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Introduction

The precision medicine promises increased life quality to humankind;
as one aspect, it demands fast and localised sensing. Miniaturisation is a
stringent requirement for biosensor transducers in biological and preclin-
ical research and applications in diagnostics. Miniaturised patterns can
be an excellent advantage for a low volume sample investigation in liquid
samples such as blood plasma, serum, smear, etc.

However, several challenges in biocomponent engineering still need to
be faced, where high sensitivity and selectivity for the analyte is required.
Also, immobilisation of biorecognition element and selection of surface
need to be improved to reduce the percentage of false-positive and false-
negative results. In clinical diagnostics, the assay must be fast, reliable
and highly reproducible. The surface of the transducer has to be both
biocompatible avoiding contamination risk and stable in complex media.
For instance, in a blood sample, thousands of biomarkers can be found
which might non-specifically bind to the sensing interface. Additionally,
cost of biosensor should be lower than the conventional test (e.g. blood
test in a hospital). Biosensor should be miniaturised, portable and easy
to handle, even in real-time sensing.

Therefore, an establishment of immunosensor for detection of protein
biomarkers relies on obtaining appropriate techniques for a fast miniatur-
ised transducer fabrication and surface functionalisation for an incorpor-
ation of specific bioreceptor. Such a surface is designed to display a con-
trolled presentation of functional groups, interactions with environmental
factors for flexible protein interaction studies.

Gold modified transducers are a common strategy for immobilisation
of bioreceptor in biosensing. Gold is widely used as a biocompatible
surface in surface plasmon resonance and electrochemical sensors. Unfor-
tunately, the surface patterning for electrochemical sensing and function-
alisation for biocomponent immobilisation is still challenging. It is even
more complicated in miniaturised sensor platforms based on micro- and
nanostructures, where reproducibility of an interface is low.

The aim of this work is to look for reproducible fabrication of inter-
digitated array electrodes by combining scalable production tools such
as soft lithography, wet etching and electroplating for biosensing of car-
cinoma antigen 125.
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Scientific novelty

Scientific novelty of this work is looking for simplification of sensor
fabrication for carcinogenic metabolite H2O2 and biomarker carcinoma
antigen 125 sensing.

1. The work explores combining of soft lithography and wet etching for
rapid and simplified interdigitated microarray electrode fabrication
and also achieving better sensor performance.

2. We explore unique configuration of electrodes, where interdigitated
microarrays are used as working and counter electrodes. Such a con-
figuration can change diffusion of redox active molecules from linear
to spherical, which could potentially improve sensing performance.

3. The sensor unique positioning of electrodes were studied by model-
ling expected electrochemical response using finite difference simu-
lation method.

4. Pt was electroplated at different scan rates controlling structure of
Pt and roughness with high precision. This method allows per-
forming the process without toxic agents (lead III), contrary to the
established methods.

5. The sensitivity for detection can be tuned by using more in depth
data analysis methods for electrochemical impedance spectroscopy
such as classical fitting to Randless equivalent circuit or immin-
ence analysis, where components of resistance in impedance Z′ , Z′′

vs frequency plots analysed at single frequencies giving faster data
analysis.

6. To improve sensing performance flat electrodes were modified by
Au or Pt nanostructure and sensing performance for the first time
between Au and Pt nanostructures compared. Nanostructured sur-
face is expected to improve antibody loading, also different electro-
activity properties between Au and Pt might lead to better values
of sensing parameters such as slope and LOD. Fabricated electrodes
can be used for electrochemical applications in biosensing.
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Statements to defend

1. The fabricated microarray electrodes are highly reproducible with a
low standard deviation of 7 %.

2. The interdigitated array electrodes can be modified with Pt coating
for H2O2 sensing, using electroplating, where roughness of Pt can
be reliably controlled by varying number of cycles performing cyclic
voltammetry.

3. Electroplated Pt is excellent for a hydrogen peroxide sensing. This
approach differs from the conventional galvanostatic plating on Pt
itself or chemical synthesis of nanoparticles based approaches.

4. Microarray patterned electrode is an excellent platform for the bio-
marker carcinoma antigen 125 detection. For comparison, different
electrode materials such as nanostructures of gold and platinum have
been investigated for biocomponent immobilisation and biomarker
sensing.
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Research aim and tasks

The goal of this work was to improve the sensor limitations by estab-
lishing a new design of microelectrode arrays to obtain rapid manufactur-
ing of miniaturised electrochemical cells for the development of immun-
osensors and biomarker detection applications. The following tasks were
established to achieve the aim:

1. To design and fabricate interdigitated microelectrode array using
biocompatible materials (e.g. Au), soft lithography and wet etching
techniques and evaluate the quality of electrodes using microscopy
images and electrochemistry.

2. To modify interdigitated array electrodes, controlling roughness factor
of material (using electroplating) for optimisation of coated layer in
sensing of electroactive analyte (e.g. H2O2).

3. To design model, including the geometry of fabricated interdigitated
electrodes and simulate the diffusion of electroactive species using
finite difference method.

4. To design miniaturised electrochemical cell for measurements of low
volume (up to 5 µL) of analyte; To evaluate replacement of con-
ventional reference electrode by pseudoreference Au electrode by
investigating its electrochemical stability.

5. To calibrate electrochemically active species (FcMeOH) as a proof of
concept of interdigitated electrode interface for sensing; Evaluation
of dynamic range, linear range, sensitivity, LOD.

6. To incorporate a bioreceptor - antibody using microcontact printing
and evaluate antibody coverage by imaging ellipsometry and bio-
sensing of carcinoma antigen 125 real-time binding by using surface
plasmon resonance.

7. To transfer immobilisation of bioreceptor (antibody) on interdigit-
ated array electrodes and electrochemical sensing of carcinoma anti-
gen 125 using electrochemical impedance spectroscopy; To evaluate
dynamic range, sensitivity and LOD using various sensing paramet-
ers including fitting of Rct, and single frequency analysis.

8. To compare carcinoma antigen 125 sensing on higher electrochemical
area electrodes by modifying commercial electrodes by Au and Pt
nanostructures using electroplating; To investigate electrochemical
rate constant changes after anti-CA125 loading; To evaluate dy-
namic range, sensitivity and LOD using various sensing parameters
including the fitting of Rct and single frequency analysis.
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1. Literature overview

This chapter represents literature review on immunosensors including
their functioning principle and sensing methods as well as sensor fab-
rication, which covers design of transducers and surface modification to
immobilise recognition element.

1.1 Biosensor principle
The first analytical device for the measuring of analyte concentration

was reported in 1960 and later (in 1962) described as a biosensor by Clark
and Lyons [94].

According to IUPAC in 1996, a biosensor can be defined as an integ-
rated tool in its own right that can provide precise quantitative or semi-
quantitative analytical information using a biological recognition element
that is in direct spatial contact with the translator element [43]. During
the last few decades, platforms of biosensing were of enormous interest in
academic and industrial research in the areas such as food safety, envir-
onmental monitoring and healthcare [25, 16, 24].

Various sensing systems have been investigated, and sensors developed
for helping not only in industry but also in daily life. For instance, tem-
perature sensor, proximity sensor, accelerometer, infra-red sensor, pres-
sure sensor, light sensor, ultrasonic sensor, alcohol and gas sensor are
successfully used in daily life. There are various commercialised immuno-
chemistry types of analysis equipment produced by diagnostics companies
(e.g. Roche, Siemens, Abbot), which has been used to target molecules in
biological samples. However, such instruments have limitations of costly
equipment and reagents, so research in biosensing is still of considerable
interest.

A diagram of biosensor functioning principle is demonstrated in Fig. 1.1.
Two main components are integrated: biological analyte recognition com-
ponent/receptor (e.g. antibody) and transducer for signalling. Biosensor
employs a biological recognition element to capture an analyte and ap-
plies transducer to convert this recognition event into a measurable signal
[94].

During the interaction of the analyte with the receptor, physicochem-
ical properties on transducer surface change, the difference is registered
and converted to a signal through the amplifier. After signal processing,
the output is converted and displayed as a quantitative and qualitative
response to an analyte in a sample. For instance, a glucose oxidase (used
as a biorecognition component in a glucose biosensor) catalyses chemical
reaction creating a product which can be detected in an electrochem-
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Fig. 1.1. Diagram of whole assembly of biosensor.

ical cell. In such a way, various biological analytes as biomarkers can be
detected and quantified using selective biocomponents and various trans-
ducing elements [108, 6]. However, there are several challenges in the
fabrication of biosensors. The sensor needs to be sensitive in physiolo-
gical concentrations of analyte. Also, high selectivity of bioreceptor to
target analyte is required. The sensing has to be fast, reliable and highly
reproducible. Finally, the materials used for the fabrication of the device
must be biocompatible. Moreover, the cost of biosensor should be lower
than a conventional test (e.g. blood test in hospital). For this, biosensor
should be miniaturised, portable and easy to handle. For this, non-fouling
materials or molecular layers are on a high interest.

1.1.1 Types of biocomponent and transducer

According to the type of the bioreceptor applied for analyte recogni-
tion, biosensors can be classified based on specific receptor-analyte inter-
action, e.g. enzyme-ligand, antibody-antigen, nucleic acids-DNA, cellular
structures-cells, or biomimetic materials, for example, scaffold-tethered
peptides [123, 10, 9]. The main biocomponents used in sensors are clas-
sified based on recognition element used in sensing: antibody, enzyme,
cell, tissue, oligonucleotides and aptamers (in Fig. 1.2). For detection
of the specific analyte, biocomponent (bioreceptor) is immobilised on a
transducer (element for signalling).

The primary examples of transducers are optical (detecting change of
light) [32], electronic-based on field-effect transistors (detecting changes in
electric field) [142], piezoelectric (gravimetric) [8], pyroelectric (detecting
change in temperature) [97] and electrochemical (e.g. detecting potential
difference, electrical conductivity, change in charge or steric blocking) [91].
The main types of sensors based on transduction method are summarised
below:

• Optical transducers are based on surface plasmon resonance phe-
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Fig. 1.2. Diagram demonstrating size of various biocomponents used
in sensors comparing to size of H2O.

nomena [171] or fibre optics [87], where a change in light absorption
or the light intensity is measurable during analyte interaction with
biorecognition element.

• Piezoelectric transducers are based on the registration of change in
the oscillation frequency of the device representing the concentration
of analyte [8].

• Pyroelectric transducers are used to measure a change in temperat-
ure during the biochemical reaction [97].

• Potentiometric biosensors use an electric field to control the device.
The principle of operation of bio- devices are based on the determ-
ination of electrostatic potential changes caused by interaction with
analyte [142].

• Electrochemical biosensor as the transducer is an electrode, gener-
ating an electrochemical signal that is proportional to the analyte
concentration. The signal is caused by steric blocking on the elec-
troactive transducer, change of charge or catalysed reaction [91].

Electrochemical biosensors are very attractive in biointeraction studies
resulting in high sensitivity, selectivity and rapid analysis [110, 109, 76,
78]. In this thesis, electrochemical biosensors have been chosen due to
advantage of miniaturisation and simplified signal reading systems, which
has a high interest for point-of-care diagnostics.

1.1.2 Immunosensors

1.1.2.1 Carcinoma antigen 125 as biomarker

According to the US National Cancer Institute, a biomarker is a bio-
molecule appearing in blood or other body fluids or tissues reflecting a
normal or abnormal process [77]. As biomarkers, specific proteins, e.g.
expression of antibodies, antigens, expressed by cells or tissues, might be
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detected as a sign of illness. Various biomarkers can be detected helping
to diagnose diseases such as diabetes, cardiovascular diseases, neurotic
diseases (e.g. Parkinson and Alzheimer) or risk of oncology illness. De-
tection of biomarkers is beneficial not only in the prediction of decease in
the early stage but also in the monitoring of disease where the progress
of biomarker expression and efficiency of the treatment can be tracked.

Fig. 1.3. Schematic diagram of CA125 structure (modified from [159,
128]).

There are three types of tests in the market based on genetic: molecu-
lar, biochemical and chromosomic ones. In the genetic test, the focus is on
changes in genes, e.g. breast cancer – BRCA1 gene). To detect differences
or mutations within the genome, molecular genetic testing, or gene test-
ing, investigate single genome or short stretches of DNA is used. In the
biochemical test, attention is driven to protein over-expression, e.g. bio-
markers indicating prostatic cancer - PSA CDK2 or Parkinson’s disease –
α-synuclein, syntenin, tetraspanin. In chromosome analysis, a procedure
that assesses the number and function of an individual’s chromosomes to
identify abnormalities. Protein over-expression can be detected in various
body fluids and tissues e.g. blood [92], urine [81], smear [4], mucus [104]
or sweat [151]. Unfortunately, detection of biomarkers is complex, due to
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individual unique characteristics, and it requires further investigation.
CA125 is one of the most used biomarker in clinical testing of ovarian

cancer. It is a transmembrane glycoprotein with a high molecular weight
of 200-1000 kDa [100]. In 80-85 % of women with an ovarian cancer case,
the level of CA125 in blood serum is higher, making detection of this
biomarker a useful tool for early identification of disease [122, 5]. Mon-
itoring of concentration of CA125 is also critical during the treatment of
oncological disease as the level of CA125 should go down during success-
ful therapy. The purpose of early detection is to help provide treatment
as early as possible and to increase the possibility of a successful treat-
ment [74]. Usually, after the detection of higher expression of CA125
produced in cells, additional tests (e.g. ultrasound scan) in hospital are
performed helping to diagnose the disease as early as possible. It should
be noted, that an increased level of CA125 can also be useful for detecting
other diseases such as endometriosis, uterine fibroids, cirrhosis, periton-
itis, pericarditis or pelvic inflammatory disease [125]. Also, raised CA125
level can be caused by other of non-disease conditions in the body such
as menstruation or pregnancy, giving false-positive results [68].

Reducing the risk of cancer through prevention, early diagnostics and
better monitoring after treatment is promising a better quality of life.
As it has been reported in National Health Service in the UK, CA125
physiological levels considered normal (the cutoff point) is 35 UmL−1.
The levels above can be considered as a higher probability of disease.

For instance, for endometriosis, a negative predictive value was 78
% for the cutoff CA125 value of 20UmL−1, whereas positive predictive
value was 93 % at the cutoff value of 30UmL−1 [74]. According to pre-
vious studies, the predictive value of CA125 level higher than 35 UmL−1

was of 60 % for ovarian cancer. The current methods for CA125 detec-
tion are enzyme-linked immunosorbent assay (ELISA), sandwich immun-
oassay and fluoroimmunoassay. Unfortunately, these techniques usually
are time-consuming, cost-inefficient and require high-level technical staff
[174, 29]. Here, electrochemical immunosensor could be more promising
because of the simplicity of measurement and potentially higher sensitiv-
ity.

1.1.2.2 Antibody as bioreceptor for carcinoma antigen 125

For specific detection of biomarkers, receptors are required. Antibod-
ies are biopolymers of approximately 150 kDa molecular mass used as
bioreceptor in sensing systems. Immunoglobulin G (IgG) is the most
common class of glycoproteins used in biosensing with a structure of four
polypepchains: a pair of heavy chains (H) of about 50 kDa and a pair of
the light chains (L) of about 25 kDa [90, 160] and molecular dimension
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of 14.5 x 8.5 x 4 nm3 [135].

Fig. 1.4. Schematic diagram of an antibody and its fragments. The
Fc fragment contains the antibody effector functions, such as complement
activation, cell membrane receptor interaction and transplacental transfer.
The Fab fragment consists of the heavy - H, light - L and variable - V
chains (VH and VL) and the constant (C1

H and CL) chains [90]. FV
fragment contains the VH and VL chains and the Fd fragment consist of
the VH and C1

H chains [90].

The heavy chain of an antibody consists of one variable region and
three constant regions represented as C1

H , C2
H and C3

H as shown in (Fig. 1.4).
The light chain consists of a constant and a variable region: CL and VL,
respectively. A disulfide bond constrains the two heavy chains to one
another and to a light chain [90]. Antibody consists of two identical re-
gions Fab (Fig. 1.4) with antigen-binding sites positioned at N-terminal
of each domain and one Fc region for antibody immobilisation [120]. IgG
antibody has carbohydrate (CH2) located at the Fc domain of the two
heavy chains. The flexibility of the hinge region (an area where the two
Fab fragments meet) allows extension of the distance between the binding
sites leading to the higher efficiency of antigen-binding.

Since its first discovery in 1981, numerous antibodies (bioreceptor)
against CA125 were made. These antibodies are classified as OC125, M11,
or OV197 with respect to a recognized antigenic determinant. CA125 was
defined by monoclonal mouse antibody, OC125, which was obtained by
Bast from the ovarian cell line OVCA 433 as an immunogen [103]. An-
tibodies similar to OC125 and M11 are proposed to detect an enclosed
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cysteine loop (C-loop in Fig. 1.3) structure in the repeat unit [159]. Sev-
eral studies have carried out a comprehensive analysis of various classes
of antibodies against the CA125 epitopes isolated from normal abdominal
fluid, cervical mucus, cell culture or ascites [159].

In the literature, various different molar weights of CA125 were re-
ported. Mass greater than 1000 kDa, as well as proteins with a lower
molecular weight of 200-400 kDa, 130 kDa, 205 kDa and 55 kDa were
observed depending on the raw material analysed [159]. Numerous of
these studies have also identified a modular CA125 structure that can be
decomposed into species of 200 kDa, 70 kDa and 50 kDa. These forms of
CA125 have been termed splice variants resulting in amino acid sequences
with molecular weights of 49 to 1500 kDa [159].

For compatibility requirement of the bio-assay principle with the trans-
ducer, immobilisation of antibody onto transducer in many biotechnolo-
gical applications is critical [71, 83].

1.1.3 Surface plasmon resonance for characterisation of
antibody-antigen complex

The term ’active antibodies’ refers to the immobilised antibodies on
the surface that can capture antigen from solution. It has been reported
that the required number of well-orientated antibody molecules on the
surface has to be >40 times higher than the captured antigen [126]. The
binding of an antigen to a captured antibody can be described using a
standard ligand-receptor model (1.1), where A is the antigen and B is the
immobilised capture antibody-forming immunocomplex - AB.

A(aq) +B(s) ←→ AB (1.1)

Several interactions between an antibody and antigen-binding hap-
pen including Van der Waals forces, electrostatic bonds, and attractive
hydrophobic forces due to the close positioning of non-hydrophilic parts
of the two molecules. None of these interactions are covalent, and this
makes the antigen-antibody conjugation a reversible reaction. Mostly, the
antigen-antibody complex could be reassembled by chemical, electrical or
thermal denaturation. Rate of antigen binding to antibody depends on
several factors including size of antigen, temperature, flow rate and dens-
ity of antibodies, the surface density of immobilised capture probe, the
fluid velocity, diffusion of analyte and quality of antibodies [93]. Real-
time antigen-antibody interactions can be studied using optical methods.
The most common is the surface plasmon resonance phenomenon, where
binding-rebinding of antibody-antigen is measured as a change in the
reflective index.

25



Surface plasmon resonance ( SPR) as a detection tool has been repor-
ted including real-time analysis of cells [139] and bacteria [66], DNA and
protein [160, 28]. The configuration of an SPR sensor (shown in Fig. 1.5)
consists of a prism and glass coated with a thin metallic layer (e.g.
gold), on which bioreceptor is immobilized for analyte sensing through
the change of intensity of SPR.

Fig. 1.5. SPR working theory scheme (on the left), where light is beamed
through a prism onto a metal film, and the reflected beam goes to the de-
tector. The intensity profile of the reflected beam exhibits a dip or min-
imal intensity at the resonance angle. SPR measures the shift of position
(angle shift) during molecular adsorption, and this shift represents the ad-
sorption kinetics plotted against time (right) and shows response changes
before and after analyte injection, association, equilibrium, dissociation,
and sensor regeneration.

During the measurement, the laser beam (in Fig. 1.5 on the left) goes
through a prism and the reflected beam from the gold surface is collected
by a digital imaging device (such as CCD camera). SPR provides real-
time, label-free detection of binding kinetics by monitoring reflectance as
a function of time (in Fig. 1.5 on the right) , which gives us information
about a protein and its affinity to a ligand (in Fig. 1.5).

Measuring different concentrations of antigen allows us to determine
the association rate constant - ka and dissociation rate constant - kd
(mol/s) providing information about equilibrium dissociation constant
KD= ka/kd (mol) [99].

Such studies of antibody-antigen can provide information about in-
cubation time required for the reaction, and this can be transferred to
a more simplified static systems as well as applied in miniaturised bio-
sensors. Also, factors such as antibody loading and efficiency need to be
studied prior to fabrication of a miniaturised immunosensor.
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1.1.4 Antibody immobilisation techniques

The main types of immobilisation of antibodies on transducer are
physical entrapment, covalent cross-linking and affinity-based immobil-
isation [84]. The physical adsorption of antibodies onto solid immunoas-
say supports offers straightforward immobilisation via electrostatic and
hydrophobic interactions [46]. Since physical adsorption of antibodies
has mild conditions for protein immobilisation, it is a popular method
for fabrication of immunosensors. Adsorption on insoluble matrices can
be investigated by intermolecular forces such as van der Waals force and
hydrophobic ones as well as ionic bonding, hydrogen bonding interactions
or their combination [131, 73].

Covalent immobilisation of antibody could be more attractive because
immobilised antibody, after antigen binding, can be regenerated several
times (using 2 M NaCl or glycerol) [61, 106].

Usually, the transducer is modified with a molecular layer consisting of
-COOH and -NH2 or -SH groups allowing chemical crosslinking to func-
tionalised molecules assembled on a surface. Cross-reactants (or cross-
linkers) are molecules having two or more reactive ends (e.g. NHS/EDC,
glutaraldehyde) capable of chemically linking between two specific func-
tional groups on transducer surface and antibody (primary amines, sulf-
hydryls, etc.) forming irreversible linkage [73]. Different molecular films
can be used to form functional groups for covalent crosslinking of antibod-
ies, including self-assembled monolayers (e.g. gold alkanethiols). Here,
it is essential to have a clean, smooth surface of an electrode to obtain
homogeneous SAMs for highly controlled biocomponent immobilisation.
Unfortunately, the covalent coupling is a time-consuming and complic-
ated chemical reaction, where toxic reagents are often used. Additionally,
the activity of proteins is reduced by forming linkage on active protein
sites [73]. Also, it is challenging to control the crosslinking reaction, and
this method requires a high concentration of proteins. These factors have
to be considered before building immunosensor.

Many proteins such as protein G [138], protein A [84] or recombinant
protein A/G have been documented as immobilisation technique for af-
finity to the necessary antibody concentration and safe operation. These
factors have to be considered before building immunosensor.

1.1.5 Factors affecting antibody loading

The surface density of the immobilised antibodies can strongly influ-
ence immunosensor sensitivity and long term stability [120]. Depending
on the electrode surface, the number of immobilised antibodies varies,
giving influence to sensor properties. For higher antibody loading, vari-
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ous structures such as nanoparticles, polymeric, metal nanowires were
explored [113, 160, 40].

For well-packed antibodies, the total surface coverage reaches values
of 8.1 - 150 ngcm−2 [173]. Total coverage of antibody has been reported
as 51 × 102 antibodies per nanoparticle (64 × 1010 cm−2) [126]. The
amount of active antibodies is around 4 - 5 % in a formed monolayer on
a surface[126].

If the packing of antibodies is increased to well-packed assembly, the
antibody activity can drop down to 0.6 %. Loss of antibody activity
can be caused by its random orientation, denaturation and reduced steric
availability. Immobilisation density depends on protein size, concentra-
tion and physicochemical surface properties. If the immobilisation density
is too high, active sites could be sterically blocked, leading to ’crowding
effect’ or overloading of the antibodies [126].

1.1.6 Self-assembled monolayer

Biorecognition element (e.g. antibody) can be immobilised on vari-
ous solid surfaces by the formation of linkages, e.g. SAM, involving al-
kaline, carbodiimide, amide, or maleimide [70, 18]. However, the elec-
trode surface for SAM formation needs to be clean and relatively flat to
keep monolayer homogeneous and functional SAM groups well orientated
[145]. SAM were used for antibody immobilisation on various surfaces in
immunosensors.

For instance, oligo(ethylene glycol) (OEG) SAMs are highly biocom-
patible and are widely applicable as low-fouling surface for detection in
real sample (e.g. serum, plasma) [17, 96, 152, 118, 153, 154].

SAM are organic molecules, assemblies formed spontaneously on sur-
faces by adsorption organising large ordered domains. Hydrophilicity
and hydrophobicity, chemical resistance, biocompatibility, molecular re-
cognition for micro-/-nanofabrication and biosensors can be manipulated
simply by changing the functional group surface. SAMs are cost-efficient
surface coatings having extensive control of surface properties [89].

In electrode fabrication, it is used to protect the metal surface from an
aggressive environment and etching process. Anti-fouling SAM coating
can be formed on a gold substrate even from the short-chain structure
of –(O-CH2-CH2)m–, where m is the length of chain. Understanding
of SAM phenomena started in 1773 when Benjamin Franklin placed a
small amount of oil onto a lake, and he realised that the waves over a
considerable distance became calm. Oil formed a film on top of the water
of about one molecule thickness as was experimentally confirmed later by
Lord Rayleigh. A very first scientific paper based on area control of oils
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films published in 1891 by Agnes, Pockels gave an impact for opening a
new field in surface science [111].

When a small amount of insoluble liquid is placed on another, it
spreads out across the surface. For instance, amphiphile molecules (hav-
ing hydrophilic and hydrophobic ends) would stand on the water orient-
ated with the hydrophilic end next to the water and hydrophobic out of
the water as demonstrated in Fig. 1.6. After dipping substrate in such
a liquid with a monolayer of molecules, the molecules can be transferred
onto a surface forming physically adsorbed monolayer called Langmuir-
Blodgett (LB) film [19]. In such a way, several numbers of layers can be
created merely repeating dip in and out process [19].

Unfortunately, it is challenging to fabricate such a film, because formed
layer can be not homogeneous or randomly orientated depending on the
substrate surface or prepared solution. Also, physical adsorption is not
stable enough and can be damaged easily.

Fig. 1.6. Scheme of amphiphile molecules arrangement on water sur-
face.

The SAM films can be generated on solid substrates such as Au, Ag,
Cu, Pt, Ge, Si, SiO2, GaAs can be used for SAM formation [50, 79]. The
main difference between LB and SAM films is that in SAM the head of the
molecule is chemically adsorbed on the surface, making the bond stronger.
SAM formation is a straightforward process. Usually, monolayer film
can be formed immersing the clean substrate in a prepared solution of
target molecules and incubating for some time by letting molecular units
naturally to assemble and pack on the surface due to low surface energy,
i.e. by chemical adsorption [79].

Depending on the application of SAM, for binding of molecules to
different substrate surface various functional groups can be involved in-
cluding -SH, -OH, -COOH, -NH2, -CH3 [50]. For SAM formation on a
gold surface, mostly, alkanethiols molecules constructed of an alkyl chain,
-(C-C)n - the backbone, a tail group and -SH group are used. The SH-Au
bond has an energy of 44 kcal/mol.

For a high-quality SAM formation to have a clean gold surface is
critical. So, gold needs to be freshly sputtered or electroplated, or cleaned
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Fig. 1.7. Scheme of thiols forming SAM structure.

in a proper way before immersing it into thiol solution in order to form a
high-quality SAM.

CH3(CH2)nSH + Aum → CH3(CH2)nSH−(Au+
3 )Aum−3 + 1/2H2 (1.2)

The reaction of alkanethiol with the gold surface is demonstrated in 1.2
[79]. Alkanethiol binds to the thermal S atom in a pit between a triplet
of Au atoms as shown in Fig. 1.7.

Alkanethiol pack at 1/6 available sites forming a hexagonal closest
packed (HCP) layer with the spacing of

√
3a0, where a0 = 2.88 Å is

the distance between gold atoms as demonstrated in 1.2 [79]. Van Der
Waals bonds form between the chains with a strength of 1.75 kcal/mol
[79]. The thiol chain spacing is wider than the distance required to have
maximised van Der Waals interactions between the chains. To maximise
molecular interactions between carbon chains a natural tilt around 30o is
being developed [79]. The chain length can be controlled during the syn-
thesis of alkanethiol, where more alkane groups can be attached to control
the thickness of SAM [79]. The longer the alkane chain, the higher van
Der Waals force between molecules leading to well-packed SAM on gold
surface. The top functional group on the surface describe SAM surface
physical and chemical properties. For instance, surface hydrophilicity
and/or hydrophobicity can be controlled choosing -NH2, -COOH, -CH3,
-(OEG)n, -OH, functional groups [89].

Unfortunately, the formation of SAM on other surfaces such as glass,
silica or carbon materials is complicated and requires to look for dif-
ferent surface chemistry approaches. Polymers such a Nafion [60, 2],
polyvinylpyrrolidone (PVP) [34], quinone-amine (QAP) [149], carbosil-
ane [69], poly(vinyl chloride) (PVC) [53] have been also investigated in
order to stabilise nanoparticles on electrode. For instance, Nafion has
-SO3 ionic group and on another side polytetrafluoroethylene (PTFE)
giving non-fouling (highly electronegative) surface properties. In com-
parison, poly(phenylenediamine) (PoPD) film provides an interface and
even has more active free amino groups for the conjugation of noble metal
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nanostructures to construct biosensors of high stability [172, 75, 150, 156].
PoPD as one of the aniline derivatives and the aromatic diamine is widely
used as a binding polymer due to its electrical, mechanical, and thermal
properties [52, 27]. Moreover, positively charged surface, homogeneity,
and firm adhesion of electropolymerised films on electrode surface have
made PoPD very attractive for application in biosensors [42, 161, 124, 45].
Additionally, PoPD can be used to improve selectivity and avoid electrode
contamination [165].

1.2 Electrochemical immunosensors
In the case of electrochemical immunosensors, the formation of the

antigen-antibody complex is converted into an electrical signal: current
(amperometric immunosensors), a voltage difference (potentiometric im-
munosensors), or a resistivity change (impedimetric immunosensors). Ac-
cording to the biological recognition process, electrochemical immuno-
sensors can be classified into two main categories: biocatalytic [112, 117,
73] and affinity sensors [93, 51, 69].

Fig. 1.8. Analytical principle of electrochemical immunosensor.

Usually, in biocatalytic immunosensor enzymes are used as a label to
biorecognition element (antibody) to a target analyte (Fig. 1.8). Changes
in the electrical signal from antibody conjugated with electroactive label
binding to the antigen are detected in electrochemical cell [132]. For elec-
trochemical signal amplification, peroxidase, alkaline phosphatase, gluc-
ose oxidase, β-galactosidase, and lysozyme have been employed to label
antibodies and antigens [3].

Affinity sensors are based on direct recognition of biomolecules, without
electroactive species involved. For instance, antibody-analyte produce
charge, mass or steric changes in the electrical signal, which is detected
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in electrochemical cell [133].
Depending on the electrochemical process registered after antibody-

antigen interaction in electrochemical cell, biosensors can be classified
to amperometric [105], voltammetric [86], potentiometric [142] and im-
pedimetric biosensors [129]. In this thesis, electrochemical impedance
spectroscopy has been used for studies of the antibody-antigen complex.

The immunosensors have been studied for a variety of uses, including
bioprocess control, food quality and agriculture, military and medical.
Currently, some research groups are working on environmental monit-
oring biosensors (Bahadir and Sezginturk, 2015; Verma and Bhardwaj,
2015). However, in the clinical analysis, the establishment of acceptable
levels of new contaminants such as pesticides, phenols, hormones and
antibiotics, as well as drugs, protein and hormone levels, requires the de-
velopment of fast and reliable methods to detect concentrations of pM
levels (Belkhamssa et al., 2016).

Unfortunately, there are still no electrochemical immunosensors to dia-
gnose diseases in hospitals or medical centres. Specific reasons could
include sophisticated automation of such devices, advanced equipment
needed for multi-analysis, and long-term stability of sensor elements.
However, a broad scientific community is seeking to develop analytical,
diagnostic methods and these issues will be resolved sooner.

On the one hand, multilateral detection and synchronisation analysis
with multichannel electrochemical devices already were carried out, prov-
ing the usefulness of medical institutions with many applications. On the
other hand, this technology allows the production of cheap care products
that can be used by patients, for example, glucose sensors, commonly used
by diabetics. To this end, great attention was paid to the immune sensors
as they combine the specificity of the specific immunoreactivity with the
very high sensitivity of different detectors. According to electrochemical
sensing principle, immunosensors can be categorised to: amperometric,
potentiometric, voltammetric, conductometric and impedimetric.

1.3 Principles of electrochemistry for biosensing
As transducer should be capable of converting the biorecognition event

into a measurable signal, it is vital to understand fundamental processes
happening on an interface. Electrochemistry is the branch of physical
chemistry, where the relationship of chemical changes is expressed as an
electrical signal (e.g. potential, charge or current). Electrochemical re-
actions take place at the electrolyte-electrode interface. The electrode
surface forms a junction between the solution and electrode [13].

32



1.3.1 Interfacial double layer in electrochemical biosensors

When an electrode is brought in contact with an electrolyte, the layer
of charged ions on the electrode are formed and oppositely charged ions
from solution form another layer, which appears as a structure called
double layer (Fig. 1.9) [13]. The statement that the structure of the
double layer and specific adsorption of ions can affect the kinetics of elec-
trode reactions was recognised in 1933. Such effects can cause a variety
of problems in biosensing. For instance, the rate constant k◦ of elec-
trochemical reaction might be a function of the supporting electrolyte
concentration even when no binding event of antigen to antibody occurs,
or nonspecific adsorption of ions from the electrolyte is present. A Ger-
man physicist, Hermann von Helmholtz in 1853 demonstrated that an
electrical double layer behaves as molecular dielectric and stores charge
electrostatically, and the behaviour of the electrode-solution interface is
linked to a capacitor. The stored charge density can be modelled as a
constant differential capacitance depending on the dielectric constant of
the pH of electrolyte, concentration and electrode material and geomet-
rical area of the electrode. The store charge density is called capacitance
and described by equation (1.3).

C = εε0
A

d
(1.3)

Where, A - the area of electrode, d - the distance between two charged
layers, ε - the dielectric constant of solution, ε0 - the dielectric constant
of vacuum.

It is vital to understand the concept of electrical double layer for a
description of the interfacial processes. The Debye length characterises
the extent of the active sensing distance. In most of the physiological
fluids its lower than 1 nm. Variation of k0 can be understood in terms of
the variation of potential in double-layer region [13].

Also, a small molecule carrying no charge or a small charge has a
little impact on changes in the electrochemical system unless changes
were happening close to the Debye length or effect electrode potential
[101]. Debye length (at 25 ◦C) depends on ionic strength (concentration)
of electrolyte. For instance, Debye length for 1 mM is 10 nm, for 10 mM
- 3 nm, for 100 mM and for 1 M - 0.3 nm as shown in Table. 1.1.

In physiological concentrations, the bound antigen to antibody is in a
higher distance from transducer, outside of the Debye length or electro-
chemical double layer due its size. So, electrical charge from antigen is
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Table. 1.1. Thickness of the Debye length [13].

C, M κ−1, nm
1 0.30
0.1 0.96
0.01 3.04
0.001 9.62
0.0001 30.4

difficult to measure.

κ−1 =
√

εrε0kBT

2× 103NAe2I
(1.4)

Debye period is calculated in the way shown in Eq 1.4, where I is
the electrolyte ionic strength (M or mol/L), ε0 is the permittivity of free
space, εr is the dielectric constant, kB is the Boltzmann constant, T is
the absolute temperature in kelvins, NA is the Avogadro number. e is the
elementary charge [13].

In electrolyte, the Debye length is a measure of the net charge elec-
trostatic effect in solution and the extent to which its electrostatic force
remains. Debye length is an essential parameter in electrolyte providing
information about the sensitivity of the electrochemical system [13]. The
electrical double layer can be modelled as consisted of two parallel sub-
layers. The nearest sublayer to the electrode is called the inner Helmholtz
layer, which is connected to the surface charge (positive or negative), con-
sisting of ions adsorbed to the material due to chemical interactions.The
second layer, called the diffuse layer, is composed of ions that are at-
tracted by Coulomb force to the surface charge, filtering the first layer
electrically. The diffusion layer is weakly associated with the electrode
[13]. It has consisted of free ions that move in the solution under the
influence of electric attraction. In "Gouy-Chapman model" the charge
distribution of ions decreases linearly in the Helmholtz layer and expo-
nentially starting from the diffusion layer [13]. Unfortunately, essential
factors including the diffusion/mixing of ions in solution, the probability
of surface adsorption and the communication through solution dipole mo-
ments and the electrode are not considered, and this involves more model
refinement for specific systems [13].

Measurement of the double-layer capacitance provides information on
adsorption and desorption processes as well as on the structure of modi-
fied electrodes, which is very important for the application of the immune
sensor. The charge transfer and properties of an electrical double layer
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Fig. 1.9. Diagram of electrochemical double layer, demonstrating Helm-
holz layer, diffusion layer appearing after immersion of electrode in elec-
trolyte solution.

can be studied in the electrochemical cell using voltammetric and imped-
imetric methods.

1.3.2 Faradaic and non-faradaic processes

Two types of electrochemical methods: faradaic and non-faradaic at
the electrode/electrolyte interface occurs. The faradaic process involves
the electron charge transfer (1.5) from redox active solution, and the
non-faradaic process is measured out of redox activity window [13]. Elec-
trochemical reaction of redox molecules is driven by two main processes
on electrode: oxidation (Ox) and reduction (Re) (1.5)[13].

Ox(aq) + ne− � Re(aq) (1.5)

The total electrochemical potential - µ (1.6) consist of both chemical (
µj) and electrical (ZjFφ) potentials appearing during interaction between
redox active molecules and electrode [13].

If µj 0 at [Ox]/[Red]= 1, chemical potential of species is added.

µ = µj + ZjFφ (1.6)

where Zj - the charge of molecule j, F - the Faraday constant (the
charge on one mole of electrons- 96,487.0 C) and φ - the potential of
phase (electrode or solution)[13].

Chemical potential depends on the ratio between the concentration of
oxidised and reduced species, as shown in 1.7 [13].

µj = µ0
j +RTln(

( [COx]
[CRe]

)
(1.7)
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Electrical potential is discribed as potential difference between two
phases: metal electrode (φM ) and solution (φS) phase. The difference
is expressed as a potential different of oxidised (µOx) and reduced (µRe)
species 1.8 [13].

F (φM − φS) = µe− + (µRe − µOx) (1.8)

Combining 1.7 and 1.8 the famous Nerst equation is obtained, which
relates an electrochemical cell potential to the concentration of electro-
active species in the cell can be written [13]:

φM − φS = ∆µ0

F
+ RT

F
ln

( [COx]
[CRe]

)
(1.9)

However, it is impossible to measure the absolute value of φM −φS in
a single electrode-solution interface.

Later it was proved that the mass transport of molecules penetrating
electrode area is a time-dependent function forming a flux [13]. The flux is
dependent on several factors, including diffusion coefficient, concentration
gradient, potential gradient, and charge of the analyte.

However, the Cottrell equation should be used according to experi-
mental and instrumental constraints.

i(t) = nFAD1/2COx
π1/2 (1.10)

When diffusion, convection and migration all take place at the same
time, the mass-transport process is very complicated, making it difficult
to study the relationship between current and analyte concentration.

In the case of a planar electrode, convection can be eliminated by
using an unstirred solution, and migration can be reduced by adding a
high concentration of support electrolyte to reduce the electric charge field
[13]. If the reaction rate is limited only by diffusion, the ratio between
current and analyte concentration would be described by the Cottrell
equation (1.10).

1.3.3 Electrochemical cell set up

A conventional electrochemical cell consists of three electrodes: work-
ing (WE), auxiliary/counter (CE) and reference (RE) are immersed in
electrolyte solution [58]. The WE on which electrochemical reactions oc-
cur is placed close to the CE (e.g. Pt wire), which has a role of passing the
same current as generated on working electrode preventing WE electrode
from damage. If the WE has small dimensions of microsize and current
flow is low, the elimination of the CE can be considered.
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For measurement electrochemical reactions on the WE electrode, the
availability of a stable, well-known potential reference electrode (e.g.
Ag/AgCl, SHE, RHE) is important in order to maintain stable applied
potential during the measurement.

Fig. 1.10. Diagram of electrochemical cell consist of three electrodes:
WE, RE and RE in conventional (on the left) and miniaturised for screen
printed (SP) electrodes (on the right) systems.

Two types of electrochemical cells: conventional and miniaturised are
demonstrated in Fig. 1.10. In electrochemical systems, it is imperative
to have a stable interface, where the distance between electrodes, the
concentration of electrolyte has to be fixed. However, the final design of
cell needs to be understood, prioress designing miniaturised electrochem-
ical cells and depending on the application such a requirement might be
passed.

1.3.4 Cyclic voltammetry as transduction method

Cyclic voltammetry is one of the most common electrochemical meth-
ods for analytical studies, providing information on redox potential and
kinetics of the heterogeneous electron transfer [13]. CV is described as an
electrochemical technique which measures the current that develops in an
electrochemical cell, where linear increase (from E1 to E2) and decrease
voltage is applied over time as demonstrated in Fig. 1.11. As CV is re-
versal technique, the time corresponding to E2 is switching time, where
potential scan starts to change direction back to lower (E1).

During the change of potential from E1 to E2 would oxidise redox mo-
lecules, and the reverse scan reduces the analyte from oxidised form to
reduced form accordingly [13]. The current at the beginning of a scan is
the charging current caused by the electrical double layer at the electrode
surface- capacitive current, and the current response (peak current) re-
lated to the concentration of the redox-active molecules is called faradaic
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Fig. 1.11. Experimental setup for cyclic voltametry. The potential
waveform applied as a function of time to the working electrode, output
is a current reflecting oxidation and reduction process in a typical CV
process.

current. When the potential increase from E1 to E2, a current corres-
ponds to oxidation peak potential (Epa), where ipa is observed due to the
loss of an electron from the reduced form of an analyte when the potential
is reversed from a higher value E2 to lower E1, a peak current (ipc) would
be observed corresponding to the reduction peak potential (Epc)[13].

Potential of redox-active molecules can be described by the Nernst
equation, where two reactions: oxidation and reduction can be described
as in 1.11.

E = E◦ + 0.059
n log Cox

Cre

(1.11)

where: n - number of transmitted electrons in reaction, Cox - concentra-
tion of oxidized, Cre- concentration of reduced.

Electron transfer happens when a potential difference is added to the
electrode, converting active electrochemical molecules at the surface into
reduced electrochemical active molecules. Concentrations of reduced and
oxidises molecules at the electrode surface vary as a function of the po-
tential E applied to the electrode[31].

If a redox system remains in equilibrium ipc/ipa=1 throughout the
potential scan, the redox process is described as reversible. Otherwise is
called quasi reversible or irreversible [13].

The characterisation of reaction provides information about the elec-
trochemical system and processes happening on the electrode. For in-
stance, the distance between Epc and Epa can tell us how fast is the elec-
tron charge transfer as after analyte binding to the electrode we could
expect such a change. Mostly, the increase in peak to peak separation
in CV is caused by the blocking of the electrode, creating resistance in
the system. Such strength can be correlated to the blockage of the elec-
trode and even calibrated depending on how many molecules are on the
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electrode.

1.3.5 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) became a powerful tool
for novel impedimetric biosensors providing information of surface prop-
erties. EIS has been used as a tool for thin film characterisation in SAM
formation [155], electroplating [167], ion diffusion [63] studies and invest-
igation of semiconductors [62]. In EIS, a small oscillating voltage (5-10
mV) is applied, and as a response to this potential, the current signal is
recorded as demonstrated in Fig. 1.12. The ratio of potential and cur-
rent gives the value of impedance at every single frequency applied to the
system [13].

Fig. 1.12. Impedance setup for measurement. Applied oscillating
voltage (V) and current response (I) at a single frequency. The response
for single frequency is visualised as the real (Z’) and imaginary (Z”) part
giving a module of |Z| with a phase angle ψ.

The applied potential has the form as in 1.12 [21]:

Et = E0sin(ωt) (1.12)

Where Et is potential at time t, E0 is the amplitude of the potential
and ω- radial frequency (ω = 2πf)[13].

The response signal of It is recorded, which has different amplitude
(I0) and a shift in phase (φ):

It = I0sin(ωt+ φ) (1.13)

The ratio of input and output signals gives the value of the system
called impedance (Z) 1.14, where Z0 is magnitude [13].

Z = Et
It

= E0sin(ωt)
I0sin(ωt+ φ) = Z0

sin(ωt)
sin(ωt+ φ) (1.14)
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After plotting Et on the X - axis of a graph and It signal on the Y -
axis, the parametric equation result would be an oval (Lissajous-Bowditch
curve) and impedance can be analysed as a complex number 1.15:

Z = Z
′ + jZim (1.15)

where Z′ is real impedance independent of frequency (φ = 0) and Z′

is imaginary impedance dependent on frequency (φ 6= 0), j is complex
number [116]. By involving Euler’s formula 1.16 impedance is expressed
as a complex function (1.16, 1.17, 1.18).

exp(ix) = cosx+ isinx (1.16)

cos(ωt+ φ) = 1
2
[
ej(ωt+φ) + e−j(ωt+φ)

]
(1.17)

sin(ωt+ φ) = 1
2j
[
ej(ωt+φ) − e−j(ωt+φ)

]
(1.18)

Given the symmetry, only the analysis for one right-hand term needs
to be performed and can be simplified to 1.19 and 1.20:

cos(ωt+ φ) = <
{
ej(ωt+φ)

}
(1.19)

sin(ωt+ φ) = =
{
ej(ωt+φ)

}
(1.20)

When φ=0, potential can be described as 1.21 and current described
as 1.22:

Et = E0exp(jωt) (1.21)

It = I0exp(jωt− jφ) (1.22)

Then impedance can be expressed as real and immaginary parts through
a complex number in 1.23.

Z = Z0exp(jφ) = Z0(cosφ+ jsinφ) (1.23)

For interpretation of measured spectra real and an imaginary part of
impedance expression through complex exponent can be understood by
analysing Nyquist and Bode plots.
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1.3.5.1 Interpretation of electrochemical impedance data

Nyquist and Bode plots (demonstrated in (Fig. 1.13)) are the most
common data representation for EIS data analysis [67]. The advantage of
the Nyquist plot provides a quick overview of the data, where qualitative
interpretation can be achieved from the plot. Data from EIS is presented
as a plot of Z′ relative to Z′′ (y-axis) (in Fig. 1.13). When plotting data
in the Nyquist format, the real absolute axis values must be equal to
the imaginary axis so as not to change the curve shape [21]. The value
of Rs appearing at high frequencies correspond to total cell resistance,
including resistance of electrolyte solution [67]. Rct is the main parameter
used in Faradaic impedance for estimation of charge transfer resistance,
which is usually observed at low frequency ( 0.1 Hz), showing diameter
of semicircle.

Fig. 1.13. Nyquist and Bode plots reflecting signal at changing angu-
lar frequency. Parameters used in modelling of experimental data: Rs -
solution resistance, Rct is charge transfer resistance, Cdl is double layer
capacitance and Zw is Warburg element.

For higher expression of lower values of impedance, another data
presentation - Bode plot is used. The advantage of the Bode plot is
that information of frequency is plotted, and an essential low impedance
behaviour appears at high-frequency [21, 37]. Applied frequency values
are presented on X-axis and the absolute values of the impedance and the
phase-shift on the Y-axis (shown in Fig. 1.13).

Precise values of parameters described in Fig. 1.13 can be extracted
by fitting the data using equivalent circuit models.

1.3.5.2 Modeling of electrode liquid interface

The modelling of the Nyquist plot (in Fig. 1.13) as the equivalent
circuit is essential for the quantitative interpretation of data. As Warburg
suggested (1899), the electrode-solution interface can be represented by
polarisation resistance in a series with capacitors [14].
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The equivalent circuit theory was improved when the Randles model
was established in 1947 [14]. The Randles circuit model for microelec-
trodes is demonstrated in Fig. 1.20, where passive elements of resistors
and Warburg impedance are integrated sequentially and parallel to form
a complex equivalent circuit. In equivalent circuit model, resistor (R),
capacitor (C), inductor (L) and distributed elements Constant phase ele-
ment (CPE) and Warburg impedance (Zw) are commonly used [136].

Fig. 1.14. Equivalent circuit model for macro and microelectrode.

Various simple electrical circuits were reported such as series of R-C
circuit, parallel R-C circuit, RLC series circuit [37].

Randles circuit model is used as one of the simplest models describing
kinetics and diffusion processes on the electrochemical interface. Briefly,
Randles circuit model consists of an active electrolyte resistance (Rs) in
series of parallel combined double-layer capacitance (Cdl) and a faradaic
reaction consisting of active charge transfer resistance (Rct) and unique
electrochemical unit of diffusion - Warburg element (Zw).

In a real electrochemical system, especially for microscale devices,
spectra of impedance is more complex, and the Randles circuit does not
always give expected results. Here, the main difference between macro
and microelectrodes can be related to a different diffusion profile. Un-
fortunately, microelectrodes require analytical solution by modifying the
Randles circuit to include different type of diffusion. Usually, macro-
electrodes are associated with a planar diffusion and microelectrodes are
associated with spherical diffusion.

As it was reported in the literature, microelectrodes have two domin-
ating types of diffusion at high and low frequency. Commonly, Randles
equivalent circuit can be modified as shown in Fig. 1.14 to have a better
fitting model consist of spherical diffusion impedance at a high frequency
(ZM ) and Warburg element for low frequency (Zw)[72].
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1.4 Difference between macro and micro elec-
trodes

In macro electrodes, the diffusion layer thickness is much smaller in
comparison with the size of the electrode leading to linear diffusion [30].
Additionally, the shape of the electrode is not essential, as long as the
electrode is planar and dimensions of the electrode are more significant
than the thickness of the diffusion layer δ (1.24).

δ ∼
√
Dt (1.24)

Depending on dimentions of macroelectrodes, diffusional transport to the
electrode surface can be planar or radial(spherical).

Additionally, spherical diffusion can be measurable for electrodes of
millimetres in radius. For linear diffusion electrodes of size > 4 mm
radius for electrochemical investigation are recommended[102]. Scan rate
equation1.25:

v = RT

Ft
(1.25)

Diffusion layer thickness δ of electrode can be calculated based on
equation 1.26:

δ = FADc

I
(1.26)

For planar electrode diffusion thickness δ:

δ =
√
π
√
D

z

√
RT

Fv
(1.27)

1.4.1 Design of microelectrodes and microelectrode array

Microelectrodes are the type of electrodes where at least one of di-
mension is in microscale range (less than 1000 µm) [13].

For microelectrode where radial diffusion is dominating, the flux of
redox molecules toward the electrode is much faster in comparison to
micro-electrode, where a planar diffusion is dominating Fig. 1.15[13].

The electrochemical properties of microelectrodes variate depending
on the design and arrangements of the electrode configuration. The kin-
etics of voltammogram for macro electrodes can be analysed by studies of
the position of the half-wave potential E1/2. At this potential, the current
reaches half of its maximum [31].
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Fig. 1.15. Diagram of diffusion and typical cyclic voltammograms:
linear diffusion for macro and spherical for micro electrodes.

For microelectrode or microelectrode arrays, the diffusive mass trans-
port can keep the surface gradient constant with time, and the steady-
state current is achieved [31]. In this case any potential of steady state
current can be used, which simplify data analysis when microelectrodes
or microelectrode arrays are used.

1.4.2 Interdigitated microelectrode array

In microelectrode array where single microelectrodes placed very close
to each other allows overlapping of their diffusion layers leading to signi-
ficant sensitivity benefits and higher signal to noise ratio [146]. Very im-
portant characteristic parameters for a microband electrode are its width
We and length L. Considering those facts, Aoki has derived an equation
for the diffusion layer thickness of a microband electrode in a dimension-
less time-domain (θ) [146].

In microband electrode case,

I = ICott + zFcDP

2 (1.28)

Θ = Dt

W 2
e

(1.29)

δ = We

0.97− 1.1e−
9.9

|log (12.37Θ)| + 1√
π
√

Θ

(1.30)
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Fig. 1.16. Diagram of the main types of microelectrodes and microelec-
trode arrays.

δ = We

0.97− 1.1e
− 9.9∣∣∣log

(
12.37D

W 2
e

t

)∣∣∣ + 1
√
π
√

Dt

W 2
e

(1.31)

In Fig. 1.17 diagram of two microband electrodes is demonstrating
overlapping of diffusion layers depending on dimensions of an electrode
and a distance between electrodes. Overlapping of diffusion layers can be
controlled by the design of electrode arrays, where no diffusion overlap,
partial diffusion overlap or a total diffusion overlap can be achieved [146].

Fig. 1.17. Diagram of diffusion layer overlap for a microband electrode
array.
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For instance if δ < W/2 (in Fig. 1.17), where W = We + Wg and
Wg is the gap width between two adjacent microelectrodes, no diffusion
layer overlap and the total current of the microelectrode array is equal to
the sum of the currents of all microelectrodes coupled in the array [146].
On the other hand, when δ > W/2 (in Fig. 1.17) diffusion layers are
partially overlapped and overlapping angle, ψ is growing as with diffusion
layer thickness. At the point when ψ is equal to δ/2, diffusion layers
are described as fully overlapped [146]. Diffusion problems accrued on
microelectrodes can be carried out by numerical simulations, where the
flux of electroactive species through a solution to the electrode surface is
described by Fick’s First Law or Fick’s Second Law [31].

1.4.3 Simulation of electrochemical diffusion

By solving the mass transport equation at various electrodes, the cur-
rent response can be simulated as a function of applied potential. To
simulate the cyclic voltammetry, the applied potential varies as a linear
function of time, determined by the scan rate v (mVs−1) [82, 31].

For an explanation of flux caused by redox activity, some boundaries
need to be considered. The energy of the electrons in the donor orbital of
reduced species must be higher (or equal) than the energy of electrons in
the electrode during oxidation. Also, the energy of the electrons during
reduction on electrode must be higher than the energy in the acceptor
orbital. The electrical current on an electrode depends on the electrode
potential. Considering that both a cathodic and an anodic reaction occur
on the same electrode, relationship between current density and potential
is described by Butler-Volmer equation (1.32).

j = j0 ·
{

exp
[
αazF

RT
(E − Eeq)

]
− exp

[
−αczF

RT
(E − Eeq)

]}
(1.32)

Most of the Faradaic processes can be modelled using this equation
consist of anodic and cathodic current terms, j - electrode current density,
j0- exchange current density, E - electrode potential, Eeq - equilibrium po-
tential. T - absolute temperature, z - number of electrons involved in the
electrode reaction, F - Faraday constant, R - universal gas constant, αa -
cathodic charge transfer coefficient, αa - anodic charge transfer coefficient,
η - activation overpotential (defined as η = E - Eeq).

In case, when E = Eeq, no net current flow happens but cathodic and
anodic current density terms still changes depending on exchange current
density.

Although the Faradaic process is usually the primary process of the
electrode reaction study, the non-Faradaic process must be considered.
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Non-faradic processes such as adsorption or desorption can replace the
electric double layer, thus changing the electrode area, potential and cur-
rent [13].

Fig. 1.18. A platinum grid immersed into redox solution containing
Fe(CN)4−

6 and Fe(CN)3−
6 .

To measure the potential difference between electrode and solution
second electrode (reference electrode) is introduced in the system. Ions
solution in the reference electrode also has it’s potential, depending on
ions activity. As solutions are non- ideal, ions from higher concentration
should move to lover concentration trying to reach equilibrium. There-
fore, some ions can move faster than others, depending on single-ion con-
ductivity in water. It is crucial in reference electrode that ions in solution
are in equilibrium, meaning that ratio of potential of positive and negat-
ive ions have to be equal to 1 and have similar speed if they move from
higher to lower concentration, so commonly Ag/AgCl electrodes are used.

In case when ionic strength is only one variable in the system, diffusion
equation (from Fick’s second law) for the macroelectrode can be described
as a parabolic second-order partial differential equation [82]:

∂c

∂t
= D

∂2c

∂2z
(1.33)

The electrode is modelled in the cylindrical coordinate system (r, Φ,
z). r- radial distance, Φ -angular coordinate, and height - z , where the
angle coordinate Φ = 0 due to the symmetry of the electrodes. If the
diffusion is radial to the electrode and the concentration is not evenly
distributed along the r direction. The diffusion equation for microdisk
electrode is [82]:

∂c

∂t
= D

(
∂2c

∂2r
+ 1
r

∂2c

∂r
+ ∂2c

∂2z

)
(1.34)
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For the microcylinder electrode only the radius of the microcylinder
is at microscale and the diffusion equation is written as:

∂c

∂t
= D

(
∂2c

∂2r
+ 1
r

∂2c

∂r

)
(1.35)

The simulation space and boundary conditions for a microband elec-
trode is the same as that for a microdisc in normal coordinate system:

∂c

∂t
= ∂2c

∂2r
+ ∂2c

∂2z
(1.36)

where D is the diffusion coefficient, and c is the concentration of the
species which is a function of the time t and coordinates r, Φ, z. When
designing microelectrode arrays for sensor applications, it is recommended
to keep diffusional independence on electrode bands avoiding overlapping
effect in order to achieve higher sensitivity [98].

1.5 Fabrication techniques of
macro-/-micro-electrodes

Beam lithography and ink-based screen printing of electrodes were
reported as a common techniques in fabrication of electrodes. Wide range
of materials for working electrode fabrication have been reported covering
metals: Au, Pt, Ag and alloys (e.g. ITO), carbon-based materials: glassy
carbon, graphite, diamond [130, 163, 33] and carbon-based materials [168,
134, 2, 115], also conductive polymer films [115, 27].

Usually, the metal film is deposited initially on an electrically insulat-
ing substrate [20]. This is followed by deposition of a protective positive
photo-resist, which is patterned and developed using photolithography.
Various designs and sizes of microstructured gold patterns can be fabric-
ated [146].

1.5.1 Micro contact printing

Micro-contact printing is commonly called as soft lithography, and
various application of such a technique exists from SAMs formation to
protein immobilisation. This method allows to precisely control the po-
sition and pattern of printed material on the substrate. Microcontact
printing and printing transfer approaches represent an alternative litho-
graphy method for fabrication of nano- or microstructured gold patterns
[162, 59]. Microcontact printing (µCP) is a form of soft lithography that
uses patterns on polydimethylsiloxane (PDMS) stamp [114]. The pat-
tern consisting of self-assembled monolayers (SAMs) of ink is formed as
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Fig. 1.19. Scheme of microcontact printing of SAMs and etching for
fabrication of microstructures (adaptive from [56]).

a mask on the surface of a substrate (for example, gold) [55]. Usually,
PDMS stamp with a wide range of structures from dots to lines or even
complicated hollow structures is formed by mould replicating the master
made by beam lithography. Subsequently, a stamp is incubated for some
time with ink, which can be an alkanethiol solution or protein solution
(e.g. fibronectin, antibodies). After gentle removing of ink, the ink is
transferred onto a previously cleaned substrate. Depending on the ap-
plication, it can be gold surface, functionalised glass, silica or even simple
plastic.

Such a technique can be used for fabrication of various conductive
structures, e.g. microelectrodes. Various patterns of SAMs can be formed
on a clean gold surface using microcontact printing to protect the metal
surface from etching compounds.
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1.5.2 Wet etching

Removal of the unprotected metal by etching and dissolving of the re-
maining photoresist leaves a patterned metal on the substrate [11]. There
are several papers where wet etching technique was used for the prepar-
ation of metal-based microelectrode arrays [1, 57, 11]. Wet etching has
an advantage because this process does not require high-cost equipment
such as high energy plasma systems used for dry etching.

Fig. 1.20. Scheme of wet etching demonstrating ideal SAM resist and
non-ideal SAM resist (adaptive from [56]).

Wet etching is a chemical process where depending on application non-
protected selected materials (e.g. Au, Ti, Al, Si) can be removed from the
substrate surface by incubating patterned thin layer in the wet etching
solution. Wet etching removes the material through a chemical reaction
between the etching solution and the layer to be etched. Various types
of liquids can be used for wet etching process such as KOH, SF6, BCl3 ,
HF depending on etch materials.

As a wet etching solution especially for metals mixture of Fe(NO3)3
and CH4N2S is used [41]. The etching compound can interact with the
layer under protecting mask. Accordingly, it is essential to optimise etch-
ing conditions such as etching liquid recipe including the ratio of used
materials, concentration, time and temperature.

1.5.3 Increasing of electrochemically active surface area
by electroplating

The electroplating process is used to increase the electrochemically act-
ive surface area (EASA), leading to improve the performance of sensors.
Electroplating is also used to modify surfaces changing surface chemical
properties. For instance, the platinum group metals are the most active
electrocatalysts available and can be easily applied for hydrogen peroxide
detection. As hydrogen peroxide plays a considerable role in various fields,
e.g. in ferment reaction. Biosensors based on Pt nanostructures display
higher sensitivity as compared to bare Pt electrodes [26]. Electroplating
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is also used to modify surfaces changing surface chemical properties. For
example, the platinum group metals are the most active electrocatalysts
available and can be easily applied for hydrogen peroxide detection. Bio-
sensors based on Pt nanostructures display higher sensitivity as compared
to bare Pt electrodes [80].

Platinum group metals are one of the most active electrocatalysts
available [26] and these metals can be easily applied for the fabrication of
IDA microelectrodes for hydrogen peroxide detection. Biosensors based
on Pt nanostructures display higher sensitivity as compared to bare Pt
electrodes [143]. The use of platinum for electrode fabrication has been
a significant issue because of the scarcity of resources and relatively high
price. Possible solutions of this problem are a synthesis of materials with
electrocatalytic properties similar to those of platinum group metals or
reducing the amount of platinum by dispersing thin layer of small nan-
oparticles onto substrates [148]. One of the main challenges in the pre-
paration of high-quality platinum IDA electrodes is the weak adhesion
between platinum layer and the substrate, what has limited the commer-
cial availability and use of such electrodes [85]. In review articles, the
methods of chemical and electrochemical deposition of platinum group
metals from aqueous solution have been discussed [119, 39, 166, 12, 127].
Treatment of the substrate with copper precursor is usually required to
form an adhesion layer before deposition of platinum from Chloroplatinic
acid [20].
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2. Experimental part

2.1 Materials and solutions
All reagents were of analytical grade and used without further puri-

fication. Aqueous solutions were prepared in MilliQ water (18.2 MΩcm)
from a Synergy 185 unit equipped with a UV lamp (Millipore, USA). All
experiments were carried out at room temperature 21 ± 2 ◦C.

2.1.1 Materials and solutions for fabrication and modific-
ation of electrodes

• 20 nm of gold-coated glass plates (10 × 10 mm) were purchased
from Ssens (Netherlands).

• Standard cleaning solution (SC1) was composed in a 5:1:1 mixture
of H2O, H2O2 and NH3. H2O2 (30 %), NH3 (25 %) solutions were
obtained from Carl Roth GmbH (Germany).

• The master was fabricated on Si plate using a SU-8 photoresist
(MicroChem Corp, USA) spin coated on Si with the thickness of
40 µm and then pattern by photolithography. Such a master was
reused several times.

• Polydimethylsiloxane (PDMS) replicas were prepared by mixing elast-
omer and elastomer curing agent in 10:1 mass ratio from SYL-
GARD® 184 silicone elastomer kit (Dow Corning, USA). Degassed
mixture was cast on master (described above) and placed for 2 h
at 70 ◦C in the oven. Subsequently, PDMS replicas were carefully
peeled of the master and stored in closed plate. Prior, µCP, PDMS
replicas were sonicated in C2H5OH for 1 min and dried in N2.

• As a ink for µCP C20H42S eicosanethiol (Alpha Aesar, Germany)
prepared in C2H5OH (distillate before use) (Sigma Aldrich, Ger-
many) was used.

• For wet etching of gold 20 mM Fe(NO3)3 (Fluka, Switzerland), 30
mM CH4N2S (Fluka, Switzerland) were used.

• For electrode surface modification 10 mM HAuCl4 x H2O (Sigma
Aldrish, Germany) and 10 mM H2PtCl6H2O (Sigma Aldrish, Ger-
many) electroplating solution was used.

• Class 5.0 N2 gas (Aga, Lithuania) was used for drying substrates.
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2.1.2 Materials for immunosensing studies

Required dilutions of anti-CA125 antibody were made from 1 mgmL−1

monoclonal mouse anti-CA125 (HyTest, Finnland). Several dilutions of
CA125 were prepared from 1 mgmL−1 of CA125 human antigen (HyTest,
Finnland). Aqueous phosphate-buffered saline (PBS) pH 7.4 (from Sigma
Aldrich, UK) was used to prepare protein solutions. For specificity test
bovine serum albumin (BSA), human serum albumin (HSA), fibrinogen
and IgG obtained from Sigma Aldrich, UK were used.

2.1.3 Reagents for electrochemical analysis

K3[Fe(CN)6] and K4[Fe(CN)6] were purchased from Sigma Aldrich
(UK) and used for CV and EIS measurements. Phosphate buffer (PB),
pH 7.4, was employed as electrolyte and it was prepared from 1 M stock
solutions of Na2HPO4 (Sigma Aldrich, UK) and NaH2PO4 (Sigma Ald-
rich, UK). Hydrogen peroxide solution of 0.1 M was prepared freshly in
PB (from stock solution of 35 % H2O2 obtained from Carl Roth GmbH
(Germany)).

2.2 Methods for fabrication of interdigitated ar-
ray electrodes

2.2.1 Design of electrode

Design of electrode consisted of 25 units of 40 µm width and 0.9 mm
length interdigitated micro-band array electrodes ( Fig. 2.1), with a dis-
tance of 40 µm between integrated area. 1 mm width lines were design as
a connection part of electrode. The zones with h = 1.5 mm was design
to prevent alignment issue during fabrication of electrode.

2.2.2 Fabrication of silica master

The photolithograpy mask was fabricated using photolithography with
DWL66, Heidelberg Instruments. The master for the layout fabricated
in house. The positive resist ma-P 1275G (Microresist GmbH, Germany)
was spin-coated on the 4 inch silicon wafers (Topsil, Denmark) to form
a 20 um thick resist layer. After prebaking the spin-coated photo-resist
layer was UV (405nm) exposed using a laser lithography equipment from
Heidelberg Instruments. The exposed pattern layout was developed using
a developer (Microresist GmbH, Germany). The developed resist was
baked at 65 °C for 1 h and silanized with fluorosilane in a custom-made
vacuum chamber (Nanoengineering group).
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Fig. 2.1. Design of the chip: microelectrode array of 25 interdigitated
electrodes, where length of electrode l = 0.9 mm and with w = 40 µm, d
= 100 µm, isolated zones (h = 1.5 mm) for stability of µCP were also
designed, width the connections of 1 mm to connector.

2.2.3 Fabrication of PDMS stamp

Fabrication of elastomer replica polydimethylsiloxane (PDMS) was
performed by mixing elastomer and it’s curing agent in 10:1 mass ra-
tio from SYLGARD 184 silicone elastomer kit (Dow Corning, USA). The
degassed mixture was cast on master mentioned before and cured for 2
h at 70◦C in an oven. After curing, PDMS replicas were carefully peeled
and examined under optical microscope (Olympus BX-51, Japan).

2.2.4 Micro contact printing and wet etching

The diagram of fabrication of IDA electrode is shown in Fig. 2.2. 20
nm thickness gold surface was washed twice using SC1 solution heating
on the heater plate at 85 ◦C for 7 min, followed by extensive rinsing with
ultrapure water and drying in the N2 stream.

10x10 mm2 PDMS stamp was sonicated in ethanol for 1 min before
use. Afterwards, PDMS was covered with 50 µL of eicosanthiol (HS-C20)
from 1 mM solution in ethanol for 1 min and gently dried in N2 stream.
PDMS stamp and the gold substrate contact time was optimised to 1 min.
Unprotected gold with the mask was etched using wet etching. Different
times were used to optimise the quality of the etched gold structures. For
wet etching of gold, 20 mM Fe(NO3)3 (Fluka, Switzerland) and 30 mM
CH4N2S (Fluka, Switzerland) were mixed in 1:1 volume ratio and gold
substrate immersed for 5min.

The resulting Au patterns were treated with UV (254 nm wavelength)
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Fig. 2.2. Diagram of IDA fabrication steps including microcontact
printing for resist eicosanthiol (HS-C20), wet etching and removing of
resist.

radiation for 20 min and ultrasonicated in ethanol for 2 min to remove the
products of HS-C20 resist degradation. Additionally, gold microelectrodes
after UV treatment were cleaned in SC1 solution twice.

2.3 Surface characterisation of interdigitated ar-
ray electrodes

2.3.1 Optical Microscopy

The quality of the PDMS replica was investigated using microscope
prior to microcontact printing (µCP) in the fabrication of gold IDA elec-
trode. Also, HS–C20 SAM micro-patterned gold after chemical etching
was studied with the same optical microscope with magnification of 10×,
20×, 50× in mapping function.

2.3.2 Characterisation of surface by SEM and EDS

Pt images were acquired with a scanning electron microscope Hitachi
S3400N VP-SEM (Japan) operating at an acceleration voltage of 10 kV.
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SEM was used for analysis of the morphology of electroplated gold and
platinum nanostructures on screen printed electrodes. The electroplated
Pt on IDA was characterised by JEOL JSM 6490 LV (Japan) equipped
with an energy dispersive X-ray spectroscopy (EDS) detector. Addition-
ally, Pt structure was studied with a high resolution SEM Helios NanoLab
650 (The Netherlands).

2.3.3 Electrochemical characterisation

Fig. 2.3. Diagram of conventional electrochemical cell with external
CE, RE - a) for selective electroplating of Au b) and Pt c). The region of
interest was sealed using PSA d). Miniaturised electrochemical cell with
internal CE, RE e)

Electrochemical studies were carried out with the potentiostats CH In-
strument 760e (USA), CompactStat, IVIUM Technologies (Netherlands)
or Autolab PGSTAT 30 (Netherlands). Whole microelectrode was con-
nected to custom made connection (as shown in Fig. 2.3), where 1st, 2nd
and 3rd were clipped in a several configurations described later.
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2.4 Modification of electrode by Pt and Au nano-
structures

Electrochemical cell for Au and Pt electroplating is shown in Fig. 2.3.
Electrodeposition of Pt on the Au microelectrode was performed in aqueous
solution of 10 mM H2PtCl6 · 6 H2O. Pt wire and Ag/AgCl/3 M KCl were
used as an external counter electrode and reference, respectively. Pt was
deposited by means of cycling the potential of microelectrode within the
potential range of -0.4 - 0.8 V varying the potential scan rates from 5
mVs–1 to 50 mVs–1.

Gold was electroplated from 6 mM HAuCl4 · 6 H2O solution on IDA
electrodes using cyclic voltammetry method, within potencial range of
-0.8 - 0.9 V and scan rate of 100 mVs–1.

2.4.1 Several configurations of electrochemical cell

The area of interest on IDA electrode was a microcomb region. To
avoid electrochemical signal from electrode tracks zone, the track zone was
sealed using double-sided pressure sensitive adhesive (PSA) tape (140 µm
thick, ARcare 90106 from Adhesive Research Ltd., Limerick, Ireland)
design as 1x3.5 mm (in SolidWork software) as shown in Fig. 2.3. The
shape of the sticker cut using a computer-controlled Cameo 3 blade cutter
(Silhouette, Inc., Lindon, UT, USA)

2.4.2 Simulation of diffusion on interdigitated array elec-
trodes

The COMSOL Multiphysics 5.3a used for the simulations. Simulations
have been carried out on a Windows PC equipped with 32 Gb Intel(R)
Core (TM) i5-6500 CPU @ 3.20GHz. CV was generated based on finite
differential method comparing interdigitated and non-interdigitated WE
and CE electrodes. All simulations have been performed for 3 cycles of
CV between -0.3 and 0.3 V with several scan rates including 10, 30, 50,
100, 150, and 200 mVs−1).

2.4.3 Electrochemical analysis on miniaturised electro-
chemical cell

Electrochemical measurements were carried out in 5 µL (as shown in
Fig. 2.4) in ferrocene methanol (FcMeOH) supported with 0.01 M PB, pH
7.4 on IDA configuration. CV was recorded in the potential window from
-0.2 to 0.4 V at the scan rates of 5 and 50 mVs−1 vs. Au pseudoreference.
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Range of concentrations of FcMeOH from 0.5 µm to 1000 µm were scanned
for calibration.

Fig. 2.4. Pseudo3D image of IDA electrode for measurements in 5 µL
solution.

2.5 Modification of interdigitated array for
detection of carcinoma antigen 125

2.5.1 Self assembled monolayer formation on interdigit-
ated array surface

After SC1 treatment, IDA were immersed into 70 % HS−EG3−COOH
and 30 % of HS−EG6−OH ethanol solution (as shown in Fig. 2.5)
overnight. The IDA electrode was subsequently ultrasonicated for 3
seconds in purified ethanol (95 %) and rinsed with water and gently dried
in the N2 stream. IDA electrode modified with SAM and sealed with PSA
stored at room temperature.

2.5.2 Immobilisation of antibody

Terminal groups of -COOH were activated with a mixture of freshly
prepared 0.2 mL of 2.5 mM N-hydroxysuccinimide (NHS ) and 10 mM
1-ethyl-3-[3-imethylaminopropyl] carbodiimide hydrochloride (EDC) in
ethanol for 30 min. Subsequently, the IDA electrode removed from thiol
solution and ultrasonicated in MilliQ water for 3 seconds. Finally, the
IDA electrode was rinsed with MilliQ water to remove ethanol molecules
and gently dried with N2 stream.

Anti-CA125 diluted 1:100 in 0.1 M PB with freshly added NaCl was
immobilised on NHS/EDC activated surface using microcontact printing
(using flat PDMS) procedure with ink incubation time of 5 min on stamp,
stamp and gold contact time of 10 min. Subsequently, 2 µL of 0.5 % of
BSA in 0.1 M PB was drop-coated for 30 min to block active sites of
NHS/EDC to prevent electrode surface from non-specific adsorption of
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Fig. 2.5. IDA electrode was blocked by SAM consisted of 70 %
HS−EG3−COOH and 30 % of HS−EG6−OH ethanol solution overnight,
NHS/EDC activation, anti-CA125 immobilisation, PSA sealing. To pre-
vent non-specific binding IDA was blocked with BSA.

other protein. The immunosensor was stored in the fridge at 4 ◦C before
use.

2.5.3 Studies of antibody loading

The surface coverage of anti-CA125 was investigated by imaging null
ellipsometer Accurion GmbH, NanofilmEP (Germany) with a laser emit-
ted light with a wavelength of 658 nm. Additionally, this instrument has
an integrated objective system and CCD camera for imaging. Such a
system is capable not only to measure thin film thickness according to
refractive index changes, but also generating 3D maps of selected regions
of interest (ROIs). Mapping measurements were performed at the 56◦
angle of incidence. The -COOH layers and ani-CA125 were modelled as
an ‘organic’ layer with a refractive index of n = 1.5 and k = 0. The
corresponding layer thicknesses were determined for each substrate be-
fore -COOH preparation and kept constant during anti-CA125 pattern
analysis. Also, integrated SPR system has been used for analysis of real
time binding of biomarker CA125, with a flow rate of 25 µLmin−1.

2.5.4 Electrochemical characterisation of sensor fabrica-
tion

CHInstrument was used for EIS measurements in the frequency range
from 0.1 Hz to 106 Hz at open circuit potential in 1 mM FcMeOH after
each fabrication step. The voltage perturbation amplitude was 10 mV
with 20 data points in total. The data were plotted as Nyquist and Bode
plots and fitted to Randles equivalent circuit, from which charge transfer
resistance - Rct and other parameters were compared.
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3. Results and discussion

3.1 Characterisation of interdigitated array elec-
trode

IDA electrodes were fabricated using the procedure described in sec-
tion 2.2. Soft lithography and wet etching were combined with having
rapid IDA electrode fabrication. HS-C20 thiol was chosen as ink to form
a thin well-packed SAM hydrophobic restive molecular layer to protect
patterned Au from the wet etching process. Several µCP and wet etching
times 0.5 min, 1 min, 2 min, 5 min and 10 min were investigated.

(a) (b)

Fig. 3.1. Optical microscope image of fabricated PDMS stamp, showing
region of interest with 40 µm microband array (a); IDA electrode after
optimised conditions: µCP time of 1 min fallowing wet etching time of 5
min (b).

To form the homogenous layer of such a resist the contact of PDMS
stamp and 20 nm Au-covered glass substrate was limited to 1 min to
avoid ink spread issues. The contact times lower than 1 min caused fair
coverage by the resist (Fig. 3.2). After µCP process, the PDMS stamp
was sonicated in ethanol for 30 s and reused for several (up to 15) µCP
procedures on new Au substrates. More prolonged usage caused issues
such as swelling of PDMS stamp itself, leading to an increase of the width
of printed resist. As a quality of IDA, the width of microband and defects
(Au micro/nanostructure in resist free zone) were tracked using an optical
microscope. First of all, the quality of the resist layer was optimised
by changing µCP of eicosanthiol (HS-C20) time from 0.5 to 10 min and
applying 5 min wet etching procedure. The correlation between width
values of microband and IDA fabrication parameters is shown Fig. 3.2.
The fabricated microband structures after the wet etching process had a
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higher width when µCP contact time was longer than 1 min.

(a) (b) (c)

Fig. 3.2. Comparison of influence to the width of IDA microband
at several times of µCP) (a), wet etching (b) and reserved defects (c)
at several etching times, showing wanted width of microband of 40 µm
obtained at µCP time of 1 min and lowest amount of defects obtained
after wet etching time of 5 min.

It was noticed that wet etching process for microband array zone was
faster than that for contact track zone, so an optimisation of etching
time was required. At shorter etching times (1 - 5 min) some micro-
/nanostructures of Au were remaining in the resist free area. Longer etch-
ing times caused an increased roughness on the edges of the microband
array leading to a lower width (35 ± 5 µm) of microband. The etching
time was limited upto 5 min giving an expected width value of 40 ± 2
µm (Fig. 3.3).

(a) (b) (c)

Fig. 3.3. Bright-field microscope images of IDA fabricated under op-
timised conditions, showing area of 3 electrodes (a), zoom in area of inter-
digitated microband electrodes (b) and zoom in showing defects free zone
(c) after 5 min of wet etching.
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The PDMS stamp inking, µCP and wet etching for fabrication of IDA
took no longer than 10 min. In such a way, 125 units of hand made IDA
electrodes were fabricated for further application. Before electrochemical
characterisation, fabricated IDA electrodes were treated using high energy
UV light. Several times: 10, 30, 60 min, were tested under incubation
of UV light to make sure that -SH bond of thiol is destroyed. As 10
min was too short of obtaining clean Au surface and 30-60 min lead to
clean Au surface, 30 min was chosen as the optimal (shorter) time for
UV treatment to remove remaining thiol resist. To avoid any impurities
of remain thiols, the IDA electrodes were washed in SC1 solution (as
described in subsection 2.2.4) leading to the hydrophilic Au surface as
proof of clean electrode.

3.2 Modification of interdigitated array electrodes
with Pt coating for H2O2 detection

Fabricated IDA was connected to a modified USB port (as shown in
Fig. 3.4 (a)) for Pt deposition by electroplating using cyclic voltammetry
(see section 2.4). The CV during electroplating in (b), where chlorop-
latinic acid was used for the formation of Pt layer on Au IDA, is shown
in Fig. 3.4. Main electrochemical process during electroplating in the
solution of H2PtCl6 is shown in equation 3.1.

(a) (b)

Fig. 3.4. Modified USB port for IDA connection (a) CVs of Pt electro-
plating in the potential region from -0.4 to 0.8 V of in 10 mM H2PtCl6,
at 50 mVs−1, 10 scans (b).

H2PtCl6 + 4e− → Pt0 + 2H+ + 6Cl− (3.1)
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Several potential scan rates from 10 to 100 mVs−1 were investigated
in order to determined EASA and morphology of Pt. The EASA of Pt
coating was evaluated according to the model of hydrogen monolayer ad-
sorption/desorption on Pt, assuming that the theoretical charge density
corresponding to the monolayer of adsorbed hydrogen on ideal polycrys-
talline Pt surface is 0.21 mCcm−2 [38].

Fig. 3.5. SEM image after Pt electroplating at 10 mVs−1 (comb on
the left) and 50 mVs−1 (comb on the right) for 10 cycles, showing rough
surface of electrode and even pealing off (comb on the left) at low scan
rates.

For the derivation of the surface roughness factor (Rf ), the determined
EASA of the Au surface was divided by the geometric area of the IDA.
The obtained values of the Rf are described in Table. 3.1. After the Pt
electroplating, the Rf of the electrode increased by 49.8 - 214.0 times,
depending on the scan rate. Pt coating cracks were observed at a slow
potential scan rate (10 mVs−1) (Fig. 3.5) and even peeling off of the
coating fabricated at 5 mVs−1 (not shown) . The observed cracks in the
Pt coating can be also detected by increasing current values in the CVs
at the Pt-plated electrode.

Table. 3.1. Rf obtained after Pt electroplating at several scan rates.

v, mVs1 Rf

10 158.0 ± 7.0
50 214.0 ± 7.0
100 49.8 ± 0.8

High-resolution SEM images showed the difference in Pt structures
deposited by applying different potential scan rates (Fig. 3.6). Homogen-
eous Pt twinning nanocrystals, with dimensions from 5 nm to 140 nm (in
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the direction of long axis) were observed. Each crystallite had multiple
twin lamellas, orientated perpendicular to the symmetry axis reported
previously. The largest nanocrystals appeared in case of Pt plated at 50
mVs−1, and it was selected as an optimal for further use.

(a) (b)

(c) (d)

Fig. 3.6. SEM images of Pt electroplated in potential window of 0.4 to
0.8 V vs. Ag/AgCl at 5 mVs−1 (a), 10 mVs−1 (b), 50 mVs−1 (c), 100
mVs−1 (d).

For identification of elemental composition of Pt-coated IDA, EDS
mapping was used. In Fig. 3.7, one of two combs electroplated by Pt at
50 mVs−1 is shown. The performed EDS mapping showed that Au was
completely covered with Pt coating, with Pt amount of 96.9 % and low
amount of O, C (summarised in Table. 3.2). Only, a small amount of Pt
(4.2 %) was found on the comb that was not clipped for electroplating. In
order to investigate sensing ability of obtained Pt microelectrode, H2O2
was used as analyte. The sensitivity of the fabricated Pt microelectrode
to H2O2 was investigated electrochemically, and the results are presented
in Fig. 3.8.

CVs at the Pt microelectrode in PB pH 7.3 was registered in absense
(Fig. 3.8 (a), black line) and presence of various concentrations of H2O2.
As seen in Fig. 3.8 (a), the CV at the bare Pt has a typical profile in
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(a) (b)

Fig. 3.7. EDS mapping of electroplated Pt on one of the combs (green)
and non-modified comb (red), showing zoom in area of Au and Pt layers
(a), EDX spectra, showing composition of elements (b).

Table. 3.2. Element weight and atomic mass obtained from EDS data
in the area of Pt electroplated IDA, showing high amount of Pt of 93.55
%.

Element Weight % Atomic %
C 3.68 36.93
O 0.53 3.97
Pt M 93.55 57.74
Au 2.24 1.37
Totals 100.00

neutral pH [163]. Oxidation of H2O2 took place in the potential range
from 0.4 to 0.8 V vs Ag/AgCl. Further addition of the analyte to buffer
solution caused an increase in the oxidation and reduction current dens-
ities with increase in H2O2 concentration (Fig. 3.8 (a)). However, the
increase in oxidation current density of 0.3 mAcm−2 per 2 mM of H2O2
in the anodic region was lower compared to that of reduction current,
i.e., 0.7 mA cm−2 for the same increase in the concentration of H2O2.
The sensitivity to H2O2 in the CV mode was 0.23 and 0.34 mA cm−2

mM −1 for H2O2 oxidation and reduction regions, respectively. The dif-
ference in the sensitivities of the cathodic and anodic regions appear due
to different electron transfer rate in oxidation and reduction rate of H2O2
determined by the influence of oxidation of Pt surface and reduction of
the oxides formed, respectively. Additionally, calibration in the cathodic

65



and anodic regions was performed using chronoamperometry. Increase
of response to H2O2 using chronoamperometry is shown in (Fig. 3.8 (b).
It was found that the best sensitivity was at the potential of +0.35 V,
especially for concentrations down to 20 M of H2O2, and this potential
was chosen as optimal for further experiments.

A typical hydrodynamic chronoamperogram for various H2O2 concen-
trations is shown in Fig. 3.8 (b). As seen, the response was linearly
proportional to H2O2 concentration. The response time was 5 s up to
concentrations of 0.5 mM H2O2. The entire tested range of H2O2 con-
centrations spanned from 1 M to 6 mM (Fig. 3.8 (b) showed responses
up to 2 mM because the range of the lower concentrations is more relev-
ant for sensors applications. Inset in Fig. 3.8 (b) presents the calibration
curve. In general, the linear H2O2 detection range was found to span
two intervals from 1 to 8 M and from 10 µM to 6 mM, whereas the LOD
value, calculated from calibration curve using 3 σ method (3 times stand-
ard deviation of the calibration curve divided from slope) was 21.7 nM,
and the sensitivity of the Pt IDA microelectrode to H2O2 was 770 and
428 µA cm−2mM−1 (if normalised per electroactive are(a)) for the first
and the second linear range, respectively. The majority of the existing
works and all the works discussed below use normalise current per geo-
metric area, in our case, it would be 2662 and 1443 µAcm−2mM−1, for
each linear range, respectively. Comparing to other works the sensitivity
was reported 2.70 µAcm−2mM−1 for Pt bulk electrode [64]. However, the
formed nanostructured Pt microelectrodes were less sensitive than a Pt
black microelectrode in a microfluidic system with a reported sensitivity
of 6 mAcm−2mM−1 [80]. Moreover, Pt nanoparticles modified electrodes
obtained in other way such as sputtering [169]. The attention should be
paid to that EASA differs significantly from the geometric area, which
is not always available from the reported data in the literature to the
comparison of the sensitivity is not straightforward.

Therefore, LOD is a more convenient parameter for comparison with
other reported electrode systems. Thus, for our Pt IDA microelectrode,
the determined LOD was 21.7 nM. For comparison, for the first gener-
ation of glutamate biosensor based on Pt microelectrode array at 0.7 V
(Ag/AgCl) (where H2O2 obtained during the enzymatic reaction was de-
tected), the LOD was 790 nM [157]. Also, LOD = 4.5 µM at mesoporous
Pt microelectrode was reported in [47], whereas Pt black electrodes yiel-
ded a LOD of 10 nM [121]. Thus, the Pt IDA microelectrode system
described herein can be applied for detection of low concentrations of
H2O2 and its electrochemical performance is close to that of Pt nano-
crystalline structures [80, 48, 144]. At the same time, fabrication of such
Pt nanostructure-enhanced microelectrodes is simple and reproducible,
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(a)
(b)

Fig. 3.8. Sensing of H2O2 in physiological medium. CVs for increasing
concentration of H2O2 (0 - 2 mM, step of 0.5 mM), at scan rate 50 mVs−1

(a), Chronoamperometry at 0.35 V vs. Ag/AgCl in dynamic range of
H2O2 injections from 10 µM to 2 mM.

compatible with other processes necessary for a microsystem develop-
ment.

3.3 Design and characterisation of
the miniaturised electrochemical cell

3.3.1 Sealing of interdigitated array

As a microband array was a region of interest, Au dedicated as a
contact track was required to be masked. Several insulating materials
were tested including hydrophobic pen, nail polish and PSA tape. As
hydrophobic pen and nail polish were mechanically unstable, PSA was
selected as an insulating layer and used in this work. The photograph
of IDA electrode with formed PSA mask is shown in Fig. 3.9 (a), with
zoom in area imaged by optical microscope showing overview of fabricated
IDA including contact tracks, the remaining Au rectangular are isolated
zones used for alignment of PDMS stamp. CVs in Fig. 3.9 (b) show
electrochemical behaviour of Au in H2SO4 vs. Ag/AgCl, with cathodic
peak at 0.815 ± 0.002 V. The electrochemical characteristics of 1st, 2nd,
3rd contacts and geometrical area calculated from microscope image are
summarised in Table. 3.3.

The 2nd electrode has higher area ( 18 %) than the 1st one, which
can be explained by a higher number of microband arrays in the design
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(a) (b)

Fig. 3.9. Region of interest was sealed using PSA tape (a). Bright field
microscope image, showing the region of interest for electrochemistry, 1st,
2nd, 3rd contacts for clipping of electrodes. CVs in 10 mM H2SO4, with
scan rate of 50 mVs−1, where 1st, 2nd, 3rd contacts clipped subsequently
as a WE (b).

Table. 3.3. Values of geometrical area of electrodes (evaluated from
microscope image) and electrochemical parameters from CV in 10 mM
H2SO4. Error calculated as 1 STDEV.

A, cm2 ipc, µA Q, µC E, V
1st 4.61 ± 0.08 x 10−3 2.60 ± 0.09 5.71 ± 0.04 0.815 ± 0.002
2nd 4.32 ± 0.06 x 10−3 2.25 ± 0.013 4.73 ± 0.07 0.815 ± 0.001
3rd 13.2 ± 0.2 x 10−3 7.817 ± 0.29 16.46 ± 0.15 0.815 ± 0.002

of IDA electrode. The 3nd electrode has larger geometrical area exposed
to electrochemical solution (seen from microscope overview marked zone
Fig. 3.9 (a)) leading to higher values of total charge (16.46 ± 0.15), cal-
culated from integrated area under cathodic peak from Fig. 3.9 (b). The
total charge was calculated, after the sealing of electrodes with PSA from
several measurements with a minimal standard error of 1% (1 STDEV).

3.3.2 Design and configuration of interdigitated electro-
chemical cell

In this work several different electrochemical cells described in Experi-
mental section were used. Different potential scan rates in 1 mM FcMeOH
in 0.1 M PB were measured for WE with external CE (Fig. 3.10 (a)) and
WE with internal interdigitated CE (b) systems. Fig. 3.10 shows linear
increase of ipa and ipc withing the square root of the scan rate (from 5 to
200 mVs−1) demonstrating diffusion controlled process [147]. The slope of
the current vs. potential scan rate for WE only and WE-CE interdigitted
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in Fig. 3.10 (c) and (d)) respectively is shown. For WE only, the slope
values were of 0.0741 µA(Vs−1)−1/2 and −0.0371 µA(Vs−1)−1/2, with R2

of 0.998 and 0.969 for ipa and ipc, respectively.

ip = 0.4463 nFAC
(
nFvD

RT

) 1
2

(3.2)

(a) (b)

(c) (d)

Fig. 3.10. CV of oxidation and reduction of 1 mM FcMeOH at different
scan rates from 5 mVs−1 to 450 mVs−1 for WE only (a) and interdigitated
WE/CE (b). The dependence of current on square root of the scan rate
for WE only (c) and interdigitated WE/CE (d). Error bar is smaller than
data symbol.

For the WE-CE configuration, the slope values were of 0.0445 µA(Vs−1)−1/2

and −0.0348 µA(Vs−1)−1/2, with R2 of 0.989 and 0.976 for ipa and ipc,
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respectively. The diffusion coefficient of FcMeOH was calculated using
Randless-Sevcick equation ( 3.2) giving comparable to literature value of
2.002 × 10−7 cm2s−1 [88], which was used later for CV simulation.
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3.4 Simulation of diffusion and comparison with
experimental

The electrochemical response of a microelectrode array, most com-
monly assessed via CV, depends on the geometry and the diffusional
transport of the electroactive species to the electrode surface. Unfor-
tunately, transport of an active redox species to the microelectrode is
complicated, with overlapping of spherical diffusion fields leading to lin-
ear diffusion profiles at lower potential scan rates. An understanding of
the complex mass transport can be drawn from finite element simulation.

3.4.1 Simulation Model

A simulation of the CV response for WE only and WE/CE integrated
microelectrode arrays (in Fig. 3.11 ) at different potential scan rates were
constructed.

The diffusion transport of the FcMeOH redox species to the work-
ing and counter electrode array was simulated. Diffusion transport was
described by the Fick’s second equation:

dci
dt

= Di 52 ci (3.3)

where ci is the concentration of species i (either neutral ferrocene (Fc)
or oxidised Fc+) and Di is the diffusion coefficient for species i, which was
set to 2.002 × 10−7 cm2s−1 [88] for both species and initial concentration
of Fc was 1 mM and for Fc+ was 0 mM.

The simulation was carried out using a 2D geometry as shown in
Fig. 3.11, using the lateral symmetry along the 900 µm digits of the in-
terdigitated electrode to minimise the simulation computing time and a
reflectional symmetry to further reduce the simulation domain to the one
shown in Fig. 3.11.

The oxidation and reduction of the ferrocene redox couple at both the
working electrode and counter electrode were described using the Butler-
Volmer equation:

JFc+ = cFck0e
((1−α) zF

RT
η) − cFc+k0e

(−α zF
RT

η) (3.4)

Where η is the activation overpotential (defined as η =E - Eeq). Eeq
was set as 0 V. Temperature was set as 300 K, α = 0.5, k0 was set to 5
cm/s to simulate the fast kinetics of the Fc/Fc+ redox couple, z = +1, and
F is the Faraday’s constant. On the CE we only consider the reduction
of Fc and so set the potential on the Au counter electrode as E= -0.3 V,
which was estimated from empirical data. The other boundaries of the
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simulation domain were set to either the bulk concentration (labelled as
C∗. In Fig. 3.11, CFc = 1 mM, CFc+ = 0 mM), a symmetry boundary
(labeled as symmetry in Fig. 3.11), or no flux boundaries (∂C/∂y = 0 in
Fig. 3.11).

Fig. 3.11. Schematic view of the model obtained for simulation includ-
ing design of geometry, height and width domain, meshing and boundary
conditions for the diffusion of 1 mM FcMeOH.

The domain meshed with triangular elements, and the simulations of CV
and concentration profiles have been optimised until no changes occurred
in simulated CV and concentration profiles with an increase in the num-
ber of mesh elements. The number of elements was optimised to have
high-resolution mesh, especially on the edges of IDA electrode, where the
number of elements was required to be 12000. The current was calculated
integrating diffusive flux of FcMeOH over WE, and multiplying by two
times the length of the microelectrode band (2×900 µm).

3.4.2 Comparison of experimental data with simulation

For comparison of expermental and simulated values, steady state cur-
rents from experimental and simulated CVs were plotted and the match-
ing values are shown in Fig. 3.12 (a). Divergence between WE only and
WE/CE is observed below 100 mVs−1 in both experiment and simulation,
with expectation of 2 times higher current at low potential scan rates in
both our experimental data and our simulations. However, at the higher
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potential scan rates, the current values between the two configurations
match. This effect can be understood by considering the concentration
profiles Fig. 3.12 (b) for both experimental configurations.

(a) (b)

Fig. 3.12. Plot of steady-state current at 0.3 V for the experimental
and simulations for a range of potential scan rates in the two experimental
configurations, WE only and WE/CE interdigitated. (a) Fc concentration
profiles at three different potential scan rates in both the WE only and
WE/CE configurations, showing a total overlapping of diffusion from in-
terdigitated electrodes at low potential scan rates for WE only and partial
stooped overlapping for WE/CE interdigitated electrodes at low potential
scan rate (b).

Concentration profiles at 10, 50 and 100 mV s−1 at E = 0.3 V are
shown in Fig. 3.12 (b). It can be observed from the 2D diffusion profiles
that during ferrocene oxidation at the WE the interdigitated CE (set at
E=0.25 V) provided a sink (a location for the reduction of oxidised fer-
rocene) and reduced the overlap of the diffusion profiles from adjacent
parts of the WE. This sink effectively stopped diffusional overlap occur-
ring between different digits of the working electrode and prevented a
linear diffusion profile developing. At the lower potential scan rates, it
was enough time to elapse for the diffusion profiles to overlap and there-
fore for a difference between WE only and WE/CE to be observed. At the
faster potential scan rates (>100 mVs−1), not enough time passed during
the CV for diffusional overlap to occur and therefore we do not observe the
difference between WE only and WE/CE configurations. Interdigitating
the CE with WE effectively increase the flux (measured as an increase
in current) of redox species to the WE surface. An interdigitated elec-
trode configuration the size of the diffusion layer is reduced, preventing
the generation of a linear diffusion profile. The effect of the integrated
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CE regenerating the redox species and suppressing diffusional overlap
between different digits of the WE array can be expected to increase the
sensitivity for an interdigitated electrode that relies on the interaction
of Fc with the target species. As such, this unusual configuration might
be employed for interdigitated electrode design, effectively making use of
the CE, typically located far away from the working electrode surface to
increase mass transport to the working electrode and prevent diffusion
overlap from the different digits of the working electrode.

3.5 Characterisation of Au as pseudoreference
and sensing of ferrocene

Nevertheless, Ag/AgCl is mostly used as the reference electrode in
biosensors; it was reported that some inaccuracies leading to low repro-
ducibility in measurements of reference potential might occur [44].

Fig. 3.13. CV of interdigitated WE and CE measured in 1 mM
FcMeOH in 10 mM PB, at 50 mVs−1 vs. Ag/AgCl and Au reference
electrodes, giving a negative shift by -100 mV.

To simplify fabrication of electrochemical cell, the fabricated IDA was
design as three electrode electrochemical cell: 1st- WE, 2nd- CE and 3rd-
RE electrodes (Fig. 2.3 (e)). Avoiding, extra modification step, the Au
(3rd electrode ) was considered as pseudoreference electrode. Au was
chosen, due to its simplified single-stage 3 electrode system fabrication, its
possibility to use of ultra-thin electrodes, its strong biocompatibility, Au
relatively stable reference potential and environmental durability reported
previously [54, 81, 158, 170]. In Fig. 3.13, CV measured vs. Ag/AgCl
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and Au pseudoreference electrode show potential shift to lower values by
100 mV.

(a) (b)

Fig. 3.14. CV of Au/Au/Au system in 1 mM FcMeOH in 10 mM
PBS, at 50 mVs−1 for 9 measurements (a). The ratio of anodic (ipa) and
cathodic (ipc) current at steady state current and peak to peak separation
∆Ep over several scans showing good stability in 5 µL droplet (b).

The stability of Au as pseudo reference electrode was evaluated by
comparing at least 9 repeated measurements of CV (Fig. 3.14 (a)) in
5 µL of 10 mM PBS solution containing 1 mM FcMeOH. The average
of peak to peak separation ∆Ep was 116 ± 1.2 mV demonstrating quasi
reversible system, where the ipa/ipc was 1.006 ± 0.003. The standard
deviation of cathodic and anodic currents and potentials, calculated from
9 measurements was less than 1%. The stability of Au pseudoelectrode
was with a variation of ∆Ep of only 1 %.

As for the characterisation of interdigitated, WE and CE showed pre-
dictable higher sensitivity up to 2 times in experimental and simulated
values of steady currents at low potential scan rates; FcMeOH was studied
as a model system to prove the concept.

Table. 3.4. Slope values representing sensitivity to FcMeOH at the
potential scan rates of 50 mVs−1 and 5 mVs−1. Error calculated as 1
STDEV from 3 measurements of the same concentration.

Slope, nAµM−1 LOD, µM−1

ipa ipc ipa ipc
50 mVs−1 0.718 ± 0.005 -0.283 ± 0.004 32 74
5 mVs−1 0.851 ± 0.008 -0.498 ± 0.011 24 51
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(a) (b)

(c) (d)

Fig. 3.15. CV of oxidation and reduction of FcMeOH in dynamic range
from 0.5 µM to 1000 µM at 50 mVs−1 (a) 5 mVs−1 (b). Calibration curves
obtained at steady state ipa and ipc current from 50 mVs−1 (c) and 5
mVs−1 (d).

Electrochemical detection of FcMeOH using CV in a wide range of con-
centrations from 0.5 µM to 1000 µM (supported by 10 mM) PB at higher
(50 mVs−1) and lower (5 mVs−1) potential scan rates was studied. The
values of anodic and cathodic currents in CV increased, with increased
concentration of redox-active molecules, as shown in Fig. 3.15 (a), (b).
When the potential scan rate was low (5 mVs−1), the steady-state cur-
rents were obtained showing the domination of spherical diffusion. Also,
the value of steady-state current was much higher than the one obtained
at a higher potential scan rate. Calibration curves were obtained, at the
steady-state current at -0.3 V and 0.4 V with increase of concentration
is shown in Fig. 3.15(c), (d). Interestingly, the anodic current increased
much faster than the cathodic one with the increase in concentration,
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with the R2 = 0.999 for ipa and ipc R2 = 0.998.
The slope of the current vs. concentration representing sensitivity

measured at 50 mVs−1 and 5 mVs−1 (Fig. 3.15 (c), (d)) and LOD are
sumarised in Table. 3.4. At 50 mVs−1, the sensitivity calculated from
slope of signal vs. concentration was of 0.718 nAµM−1 and−0.283 nAµM−1,
with R2 of 0.999 and 0.998 calculated for ipa and ipc, respectively. At 5
mVs−1, the slope was higher giving values of sensitivity of 0.851 nAµM−1

and −0.498 nAµM−1, with R2 of 0.999 and 0.995 for ipa and ipc, respect-
ively. Comparing LOD, the lower values for higher slopes were obtained
reaching 32 µM−1 and 24 µM−1 for 50 mVs−1 and 5 mVs−1, respect-
ively. The obtained highest sensitivity (0.851 nAµM−1) for 5mVs−1 was
1.6 times higher than the highest reported in literature (0.547 nAµM−1

and 0.521 nAµM−1)[170].
The sensitivity to FcMeOH was higher, when sensing at low potential

scan rate (5 mVs−1), with approximately 18 % and 75 % for ipa and ipc,
accordingly. Also, LOD was 31-33 % lower when scanned at 5 mVs−1.

3.6 Sensing of carcinoma antigen 125 using
surface plasmon resonanse

For sensing of CA125, antibody anti-CA125 was used. To have co-
valent immobilisation of anti-CA125 SAM was formed as described in
subsection 2.3.3. The -COOH groups were activated by using NHS/EDC
crosslinker. The anti-CA125 was attached using µCP. Several incubation
times of 5, 10, 20 and 40 min of anti-CA125 diluted in 0.1 M PBS on
structured hydrophobic PDMS stamp was investigated. After 5 or 10
min incubation, the stamp was still hydrophobic and after 20 min inking,
PDMS stamp became hydrophilic meaning that the antibody physisorbed
on PDMS stamp. Longer incubation for 40 min did not give any changes,
shorter time of 20 min was chosen as optimised. The rest of anti-CA125
was collected from PDMS stamp and reused for repeatable procedures of
µCP. After inking the PDMS stamp was gently dried with N2 and placed
on NHS/EDC activated SAM. The contact time between PDMS stamp
and SAM was investigated having 5, 10, 20 and 40 min. It was observed
that at short contact times 5 - 10 min the coverage of the protein layer
was not homogenoius and after 20 min of µCP pattern with 50 µm lines
was formed and no longer times where needed. The main advantage of
µCP was the ability to pattern substrates with antibody, without losing
high amounts of the ink itself. The coverage of anti-CA125 was studied
using Imaging ellipsometer.
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3.6.1 Investigation of surface coverage by antibody

Ellipsometry Imaging (EI) was used to investigate the antibody cov-
erage on the substrate. The height mapping of patterned anti-CA125
is shown in Fig. 3.16. The average surface coverage by anti-CA125 cal-
culated as 3.79 ± 0.54 nm (estimated from 7 different zones) similar to
values of proteins coverage reported previously [164, 126].

(a) (b)

(c) (d)

Fig. 3.16. Height mapping before (a) and after anti-CA125 patterned
on substrate by µCP in several areas (zones within 500 µm distance in
between, were analysed) on 1x1 cm printed area (b), (c), (d), height scale-
bar is in nm.
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3.6.2 Real time detection of carcinoma antigen 125

The substrate after µCP of anti-CA125 was blocked with 2% of BSA
subsection 2.5.2. In Fig. 3.17, the kinetic of BSA non-specific binding
and CA125 specific binding are shown. Two zones with and without
antibody were compared for binding of CA125. The signal increase after
CA125 injection was distinct. Some non-specific binding of CA125 was
present possibly caused by the negatively charged substrate. The relative
response (RR% = 100 % × (Signal-blank)/blank) was calculated and
values for two interfaces compared, showing 40 % higher signal for anti-
CA125 interface than for BSA interface.

3.6.3 Specificity to carcinoma antigen 125

The interactions of anti-CA125 and CA125 were studied by SPR. First
of all, the SPR substrate was functionalised with SAM of carboxyalkyl thi-
ols on which anti-CA125 was attached via amide bond using microcontact
printing. To form a mixed self-assembled monolayer of carboxyl- termin-
ated alkanethiols, the SPR Au chips were washed once in n-Hexan and
sonicated in distilled ethanol for 5 min. Subsequently, the substrates were
immersed overnight in 40 µM solution consisted of of 70 % HS–EG3OH
and 30 % of HS–EG6 –COOH. The SPR substrate was subsequently
ultrasonicated for 3 seconds in purified ethanol and rinsed with water
and gently dried in N2 stream before immobilisation of antibodies on the
surface. Carboxylic terminal groups were activated with a mixture of 2.5
mM NHS and 10 mM EDC in ethanol for 30 min. In parallel, 500 µL of
1:100 diluted in 0.1 M PBS anti-CA125 (150 mM NaCl added freshly be-
fore dilution) was incubated as an ink on PDMS stamp with 200 µm lines
and 200 µm gaps for 20 min and the solution of antibodies was collected
for further use. After incubation, PDMS stamp was dried with gentle N2
stream and placed on SPR chip for 10 min. Any, active carboxy- groups
on the chip were blocked with 0.5 % BSA. Subsequently, the sensor was
placed to the SPR cell.

The non-specific binding signal of BSA and specific of CA125 was 3.5
times lower than specific CA125 binding (Fig. 3.17 (b)), which is optimal
for sensing applications.

3.7 Sensing of carcinoma antigen 125 on
interdigitated electrodes

The sensor for CA125 was fabricated as described in experimental sec-
tion 2.5. The CV of Au IDA electrode in 1 mM FcMeOH before and after
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(a) (b)

Fig. 3.17. SPR kinetic (step 0.5 s) during non-specific BSA binding
(from 40 to 120 min) and specific binding of 50 µgmL−1 of CA125 (from
120 to 170 min) in 7.3 pH PB (the signal smooth to windowlength = 9,
polyorder = 3) (a) Specificity of antibody to CA125, RR% = 100 % ×
(δ-δblank)/δblank (b), errorbar calculated as 1 STDEV.

SAM formation is shown in Fig. 3.18. After SAM formation, the anodic
peak was suppressed by 40 % and shifted to higher potential, i.e. 300
mV. Cathodic peak almost disappeared, showing that Au surface is not
available for electron transfer caused by SAM formed on IDA (Fig. 3.18).
Also, the peak to peak separation in CV increased, demonstrating slow
electron charge transfer similar to reported previously [7].

Subsequently, anti-CA125 was immobilised as described in subsec-
tion 2.5.2 and the sensor calibrated for CA125. As CV was not sensitive
for antigen concentration changes, EIS was used for sensing of CA125.
EIS method has been reported in literature as having an inherent ability
to sensitively control the characteristics of conductivity, steric, dielectric
or charging potential at an electrode / electrolyte interface [23, 22, 49].
When the surface was changed by Anti-CA125 and IDA was immersed
in electrolyte, an electrical double layer was formed. EIS were recor-
ded and ploted as a Nyquist plot, which is typically performed inside a
Randles-equivalent circuit scheme. As sometimes it is difficult to find
equivalent circuit giving acceptable fitting, two types of data analysis
methodologies: classical fitting of Rct and Immittance function analysis
by screening slope, LOD and R2 values were used.

Electrochemical detection of CA125 using EIS in a dynamic range of
concentrations from 0.4 µgmL−1 to 3 µgmL−1 was studied. As seen in
Fig. 3.19 (a), almost ideal semicircle was obtained indicating that the
SAM was well packed on Au IDA. The signal of electrochemical imped-
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Fig. 3.18. CV of IDA in WE/CE interdigitated configuration after SAM
formation, scan rate 50 mVs−1, in 1 mM FcMeOH, supported by 0.1 M
PB.

ance increased - with the increased of the concentration of CA125 as
shown in Fig. 3.19 demonstrating slower charge transfer within the ad-
sorption of CA125. The diameter of semicircle (Rct) increased from 26.3
kΩ to 49.9 kΩ with the increase of CA125 from 0 to 3 µgmL−1 (Fig. 3.19
(a)). In Z′ ploted vs frequency (Fig. 3.19 (b), the values of Z′ at low
frequencies increased from 35.2 to 53.5 kΩ with increased concentration
of CA125, which are similar resistance values obtained from Rct. It has
been reported in literature that Z′ vs frequency can be linked to Rct value
if steady state values at low frequencies are reached [23]. In Fig. 3.19 (c)
Z′′ vs frequency is plotted, showing increase of the maximum of the peak
value with increased concentration of CA125. The position of obtained
peak frequency (23.82 ± 2.2 Hz) is related to time constant of the sys-
tem. As the time constant doesn’t change with increase concentration of
CA125, the immitance analysis can be applied.

Nyquist (Fig. 3.19 (a)) and Z′ and Z′′ plots vs. frequency (Fig. 3.19
(b), (c)) were analysed using several methods including Nyquist fitting to
equivalent circuit and immittance analysis for single frequency analysis.
In the Fig. 3.20 (a), (b) the dependence of RR% vs. amount of CA125 re-
flecting sensitivity of biosensor is shown. The RR% of 90 % was obtained
when RR% was calculated from Rct values (Fig. 3.20 (a)). The RR% of
160 % was obtained when RR% was calculated from the maximum of
the peak of Z′′ (Fig. 3.20 (b)), with almost two times higher slope (58.56
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(a)

(b) (c)

Fig. 3.19. Increase of the signal in electrochemical impedance plots
after sensor exposure to several concentrations of CA125, Nyquist plots
(a), plot vs. frequency of Z′ (b), Z′′ (c), measured from 100,000 Hz to 0.1
Hz at 10 mV amplitude, DC voltage at OCP.

RR%/µgmL−1) value in comparison to slope (32.32 RR%/µgmL−1) cal-
culated from Rct. The LOD was compared for several methodologies of
data analysis and calculated using eq. 3.5, where σ - residual standard
deviation of the linear regression [35]. When plot of RR% calculated us-
ing Rct value vs concentration was used, the LOD with lowest value of
1.23 µgmL−1 was obtained.

LOD = 3× σ
Slope

(3.5)

For comparison LOD value obtained from the maximum of the Z′′ peak
was 1.31 µgmL−1, which is 6 % higher. Additionally, LOD was analysed
from Z′ and Z′′ plots vs. frequency (Fig. 3.19 (b), (c)). The frequencies
were selected between 0 - 100 Hz and only having the best linear response
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(a) (b)

Fig. 3.20. Calibration curves, where slope obtained from Rct fitted data
to Randles equivalent circuit (a), the maximum of Z′′ vs frequency plot
(b).

(R2>0.900). The RR% obtained from Z′ and Z′′ plots at several selected
frequencies vs concentration of CA125 are shown in Fig. 3.21 (a) and (b)
respectively.

(a) (b)

Fig. 3.21. Calibration curves obtained at selected frequencies from plot
vs. frequency of Z′ (a) and Z′′ (b).

Slope, LOD and R2 obtained at several frequencies (26.1, 31.6, 46.4,
68.1, 82.5 Hz) from Z′ are summarised in Table. 3.5, with obtained sens-
itivity from 5.1 ± 0.7 to 25.1 ± 0.6 RR%/µgmL−1 and LOD from 2.03
(at 82.5 Hz) to 1.13 (at 26.1 Hz) µgmL−1.

Slope, LOD obtained at the same frequencies (26.1, 31.6, 46.4, 68.1,
82.5 Hz) from Z′′ are summarised in Table. 3.6, with obtained sensitivity
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Table. 3.5. Parameters from Z′ EIS data for sensing of CA125 at
several frequencies.

f, Hz Slope, RR%/µgmL−1 LOD, µgmL−1 R2

26.1 25.1 ± 0.6 1.13 0.998
31.6 22.2 ± 0.5 1.14 0.997
46.4 15.2 ± 0.7 1.28 0.990
68.1 8.2 ± 0.6 1.52 0.971
82.5 5.1 ± 0.7 2.03 0.927

from 30.5 ± 0.7 (at 82.5 Hz) to 57.4 ± 2.6 RR%/µgmL−1 (at 26.1 Hz) and
LOD from 1.25 µgmL−1 (at 31.2 Hz) to 1.13 µgmL−1 (at 82.5 Hz). This

Table. 3.6. Parameters from Z′′ EIS data for sensing of CA125 at
several frequencies.

f, Hz Slope, RR%/µgmL−1 LOD, µgmL−1 R2

26.1 57.4 ± 2.6 1.24 0.989
31.2 54.8 ± 2.3 1.25 0.992
46.4 46.3 ± 1.3 1.17 0.996
68.1 35.5 ± 0.9 1.16 0.996
82.5 30.5 ± 0.7 1.13 0.997

data analysis method called immittance electroanalysis was discussed in
literature for faradaic (redox probe amplified) and non-faradaic assays,
where no equivalent circuit analysis is required [107, 15]. The immittance
electroanalysis might lead to simplified methodology without required ad-
ditional, time-consuming data fitting. Also, for some interfaces, semicircle
in the Nyquist plot is not always ideal, leading to difficulties in selecting
and modelling equivalent circuit. Plots vs. frequency might be better ex-
pressed, giving high sensitivity and lower LOD[108, 107]. The key feature
of this strategy was to use EIS as a transition method to track interfacial
activities without relying on pre-modelling it using equivalent cirquits.

In Fig. 3.22 and Fig. 3.23 for Z′ and Z′′ respectively, we show the
spectra of slope, LOD and R2 values in a whole range of frequencies from
100,000 Hz to 0.1 Hz for CA125 sensing on IDA interface. In case of values
obtained from Z′ vs frequency plot, R2 and slope values (Fig. 3.22 (a))
were optimal for sensing in lower range of frequencies from 26.1 to 82.5
Hz. As a result, LOD was lowest in the same frequency range (Fig. 3.22
(b)).

In higher frequencies (above 82.5 Hz) the slope was significantly lower
(up to 0.4 RR%/µgmL−1 at its lowest), and R2 also low and unstable
throughout most of that range, resulting in less than optimal LOD,
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(a) (b)

Fig. 3.22. Slope (a) and LOD (b) obtained from plot vs. frequency of
Z′ , showing the ranges of frequencies for best values of LOD (and the R2

= 0.991).

and thus making Z′ measurements not suitable for detection above 82.5
Hz frequency range. In case of values obtained from Z′′ vs frequency
plot(Fig. 3.23(a)), R2 and slope follow a different pattern. R2 was close
to 1.0 in higher frequency range of 12.1 - 82,520 Hz, although slope peaked
at 26.1 Hz and was relatively high (above 30 RR%/µgmL−1) only in 4.6
- 82.5 Hz range of frequencies (Fig. 3.23 (a)). Resulting LOD value on
IDA interface was at its lowest in 12.1 - 82,520 Hz frequencies (Fig. 3.23
(b)), demonstrating that R2 value has greater significance for LOD than
slope. Although the lowest LOD was measured at 82.5 Hz (1.13 µgmL−1),
detection at higher frequencies could be more attractive in cases where
faster measurement is needed and slightly higher LOD is still acceptable
(e.g. 1001 Hz, LOD 1.24 µgmL−1).

(a) (b)

Fig. 3.23. Slope (a) and LOD (b) obtained from plot vs. frequency of
Z′′ , showing the ranges of frequencies for best values of LOD (and the R2

= 0.991).
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The study specificity of fabricated sensor, the sensor was exposed to
200 µgmL−1 of BSA, HSA, FN and IgG selected as commonly used pro-
teins for specificity test. After IDA/anti-CA125 exposure to non-specific
proteins, the changes in RR% of 11 ± 2 % for BSA, 9 ± 1% for IgG,
12 ± 2 % for HSA, 16 ± 3 % for FN were obtained. After sensor ex-
posure to 10 µgmL−1 of CA125, the change in signal reached almost 70
%, demonstrating successfully formed antibody-antigen complex causing
high percentage change in signal. In literature, the RR% of almost 100
% was achieved for sensing of similar biomarker (MUC4) [65].

To sum up, once an appropriate frequency region is identified, acquisi-
tion and analysis time can be significantly reduced for CA125 analysis by
measuring only at select frequencies, thus achieving superior assay sens-
itivity and LOD values equal to or better than those obtained based on
using Rct obtained from Nyquist plots as the analytical transducer signal.

3.8 Sensing of carcinoma antigen 125 on Au and
Pt nano-structured electrodes

It has been reported that increased roughness factor of the working
electrode can enhance the magnitude of the electrochemical response since
more antibody can be immobilised for a given electrode area [140, 137, 95].
For this plane electrodes were electroplated by Au or Pt nanostructures
to compare performance in electrochemical sensing.

No oxidation or reduction peaks are observed for the unmodified SPCE,
suggesting that the SPCE electrode surface was mostly free of oxygen
functionalities. This behaviour was typical for a carbon electrode that
has not been exposed to oxidants but indicates a low number of sites
that can covalently link to antibodies, e.g., by coupling the amines to the
surface carboxyl groups.

The Fig. 3.24 shows voltammograms in 10 mM aqueous H2SO4 after
electroplating with Au and Pt nanostructures. For the Au nanostruc-
tured electrodes typical hydrogen adsorbtion and desorbtion peaks were
observed at 0.6 and 1.1 V respectively (Fig. 3.24 (a)). For the Pt elec-
trodes, hydrogen adsorption and desorption peaks are observed in the po-
tential range from -0.1 to 0.25 V (Fig. 3.24 (b)). Additionally, for both Au
and Pt electrodes, peaks corresponding to the formation and subsequent
reduction of metal oxide layers are observed in the potential range from
0.2 to 1.6 V. EASA for both Au and Pt electroplated nanostructures were
estimated from the charge passed under the oxide reduction peaks at 0.6
V and 0.4 V for Au and Pt, respectively. The charges associated with
the reduction of Au2O3 and PtO2 monolayers were 440 mCcm−2 and 390
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(a) (b)

Fig. 3.24. CVs of electrode after Au electroplating (a), Pt electroplating
(b) in 10 mM H2SO4, at 100 mVs−1.

mCcm−2, respectively. The total charges associated with the oxide re-
duction for the Au was 168 ± 11 mC and for Pt was 1300 ± 102 mC,
corresponding to EASA of 0.382 ± 0.032 cm2 and 3.250 ± 0.249 cm2

for Au and Pt respectively. The Pt-modified electrodes showed 8.5 times
greater EASA than that of Au.

Unmodified electrodes have a surface which was relatively smooth at
the scalebar of 10 and 5 µm (Fig. 3.25 (a), (b)). In sharp contrast, the
surface was strongly textured at a nano/micro-scale following the metal
electroplating, consistent with the increase area in the surface found using
CV. Fig. 3.25 (c), (d) displays electrode after deposition of Au and reveals
micro-to-nano particle formation (566 ± 19 nm) separated by unmodified
electrode regions. This morphology indicates that deposition continued
from the initial nuclei forming on the surface of the electrode and was
overgrowing to give continuous Au film. Fig. 3.25 (e), (f) shows that Pt
nanoparticles were formed with a diameter of 141 ± 27 nm. The smaller
size Pt nanoparticles were obtained possibly because Pt is much less easily
oxidized and has higher surface energy than Au [141].

Fig. 3.26 shows Nyquist and plots vs. frequency in different concentra-
tions of PB. The radius of the semicircle or max value in plot vs. frequency
of Z′ corresponds to the total cell resistance, i.e., the sum of the solution
and electrode resistance decreases with increasing electrolyte concentra-
tion. The obtained values of the signal are summarised in Table. 3.7. 0.1
M PB buffer, with the lowest resistance (high ionic strength), was chosen
for further analysis in immunosensor fabrication.

In order to obtain a more in-depth insight into the effect of metal func-
tionalisation, voltammetry was recorded at higher potential scan rates
so that the rate of heterogeneous electron transfer exerts a more con-
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(a) (b)

(c) (d)

(e) (f)

Fig. 3.25. SEM images of bare SPCE (a), (b) Au electroplated from
-0.8 V to 0.9 V, at 100 mVs−1 (c), (d) and Pt electroplated in potential
window of 0.65 to 0.9 V at 100 mVs−1, (e), (f) showing nano-particle
structure.

siderable influence over the observed response. Fig. 3.27 (a) shows the
effect of changing the potential scan rate on the voltammetry of 5 mM
[Fe(CN6)]3−/4− at the carbon modified with Au nanostructures in 0.1 M
PB buffer solution. The ratio of Ipa and Ica was 0.958 ± 0.013 for all po-
tential scan rates investigated, and the peak currents increased linearly
with the square root of the potential scan rate Fig. 3.27 (b). At 100 mV
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(a) (b)

Fig. 3.26. Nyquist plots after exposure to several concentrations (dif-
ferent ionic strength) of PB using Au (a) and Pt (b) interfaces, measured
from 100,000 Hz to 0.1 Hz at 10 mV amplitude, DC voltage at OCP.

s−1 scan rate, peak to peak separation was 165 mV, significantly more
significant than the 57 mV (expected for an ideally reversible couple).
Moreover, despite the ohmic drop being negligible, 4Ep increases with
increasing potential scan rate. These observations are consistent with a
quasi-reversible response that was influenced by the heterogeneous elec-
tron transfer dynamics and under semi-infinite linear diffusion control.

(a) (b)

Fig. 3.27. CV at different scan rates (50, 100, 150, 200, 250, 300,
350, 400 mVs−1) in 5 mM [Fe(CN6)]3−/4−, 0.1 M PB (pH 7.4) showing
diffusion controlled process (b).

Obtained electrochemical parameters are summarised in Table. 3.8.
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Table. 3.7. Obtained Rct values on Au and Pt nanostructured same
geometrical area electrode at numerous concentrations of PB buffer at 7.4
pH.

PB/ mM Rct/ kΩ
Au Pt

1.0 2717 ± 138 2360 ± 118
1.5 2017 ± 101 1741 ± 87
2.0 1500 ± 75 1299 ± 66
3.0 1088 ± 53 945 ± 48
5.0 726 ± 36 636 ± 31
10.0 485 ± 23 393 ± 19
20.0 347 ± 18 276 ± 13
50.0 244 ± 12 195 ± 10
100.0 212 ± 11 171 ± 9

The half wave potential (E0
′) after electrodeposition was 86 ± 4 mV and

92 ± 5 mV for Au and Pt, respectively. This value was much lower than
the value observed for the unmodified SPCE (128 ± 2 mV). The peak to
peak separation (4Ep) after electrodeposition was 155 ± 7 mV and 172
± 3 mV for Au and Pt, respectively.

Table. 3.8. Obtained E0
′ , 4Ep and ko values on Au and Pt nanostruc-

tured electrodes after modification with anti-CA125, BSA and CA125.

Configuration E0
′/mV 4Ep/mV ko/x10−5cms−1

SPCE 128 ± 2 263 ± 4 52.8 ± 8.9
Au 86 ± 4 155 ± 7 185.0 ± 3.7
Pt 92 ± 5 172 ± 3 132.0 ± 4.6
Au/anti-CA125 96 ± 9 224 ± 15 81.0 ± 9.5
Pt/anti-CA125 68 ± 10 223 ± 12 65.7 ± 8.50
Au/anti-CA125/BSA 118 ± 4 320 ± 11 6.20 ± 0.87
Pt/anti-CA125/BSA 99 ± 5 498 ± 52 5.10 ± 0.19
Au/anti-CA125/BSA/CA125 101 ± 12 306 ± 53 6.70 ± 0.97
Pt/anti-CA125/BSA/CA125 110 ± 13 158 ± 49 2.50 ± 0.82

This value was significantly lower than the value observed for the un-
modified SPCE (263 ± 4 mV), indicating faster electron transfer following
the metal deposition. Anti-CA125 immobilisation decreased the peak cur-
rent and increased 4Ep. This behaviour could arise for several reasons.
First, the presence of immobilised antibodies may decrease the rate of het-
erogeneous electron transfer to the solution-phase redox probe. Second,
the electron transfer at regions modified with antibody may be effectively
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blocked, causing the available area to decrease, in turn resulting in lower
peak currents. These two possibilities affect the voltammetric response in
different ways. The former mechanism was expected to change the appar-
ent ko, while the latter was expected only to decrease the peak current.
In order to extract the heterogeneous electron transfer ko, the full CVs
(Fig. 3.28) were fitted using the formal potential. The working area of
the electrode was set to the geometric area, 0.126 cm2. The CVs fitted
using the heterogeneous electron transfer rate constant as the only vari-
able accurately reproduced the peak potentials across a range of potential
scan rates.

(a) (b)

Fig. 3.28. CVs of electrode Au (a) and Pt (b) nano-structured inter-
faces showing decrease of electron charge transfer caused by sensor fab-
rication steps including anti-CA125 loading, non-specific signal blocking
with BSA, and detection of CA125, in 5 mM [Fe(CN6)]3−/4−, supported
by 0.1 M PB (pH 7.4), at 100 mVs−1.

For the Au nanostructures, ko decreased after antibody immobilisation
by a factor of two from 1.6 x 10−3 cms−1 to 8.1 x 10−4 cms−1. At the
Pt surface, the ko decreased from 1.3 x 10−3 cms−1 to 6.5 x 10−4 cm s−1.
Immobilisation of the blocking agent, BSA, caused a further decrease in
the current. Significantly, after BSA blocking at the Au nanostructured
electrode, ko decreased to 6.2 x 10−5 cms−1.

These observations were consistent with the ko decreased more than
13-fold to 5.1 x 10−5 cms−1 after BSA blocking. The change of ko after
BSA blocking was higher, since Au surface coverage by BSA was relat-
ively higher than the surface coverage by antibody. Finally, when antigen
CA125 was captured, the current of the peak in CVs decreased again.
However, the ko was indistinguishable before and after antigen binding
at the antibody-modified Au nanostructures. In contrast, ko decreased to
2.5 x 10−5 cms−1 after antigen binding at Pt nanostructured electrodes.
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While the CV peak shapes were well-described by the theoretical fits, the
magnitude of the experimental peak currents for the metal-coated elec-
trodes was significantly lower than those predicted by the simulation. The
fact that the experimental peak currents were lower than those predicted
theoretically, even with the lower ko values, could arise due to a lower
effective electrode area (blockage of the electrode by the bound antibod-
ies/blocking protein), impeded diffusion or electrostatic repulsion of the
negatively charged probe by the polyanionic capture layer. However, the
fact that an acceptable agreement between the theory and the experiment
can be achieved without changing the diffusion coefficient suggests that
the lower currents do not arise from the changes in the diffusional profile
following antibody/protein adsorption.

(a) (b)

Fig. 3.29. Nyquist plots of the signal after exposure to several concen-
trations of CA125 on Au nanostructured (a) and Pt nanostructured (b)
interfaces, measured from 100,000 Hz to 0.1 Hz at 10 mV amplitude, DC
voltage at OCP.

An important factor that can influence the voltammetric response was
the interfacial concentration of the probe that can deviate from the bulk
value if there were electrostatic interactions between the adsorbed pro-
teins and the probe. As the pI for the monoclonal anti-CA125 is 6.5 - 7.0;
i.e., under the used voltammetric conditions, it is uncharged. However,
BSA is negatively charged in the PBS buffer (pH 7.4). The CA125 antigen
has an isoelectric point between 6.2 and 7.3, indicating that antigen is
also negatively charged at pH 7.4. Thus, the entire antigen-capturing
surface, consisting of the anti-CA125 and BSA, is likely to repel the
[Fe(CN6)]3−/4−, decreasing its interfacial concentration electrostatically.

In Fig. 3.29 Nyquist plot semicircle sizes increase with increasing
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amounts of CA125. Same concentration ranges of CA125 were used to
compare response on Au (Fig. 3.29 (a)) and Pt (Fig. 3.29 (b)) nanostruc-
tured interfaces. The Nyquist plots presented in Fig. 3.29 were analysed
using Rct values and the standard Randles equivalent circuit model. As
presented in Fig. 3.29, the charge transfer resistance increased with the
increase in the target analyte concentration in the range from 0.4 µgmL−1

to 3 µgmL−1 on Au (a) and Pt (b) nanostructured interfaces.

(a) (b)

Fig. 3.30. Calibration of CA125 from fitted Rct values obtained on Au
nanostructured (a) and Pt nanostructured (b) interfaces, measured from
100,000 Hz to 0.1 Hz at 10 mV amplitude, DC voltage at OCP.

The obtained slope values were of 12.08 RR%/ µgmL−1 and 25.98
RR%/ µgmL−1 for Au (Fig. 3.30 (a)) and Pt (Fig. 3.30 (b)) nanostruc-
tured interfaces, respectively. More than twice higher sensitivity of Pt
nanostructures might be caused by a smaller size of Pt particles in com-
parison to Au nanostructures. Smaller nanoparticles might lead to higher
antibody loading, which gives better sensor performance [36]. Also, higher
sensitivity might be caused by higher electroactivity of the Pt itself. How-
ever, LOD value for Au nanostructured interface was slightly better (0.473
µgmL−1) than that for Pt (0.589 µgmL−1). Such a variation in LOD can
be explained by the lower value of R2 for Pt (R2 = 0.979) than for Au
(R2 = 0.986).

As Z′′ vs. frequency plot had well expressed wave shape (Fig. 3.31
(c), (d)), next step in the analysis was to plot maximum Z′′ values vs.
concentration of CA125 (Fig. 3.32). Using this method obtained sensit-
ivity was 15.6 RR%/ µgmL−1 (Au) and 58.67 RR%/ µgmL−1 (Pt), with
LOD values of 0.35 µgmL−1 and 0.68 µgmL−1 on Au and Pt interfaces,
respectively.

Additionally, LOD values for Au or Pt nanostructured interfaces for
CA125 were also analysed at several specific frequencies selected from Z′
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(a) (b)

(c) (d)

Fig. 3.31. Z′ and Z′′ plot vs. frequency of the signal after exposure
to several concentrations of CA125 on Au ((a), (c)) and Pt ((b), (d))
nanostructured interfaces, measured from 100,000 Hz to 0.1 Hz at 10 mV
amplitude, DC voltage at OCP.

and Z′′ vs. frequency plots (Fig. 3.31). Calibration curves are shown
in Fig. 3.33 for Au (Z′ (a), Z′′ (c)) and Pt (Z′ (b), Z′′ (d)). In case of
Au, values of slope, LOD and R2 obtained at several frequencies (0.1,
2.61, 4.64, 6.81, 8.25, 38.31 Hz) are summarised in Table. 3.9. Resulting
Z′ sensitivity ranged from 0.73 ± 0.52 RR%/ µgmL−1 (at 38.31 Hz) to
11.16 ± 0.79 RR%/ µgmL−1 (at 0.1 Hz) and LOD from 5.78 µgmL−1 (at
38.31 Hz) to 0.57 µgmL−1 (at 0.1 Hz). In case of Z′′ (Au), sensitivity
ranged from 6.85 ± 0.91 RR%/ µgmL−1 (at 38.31 Hz) to 15.2 ± 0.72
RR%/ µgmL−1 (at 0.1 Hz) and LOD from 1.08 µgmL−1 (at 38.31 Hz) to
0.38 µgmL−1 (at 0.1 Hz).

In case of Pt, values of slope, LOD and R2 obtained at the same (0.1,
2.61, 4.64, 6.81, 8.25, 38.31 Hz) frequencies are summarised in Table. 3.10.
Resulting Z′ sensitivity ranged from 2.07 ± 0.13 RR%/ µgmL−1 (at 38.31
Hz) to 23.69 ± 2.32 RR%/ µgmL−1 (at 0.1 Hz) and LOD from 3.60
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(a) (b)

Fig. 3.32. Calibration of CA125 from maximum values of the peak of
Z′′ vs frequency plot, obtained on Au nanostructured (a) and Pt nano-
structured (b) interfaces, measured from 100,000 Hz to 0.1 Hz at 10 mV
amplitude, DC voltage at OCP.

Table. 3.9. Parameters from Z′ and Z′′ from EIS data for sensing of
CA125 at several frequencies on Au nanostructured interface.

f, Hz Slope, RR%/µgmL−1 LOD, µgmL−1 R2

Z′ Z′′ Z′ Z′′ Z′ Z′′

0.1 11.16 ± 0.79 15.2 ± 0.72 0.57 0.38 0.98 0.991
2.61 9.40 ± 0.74 16.66 ± 1.72 0.64 0.86 0.976 0.957
4.64 7.83 ± 0.63 15.20 ± 1.59 0.65 0.84 0.975 0.958
6.81 6.26 ± 0.66 13.54 ± 1.32 0.81 0.79 0.962 0.963
8.25 5.37 ± 0.67 12.58 ± 1.17 1.01 0.75 0.941 0.967
38.31 0.73 ± 0.52 6.85 ± 0.91 5.78 1.08 0.328 0.934

µgmL−1 (at 8.25 Hz) to 0.50 µgmL−1 (at 38.31 Hz). In case of Z′′ (Pt),
sensitivity ranged from 3.95 ± 0.91 RR%/ µgmL−1 (at 38.31 Hz) to 29.63
± 3.76 RR%/µgmL−1 (at 0.1 Hz) and LOD from 1.87 µgmL−1 (at 38.31
Hz) to 0.67 µgmL−1 (at 2.61 Hz).

The spectra of values of Slope, R2 and LOD in a range of frequencies
(from 100,000 Hz to 0.1 Hz) for CA125 sensing on Au and Pt nano-
structured interfaces are shown in Fig. 3.34 and Fig. 3.35 for Z′ and Z′′

signal respectively.
In the case of values obtained from Z′ measurements Fig. 3.34 R2 and

slope values were optimal for sensing in lower frequencies for both Au
and Pt (Fig. 3.34 (a), (b)). In Au case, R2, which shows the strength of
the linear relationship between signal and frequency, was close to 1.0 in a
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(a) (b)

(c) (d)

Fig. 3.33. Calibration of CA125 obtained at several frequencies from
Z′ and Z′′ plot vs. frequency on Au ((a), (c)) and Pt ((b), (d)) nanostruc-
tured interfaces, measured from 100,000 Hz to 0.1 Hz at 10 mV amplitude,
DC voltage at OCP.

range of frequencies from 0.1 to 5.623 Hz, while slope was at its highest
in the similar range. LOD for Au was lowest in the same frequency range
(Fig. 3.34 (c)). In comparison, Pt nano-structured interface R2 and slope
values were optimal in a narrower frequency range of 0.1 to 1.212 Hz,
whereas a result LOD was lowest (Fig. 3.34 (b), (d)). Au LOD values in
low frequencies were lower compared to that of Pt (Fig. 3.34 (c), (d)),
which is explained by slightly lower R2 for Pt (R2 = 0.972) interface
compared to Au interface (R2 = 0.993). In case of values obtained from
Z′′ plots Fig. 3.35 R2 follow a different pattern between Au and Pt. In
the case of Au R2 was optimal in a rather narrow low-frequency range of
0.1 - 0.215 Hz, although slope peaked at 1.468 Hz which was not part of
this interval (Fig. 3.35 (a)).

Resulting LOD value on Au interface was at its lowest at 0.1 Hz
(Fig. 3.35 (c)), demonstrating that R2 value, in this case, has more con-
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Table. 3.10. Parameters from Z′ and Z′′ from EIS data for sensing of
CA125 at several frequencies on Pt nanostructured interface.

f, Hz Slope, RR%/µgmL−1 LOD, µgmL−1 R2

Z′ Z′′ Z′ Z′′ Z′ Z′′

0.1 23.69 ± 2.32 29.63 ± 3.76 0.79 1.02 0.963 0.940
2.61 16.24 ± 1.86 57.36 ± 4.77 0.92 0.67 0.95 0.973
4.64 9.70 ± 1.58 46.77 ± 4.15 1.32 0.72 0.904 0.969
6.81 4.68 ± 1.27 35.47 ± 3.64 2.19 0.83 0.772 0.959
8.25 2.37 ± 1.06 29.64 ± 3.35 3.60 0.91 0.558 0.951
38.31 2.07 ± 0.13 3.95 ± 0.91 0.50 1.87 0.985 0.824

(a) (b)

(c) (d)

Fig. 3.34. Slope and LOD calculated for CA125 at different frequencies
from Bode Z′ plots on Au (a), (c) and Pt (b), (d) nanostructured interface.

siderable significance for LOD than for slope. For comparison, in the case
of Pt R2 was optimal at frequency 2.61 Hz, and slope peaked dramatic-
ally at a similar frequency of 1.778 Hz (Fig. 3.35 (b)). Resulting LOD
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(a) (b)

(c) (d)

Fig. 3.35. Slope and LOD calculated for CA125 at different frequen-
cies from Bode Z′′ plots on Au (a), (c) and Pt (b), (d) nanostructured
interface.

value on Pt interface was at its lowest at 2.61 Hz, which similarly to Au
results shows the greater influence of R2 on LOD (Fig. 3.35 (d)) rather
than Slope. In summary, similarly to Z′ , Z′′ vs frequency plots results
had optimal LOD on Au interface at lower frequencies compared to Pt.
In general, LOD on Au interface was lower compared to Pt, due to more
fabulous linear fit (R2).
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Conclusions

1. For the first time, interdigitated gold microarray electrode was fab-
ricated using soft lithography and wet etching. A special design of
the electrode was created and optimised according to the results mi-
croscopic and electrochemical characterisation demonstrating elec-
trochemical signal variation of only 5 %.

2. The interdigitated array electrodes were modified with Pt coat-
ing for H2O2 sensing with the determined sensitivity to H2O2 of
2662 µAcm−2mM−1 with an LOD value of 21.7 nM., using electro-
plating, where roughness of Pt can be reliably controlled by varying
number of cycles performing cyclic voltammetry.

3. Completed analysis of fabricated interdigitated electrode geometry,
using finite difference method, modelled CV response of the Fc/Fc+
redox couple including simulation of overlapping diffusion layers.
The model has shown that current increases within 30 % at low
scan rates (5 mVs−1), when working and counter electrodes are in
interdigitated array configuration.

4. Comparison of Au miniaturised electrode and conventional Ag/AgCl
electrode revealed a -100 mV shift of CV signal for Au electrode
caused by different potential of Au. No significant changes in CV
anodic and catodic currents were observed when miniaturised (5 µL
cell) Au reference was used, giving excellent CV signal variance char-
acteristic of no greater than 1 %.

5. As a proof of miniaturised cell, electrochemically active species FcMeOH
were detected using CV (in 5 µL volume) with a dynamic range from
0.5 µM to 1000 µM, with sensitivity of 0.718 and 0.283 nAµM−1 and
LOD of 32 µM and 74 µM obtained at 50 mVs−1, and sensitivity of
0.851 and 0.498 nAµM−1, LOD of 24 and 51 µM at 5 mVs−1 from
anodic and cathodic currents.

6. Prior fabrication of electrochemical sensor to carcinoma antigen 125
on interdigitated array electrodes, antibody as bioreceptor was im-
mobilised on flat substrate and antibody coverage was studied us-
ing imaging ellipsometry, showing the average height of bioreceptor
(antibody) of 3.79 ± 0.54 nm, which was successfully tested for car-
cinoma antigen 125 detection using surface plasmon resonance.

7. Procedure of antibody immobilisation used on flat substrate was
successfully adapted onto interdigitated array microelectrodes and
carcinoma antigen 125 was detected in concentration range from
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0.2 to 3 µgmL−1. Data analysis using various parameters from elec-
trochemical impedance spectroscopy data was performed utilising
Nyquist, Z′ and Z′′ vs frequency plots. The lowest LOD of 1.20 µgmL−1

was observed from Z′′ vs frequency plot at 10 Hz using immittance
single frequency analysis.

8. The Au and Pt modified electrodes, due to their higher area than
plane electrodes, obtained better LOD than interdigitated array mi-
croelectrodes. The best obtained LOD values were 0.37 µgmL−1 and
0.58 µgmL−1 for Au and Pt nanostructured interfaces respectively.
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[58] M. I. González-Sánchez, J. Agrisuelas, E. Valero, and R. G.
Compton. Measurement of Total Antioxidant Capacity by Elec-
trogenerated Iodine at Disposable Screen Printed Electrodes. Elec-
troanalysis, 29(5):1316–1323, 2017.

[59] H. L. Gou, J. J. Xu, X. H. Xia, and H. Y. Chen. Air plasma assisting
microcontact deprinting and printing for gold thin film and PDMS
patterns. ACS Appl. Mater. Interfaces, 2(5):1324–1330, 2010.

[60] M. Govindhan, M. Amiri, and A. Chen. Au nanoparticle/graphene
nanocomposite as a platform for the sensitive detection of NADH
in human urine. Biosens. Bioelectron., 66:474–480, 2015.

[61] L. Grosjean, B. Cherif, E. Mercey, A. Roget, Y. Levy, P. N. Marche,
M. B. Villiers, and T. Livache. A polypyrrole protein microarray
for antibody-antigen interaction studies using a label-free detection
process. Anal. Biochem., 347(2):193–200, 2005.
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