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Abstract 
 

Horseradish peroxidase (HRP) is an oxidoreductase enzyme that has been used in many bio-

electrochemical applications such as biosensors, immunoassays, fuel cells etc. Osmium 

polypyridyl complexes are advantageous as mediators as they are stable, have low and tunable 

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 [Os(N-N)2Cl2]/[Os(N-N)2Cl2]
+ 

and [Os(N-N)2(L)Cl] 2+ (where N-N = bipyridine and its derivatives; L = 4-(aminomethyl)pyridine, 

1-(3-aminopropyl)imidazole, and 1-methylimidazole) were synthesized and characterized. 

Additionally, osmium redox polymers with general formula [Os(N-N)2(polyvinylimidazole)10Cl]+ 

were also synthesized and characterized. The redox potentials of these complexes and polymers 

were manipulated by substituting the 4 and 4' positions of bipyridine ligand with electron 

withdrawing groups (EWGs) and electron donating groups (EDGs). These complexes and 

polymers were characterized using various analytical techniques such as cyclic voltammetry, mass 

spectroscopy (MS), and single-crystal X-ray diffraction (SCXRD). Furthermore, a comprehensive 

report for synthesis 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 HRP-mediator interaction in solution phase have been evaluated for hydroquinone 

and the osmium polypyridyl complexes synthesized in the earlier chapter. The objective of this 

study was finding an alternative mediator that could be used in place of hydroquinone. Initially, 

the stability of aqueous solutions of hydroquinone and osmium complexes were studied using UV-

VIS spectroscopy. Finally, the relative rate constants of HRP-mediator interactions were estimated 

using Nicholson-Shain approach. The [Os(2,2ô-bipyridine)2Cl2]
+ complex was estimated 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.  

 

Screen-printed electrodes (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, normalization of current 

output is required to improve the accuracy of a sensor. Two in-situ normalization methods, 

capacitive currents, and faradaic currents were studied for their applicability as normalization 

methods for current outputs from electrodes. These normalization methods were further employed 

to normalize the current output from bio-electrochemical applications such as immunoassay and 

sensors. This study showed that capacitive currents produce high standard deviations and could 

not be used to normalize current output.  

 

A peroxide sensor was designed using [Os(2,2ô-bipyridine)2(polyvinylimidazole)10Cl]+ 

(OsbpyPVI) crosslinked to HRP using poly(propylene glycol)diglycidylether (PEGDGE). The 

amounts of the individual components were optimized and validated using a Box-Behnken 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 to optimize components of an enzyme electrode.  



 

XIII 
 

A multiplex electrochemical immunoassay for diagnosis of prostate cancer (PCa) is designed. This 

immunoassay builds up on the previously designed immunoassays where an oxygen-sensitive 

mediator (hydroquinone) was used. An oxygen-insensitive 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 osmium-based mediators is studied. Subsequently, these osmium-based 

mediators were screened as suitable mediators for HRP enzyme. The solution phase kinetics study 

is the fundamental aspect of studying the enzyme-mediator interaction. The electrodes play an 

important role in any electrochemical sensor. Variability in current 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 electrode-to-electrode surface area variability. 

A short study for application 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 and Lyons were the first group to report 

an ǋoxygen electrodeǋ for detecting oxygen in blood in 19621 which led to development of glucose 

sensors by Updike and Hicks who reported an ǋenzyme electrodeǋ for detecting glucose in 19672. 

The term ǋbiosensorǋ was first coined by  Karl Cammann in 19773. Thévenot et al.4 define biosensor 

as any self-contained integrated device which can provide qualitative, semi-quantitative, or 

quantitative information about an analyte using a biological recognition or sensing element 

(bioreceptor).  A typical biosensor has five elements5: 

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 signal into a display format, for example 

analog signals from the transducer are converted into digital signals.  

v. Display: The digital signals are displayed in a user-friendly 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 biosensors. Today, biosensors 

are used for diagnosis as well as prognosis of diseases along with general health monitoring5ï11. 

Biosensors are also used for quality control in food industry12,13, monitoring of hazards in 

environment14,15 and in the defence sector16. The biosensors market was valued at USD 25.5 billion 

in 2021 and is projected to reach USD 36.7 billion by 20266. One of the most commercially 

successful biosensors has been the glucose sensor which is a multibillion dollar industry today17,18. 

Biosensors can be classified into different categories depending on the type of transducer used, 

such as optical19,20, calorimetric21, piezoelectric22,23, electrochemical biosensors24 etc. Optical 

biosensors measure the visible colour changes 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 

evolved 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 acoustic wave (SAW) device is 

generally used as transducer in piezoelectric biosensors. Electrochemical biosensors central to this 

thesis, are introduced and discussed in the next section.  
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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 response (such as 

current or impedance) which can be measured based on several electrochemical techniques. 

 

 
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 when compared to other types of 

biosensors. Several researchers have reported high sensitivity, low limit of detection 

(LOD), and broad linear dynamic range with electrochemical biosensors9,11,25,26 

b) Electrochemical measurements are not affected by colored components such as 

chromophores, fluorophores etc. that often interfere with spectrophotometric detection in 

optical sensors27.  

c) Electrochemical biosensors usually require small reaction volume which minimizes the 

overall cost of biosensor. The analysis time is relatively short with electrochemical 

detection methods20.  

d) Miniaturization with microelectrodes and screen-printed electrodes (SPEs) is possible in 

electrochemical biosensors, leading to portable biosensors and point-of-care (POC) 

devices28.  

 

Detection of analytes in electrochemical biosensors is achieved by use of techniques such as 

voltammetry29, amperometry9,25,26,30, impedance31,32, chronoamperometry33 etc. Amperometric 

biosensors are quite commonly used biosensors with major applications as glucose sensors34,35, 

peroxide sensors30,36, and in immunoassays9ï11,37. This thesis is centred around the electrochemical 

detection of hydrogen peroxide (H2O2). Amperometric methods for H2O2 detection include two 

mechanisms: a) non-enzymatic and b) enzymatic. H2O2 is an electroactive chemical and H2O2 can 

be detected electrochemically using electrodes made of transition metals (platinum, palladium, 

silver, gold etc.) and carbon nanomaterials at potentials Ḑ 600 mV (vs Ag/AgCl)38ï40. However, 

there are certain drawbacks to non-enzymatic electrochemical sensors such as low specificity, 
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toxicity of electrode material, high cost of materials, and oxygen dependence41,42. Additionally, at 

high potentials, the non-enzymatic electrochemical sensors are influenced by interfering reactions 

from other electroactive species (such as ascorbic acid, dopamine etc.) present in test samples39,43. 

On the other hand, enzymatic electrochemical sensors provide high specificity by using enzymes 

specific to the target analytes44. Horseradish peroxidase (HRP) enzyme is specific to H2O2. 

Therefore, HRP is extensively used in enzymatic electrochemical sensors for detection of H2O2
45ï

50.  

 

1.2 Enzymes 
 

Enzymes are proteins that catalyse chemical 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 enzyme-substrate complex. The active site or catalytic site is a specific place in the enzyme 

where the substrate can bind. After the reaction between enzyme-substrate, the substrate is 

converted to product, while the enzyme usually is changed back to its original form51.  

 

 
Fig. 1.2: Schematic representation of an enzymatic reaction.  

 

The mechanism of the enzyme-substrate binding is described by using the ǋlock and keyǋ model 

and the ǋinduced fitǋ model. The lock and key model hypothesizes that the enzyme and substrate 

have an existing fit between them (similar to a lock and its key)52. The induced fit model theorizes 

that the enzyme modifies its conformation during contact with the substrate to obtain the optimal 

conformation to form the enzyme-substrate complex. Only a particular substrate can induce that 

optimal conformation in the enzyme required for catalysis53. Both 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.  
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Enzymes are categorized into different classes such as oxidoreductases, transferases, ligases etc. 

Oxidoreductases, or redox enzymes, are used in electrochemical biosensors because they catalyse 

redox reactions of substrates (or analytes) and transfer electrons from an electron donor to an 

electron acceptor. This electron transfer can be 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 biosensor.  Enzymatic biosensors also require mild conditions to operate 

(temperature ~ 40oC and pH ~ 7). There are some shortcomings of using enzymes in biosensors, 

such as stability issues with the enzyme and the temperature/pH dependence which can limit the 

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 biosensors8,54ï56. HRP is an important enzyme in bioanalytical 

chemistry as it is widely used for the construction of biosensors57,58 and is also commonly used as 

an enzyme label in immunoassays9ï11. Applications of HRP in biosensors and immunoassays is a 

central topic in this thesis.  

 

1.3 Horseradish peroxidase (HRP) enzyme 
 

1.3.1 Structure of the enzyme 
 

The HRP enzyme is found in the roots of the horseradish plant (Armoracia rusticana). 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 to as HRP throughout. The crystal structure of the HRP enzyme 

was first solved in 1997 by Gajhede et al59. HRP has a molar weight of about 44 kDa, isoelectric 

point (pI) of 8.8, and is comprised of a single polypeptide of 308 amino acid residues60. The total 

carbohydrate content of HRP varies between 18-22% depending on the source of the enzyme. HRP 

contains two distinct types of metal centres: iron (Fe3+) protoporphyrin IX (heme group) and two 

calcium atoms. The heme group is anchored to the centre of the enzyme by a coordinate bond 

between the histidine (His170) and the heme iron atom61. 
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Fig. 1.3: Three-dimensional representation of the X-ray crystal structure of horseradish 

peroxidase isoenzyme C. The heme group (red) is located between the distal and proximal domains 

which each contain one calcium atom (blue spheres). Ŭ-helices (purple) and ɓ-sheets (yellow) are 

also shown in the crystal structure61. 

 

1.3.2 Catalytic cycle of HRP 
 

The mechanism of HRP catalysis has been investigated extensively, for example, by the research 

groups of Dunford62,63, Gorton64ï67, Limoges68,69, and others70,71. HRP catalyses the oxidation of a 

broad variety of electron donors (AH2) by peroxides such as hydrogen peroxide (H2O2). Common 

electron donors include phenolic compounds, aromatic amines, quinones etc. The first step is a 

two-electron oxidation reaction of the native peroxidase/ferriperoxidase (Fe3+, oxidation state = 

+3) by H2O2 to form compound I. The O-O bond in H2O2 is cleaved during this step and a water 
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molecule is released. The compound I is an intermediate containing an oxoferryl iron and a 

porphyrin ́  cation radical (Fe4+ = O and porphyrin ˊǒ+, oxidation state = +5). The second step is 

the one-electron reduction of compound I to compound II by the first molecule of AH2. The 

compound II is another intermediate consisting of an oxoferryl iron (Fe4+ = O, oxidation state = 

+4). The third step is the one-electron reduction of compound II back to the ferriperoxidase (Fe3+, 

oxidation state = +3) by the second molecule of AH2. The last two reduction steps are accompanied 

by the uptake of two protons which releases another water molecule. An excess of H2O2 produces 

compound III (oxidation state = +6) which is an enzymatically inactive state of HRP64. The 

potentials of the redox couples compound I/compound II and compound II/ferriperoxidase were 

found to be close to +700 mV (vs Ag/AgCl at pH 7)61,64,66.  

 

 

ὊὩὶὶὭὴὩὶέὼὭὨὥίὩ ὊὩ Ὄὕ O ὧέάὴέόὲὨ Ὅ Ὄὕ                                        ὶὩὥὧὸὭέὲ ρὥ 

ὧέάὴέόὲὨ Ὅ  ὃὌ  Ὡ  Ὄ ᴼὧέάὴέόὲὨ ὍὍὃὌᶻ                                     ὶὩὥὧὸὭέὲ ρὦ 

ὧέάὴέόὲὨ ὍὍὃὌ  Ὡ  Ὄ  O ὊὩὶὶὭὴὩὶέὼὭὨὥίὩ ὊὩ ὃὌᶻ  Ὄὕ  ὶὩὥὧὸὭέὲ ρὧ 

 

Table 1.1: Reaction steps of HRP catalysis 

 

Fig. 1.4 illustrates the two distinct types of electron transfer in HRP-based 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 transfer (MET). 

 

 
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 with H2O2, the intermediates Compound I 

and II are reduced at the electrode by applying a potential less positive to +700 mV (vs Ag/AgCl 

at pH 7)64,72.  

 

 

ὊὩὶὶὭὴὩὶέὼὭὨὥίὩ ὊὩ Ὄὕ O ὧέάὴέόὲὨ Ὅ Ὄὕ                               ὶὩὥὧὸὭέὲ ςὥ 

ὧέάὴέόὲὨ Ὅ Ὡ Ὄ  O ὧέάὴέόὲὨ ὍὍ                                                           ὶὩὥὧὸὭέὲ ςὦ 

ὧέάὴέόὲὨ ὍὍ Ὡ Ὄ  O ὊὩὶὶὭὴὩὶέὼὭὨὥίὩ ὊὩ  Ὄὕ                   ὶὩὥὧὸὭέὲ ςὧ 

 

Table 1.2: Reaction steps of HRP catalysis through DET mechanism. 

 

 
Fig. 1.5: Mechanism of direct catalytic reduction of H2O2 by HRP (DET mechanism). Pǒ+ is a ́  

cation radical localized on porphyrin ring. Mechanism adapted from Ruzgas et al.64 
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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 to the electrode surface should 

not exceed 2 nm73. Moreover, DET is also affected by electrode surface modification designs, 

inappropriate orientation of enzyme towards electrode surface, and inappropriate conformational 

structure of the amino acid residues that stabilize the intermediates formed during enzyme 

catalysis73. HRP is one of the few enzymes which is capable of DET72,74. Gorton and co-workers 

have published extensively on DET in HRP-based biosensors65,66,72,75ï77. Modification of the 

electrode surface (by using carbon or metallic nanoparticles, self-assembled monolayers (SAMs) 

etc.), de-glycosylation, and site-directed 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 

electrode61,72ï74,78.  

 

b) Mediated electron transfer (MET) 

 

In the MET approach, redox active compounds (co-substrates, termed mediators) are used to 

shuttle electrons between the electrode surface and the reaction centres of compounds I and II as 

shown in fig. 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 substrate by an enzyme, the redox 

potential of the mediator must be less than the redox potential of enzyme active site79. Since the 

reduction potentials of the redox couples compound I/compound II and compound 

II/ferriperoxidase are +700 mV vs. Ag/AgCl at pH 766, the redox potential of the chosen mediator 

must be below +700 mV for substantial catalytic reduction of any substrate by HRP (Eo
mediator < 

700 mV (vs Ag/AgCl) at pH 7)64. 

 

 

ὊὩὶὶὭὴὩὶέὼὭὨὥίὩ ὊὩ Ὄὕ O ὧέάὴέόὲὨ Ὅ Ὄὕ                                        ὶὩὥὧὸὭέὲ σὥ 

ὧέάὴέόὲὨ Ὅ Ὡ Ὄ  ὓ  O ὧέάὴέόὲὨ ὍὍὓ                                          ὶὩὥὧὸὭέὲ σὦ 

ὧέάὴέόὲὨ ὍὍὩ Ὄ  ὓ   O ὊὩὶὶὭὴὩὶέὼὭὨὥίὩ ὊὩ ὓ  Ὄὕ  ὶὩὥὧὸὭέὲ σὧ 

ςὓ  ςὩ  O   ςὓ                                                                                                        ὶὩὥὧὸὭέὲ σὨ 

 

Table 1.3: Reaction steps of HRP catalysis through MET mechanism. Mred = reduced state of the 

mediator and Mox = oxidized state of the mediator. 

 

During an MET type reaction, ferriperoxidase is oxidized to compound I by H2O2. One molecule 

of reduced mediator (Mred) oxidizes compound I to compound II and is oxidized itself to its 

oxidized state (Mox). Compound II is reduced back to ferriperoxidase state while another molecule 

of Mred is oxidized to Mox. The two molecules of Mox are reduced back to their original 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 cycle64.  
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Fig. 1.6: Mechanism of mediated catalytic reduction of H2O2 by HRP (MET mechanism). Pǒ+ is a 

ˊ cation radical localized on porphyrin ring. Mox and Mred are the oxidized and reduced forms of 

mediator, respectively. Mechanism adapted from Ruzgas et al.64 

 

Organic compounds such as methylene blue80, phenothiazines50, viologen81, quinones9,11,82 etc., 

inorganic redox ions such as ferricyanide83, and organometallic species such as ferrocenes84,85 have 

been widely used as mediators in HRP-based biosensors. Transition metal complexes (of 

ruthenium, osmium etc.)86 as well as polymers45 of these complexes are also used as mediators. 

This thesis is centred around HRP-based biosensors with osmium polypyridyl complexes as 

mediators. The osmium polypyridyl complexes and polymers have been used extensively in 

glucose biosensors8,87ï92, immunoassays47,93, fuel cells44,94,95 among other applications.  

 

1.4 Antibodies and antigens 
 

Antibodies (Ab) are proteins with typically Ḑ150 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 immunoglobulins (fig. 1.7). IgG 

antibodies are Y-shaped proteins composed of four peptide chains that are joined together by 

bisulfide linkages. The peptide chains consist of two identical light chains (LCs) and two identical 



 

10 
 

heavy chains (HCs). Both LC and HC have two domains: a constant domain (CL) and a variable 

domain (VL). An antibody has three functional components: a) two fragment antigen binding 

domains (Fab); b) fragment crystallizable (Fc); and c) hinge region (fig. 1.8). Fab and Fc are 

connected to each other by hinge region which allows the two Fab sites more conformation 

flexibility relative to the Fc. Each of the Fab regions have identical antigen-binding sites (paratope) 

for binding to a specific site of the target antigen (epitope). The term ǋantigenǋ (Ag) refers to any 

substance that can generate an immune response. Antigens can be proteins, peptides, haptens, or 

nucleic acids. The Fc region is the tail of the antibody with carbohydrates attached. Antibody-

antigen interactions occur through intermolecular interactions such as hydrophobic interactions 

and hydrogen bonds. Immunoassays are dependent on the binding of antibody and antigen to form 

an antibodyïantigen (Ab-Ag) complex to generate the binding that can be reported on in the assay 

responses. Antibodies can be classified into two categories depending on clonality. Polyclonal 

antibodies are a product of several different antibody-secreting plasma cell lineages and bind to 

multiple types of epitopes. On the other hand, monoclonal antibodies bind to one type of epitope 

as they are essentially clones of one antibody-secreting plasma cell lineage. Monoclonal antibodies 

are relatively more specific to antigens compared to polyclonal antibodies which is why 

monoclonal antibodies are preferred in immunoassays for their high specificity and lower cross-

reactivity with other antigens96,97.  

 
Fig. 1.7: Crystal structure of a human IgG antibody accessed from protein data bank (PDB code: 

1HZH). 
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Fig. 1.8: Schematic representation of a typical IgG antibody. Reproduced from reference98. 

 

1.5 Immunoassays: ELISAs 
 

Immunoassays are analytical methods used for the quantification of antigens by using the highly 

specific antibody-antigen interaction. To quantify the antigen, specific signal molecules (labels) 

are attached to the antibodies which can produce signals after an antigenïantibody interaction. 

Common labels include radioisotopes99, enzymes9,25, fluorochromes100, etc. When an enzyme is 

used as the label, the immunoassay is termed as enzyme immunoassay or enzyme-linked 

immunosorbent assay (ELISA). The ELISA technique was first developed in the 1960s101. Since 

then, it has been extensively exploited to design biosensors for diverse applications such as 

agriculture, environmental protection, food analysis, and diagnostics102ï105. There are three general 

steps in performing an ELISA experiment: coating, blocking, and detecting. A blocking step is 

done to minimize non-specific binding (NSB). NSB refers to binding of antibodies to un-intended 

proteins, enzymes, or any species present in the immunoassay environment106,107. Common 

blocking agents include casein, bovine serum 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 four different 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 

secondary 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 sensor surface. The sample antigen competes with a reference 

antigen for binding to a specific amount of labelled antibody.  

 

ELISA type Advantages Disadvantages 

Direct ¶ Rapid 

¶ Less steps to follow 

¶ Easiest to use 

 

¶ Least specific as only one 

antibody is used 

¶ High background noise 

Indirect  ¶ Higher specificity than direct 

ELISA 

¶ Potential for cross-reactivity 

by secondary antibody 

 

Sandwich  ¶ Highest specificity and 

sensitivity among all ELISA 

formats 

¶ Compatible with complex 

matrices of samples 

¶ Takes a long time because of 

the number of steps involved 

in this format 

¶ Only works with matched pair 

of antibodies 

 

Competitive ¶ Good specificity for small 

antigens 

¶ Requires an antigen 

conjugated with enzyme 

 

Table 1.4: 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 antibodies are used 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 

(Ab1) are attached to electrodes, often using chemical coupling108,109. A sample containing antigens 

(biomarkers) and secondary/detection antibodies (Ab2) is then introduced to the electrodes. The 

antibodies selectively bind to the Ag from the sample. The Ab2 is typically conjugated to a redox 

enzyme, such as HRP9,25 or alkaline phosphatase (AP)110 as shown in fig. 1.9. Electrochemical 

detection is achieved using a mixture of substrate and mediator introduced to the immunoassay. 

The catalytic redox reaction of the substrate is detected electrochemically (in presence of mediator) 

using techniques like voltammetry111, amperometry9ï11,25, impedance111 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 curves between electrochemical response vs 

concentration of antigen.  

 

 
Fig. 1.9: Schematic illustration of a sandwich ELISA based mediated electrochemical biosensor. 

Mox = oxidized mediator and Mred = reduced mediator. 
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1.6 Electroanalytical methodologies 
 

Electrochemistry is the study of chemical change influenced by transfer of charged particles (ions 

or electrons) between an electrode (conductor of electricity) and the solution in which the electrode 

is immersed. This boundary between the electrode and the solution is termed as the 

electrode/solution interface. There are several techniques that can be used to analyse these changes. 

Throughout this thesis techniques such as cyclic voltammetry (CV), chronoamperometry (CA), 

and amperometry are used. 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, and reference electrode. 

 

a) Working electrode (WE): The working electrode conducts the electrochemical event of 

interest. For solution-based electrochemical experiments, electrochemically inert 

conductive materials are usually used as WE. Working electrodes that are commonly used 

in electrochemical biosensors include carbon9,88,91, platinum112, and gold113.  

b) Reference electrode (RE): A reference electrode has a well-defined potential which is used 

as a reference point against which the potential of the WE can be measured or set in an 

electrochemical cell. The applied potential is reported as V (vs a reference). Common 

reference electrodes used in aqueous electrolytes include the saturated calomel electrode 

(SCE), standard hydrogen electrode (SHE), and the Ag/AgCl (3M KCl) electrode. When 

an organic solvent is used as electrolyte, usually an Ag/Ag+ electrode 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 graphite rods 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 happens due 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 causing oxidation or reduction of the species 

(analyte) present in the solution. These reactions are governed by Faradayôs laws of electrolysis 

thus, they are called faradaic processes. Faradayôs laws can be summarized as passage of 96,485.4 

coulombs of charge causes 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 of process, the non-faradaic 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 double layer fashion 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 Helmholtz layers 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 solution114. This behaviour of the charges 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 charging current will flow which will be proportional to 

the capacitance of the double layer115. The charging process tends to be very fast and resulting 

current will expire in a short time (usually a few milliseconds).  

 

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, desorption etc.). 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 under the gradient 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 to diffusion 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 in the analyte solution thereby making the potential gradient insignificant. 

Convection can be minimized by studying the analyte in un-stirred solution115ï117. When diffusion 

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

Ὥ  
ὲὊὃὈ ὅ  ὅ

‏
 

where id is the diffusion limited current, n is the number of electrons in the redox reaction, F is 

Faradayôs constant, A is the area of the electrode, D is the diffusion coefficient for the species 

reacting at the electrode, Cbulk and Celectrode are the concentrations of redox species in bulk solution 

and at the electrode respectively, and ŭ is the thickness of the diffusion layer. 
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A typical redox reaction can be written as: 

 

έὼὲὩ  O   ὶὩὨ 

 

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 electrochemical cell (Ecell) 

can be determined using the Nernst equation115: 

Ὁ  Ὁ  
πȢπυω

ὲ
ὰέὫ
ὶὩὨ

έὼ
 

where Eo
cell 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. 

 

1.6.1 Cyclic Voltammetry  
 

Cyclic voltammetry is usually the first electrochemical test done in many experiments. In this 

technique, an initial potential (Ei) is applied at the working electrode and ramped linearly over 

time until it reaches a fixed switching potential (Es) 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 the y-axis115,118. The schematics of a CV are 

shown in fig. 1.10.  
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a) 

 

b) 

 

c) 

 

Fig. 1.10: Plot of potential against time, plot of current against time, and the final cyclic 

voltammogram (current against potential) for a reversible solution-phase redox reaction (0.2 mM 

[Os(bpy)2Cl2]Cl complex in 0.05 M phosphate buffer saline, PBS (137 mM NaCl, pH = 7.4). CV 

recorded at scan rate = 100 mV/s at room temperature in ambient environment. Ei = initial 

potential and Es = switching potential.  
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In an electrochemically reversible reaction, reaction kinetics are fast, and the current is limited by 

the diffusion of 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 current (Ipa) and maximum cathodic current 

(Ipc) are referred to as Epa and Epc respectively (fig. 1.11). The half-wave potential (E1/2) is the 

average of the anodic and cathodic peak potentials. It is an important parameter in the identification 

of any redox species. 

ὉȾ  
Ὁ  Ὁ  

ς
 

 

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 current peaks equal to 59/n mV (n = number of electrons 

involved in the redox reaction) (ЎὉ  Ὁ  Ὁ  άὠ). The position of peak currents in the 

CV does not alter as a function of voltage scan rate. The ratio of the anodic peak current and 

cathodic peak current is equal to one ( ρ). Additionally, the peak currents (ip) are also 

proportional to the square root of the scan rate (ɜ) (Ὥ  θЍὺ)115. 

 

 
Fig. 1.11: A typical cyclic voltammogram of a reversible solution-phase redox reaction (0.2 mM 

[Os(bpy)2Cl2]Cl complex in 0.05 M PBS (137 mM NaCl, pH = 7.4). CV recorded at scan rate = 

100 mV/s at room temperature in ambient environment. The anodic and cathodic peak current are 

ipa and ipc respectively. The anodic and cathodic peak potentials are Epa and Epc respectively.  

 



 

19 
 

The peak current, ip, of the reversible redox process is described by the RandlesïĠevļ²k 

equation115:  

Ὥ πȢττφσ ὲὊὃὅ
ὲὊὺὈ

ὙὝ

Ⱦ

 

 

Where n is the number of electrons involved in the redox reaction, A is the electrode area (in cm2), 

C is the concentration of the redox species (in mol/cm3), D is the diffusion coefýcient of the redox 

species (in cm2/s), and ɜ is the scan rate (in V/s), R is the gas constant (in J/K/mol), and T is 

temperature (in Kelvin, K). 

 

1.6.2 Chronoamperometry (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) 

 

Fig. 1.12: a) The plot of potential vs time, Ei is initial value and Ef is 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 electrode and electrode/solution interface115. The non-

faradaic current or the capacitive current decays exponentially with time constant, Ű (Ű = RC) 

according to the following equation: 

 

Ὥ 
ЎὉ

Ὑ
Ὡ  

ЎὉ

Ὑ
Ὡ   
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where i is the current (in amperes, A), ȹE is the potential step (in volts, V), Ű is the time constant 

(in seconds, s), R is the solution resistance (in ohms, ɋ) and C is the capacitance of the double 

layer (in farads, F). 

The capacitive current is determined by running a CA experiment in the presence of a supporting 

electrolyte (such as PBS buffer) in the double-layer charging region. 

 

CA can be used to measure the faradaic current for a diffusion-controlled process occurring at an 

electrode. The faradaic current (i) varies with analyte concentration (C) according to the Cottrellôs 

equation. 

 

Ὥ  
ὲὊὃὅὈȾ

“ȾὸȾ
 

 

where i is the current (in amperes, A), n = number of electrons involved in the reaction; F = 

Faradayôs constant (= 96,485 C), A = electrode area (in cm2), C = concentration of redox species 

(in mol/cm3), and D = diffusion constant of the redox species (in cm2/s). 

To calculate the faradaic current, CA is performed by applying a potential step that can oxidize or 

reduce the redox species of interest and then, the current is measured with respect to time.  

 

CA is an important technique for determining capacitance and resistance of an electrode119,120, area 

of electrode120,121, diffusion coefficient of redox species122 etc. CA has also been used as a 

detection technique in several non-enzymatic electrochemical sensors123,124. 

 

1.6.3 Amperometry 
 

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 chosen, then the 

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 

biosensors8,45,87,88 and immunoassays9ï11,25.  

  

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 polypyridyl complexes and polymers. 

This chapter discusses the various synthetic approaches and classifies them according to product 

yield, reaction time, and ease of extraction of the product. The third chapter discusses the use of 

various osmium complexes as mediators 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 screen-printed carbon electrode (SPCE) arrays. 

Capacitive and faradaic currents are evaluated as area normalization parameters for 

electrochemical biosensors. The fifth chapter discusses the use of a design-of-experiments (DoE) 

approach for development and optimization of an HRP-based sensor for detecting hydrogen 

peroxide. The sixth chapter is focused on development of a peroxidase-based immunoassay for 

detection of prostate cancer (PCa). Using an osmium complex as mediator and 3D printed 

microfluidic chips, a rapid, oxygen-insensitive, and multiplexed immunoassay is designed for 

possible application to detection of PCa. The seventh chapter provides a conclusion of the thesis 

along with presenting areas for further research.  
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Chapter 2: Synthesis, purification, and characterization of 

osmium polypyridyl complexes and polymers 

 

3.1 Introduction  
 

Polypyridyl complexes with transition metals have been in use for a very long time1ï4. These 

transition metal complexes find applications as components in metal-organic-frameworks 

(MOFs)5ï8, photosensitizers9ï13, anti-cancer drugs14ï16, redox fuel cells17ï22, and biosensors23ï30. 

The group 8 transition metals (iron (Fe), ruthenium (Ru), and osmium (Os)) can form octahedral 

complexes with strong 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 pyridine31, imidazole32, phenanthroline9, biimidazole33, bipyridine34, terpyridine35 etc., all 

of which are good ˊ-acceptors. The polypyridyl ligand that 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 a co-ordination ligand for the group 8 metals for over a century, 

as reported in the review of the history of the bpy ligand4. Metal-bpy coordination complexes of 

Fe, Ru, and Os have been prepared and characterized extensively1,36,37. Metal-bpy complexes of 

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

reasons38ï41: 

i) Os complexes with the bipyridine ligand (Os-bpy) are more stable than Fe-bpy and Ru-

bpy complexes because Os-bpy complex has higher crystal field splitting parameter 

(denoted by ȹo (o represents an octahedral complex) or 10Dq) than the other two metal 

complexes.  

Many properties of these metal-bpy complexes are dependent on the crystal field splitting 

parameter. This parameter defines the separation between the two degenerate eg orbital and the 

three degenerate t2g orbital electron energy levels (fig. 2.1). The ȹo for the metal-bpy 

complexes increase as ȹo (Fe-bpy complex) < ȹo (Ru-bpy complex) < ȹo (Os-bpy complex) 

as the size of the d orbitals increase. Generally, the ȹo value for 4d orbitals are up to 50% and 

for 5d orbitals up to 70% greater than that for 3d orbitals when the same ligand is used for 

complex formation42. The larger the value of ȹo, the more thermodynamically stable is the 

metal complex.  
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Fig. 2.1: Crystal field splitting of the d orbitals of the central metal ion in octahedral 

complexes43,44 

Bipyridyl complexes with iron (Fe-bpy complex) have their excited-state lifetimes dominated 

by dd states that lie lower than the metal-ligand charge transfer (MLCT) states because of the 

smaller ȹo. Because of prominent dd states, Fe-bpy complexes tend to lose ligands and 

decompose photochemically. Bipyridyl complexes with ruthenium (Ru-bpy) also have low-

lying dd states which can limit excited-state lifetimes and lead to decomposition of the complex 

by loss of ligands. However, osmium complexes with the bipyridine ligand (Os-bpy) are more 

stable than Fe-bpy and Ru-bpy complexes because Os-bpy complex has larger ȹo than the 

other two metal complexes. The larger ȹo raises the energies of low-lying dd states and makes 

their effect on complex formation negligible. Without any low-lying dd states, the osmium 

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

ii)  Osmium forms stronger ů and ˊ bonds with bpy compared to iron or ruthenium, 

therefore, the Os-bpy complexes are more stable than the other two metal-bpy 

complexes. 

Metal-bpy complex stability depends on the synergic bonding in which electrons are 

transferred from ů orbitals on the nitrogen atoms of bpy ligand to the empty d(eg), s, and p 

orbitals of the metal (ů bonding) and from the d(t2g) orbitals of the metal to the empty ˊ 

molecular orbitals of the conjugated heterocycle ring of the bpy ligand (ˊ back-bonding) as 

shown in fig. 2.2 and fig. 2.3. This double bond interaction involving ů and ˊ orbitals of both 

metal atom and bpy ligand results a ligand field stabilization 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 metal-ligand back bonding in Os-bpy complexes and thus, 

provides better complex stability in these complexes.  
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Fig. 2.2: Molecular orbital (MO) energy level diagram with ů and ˊ bonding for octahedral 

complexes43,44 

 

Fig. 2.3: ˊ back bonding mechanism in octahedral complexes43,44 

iii)  Os-bpy complexes have a lower redox potential for Os(II/III) redox reaction. 

Ionisation energy decreases down a group in the periodic table. This makes the 3rd ionisation 

energy of osmium metal ions lower than the 3rd ionisation energy of ruthenium and iron metal 

ions (3rd ionisation energy corresponds to the following reaction: M2+  M3+ + eī). A lower 

3rd ionisation energy leads to lower redox potential for complexes of Os(II) and also stabilises 

the other higher oxidation states. This makes the Os-bpy complex more stable than Ru-bpy and 
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Fe-bpy complexes. The lower redox potential of Os-bpy complexes also better matches 

applications as an electrocatalyst or mediator in biosensors as a low redox potential is needed 

to minimise the effects of interferences45. 

The Os-bpy complexes are chemically stable and electrochemically reversible because of the 

advantages listed above. Therefore, the Os-bpy complexes have been widely used in 

electrochemical systems as electron transfer agents (or mediators) 17,18,34,46ï49. In this thesis, the 

focus will be on Os-bpy complexes in the +2 (Os(II)) and +3 (Os(III)) osmium metal oxidation 

states and the cycling between these states in the Os(II/III) redox couple. In the Os(II) state, Os-

bpy complexes assume octahedral configuration. These complexes are spin-paired and thus 

diamagnetic in nature, with t2g
6 configuration and coordination number 6. The, Os-bpy complexes 

in the Os(III) state are octahedral, low-spin, paramagnetic in nature, with t2g
5 configuration and 

coordination number 644.  

 

The redox potential of the Os(II/III) couple can be tuned by using different substituents on the bpy 

ligand34,36,40,50. As only substituents on the 4,4' position of the bpy ligand are considered in this 

thesis, this introduction focuses on 4,4'-bpy derivatives used to tune redox potentials. This 

tunability of redox potential is dependent on the ů donor and ˊ acceptor properties of the ligand. 

Substituting with an electron withdrawing group (EWG) such as -Cl or -CN at the 4,4' positions 

of bpy decreases the electron density of the osmium metal centre, making it difficult to oxidise 

Os(II) to Os(III), and thus requiring a higher potential for the redox reaction (increases the 

Os(II/III) redox potential). Substituting with an electron donating group (EDG) such as -NH2 or -

OCH3 on the bipyridine affects the redox potential of Os(II/III) couple in the opposite way and 

thus decreases the redox potential. For example, while the Os(bpy)2Cl2 complex has a redox 

potential of 0 V (vs Ag/AgCl (3M KCl))36, the Os(4,4'-dichloro-bpy)2Cl2 complex (having an 

EWG on bpy ligand) has a redox potential of +0.2 V (vs Ag/AgCl (3M KCl))51. However, the 

Os(4,4'-diamino-bpy)2Cl2 complex (having an EDG on bpy ligand) has a redox potential of -0.56 

V (vs Ag/AgCl (3M KCl))51. Thus, using a range of different EWG and EDG groups on the bpy 

ligand (fig. 2.5) the Os(II/III) 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/III) couple can be 

determined using the Lever equation 50,52 (equation 1). 

For any metal complex with general formula, MXxYyZz, (M = metal; X, Y, Z = ligands), the ligand 

parameters and the redox potential for the M(n)/M(n-1) couple can be plotted as an EL plot: 

                                                        Ecalc = SM[ễEL] + IM         (equation 1) 

where Ecalc is the calculated redox potential of the M(n)/M(n-1) couple, EL is the ligand 

electrochemical parameter, SM and IM are the slopes and the y-intercept respectively of a plot of 

calculated redox potential, Ecalc versus ɆEL.  
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The ligand electrochemical parameter is defined as one-sixth that of the Ru(III)/Ru(II) potential 

for species RuL6 in acetonitrile and it assumes that all ligand contributions are additive. The SM 

and IM values are specific for each M(n)/M(n-1) couple. The SM and IM 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 the redox 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 by approximately +0.25 V50,52. For example, Os(bpy)2Cl2 complex (parent 

complex) has a redox potential of 0 V (vs Ag/AgCl (3M KCl))36 but the [Os(bpy)2(4-

aminomethylpyridine)Cl]Cl complex (addition of a substituted pyridine ligand to the parent 

complex) has a redox potential of +0.22 V49 due to a positive shift in redox potential after addition 

of pyridine to the metal centre.   

Synthesis of complexes 

The synthesis procedure of Os-bpy complexes was first reported in the 1950s by Dwyer and co-

workers3. Later, several novel synthetic procedures were reported throughout the 1980s1,39,40,53,54. 

These procedures used K2OsCl6
1, (NH4)2OsCl6

36, or OsCl3
54 as starting materials and included a 

reduction step with sodium dithionite to produce the reduced form of Os-bpy complexes, Os(II) . 

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

(fig. 2.4). Sodium dithionite is a reducing agent with redox potential -0.66 V (vs NHE at pH = 

7)55,56.  

 

Ὓὕ  ςὌὕ ᵶ ςὌὛὕ ςὩ  ςὌ  

ςὕί  ςὩ ᵶ ςὕί  

 

Ὓὕ ςὕί  ςὌὕ ᵶ ςὌὛὕ ςὕί  ςὌ   

 

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

Alternate synthetic approaches include using microwave irradiation during synthesis57. Microwave 

assisted synthesis reactions have been reported to produce higher yields of products and less side-

products than synthetic approaches using solvents heated at reflux11,58. The most common 

synthesis procedure used is that reported by Kober et al.36 where (NH4)2OsCl6 and a bpy ligand 

(N-N) are refluxed together in ethylene glycol to synthesize the Os polypyridyl complex. The use 

of ethylene glycol as an alternate solvent to dimethylformamide (DMF) or ethanol results in an 

increased reaction temperature and decreased reaction time1. Ethylene glycol also acts as a 

reducing agent which helps the reaction proceed59,60.  

Synthesis, purification, and characterization of a range of osmium-polypyridyl complexes is 

described in this chapter. The initial focus is on N4 Os-bpy complexes (two bpy ligands (N-N) 

attached to the metal centre) which are denoted as Os(N-N)2Cl2 (oxidation state of osmium = +2, 
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reduced form) and Os(N-N)2Cl2
+

 (oxidation state of osmium = +3, oxidized form). Subsequently 

N5 complexes are produced, which have two bpy ligands (N-N) and one additional nitrogen 

heterocyclic (pyridine or imidazole) ligand (L) coordinated to the metal centre. The N5 osmium 

complexes are denoted as [Os(N-N)2(L)Cl] +
 (oxidation state of osmium = +2, reduced form) and  

[Os(N-N)2(L)Cl] 2+
 (oxidation state of osmium = +3, oxidized form). The synthesis of osmium 

redox polymers, where Os-bpy complexes are coordinated to the N-heterocyclic polymer 

polyvinylimidazole (PVI), is also presented in this chapter. These osmium redox polymers are 

synthesized by substituting one chlorine ligand from the parent complex (Os(N-N)2Cl2) for 

imidazole of the PVI forming a mono-substituted polymer ([Os(N-N)2(PVI)10Cl]Cl). Degani et 

al.61 first reported the use of such an osmium redox polymer for a glucose sensor in 1989. Forster 

et al.62 published further studies on synthesis and characterization of various osmium redox 

polymers. They reported that the synthesis of mono-substituted osmium redox polymers requires 

low reflux temperatures and non-aqueous solvents. When high boiling solvents and aqueous 

solvents are used during synthesis, a di-substituted polymer ([Os(N-N)2(PVI)10]Cl2) is formed 

because of substitution of both chlorine ligands from the parent complex by imidazole. Presence 

of trace oxygen during synthesis of osmium polypyridyl complexes and polymers can lead to low 

yields of desired product and synthesis of side products (such as OsO2bpy2Cl2)
63. Therefore, 

synthesis procedures of these complexes and polymers require a de-oxygenated environment 

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 to optimize the synthesis procedures by considering the following parameters: 

a) solvent used for synthesis reaction, 

b) time taken for the synthesis reaction, 

c) yield 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 crystal X-Ray diffraction (SCXRD).  
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Fig. 2.5: Structure of the ligands used in this chapter: a) bpy; b) dBrbpy; c) dClbpy; d) dCNbpy;  

e) dabpy; f) dmobpy; g) dmebpy; h) 4-AMP; i) 3-API; j) 1-MI; and k) PVI 

 

3.2 Experimental 
 

3.2.1 Materials  
 

Ammonium hexachloroosmate, potassium hexachloroosmate, 2,2ô-bipyridine (bpy), 4,4ô-

dimethoxy-2,2ô-bipyridine (dmobpy), 4,4ô-dimethyl-2,2ô-bipyridine (dmebpy), 4-

(aminomethyl)pyridine (4-AMP), 1-(3-aminopropyl)imidazole (3-API), ethylene glycol, N,Nô-

dimethylformamide (DMF), sodium dithionite, tetrabutylammonium tetrafluoroborate 

(TBATFB), ammonium hexafluorophosphate (NH4PF6), disodium hydrogen phosphate, sodium 

chloride, sodium dihydrogen phosphate, aluminium oxide (activated, neutral, STD grade, 150 

mesh), nitrocellulose membranes (0.22µm and 0.45µm) and polytetrafluoroethylene (PTFE) 

membrane (0.45µm) were purchased from Sigma-Aldrich and used as received. Ethanol, 

acetonitrile (ACN), toluene, acetone, dichloromethane (DCM), and diethyl ether were purchased 

from Fisher. 1-methylimidazole (1-MI), 4,4ô-diamino-2,2ô-bipyridine (dabpy) and 4,4ô-dibromo-

2,2ô-bipyridine (dBrbpy) were purchased from TCI. 4,4ô-dichloro-2,2ô-bipyridine (dClbpy) was 

purchased from Carbosynth. PVI was synthesized in the laboratory as previously described64.   
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3.2.2 Instruments 
 

All electrochemical tests were conducted using a CH Instrument 650 potentiostat (IJ Cambria) in 

a three-electrode cell containing a glassy carbon electrode as working electrode, an Ag/AgCl (3M 

KCl) electrode as reference electrode, and a platinum electrode as counter electrode. The glassy 

carbon electrode and the Ag/AgCl (3M KCl) electrode were purchased from IJ Cambria while the 

platinum wire was purchased from Goodfellow. Tests were conducted in phosphate buffered saline 

solution (PBS) (50 mM phosphate, pH 7.4, 150 mM NaCl) as an aqueous supporting electrolyte 

and in acetonitrile (with 0.1 M tetrabutylammonium tetrafluoroborate (Bu4NBF4)) as a non-

aqueous supporting electrolyte. Mass spectra (MS) of complexes were obtained using a mass 

spectrometer (HRMS, Agilent 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 of using four solvents: ethanol, DMF, ethylene glycol, and diethylene glycol monoethyl 

ether was compared for synthesis of N4 osmium complexes .  

a) Ethanol: A mole equivalent of ammonium hexachloroosmate ((NH4)2[OsCl6]) and 2 moles 

equivalent of the bipyridine ligand (N-N) are dissolved in ethanol and heated to reflux at 90o 

C. The reaction mixture is constantly purged with nitrogen gas. The reaction is stopped when 

the reaction mixture shows expected redox peaks in 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 ([Os(N-N)2Cl2]
+). This complex is 

precipitated by either precipitation from ether or metathesis to the water insoluble 

hexafluorophosphate salt. 

i) Precipitation is achieved by addition of ether into the reaction mixture and filtering using 

a PTFE membrane. The precipitated complex is dried in the oven. 

ii)  Metathesis is achieved by addition of a supersaturated solution of ammonium 

hexafluorophosphate (NH4PF6) in water. The PF6 salt precipitate is filtered with a 

nitrocellulose membrane and washed twice with Milli Q water and once with ether. The 

complex is dried in an oven . 

iii)  The reduced form of the osmium complex ([Os(N-N)2Cl2]) is obtained by addition of a 

supersaturated aqueous solution of sodium dithionite (Na2S2O4) to the reaction mixture. 

The sodium dithionite solution reduces the [Os(N-N)2Cl2]
+ complex (Os(III) oxidation 

state) in the solution to [Os(N-N)2Cl2] complex (Os(II) oxidation state) according to the 
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reaction shown in fig. 2.4. After the reduction to Os(II), the Os(N-N)2Cl2 complex 

precipitates out of the solution. The reaction mixture is stirred in ice for 2 hours or 

preferably overnight for complete precipitation 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 µm. The precipitate is washed twice with Milli Q water (2 

X 250 mL) and once with diethyl 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(OsCl6)) with 2 moles equivalent of the bipyridine ligand (N-N).dissolved in minimum 

amount of DMF and heated to reflux at150o C. 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 (KCl) precipitates out of the solution. The reaction mixture is filtered with 

a nitrocellulose membrane to remove solid KCl from the filtrate. The product in the reaction 

mixture is the oxidized form of the osmium complex ([Os(N-N)2Cl2]
+). This complex is 

precipitated by either precipitation from ether or metathesis to the water insoluble 

hexafluorophosphate salt.  

The reduced form of the osmium complex ([Os(N-N)2Cl2]) precipitates after addition of a 

supersaturated aqueous solution of sodium dithionite (Na2S2O4) to the reaction mixture. The 

precipitated complex is filtered, washed, and dried in an oven.  

The synthesis and precipitation procedure in DMF is shown in fig 2.6. 
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Fig. 2.6: Reactions for the N4 osmium complex synthesis using potassium hexachloroosmate in 

DMF. 
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c) Ethylene glycol: For the synthesis of complexes in ethylene glycol, a mole equivalent of 

ammonium hexachloroosmate ((NH4)2(OsCl6)) and 2 moles equivalent of the bipyridine ligand 

(N-N) are dissolved in a minimum amount of ethylene glycol and heated to reflux at 160-170o 

C with constant purging of nitrogen gas throughout the reaction. The reaction is stopped when 

the expected redox peak appears in the CV, and the mixture is cooled to room temperature. 

The product in the reaction mixture is the oxidized form of the osmium complex ([Os(N-

N)2Cl2]
+). This complex is precipitated by either precipitation into a solvent mixture, 

separation into a solvent and subsequent solvent removal, or metathesis to the water insoluble 

hexafluorophosphate salt. 

 

i) Precipitation is by addition of a mixture of ethanol/methanol/acetone and ether. The 

precipitate is filtered with PTFE membrane and dried in an oven. 

ii)  Solvent stripping with dichloromethane (DCM) or chloroform (CHCl3) is achieved by 

adding DCM or CHCl3 to the reaction mixture in a separatory funnel and DCM is added. 

The separatory funnel is shaken to extract the osmium complex in the DCM or CHCl3 

layer. The DCM or CHCl3 layer is removed from the funnel and the solvent is evaporated 

using a rotary evaporator. This procedure is done 5-6 times to extract the maximum amount 

of osmium complex from ethylene glycol.  

iii)  Metathesis is achieved by addition of aqueous NH4PF6. The precipitate is filtered, washed, 

and dried in an oven.  

iv) The reduced form of the osmium complex ([Os(N-N)2Cl2]) is obtained by addition of a 

supersaturated aqueous solution of Na2S2O4 to the reaction mixture. The precipitated 

complex is washed, filtered, and dried in oven before use.  

The synthesis and precipitation procedure in ethylene glycol is shown in fig. 2.7. 
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Fig. 2.7: Reactions for the N4 osmium complex synthesis using ammonium hexachloroosmate in 

ethylene glycol. 

d) (2-(2-Ethoxyethoxy)ethanol): (2-(2-ethoxyethoxy)ethanol) is a polyol like ethylene glycol and 

it is soluble in ether65. A mole equivalent of ammonium hexachloroosmate ((NH4)2(OsCl6)) 

and 2 moles equivalent of the bipyridine ligand (N-N) are refluxed at 160-170o C with constant 

purging of nitrogen gas for 3 hours. The complex can be precipitated as the oxidized form or 

reduced form using the extraction methods detailed in (c) above for ethylene glycol.  
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2.2.3.2 N5 complexes 

Synthesis of the N5 Os(III) complexes can be achieved similar to the synthesis of the N4 Os(II) 

complexes using the solvents ethanol, DMF or ethylene glycol. 

a) Ethanol: A mole equivalent of Os(N-N)2Cl2 complex is refluxed with 1 mole equivalent of the 

pyridine/imidazole ligand (L) at 90-100o C. The reaction mixture is constantly purged with 

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.  

b) DMF: A mole equivalent of Os(N-N)2Cl2 complex is refluxed with 1 mole equivalent of the 

pyridine/imidazole ligand (L) at 150o C  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  

c) Ethylene glycol: A mole equivalent of Os(N-N)2Cl2 complex is refluxed with 1 mole 

equivalent of the pyridine/imidazole ligand (L) at 90-110o C 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. 

The synthesis and precipitation procedures are shown for ethanol and DMF in fig. 2.8 and ethylene 

glycol in fig. 2.9. 
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Fig. 2.8: Reactions for the N5 complex synthesis. Solvent is ethanol or DMF. 
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Fig. 2.9: Reactions for the N5 complex synthesis in ethylene glycol. 
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Synthesis of N5 complexes with ligands such as 3-API which have an alkyl chain containing an 

amine group at the distal end, may form polymeric chains during the reaction66. The 3-API 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 group can also act as a ligand with the metal centre (fig. 2.10). 

A long alkyl chain between the imidazole and the free amine group prevents steric hindrance and 

thus, promotes polymer formation. 

 

Fig. 2.10: Reaction of the 3-API ligand with osmium complex. X = -NH2, -OCH3, -CH3, -H, -Cl. 

To synthesize a complex without polymer formation, the group that causing unnecessary reaction 

should be protected. In this case, the amine group can be protected with a protecting group (-BOC) 

and the reaction can be carried on the protected ligand. Once the protected ligand is attached to the 

metal centre (which can be verified using CV), the protecting group can be de-protected. This 

approach is illustrated in fig.2.11 and described below.  

a) One mole equivalent each of the 3-API ligand, di-tert-butyl dicarbonate (BOC2O), and 

triethylamine (TEA) are dissolved in a minimum 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 vacuo and the product checked using NMR.  

b) Once the NMR shows that the protection reaction is successful, the BOC-protected API ligand 

(API-BOC) is reacted with the osmium complex. A mole equivalent of Os(N-N)2Cl2 complex 

and 1 mole equivalent of the API-BOC ligand are dissolved in a minimum amount of ethylene 

glycol and held at reflux at 110o C. 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 reaction mixture 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(N-N)2(BOC-API)Cl]PF6. The precipitate is filtered using a 

nitrocellulose membrane 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 BOC-protected ligand in the complex is achieved by treatment with a mixture 

of trifluoroacetic acid (TFA) and DCM (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 used without further 

purification. 
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Fig. 2.11: Scheme for [Os(N-N)2(3-API)Cl]PF6 complex synthesis  

2.2.3.3 Osmium redox polymers 

Synthesis of the redox polymers can be achieved using the solvents ethanol, DMF or ethylene 

glycol as depicted in fig 2.12 and described below. 

a)  Ethanol or DMF: The Os(N-N)2Cl2 complex is refluxed in the solvent for 20 minutes to ensure 

complete dissolution of the complex. A ten-molar equivalent of PVI is dissolved in the solvent 

and added dropwise to the reaction mixture. The mixture is refluxed at 90o C with constant 

purging of nitrogen gas. After synthesis is finished, estimated by monitoring the CV response, 

the reaction mixture is cooled to room temperature. The polymer is precipitated using diethyl 

ether and the precipitate is filtered with a PTFE membrane. The filtered polymer is dried in an 

oven. 

b) Ethylene glycol: The Os(N-N)2Cl2 complex is refluxed in ethylene glycol for 20 minutes before 

addition of ten-molar (monomer to Os complex) equivalent of PVI dissolved in ethylene 

glycol. The reaction is held at reflux at 90o C. The reaction mixture is constantly purged with 

nitrogen gas. The reaction mixture is allowed to cool to room temperature once the synthesis 

is finished estimated by monitoring the CV response. The polymer can be extracted from 

ethylene glycol using the procedures described for extraction of the N4 complexes from 

ethylene glycol through methods shown below: 
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Fig. 2.12: Reactions for [Os(N-N)2(PVI)10Cl]Cl polymer synthesis  

2.2.4 Purification  
 

The crude products after the synthesis reactions consist of the pure 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 chromatography (TLC) approach on 

alumina was first used to analyse the solvent composition required for separation of the N4 

complexes from impurities.  Column chromatography with alumina (aluminium oxide, Al2O3) was 

then performed to separate the complex out from the crude product. Several researchers have 

reported the use of solvent compositions such as methanol/DCM67, acetonitrile (ACN)/methanol68, 

ACN/DCM67 to purify osmium complexes. The 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, ACN/methanol, methanol/hexane, ACN/DCM etc. 

were tested in TLC experiments but those solvent compositions did not generate sufficient 

separation between pure N4 osmium complexes and impurities during TLC experiments. A 1:1 

mixture of ACN and toluene generated the best separation and this solvent composition was 

therefore chosen for the column chromatography to purify the N4 osmium complexes.  

The N5 osmium complexes and osmium redox polymers were used without any further 

purification. 

2.2.5 Crystallization of selected complexes 
 

A vapour diffusion technique is an approach that can provide good diffraction quality crystals69. 

In this technique, two vials are used: a wide vial and a narrow vial that fits inside the wider vial. 

The redox complex solution is placed in the inner narrow vial. The solvent in the inner vial should 

be less volatile than the solvent in the outer vial. Some appropriate examples for the solvent in the 

inner vial are chloroform, toluene, acetonitrile or DMF. For the outer vial, volatile solvents such 

as pentane, hexane, or diethyl ether are usually used. The system, as shown in fig. 2.13, is placed 

in a fridge for 10-20 days, minimizing all possible mechanical or air flow disturbances. The solvent 

in the outer vial gradually diffuses into the inner vial, precipitating the redox complex, which forms 

crystals. The cold temperature of the fridge slows solvent diffusion which helps in generating 

diffraction quality crystals.  

A slow evaporation technique can also provide good diffraction quality crystals. In this approach, 

a saturated solution of the redox complex in a suitable solvent (such as ethylene glycol, water, 

DMF etc.), is kept in a container with large surface area and covered lightly to allow slow 

evaporation of the solvent, leaving behind crystals of the redox complex.  
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Fig. 2.13: Scheme for the vapour diffusion crystallization technique 

2.3 Results and discussion 
 

2.3.1 Comparison of synthetic approaches 

The synthetic approaches described in this study rely on the solvent (ethanol, DMF, ethylene 

glycol, and (2-(2-ethoxyethoxy) ethanol)) being used during the synthesis reaction. The reaction 

time, yield, and isolation procedure for the solid product from each synthetic procedure are 

presented in tables 2.1, 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 relatively less time. This 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 the reaction 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/methanol/acetone 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 the product 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 

time 

Yield Extraction  of solid product Dry (in 

oven @ 

50oC) 

Ethanol 8-10 days 70 - 80% Reduce oxidized N4 with 

aqueous sodium dithionite 

(wait overnight for precipitate 

to form), filter, and dry 

 

2-3 days 

DMF 3-4 hr 70 ï 80% Two steps: 

¶ Filter KCl 

¶ Reduce the oxidized N4 

with aqueous sodium 

dithionite (wait overnight 

for precipitate to form), 

filter, and dry. 

 

2-3 days 

Ethylene 

glycol 

20-40 mins 80 ï 90 % Reduce oxidized N4 with 

aqueous sodium dithionite 

(wait overnight for precipitate 

to form), filter, and dry. 

 

2-3 days 

(2-(2-

ethoxyethoxy) 

ethanol) 

1-2 hr 70 ï 75 % Reduce oxidized N4 with 

aqueous sodium dithionite 

(wait overnight for precipitate 

to form), filter, and dry. 

 

2-3 days 

Table 2.1: Results for synthesis of reduced form of N4 osmium complexes 
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Solvent Reaction 

time 

Yield Extraction  of solid product Dry (in 

oven @ 

50oC) 

Ethanol 

N4 8-10 

days 

 

N5 3-4 days 

70 - 80% 

Precipitate product by addition of 

ether to the reaction mixture. 

Filter and dry. 

 

<1 day 

 

Precipitate by metathesis reaction 

with aqueous ammonium 

hexafluorophosphate (wait 

overnight for precipitate to 

form). Filter and dry. 

 

2-3 days 

DMF 

N4 3-4 days 

 

N5 2-3 days 

70 ï 80% 

Precipitate product by addition of 

ether to the reaction mixture 

(having filtered KCl previously 

for N4 synthesis). Filter and dry. 

 

<1 day 

Precipitate product by metathesis 

reaction with aqueous 

ammonium hexafluorophosphate 

(wait overnight for precipitate to 

form). Filter and dry. 

2-3 days 

Table 2.2a: Results for synthesis of oxidized form of N4 osmium complexes and N5 osmium 

complexes 
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Solvent Reaction 

time 

Yield Extraction  of solid product Dry (in 

oven @ 

50oC) 

Ethylene glycol 

N4 20-40 

mins 

 

N5 20-30 

mins 

80ï 90 % 

Extract product from reaction 

mixture using solvent stripping 

method with DCM/chloroform 

and evaporate solvent from 

product. 

 

<1 day 

Precipitate product by addition of 

a mixture of 

ethanol/methanol/acetone and 

ether to the reaction mixture. 

Filter and dry.  

 

<1 day 

Precipitate by metathesis reaction 

with aqueous ammonium 

hexafluorophosphate (wait 

overnight for precipitate to 

form). Filter and dry. 

 

2-3 days 

Table 2.2b: Results for synthesis of oxidized form of N4 osmium complexes and N5 osmium 

complexes 
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Solvent Reaction 

time 

Yield Extraction  of solid product Dry (in 

oven @ 

50oC) 

Ethanol 15-30 days 75 - 80% Precipitate product by addition 

of ether to the reaction mixture. 

Filter and dry. 

 

<1 day 

DMF 5-8 days 75 ï 80% 

Precipitate product by addition 

of ether to the reaction mixture. 

Filter and dry. 

 

<1 day 

Extract the product from reaction 

mixture using solvent stripping 

method with DCM/chloroform 

and evaporate solvent from 

product. 

 

<1 day 

Ethylene 

glycol 

 

1ï 3 days 

 
80ï 90 % 

Precipitate product by addition 

of a mixture of 

ethanol/methanol/acetone and 

ether to the reaction mixture. 

Filter and dry. 

 

<1 day 

Extract the product from reaction 

mixture using solvent stripping 

method with DCM/chloroform 

and evaporate solvent from 

product. 

 

<1 day 

Table 2.3: Results for synthesis osmium redox polymers 

2.3.2 Characterization and purification of N4 osmium complexes 

The complexes were characterized using cyclic voltammetry and mass spectroscopy (MS) post 

purification. For CV characterization, the complexes were dissolved in PBS and CVs were 

performed in a three-electrode electrochemical cell. Formal redox potentials (EÁᾳ) were evaluated 

from the CVs by calculating the mean of the oxidation and reduction peak potentials, 

corresponding to the Os(II)/Os(III) redox couple. Depending on the nature of the substituent group 

(EDG or EWG), the value of EÁᾳ varies between -0.52 V and +0.25 V (vs Ag/AgCl), as shown in 

Table 2.4. The CV and MS data presented in Table 2.4 is consistent with previously reported 
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results36,52,68. The CV recorded for the crude and pure [Os(dmebpy)2Cl2]PF6 complex in PBS is 

shown in fig. 2.14. The crude complex shows two redox peaks centred at ī0.11 V and +0.45 V (vs 

Ag/AgCl) in the CV. Once purified the Os(II/III) redox potential of [Os(dmebpy)2Cl2]PF6 is 

centred at ī0.11 V (vs Ag/AgCl) which is consistent with previous reports70. The redox peak at 

+0.45 V in the crude sample could emanate from the Os(II/III) redox transition of 

[Os(dmebpy)3](PF6)3 (N6 complex = three bpy ligands on osmium metal centre) which may have 

also formed during the synthesis reaction along with the desired complex. The pure complexes are 

produced by separation from the crude mixture through column chromatography experiments and 

characterized by recording a CV in PBS (fig. 2.15b and fig. 2.16a) or in acetonitrile (fig. 2.16b).  

 

Fig. 2.14: CVs of 0.2 mM crude (red) and 0.2 mM purified (black) [Os(dmebpy)2Cl2]PF6 complex. 

CVs recorded in 0.05 M PBS (137 mM NaCl, pH = 7.4) at room temperature at scan rate = 100 

mV/s in ambient environment. 

MS experiments were done on the complexes after purification. The Os(dBrbpy)2Cl2 complex 

could not be purified, therefore, it was not characterized using MS. The ionization 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 molecular ion peak 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 (Os184, Os186, Os187, Os188, Os189, Os190 and Os192). The MS data for the 

complexes is available in the appendix. 
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Complex  Formal potential, Eo  

in PBS (V vs Ag/AgCl 

(3M KCl))  

Calculated m/z 

peak 

Observed m/z 

peak 

Os(dabpy)2Cl2 -0.52 ± 0.02 634.1 634 

Os(dmobpy)2Cl2 -0.27 ± 0.01 694.1 694 

Os(dmebpy)2Cl2 -0.12 ± 0.02 630.1 630 

Os(bpy)2Cl2 0 ± 0.03 574.0 574 

Os(dClbpy)2Cl2 +0.25 ± 0.01 713.9 711 

Os(dBrbpy)2Cl2 +0.25 ± 0.01 NA NA 

Table 2.4: Formal redox potentials (for 0.2 mM complexes dissolved in 0.05 M PBS (137 mM 

NaCl, pH = 7.4), data represented as mean ± S.D. (n = 3)) and mass spectra (MS) molecular ion 

peaks for N4 osmium complexes. 

The comparison between observed and calculated m/z peaks for the N4 osmium complexes show 

good correlation confirming the proposed formula of the complexes. 

 

a) Os(bpy)2Cl2 

 

 

b) Eo = 0 V 

 

 

Fig. 2.15: a) Structure of Os(bpy)2Cl2 complex and b) CV of 0.2 mM Os(bpy)2Cl2 complex recorded 

in 0.05 M PBS (137 mM NaCl, pH = 7.4) at room temperature in ambient environment (scan rate 

= 100 mV/s) 

When acetonitrile is used as the supporting electrolyte, an Ag/AgCl (3M KCl) electrode is used as 

reference electrode and ferrocene is used as internal standard. The potential of the complexes are 

referenced against ferrocene to remove any discrepancy caused by the aqueous reference electrode 

being used71.  
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a) 

 
 

b) 

 

Fig. 2.16: CVs of the 0.2 mM Os(dClbpy)2Cl2 complex in a) 0.05 M PBS (137 mM NaCl, 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(bpy)2Cl2 complex, fig. 2.15b) show electrochemical 

reversibility in the CVs, based on observation of  ρ, which is consistent with previously 

reported data in the literature36. However, the Os(dClbpy)2Cl2 (fig. 2.16a) and Os(dBrbpy)2Cl2 

complexes show an interesting anomaly in their CV shapes recorded in PBS buffer, where the 

anodic peak currents are higher than cathodic peak currents (ipa > ipc) in CVs. This anomaly is not 

present in CVs recorded in 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 are however relatively less soluble in aqueous solutions (such as 

PBS) when compared to the organic solvents. The partial solubility of osmium complexes is much 

more evident when attempting to dissolve the reduced, neutral, form of N4 osmium complexes in 

PBS compared to the oxidized salt. The low solubility of reduced form of N4 osmium complexes 

is also discussed by Jenkins et al.19 and Rengaraj et al.70. For example, the Os(dClbpy)2Cl2 complex 

is soluble in PBS buffer up to 0.05 mM concentrations while the [Os(dClbpy)2Cl2]Cl  complex is 

soluble in PBS buffer up to 1 mM concentrations. The oxidized N4 complexes are moderately 

polar and charged species which are soluble in organic solvents as well as in aqueous solvents such 

as PBS buffer. In the CV experiment in PBS buffer, the anodic peak currents are higher than the 

cathodic peak currents in the case of the N4 Os(dClbpy)2Cl2 and Os(dBrbpy)2Cl2 complexes 

because the reduced complexes are less soluble in PBS compared to the oxidized complexes, 

thereby, displaying an increase in the resulting oxidation peak current, and a change in the peak 

shape. This anomaly is not visible in CVs recorded in acetonitrile solvent because of the similar 

solubility of the reduced and oxidized species of the osmium complexes in acetonitrile.  
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For the [Os(dmebpy)2Cl2]PF6 complex, a vapor diffusion procedure with acetonitrile/ether and 

dimethylformamide/ether mixtures produced diffraction-quality crystals. Other solvent 

compositions such as DCM/ether, acetonitrile/hexane etc. produced oils and powders instead of 

crystals. For the [Os(dBrbpy)2Cl2]Cl complex, a slow evaporation technique with ethylene glycol 

solvent produced diffraction-quality crystals. The novel crystal structures are shown in fig. 2.17. 

Crystallographic data and details of refinement are listed in the appendix. These novel crystal 

structures show similar structural morphology as the published crystal structures of other osmium 

polypyridyl complexes72,73.  

a) [Os(dmebpy)2Cl2]PF6 crystal in 

acetonitrile (ACN) solvent 

 

b) [Os(dmebpy)2Cl2]PF6 crystal in DMF 

solvent 

 

c) [Os(dBrbpy)2Cl2]Cl in ethylene glycol solvent 

                                             

Fig. 2.17: Novel crystal structures of selected N4 osmium complexes 
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2.3.3 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 with a pyridine or imidazole ligand, a shift of approximately +250 

mV (vs Ag/AgCl) in redox potential is observed in the resulting N5 osmium complex50,52. For 

example, the parent N4 osmium complex [Os(bpy)2Cl2] has a redox potential of 0 V (vs Ag/AgCl 

(3 M KCl))36. However, when one chlorine ligand from the parent [Os(bpy)2Cl2] complex is 

substituted with the 4-AMP ligand, the resulting N5 osmium complex [Os(bpy)2(4-AMP)Cl]PF6 

is found to have more positive redox potential (= +0.27 V (vs Ag/AgCl (3 M KCl)))70. The redox 

potentials of the N5 osmium complexes with three ligands (4-AMP, 3-API, and 1-MI) are 

presented in table 2.5. The results in table 2.5 are comparable to published reports in literature36,70.  

Complex name Formal potential, Eo  in PBS (V vs Ag/AgCl (3M KCl))  

[Os(dmobpy)2(4-AMP)Cl](PF6)2 +0.02 ± 0.01 

[Os(dmebpy)2(4-AMP)Cl](PF6)2 +0.2 ± 0.02 

[Os(bpy)2(4-AMP)Cl](PF6)2 +0.27 ± 0.01 

[Os(dClbpy)2(4-AMP)Cl](PF6)2 +0.42 ± 0.01 

 

Complex name Formal potential, Eo  in PBS (V vs Ag/AgCl (3M KCl))  

[Os(dmobpy)2(3-API)Cl](PF6)2 0 ± 0.01 

[Os(bpy)2(3-API)Cl](PF6)2 +0.25 ± 0.02 

 

Complex name Formal potential, Eo  in PBS (V vs Ag/AgCl (3M KCl))  

[Os(dmobpy)2(1-MI)Cl] (PF6)2 0 ± 0.02 

[Os(bpy)2(1-MI)Cl] (PF6)2 +0.25 ± 0.02 

Table 2.5: Formal redox potentials for the N5 osmium complexes in 0.05 M PBS (137 mM NaCl, 

pH = 7.4). Data represented as mean ± S.D. (n = 3). 

Typical CV and structures of selected N5 osmium complexes are shown in fig. 2.18. 

 

 

 

 

 

 

 



 

59 
 

a)  [Os(bpy)2(4-AMP)Cl ](PF6)2 

 

Eo = + 0.27 V 

 

 

b)  [Os(dClbpy)2(4-AMP)Cl ](PF6)2 

 
 

Eo = + 0.42 V 

 

 

Fig. 2.18: Complex name and structures along with their respective CVs (concentration = 0.2 

mM) showing their redox potentials. CVs recorded in 0.05 M PBS (137 mM NaCl, pH = 7.4) at 

room temperature in ambient environment (scan rate = 100 mV/s). 

2.3.4 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 is substituted with an imidazole ligand, a shift of approximately +250 mV (vs 

Ag/AgCl) in redox potential is observed in the resulting osmium redox polymer50,52. For example, 

the parent N4 osmium complex [Os(bpy)2Cl2] has a redox potential of 0 V (vs Ag/AgCl (3 M 

KCl))36. However, when one chlorine ligand from the parent [Os(bpy)2Cl2] complex is substituted 

with the imidazole from the PVI, the resulting polymer [Os(bpy)2(PVI)10Cl]Cl or OsbpyPVI is 

found to have more positive redox potential (= +0.22 V (vs Ag/AgCl (3 M KCl)))25. The redox 
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potentials of the osmium redox polymers are presented in table 2.6. The results in table 2.6 are 

comparable to published reports in literature62,70.  

Polymer name Formal potential, Eo  in PBS (V vs Ag/AgCl 

(3M KCl))  

[Os(dmobpy)2(PVI)10Cl]Cl or OsdmobpyPVI -0.02 ± 0.02 

[Os(dmebpy)2(PVI)10Cl]Cl or OsdmebpyPVI +0.11 ± 0.01 

[Os(bpy)2(PVI)10Cl]Cl or OsbpyPVI +0.22 ± 0.01 

[Os(dClbpy)2(PVI)10Cl]Cl or OsdClbpyPVI +0.4 ± 0.02 

Table 2.6: Redox potentials for the polymers in 0.05 M PBS (137 mM NaCl, pH = 7.4). Data 

represented as mean ± S.D. (n = 3). 

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

a) [Os(bpy)2(PVI) 10Cl]Cl  

 

Eo = +0.22 V 

 

b) [Os(dClbpy)2(PVI)10Cl]Cl  

 

Eo = + 0.4 V 

 

Fig. 2.19: Polymer names and structures along with their respective CVs (concentration = 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 recorded in 0.05 
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M PBS (137 mM NaCl, pH = 7.4) at room temperature in ambient environment (scan rate = 100 

mV/s). 

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 trend 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 more negative 

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 oven. This extraction 

method is novel for osmium complexes/polymers, and it has not been reported in literature. 

c) This is the first review reported for synthesis as well as extraction of osmium polypyridyl 

complexes/polymers. The synthesis procedures were analyzed using parameters such 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 polypyridyl 

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 products in 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 polymers were performed successfully. 
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Chapter 3: Osmium polypyridyl complexes as mediators for 

horseradish peroxidase (HRP)-based electrochemical 

biosensors 
 

3.1 Introduction  
 

Over the past few decades, horseradish peroxidase (HRP)-based biosensors have been used 

extensively for electrochemical detection of hydrogen peroxide (H2O2)
1ï8. The current output 

generated from the catalytic reduction of H2O2 by HRP can be detected at the electrode directly 

through a direct electron transfer (DET) mechanism4,9ï11. However, this mechanism has certain 

drawbacks such as low current output due to large distance between enzyme active site and 

electrode, improper orientation of the enzyme active site towards the electrode, etc.12ï15. A redox 

active compound or a mediator can amplify the current output in biosensors by shuttling electrons 

from enzyme active site to the electrode in a mediated electron transfer (MET) mechanism11,13,14,16. 

A mediator should fulfil most or all these requirements17,18:  

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

ii)  high bimolecular rate constant for electron transfer reaction between the enzyme active 

site and the mediator (kmed), 

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, ascorbic 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 species7,8,19,20, metallocenes21ï23, transition metal complexes and 

metallopolymers6,24ï26 have been used as mediators in HRP-based biosensors. One of the most 

common mediators used in HRP-based biosensors is hydroquinone (H2Q)7,8,27,28. The catalytic 

reduction reaction of H2O2 by HRP in presence of H2Q is shown in table 3.1 where H2Q is oxidized 

to benzoquinone (Q) via a two proton, two electron reaction29. The low redox potential of H2Q 

(Eoô= 0.01 V (vs Ag/AgCl)) helps avoid possible reactions with interferents30ï33. H2Q has a high 

diffusion co-efficient (= 1.1 × 10-5 cm2/s) in phosphate buffer solution34 and it is electrochemically 

reversible33. Additionally, the rate constant for the electron transfer reaction between HRP and 

H2Q is relatively high (= 1.2 × 107 M-1s-1)11. All these characteristics make H2Q a good mediator 

for HRP-based biosensors.  
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Table 3.1: Mechanism for catalytic reduction of H2O2 by HRP in presence of H2Q as mediator35 

While H2Q fulfils most of the requirements for a mediator, there is one vital flaw. An oxygenated 

aqueous solution of H2Q auto-oxidizes to Q rapidly34,37,38. This is a complex multi-step radical 

pathway (fig. 3.1) where H2Q forms a semiquinone radical (Q*-) by a single electron transfer which 

can further undergo a reversible dimerization reaction to form a coloured charge transfer complex 

called a quinhydrone38.  

 

Fig. 3.1: Mechanism for oxidation of hydroquinone (H2Q) to benzoquinone (Q) via formation of a 

semiquinone radical (Q*-), mechanism adapted from Zang et.al 38 
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Thus, there are a few problems of using H2Q as mediator: 

a) Since an oxygenated H2Q solution oxidizes rapidly, the H2Q solutions need to be purged with 

nitrogen/argon gas throughout the experiments7,8,27.  

b) The other alternative for having a H2Q solution (which has not oxidized to Q) will be preparing 

a new solution for H2Q every time a new measurement must be done. This would also increase 

the manual error from preparing new H2Q solutions each time.  

c) The rapid auto-oxidation causes a problem for applications such as point-of care devices (POC) 

which require portability and ease of use39. Using nitrogen gas cylinders or making new 

mediator solutions for each use will restrict the portability of such sensors.  

Therefore, this chapter is focused on considering alternative 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) The redox potential should be matched with the enzyme. Most reports suggest that the 

redox potential of the mediator should be 200 mV to 400 mV beyond the redox potential 

of the enzyme active site. This will provide the thermodynamic driving force required to 

reach the maximum electron transfer rate between enzyme active site and mediator13. 

According to Marcus theory, as the difference between the redox potential of enzyme and 

redox potential of mediator (= Eoôenzyme ï E
oô

mediator = ȹEet) increases, the rate of electron 

transfer increases due to an increase in the thermodynamic driving force. This increase in 

the rate of electron transfer can be seen until the point of inversion where the rate of 

electron transfer decreases in spite of a large value of ȹEet
13,40,41.  

b) The bimolecular rate constant (kmed) should be high. A high kmed means that the rate of 

electron transfer between enzyme and mediator is high, which will result in a high current 

output17,42. This has few advantages: 

i. High current output can help in achieving a low limit of detection (LOD) and high 

sensitivity in applications such as immunoassays28,42. A low LOD is extremely 

useful for immunoassays aimed at detecting low concentrations of genetic and 

protein biomarkers in human samples28. 

ii. High current output from the enzyme catalysis reaction will help in minimizing the 

effects of interfering43. 

iii.  Miniaturization of the sensors is possible if sensors can give high current output44. 

Solution phase reactions is the simplest configuration for studying the reaction kinetics between 

the mediator, enzyme, and substrate45,46. In solution phase studies, the components (mediator, 

enzyme, and substrate) are mixed in an electrolyte solution and kinetic parameters for the 

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 Shain47,48, Kochi and Klinger49, and Gileadi50. The evaluation of mediator 
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performance for an enzyme is commonly done by using either apparent Michaelis-Menten constant 

(KM) from the Michaelis-Menten treatment of enzyme affinity and kinetics51,52 or the extraction of 

rate constants (kf = pseudo-first order rate constant for reaction between enzyme and mediator at a 

constant enzyme concentration; kmed = second order rate constant for reaction between enzyme 

and mediator) from the Nicholson-Shain approach for an EC  electrocatalytic reaction model48,53. 

The calculated rate constants can then be used to compare the performance of different mediators 

for an enzyme. This kind of comparison will allow optimization of a mediator for any 

electrochemical system. Such mediator comparison reports have been published for enzymes such 

as glucose oxidase or glutamate oxidase using polypyridyl complexes of ruthenium and 

osmium45,46,52ï55, organic redox compounds56,57, and metallocenes58ï60. However, there have been 

very few such comparisons published for the HRP enzyme. Razola et al.20 published a report 

comparing phenothiazine based mediators for HRP using chronoamperometry techniques. They 

reported that bulky substituents on phenothiazine provide steric hindrance, thereby decreasing the 

electron transfer rate between enzyme and mediator. Ryabov et al.61 reported a comparison of 

ruthenium polypyridyl complexes as mediators for HRP. They found that the [Ru(4,4ô-

dimethylbpy)2(H2O)2]
2+ complex has the largest value of rate constant (= 7.2 × 105 M-1s-1) for 

catalytic reduction reaction of H2O2 by HRP. Smit et al.62 performed cyclic voltammetry 

experiments to determine that (hydroxymethyl)ferrocene (FcCH2OH) generates higher catalytic 

reduction currents compared to the other ferrocene derivatives. Goral et al.22 found 

ferrocenecarboxylic acid (FcCOOH) to be a better mediator for HRP than dimethylaminomethyl 

ferrocene (FcCH2NMe2) by performing spectrophotometry experiments. Epton et al.63 performed 

spectrophotometry experiments to indicate that the introduction of a substituent onto the 

cyclopentadienyl ring of ferrocene decreases the rate of HRP oxidation reaction. The decrease in 

the rate of HRP oxidation reaction was reported to be because of the steric hindrance from the 

substituent groups on ferrocene. Another comparison of ruthenium cyclometalated complexes as 

mediators for HRP enzyme was published by Alpeeva et al.64 who used spectrophotometry to 

determine rate constants for HRP oxidation reactions.  

Other promising choices for mediators are the osmium polypyridyl complexes. These complexes 

have been used as mediators in multiple bio-electrochemical applications such as glucose 

sensors65ï67, fuel cells68,69, as well as in some immunoassays70. Garguilo et al.71 calculated catalytic 

rate constant for HRP catalysed reduction of H2O2 using an osmium complex ([Os(bpy)2(py)Cl]+) 

mediator as 7.8 × 102 M-1s-1.  There has not been any such comparison report published for HRP 

mediation with other osmium complexes. The proposed mechanism of catalytic reduction of H2O2 

by HRP in presence of an osmium polypyridyl complex as mediator is based on the scheme 

presented in Chapter 1 of this thesis14. 

In this chapter, a comparison of the suitability of  eight osmium polypyridyl complexes as 

mediators in HRP catalysis reactions in solution phase is studied for the first time, to my 

knowledge. With this series of osmium complexes, it is 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 studied using UV-VIS spectrophotometry. The stability studies 

and extraction of rate constants (kf and kmed) data is used to justify the choice of osmium 

polypyridyl complex as suitable mediator for the HRP enzyme.  

3.2 Experimental 

3.2.1 Materials  
 

Horseradish peroxidase (EC 1.11.1.7), hydrogen peroxide (30% v/v in water), 2,2'-azino-bis(3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS), hydroquinone, disodium hydrogen phosphate, 

sodium chloride, and sodium dihydrogen phosphate were purchased from Sigma-Aldrich and used 

as received. The following osmium complexes were synthesized (table 3.2 and 3.3). The synthesis 

procedure 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 N5 osmium complexes 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(II) complex Os(III) complex with PF6
- 

counterion 

Os(III) complex with Cl - 

counterion 

 

Os(dmobpy)2Cl2 [Os(dmobpy)2Cl2]PF6 

 

[Os(dmobpy)2Cl2]Cl 

Os(dmebpy)2Cl2 [Os(dmebpy)2Cl2]PF6 [Os(dmebpy)2Cl2]Cl 

 

Os(bpy)2Cl2 [Os(bpy)2Cl2]PF6 

 

[Os(bpy)2Cl2]Cl 

Os(dClbpy)2Cl2 [Os(dClbpy)2Cl2]PF6 

 

[Os(dClbpy)2Cl2]Cl 

Table 3.2: N4 osmium complexes used in this study. 

Os(III) complex with PF6
- counterion Os(III) complex with Cl - counterion 

 

[Os(dmobpy)2(4-AMP)Cl](PF6)2 [Os(dmobpy)2(4-AMP)Cl]Cl2 

 

[Os(dmebpy)2(4-AMP)Cl](PF6)2 

 

[Os(dmebpy)2(4-AMP)Cl]Cl2 

 

[Os(bpy)2(4-AMP)Cl](PF6)2 

 

[Os(bpy)2(4-AMP)Cl]Cl2 

 

[Os(dClbpy)2(4-AMP)Cl](PF6)2 

 

[Os(dClbpy)2(4-AMP)Cl]Cl2 

 

Table 3.3: N5 osmium complexes used in this study. 
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3.2.2 Instruments 

The spectrophotometry experiments were performed on an Agilent 6453 UV-VIS 

spectrophotometer. All electrochemical experiments were conducted using a CH Instruments 

(CHI) 650 potentiostat coupled to a 10 mL electrochemical cell. A glassy carbon (GC) electrode 

was used as working electrode, an Ag/AgCl (3M KCl) electrode was used as reference electrode, 

and a platinum electrode was used as counter electrode. The potentiostat, GC electrode (area = 

0.0707 cm2), and Ag/AgCl (3M KCl) electrode were purchased from IJ Cambria Scientific 

Limited. The platinum wire was purchased from Goodfellow.  

3.2.3 Methods 

 

3.2.3.1 HRP enzyme activity assay 

The assay was performed at room temperature in ambient environment using a procedure reported 

by Sigma-Aldrich72 and Berger73. 

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

from light green to deep blue after oxidation and this reaction is used to quantify HRP in assays. 

The oxidized ABTS product has an absorption maximum at 405 nm. For the assay, an aliquot of 

the enzyme (10 mg/ml) was added to a mixture of PBS (100 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 the following equation: 

ὟὲὭὸί

άὰ
 ὩὲᾀώάὩ

 

ɝὃὦίέὶὦὥὲὧὩ
ɝὸὭάὩ

ὸὩίὸ 
ɝὃὦίέὶὦὥὲὧὩ
ɝὸὭάὩ

ὦὰὥὲὯzὸέὸὥὰ ὺέὰόάὩ έὪ ὥίίὥώ Аὒ ὨzὭὰόὸὭέὲ Ὢὥὧὸέὶ

ὉὼὸὭὲὧὸὭέὲ ὧέὩὪὪὭὧὭὩὲὸ έὪ έὼὭὨὭᾀὩὨ ὃὄὝὛ ὥὸ τπυὲά άὓ ὧά ὠzέὰόάὩ έὪ ὩὲᾀώάὩ όίὩὨ Аὒ
 

The enzyme activity is reported in units per ml (U/ml) which means that one unit of HRP will 

oxidize 1.0 µmol of ABTS per minute at pH 5.0 at room temperature. The value for the extinction 

coefficient (Ů) for oxidized ABTS at 405 nm was taken as 36.8 mM-1cm-1 which is also reported 

by Sigma-Aldrich72. 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 experiments (2-3 weeks). 

3.2.3.2 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 before each experiment.  
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Prior to estimating electron transfer rate constants, preliminary 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. Subsequently, the mediator was added to PBS to deliver a 0.2 

mM mediator final concentration in the electrochemical cell). Finally, the sequence of addition of 

HRP (1.3 U/mL in the electrochemical cell) and H2O2 (5 mM in the electrochemical cell) was 

changed. To study the effect of oxygen on the reaction, experiments were done in oxygenated and 

deoxygenated solutions. CVs were performed (scan rate = 20 mV/s) after each addition to provide 

the four schemes shown here in table 3.4. 

 In oxygenated solutions In deoxygenated solutions 

Mediator Ÿ Enzyme Ÿ Substrate Scheme 1a Scheme 1b 

Mediator Ÿ Substrate Ÿ Enzyme Scheme 2a Scheme 2b 

Table 3.4: Case study for the schemes for preliminary experiments.  

Pseudo-first order rate constant (kf) determination: 

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) and the H2O2 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 current (id) is determined from the mediator peak current in absence of (enzyme 

+ substrate) mixture while the catalytic current or kinetic current (ik) is determined from the CV 

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

The values of ik/id are used to calculate the values of kf/a from the experimental models provided 

by Nicholson and Shain47. The values of kf/a were plotted against 1/ɜ (where a = nFɜ/RT, ɜ = scan 

rate, V/s, n = number of electrons, F = Faradayôs constant, R = Universal gas constant, and T = 

temperature). The plot of kf/a versus 1/ɜ at should be linear with the slope = RTkf/nF. The slope is 

used to determine the kf for a particular mediator. 

Second order rate constant (kmed) determination: 

The above experiments were repeated for each mediator and the HRP activities were varied (0.7 

and 1.5 U/mL). The kf values were then plotted against HRP activity which should be a linear plot 

with the slope of the plot = kmed.  

3.3 Results and discussions 
The N4 and N5 osmium complexes have redox potentials ranging from ī0.27 V to +0.4 V (vs 

Ag/AgCl (3M KCl)).as discussed in chapter 2 of the thesis.  

 

 



 

75 
 

3.3.1 Solubilities 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 relatively less soluble in PBS compared 

to the oxidized form of N4 osmium complexes (oxidation state = +3)45. For example, the 

[Os(bpy)2Cl2] complex was soluble in PBS at concentrations up to 0.05 mM while the 

[Os(bpy)2Cl2]
+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 soluble than 

osmium complexes with hexafluorophosphate counterion74,75. For example, the [Os(bpy)2Cl2]Cl 

complex was soluble in PBS at concentrations up to 1 mM while the [Os(bpy)2Cl2]PF6 complex 

was soluble in PBS at concentrations up to 0.8 mM. Similar trends were observed for the other 

osmium complexes. The only exception was the [Os(dClbpy)2Cl2]Cl complex which was soluble 

in PBS at concentrations up to 0.5 mM. The -Cl substitution on the bpy ligand is the possible cause 

for partial solubility of this complex in PBS.  

The N5 complexes followed a similar trend. The N5 complexes with chloride as counterion were 

soluble in PBS at concentrations up to 1 mM.  

N4 osmium complex, 

Os(III)  

Solubility (mM)  N5 osmium complex, Os(III) Solubility 

(mM) 

[Os(dmobpy)2Cl2]Cl ~1 mM [Os(dmobpy)2(4-AMP)Cl]Cl2 ~1 mM 

[Os(dmebpy)2Cl2]Cl ~1 mM [Os(dmebpy)2(4-AMP)Cl]Cl2 ~1 mM 

[Os(bpy)2Cl2]Cl ~1 mM [Os(bpy)2(4-AMP)Cl]Cl2 ~1 mM 

[Os(dClbpy)2Cl2]Cl ~0.2 mM [Os(dClbpy)2(4-AMP)Cl]Cl2 ~0.5 mM 

Table 3.5: Solubility limits for osmium complexes in PBS. 

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 UV-VIS spectroscopy 

 

The stability of the complexes and hydroquinone in reduced form in solution can be compared 

using a UV-VIS spectrophotometer as any change in structure or oxidation state of these mediators 

in aqueous solution may change the colour of the mediator, which can be verified by a change in 

the UV-VIS spectrum. 
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I. Hydroquinone (H2Q) 

a) 

 
 

b) 

 

 

Fig. 3.2: a) Spectra of a 0.02 mM oxygenated solution of H2Q in PBS at different time intervals in 

ambient environment. b) Spectra of a 0.02 mM oxygenated solution of H2Q in PBS at t = 0 minutes 

(black) and after t = 1 day (orange). 

An oxygenated solution of H2Q in PBS was monitored over a period (t = 0 to 24 hours) with results 

presented in fig. 3.2. The absorption maxima of H2Q are observed at 225 nm and 289 nm, while 

the absorption maximum of Q is observed at 246 nm. The spectra peak data from these experiments 

compare well with spectral data for H2Q and Q obtained from the National Institute of Standards 

and Technology (NIST) database76,77.  

a)  

 
 

b) 

 

Fig. 3.3: Spectra of a) H2Q and b) Q. Spectra images used from the NIST database76,77.  

The results show a continuous increase in the absorption maximum, attributed to Q, at 246 nm and 

decrease in the absorbance, attributed to H2Q, at 289 nm over time (fig. 3.2a). The peaks in the 

beginning of the UV-VIS experiment (t = 0 minutes) show that Q has already started forming in 
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the solution (fig. 3.2b). Furthermore, the absorption peak intensities keep changing throughout the 

experiment, and after 240 minutes the H2Q assigned peak at 289 nm has completely disappeared 

demonstrating how quickly H2Q is oxidized to Q as previously reported by others78,79.  

II. Osmium complexes 

The spectra of the reduced form of the N4 osmium complexes initially and after one day are shown 

in fig. 3.3. All osmium polypyridyl complexes show absorption maxima at approximately 290 nm 

which is ) which is assigned as the “ᴼ“z  transitions of the bipyridine ligand that matches with 

the spectra for the complexes reported previously in literature80. 

a) Os(dmobpy)2Cl2 

 

 
 

b) Os(dmebpy)2Cl2 

 
 

c) Os(bpy)2Cl2 

 
 

d) Os(dClbpy)2Cl2 

 

 

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)2Cl2]Cl 

 

      b) [Os(dmebpy)2Cl2]Cl 

 

c) [Os(bpy)2Cl2]Cl 

 
 

    d) [Os(dClbpy)2Cl2]Cl 

 

Fig. 3.5: Spectra of 0.02 mM oxygenated solution of oxidized form of N4 osmium complexes (Os 

oxidation state = +3) 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(dmobpy)2Cl2)(fig. 3.4). The Os(dmobpy)2Cl2 complex has the lowest redox 

potential among the complexes studied here (Eoô = ī0.27 V vs Ag/AgCl), which shows that the 

Os(dmobpy)2Cl2 complex is prone to quick oxidation in ambient environments. Similar results are 

also reported by Mano et al.81 where they found osmium complexes with redox potential < 0.07 V 

(vs Ag/AgCl) oxidizing in ambient environment. Other osmium complexes with redox potential > 

0.07 V (vs Ag/AgCl)  showed no change in their spectra, confirming their stability in oxygenated 

PBS for over a day (fig. 3.4 and fig. 3.5). Therefore, the N5 osmium complexes were not analysed 

using UV-VIS spectroscopy as they have redox potential > 0.07 V (vs Ag/AgCl). 
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3.3.3 Solution phase electrochemistry 
 

The CVs of the potential mediators were recorded in oxygenated PBS and deoxygenated PBS to 

examine the effect of oxygen. The CV of an oxygenated PBS shows a reduction current starting at 

-0.25 V (vs Ag/AgCl), while the CV of a deoxygenated PBS does not show such reduction current. 

The reduction current at -0.25 V (vs Ag/AgCl) is due to the reduction of dissolved oxygen in PBS 

to H2O2
82.  

 

Fig. 3.6: CV of a) PBS in ambient environment (black); b) PBS after purging with nitrogen (violet); 

c) (PBS + 5 mM H2O2) mixture in ambient environment (red); and (PBS + 5 mM H2O2) mixture 

after purging with nitrogen (green). CVs recorded at scan rate = 20 mV/s. 

Another set of CVs in oxygenated (PBS + 5 mM H2O2) solution and deoxygenated (PBS + 5 mM 

H2O2) solution were recorded to examine the effect of oxygen on H2O2 as well as the effect of 

applied potential on H2O2. The CVs of oxygenated and deoxygenated (PBS + 5 mM H2O2) solution 

show reduction current at -0.25 V (vs Ag/AgCl). However, the reduction current in the case of 

oxygenated (PBS + 5 mM H2O2) solution is higher than the reduction current in deoxygenated 

(PBS + 5 mM H2O2) solution. This is possibly due to decomposition of H2O2 to oxygen83 as well 

as direct reduction of peroxide at this potential83,84, thereby, increasing the amount of oxygen 

reduction current in oxygenated solutions.  
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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 H2O2 by HRP in presence of H2Q is of importance. 

Therefore, the sequences of additions described in scheme 1a (άὩὨὭὥὸέὶᴼὩὲᾀώάὩᴼ

ίόὦίὸὶὥὸὩ Ὥὲ έὼώὫὩὲὥὸὩὨ ίέὰόὸὭέὲ) and scheme 1b (άὩὨὭὥὸέὶᴼὩὲᾀώάὩᴼ

ίόὦίὸὶὥὸὩ Ὥὲ ὨὩέὼώὫὩὲὥὸὩὨ ίέὰόὸὭέὲ) are performed for H2Q with the results presented in fig. 

3.7 for hydroquinone and fig. 3.8 for six selected osmium complexes.  

I. Hydroquinone 

a) 

 
 

b) 

 

Fig. 3.7: a) CV after addition of 0.2 mM H2Q to PBS (black) and CV after addition of 5 mM H2O2 

(blue) to the mixture containing PBS, 0.2 mM H2Q, and 1.3 U/mL HRP (oxygenated solution, 

scheme 1a); b) CV after addition of 0.2 mM H2Q to PBS (black) and CV after addition of 5 mM 

H2O2 (blue) to the mixture containing PBS, 0.2 mM H2Q, and 1.3 U/mL HRP (deoxygenated 

solution, scheme 1b). CVs recorded at scan rate = 5mV/s in ambient environment. 

The bio-electrocatalytic current (ik) observed for hydroquinone in presence (fig. 3.7a) and in 

absence (fig. 3.7b) of oxygen differ, with ik in presence of oxygen only 45% of ik in absence of 

oxygen, at a scan rate of 5 mV/s. This provides evidence in support of the redox reaction between 

mediator and oxygen.  

Accordingly, molecular oxygen oxidizes H2Q to Q while itself being reduced to H2O2. This result 

shows how important it is to deoxygenate any solution of H2Q otherwise the catalytic currents 

would decrease, and vary, in presence of oxygen. 
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II. Osmium complexes 

Experiments, based on the sequence of scheme 1a and scheme 1b to examine the effect of oxygen 

were performed for six selected osmium complexes: 

a) Os(bpy)2Cl2, b) Os(dmobpy)2Cl2, c) Os(dmebpy)2Cl2, d) Os(dClbpy)2Cl2, e) [Os(bpy)2(4-

AMP)Cl](PF6)2, and f) [Os(dmobpy)2(4-AMP)Cl](PF6)2 

These experiments were performed to observe how the mediated solution phase kinetics of HRP 

differs in presence and in absence of oxygen.  

Scheme 1a: mediator + enzyme + substrate 

in presence of oxygen 

 

Scheme 1b: mediator + enzyme + substrate 

in absence of oxygen 

 

a) Os(dmobpy)2Cl2    (E
o = -0.27V) 

 
 

a) Os(dmobpy)2Cl2    (E
o = -0.27V) 

 

b) Os(dmebpy)2Cl2    (E
o = -0.12V) 

 
 

 

 

 

b) Os(dmebpy)2Cl2    (E
o = -0.12V) 
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Scheme 1a: mediator + enzyme + substrate 

in presence of oxygen 

 

Scheme 1b: mediator + enzyme + substrate 

in absence of oxygen 

 

c) Os(bpy)2Cl2    (E
o = 0V) 

 

c) Os(bpy)2Cl2    (E
o = 0V) 

 
d) Os(dClbpy)2Cl2    (E

o = 0.2V) 

 

d) Os(dClbpy)2Cl2    (E
o = 0.2V) 

 

e) [Os(dmobpy)2(4-AMP)Cl](PF6)2    

(Eo = 0.05V) 

 

e) [Os(dmobpy)2(4-AMP)Cl](PF6)2      

(Eo = 0.05V) 
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Scheme 1a: mediator + enzyme + substrate 

in presence of oxygen 

 

Scheme 1b: mediator + enzyme + substrate 

in absence of oxygen 

 

f) [Os(bpy)2 (4-AMP)Cl](PF6)2    

   (Eo = 0.25V) 

 
 

f) [Os(bpy)2 (4-AMP)Cl](PF6)2    

   (Eo = 0.25V) 

 

Fig. 3.8: CVs after adding mediator (0.2 mM), enzyme (1.3 U/mL), and then substrate (5 mM 

H2O2) (scheme 1a and 1b). Scan rate used = 20mV /s. Left: Scans done in presence of oxygen 

(scheme 1a); Right: Scans done in absence of oxygen (scheme 1b) 

The results show that osmium complexes with redox potential above 0 V are not affected by 

oxygen. The bio-electrocatalytic reduction currents were lower in oxygenated solutions compared 

to deoxygenated solutions for the osmium complexes with redox potential below 0 V. Zakeerudin 

et al.17 published a similar report indicating that the osmium complexes redox potentials more 

negative than +0.05 V vs. Ag/AgCl could reduce dissolved O2. This effect of oxygen on osmium 

redox polymers with redox potentials more negative than  0.07 V (vs Ag/AgCl) was also reported 

by Mano et. al81, based on the redox reaction in equation 1.  

ὕ ςὕί ς Ὄ  O  Ὄὕ  ς ὕί                 éé.equation 1 

In oxygenated solutions, the reduced Os2+ complex is oxidized to Os3+ complex by oxygen. In 

addition the current from oxygen reduction at the electrode surface at the low potentials required 

to reduce mediators contribute a background to the enzyme catalytic current in presence of oxygen 

and could also interfere with the sensitivity of a biosensor81. Thus, to use any mediator, including 

hydroquinone or an osmium complex which has a redox potential below 0 V, the electrolyte and 

mediator solution needs to be deoxygenated. Since osmium complexes with positive redox 

potentials are not oxidized by oxygen, they can be classified as óoxygen-insensitiveô mediators.  
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Since peroxide is a strong oxidant, it is important to examine the effect of peroxide on osmium 

complexes. Therefore, experiments, based on the sequence of 2a (άὩὨὭὥὸέὶᴼίόὦίὸὶὥὸὩᴼ

ὩὲᾀώάὩ Ὥὲ έὼώὫὩὲὥὸὩὨ ίέὰόὸὭέὲ) and scheme 2b (άὩὨὭὥὸέὶᴼίόὦίὸὶὥὸὩO

ὩὲᾀώάὩ Ὥὲ ὨὩέὼώὫὩὲὥὸὩὨ ίέὰόὸὭέὲ)to examine the effect of peroxide on osmium complexes (in 

presence and in absence of oxygen) were performed with the same six selected osmium complexes: 

a) Os(bpy)2Cl2, b) Os(dmobpy)2Cl2, c) Os(dmebpy)2Cl2, d) Os(dClbpy)2Cl2, e) [Os(bpy)2(4-

AMP)Cl](PF6)2, and f) [Os(dmobpy)2(4-AMP)Cl](PF6)2 

 

Scheme 2a: mediator + substrate + enzyme 

in presence of oxygen 

 

Scheme 2b: mediator + substrate + enzyme 

in absence of oxygen 

 

a) Os(dmobpy)2Cl2    (E
o = -0.27V) 

 

a) Os(dmobpy)2Cl2    (E
o = -0.27V) 

 
b) Os(dmebpy)2Cl2    (E

o = -0.12V) 

 
 

 

 

 

b) Os(dmebpy)2Cl2    (E
o = -0.12V) 
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Scheme 2a: mediator + substrate + enzyme 

in presence of oxygen 

 

Scheme 2b: mediator + substrate + enzyme 

in absence of oxygen 

 

c) Os(bpy)2Cl2    (E
o = 0V) 

 

c) Os(bpy)2Cl2    (E
o = 0V) 

 
d) Os(dClbpy)2Cl2    (E

o = 0.2V) 

 

d) Os(dClbpy)2Cl2    (E
o = 0.2V) 

 

e) [Os(dmobpy)2(4-AMP)Cl](PF6)2    

(Eo = 0.05V) 

 

e) [Os(dmobpy)2(4-AMP)Cl](PF6)2      

 (Eo = 0.05V) 
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Scheme 2a: mediator + substrate + enzyme 

in presence of oxygen 

 

Scheme 2b: mediator + substrate + enzyme 

in absence of oxygen 

 

f) [Os(bpy)2(4-AMP)Cl](PF6)2    

   (Eo = 0.25V) 

 

f) [Os(bpy)2(4-AMP)Cl](PF6)2    

   (Eo = 0.25V) 

 
Fig. 3.9: CVs after adding mediator (0.2 mM), substrate (5 mM H2O2) and then enzyme (1.3 U/mL) 

(scheme 2a and 2b). Scan rate used = 20mV/s. Left: Scans done in presence of oxygen (scheme 

2a); Right: Scans done in absence of oxygen (scheme 2b) 

The scheme 2 results show that all osmium complexes can be oxidized by H2O2. This effect is 

much more pronounced in the absence of oxygen.  

Ὄὕ ς ὕί ς Ὄ  O  ςὌὕ  ς ὕί                 éé.equation 2 

The catalytic oxidation of the Os2+ complex by H2O2 is also reported by Mano et al.81. In 

oxygenated solutions, after HRP addition, the (osmium complex + H2O2) mixture reacts with the 

HRP and shows a sigmoidal catalytic CV. In some cases of scheme 2a, the catalytic CVs are not 

very sigmoidal shaped (Os(bpy)2Cl2 and Os(dClbpy)2Cl2) which could not be explained.  

In deoxygenated solutions, after HRP addition, the (osmium complex + H2O2) 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 hysteresis effect is also reported by Scodeller et.al85 in their report 

on laccase biofuel cell which also used H2O2. The catalytic currents from scheme 2a and 2b are 

smaller than the catalytic currents from scheme 1a and 1b, which is expected as the amount of 

H2O2 in schemes 2a and 2b is relatively less (because of oxidation of the osmium complex by 

H2O2). These results show that it is important to add H2O2 after addition of HRP as doing so will 

provide lower catalytic currents.  

There are four distinct chemical reactions occurring in these schemes: 1) dissolved oxygen is 

getting reduced to water at the electrode; 2) H2O2 is reducing to water at the electrode; 3) H2O2 is 

oxidising Os2+ complexes to Os3+ complexes; and 4) bio-electrocatalysis of H2O2 by HRP in 




















































































































































































































































































