0.02 630.1 630
Os(bpy}Clz 0+0.03 574.0 574
Os(dClbpy)Cl» +0.25+ 0.01 713.9 711
Os(dBrbpy)Cl2 +0.25+£ 0.01 NA NA

Table 2.4: Formal redox potentialgfor 0.2 mM complexes dissolvedr05 MPBS (137 mM
NaCl, pH = 74), data represented as mean = S.D. (n ¥&)d mass spectra (M8)olecular ion
peaks for N4 osmium complexes

The comparison between observed and calculated m/z peaks for the N4 osmium complexes show
good correlation confirming theroposed formulaf the complexes.

a) Os(bpy)kCl: b) E°=0V

6.0x10% o
4.0x10°%
. 2.0x10%4

0.04

Current (A

-2.0%10% -

-4,0%106 4

-6.0x10% 4

0.3 0.2 0.1 0.0 0.1 0.2 0.3
Potential (V)

Fig. 2.15: a) Structure of Os(bpy¢l> complex and bV of 0.2 mMOs(bpy)}Cl.complexecorded
in 0.05 MPBS(137 mM NacCl, pH = A4) at room temperature in ambient environm@uan rate
=100 mV/3

When acetonitrile is useab the supporting electrolyten Ag/AgCl (3M KCI) electrodes usedas
referenceelectrodeandferrocends usedas internal standardhe potential of the complexes are
referenced against ferrocene to remove any discrepancy causeabydbeseference electrode
being used.
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Fig. 2.16: CVs of theD.2 mMOs(dClbpy)Cl> complex in a)0.05 MPBS(137 mM NacCl, pH =
7.4); and b)acetonitrile containing 0.1 M (TBATFB). Scan rate = 100 mV/s. CVs recorded at
room temperature in ambient environment.

Most N4 osmium complexes (such as Os(bPl) complex,fig. 2.150H show electrochemical
reversibility in the CVsbased on observation o~ p, which is consistent with previously

reported data irthe literature®. However, the Os(dClbpyQl2 (fig. 2.16a) and Os(dBrbpyClz
complexes shovan interesting anomaly in their CV shapesordedin PBS buffer where the

anodic peak currents are higher tltathodic peak current4> ipc) in CVs. This anomaly is not
presenin CVsrecordedn acetonitrile fig. 2.16b). This is possibly due to differential solubility

of the reduced and oxidized forms of the complexes in the solvent. The osmium complexes are
completely soluble in organic solvents such as acetonitrile, DMF etc. as they are moderately polar
complexes. These complexes amveverrelatively less soluble in aqueous solutions (such as
PBS) when compared to the organic solvents. The partial sofudfibsmium complexes is much

more evidentvhen attempting to dissolthe reducegdneutral form of N4 osmium complexan

PBS compared to the oxidized sdlhe low solubility of reduced form of N4 osmium complexes

is also discussed by Jenkins et®and Rengaragt al’®. For example, the Os(dClbp@)l. complex

is soluble in PBS buffer up to 0.05 mM concentrations whilg @s&dClbpy)Cl,]Cl complexis

soluble in PBS buffer up to 1 mM concentrations. The oxidizedcdiplexesare moderately

polar and charged species which are soluble in organic solvents as well as in aqueous solvents such
as PBS bufferln the CV experiment in PBS bufféhe anodigeak currents are hightttan the
cathodic peak currents the case ofthe N4 Os(dClbpy)}Cl, and Os(dBrbpyCl. complexes
because theeducedcomplexes ardesssoluble in PBS compared to tloxidized complexs
thereby,displaying an increase the resiting oxidation pealcurrent and a change in the peak
shape Thisanomalyis not visible in CVgecordedn acetonitrile solvent because thie similar
solubility of the reduced and oxidized species of the osmium complexes in acetonitrile.
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For the [Os@imebpy).Cl2]PFs complex, a vapor diffusion procedure with acetonitrile/ether and
dimethylformamide/ether mixtures produced diffrantquality crystals. Other solvent
compositions such as DCM/ether, acetonitrile/hexane etc. produced oils and piostadof
crystals For the [Os§Brbpy)-Cl2]Cl complex, a slow evaporation technique with ethylene glycol
solvent produced diffrain-quality crystals. The novel crystal structures are shiomfig. 2.17.
Crystallographic data and details of refinement are listed iraghendix. These novel crystal
structures show similar structural morphology as the published crystal structures of other osmium
polypyridyl complexe& "3

a) [Os(dmebpy)Cl2]PFs crystal in| b) [Os(dmebpy)Cl2]PFs crystal in DMF
acetonitile (ACN) solvent solvent

c) [Os(dBrbpy}Clo]Cl in ethylene glycol solvent

Fig. 2.17: Novel crystal structuresf selected N4 osmium complexes
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2.33 Characterization of N5 osmium complexes

The redox potentials of the N5 osmium complexes are affected by the nature of the ligand
coordinated to the osmium metal centre. When one of the chlorine ligands from the parent N4
osmium complex is substituted wihpyridine or imidazole ligand, a shift of approximately +250

mV (vs Ag/AgCl) in redox potential is observed in the resulting N5 osmium cofipfesor
example, the parent N4 osmium complex [Os(bPlg] has a redox potential of 0 V (vs Ag/AgCI

(3 M KCI))%®. However, when one chlorine ligand from the parent [Os@a]) complex is
substitued with the 4AMP ligand, the resulting N5 osmium comple2g(bpy}(4-AMP)CI|PFs

is found to have more positive redox potential (= +0.27 V (vs Ag/AgCl (3 M K€I)Jhe redox
potentials of the N5 osmium complexes with three ligand&N#P, 3-API, and 1IMI) are
presented in tab25. The results in tab®5 are comparable to published reports in literdftlfe

Complex name Formal potential, E° in PBS (V vs Ag/AgClI (3M KCI))
[Os(dmobpy)(4-AMP)CI](PFs)2 | +0.02+ 0.01

[Osdmebpy)(4-AMP)CI|(PFs)2 | +0.2+ 0.02

[Os(bpyX(4-AMP)CI](PFs)2 +0.27+ 0.01

[Os(dClbpy}(4-AMP)CI](PFs)2 | +0.42+ 0.01

Complex name Formal potential, E° in PBS (V vs Ag/AgCl (3M KCI))
[Os(dmobpy)(3-API)CI](PFs)2 0+0.01

[Os(bpy)k(3-API)CI|(PFs)2 +0.25+ 0.02

Complex name Formal potential, E° in PBS (V vs Ag/AgCl (3M KCI))
[Os(dmobpy)(1-MI)CI] (PFe)2 0+0.02

[Os(bpyp(1-MI)CI] (PFs)2 +0.25+ 0.02

Table2.5: Formal redoxpotentials for the N5 osmium complsxe0.05 MPBS(137 mM Nacl,
pH = 7.4). Data represented as mean + S.D. (n = 3).

Typical CV and structures of selected N5 osmium complexes are shownari éig.
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a) [Os(bpy)2(4-AMP)CI](PFe)2 E°=+0.27V
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Fig. 2.18 Complex name and structures along with thespective CV$concentration = 0.2
mM) showing their redox potentials. CVs recorded.05 MPBS(137 mM NacCl, pH = #4) at
room temperature in ambient environméstan rate = 100 mV)s

2.34 Characterization of the osmium redox polymers

The redox potentials of the osmium redox polymers are also affected by the nature of the ligand
coordinated to the osmium metal centre. When one of the chlorine ligands from the parent N4
osmium complex isubstituted with an imidazole ligand, a shift of approximately +250 mV (vs
Ag/AgCl) in redox potential is observed in the resulting osmium redox pot§iteFor example,

the parent N4 osmium complex [Os(bgylp] has a redox potential of 0 V (vs Ag/AgCl (3 M
KCI))3¢. However, when one chlorine ligand from the parent [Os@a})complex issubstituted

with the imidazole from the PVI, the resulting polym&s[bpy}(PVI)1cCI]Cl or OsbpyPVI is

found to have more positive redox potential (= +0.22 V (vs Ag/AgCl (3 M K€ he redox
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potentials of the osmium redox polymers are presented in 2abl& he results in tabl2.6 are

comparable to published reports in literatré

Polymer name Formal potential, E° in PBS (V vs Ag/AgCI
(3M KCl))

[Os(dmaopy)(PVI)1cCI]Cl or OsdmobpyPVI | -0.02+ 0.02

[Os(dméebpy)(PVI)1oCI|CI or OsdmebpyPVI | +0.11+ 0.01

[Os(bpy)(PV1)1oCI]Cl or OsbpyPVI +0.22+ 0.01

[Os(dClbpy)(PVI)10cCI|CI or OsdClbpyPVI | +0.4+ 0.02

Table 2.6: Redox potentials for the polymers 0.05 MPBS(137 mM NacCl, pH = #4). Data
represented as mean = S.D. (n = 3).

Typical CV and structures of selected osmium redox polymers are below:

a) [Os(bpy)2(PVI)1oCIICl E°=+0.22V
— -/ + 4.0%10° 4
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Fig. 2.19: Polymer names and structures along with their respective (CMscentration = 0.2
mM) showing their redox potentials. The polymers were adsorbed on a glassy carbon electrode by
dropcoating polymer solution (in methanol) and drying the film before use. CVs reco@é®d in
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M PBS(137 mM NacCl, pH = 4) at room temperature in ambient envirnant(scan rate = 100
mV/3.

2.4 Conclusion

The synthesis, purification, and characterization of a range of osmium polypyridyl complexes and
redox polymers is described in this study. As discussed before, the osmium redox complexes and
the polymers show a tnd in their redox potential depending on the type of functional group
attached on the bipyridine ligand. With an EWG group, the redox potential of the complex is
shifted to more positive side and with an EDG group, the redox potential is shifted to gaireene

side. The range of osmium polypyridyl complexes synthesized in this study will be utilized as
redox mediators in next chapters of this thesis.

Additionally, this report describes three new findings:

a) Three novel crystal structures of osmium complexes are presented.

b) A new workup method for extraction of products from ethylene glycol is presented here.
The osmium polypyridyl complexes/polymers can be extracted by using either DCM or
chloroform. The product will be dried within a day when kept in ovidns extraction
method is novel for osmium complexes/polymers, and it has not been reported in literature.

c) This is the firstreview reportedor synthesis as well as extraction of osmium polypyridyl
complexes/polymersThe synthesis procedures were analyzed using paranseten as
choice of solvent and reaction time. The product extraction methods were analyzed by
parameters such as ease of extraction and time taken for product to dry.

Finally, the choice of ethylene glycol as solvent for the synthesis of osmium poiypyrid
complexes/polymers was rationalized by discussing various synthesis parameters such as reaction
time, extraction procedure etc. Ethylene glycol is one of the best solvents for synthesis of osmium
polypyridyl complexes/polymers as it synthesized the getedin relatively less time and the
products could be easily isolated by precipitation with an appropriate solvent mixture or extraction
with a halogenated solvent. Overall, synthesis and characterization of the osmium polypyridyl
complexes and polymersane performed successfully.
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Chapter 3: Osmium polypyridyl complexes as mediators for
horseradish  peroxidase (HRP)-based electrochemical
biosensors

3.1Introduction

Over the past few decades, horseradish peroxidase {bH#H¥RY biosensors have been used
extensively for electrochemical detection of hydrogen peroxid®©{H8 The current output
generated from the catalytic reduction a¢id4d by HRP can be detected at the electrode directly
through adirect electron transfgfDET) mechanish¥ 1. However, this mehanism has certain
drawbacks such as low current output due to large distance between enzyme active site and
electrodejmproperorientation of the enzyme active site towards the electrod&? ¥toA redox

active compound or a mediator can amplify the current output in biosensors by shuttling electrons
from enzyme active site to the electradl@mediated electron transf@MET) mechanisrh-1314:16

A mediator should fulfil most or all these requireméntd

) electrochemical reversibility (high heterogeneous electron transfer rate constant),

i) high bimolecular rate constant for electron transfer reaction between the enzyme active
site and the mediator k),

iii) appropriate redox potential for providing the thermodynamic driving force to facilitate
electron transfer from enzyme active site to electrode,

iv) low redox potential to avoid possible reactions with other electrochemically active
interferents (dopamine, asbic acid etc.) present in the test sample,

V) chemical stability in both oxidized and reduced states,

Vi) insensitivity to changes in ionic strength and pH,

vii)  solubility in suitable solvent.

Organic redox specié®!®2® metallocenegd'?®, transition metal complexes and
metallopolymer$242¢ have been used as mediators in HRRBed biosensor®ne of the most
common mediatarused in HRFbased biosensors is/droquinone (EQ)"82728 The catalytic
reduction reaction of #D, by HRP in presence ofXR is shown in tabl8.1 whereH»Q is oxidized

to benzoquinone (Q)ia a two proton, two electron reactddnThe low redox potential of 1@

(E°2 0.01 V (vs Ag/AgCl)) helps avoid possible reactions with interfe?€ftsH.Q has a high
diffusion co-efficient (= 1.1x 10°cn/s) in phosphate buffer solutithand it is electrochemically
reversiblé3, Additionally, the rate constant for the electron transfer reaction between HRP and
H2Q is relatively high (= 1.% 10" M-1s1)!L, All these characteristics make® a good meidtor

for HRP-based biosensors.
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Table3.1: Mechanism for catalytic reduction o&@. by HRP in presence of.® as mediatcP

While HQ fulfils most of the requirements for a mediatbiere isone vital flaw. An oxygenated
aqueous solution of 4 auteoxidizes to Q rapidl§*37-38 This is a complex mukstep radical
pathway (fig.3.1) where HQ forms a semiquinone radical (by a single electron transfer which
can further undergo a reversible dimerization reaction to form a coloured charge transfexcompl
called a quinhydroré

OH
QH™
0-
(o}
OH ‘ OZ 02.@_
+H+ _H+ LZ)
=€
y _ Q
HgQ 0* O (0]
OH -
-e o
o- 2
0,
2-
o= Q

Fig. 3.1: Mechanism for oxidation of hydroquinonex(®j to benzoquinone (Q) via formation of a
semiquinone radical (Q¥, mechanism adapted from Zang etéal
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Thus, there are a few problems of usinHhs mediator:

a) Since aroxygenated b solution oxidizes rapidly, theJQ solutions need to be purged with
nitrogen/argon gas throughout the experimeiis

b) The other alternative for having a® solution (which has not oxidized to Q) will be preparing
a new solution for £ every time a new measurement must be done. This would also increase
themanual error from preparing new® solutions each time.

c) The rapid autapxidation causes a problem for applications such as-pbedre devices (POC)
which require portability and ease of tieUsing nitrogen gas cylinders or making new
mediator solutions for each use will restrict the portability of such sensors.

Therefore, this chapter is focusedammsideringalternative mediators that can be used in place of
H2Q in HRP-based biosensors. In order to select a suitable mediator for an enzyme, two factors
need to be considered:

a)

b)

The redox potential should be matched with the enzyme. Most reports suggest that the
redox potential of the mediator should be 200 mV to 400bmybnd the redox potential
of the enzyme active site. This will provide the thermodynamic driving force required to
reach the maximum electron transfate between enzyme active site and medidtor
According to Maras theory, as the difference between the redox potential of enzyme and
redox potential omediator(= E° Sizymei E° Qedintor= &) EnCreases, the rate of electron
transfer increases due to an increase in the thermodynamic driving forcencréase in
the rate of electron transfer can be seen until the point of inversion where the rate of
el ectron transfer decreda®%!s in spite of a
The bimolecular rate constant. should be high. A highnds means that the rate of
electron transfer between enzyme and mediator is high, which will result in a high current
output’42 This has few advantages:
i.  High current output can help in achieviatpw limit of detection (LOD) and high
sensitivity in applications such as immunoas&ffs A low LOD is extrems}
useful for immunoassayaimed atdetecting low concentrations of genetic and
protein biomarkers in human sampgfes
ii.  High current output from the enzyme catalysis reaction will help in minimizing the
effects of interferinty.
ii.  Miniaturization of the sensors is possible if sensors can give high current’utput

Solution phaseeactionss the simplest configuration for studying the reaction kinetics between

the mediator, enzyme, and substtaté In solution phase studies, the components (mediator,
enzyme, and substrate) are mixed in an electrolyte solution and kinetic pararoetére f
components are determined by performing various electrochemical experiments. For a reversible
electrochemical reaction, the kinetic parameter can be calculated using approaches used by
Nicholson and Shaft*® Kochi and Klinget®, and Gilead®. The evaluation of mediator
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performance for an enzyme is commonly donadigg either apparent Michaeldenten constant

(Km) from the MichaeligMienten treatment of enzyme affinity and kinetté8or theextraction of

rate constants {k pseudefirst order rate constant for reaction betweaaymeand mediatoat a

constant enzyme concentratidted = second order rate constant for reaction between enzyme
and mediator) from the NicholseéBhainapprac h f or an EC el ed3 ocat a
The calculated rate constants can then be used to compare the performance of different mediators
for an enzyme. Thikind of comparison will allow optimization of a mediator for any
electrochemical systerBSuchmediator comparison reports have been published for enzymes such

as glucose oxidase or glutamate oxidase using polypyridyl complexes of ruthenium and
osmiunt®46:52%5 organic redox compourtfs’, and metallocené%®. However, there have been

very few such comparisons published for the HRP enzyme. Razol#’qtudllished a report
comparing phenothiazine based mediators for HRP using chronoamperometry techniques. They
reported that bulky substituents on phenothiazine provide steric hindrance, therebgidgdhe

electron transfer rate between enzyme and mediator. Ryabo¥leepbrted a comparison of
ruthenium polypyridyl complexes as mediators for HRP. Theynd t h a t t he [ Ru(
dimethylbpy}(H20):]>* complex has the largest value of rate constant (==712° M's?) for

catalytic reduction reaction of @, by HRP. Smit et &> performed cyclic voltammetry
expeiments to determine that (hydroxymethyl)ferrocene (FgOH) generates higher catalytic
reduction currents compared to the other ferrocene derivatives. Goral ?&tfoaind
ferrocenecarboxylic acid (FcCOOH) to be a bettediator for HRP than dimethylaminomethyl
ferrocene (FCCENMe,) by performing spectrophotometry experiments. Epton @tprformed
spectrophotometry experiments to indicate that the introduction of a substituent onto the
cyclopentadienyl ring of ferrocertecreasethe rate of HRP oxidation reaction. The decrease in

the rate of HRP oxidation reaction was repotiedthe because of the steric hindrance from the
substituent groups on ferrocene. Another comparidaathenium cyclometalated complexes as
mediators for HRP enzyme was published by Alpeeva ¥twaho used spectrophotometry to
determine rate constants for HRP oxidation reastion

Otherpromisingchoicesfor mediatorsarethe osmium polypyridyl complexes. These complexes
have been useds mediatorsn multiple bioelectrochemical applications such as glucose
sensor® %, fuel cell$®°° as well as isomemmunoassay$. Garguilo et al calculated catalytic

rate constanfior HRP catalysed reduction o6 usingan osmium comgix ([Os(bpy)(py)CI*)
mediator & 7.8x 10 M!s®. There has not been any such comparison report published for HRP
mediation withotherosmium complexes. Th@oposednechanism of catalytic reduction of®b

by HRP in presence of an osmium polypyridyl complex as mediatbased on the scheme
presented in Chapter 1 of this théis

In this chaptera comparison ofthe suitability of eight osmium polypyridyl complexeas
mediators iINHRP catalysis reactions in solution phase is studeedthe first time, to my
knowledge With this series of osmium complexes,i# possible to evaluate the effect of the
mediator redox potential on the reaction kinetics. Additionally, the stability of these complexes in
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phosphate buffer solution (PBS) is stulissing UV-VIS spectr@hotoméry. The stability studies
and extraction ofrate constants {kand kned datais used to justify the choice of osmium
polypyridyl complex as suitable mediator for the HRP enzyme.

3.2 Experimental
3.2.1Materials

Horseradish peroxidase (EC 1.11.1.7), hydrogen peroxide (30% v/v in wategzi@@is(3
ethylbenzthiazoling-sulforic acid) (ABTS), hydroquinone, disodium hydrogen phosphate,
sodium chloride, and sodium dihydrogen phosphate were purchased fromAdyioa and used

as received. The following osmium complexes were synthesized (t@lzledB.3). The synthesis
procedue is discussed in chapter 2 of this thesis. Two classes of osmium polypyridyl complexes
were chosen for this study. The N4 osmium complexes that have two bipyridine groups (N4 = four
nitrogen heterocycles) attached to the osmium metal center and the Niinosomplexes which

were synthesized by ligand substitution of a Cl ligand in an N4 complex with the pyridine of a 4
aminomethylpyridine ligand (N5 = five nitrogen heterocycles).

Os(Il) complex Os(lll) complex with PFe¢ | Os(lll) complex with CI°
counterion counterion

Os(dmobpy)Cls [Os(dmobpy)Cl2]PFs [Os(dmobpy)ClI;]CI

Os(dmebpyCl, [Os(dmebpy)Cl2]PFe [Os(dmebpy)Cl,]Cl

Os(bpy}Cl2 [Os(bpy}Cl2]PFe [Os(bpy}Cl2]CI

Os(dClbpy)Cl; [Os(dClbpy}Cl,]PFs [Os(dClbpy}Cl,]Cl

Table 32: N4 osmiuntomplexes used in this study.

Os(Ill) complex with PFs counterion Os(Ill) complex with CI- counterion
[Os(dmobpy)(4-AMP)CI|(PFe)2 [Os(dmobpy)(4-AMP)CIICI>
[Os(dmebpy)(4-AMP)CI](PF): [Os(dmebpy)(4-AMP)CIICI
[Os(bpy)(4-AMP)CI|(PFs)> [Os(opy)(4-AMP)CIICI,
[Os(dClbpy}(4-AMP)CI|(PFs)> [Os(dClbpy}(4-AMP)CIICI,

Table3.3 N5 osmium complexes used in this study.
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3.2.2Instruments
The spectrophotometry experiments were performed on an Agilent 6453VI®V

spectrophotometer. All electrochemical experiments were conducted using a CH Ingrument
(CHI) 650 potentiostat coupled to a 10 mL electrochemical cell. A glassy carbon (GC) electrode
was used as working electrode, an Ag/AgCl (3M KCI) electrode was useteesnce electrode,

and a platinum electrode was used as counter electrode. The potentiostat, GC electrode (area =
0.0707 cm), and Ag/AgCl (3M KCJ electrode were purchased from 1J Cambria Scientific
Limited. The platinum wire was purchased from Goodfellow.

3.2.3 Methods

3.2.31 HRP enzyme activity assay

The assay was performed at room temperature in ambient environment using a procedure reported
by SigmaAldrich’? and Bergef.

HRP enzyme oxidizes ABTS in the presence of hydrogen peroxide. The ocblABTS turns

from light green to deep blue after oxidation and this reaction is used to quantify HRP in assays.
The oxidized ABTS product has absorption maximum at 405 nm. For the assay, an aliquot of
the enzyme (10 mg/ml) was added to a mixtureB®S P100 mM phosphate, 0.14 M NaCl, pH =

5), 9.1 mM of ABTS, and 0.3% (w/w) of hydrogen peroxide in a cuvette. The cuvette is inverted
to mix the solution and absorbance recorded at 405 nm for at least 3 minutes. The enzyme activity
is calculated from theoflowing equation:
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The enzyme activity is reported in units per ml (U/ml) which means that one unit of HRP will
oxidize 1.0 umol of ABTS per minute at pH 5.0 at room temperatiime value for the extinction
coefficient (U) frorwastakends 36.8 oidmd BHicS is a@sb regofied

by SigmaAldrich’?. The enzyme activity for the HRP used in this study was calculated to be 1.3
U/ml which was stable over the course of the experimer&weeks).

3.2.32 Solution phase kinetic studies

All solutions were made using PBS (50 mM phosphate, 0.14 mM NaCl, pH = 7.4) and PBS was
used as supporting electrolyte. The GC electrode was polished with alumina powder on wet micro
cloth pads (Buehler) followed by thorough rinsing with MilliQ water befeach experiment.
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Prior to estimating electron transfer rate constamtjrpinary studies were conducted using four
schemes. At first, the cyclic voltammograms (CV) for background were performed in PBS in the
electrochemical cell at 20 mV/s. Subseqlierthe mediator was added to PRSdeliver a0.2

mM mediator final concentratian the electrochemical célIFinally, the sequence of addition of
HRP (1.3 U/mL inthe electrochemical c¢land HO. (5 mM in the electrochemical célivas
changed. To stly the effect of oxygen on tlieaction experiments were done in oxygenated and
deoxygenated solutions. CVs were performed (scan rate = 20 mV/s) after each &olgitovde

the fourschemes shown heretable3.4.

In oxygenated solutions| In deoxygenated solutions

Medi at or Y Enzy|Schemela Scheme 1b

Medi at or Y Sub s|Scheme2a Scheme 2b

Table3.4: Case study for the schemes for preliminary experiments.
Pseudséfirst order rate constant (kdetermination:

The mediator solution was added to PBS in the electrochemical cell to a final concentration of 0.2
mM. CVs were recorded at different scan rates (2, 5, 10, 20, and 50 mV/s). Following this, the

HRP solution (final activity = 0.4 U/mL) andeh+tO: solution (final concentration in solution =

5mM) were added. CVs were recorded again at different scan rates (2, 5, 10, 20, and 50 mV/s).
The diffusion peak currentgfiis determined from the mediator peak current in absence of (enzyme

+ substrate)mixture while the catalytic current or kinetic currem) (¢ determined from the CV

peak current in presence of (enzyme + substrate) mixture.

The values ofiiig areused to calculate the values @fakfrom the experimental models provided

by Nicholsa and Shaifl. The values of kawereplotted against 3( wher e a = nF3/ RT,
rate, V/s, n = number of electrons, F = Fayadasnstant, R = Universal gas constant, and T =
temperature). The plotoflka v er sus 1/ 3 withtheslspe s RTKrd-. Theeslopeisn e a r
used to deermine the kfor a particular mediator.

Second order rate constantd determination:

The above experimentgererepeated for each mediator and the HRP actiwtieie varied (0.7
and 1.5 U/mL). Thedvalueswerethen plotted against HRP actiiivhich should be a linear plot
with the slope of the plot kmea

3.3Results and discussions
The N4 and N5 osmium complexes have redox potentials rangingifod2@ V to +0.4 V (vs

Ag/AgClI (3M KClI)).asdiscussed in chapter 2 of the thesis.
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3.3.1Solubilities of osmium complexes in PBS

The solubility of osmium complexes is also discussed in second chapter of this thesis. The reduced
form of N4 osmium complexes (oxidation state = +2) were relatieslydoluble in PBS compared

to the oxidized form of N4 osmium complexes (oxidation state £°+Bor example, the
[Os(bpy)Cl2] complex was soluble in PBS at concentrations up to 0.05 mM while the
[Os(bpy}Cl2]"Cl- complex was soluble in PBS at concentrations up to 1 mM. The solubility of the
oxidized form of N4 osmium complex is possibly due to it being a charged species.

It was also observed that the osmium complexes with chloride counterion were more sotuble tha
osmium complexes with hexafluorophosphate countétinFor example, the [Os(bp@l2]Cl
complex was soluble in PBS at concentrations up to 1 mM while the [OsQbg)Fs complex

was soluble in PBS at concentrations up to 0.8 mM. Similar trends were observed for the other
osmium complexes. Thanly exception was the [Os(dClbpg)2]Cl complex which was soluble

in PBS at concentrations up to 0.5 mM. F@ésubstitution on the bpy ligand is the possible cause

for partial solubility of this complex in PBS.

The N5 complexes followed a similarice The N5 complexes with chloride as counterion were
soluble in PBS at concentrations up to 1 mM.

N4 osmium complex,| Solubility (mM) | N5 osmium complex, Os(lll) | Solubility
Os(Iln (mM)
[Os(dmobpy)ClI]Cl ~1 mM [Os(dmobpy}(4-AMP)CI|Cl2 | ~1 mM
[Os(dmebpy)Cl,]ClI ~1 mM [Os(dmebpy)(4-AMP)CIICl> | ~1 mM
[Os(bpy):Cl2]CI ~1 mM [Os(bpy}(4-AMP)CI|CI, ~1 mM
[Os(dClbpy}Cl,]Cl ~0.2 mM [Os(dClbpy»(4-AMP)CI|CI, ~0.5 mM

Table3.5: Solubility limits for osmium complexasPBS.

Therefore, oxidized form of osmium complexes (N4 and N5 osmium complexes with +3 oxidation
state) with chloride counterion were used in this study. A 0.2 mM concentration was chosen for
all the complexes for consistency.

3.3.2 Stability studies using UWIS spectroscopy

The stability of the complexes and hydroquingme&educed form in solutiosan be compared
using a UMVIS spectrophotometers any change in structui@ oxidation statef these mediators

in aqueous solution may change the colouhefmediator, which can be verified by a change in
the UV-VIS spectrum.
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l. Hydroquinone (HQ)
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Fig. 3.2: a) Spectra of a 0.02 mM oxygenated solution g kh PBS at different time intervals in
ambient environmenb) Spectra of a 0.02 migxygenated solution ofXQ in PBSat t = 0 minutes
(black) and after t = 1 day (orange).

An oxygenated solution of 2@ in PBS wasnonitoredover a period (t = 0 to 24 houssjth results
presented in fig3.2. The absorption maxima of.B are observed a8 nm and 289 nm, while

the absorption maximum of Q is observed at 246 nm. The spectra peak data from these experiments
compare well withspectradata for HQ and Qobtainedfrom the National Institute of Standards

and Technology (NIST) databd%é’.
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Fig. 3.3: Spectra of 3aH-Q and b) Q. Spectra images udesm the NIST databa&z’".

The results show aatinuous increase the absorption maximunattributed toQ, at 246 nm and
decrease in the absorbanegributed toH2Q, at 289 nmover time (fig. 3.2a). The peaks in the
beginning of the UWIS experiment (t = 0 minutes) show that Q has already started forming in
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the solution(fig. 3.2b) Furthermore,ite absorption peak interiss keepchanginghroughout the
experimentand after 240 minutes thex® assgnedpeakat 289 nmhas completely disappeared
demonstratindnow quickly HQ is oxidized to Qaspreviouslyreported by othef&"®

I. Osmium complexes

The spectra of the reductmm of the N4 osmium complexestially and after one dagre shown
in fig. 3.3. All osmium polypyridyl complexes show absorption maxima at approximately 290 nm

which is) which isassigned as tHe© * z transitions of thdipyridine ligand thamatche with
the spectra for the complexesportedpreviouslyin literaturé®.

a) Os(dmobpy)Cl, b) Os(dmebpy)Cl.
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Fig. 3.4 Spectra of 0.02 mM oxygenated solution of reduced form of N4 osmium complexes (Os

oxidation state = +2) in PBS. Experiments done in ambient environment.
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a) [Os(dmobpy)Cl]Cl b) [Os(dmebpy)Cl2|Cl
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Fig. 3.5 Spectra of 0.02 mM oxygenated solutiomxitlizedform of N4 osmium complexes (Os
oxidation state = 8) in PBS. Experiments done in ambient environment.

The spectra of oxygenated solutions of reduced form of N4 osmium complexes did not change
(except for Os(dmobpyElo)(fig. 3.4). The Os(dmobpyCl. complex has the lowest redox
potential among the complexes studied hefé (E 9.27 V vs Ag/AgCl), which sbws that the
Os(dmobpy)Cl> complex is prone to quick oxidation in ambient environmesitailar results are

also reported by Mano et &#lwhere they found osmium complexes with redox potential < 0.07 V
(vs Ag/AgCl) oxidizing in ambient environmer@ther osmium complexesith redox potential >

0.07 V (w Ag/AgCI) showed no change in their spectra, confirming their stability in oxygenated
PBS for over a daffig. 3.4 and fig. 3.8)Therefore, the N5 osmium complexes were not analysed
using UMAVIS spectroscopy as they have redox potential > 0.07 YAgVAgCl).
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3.3.3Solution phase electrochemistry

The CVsof the potential mediatomsere recorded in oxygenated PBS and deoxygenated PBS to
examine the effect of oxygen. The CV of an oxygenated PBS shows a reductionstartegat

-0.25 V (vs Ag/Ag@), while the CV of a deoxygenated PBS does not show such reduction current.
The reduction current a.25 V (vs Ag/AgCI) is due to the reduction of dissolved oxygen in PBS
to H.O%2

5x10-0 6~

0_
g

'E i
o

— -5)(10'6 .
=]

& ]

1105 -

] ) L) ] e | o ] = |
-1.0 -0.5 0.0 0.5 1.0
Potential/lV

Fig. 3.6 CV of a) PBS in ambient environment (black); b) PBS after purging with nitrogen (violet);
c) (PBS + 5 mM KO) mixture in ambient environment (red); and (PBS + 5 mMDH mixture
after purging with nitrogen (green). CVacorded at scan rate = 20 mV/s.

Another set of CVs in oxygenated (PBS + 5 mhDb) solution and deoxygenated (PBS + 5 mM
H207) solution were recorded to examine the effect of oxygen @ bk well as the effect of
appliedpotential on HO». The CVs obxygenated and deoxygenated (PBS + 5 mKaZisolution
show reduction current ab.25 V (vs Ag/AgCl). However, the reduction currenttle case of
oxygenated (PBS + 5 mM:2B») solution is higher than the reduction current in deoxygenated
(PBS + 5 mM HO) solution. This is possibly due to decomposition e®kto oxyger® as well

as direct reduction of peroxide at this potefiti?f thereby, increasing the amount of oxygen
reduction current in oxygenated sotuts.
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Finally, the preliminary solution phase kinetics studies were performed on the mediators. Since
H2Q is quickly oxidized to Q in oxygenated solutions, the effect of oxygen on catalytic reduction
of H>O2 by HRP in presence of g is of importance

Therfore, the sequences of additions described stheme 1la (' Q Q" QuPORE G & Q
[ 60 0RED®QQ & CEOIBM "Qand scheme 1b  a(QQQFORE ¢ W& Q
[ 0 Qi 0RED 0 o Q& &xEAe performed for k) with the results presented in fig
3.7for hydroquinone and fig3.8for six selected osmium compleg

l. Hydroquinone

a) b)
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Fig. 3.7: a) CV after addition of 0.2 mM 4@ to PBS (black) and CV after addition of 5 MM
(blue) to the mixture containing PBS, 0.2 mMQHand 1.3 U/mL HRP (oxygenated solution,
scheme 1a); b) CV after addition of 0.2 miHo0 PBS (black) and CV after addition of 5 mM
H20- (blue) to the mixture containing PBS, 0.2 mMQHand 1.3 U/mL HRKRdeoxygenated
solution, scheme 1b). CVs recorded at scan rate = 5mV/s in ambient environment.

The bio-electracatalytic current () observed for hydroquinon@& presencgfig. 3.79 and in
absencdfig. 3.7b) of oxygen differ with ix in presence of oxygeonly 45%0f ix in absence of
oxygen, at a scan rate oh®//s. This provides evidence in support of the redox reaction between
mediator and oxygen

Accordingly, molecular oxygen oxidizes® to Q while itselbbeingreduced to HO>. This result
shows howimportant it is to deoxygenate any solution afHotherwise the catalytic currents
would decreaseand varyjn presence of oxygen.
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I. Osmium complexes

Experimentsbased on the sequence of scheme 1a and scheimexdmine the effect of oxygen
were performed for six selectedmium complexes

a) Os(bpy)Clz, b) Os(dmobpyLl,, ¢) Os(dmebpyLlz, d) Os(dClbpyClo, €)[Os(bpy)(4-
AMP)CI|(PFs)2, and f)[ Os(dmobpy)4-AMP)CI|( PFs)

These experiments were perforntecobserve how theediatedsolution phase kinetics of HRP
differs in presence and in absence of oxygen.

Scheme l1la: mediator + enzyme + substral Scheme 1b: mediator + enzyme + substrat
in presence of oxygen in absence of oxygen
a) Os(dmobpy)Cl. (E°=-0.27V) a) Os(dmobpy)Cl. (E°=-0.27V)
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Scheme l1la: mediator + enzyme + substral

in presence of oxygen

Scheme 1b: mediator tenzyme + substrate
in absence of oxygen

c) Os(bpy)Cl> (E°=0V)

c) Os(bpy}Cl> (E°=0V)
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Scheme l1la: mediator + enzyme + substral Scheme 1b: mediator + enzyme + substrat

in presence of oxygen in absence of oxygen
f) [Os(bpy} (4-AMP)CI](PF6) f) [Os(bpy} (4-AMP)CI|(PF6)
(E° = 0.25V) (E°=0.25V)
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Fig. 3.8 CVsafter adding mediatof0.2 mM) enzymg1.3 U/mL) and then substratés mM
H20.) (scheme & and 1b). Scan rate used = 20m. Left: Scans done in presence of oxygen
(scheme &); Right: Scans done in absence of oxygen (scHdine

The results show that osmm complexes with redox potential above/Care not affected by
oxygen. Thebio-electracatalytic reduction currents were lower in oxygenated solutions compared
to deoxygenated solutions for the osmium complexes with redox potential beloda@aérudin

et all’ published a similar report indicating that the osmium complexes redox potentieds
negativethan +0.05 V vs. Ag/AgCI could reduce dissolved This effect of oxygen on osmium
redoxpolymers with redox potentiataore negative tha®.07 V (vs Ag/AgCl)was also reported

by Mano et. &, based on theedox reaction in equatidh

0 c¢O0i ¢'O © 00 ¢V i éé.equation

In oxygenated solutions, the reduced”Gmplexis oxidized to O¥ complex by oxygenln
addition he current from oxygen reduction at the electrode seigathe low potentials required
to reduce mediatorontributea backgroundo the enzyme catalytic current in presence of oxygen
and couldalsointerfere with the sensitivity of a biosenoiThus, to use anmediator, including
hydroquinone or ansmium complex which has a redox potential below th¥ dlectrolyte and

mediator solution needs to be deoxygenated. Since osmium complexes with positive redox
potentialsarenot oxidizedby oxygen, they can hdassified a® o x yigresnensi ti ved med
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Since peroxide is a strong oxidant, iingportant to examine the effect of peroxide asmium
complexes. Therefore xperiments based on the sequence 2 (@ Q Q'Q®oié¢d wi 09 B Q
Q¢ ¢ AW w "QQ i GEOHDPD "Qand scheme 2b G 'QQQOI£E @ TDOQ

Q¢ ¢ WAWQE w W "QAE &0 KXE@nbine the effect of peroxide on osmium compléxes

presence and in absence of oxygeajeperformedwith the same six selectedmium complexes

a) Os(bpy)Clz, b) Os(dmobpyLl,, ¢) Os(dmebpyLl>, d) Os(dClbpyCle, e) [Os(bpyj(4-
AMP)CI](PFe)2, and f) [Os(dmobpyj4-AMP)CI](PF)2

Scheme 2a: mediator + substrate + enzym Scheme 2b: mediator + substrate + enzym
in presence of oxygen in absence of oxygen
a) Os(dmobpy)Cl. (E°=-0.27V) a) Os(dmobpy)Cl. (E°=-0.27V)
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Scheme 2a: mediator + substrate + enzym

in

presence of oxygen

Scheme 2b: mediator + substrate + enzym
in absence obxygen

c) Os(bpy)Cl> (E°=0V)
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Scheme 2a: mediator +substrate + enzyme Scheme 2b: mediator + substrate + enzym
in presence of oxygen in absence of oxygen
f) [Os(bpy}(4-AMP)CI](PFs)2 f) [Os(bpy}(4-AMP)CI](PFe)2
(E°=0.25V) (E°=0.25V)
z -7.50x107 %
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 Fos  CoumANICITRS 202 R
= Pot[:tial (\?35Ag/i$0l) E

Fig. 3.9 CVs after addingnediator(0.2 mM) substratg5 mM HO.) and therenzym&1.3 U/mL)
(schemea and 2b). Scan rate used = 20mV/s. Left: Scans done in presence of oxygen (scheme
2a); Right: Scans done in absence of oxygen (sciane

The scheme Zesults show thatll osmium complexesan be oxidizedy H.O,. This effect is
much more pronounced theabsence of oxygen.

o0 ¢Oi ¢O O ¢00 cUi €é.equdation
The catalytic oxidation of the &scomplex by HO: is also reported by Mano et &l. In
oxygenatedolutions, after HRP addition, tfiesmium complex + kD,) mixture reacts with the

HRP and shows a sigmoidal catalytic CV. In some catssheme 2athe catalytic CVs are not
very sigmoidal shaped (Os(bp§)2 and Os(dClbpyLCl2) which could not be expiaed.

In deoxygenated solutions, after HRP addition, the (osmium compldO2) mixture react with

the HRP performing the catalysis reaction. Most CVs in this case are sigmoidal although there is
hysteresis in some of the CVs. This hysteresis is related to absence of oxygen in the solution which
limits the electron transfer. The hgeesis effect is also reported 8godelleret.al® in their report

on laccase biofuel cell wth alsoused HO.. The catalytic currentBom scheme 2a and 2ive

smaller than the catalytic currents from scheme 1a and 1b, which is expected as the amount of
H20. in schemes 2a and 2b is relatively less (becausidation ofthe osmium complexy

H20,). These results show that it is important to ad@+after addition of HRRs doing so will
providelower catalytic currents.

There are four distinct chemical reactiomscurringin these schemes: 1) dissolved oxygen is
getting reducedo waterat theelectrode; 2H.0O:is reducing to water at the electrodeH3PD:is
oxidising Og" complexes to 3% complexes; and 4) bielectrocatalysis 0202 by HRP in
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