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Abstract 

Electrochemical detection of DNA hybridization is a viable alternative to optical 

and radio-labelled techniques. The benefits of using biosensors based on 

electrochemical systems are: high sensitivity, possible development of miniature 

systems interfaced to electronic devices as well as low cost of operation and small 

sample requirements.  

I detail in this thesis development of an electrochemical DNA hybridization 

assay, based on deposition of films consisting of single-strand DNA cross-linked 

with an osmium-based redox polymer on gold microelectrodes modified with self 

assembled monolayer of cysteamine. A signal, corresponding to hybridization 

between the immobilized probe ssDNA and a biotin-conjugated target DNA is 

amplified by addition of glucose oxidase-avidin conjugate and glucose substrate.
 
The 

interaction between target DNA, glucose oxidase-avidin and osmium redox polymer 

layer generates a bioelectrocatalytic current in the presence of glucose. Catalytic 

currents corresponding to oxidation of glucose scale with complementary DNA 

concentration. A sensitivity improvement is gained when replacing gold 

macroelectrode (ű = 2 mm) with microelectrode (ű = 40 Õm).  

In a further study, modification of carbon electrodes via aryl diazonium 

electroreduction was investigated to provide a more robust sensing platform. The 

electrografted layer, consisting of aromatic amine, can be then used to anchor 

carboxymethylated dextran, allowing further attachment of single stranded DNA 

within the anchored film. Hybridisation of biotinylated complementary DNA 

sequence followed by reaction between biotin and glucose oxidase-avidin results in 

bioelectrocatalytic current in the presence of glucose and ferrocenemethanol in 

solution as electron transfer mediator. As was observed for the microelectrode 

sensor, the signals scale with the concentration of target DNA yielding a sigmoidal 

curve, when plotting current versus logarithm of concentration. The more robust 

sensing platform allows for use of blocking agents with this assay. Presence of milk 

powder and detergent (sodium dodecyl sulphate) in hybridisation solution improved 

the specificity of the sensor. 

DNA sensing requires analysis of an enormous number of samples. A high 

through-put approach using the sensing platform developed can be achieved using 

disposable electrodes. The same approach to sensing platform development was thus 

applied to screen-printed carbon electrodes. Such screen-printed sensors, as in the 

previous cases, allowed distinguishing between complementary and non-

complementary sequences of target DNA. The standard deviation of the signals was, 

however, higher for screen-printed electrodes than that observed for graphite disc 

electrodes.  

Future work should focus on improving the precision of the assay. This would 

involve seeking well-defined and reproducible electrodes and also investigating the 

use of reagents which have minimum effect on background currents of carbon 

electrodes.   
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1.1. Chemically modified electrodes 

Chemically modified electrodes (CMEs) have received considerable attention 

since first described by Murray and co-workers in 1975. (1)  They represent the class 

of electrodes where molecules participating in the electrochemical reaction are 

concentrated within an electrode surface. They find application in vast areas of 

science, such as sensors, (2) energy conversion, (3) molecular electronics, (4) 

electrochromic displays (5) and electro-organic synthesis. (6) Most of CMEs fall into 

four main categories: chemisorbed and covalently bound monolayers, polymer films 

and composite systems, as described by Murray et al. (7) The brief overview of types 

of chemically modified electrodes is shown in Table 1.1 A and B.    

Use of chemically modified electrodes enables electrocatalysis at the 

electrode/solution interface by immobilised molecular catalysts. In the case of many 

electrochemical reactions a bare electrode provides too high an overpotential for a 

process to occur at high efficiency. Changing the chemical nature of the electrode 

surface allows the reaction to occur closer to that which is predicted 

thermodynamically. It might be worth mentioning, that tuning of the catalytic 

properties of the electrode can be achieved not only by immobilising catalysts on the 

electrode surface, but also by controlling geometry of the electrode surface, for 

instance by attaching nanoparticles (8) or nanotubes (9) or forming different 

crystalline form of the electrode material, e.g. stepped surfaces.(10)  

 

 

 

 

 

 

 

 



                                                                                                                       Chapter 1 

3 

 

Table 1.1 A An overview of types of chemically modified electrodes 
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Descr ipt ion Examples Ref. 

C
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m
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o
n

 Chemical film 

strongly and 

irreversibly 

adsorbed on the 

electrode.  

 

 

Chemisorption of Lewis acids - carboxylic acids, 

aliphatic and aromatic amines, and phosphonic acids on 

metal oxide surfaces 

(11) 

Adsorption of alkenes on platinum (12) 

Self-assembled monolayers ï formed on the substrate 

via adsorption from homogenous solution  

(13) 

Langmuir-Blodgett formed via adsorption of existing 

organized layer from water-air interface.  The 

monolayer is organized prior to deposition due to 

presence of head hydrophilic and tail hydrophobic 

group 

(14) 

C
o

v
a

le
n

t 
c
o

u
p

lin
g

  

Formation of a 

stable covalent 

bond between the 

modifier and the 

electrode material. 

 

Coupling to functional groups ïOH, -COOH or NH2 

formed on the surface of carbon 

(15) 

Reduction of aryl diazonium salts (16) 

Oxidation of amines on glassy carbon (17) 

Covalent bonding of alkenes and alkynes to graphite (18) 

Coupling of organosilanes to carbon surfaces (19) 
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Table 1.1 B An overview of types of chemically modified electrodes ï cont. 
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Descr ipt ion Examples Ref. 
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 A polymer film layer 

is formed either via 

physisorption, 

electropolymerisation 

at the electrode 

surface, electrostatic 

interaction or covalent 

bonding.  

Layered polyelectrolyte films ï ñlayer-by-layerò - 

polymer deposited on the charged surface via 

electrostatic interactions, multilayers formed due 

to interactions between polycations and 

polyanions 

(20) 

Conducting polymers- polypyrrole, 

polythiophene, polyaniline, and their analogues 

prepared by oxidative polymerization of the 

corresponding monomers, either chemically in 

the presence of the catalyst or electrochemically 

on the electrode surface 

(21) 

Redox polymers  - polymers possessing isolated 

electrochemically active sites, the electron 

hopping occurs in between the sites; examples 

include polyvinylferrocene, osmium and 

ruthenium bipyridyl complexes 

(22) 

C
o

m
p

o
s

it
e

 e
le

c
tr

o
d

e
s Consists of two or 

more phases, 

frequently an 

inorganic oxide and 

other organic or 

inorganic components 

incorporated into the 

structure. Could be 

encapsulated with 

biomolecules.  

Gold nanoparticle - DNA composite immobilised 

on gold electrode ï sensor for detection of 

paraquat 

(23) 

Carbon nanotube/ Teflon composite ï it 

possesses electrocatalytic activity towards 

hydrogen peroxide and NADH 

(24) 

Composite films made of polyaniline and 

cadmium sulfide ï a material for electrochromic 

devices 

(25) 

A hybrid material containg Zr-O-Si covalent 

bonds ï used to build semiconductors 

(26) 
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A range of electrochemical sensors operate on the basis of oxidation/reduction of 

the analyte catalysed by immobilised molecules. The interactions between the 

electrode surface and the analyte are translated into a measurable signal, such as 

potential, current, conductivity, resistance, charge density or electric permittivity. (27) 

For majority of sensors the recognition occurs between the solution and the electrode 

as in the case of the reduction of oxygen by chemically-bound metal porphyrines (28) 

or substrate recognition by immobilised enzyme. (29)  A more complex mechanism 

applies to bioaffinity sensors. Many of protein and DNA sensors and immunoassays 

require incubation with the analyte prior to the detection. (30) Furthermore, not all of 

bio-interactions result in sufficient change in electrical properties of the electrode 

surface. Electroactive labels, e.g. nanoparticles, (31-34) metal complexes, (35) and 

enzymes (36) are introduced for the electrochemical reaction to occur generating a 

signal.  

The mediated electrocatalysis of enzymes is of special interest in biological 

sensing; the main role of the enzyme is to act as the catalyst specific for the analyte. 

Activation of the enzyme often requires the presence of an electron transfer mediator; 

the electron is passed between an electrode, the mediator, the enzyme and the 

substrate. (Scheme 1.1)  

Mediated oxidation of glucose by glucose oxidase using osmium redox 

complexes could be used as a specific example:  

First, oxidation of the mediator occurs:  

2Os
2+

 - 2e Ÿ 2Os
3+

 

Then the redox cofactor flavin adenine dinucleotide (FADH2 in its reduced form) in 

glucose oxidase is oxidised to FAD (oxidised form of flavin adenine dinucleotide):  

GOx (FADH2) + 2Os
3+

 Ÿ GOx (FAD) + 2Os
2+

 + 2H
+
 

GOx (FAD) catalyses oxidation of glucose to gluconolactone:  

Glucose + GOx (FAD) + 2H
+
 Ÿ gluconolactone + GOx (FADH2) 
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Med.Ox

e
-

 

Med.Red

EOx

ERed

S

P

 

Scheme 1.1 Electron transfer path in redox mediated systems. In the anodic process oxidation 

of the mediator (Med.Ox,Med.Red) by the electrode withdraws electrons from the enzyme. 

Enzyme in its oxidised form (EOx) catalyses oxidation of the substrate (S) and beside the 

products (P) a reduced form of the enzyme is formed (ERed), enzyme is oxidised back and 

releases the electrons, which are then used to recycle the mediator. The opposite is the case of 

catalytic reduction; mediator is reduced and passes electrons onto the enzyme. Reduced form 

of the enzyme is capable of reducing the substrate and then as in the previous case, the 

enzyme and the mediator are recycled.  

    

The chemical structures of FAD and FADH redox cofactors are presented in Figure 

1.1 

FAD FADH2

 

Figure 1.1 Chemical structures of flavin groups of FAD and FADH2 cofactors showing 

quinone/hydroquinone redox transition, R represents adenosine diphosphate linked to flavin 

via ribitol bridge.  

Chemical structures of selected redox mediators are presented in Figure 1.2.  
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(6)

(2)(1)

(4) (5)

(3)

 

Figure 1.2 Structures of selected redox mediators, (1) Os(2,2ô-bipyridine)2Cl2, (2) ferrocene, 

(3) ferrocenemethanol, (4) potassium ferricyanide, (5) 2-methyl-1,4-naphthoquinone, (6) 

hexaammineruthenium (III) chloride. 

Bioelectrocatalysis by glucose oxidase forms the principle of detection in most 

amperometric glucose sensors. A range of methodologies for preparation of 

electrodes modified with glucose oxidase and the redox mediator is reported in the 

literature. (37)  One of the first reports in the field was published by Foulds and 

Lowe, who described a glucose sensing electrode containing a polymeric layer of 

ferrocene-conjugated polypyrrole and GOx. (38) A distinct contribution to the 

glucose sensing technology was made by Adam Hellerôs group. (37, 39-42) A 

glucose detection platform, where glucose oxidase is ówiredô to osmium 2,2ô-

bipyridine based redox polymer was developed and successfully tested in óin-vivoô 

applications. (41) Besides recognition of specific analytes, enzymes are widely used 

for indirect detection of binding events, such as antibody/antigen coupling, (43) 

protein binding (44) and DNA hybridisation. (45, 46)   
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1.2. Characterisation of the redox hydrogels on electrodes 

Cyclic voltammetry is one of the most convenient methods for studying the redox 

processes of chemically bound species. The voltammetric peak current for an 

immobilised redox monolayer is modelled mathematically by Equation 1.1. The 

voltammetric peak currents are proportional to the scan rate. (47) 

                                                         4RT

v
T

Aũ2F2n

p
I =                                       (1.1) 

 

Where:  

Ip ï peak current 

n- number of electrons exchanged in the redox process 

F- Faraday constant 

A ï electrode area 

ɻT- surface coverage of electroactive sites 

R- gas constant 

v- scan rate 

T- temperature 

Integration of the charge under the voltametric peak allows quantifying of the 

electroactive sites of the immobilised layer. Surface coverage of surface-bound 

redox-active centres is described by the Equation 1.2.  

                                                             nFA

Q
=G                                                  (1.2) 

Figure 1.3 illustrates a cyclic voltammogram of an electrode modified with an 

electroactive film. Examination of the parameters of the voltammetric curve allows 

probing of the nature of electrochemical reaction, kinetics of electron transfer and 

interactions with the electrolyte.  

For example proportionality of peak currents versus scan rate and near-zero peak-

to-peak splitting indicate a reversible electrochemical reaction and a fast electron 
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transfer within the film. Also EFWHM (FWHM ï full width at half peak maximum) for 

an ideally reversible process should not exceed 90.6/n mV. (48)  

I
p,c

 

I
p,a

 

E
FWHM

 

E
0
 

E
p,c

 

E
p,a

 

 

I

 

 

E 

nFA

Q
=G

 

Figure 1.3 Cyclic voltammogram of immobilised redox species, basic parameters, which 

allow to characterise the layer are depicted in the figure; I p,a ï anodic current, I p,c ï cathodic 

current, Ep,a ï oxidation potential, Ep,c ï reduction potential, E
°
 - formal potential of 

electrochemical reaction, EFWHM  (FWHM) ï full width at half peak maximum, ɻ- surface 

coverage. Adapted from reference (48) 

Characterisation of the multilayered films, commonly formed from redox active 

polymers is more complex and the mechanism of charge transport in redox polymer 

films is the subject of intense debate among researchers. The elementary theory of 

this phenomenon states that the electrons are transferred between neighbouring redox 

sites, followed by the motion of counter ions and solvent through the film. In 

analogy to solution phase redox reactions, the laws of diffusion apply to charge 

transport in redox polymer films. Voltammetric peak currents scale linearly with the 

square root of the scan rate at high polarization rates.  For low scan rates finite 

diffusion model applies and the peak currents scale linearly with the scan rate. (48) 

At relatively rapid scan rates, where semi-infinite diffusion is operational, an 

estimate of rates of charge transfer can be evaluated from the parameter DCT
1/2

C0 

(DCT ïcharge transfer diffusion coefficient, C0 ï concentration of electroactive sites) 
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using the Randles-Sevļik equation, usually expressed at a temperature of 25°C 

(Equation 1.3): 

                                 

2

1

o
2

1

CT
2

3

5

p vCADn1069.2I ³=                                 (1.3) 

The electron hopping between sites is influenced by properties of the polymeric 

layer, such as redox site loading, type of polymer backbone and presence of a cross-

linker. Increasing distance between the electroactive sites should lead to slower 

electron transfer, but in case when large void space between redox polymer chains 

exists, movement of counter ions through the film adds more significant contribution 

to the charge transport. Forster and Vos (49) examined the effect of chemical 

structure of the polymer on charge transport. They found that intermediate loadings 

of osmium redox sites yield maximum charge transport rates. As found by Inzelt 

(50) diffusion coefficient determined from cyclic voltammetry response of surface-

bound redox polymer scales linearly with the number of electroactive sites. 

Also, the experimental conditions, such as the choice of solvent, type and 

concentration of the supporting electrolyte, pH, and temperature have a severe 

impact on electrochemical behaviour of redox polymer films. Polymer network 

swells, when exposed to solvent increasing distances between the redox sites and 

subsequently affecting electron hopping rate. (50) Several researchers including Ju et 

al., (51) Forster and Vos, (52) Inzelt and Szabo (53) have examined the dependence 

of charge transport on supporting electrolyte type and concentration. Cyclic 

voltammetry studies by Forster et al. (54) showed a linear relationship between ionic 

strength and diffusion coefficient except for perchlorate ions for which DCT
1/2

C 

values decrease with ionic strength. Influence of counter ion is related to solubility of 

the salt of the redox polymer. Low degree of solubility would restrict the solvent 

penetration and results in diminished response, when concentration of counter ion 

increases.  Dependence on pH was also reported, (51) (55) however it does not seem 

to appear in highly-crosslinked films. (56)  
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1.3. Electrochemistry of nucleic acids 

1.3.1. Structure and properties of DNA 

DNA testing has become a widely adopted technique in laboratory screening, 

including for diagnosis of diseases, pathogen identification and determination of 

inheritance patterns. As genetic testing has become a viable part of routine 

laboratory analysis, there is a demand for fast, sensitive and selective methods of 

identification and quantification of DNA sequences.  

Since its discovery in 1869 DNA (57) has been proven to play a vital role in 

carrying biological information needed to form and maintain, with an exception of 

some viruses, most of the living organisms.  

DNA is a polymeric molecule consisting of monomeric subunits ï nucleotides. 

Each nucleotide is a combination of a nitrogen-containing base, 5-carbon sugar- 

deoxyribose and a phosphate backbone. There are four major bases present within 

DNA structure: single ring pyrimidines: cytosine (C) and thymine (T) and double 

ring purines: adenine (A) and guanine (G) with the structure presented in Figures 1.4 

and 1.5. The sugar units are linked between 5ô position and 3ô by phosphodiester 

bonds. Two strands of DNA (or one of DNA and one of RNA) form a double helix 

where bases adenine and thymine, guanine and cytosine form pairs via hydrogen 

bonds. (Figures 1.4 and 1.5) Pairing of single DNA strands of different origin is 

known as DNA hybridisation.  

From crystallographic data it is known today that approximately 8000 

conformations of DNA and DNA/protein complexes exist. The most basic 

conformations are the variations of the helical structure: B-DNA, A-DNA and left-

handed Z form. (Figure 1.6) 
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Adenine (A) Thymine (T)

Guanine (G) Cytosine (C)

N

O

N

OH

N
H

N

NN

N H

H

N H N

OHN

H

N

N

N O

N

H

N

H
H

 

 

Figure 1.4 Base pairs of Adenine (A) and Thymine (T), Guanine (G) and Cytosine (C) 
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5'

3'

5'

3'

A

T

C

G

AT

C
G

 

 

Figure 1.5 Basic structures of DNA strand showing hydrogen bonding between base pairs. 

Symbols for DNA bases are as follows: A- adenine, T-thymine, C- cytosine, G- guanine 
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B-DNA A-DNA Z-DNA

 

Figure 1.6 Basic conformations of the double helix.  

The analysis of nucleic acids is complex and an enormous number of protocols 

adapted for specific samples exist. A general procedure for in vitro analysis of DNA 

involves DNA extraction, target amplification, cleavage by restriction enzymes and 

denaturation. This is followed by hybridisation with a known probe and 

determination of the signals generated by labelling of the double strand with 

isotopes, optically active molecules or redox enzymes. (58)  

Electrochemical DNA sensors are an attractive alternative to traditional DNA 

screening methods. Although the optical detection methods were proven to meet 

analytical laboratory requirements, the high cost and large size of the instrumentation 

compare poorly with electronic components. Electrochemical sensors can be 

produced at relatively low cost and also could be easily miniaturised and integrated 

into electronic circuits. (59) 
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1.3.2. Electrochemical activity of DNA bases  

The idea that DNA can be electrochemically active emerged in 1950s and the 

most significant contribution was made by E. Paleļek who studied polarography of 

DNA and RNA. (60-64) From all the nucleic acid components only the DNA bases 

are electrochemically active. They are reducible at mercury electrodes, this reaction 

occurs at negative potentials that cannot be achieved on carbon electrodes in aqueous 

media. (A lower potential limit for carbon electrode is in the region of -1.4 V versus 

saturated calomel electrode, when using KCl as an electrolyte (47)) 

Reduction of adenine, guanine and cytosine in aqueous media was reported. (65) 

Later in 1970s, carbon was found suitable to study oxidation of guanine and adenine. 

(66) Oxidation of other pyrimidines was thought to be impossible until 1997, when 

Brett and Matysik (67) demonstrated electroactivity of cytosine and thymine at 

glassy carbon electrodes nearly thirty years after first reports on DNA oxidation 

appeared.  Mercury electrodes and DNA are both hydrophobic and the DNA bases 

are strongly absorbed on the electrode surface preventing the formation of the double 

helix, making the study of hybridisation at such electrodes difficult. (68)  

REDUCTION SITE OXIDATION SITE

Adenine (A) Thymine (T)

Guanine (G) Cytosine (C)

 

Figure 1.7 Reduction and oxidation sites of the DNA bases.  Adapted from reference (63) 
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1.3.3. Immobilisation chemistry of DNA for sensor development 

In 1986 E. Paleļek proposed cumulative pre-adsorption of DNA and proteins on 

the hanging mercury drop electrode. This technique has allowed extending the range 

of electrolytes available for electrochemical experiment and also reducing the sample 

size to the level of few microliters. (69)  Another step forward was to study 

interactions between immobilised DNA and the sample.  As mentioned in the 

previous section, DNA hybridisation is not very likely to occur at mercury 

electrodes. In addition, toxicity of mercury as well as technical difficulties with 

immobilising the probe for repetitive analysis must contribute to the fact that, when 

selecting the substrate for a DNA biosensor, solid electrodes, such as gold and 

carbon, are preferred.  

Many different approaches have been adopted for entrapment of ssDNA onto 

electrodes. Brett and Chiorcea described the formation of adsorbed DNA film on 

highly oriented pyrolytic graphite electrode. Well ordered DNA lattices are formed 

in the pH controlled conditions and also with the potential applied to the electrode. 

(70) DNA can be easily adsorbed on cationic polymers, such as polyallylamine, 

poly-L-lysine and polyethylenimine. (71)  

 One of the most common methods involves immobilisation of DNA using biotin-

avidin, or biotin- streptavidin conjugate formation, (72-74) because of the high 

binding constant of avidin-biotin complex formation, estimated to be 10
-15

M
-1
. (73) 

Williams et al. published on a genosensor based on streptavidin/graphite/epoxy 

composite. (72) Streptavidin was used to capture a biotinylated ssDNA probe. 

Popularity of the method is undoubtedly related to the fact that biotin-modified DNA 

sequences are readily available from commercial sources. The structure of a biotin 

modification is presented in Figure 1.8. 
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Figure 1.8  Biotin modification to the 5ô end of the DNA chain. A dotted contour line 

indicates biotin molecule  

Probe DNA can be also chemisorbed on gold electrodes via self assembly. This 

could be achieved by incubation of the electrode in the solution containing thiolated 

DNA sequences (HSssDNA). (75-77) Due to large size and hydrophilic nature of 

DNA these monolayers are not densely packed and they exhibit poor thermal 

stability. (78) Herne and Tarlov (75) underline the importance of forming mixed 

monolayers of HSssDNA and mercaptohexanol. If the electrode is treated with 

mercaptohexanol subsequent to HSssDNA immobilisation, non-specific adsorption 

of the DNA probe can be reduced and, as the result, accessibility of the probe for the 

hybridisation is improved. In another approach DNA is crosslinked to a self-

assembled monolayer of alkanethiols bearing amino-, carboxyl- or hydroxyl- 

functionality. Silva et al. report on the genosensor, where the probe is attached to 

cysteamine monolayer via crosslinking of amino- groups with glutaraldehyde. (79) 

An example of self-assembled monolayer of alkanethiol on electrode surface is 

presented in Figure 1.9.  
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Figure 1.9 Schematic representation of self-assembled monolayer of thiol on the electrode 

surface. Alkanethiols used for monolayer formation vary by the alkane chain length and 

functional groups. R could equal to ïNH2, -OH, -COOH, -SH The stability and the degree of 

order of the monolayer increases with longer alkane chains (80) 

Figure 1.10 presents a structure of amino-modification to the sugar-phosphate 

backbone. Amino- group could be used to link DNA to another functional group on 

the electrode. Reacting of the amine to carboxylic group on the electrode forms an 

amide bridge. The formation of the amide could be catalyzed by carbodiimide/N-

hydroxysuccinimide by the mechanism shown on Figure 1.11.   

 

 

 

Figure 1.10  Amino- modification to the 5ô end of the DNA chain 
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(1)

(2)

 

Figure 1.11 Mechanism of EDC/NHS coupling (EDC - 1-ethyl-3-(3-dimethyl 

aminopropyl)carbodiimide (1), NHS - N-hydroxysuccinimide (2) 

 

DNA can be covalently linked to a polymer deposited on the electrode. The 

carbodiimide coupling between phosphate backbone of the DNA to Os-PAA-PVI 

(osmium complex bound to a polyallylamine-polyvinylimidazole co-polymer) 

towards formation of hydrazides was described by Hellerôs group. (81) Also, a 

reaction with a functionalised polypyrrole backbone is possible. (82) The covalent 

immobilization on carbon surfaces was also reported. Fang Teh at al. coupled a 

capture probe to glassy carbon electrode derivatised with 4-aminobenzoic acid. (83) 

A method based on covalent coupling to carboxylated carbon nanotubes/ carbon ink 

composite was published by Erdem et al. (84)   

 

1.3.4. Electrochemical detection of DNA hybridisation  

Direct detection of DNA hybridisation is a progressing field of research, but the 

methodology is still far from achieving high-throughput and sensitivity. (85) Signal 
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amplification can overcome problems with detection of low quantities of target and 

with matrix interferences.   

Redox-active metal complexes, (86) organic and metal complex intercalators, (87) 

nanoparticles (88)
 
and enzymes (89) are commonly used as tags to indicate helix 

formation.  

Enzyme labelling is particularly attractive for sensor applications due to 

commercial availability of enzymes and large signal amplifications as a result of 

substrate turnover. (90) Generally, hybridization is indicated by the enzyme-

catalyzed electro-oxidation/reduction of a substrate to an electrochemically 

detectable product. During the catalytic process a large number of electrons are 

transferred between the enzyme and the electrode (Scheme 1.1) as the result of 

hybridization event, thereby generating an amplified electrochemical signal. 

Commonly used enzymes include alkaline phosphatase (91), horseradish peroxidase 

(HRP), (92-100) glucose oxidase, (101) glucose dehydrogenase, (102) soybean 

peroxidase (103) and bilirubin oxidase. (104) Enzymes are usually coupled to the 

target or reporter DNA strand via avidin (or streptavidin, neutravidin) - biotin 

binding technology, (101) or by chemical coupling. (81)  

Heller and coworkers have reported a number of highly sensitive sandwich-type 

assays for enzyme-amplified amperometric DNA detection using a horseradish 

peroxidase (HRP) labelled target sequence with an electron mediating osmium redox 

polymer film. (92, 96-98) Upon hybridization with the probe sequence, the HRP 

redox enzyme is ówiredô to the electrode via mediating redox polymer. This contact 

enables the bioelectrocatalytic reduction of H2O2 to water, generating a current 

proportional to the amount of hybridized target sequences. Caruana and Heller (103) 

subsequently used this approach to detect a single base mismatch in an 18-base 

oligonucleotide at elevated temperatures, using the redox-enzyme soybean 

peroxidase (SBP), recording the signal corresponding to reduction of H2O2 to water.  
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1.4. Thesis outline 

The aim of this thesis is to investigate the performance of DNA- modified 

electrodes for enzyme-amplified detection of short sequences of DNA. The sensors 

are developed with a view to be used for screening of short sequences extracted from 

pathogenic bacteria. The present study focuses on the use of microelectrodes and 

mass-produced carbon electrodes to provide a base for DNA sensing platform.  

 Chapter 2 addresses the preparation and electrochemical characterisation of DNA 

sensing films using osmium redox polymers on gold microelectrodes. A probe DNA 

confined to the electrode surface is hybridised to a biotinylated target DNA, which is 

further labelled with glucose oxidase:avidin conjugate resulting in an electrocatalytic 

surface capable of oxidising glucose. Bioelectrocatalytic current corresponding to 

oxidation of glucose is an indication of DNA hybridisation. The electrochemical 

parameters and stability of the redox hydrogel are discussed in detail. Chapter 2 is 

also concerned with the effect of miniaturisation on the detection limits: performance 

of microelectrodes is compared to that of macroelectrodes.  

In Chapter 3, another surface preparation methodology is introduced. The 

development of sensors for DNA hybridisation within carboxymethylated dextran 

matrix on electrodes is probed. To this end, different functionalised electrode 

materials are examined as the substrates for dextran hydrogel immobilisation: thiol 

modified gold; and glassy carbon and graphite derivatised via reduction of aryl 

diazonium salts. A model study, where an osmium complex [Os(2,2ô-bipyridine)2(4-

aminoethylpyridine)Cl]PF6 is attached to carboxymethylated dextran on the electrode 

via carbodiimide coupling was undertaken to estimate the density of the carboxylic 

groups of the polymer available for attachment of probe DNA. Hybridisation events 

were detected at the electrode surface using the same glucose oxidase labelling 

approach as in Chapter 2, but a solution phase mediator was employed instead of co-

immobilised osmium complex. The hybridisation protocol was altered and a more 

rigorous washing and surface blocking was introduced in order to reduce non-

specific binding of the DNA strands and enzyme avidin conjugate. 

Bioelectrocatalytic detection of DNA mediated by [Os(2,2ô-bipyridine)2(4-

aminomethylpyridine)Cl]PF6, co-immobilised to the dextran was investigated, in a 

preliminary study aimed at providing reagentless DNA hybridisation sensors.  
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In Chapter 4, a range of screen-printed carbon electrodes is electrochemically 

characterised towards their response to basic electrolyte solution and redox probes.  

Then the electrodes are derivatised with carboxymethylated dextran and ssDNA in a 

similar manner as in Chapter 3, to assess their suitability as surfaces for mass-

produced DNA hybridisation sensors.  

The main findings of the research are summarised in Chapter 5 and proposals for 

future studies discussed.  
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DNA sensor based upon 

bioelectrocatalytic amplification using 

osmium redox polymer modified gold 
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2.1. Introduction  

 

Microelectrodes are powerful tools for the study of electrochemical processes 

with a vast number of potential applications. Small dimensions, generally from 

dozens of micrometers to nanometers result in different qualities in comparison with 

macroelectrodes. These include reduced IR drop of potential, fast establishment of a 

steady-state signal, and increased signal-to-noise ratio. (1) Because of these 

properties microelectrodes have become invaluable in applications like kinetic 

studies, (2) measurements without supporting electrolyte, (3, 4) electrochemistry in 

the gas phase, (5) electrochemical detection in flowing liquids, (6) in-vivo 

measurements (7) and scanning electrochemical microscopy.(8) Also, 

microelectrodes are applied as detectors in chromatographic (5, 9) and 

electrophoretic instruments. (10) 

Microelectrodes allow more sensitive analyte detection in comparison with 

conventional size electrodes. (11) Microelectrodes can replace macroelectrodes in 

gas-sensing systems, such as oxygen, (12) hydrogen sulphide, (13) nitric oxide. (14) 

Numerous works focus on use of microelectrodes in trace analysis, in particular on 

detecting low concentrations of metal ions in environmental samples. (15-20) 

Miniaturisation allowed pH sensors and ion-selective electrodes to be used directly 

in biological tissue samples. (21)   

Some of the distinct properties of microelectrodes could be explained by the 

different mass transport effects in dynamic electrochemistry. (22) For example, the 

diffusion field at microelectrodes is of radial shape, in contrast with macroelectrodes, 

which consist of predominantly a planar diffusion of species towards the electrode 

surface. (Figure 2.1)  
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A

 

 

B

 

 

Figure 2.1 Example of diffusion field at macroelectrode (A) and at disc microelectrode (B). 

At microelectrodes, radial diffusion, negligible at macroelectrodes, becomes a dominating 

process. Adapted from reference (22) 

 

Research data presented in this chapter is focused on the analytical response of 

microelectrodes, when applied to a DNA sensing platform.  The work is a 

continuation of research presented in a report published by Kavanagh and Leech. 

(23)  They developed a DNA sensor constructed via deposition of single-stranded 

DNA (ssDNA) probe sequences with an osmium-based redox polymer mediator on 

gold electrodes. An amino-terminated 20-base sequence probe DNA is cross-linked 

with [Os(2,2ǋ-bipyridine)2(polyvinylimidazole)10Cl]
+/2+ 

using a poly-(ethylene 

glycol)bisglycidyl ether (PEGDGE) reagent that also crosslinks these films to the 

electrode via reaction with an anchoring self-assembled monolayer (SAM) of 

cysteamine. Structures of the redox polymer and the crosslinker are presented in 

Figure 2.2.   
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(1)

(2)

 

Figure 2.2 Structures of [Os (2,2ǋ-bipyridine)2(polyvinylimidazole)10Cl]Cl (OsPVI) redox 

polymer and the crosslinker poly-(ethylene glycol)bisglycidyl ether (PEGDGE) 

 

Hybridization between the immobilized probe DNA at the electrode surface and a 

biotin-conjugated target DNA sequence, and further coupling of glucose oxidase-

avidin establishes an electrical contact between the enzyme and the mediating redox 

polymer. In the presence of glucose, the current generated due to the catalytic 

oxidation of glucose to gluconolactone is measured, and a binding-dependent 

response, scaling from 10
-9
 M to 10

-6
 M of target ssDNA, obtained for films 

immobilised at gold macroelectrodes (2 mm diameter). (23) The design and the 

principles of operation are demonstrated in Figure 2.3. 
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Figure 2.3 Schematic representation of the DNA sensor based upon ssDNA and OsPVI 

tethered to gold electrode via SAM of cysteamine (red dots indicate osmium redox centres, 

lines symbolise the polymer chain and the crosslinker). Reaction with biotinylated target 

ssDNA (biotin is presented as green dot) and glucose oxidase-avidin conjugate results in 

generation of bioelectrocatalytic current in the presence of glucose. (23) 

 

In order to detect lower levels of DNA, it would be advantageous to reduce the 

detection limit to femtomolar (10
-15

 M) concentrations or below. Heller and co-

workers previously achieved a ~10
4
 fold improvement in detection limits, when they 

replaced a glassy carbon macroelectrode with a 10 ɛm diameter microelectrode in a 

DNA assay using a peroxidase-labelled reporter DNA sequence, allowing detection 

of 3000 copies of 38-base DNA in 10 ɛL droplet. (24) 

Also, Djellouli et al. (25) observed a detection limit of 30 pM for ssDNA using a 

solution osmium redox complex to mediate the bioelectrochemistry of an anti-

digoxigenin antibody conjugated to HRP following binding to digoxigenin1-labelled 

complementary nucleic acid sequences that had previously hybridized to ssDNA 

immobilized on screen-printed carbon macroelectrodes. In a related system, Aguilar  

reports a decrease in detection limit, from 146 nM (26) to 46 pM, at gold microwell 

cavity electrodes compared to gold macroelectrodes, using a DNA assay based on 

hybridization of alkaline phosphatase (AP)-labelled DNA to immobilized ssDNA on 

gold, followed by monitoring of the electroactive product, p-aminophenol, after 
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addition of p-aminophenylphosphate substrate. The same group report a detection 

limit of 56 fM for the AP-labelled immunoassay of IgG. (27) Xie et al. (28) has 

reported detection of DNA at fM levels using a thiolated-ssDNA modified gold 

electrode coupled with a GOx-labeled reporter sequence. Other enzyme-amplified 

amperometric assays at macro-electrodes, can detect down to 340 pM of target DNA 

sequence coding for Legionella pneumophila using alkaline phosphatase-labeled 

DNA. (29) Ghindilis et al. (30) report on an electrochemical microelectrode array 

system that can detect 0.75 pM of DNA or RNA, based on binding of streptavidin-

labelled HRP to biotinylated hybridized DNA.  

The strong literature evidence on sensitivity improvement upon miniaturisation of 

a DNA sensor supported replacement of gold macroelectrodes with microelectrodes.  
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2.2. Experimental  

2.2.1. Materials and reagents   

Redox polymer [Os(2,2ǋ-bipyridine)2(polyvinylimidazole)10Cl]Cl was synthesised 

according to the literature procedures (abbreviation: OsPVI). (31) The cross-linker 

polyoxyethylene bis(glycidyl ether) (abbreviation: PEG) was purchased from Sigma-

Aldrich. The probe oligonucleotide sequence (5ôĔ3ô): NH2-C6-

ATTCGACAGGGATAGTTCGA was custom prepared by MWG-Biotech. The 

target oligonucleotide sequence (5ôĔ3ô): biotin-TCGAACTATCCCTGTCGAAT 

(designed from the ssrA gene of Listeria monocytogenes, a common food pathogen) 

and control oligonucleotide sequence (5ôĔ3ô): biotin-

ATTCGACAGGGATAGTTCGA were also purchased from MWG-Biotech. 

Cysteamine was purchased from Sigma-Aldrich. Glucose oxidase-avidin D 

conjugate was purchased from Vector Laboratories. Glucose and all other used 

chemicals were purchased from Sigma-Aldrich 

 

2.2.2. Instrumentation and techniques  

The electrochemical measurements were performed using an Autolab, 

EcoChemie, PGSTAT12 potentiostat equipped with an ECD amplifier module (RC 

time settings: 0 s for scan rates > 10 mV/s, 0.1 s for scan rates < 10 mV/s. The 

module uses Savitzky-Golay algorithm to filter the noise). All experiments were 

carried out with a three-electrode system at room temperature. Gold disc 

microelectrodes of 25 mm, 40 mm and 100 mm in diameter were used as the working 

electrodes (manufactured by nLab, Warsaw). An Ag/AgCl electrode (CH 

Instruments) was used as a reference electrode and a platinum wire was used as a 

counter electrode. In all experiments, the electrochemical cell was kept in a home-

built stainless steel Faraday cage to minimize the electrical noise. 
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2.2.3. Preparation and characterization of electrodes 

Using microelectrodes is quite challenging, when considering the fact that 

polycrystalline solid surfaces are never perfectly flat on the atomic scale. (32)  Minor 

surface defects, pits or scratches few microns in size have negligible effect on the 

macroelectrode, but in the microscale they could introduce significant variation from 

electrode to electrode. The measurements on microelectrodes require noise shielding. 

The observed current levels change from microamperes to nano- and even pico-

amperes. It is recommended to always use the Faraday cage when working with 

microelectrodes. The mains power supply could potentially interfere, when current 

levels are in picoampere range. Battery-operated devices are recommended, as they 

offer much lower noise levels, than conventional potentiostats. (33)   

The gold microelectrodes, sealed in glass tubes, were carefully prepared by 

cautious polishing with Al2O3 powder of particle size in the range from 1 to 0.05 mm 

on a wet pad. After each polishing, the electrodes were rinsed with a direct stream of 

ultrapure water (Milli-Q, Millipore, conductivity of ~ 0.056 mS/cm) to remove 

alumina completely from the electrode surface, and then were dried. The quality of 

the electrode surface was always inspected with an inverted, model Olympus PME3, 

optical microscope. Electrodes manifesting extensive scratches or imperfections 

were polished repeatedly to eliminate such defects. Figures 2.4-2.7 present images 

of microelectrodes. Electrodes represented in Figures 2.4 and 2.7 are suitable for 

electrochemical applications. Electrodes presented in Figures 2.5 and 2.6 are 

damaged and the surfaces require abrading by fine sand paper prior to polishing with 

alumina powder.  
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Figure 2.4 Example of smooth electrode surface (100 µm), which was accepted to be used 

for the experiment. Minor defect observed.  

 

 

 

 

Figure 2.5 Example of an electrode with a mark, not acceptable for further processing, (100 

µm) 
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Figure 2.6 100 µm ïexample of the electrode, where damage to the surface is too serious to 

generate satisfactory electrochemical response 

 

 

 

 

 

Figure 2.7 25 µm ïexample of smooth electrode surface, no major defects 
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Following polishing, the electrodes were electrochemically pretreated by cycling 

between ï0.2 and 1.35 V (vs. Ag/AgCl) in 0.1 M H2SO4 solution until a stable 

voltammmogram typical for a clean gold electrode was observed. (34) An example 

of a satisfactory voltammogram that qualified the electrode for further processing is 

presented in Figure 2.8. Especially crucial are low currents in the range 0 ï 0.5 V. 

The anodic peak indicates formation of gold oxide, which is then reduced upon the 

cathodic sweep.  

 

0.0 0.5 1.0 1.5
-5

-4

-3

-2

-1

0

1

2

3

 

 

I 
/ 

n
A

E / V vs Ag/AgCl
 

 

Figure 2.8 Background scan, cyclic voltammetry, 40 ɛm microelectrode, 0.1 M sulphuric 

acid.  (34) 

 

The ñrealò electroactive area of the gold electrode can be calculated by dividing 

the anodic or cathodic peak area by 390 µC/cm
2
 as recommended by IUPAC. (35) 

The roughness of the electrodes was expressed as a dimensionless parameter Rf  

(roughness factor) obtained by dividing the ñrealò surface area by the geometric area. 

Average surface roughness determined from anodic peak charge was: 2.30 for 25 

mm, 1.92 for 40 mm and 1.45 for 100 mm diameter microelectrodes. (Table 2.1)  

Roughness factor estimated for 10 mm electrodes was found to be 0.51. For the 

micrometer size of the gold wire achieving the disc geometry could be difficult, 

which means obtaining the values less than one is possible. Oxidation peak is not 

well defined; an average Rf estimate using a cathodic peak area yields the value of 

1.31 for 10 mm. Roughness values calculated from reduction peak areas are similar 
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to these obtained from the anodic peak for all other electrodes and are 2.16 for 25 

mm, 1.81 for 40 mm and 1.56 for 100 mm diameter, respectively. (Table 2.1B).  

 

Table 2.1A Rf values for gold microelectrodes estimated from gold oxidation peak area.   

 

Electrode 100ɛm 

(n=8) 

40ɛm 

(n=9) 

25ɛm   

(n=12) 

10ɛm 

(n=7) 

Average Rf 1.45 1.92 2.30 0.51 

SD 0.79 1.81 1.09 0.13 

RSD 55 94 47 26 

MIN  0.55 0.18 0.96 0.23 

MAX  2.70 6.17 4.35 0.59 

MEDIAN  1.19 1.50 2.23 0.58 

 

Table 2.1B Rf  values for gold microelectrodes estimated from gold reduction peak area.   

 

Electrode 100ɛm 

(n=8) 

40ɛm 

(n=9) 

25ɛm   

(n=12) 

10ɛm 

(n=7) 

Average Rf 1.56 1.81 2.16 1.31 

SD 0.71 1.98 1.04 0.51 

RSD 46 110 48 39 

MIN  0.63 0.18 0.76 0.46 

MAX  2.62 6.69 4.21 1.91 

MEDIAN  1.48 1.05 2.02 1.35 

 

After electrochemical pretreatment, the electrodes were immediately rinsed with a 

direct stream of ultrapure water, dried with nitrogen or argon and immersed in a 

slowly stirred deoxygenated 10 mM ethanolic solution of cysteamine for either 20 

minutes (25 and 40 µm electrodes) or 30 min (100 µm electrodes). Then, the 

electrodes were removed, rinsed with ethanol and dried with a gentle stream of 

nitrogen/argon. After these two steps a 6 mL drop containing the redox polymer 

(OsPVI, 2 mL of a 5 mg/ml solution in water), the PEGDGE cross-linker (2 mL of a 

15 mg/ml solution in water) and amine terminated capture probe-DNA (2 mL of a 
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400 mg/ml solution in water) was deposited onto the electrode surface, followed by 

at least 48 hours of drying in a dessicator, to form the sensing film. 

The modified gold disc microelectrodes were cycled in the potential range ï0.2 V 

to 0.6 V in a 0.02 M phosphate buffer solution (pH = 7.4) containing 0.15 M NaCl 

and 1 mM EDTA until the obtained voltammogram was stable. The sensing film was 

then characterized using a wide range of scan rates.  

 

2.2.4. Detection of DNA hybridization 

 

The hybridization assay was performed by addition of a 7 mL droplet of buffer 

solution (0.02 M phosphate buffer, pH = 7.4, with 1 M NaCl and 1 mM EDTA) 

containing the appropriate concentration of target DNA deposited on the sensing 

surface. High ionic strength buffer was used in order to reduce non-specific binding 

between the osmium redox polymer and negatively charged species (DNA, enzyme). 

Degani and Heller report that the formation of electrostatic complex between the 

enzyme and the osmium redox polymer is favoured at low ionic strength condition. 

(36) Hybridization was allowed to proceed for 30 minutes, whilst minimizing 

evaporation of the droplet by covering the electrode with a plastic cap, in an attempt 

to avoid difficulties with reproducibility. Following hybridization, a 2 mL aliquot of 

glucose oxidase-avidin D conjugate (50 mg/ml solution in water) was carefully, 

exactly placed on the previous droplet to allow binding, over a further 30 minute 

period, between the biotinylated DNA now hybridized to the probe DNA in the 

sensing film, and the glucose oxidase-avidin D conjugate, again minimizing droplet 

evaporation by covering the electrode with a plastic cap. The resulting electrode was 

then rinsed with the hybridization buffer solution and immersed in a blank buffer 

solution (0.02 M phosphate buffer, pH = 7.4, with 0.15 M NaCl) for recording of 

background cyclic voltammetry and chronoamperometry traces, with all 

electrochemical measurements undertaken in a Faraday cage. Glucose substrate was 

then added to the blank solution to yield a working solution of 20 mM glucose in the 

buffer, and the current for the bioelectrocatalytic glucose oxidation was measured 

using cyclic voltammetry and chronoamperometry.   
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2.3. Results and Discussion  

 

2.3.1. Voltammetry of redox polymer films on gold microelectrodes 

 

Hydrogels containing OsPVI, DNA and PEGDGE were cured by drying for at 

least 48 hours, in a solid-phase reaction, epoxy crosslinking agent binds  to amino- 

and imidazole groups as shown in Schemes 2.1 and 2.2.  

 

2

 

 

Scheme 2.1 The mechanism of crosslinking of amino groups by epoxy-terminated 

molecules. Adapted from reference (37) 

 

 

Scheme 2.2 The mechanism of crosslinking of imidazole groups by epoxy-terminate 

molecules. Mechanism proposed by Barton et al.  (38) 

 

 The epoxide groups remain active for several days, so strict control over drying 

time is crucial for film formation. Studies on cross-linked glucose oxidase have 

shown an increase of the film thickness with the drying time. Also, long-term curing 
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might result with overcrosslinking of the enzyme within the hydrogel and 

consequently with diminished catalytic activity. Maximum catalytic activity of the 

enzyme is achieved for 24 h drying time, although films dried for 48 h present a 

more uniform structure. (39) An influence of drying time on biosensor response has 

not been the part of this study, but it might be one of the future aspects to consider.  

The film drying was followed by repetitive scanning in the phosphate buffer 

solution to remove physisorbed species. Hydrogels were characterised by cyclic 

voltammetry and parameters of modified electrodes were determined using the 

theoretical model described in Chapter 1. (40)  

The voltammograms of OsPVI/DNA films on microelectrodes exhibit well-

defined oxidation and reduction peaks corresponding to the Os(II)(III)  redox couple. 

The voltammetric curves of OsPVI films on microelectrodes are hybrids between 

Gaussian and sigmoidal peak shapes. CVs of lower microelectrodes sizes, such as 25 

µm display the significant tailing of the peaks, which can be seen in Figure 2.9.  A 

diffusional tailing contributes to the current to a lesser degree at larger 

microelectrode sizes to disappear completely at 2 mm electrodes. (Figure 2.12) 

Sigmoidal-shape voltammograms, which are typical for voltammetry at the solution-

phase species at microelectrodes, cannot be observed. (22) These observations are in 

accordance with numerous literature studies on modified microelectrodes. (41-43) 

Rebouillat et al. (44) proposed that the type of diffusion, either radial or planar 

depends on thickness of the film. When the thickness of the redox polymer layer is 

comparable with the radius of the electrode radial diffusion of substrate throughout 

the film is expected. If the radius is much greater than the film thickness, planar 

diffusion model applies. Geng et al. (45) explains the presence of the diffusional tail 

by the polymer ñspill overò; this is the case when redox polymer layer extends the 

microdisc area. Regardless of the nature of the diffusion process, analytical 

sensitivity of the films deposited on microelectrodes is improved comparing to the 

films on macroelectrodes. (43)  

Also the modification of 10µm gold microelectrodes was studied, but no  

Os(II)(III)  redox peak can be seen. It is thought that an optimisation of the film 

thickness and osmium site concentration is needed to observe a semi-infinite 

diffusion type response. Undoubtedly, there is no particular reason why voltammetry 

of the redox hydrogel cannot be recorded at 10 µm disc size. Data published by 

Geng et al. (45), who studied films of [Ru(bpy)3](PF6)/PEO16·Li(CF3SO3) at 10 µm 
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Pt microelectrodes, clearly demonstrates presence of semi-infinite diffusion and the 

shapes of the CV curves are similar to those presented in Figures 2.9 and 2.10. (PEO 

- polyethylene oxide) 
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Figure 2.9 The response of the sensing film at low scan rate - 5mV/s. Electrolyte; phosphate 

buffer, pH 7.4, 0.15M NaCl, 1mM EDTA, 25µm.  
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Figure 2.10 The response of the sensing film at low scan rate ï 5 mV/s. Electrolyte; 

phosphate buffer, pH 7.4, 0.15 M NaCl, 1 mM EDTA, 40µm  
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Figure 2.11 The response of the sensing film at low scan rate ï 5 mV/s.  Electrolyte; 

phosphate buffer, pH 7.4, 0.15 M NaCl, 1 mM EDTA. 100 µm microelectrode 

-0.2 0.0 0.2 0.4 0.6

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

 

 

I 
/ 

n
A

E / V vs Ag/AgCl
 

Figure 2.12 The response of the sensing film at low scan rate ï 5 mV/s.  Electrolyte; 

phosphate buffer, pH 7.4, 0.15 M NaCl, 1 mM EDTA. 2 mm macroelectrode 

 

The voltammetric behaviour was studied at the range of scan rates. Figure 2.13 

shows the voltammograms recorded at 40 µm microelectrode between 50-500 mV/s.  
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Figure 2.13 Cyclic voltammogram of OsPVI/DNA deposited on 40 µm electrode, scan rates 

from 50-500 mV/s 

 

The peak currents scale linearly with the square root of scan rate 50-500 mV/s 

indicating semi-infinite diffusional charge transport within the sensing film at these 

scan rates. (Figure 2.14)  
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Figure 2.14  OsPVI/DNA, Peak currents plotted versus square root of the scan rate, 40 µm 

electrode; scan rates from 50-500 mV/s 

 

The films were also characterized at scan rates between 2-50 mV/s. Figure 2.15 

presents cyclic voltammograms for 40 µm electrode.  
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Figure 2.15 Cyclic voltammogram of OsPVI/DNA deposited on 40 µm electrode, scan rates 

from 2-50 mV/s 

 

For scan rates less than 50 mV/s peak currents vary linearly with scan rate, 

indicating a surface confined electrochemical response, expected for such films. 

(Figure 2.16) 
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Figure 2.16 OsPVI/DNA, Peak currents plotted versus scan rate, 40 µm electrode; scan 

rates from 2-20  mV/s 

An estimate of total osmium surface coverage (GOs) can be evaluated by 

integrating the charge passed when the film is comprehensively electrolysed. (40) 

The slow-scan voltammogram of the sensing film on microelectrodes is a hybrid of 
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the Gaussian peak and the steady-state sigmoidal shaped curve, which can cause 

difficulties in peak area calculations. Peak areas were thus estimated by subtracting 

the steady state current from the overall peak area. A parameter, D
½
c, where D is the 

charge transport diffusion coefficient and c is the concentration of osmium redox 

sites in the film, can also be evaluated from CVs at scan rates from 100 mV s
-1
 to 

500 mV s
-1
, using the Randles-Sevļik equation. (46)  

The electrochemical parameters of the sensing films with the co-immobilized 

probe DNA were compared to films of the redox polymer alone (Figures 2.17-2.20) 

for all gold microelectrodes used and for macroelectrodes (23) and the results are 

shown in Tables 2.2 and 2.3.   
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Figure 2.17 - Cyclic voltammogram of OsPVI without co-immobilised DNA deposited on 

40 µm electrode, scan rates from 50-500 mV/s 



                                                                                                                       Chapter 2 

47 

 

0.2 0.3 0.4 0.5 0.6 0.7
0

2

4

6

8

10

12

 

 

I 
/ 

n
A

v
1/2

 

Figure 2.18 Peak currents plotted versus square root of the scan rate, of OsPVI without co-

immobilised DNA deposited on 40 µm electrode; scan rates from 50-500 mV/s 
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Figure 2.19 Cyclic voltammogram of OsPVI without co-immobilised DNA deposited on 

40 µm electrode, scan rates from 2-50 mV/s 
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Figure 2.20 Redox polymer alone, peak currents plotted versus scan rate, of OsPVI without 

co-immobilised DNA deposited on 40 µm electrode; scan rates from 2-20 mV/s 

 

 

Table 2.2 Parameters of the redox polymer film crosslinked with ssDNA, a-parameter 

estimated from Randles-Sevļik equation, b- surface coverage estimated from the following 

formula ũ= Q/nFA 

 

 

Parameter 

 

Redox polymer with DNA 

 

diameter of electrode 

25mm 40mm 100mm  2mm  

E
o
 [V]

 
0.228 0.228 0.228 0.208 

DEp [V]
 

0.057 0.054 0.047 0.042 

FWHM  [V]
 

0.129 0.122 0.130 0.114 

D
1/2

C  

[cm
-2
s

-1/2
mol]

a 5.85x10
-9
 5.26x10

-9
 4.33x10

-9
 5.32x10

-9
 

GOs [mol/cm
2
]
b 5.98x10

-9
 5.15x10

-9
 5.17x10

-9
 3.45x10

-9
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Table 2.3 Parameters of the redox polymer film without ssDNA, a-parameter estimated 

from Randles-Sevļik equation, b- surface coverage estimated from the following formula 

ũ= Q/nFA 

 

 

Parameter 

 

Redox polymer without DNA 

diameter of electrode 

25mm 40mm 100mm  2mm  

E
o
 [V]

 
0.227 0.209 0.208 0.206 

DEp [V]
 0.054 0.030 0.017 0.037 

FWHM  [V]
 

0.122 0.111 0.101 0.104 

D
1/2

C 

[cm
-2
s

-1/2
mol]

a 6.75x10
-9 

5.51x10
-9
 5.11x10

-9
 7.22x10

-9
 

GOs [mol/cm
2
]
b 1.5x10

-8
 5.42x10

-9
 2.33x10

-9
 3.51x10

-9
 

 

A slight increase (shown in Table 2.2) of formal potential (E
o
) of the redox 

polymer in the presence of the DNA capture probe could reflect both the 

contribution of radial diffusion at microelectrodes to the difficulty in estimating such 

formal potentials and an interaction between the DNA probe and the redox polymer. 

The increase shown in Table 2.2 of FWHM upon conjugation of the DNA could also 

arise from both these contributions. The increase in the separation of anodic and 

cathodic peak potentials (ȹEp), at this scan rate could arise because of radial 

diffusion contribution at microelectrodes, but is also indicative of a decrease in the 

rate of heterogeneous electron transfer for the DNA probe films. (Table 2.2) A slight 

decrease of the D
½
C parameter in the presence of the DNA probe, corresponding to a 

slower rate of charge transport through the film and/or a decrease in the 

concentration of the osmium redox centers is also evident, and has been observed 

previously for osmium-based redox polymer films containing co-immobilized DNA. 

(23) Little variation in the estimated osmium surface coverage values are observed, 

particularly for the films containing co-immobilized DNA. The osmium surface 

coverage value for these films can be used to estimate a minimum film thickness 

equivalent to 50 layers of the osmium complex,  or ~75 nm if an estimate of 0.75 

nm, from crystallographic data, is used for the radius of the osmium complex. (22) 

For the sensing film to be useful in DNA hybridization assay the film should be 

stable over at least the timeframe of the experiment (typically 1 hour). We have 
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previously demonstrated that tethering the probe DNA sequence and the redox 

polymer to the surface of a gold electrode via a self-assembled monolayer of 

cysteamine, can yield stable sensing films, with peak current signals decreasing by 

only 15% over an eight hour period. The stability of the peak current response for the 

sensing film tethered to the cysteamine-modified gold microelectrodes is shown in 

Figures 2.21 A and B. Stability was tested by periodically measuring the 

voltammetric peak current and storing the electrodes either in a dessicator in a dry 

state (Figure 2.21 A) or in the electrolyte/buffer (Figure 2.21 B) between 

measurements. The electrochemical signal in both cases decreased by only 

approximately 15 % after 140 hours demonstrating a significant improvement in 

stability over films tethered to macroelectrode, postulated to be a result of the careful 

pre-treatment and preparation procedures adopted for the sensing films on 

microelectrodes.  

 

 

 

 

 

 

 

 

 



                                                                                                                       Chapter 2 

51 

 

0 1 24 48 72 98 120 144
0

20

40

60

80

100

120

 

%
 i

n
it

ia
l 

p
e

a
k

 c
u

rr
e

n
t

time / hours

A

 

0 1 2 3 4 5 6 24 48 72 100 120 146
0

20

40

60

80

100

 

%
 i

n
it

ia
l 

p
e

a
k

 c
u

rr
e

n
t

time / hours

B

 

Figure 2.21 Stability of the peak current, normalized to initial peak currents (0 hours), of the 

sensing films at 25 mm (black), 40 mm (red) and 100 mm (green) diameter microelectrodes. 

Experimental conditions: CV, v =  5 mV/s,  0.02 M phosphate buffer (pH = 7.4) with 0.15 M 

NaCl and 1 mM EDTA, A- electrodes were removed from the buffer after each 

measurement, rinsed with water, and stored in the dessicator, B- electrodes were 

continuously immersed in the buffer.  

 



                                                                                                                       Chapter 2 

52 

 

A simplified model of a first-order process of decrease in response can provide a 

measure of the response half-life, or rate constant, permitting better comparison of 

systems. Using this approach plots for the natural logarithm of the percentage 

decrease in osmium peak current decay (40 µm) versus time, presented in Figures 

2.22 A and B, confirm that this simple approach may be valid, as a linear response is 

observed.  
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Figure 2.22 Kinetic plots (first order) for the stability of the peak current, normalized to 

initial peak currents (0 hours), of the sensing films at 40 mm microelectrodes. Experimental 

conditions: CV, v = 5 mV/s,  0.02 M phosphate buffer (pH = 7.4) with 0.15 M NaCl and 1 

mM EDTA, A- electrodes were removed from the buffer after each measurement, rinsed 

with water , and stored in the dessicator, B- electrodes were immersed in the buffer for the 

time of experiment. 
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A pseudo-first order rate constant of 0.00015 s
-1 

and a half-life of approximately 

4740 h were estimated for the films stored in the dessicator. The film dissolution 

process was found to be faster, when the electrode was continuously immersed in the 

buffer with kinetic parameters as follows: k = 0.00023 s
-1
 and t1/2 =  2997 h.  

 

2.3.2. Amperometric detection of DNA hybridization 

In the presence of the complementary biotinylated-DNA and glucose oxidase-

avidin D conjugate we observe bioelectrocatalytic oxidation of glucose by the 

enzyme, mediated by the osmium redox couple. The bioelectrocatalytic current was 

measured using cyclic voltammetry. The steady state current value was taken at 0.35 

V. Cyclic voltammograms showing bioelectrocatalytic curves for different 

concentrations of complementary DNA with and without glucose are displayed in 

Figures 2.23, 2.24 and 2.25. No catalytic current is observed, when a surface is 

reacted with biotin non-complementary DNA target.  (Figure 2.26) 
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Figure 2.23 Cyclic voltammograms of the sensing film after interaction with biotinylated-

target DNA and the glucose oxidase-avidin D conjugate in the absence (black lines) and 

presence (red lines) of 20 mM glucose. Complementary DNA concentration: 1.85 x 10
-7
 M  
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Figure 2.24 Cyclic voltammograms of the sensing film after interaction with biotinylated-

target DNA and the glucose oxidase-avidin D conjugate in the absence (black lines) and 

presence (red lines) of 20 mM glucose. Complementary DNA concentration: 1.85 x 10
-11
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Figure 2.25 Cyclic voltammograms of the sensing film after interaction with biotinylated-

target DNA and the glucose oxidase-avidin D conjugate in the absence (black lines) and 

presence (red lines) of 20 mM glucose. Complementary DNA concentration: 1.85 x 10
-13
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Figure 2.26 Cyclic voltammograms of the sensing film after interaction with biotinylated-

target DNA and the glucose oxidase-avidin D conjugate in the absence (black lines) and 

presence (red lines) of 20 mM glucose. Non-complementary DNA concentration: 1.85 x 

10
-7
 M.  

 

The bioelectrocatalytic response, corresponding to the mediated oxidation of 

glucose, was also recorded using chronoamperometry at an applied potential of 0.35 

V. The blank, background current, was measured in the buffer solution without 

glucose for 250 s. Measurement of the bioelectrocatalytic current was then 

performed following addition of 20 mM glucose to the buffer solution. A significant 

increase in the current intensity, corresponding to bioelectrocatalytic oxidation of 

glucose was observed in the presence of the complementary biotinylated-DNA. 

(Figure 2.27) The steady state response has not been fully achieved, but the decay is 

not significant after approximately 100 s. Studies on electrocatalytic NADH 

oxidation on OsPVI-modified carbon fibre microelectrode conducted by Ju and 

Leech showed that approximately 90 % of the steady state response is obtained in the 

first 10 s. (42)  
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Figure 2.27 Chronoamperometric responses of the sensing film on a 40 mm diameter 

microelectrode after interaction with complementary biotinylated-DNA  (1.85 x 10
-7
 M) 

and the glucose oxidase-avidin D conjugate in the absence (black) and presence (red) of 20 

mM glucose.  
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Figure 2.28 Current responses at 0.35 V corresponding to the concentration of the 

complementary DNA target sequences in 7.0 ml droplets. Concentration values are 

displayed using logarithmic scale.  Cyclic voltammetry (squares) and chronoamperometry  

(circles) at the 40 mm diameter microelectrodes. Scan rate 5 mV/s; 20 mM glucose; 0.02 M 

phosphate buffer; pH = 7.4; 0.15 M NaCl. (n=5, first series of experiment) 

 

0 50 100 150 200 250

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

I 
/ 

n
A

time / s



                                                                                                                       Chapter 2 

57 

 

The voltammetric and chronoamperometric currents scale with logarithm of 

complementary DNA concentration. The plots constructed by plotting current 

differences determined from cyclic voltammetric experiments (measured at 0.35 V in 

the forward scan) are presented in Figure 2.28. The chronoamperometry results 

(steady state currents measured after 250 seconds electrolysis time) as a function of 

DNA concentration show a similar trend. The current varies with the logarithm of 

the concentration of complementary target DNA sequences in the concentration 

range of 10
-6
 to 10

-13
 M. The estimated limit of quantification, is ~ 4 ³ 10

-18 
mol in a 

7 ml droplet and corresponds to a concentration of 6 ³ 10
-13

 M of target DNA in the 

sample estimated from the equation of the best-fit line of the calibration curve in the 

range of 10
-6
 to 10

-13
 M and the current for the average of the controls using non-

complementary biotinylated target DNA plus 10 times the standard deviation of the 

controls. This limit is equivalent to the detection of ~4 ³ 10
11

 DNA copies in a one 

litre sample or ~2.5 ³ 10
6 

copies of DNA in the 7 mL droplet, three-orders of 

magnitude lower than the stated limit of detection obtained for the same assay with 

the gold macroelectrodes. (23) An estimate of the limit of detection for this assay, 

using the concentration equivalent to the current signal determined for the average of 

the controls using non-complementary biotinylated target DNA plus 3 times the 

standard deviation of the controls, yields a value of 4 ³ 10
-16 

M. It should be noted 

that all four factors: improved signal-to-noise due to miniaturization of the gold 

electrodes, careful preparation of the electrode surfaces, background subtraction, and 

shielding from electronic noise contributed to the substantial lowering of the 

detection limit for this assay compared to that at 2 mm diameter gold 

macroelectrodes.  

Experiments uncovered some issues with reproducibility for these systems, with 

response dependent upon preparation of electrodes. For example, the signals of the 

peak current for the osmium redox process for the redox polymer were found to be 

variable. A relative standard deviation for films prepared on 40 mm diameter 

microelectrodes for the osmium redox process peak current values for DNA-

modified electrodes over several months, was estimated to be 79 % for 16 

measurements. (Table 2.4)  
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Table 2.4 Statistical parameters of the osmium peak currents at 40 µm electrodes  

 

Average [A] SD RSD Min.  Med. Max. n 

1.48 x 10
-9 

1.17 x 10 
-9
 79 % 2.35 x 10 

-10
 1.09 x 10 

-9
 4.07 x 10 

-9
 16 

 

 

2.4. Conclusions 

It was demonstrated that the analytical performance of the sensor format can be 

improved with miniaturisation of the gold electrodes, coupled to careful polishing of 

electrodes, background subtraction and shielding from electronic noise, allowing 

detection of femtomolar concentrations of target ssDNA using microelectrodes. 

Redox polymer films on microelectrodes display much greater stability in 

comparison with macroelectrodes (23) and this fact also contributes to the 

improvement.  

A major issue of the assay is its complexity. The assay procedure requires careful 

preparation of the sensing layers and elimination of electrical interferences. The 

current response is highly influenced by the production of the modified layer, which 

is more likely to form on smooth electrodes. (47) Microelectrodes are quite difficult 

to polish and a number of sensors that could be prepared in one batch is limited. 

Drop-coating of the modification solution is also a disadvantage of the film 

formation procedure. Improvements to this may be achieved by robotic dispensing 

and precision placements of droplets onto electrode surface or by investigation of 

alternate immobilization and crosslinking chemistry that can be performed in 

solution. For example an osmium redox polymer can be electropolymerised on 

carbon electrodes. (24, 43) Further efforts should thus focus on solution-phase film 

formation processes.  
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via attachment of carboxymethylated 
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3.1. Introduction  

 

Chapter 2 describes a stable and sensitive platform for the electrochemical 

detection of DNA hybridisation. It was demonstrated that sensing films, where a 

probe DNA is cross-linked to osmium-based redox polymer film on gold 

microelectrodes can detect tens of picomoles of target DNA. (1) There are however a 

few disadvantages to this method.  Reproducing signals between electrodes was 

found to be difficult. It was postulated that detection of real samples would require 

an alternative approach in sensor preparation. For example, more rigorous washing 

and blocking sequences may be required in order to better discriminate between 

analyte and non-specific binding to the surfaces. 

In addition, the crosslinking method used for the study in Chapter 2, is based on 

a solid-phase reaction between poly(ethylene glycol)bisglycidyl ether (PEGDGE) 

crosslinking reagent and nucleophiles, which can introduce further complications 

into the electrode preparation protocol. The cross-linker contains epoxide groups, 

which can potentially bind to amino groups and heterocyclic nitrogens contained 

within DNA bases (2) thus damaging the DNA structure (3) and hindering 

hybridisation.  

In an effort to improve the analytical performance of the DNA assay, we have 

applied alternative reagents and immobilisation methods for hybridisation detection. 

In the present approach the reduction of in-situ generated aryldiazonium salt from p-

phenylenediamine allows introduction of covalently attached arylamine to the 

electrode surface, replacing the cysteamine SAM and providing greater surface 

stability when exposed to high temperature, rigorous washing conditions, exposure 

to air and sonication. (4) We also replace the [Os(2,2ǋ-

bipyridine)2(polyvinylimidazole)10Cl]
+/2+

 (OsPVI) redox polymer films, used as a 

matrix for co-immobilisation with ssDNA, with a carboxymethylated dextran 

(CMD) matrix, which provides carboxyl functional groups for subsequent 

immobilisation of amine-funtionalised ssDNA and other affinity and signalling 

reagents through solution-phase carbodiimide coupling chemistry. The structure of 

carboxymethylated dextran subunit is presented in Figure 3.1. The introduction of 

the solution-phase carbodiimide coupling assay protocol replaces the drop 

coating/drying with dipping of the electrodes into larger volumes (over 20 µl), which 

provides greater control.  
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Figure 3.1 Structure of carboxymethylated dextran subunit 

CMD was introduced in between the monolayer and the DNA to reduce non-

specific binding, compared to the positively charged osmium redox polymer used in 

our original assay. (5) The presence of carboxylic groups allows electrostatic 

repulsion between the carboxyl groups and the negatively charged ssDNA strands.  

The hydrophilic, 3-dimensional structure of CMD reportedly facilitates diffusion of 

species towards the surface and displays low non-specific binding towards 

biomolecules. (6-8)  

Studies by S.J. Wood (9) demonstrated high specificity of DNA hybridisation 

assays on CMD chips. In addition, it was demonstrated that the extent of non-

specific binding of proteins can be reduced when CMD is coupled to a cysteamine 

monolayer on gold. (10, 11)  CMD coated gold electrodes was also used in an 

amperometric immunoassay for detection of Salmonella typhimurium. (12) 

Construction of modified electrode interfaces via reduction of aryl diazonium 

salts has increasingly become a viable alternative/complement to self-assembled 

monolayers (SAMs). Unlike the SAMs, which can form exclusively on metals, 

diazonium chemistry is applicable for modification of a broad range of solid 

electrode materials, such as glassy carbon, (13) graphite, (14) screen-printed 

electrodes, (15) diamond (16) and metals. (17)  Films attached to an electrode 

surface through formation of C-C bonds, using reduction of aryldiazonium salts on 

carbon electrodes, are more stable than modified gold. (18-21) Mobile nature of gold 

atoms results in de-sorption and structural reorganisation of the thiols on the surface 

and limits the stability as the consequence. (22) The bond energy of the Au-S is 
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estimated as 170 kJ/mol, (4) comparing to covalent C-C bond energy of ~347 

kJ/mol. (23)  

The diazonium salt can be formed from an aromatic amine in acidic conditions in 

the presence of nitrite. Upon polarisation of the electrode, formation of the radical 

occurs and the covalent bond between the carbon and a phenyl ring is established. 

(Scheme 3.1) 

+e

.

N2
.

 

Scheme 3.1 Mechanism of reduction aryl diazonium salt the carbon electrode. Adapted from 

reference (4) 

Fang Teh et al. (24) reported covalent grafting of DNA onto amino-benzoic acid-

functionalised glassy carbon (GC) electrodes. A sensor network based on DNA 

immobilised on arylamine-modified carbon nanotubes and carbon nanofibers, via  

electroreduction of an aryldiazonium salt, was also described. (25) Increased  

stability of a copper sensor based on peptide sensing film on glassy carbon surfaces 

modified by covalent grafting of aryldiazonium salts was demonstrated by Liu et al. 

(26) In the work by Polsky et al., aryldiazonium salt reduction is used for the 

formation of recognition layers in multi-analyte sensors, which allow simultaneous 

detection of DNA and proteins. (27, 28)  

Here we aim to evaluate the feasibility of the detection platform, outlined in 

Figure 3.2 for electrochemical DNA hybridisation. For this purpose we have used a 

recognition surface consisting of ssDNA probe (coding for ssrA gene of Listeria 

monocytogenes) immobilised in a CMD film attached to an electrode. In a 

preliminary study, a solution phase electron transfer mediator (ferrocenemethanol, 
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structure shown in Figure 3.2) was employed in favour of an immobilised mediator, 

in order to reduce assay complexity and to establish the principle of the scheme. 

Hybridisation between probe ssDNA and target biotinylated-ssDNA and the addition 

of the glucose oxidase:avidinD conjugate results in the current due to 

bioelectrocatalytic oxidation of glucose, where ferrocenemethanol in the solution-

phase acts as electron transfer mediator.  

Another version of this platform with a surface-bound mediator [Os(2,2ǋ-

bipyridine)2(4-aminomethylpyridine)Cl]PF6 co-immobilised with ssDNA on 

carboxymethylated dextran was also tested for the ability to detect DNA binding.  

  

  

 

Figure 3.2 Simplified schematic of assay platform. The recognition layer at left consists of 

ssDNA bound within a CMD  film that is anchored to the arylamine-derivatised graphite 

electrode. Hybridisation of biotin-labelled target ssDNA and addition of glucose 

oxidase:avidinD, represented by GOx, results in bioelectrocatalytic oxidation of glucose 

using a solution phase ferrocenemethanol mediator.   
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3.2. Experimental 

 

3.2.1. Materials 

 

The probe oligonucleotide sequence (5ǋĔ3ǋ): NH2-C6-

ATTCGACAGGGATAGTTCGA, target oligonucleotide sequence (5ǋĔ3ǋ): biotin-

TCGAACTATCCCTGTCGAAT (designed from the ssrA gene of Listeria 

monocytogenes), control oligonucleotide sequence (5ǋĔ3ǋ): biotin-

ATTCGACAGGGATAGTTCGA (biotin-non-complementary) and (5ǋĔ3ǋ): 

TCGAACTATCCCTGTCGAAT (unmodified-complementary) were purchased 

from MWG-Biotech. Glucose oxidase: avidinD conjugate was purchased from 

Vector Laboratories. [Os(2,2ǋ-bypridine)2(4-aminomethylpyridine)Cl]PF6 and 

[Os(2,2ǋ-bipyridine)2(4-aminoethylpyridine)Cl]PF6 were synthesised according to the 

literature procedure.(21) All other chemicals were purchased from Sigma-Aldrich 

and used as received. 

 

3.2.2. Methods 

 

The electrochemical measurements were performed using an Autolab, EcoChemie, 

PGSTAT12 potentiostat or a CHI 1030A multi-channel potentiostat. All experiments 

were carried out with a three-electrode system at room temperature. Custom-made 

graphite disk electrodes (3 mm diameter, constructed from graphite rods purchased 

from Goodfellow) were used as working electrodes, Ag/AgCl (CH Instruments) was 

used as a reference electrode and a platinum wire was used as a counter electrode. In 

all experiments, the electrochemical cell was maintained in a custom-built Faraday 

cage to minimize electrical noise. 

 

3.2.3. Deposition of the sensing layer  

 

Methods for immobilising monolayers of polymers and mediators on gold and 

glassy carbon electrodes are presented in the final section of the chapter. (Table 3.8 

and 3.9) 
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Graphite disk electrodes were abraded using silicon carbide paper, grit P400, 

rinsed with ultrapure water, and dabbed with lint-free tissues to remove graphite 

particles. Surface derivatization to generate attached phenylamine was carried out as 

described previously (19-21) using electrochemical reduction; by cycling 4 times at 

20 mV/s between 0.6 V and ī0.4 V vs. Ag/AgCl, of a mixture of 0.5 M HCl (50 

mL), 10 mM p-phenylenediamine, and 8 mM NaNO2 maintained on an ice bath.  

Electrodes were rinsed with water and sonicated for 5 min. Surface attachment of 

carboxymethylated dextran (CMD) was achieved by dipping the derivatized 

electrodes into a solution containing 50 mM EDC (N-Ethyl-Nǋ-(3-

dimethylaminopropyl)carbodiimide), 20 mM NHS (N-Hydroxysuccinimide) and 2 

mg/mL CMD in ultrapure water for 2 h at room temperature following pre-activation 

of the CMD with the EDC/NHS solution for 1.5 h at 4 C̄.  The resulting CMD-

modified surfaces were re-activated by immersion in EDC/NHS solution for 1 h and 

subsequently immersed into a probe DNA solution (30 ÕL, 400 ɛg/mL) for 15 h. 

After reaction with the probe DNA the electrodes were rinsed with pH 9.6 carbonate 

buffer to remove unreacted NHS esters, and then with distilled water. Attachment of 

osmium complexes was achieved through reactivation of CMD-modified graphite 

electrodes with EDC/NHS followed by immersion in 2.5 mg/mL solution of osmium 

complex in methanol-water mixture (1:1) for 15 hrs.  

For sensor containing surface-confined mediator the osmium complex was 

reacted with CMD layer first, according to the procedure described above. The 

electrode was rinsed with carbonate buffer, MilliQ water and electrochemically 

cycled, until the CV signal was stable. Then surfaces were re-activated with 

EDC/NHS and the electrode was placed overnight in probe DNA solution (30 µL, 

400 ɛg/mL).  

 

3.2.4. Assay procedure 

Sensing electrodes were dipped into plastic micro-centrifuge tubes containing 

solution of target DNA (500 µL, varying concentrations of DNA in 0.3 M sodium 

citrate, 1 M NaCl, 0.05 % SDS, 0.2 % milk powder) for 2 h at 37 ºC with gentle 

shaking. Milk powder and SDS (sodium dodecyl sulphate) were added to reduce 

non-specific binding of DNA and the enzyme. (29) 
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After 2 hours electrodes were removed, rinsed with hybridization solution and 

immersed into 0.2 mg/ml glucose oxidase: avidinD solution (150 µL) for 1 h at room 

temperature. The electrodes were then rinsed with hybridization solution and the 

catalytic current was measured by cyclic voltammetry (0 - 0.5 V vs. Ag/AgCl, 2 

scans at 5 mV/s) and chronoamperometry (0.35 V, 250 s) in 0.02 M phosphate buffer 

containing 0.2 mM ferrocenemethanol as the mediator, in the absence and presence 

of 20 mM glucose.  

 

3.2.5. Optical characterization of DNA-modified surfaces 

 

The presence of DNA on CM Dextran films on graphite was confirmed by Total 

Internal Reflectance Fluorescence (TIRF) , microscope model: Olympus IX81.  

Microscope settings are presented in Table 3.1  

 

Table 3.1 Microscope settings  

Camera 
Andor iXon 

EMCCD 
Intensity 32.29% 

Binning 
1x1 (512x512) 

pixels 

Exposure 

time 
500 ms 

Gain 0 EM Gain 50% 

Camera 

temperature 

-8ºC (Target = -

10 ºC) 
Filters 

TRITC for fluorescence, Free 

for the white light 

Objective 5x/0.1 Ð/-   

 

For optical determination of the surface-bound DNA a complementary DNA 

sequence containg Bodipy 530/550 dye in 5ô position was used for hybridization. 

Also negative control surfaces were prepared for comparative analysis. Graphite 

discs were separated from the electrode body by careful cutting of the graphite rod 

with the scalpel. The details of the samples used for TIRF test can be found in Table 

3.2.   
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Table 3.2 Description of surfaces used in TIRF experiment 

Sample no Sample description 

1 

Arylamine/CMD/ssDNA layer on graphite (exactly the same as 

the recognition layer used for amperometric detection), DNA 

sequence containing fluorescent tag (BODIPY 530/550) has been 

hybridised in the same assay procedure as in the amperometric 

sensor 

2 Bare graphite 

3 
Graphite with CMD linked to phenylamine monolayer, no probe 

DNA attached 

4 
As sample 3, allowed to react with ssDNA-BODIPY 530/550 

target 

5 Graphite with CMD and ssDNA 

 

3.3. Results and discussion 

3.3.1. Development of the sensing layer 

In an effort to select a suitable method for immobilising layers of polymers and 

DNA on gold and glassy carbon electrodes, control experiments using an amine 

terminated redox probe [Os(2,2ô-bipyridine)2(4-aminoethylpyridine)Cl]PF6 were 

undertaken. (Also [Os(2,2ô-bipyridine)2(4-aminomethylpyridine)Cl]PF6 was used.) A 

range of approaches was initially investigated, using the amine terminated osmium 

redox complex. Most of these approaches resulted in insufficient amount of redox 

complex detected at the surface, indicating their unsuitably for progression to 

immobilisation of amine-terminated DNA for a DNA hybridisation assay. These are 

presented in Appendix of the chapter. (Table 3.8 and 3.9)  

Efforts were focused on derivatisation of carbon electrodes in order to provide a 

more stable anchoring of films than physisorbed (5) or Au-S-based systems (Chapter 

2) used heretofore. In general, carbon electrodes were derivatised by electro-

reduction of the diazonium salts produced by in situ diazotisation of p-phenylene 

diamine or p-aminomethylaniline. This approach can introduce amino functionality 

for further derivatisation by coupling of carboxymethylated dextran and the redox 

complex. Cyclic voltammograms recorded in the solution used for in situ 
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diazotisation of p-phenylenediamine, on glassy carbon electrodes, are presented in 

Figure 3.3, illustrating the presence of a peak on the first reductive cycle, 

corresponding to the reduction of the diazonium salt that disappears gradually upon 

each subsequent cycle, as reported previously. (19-21) 

An estimate of the surface coverage of the amine (calculated from the area under the 

first diazonium reduction peak, ɻ = Q/ nFA) gives ũ=2.37 x 10
-9 

± 1.24 x 10
-9

 

mol/cm
2
. This correlates with data published by Boland et al. (19), who reported a 

coverage of  grafted aryl moieties to be 2 ± 0.82 x 10
-9
 mol/cm

2
.  
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Figure 3.3 GC electrode modified with p-phenylene diamine diazonium salt. Scans from 

1 to 4 

 

A voltammogram of the glassy carbon modified with arylamine, 

carboxymethylated dextran and osmium complex is presented in Figure 3.4. Poorly 

defined peaks at 0.35 and 0.25 V, presumably corresponding to Os(II) to Os(III)
  

transition can be observed. Despite relative high coverage estimated for the grafted 

arylamine, the coupling of the osmium complex within anchored films of the CMD 

does not appear to be efficient: not providing sufficient functional groups to couple 

significant amounts of the redox probe to films of CMD on glassy carbon electrodes.  
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Figure 3.4 CMD  with redox probe [Os(bpy)2(4-aminomethylpyridine)Cl]PF 6 

immobilized onto 3 mm glassy carbon electrode with arylamine surface functionalization 

 

From all the electrode materials studied coupling of the redox probe to CMD 

immobilised on graphite was the only approach that yielded significant redox signals 

corresponding to the Os(II) to Os(III)
  
transition. CVs in Figure 3.5 illustrate the 

reductive coupling process for the diazonium salt on a graphite electrode. Two 

reduction peaks observed were previously observed by others, but, little is reported 

of their origin. (30, 31)  
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Figure 3.5 Graphite electrodes modified with p-phenylene diamine diazonium salt. 

Scans from 1 to 4.  
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The cyclic voltammogram at graphite electrodes derivatised via reduction of 

diazonium salts of p-phenylene diamine, followed by coupling carboxymethylated 

dextran and [Os(2,2ô-bipyridine)2(4-aminoethylpyridine)Cl] (Figure 3.6) displays an 

Os(II)/(III) redox transition, with a formal redox potential (E
o
) of 0.329 V vs. 

Ag/AgCl. The similarity of this redox potential to that observed for this complex, 

and analogues of this complex, in solution is indicative of similar 

microenvironments surrounding the complex in the highly solvated CMD film. (20)  
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Figure 3.6 Cyclic voltammogram of the redox probe [Os(bipyridine) 2(4-

aminoethylpyridine)Cl]  bound within a CMD  film that is anchored to the arylamine-

derivatised graphite electrode. 20 mM phosphate buffer,  pH 7.4, scan rate 5 mV/s. 

 

An osmium surface coverage of 4 ³ 10
ī9

 mol/cm
2
 can be estimated by integration 

of the charge under the voltammmetric wave for oxidation of the immobilised 

osmium redox probe. This coverage is comparable to the surface coverage of 3.5 ³ 

10
ī9

 mol/cm
2
 obtained for the osmium redox polymer hydrogel films anchored to the 

gold macroelectrodes, used in the original DNA hybridisation assay. (5) From data 

on related osmium complexes, a surface coverage of ~1×10
-10 

mol/cm
2 

is estimated 

for formation of complete close-packed monolayer coverage of such a complex on 

smooth electrodes, providing a rough estimate of films containing the equivalent of 

at least 40 monomolecular layers of redox complex. (32)  
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Figure 3.7  Plots of I vs v (A) and v
1/2 

(B)
 
and v for [Os(2,2ô-bipyridine) 2(4-

aminoethylpyridine)Cl]  coupled to carboxymethylated dextran on graphite electrode, 

phosphate buffer, pH 7.4,  scan rate 5 mV/s. (33) 

Cyclic voltammograms recorded at different scan rates can help probe whether the 

redox complex is surface attached. (33) For example, the linear trend observed when 

peak currents are plotted versus scan rate (v < 100 mV/s) in Figure 3.7 A are 

indicative of finite (bounded) diffusion, confirming that the redox complex is 

surface-confined. At more rapid scan rates (v > 100 mV/s) the peak currents scale 
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with the square root of the scan rate Figure 3.7 B as the diffusion layer does not 

extend entirely through the attached film (semi-infinite diffusion), in agreement with 

other systems containing surface-confined films of redox probes. (33)  

Table 3.3 presents charge transport parameters for the osmium complex confined to 

carboxymethylated dextran film on graphite, extracted from the plots (Fig 3.7) of CV 

peak currents as a function of square root of the scan rate as described in Chapter 1 

(Eq. 1.3).  

 

Table 3.3 Film parameters of [Os(2,2ô-bipyridine)2(4-aminoethylpyridine)Cl] covalently 

bound to CMD film 

 

E
0
 ȹE FWHM  

D
1/2

c  

[ Mol cm
-1

 s 
-1

 ] 

ũ ( surface coverage )  

[mol/cm
2
] 

n = 8 n = 23 

Average 0.32 0.07 0.156 3 x 10
-9

 4 x 10
-9

 

SD 0.02 0.02 0.02 1 x 10
-9

 1 x 10
-9

 

RSD 5 % 34 % 14 % 44 % 33 % 

 

An average redox potential of the complex has a value of 0.329 V, which is in 

close to the value of 0.29 V reported by Boland et al. (19) Average peak separation is 

in the region of 70 mV at 5 mV/s perhaps indicative of interaction between the redox 

complexes within the film, as ȹE > 0; supported by the divergence form the ideal 

FWHM of 90.6/n mV for the system. (33, 34) The values for D
1/2

c and ũ estimated 

lie within a similar range as those for redox polymer films on gold microelectrodes. 

(1) A DNA sensing film must possess a sufficient stability to withstand long term 

immersion in solutions for at least the time required to complete the hybridisation. A 

study on the stability of the [Os(bpy)2(4-aminoethylpyridine)Cl]PF6 in the CMD film 

is presented in Figure 3.8. There is a significant improvement of film stability on 

macroelectrodes compared to redox polymer crosslinked and anchored to cysteamine 

derivatised gold. (5) For example, the decrease of the redox peak signal from the 

[Os(bpy)2(4-aminoethylpyridine)Cl]PF6 complex, bound to  the CMD film, is 21% 

after 3 days and 33% after 25 days (600 hr) compared to a 54% decrease in signal 
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over 24 hr previously observed for the redox polymers anchored to cysteamine pre-

adsorbed on gold. (5)  
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Figure 3.8 The stability of the peak current signal at the modified electrode from Figure 3.6 

as a function of time. Peak current extracted from cyclic voltammograms recorded at a scan 

rate 5 mV/s, at selected time intervals and normalised to the initial peak height. Electrodes 

stored and analysed in 20 mM phosphate buffer, pH 7.4.  

 

The decrease in peak height for the osmium complex can be modelled assuming a 

simple first order reaction process. A plot of the natural logarithm of the decrease in 

peak height should therefore be linear. The plot for this system, as seen on Figure 

3.9, displays two separate linear portions.   
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Figure 3.9 Kinetic plot (first order) for decay of osmium redox complex 

 

The desorption of electroactive species from modified electrodes has been 

extensively studied. For example, Voicu et al. (35) recorded CV signals of an 

electrode derivatised with 11-(ferrocenylcarbonyloxy)undecanethiol and n-

decanethiol mixed monolayer upon long-term immersion in ethanol. The decay 

curves, where the redox signals of the ferrocene moiety are plotted versus time, 

display a fast exponential decay in the first 100 hours and then signals reach a 

plateau. In addition, an initial rapid decay, followed by a slower first order 

desorption of species from an electrode was reported for ruthenium bipyridyl 

complexes immobilized on silanised surface via amide bond. (36)  The two 

processes observed for the osmium complex bound to the anchored CMD film may 

be attributed to a gradual desorption of a more weakly bound (physisorbed?) 

population from the surface, followed by a slower desorption of more strongly bound 

(attached) complex. 

The half-life extracted from first order rate constant for the second (slower) 

process is approximately 2470 hours. In comparison, a half life for the osmium peak 

decay for redox polymer films on microelectrodes is 2997 hours, when continuously 

immersed in the phosphate buffer (see Chapter 2), confirming that the complex is 

more stably confined to the electrode surface.  
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3.3.2. Redox probe studies of modified surfaces 

 

The effect of surface chemistry and microstructure of carbon electrodes on 

electrochemical parameters for the electrode and for redox reactions at the electrode 

is well-documented in literature. (37-58) The processes at carbon surface can be 

influenced by a variety of factors, such as presence of functional groups on carbon, 

(40-43, 45, 53, 55-57) crystal structure, (49) in particular the position of edge and 

basal planes of the graphite lattice and pH. (46) Influence of electrode roughness and 

physi- and chemisorption was reported on. (49)  

For example, the kinetics of the some voltammetric processes in aqueous media 

improves upon formation of oxygen containing functional groups on glassy carbon 

electrode via potential cycling. (38, 50) These groups are known to be hydroquinone, 

carbonyl, carboxylic and hydroxyl. (37-39) A theory describing chemical reactions at 

carbon surfaces suggests that upon polarisation an exchange of protons between the 

solution and different electrode functionalities takes place; the following reaction 

mechanism was suggested:  

CxO2+2H
+
źCx

2+ 
+ H2O2  (38) 

Chen and McCreery reported the opposite effect; when oxygen to carbon ratio 

decreases, a slower kinetics of electron transfer is expected. (53) Surface 

modification can result in enhancement of the charging currents. (42) 

The data presented in this section focuses on the effect of chemical modification on 

cyclic voltammetry of redox probes using a negatively charged probe - potassium 

ferricyanide and a positively charged probe - ruthenium hexamine chloride, 

dissolved in the phosphate buffer, pH 7.4.  The report by Chen and Mc Creery 

classifies Fe(CN)6
3-/4-

 as a redox probe which is sensitive to surface modification, but 

not to O/C ratio. According to the same authors the redox process of Ru(NH3)6
3+/2+

 is 

an outer-sphere electron transfer reaction and is not surface sensitive. (53) Figure 

3.10 shows the cyclic voltamogram of potassium ferricyanide recorded at a bare 

electrode, a surface modified by the in situ diazotisation and electro-reduction of p-

phenylenediamine, and this surface subsequently reacted to anchor a 

carboxymethylated dextran film. The response of ruthenium hexamine (III) chloride 

at the same electrodes is shown in Figure 3.11. 
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Figure 3.10 Cyclic voltammetry studies of modified electrodes, response of the black - bare 

electrode, red- electrode after reaction with p-phenylene diamine diazonium, blue- electrode 

with carboxymethylated dextran support. , 10 mm ferricyanide, 20 mM phosphate buffer, 

pH 7.4, scan rate 50 mV/s 
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Figure 3.11 Cyclic voltammetry studies of modified electrodes, bare electrode (black), b- 

electrode after reaction with p-phenylene diamine diazonium salt (red), electrode with 

carboxymethylated dextran support (blue), 1 mM ruthenium hexamine (III) chloride , 20 

mM phosphate buffer, pH 7.4, scan rate 50 mV/s. The modification with diazonium salts 

results with disappearance of oxygen oxidation/reduction wave as well as in current 

increase.  
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In case of the ferri/ferro-cyanide redox process, a notable change in charging 

currents is observed upon both modifications of the electrode, as shown in Figure 

3.10. If considering solution-phase pKa values of immobilised species the CVs of 

redox probes cannot be influenced by protonation of amino- and carboxylic groups at 

neutral pH, as full protonation of benzylamine and CMD is very unlikely to happen. 

Known pKa values of the modifiers are 4.6 (59) for aniline and 6.1 for CMD (60) 

Using Henderson-Hasselbach equation, (Eq. 3.1) it is possible to estimate degree 

of protonation of the amino- groups of the arylamine and carboxylic groups of the 

carboxymethylated dextran. At pH 7.4 aniline should be 0.2 % protonated and for 

CMD degree of protonation is 3 %.  

                                          
[ ]
[ ]HA

A
pKpH a

-

+= log                                (3.1) 

However, the above theory might not be valid for surface confined molecules. 

The research group of Compton reports a positive shift of pKa by approximately 2 

units for carboxyphenyl- groups coupled to graphite powder compared to benzoic 

acid in solution, for example. (61) Assuming a similar shift for pKa values of amino-

phenyl groups we could expect ~10 % of amino- groups to be protonated. Increased 

peak height for K3[Fe(CN)6] scans could be rather attributed to accumulation of 

redox probe within the film, than electrostatic interactions. Zangmeister et al. 

examined the electrochemical behavior of chitosan modified surfaces towards 

potassium ferricyanide and ruthenium (III) hexamine chloride. K3[Fe(CN)6] displays 

affinity towards the polysaccharide layer whilst no adsorption effect was observed 

for the ruthenium-based probe. (62) The CV scans for potassium ferricyanide also 

show increased peak-to-peak separation upon modification of the electrode surface. 

The experimental data published by Kariuki and McDermott illustrates that HOPG 

modified with 4-diazo-N,N-diethylaniline fluoroborate, (14) displays slightly 

diminished charging currents and increase in ȹEp for potassium ferricyanide over the 

bare electrode. The slower kinetics of electron transfer, exemplified by the larger 

peak splitting, is explained by the lower number of graphite edge sites on modified 

electrode participating in the redox process.  

The changes in CVs of ruthenium (III) hexamine chloride are rather insignificant: 

the response of this probe is expected not to be dependent on surface phenomena. 

(53) Voltammetric curves (Figure 3.11) indicate the presence of oxygen reduction 

wave at bare electrode, but not in case of the modified electrodes. A slight increase 
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in charging currents and no significant change in peak separation can be seen. 

Negative shift of the redox potential was clearly present after the CMD was coupled 

to the electrode indicating that there is a possibility of electrostatic attraction 

between the redox probe and the negatively charged carboxyl moieties.   

Further modification of the surfaces with ssDNA and hybridisation to the 

complementary strand resulted in diminished peak currents for potassium 

ferricyanide, with broadening of the peaks. (Figure 3.12) 
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Figure 3.12 Cyclic voltammetry studies of modified electrodes; carboxymethylated Dextran 

support - blue, ssDNA - orange, dsDNA - green, 10 mM potassium ferricyanide, 20 mM 

phosphate buffer, pH 7.4, scan rate 50 mV/s 

 

In order to explain the changes in the peak width, control experiment was 

undertaken. The sensor was reacted with the blank solution containing no DNA 

under similar conditions (0.3 M sodium citrate, 1 M NaCl, 0.05 % SDS, 0.2 % milk 

powder, shaking for 2 h at 37 ºC) and the resulting voltammograms are presented in 

Figure 3.13.  An effect similar to one observed for the surface with hybridised DNA, 

of decreased peak currents and increased peak width, is observed. The ñbackgroundò 

properties of the electrode are obviously, in this case, influenced by components 

present in the hybridization solution and not by the presence of the dsDNA.  
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Figure 3.13 CVs comparing the films before (green) and after hybridisation (orange) A ï

after DNA hybridisation concentration 1.25x10
-6 

M, B- after conditioning of the electrode in 

hybridisation solution containing no DNA, 10 mM ferricyanide, 20 mM phosphate buffer, 

pH 7.4, scan rate 50 mV/s 

 

When a positive redox probe is used for this series of experiments, instead of 

ferricyanide, an increase in the charging currents upon probe coupling and 

hybridisation can be observed. Such an effect can be seen from the voltammograms 

of ruthenium (III) hexamine chloride at the DNA-modified surfaces presented in 


