
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



SMART ELECTROCHEMICAL SENSING 

SYSTEM FOR THE REAL TIME DETECTION 

OF ENDOCRINE DISRUPTING COMPOUNDS 

AND HORMONES

A thesis presented in partial fulfilment of the 

requirements for the degree of

Doctor of Philosophy

in 

Electronics Engineering

at Massey University, Manawatu,

New Zealand

ASIF IQBAL ZIA

30th October,

2014



Dedications

In the name of Allah the most beneficent and the most merciful 

To my parents

Mr Sher Afzal Zia

Mrs Shamim Akhter

To my wife

Mrs Nazia Asif

&

To my boys

Muhammad Shaheryar Asif

Muhammad Asfandyar Asif

Muhammad Abdur-Rehman Bin Asif

ii



Abstract

Presented research work has not only provided a real-time tool to perform week-long 

chemical and bio-chemical assays in minutes yet, it had been operating as a source of 

community awareness about the said chemicals that we keep ingesting knowing or 

unknowingly. Phthalates are the most ubiquitous chemicals that pose a grave danger to 

the human race due to their extraordinary use as plasticizer in consumer product 

industry.  All contemporary detection methods require high level of skills, expensive 

equipment and long analysis time as compared to the technique presented in this 

research work that introduces a real time non-invasive assay. A novel type of silicon 

substrate based smart interdigital sensor fabricated by employing thin film micro-

electromechanical system semiconductor device fabrication technology.

Electrochemical Impedance Spectroscopy was used in conjunction with the fabricated 

sensor to detect hormones and phthalates in deionized water. Various concentrations of

phthalates as low as 2 parts per billion to a higher level of 2 parts per million in 

deionized water were detected distinctively using new planar ID sensor based EIS 

sensing system.  The sensor was functionalized by a self-assembled monolayer of 3-

aminopropyltrietoxysilane with embedded molecular imprinted polymer to introduce 

selectivity for the phthalate molecule. Spectrum analysis algorithm interpreted the 

experimentally obtained impedance spectra by applying complex nonlinear least square

curve fitting in order to obtain electrochemical equivalent circuit and corresponding 

circuit parameters describing the kinetics of the electrochemical cell. Principal 

component analysis was applied to deduce the effects of surface immobilized molecular 

imprinted polymer layer on the evaluated circuit parameters and its electrical response.  

The results obtained by the testing system were validated using commercially available 

high performance liquid chromatography diode array detector system.
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Chapter 1      Introduction

1.1 Hormones and Endocrine Disrupting Compounds

The endocrine system in living organisms is made up by the set of cells and glands that 

produce chemical signals called hormones. Hormones travel through the blood stream

to approach respective receptors in the target cells. The major function of the endocrine 

system is to regulate nutrient supply to all cells, growth and reproduction. Anatomic 

positions of the glands of endocrine system are shown in Figure 1.1. Each set of glands 

relates to a specific function in the human body hence behave as a chemical control 

house to regulate the  systematic operation of the other body organs. Table 1.1 provides 

a detail of the glands forming endocrine system and their function in the human body.

Figure 1.1 The endocrine system in human body

Endocrine Disruptors (EDs) are exogenous chemicals or mixture of chemicals that 

interfere in the normal functioning of endocrine system and hormones.  Among the 

known endocrine disruptors, the most ubiquitous are esters of 1-2-Benzenedicarboxylic 

acid commonly known as phthalates. These industrial chemicals have a large number of 
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commercial uses such as lubricants, additives, solvents, softeners for plastics including 

food and beverage packaging, cosmetics, insecticides, paints, medical and 

pharmaceutical applications [1]. Since phthalate esters are not covalently attached to the

polyvinyl chloride (PVC) lattice structure, they leach, migrate, and evaporate directly 

into foodstuffs and atmosphere exposing human beings through ingestion, inhalation 

and dermal routes [2]. These can directly infuse into body fluids via medication and 

disposable medical plastic products [3].

Table 1.1 Endocrine system’s glands, hormones and their function 

Gland Hormones Functions in human body

Hypothalamus Releasing hormones Stimulate pituitary activity

Pituitary Trophic (Stimulating)
Stimulate Thyroid, gonadal and pancreatic 

activities

Thyroid Thyroid
Regulates metabolism, growth and 

development

Adrenal

Corticosteroid 

hormones 

Catecholamine

Regulate metabolism and behaviour

Pancreas Insulin and glucagon Regulate blood sugar level

Gonads
Oestrogens and 

androgens 

Regulate development and growth, 

reproduction, immunity, onset of puberty, 

and behaviour

Phthalates have been declared as ubiquitous environmental pollutants and endocrine 

disruptors by several health monitoring agencies all over the world for carcinogenic and 

teratogenic effects observed as reproductive and developmental defects in rodents [4, 5].

Published research concludes that phthalates pose highest toxicity and endocrine 

disruptive threat to the human race, especially to young children, infants, pregnant and 

nursing mothers [6]. Recent researches have suggested declining trend in the human 

reproductive hormonal levels, damage to sperm DNA and reduced sperm count in male 

adults [5]; whereas, elevated risk of altered breast development and breast cancer, 

premature puberty and prostate changes in females [7, 8]. Leaching of phthalates into 

food from packaging [9]; from PET (PETE, polyethylene terephthalate) bottles into 

beverages and mineral water [2] and from corks of glass bottles has been published

[10]. Wang et al. [11] showed that the phthalates leaching into orange juice from tetra 
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packaging grows 110 times higher than the safe intake limit of 6.0 μg/L set by US EPA 

(United States Environmental Protection Agency) during its shelf life and until close to 

its expiry date (Figure 1.2). The guideline for safe drinking water published in a list of 

priority compounds, posing endocrine disrupting hazards to humans by World Health 

Organization (WHO) and European Union sets 8.0 μg/L as a maximum safe limit for

DEHP presence in fresh and drinking water [12].

Figure 1.2 Leaching of DEHP and DEP from tetra packaging within 
expiry date of orange packaged orange juice[11]

The ubiquitous presence of phthalates as an environmental pollutant and containment in 

laboratory apparatus seriously limits minimal detection level below 2-ppb even under 

the most stringent conditions and controlled setup [13]. Solid phase micro-extraction 

(SPME) is a solvent free pre-concentration technique applied to extract phthalate 

metabolites from a mixture of compounds; in order to measure its quantity using Gas 

Chromatography (GC) and High Performance Liquid Chromatography (HPLC) [14-17].

Different types of detectors are used to measure the quantity of phthalates depending on 

the nature of the test sample. For example, DEHP is measured by GC using Electron 

Capture Detector (ECD) [18] and Flame Ionization Detector (FID) [7]. Liquid 

Chromatography (LC) coupled with Mass Spectrometry (MS) and UV detection are the 

most commonly applied well-established techniques [19].

In order to device a rapid and effective assay for hormones and EDCs, the author 

performed a detailed review of all the available contemporary commercial and 

laboratory techniques and methods used for hormone and EDCs detection. Hormone 

analysis is a very useful tool in pharmaceutical, medical and biological sciences. It has 
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been used as a diagnostic tool to confirm the disease and abnormality or to differentiate 

one physiological state from another. The method of hormone analysis has been 

changed throughout the years from bio-analysis to the more sophisticated techniques. 

However, every technique has its advantages and disadvantages and may be useful for 

different purposes. The best technique for measuring different hormones might also be 

different. Figure 1.3 shows all the types of phthalates used in industrial sector.

Figure 1.3 Types of phthalates used in industrial sector as plasticizers

Two major techniques used for hormone analysis are; receptor assay and immunoassay.

1.2 Receptor–ligand binding assays

In biochemistry, a receptor is a protein molecule found on the surface of a cell or 

embedded in the plasma membrane or the cytoplasm of a cell. It receives specific 

chemical signal from one or more specific kinds of signalling molecules that may attach 

to it. The signalling molecule, which binds to a receptor, is called a ligand. A ligand 

may be a peptide or other short molecule such as a neurotransmitter, a pharmaceutical 

drug, a toxin or a hormone. The ideal assay should be selective, sensitive, easy to 

perform, reliable, low cost, fast and adaptable for automation. Moreover, ideal assay 
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formats should not use any radioactive and toxic material in order to reduce health risks 

and environmental pollution as well as costs. Above all, the possibility to quantify 

multiple analytes in a single assay becomes more and more important, so the system 

should preferably be capable of multiplexing [20].

Receptor-ligand assays can be classified into three categories based on the detection 

techniques:

Heterogeneous assay uses washing; filtration, centrifuging or dialysis in order to 

separate the unbound fraction of the ligand from the receptor bound part of the analyte. 

Homogeneous assay, on the other hand, is mix-and-measure assay. It does not require 

additional steps of washing, filtration, centrifuging or dialysis which induces an 

advantage of assay automation and miniaturization. 

Non-separating homogeneous assay does not require separation procedures, rather the 

signal is centred or around a solid phase which contains the immobilised receptor or 

ligand [20].

1.2.1 Radio Receptor Assay (RRA)

Conventionally, receptor–ligand binding assays are heterogeneous and use radioactively 

labelled ligands for binding to a membrane-bound receptor. The principle is based on

the interaction between a labelled ligand and an analyte for the same receptor binding 

site. After incubation of the labelled ligand, analyte and receptor it is necessary to filter 

or centrifuge to separate the free from bound fraction. The radioligand selected for 

RRA should be selective, chemically stable, radio-chemically pure and must possess a 

high affinity for the respective receptor [21].

A major advantage of radio-ligand binding assays is sensitivity, selectivity and ease of 

use. Only one labelling step is required, that allows a quick set-up for the assay. The 

major drawback of these assays is, however, the use of radioactivity that poses a health 

risk to the operator and cause of producing radioactive waste. The requirement of 

separation of bound from free ligand renders these assays more labour-intensive and 

relatively slow. 

1.2.2 Scintillation Proximity Assay (SPA)

SPA is a radioactive assay which involves immobilization of a receptor on a small 

(5micrometer diameter) scintillant-containing microsphere and the ligand is labelled

with a radioactive isotope. When this radio-isotopically labelled molecule binds to the 
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microsphere, the radioisotope comes in proximity to the scintillant. Energy transfer 

from

scintillant which emits light photons as a consequence of the energy transfer. The light 

is detected by a phototube that in turn can be translated to the concentration of the 

ligand in the solution. The unbound radioactive ligand molecules lose energy in the 

aqueous medium without transferring it to the scintillant; hence, no photons are emitted 

due to unbound ligand molecules [22]. The technology has been widely utilized with a 

broad spectrum of applications, including mass measurement in research, 

pharmacological studies and cellular function screening for analytes. The isotopes of 

interest in the SPA technique are [3H] and [125I], with a preference for 125I due to its 

higher specific activity [23].

The advantage of mix-and- read-format makes this scintillation proximity assay easy to 

automate, which enhances assay reliability [23].

Major disadvantages include use of radioactivity making this technique very 

expensive and environment pollutant due to the production of radioactive waste.

Another potential difficulty is the need to immobilize the receptor on a solid 

surface, where it should remain stable and maintain affinity. 

SPA is time-consuming (18 H) in comparison to a filtration assay (90 min). The 

time necessary to reach equilibrium for the receptor-bead interaction and to 

allow the beads to settle down in the microtiter plate is the major cause. The 

latter is necessary to avoid signals from ligand that is not bound to the beads and 

can be accelerated by centrifugation. The relative long incubation time may also 

be a problem for instable receptors.

1.2.3 Fluorescence Resonance Energy Transfer (FRET)

Most of the mix-and-measure assays use the principle of fluorescence resonance energy 

transfer between ligand and receptor molecule when they come in proximity. FRET 

uses transfer of energy from a donor molecule to an acceptor molecule, which depends 

on the distance between two, for detection. FRET employs sensitivity to distance for the 

study of molecular interactions. The transmission of energy from a donor to acceptor is

radiation-free. The donor molecule is the dye or chromophore that initially absorbs the

energy and the acceptor is another chromophore to which subsequently absorbs energy 

[24]. This resonance interaction occurs over distances greater than the interatomic 

distances. It occurs without conversion into thermal energy or loss due to any molecular 
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collision. The transfer of energy reduces the donor’s fluorescence intensity and excited 

state lifetime which causes an increase in emission intensity of the acceptor. The kind of 

interaction that occurs in FRET is often referred as donor/acceptor interaction. FRET 

can result either in a decrease in fluorescence of the donor or an increase in fluorescence

of the acceptor. The two cosequent signals are compared to extract information [25] as 

shown in Figure 1.4.

Figure 1.4 Basic concept of FRET as photophysical process. (A) The 
plot shows the dependence of the FRET efficiency on the proximity of 
the donor-acceptor pair. (B) shows the effect of angle between donor 
fluorochrome and acceptor molecule on FRET [25]

The advantage of this method is a measure of interaction, that is independent of the 

absolute concentration of the sensor [26, 27]. The disadvantage is the matter of 

proximity depending on the assay design, appropriate donor-acceptor pair selection, 

distinguishability from one another, and the requirement of enough spectral overlap for 

efficient energy transfer between donor and acceptor pair. The utility of this technique 

to measure receptor-ligand interactions in homogenous assay is also limited due to the 

requirement of labelling both the donor and acceptor molecule. FRET is applied to 

study the structure and conformation of proteins [24]; spatial distribution and assembly 

of proteins [26]; receptor-ligand interactions [27]; immunoassays [28]; structure and 

conformation of nucleic acids [29].
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1.2.4 Fluorescence Polarization (FP)

Fluorescence Polarization measurements are based on the assessment of the rotational 

motion of the molecular species upon excitation with polarized light. This technique 

measures the difference in the rotational speed of the ligand molecule upon binding to 

its receptor during excited lifetime. The fluorescent labelled ligand is excited by 

polarized light, and the polarization of the emitted light is determined. Excitation of a 

fluorescent ligand with low molecular weight by polarized light results in depolarized 

light emitted in consequence of rapid rotation of ligand. When the same fluorescent 

ligand is bound to a high molecular weight receptor, the rotational speed of the bound 

molecules decrease causing the emitted light remains partially polarized.

This technique has a clear advantage of one-step labelling as compared to FRET that

required two-step labelling. FP requires simple and less complicated testing setup. The 

disadvantages of this technique are lack of precision at low (Nanomolar) concentrations; 

sensitivity is dependent on the affinity of ligand, intensity of the fluorophore and 

quantity of the receptor.   Required precision for an acceptable standard FP assay is 

achieved by keeping the receptor concentration at least 1pmol/mg protein and the ligand 

affinity below 5nM as stated by Gagne et al. [30]. The FP Assay technique has been 

applied to the soluble oestrogen receptor [31].

1.2.5 Fluorometric Micro volume Assay   (FMAT)

This is mix-and-measure assay technique which makes use of commercially available 

laser scanner that measures multi-well plates. The small molecule ligand is labelled with 

a fluorophore and receptor is immobilized on beads in, either, 96, 384 or 864 multi-well 

plates with transparent bottom and opaque sidewalls of each well. The scanner scans a 

1mm2 area using Helium-Neon red laser (633nm) as the excitation source for 

fluorophore labelled ligands bound with receptor molecules. It uses two photomultiplier 

tubes with band pass filters for the respective labels to detect two independent red dye 

emissions e.g. Cy5 and Cy5.5. Multiplexing minimizes reagent consumption and 

increases throughput. The mix-and-measure format is achieved by discriminating 

between cell-associated and free fluorescence during data processing, where cell-

associated fluorescence is detected as localized areas of concentrated fluorescence at the 

bottom of the well. To avoid interference, from auto-fluorescence of the cells, long 

wavelength emitting red dyes are used, which results in a very sensitive assay. Laser-
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scanning imaging is an analogous technique to FMAT, which can also be used for 

multiplexing to measure ligand–receptor interactions [32].

1.2.6 AlphaScreen TM

This is homogeneous bead-based assay also known as Amplified Luminescence 

Proximity Homogenous Assay. The donor used for this assay is singlet oxygen (1O2,

half-life 4 μs). On excitation with a wavelength of 680 nm, photosensitizer present in 

the donor beads convert ambient oxygen to singlet oxygen. that can travel longer 

distance (200nm) allowing the assay to probe interactions over longer distance than 

FRET. Receptor is immobilized on donor beads whereas antibody-captured ligand is 

present on acceptor bead. If acceptor bead is in the close proximity to donor, i.e. less 

than 200nm, the singlet oxygen transfers its energy in order to return to ground state, to 

the acceptor bead leading to emission of light with wavelength varying between 520 to 

620nm. The singlet oxygen molecule goes undetected if there is no acceptor bead 

present within the range of 200nm [33]. The beads used in this assay are 250nm 

diameter, which is much smaller than the beads used in SPA and FMAT. This property

serves advantageous to avoid clogging in liquid handling devices [34].

1.2.7 Flow Cytometry

This technique sequentially sorts or counts microscopic particles suspended in a fluid by 

means of optical signals using fluorescence. These particles may be cells or cell sized

beads of polystyrene/latex or dextran microspheres with a diameter in the micrometer 

range. Flow Cytometry requires that one of the interacting partners among receptor and 

ligand is immobilized on the bead and the other is provided with a fluorescent tag for 

the quantification of receptor-ligand binding. Two lasers are used to identify the bead

and quantify the fluorescence associated with the immobilized partners [35]. It can 

measure and quantify molecular interaction in a sensitive and specific manner, 

combined with high throughput of samples, multiplexing and the possibility of kinetic 

analyses. Although these are deemed to be the advantages of flow Cytometry technique 

but on the other hand, it remains difficult to setup such assays which require highly 

skilled man power and expensive setups.
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1.2.8 Fluorescence Correlation Spectroscopy (FCS)

Fluorescence correlation spectroscopy is a homogeneous assay technique that

determines receptor–ligand binding by measuring intensity fluctuations consequent to 

the differences in diffusion rate of individual dye-labelled ligands free in solution or

bound to a high-molecular-weight receptor. Binding of the ligand molecule to a receptor

molecule results in an increase in the mass and hence in a reduced rate of diffusion, 

which leads to increased average time spent in the irradiated volume. This results in

multiple photons emission from the labelled ligand/complex within a given time. As 

these photons are emitted from the same labelled ligand/complex moving in the fluid 

volume due to Brownian motion, they are correlated in time. The average correlation 

time is a measure of the fraction of ligand that is bound to the receptor and will be at its 

maximum if the fluorescent labelled ligand saturates the receptor. Since fluctuations of 

the fluorescent signal are governed by the number and quantum yield of the fluorescent 

molecules, it is necessary to reduce the irradiated volume such that individual molecules 

can be measured. This is achieved by using diffraction-limited laser beams and confocal 

detection optics, in combination with pinholes in the image plane, generating 

observation volumes in the order of femtoliters (μm3) [36]. Laser systems used in FCS 

are based on; Helium–Neon laser with excitation wavelength of 543nm and 633nm;

Argon laser with excitation wavelength of 488 and 514 nm and Argon–Krypton lasers 

with excitation wavelength of 568 and 647nm.

FCS displays an advantage to study receptor-ligand interactions at the molecular level 

on a living cell as compared to the traditional assay techniques which require extraction 

of a receptor from its natural membrane environment. Another advantage of FCS is that 

there is no need to immobilize a ligand or receptor as in the case of bead-based assays 

and biosensors. FCS is suitable of producing high throughput screening with and an

additional advantage of microliter of sample volume. On the other hand, it requires 

expensive setup in a laboratory environment with highly skilled workforce and 

extremely expensive state of the art optical and analytical equipment that is termed as a 

disadvantage of the technique.

1.3 Immunoassay

An immunoassay is a type of biochemical testing that is used to measure the 

concentration of a specific substance in a solution containing a complex mixture of 
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substances. Such testing uses the ability of very limited group of molecules called 

antigen to bind with an antibody. The binding between two requires high specificity just 

like a lock and key. The degree to which the analytical reagent can bind to its specific 

partner determines the specificity of the assay. The analytical reagents associated with a 

detectable label are required to perform immunoassay. These labels used may be 

radioactive, phosphorescent, fluorescent, and chemiluminescent dyes. In addition to the

binding specificity, a transducer is used to produce a measurable signal in response to a 

specific binding of antibody-antigen pair. Four main types of transducer have been used 

in immunoassay technology. Electrochemical transducer (potentiometric, amperometric, 

conductimetric) detect changes in electrical properties of the sample. Heat transducer 

(calorimetric) detect changes in temperature of the sample. Mass transducer 

(piezoelectric, Surface Acoustic Wave (SAW)). Optical transducer (luminescent, 

fluorescent, reflective, refractive, ellipsometric, Surface Plasmon Resonance (SPR) 

Nuclear Magnetic Resonance (NMR) and waveguide) detect the change in frequency, 

phase shift and wave properties of the acoustic or electromagnetic radiation carrying the 

information after reflecting or refracting from the sample.

All immunoassays require reference to a calibrator for interpretation of the signal 

produced as a result of the procedure. The comparison mimics the characteristics of the 

sample medium. In the case of qualitative immunoassays the calibrator consists of 

reference with no analyte present. It is called negative sample whereas, a positive 

sample is one which has the lowest concentration of detectable analyte. Quantitative 

assays make use of additional calibrators that contain known analyte concentrations. 

The assay response of a real sample compared to the assay responses by the calibrators 

produces a signal. The strength of this signal determines the presence or concentration 

of analyte in the sample.

Immunosensor is a device operating on the principles of solid-phase immunoassay, with 

either antibody or antigen immobilized on the sensor surface. These are used to detect 

an extensive range of analytes like environment pollutant such as pesticides, bacteria, 

drugs, and medical diagnostic markers such as hormones (steroids and pituitary 

hormones). Advantages like, absence of labelling requirements and ability to 

investigate the reaction dynamics of the antibody-antigen binding, has provided these 

devices a leading edge over the conventional assay techniques. The basic principles of 

immunosensors with respect to the applied transducer systems are discussed as follows.
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The development of optical techniques for monitoring of minute changes in light 

scatter, refractive index, phase change and absorption has provided a promising 

platform for the development of this technique. Optical transducers based on

reflectance, ellipsometry, surface plasmon resonance and optical fiber waveguide have 

all been briefly described here.

1.3.1 Surface Plasmon Resonance (SPR) 

This method used for the detection of antibody-antigen interaction does not require 

labelling. The SPR device consists of a sensor chip, a flow cell, a light source, a prism 

and a detector that is positioned at a fixed angle. The sensor’s surface consists of a thin 

gold layer ( 50 nm) fixed onto a glass surface with an interaction layer e.g. BSA-biotin.

The carboxylic acid group on this layer can be activated to immobilize either the

receptor/antibody, or the ligand/antigen covalently [37].

SPR measures changes in refractive index for a resonance angle at which polarized 

light is reflected from a surface. This change is related to the change in mass of the 

analyte or layer thickness. [38, 39]. Specific ligands can be immobilized on the upper 

surface of the device (sensor surface), to interact directly with the biomolecules in the 

sample. SPR technology is based on the excitation of the surface electrons of the metal 

(gold) which behave differently as compared to the bulk electrons since they can 

oscillate more freely in comparison to the bulk electrons. When excited, these electrons, 

also termed as surface plasmon, oscillate at different frequency from that in the bulk of 

the metal film, absorb light photons and generate an evanescent wave. In SPR system, 

polarized light is directed in one plane into the prism and gets totally internally reflected 

due to the difference of refractive indices of prism and metal surface from the metal 

glass interface. At the resonance angle, SPR is initiated; the absorption of light energy 

by the surface plasmon causes a sharp decrease in the intensity of the reflected light. 

The evanescent wave propagates into the metal layer which allows it to sense the metal-

sample interface. The resonance angle is determined by the wavelength, polarization 

and refractive indices of the prism, metal and a sample layer of the system. Changes in 

refractive index take place when biomolecules attach to the ligand immobilized at the 

sensor surface. Consequent to that the resonance angle, at which drop of intensity is 

observed, changes. Continuous monitoring of the reflected light intensity provides a 

direct profile of the changes in the refractive index at the sensor surface and hence a 
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real-time analysis of the binding events at the sensor surface is obtained. The basic 

operating principle of SPR is shown in Figure 1.5

As surface plasmon resonance is dependent on changes in mass, it is advantageous to

attach the molecule with the lowest molecular weight to the surface and measure 

binding of the higher molecular weight partner. Nevertheless, due to the possible 

difficulties of immobilizing low molecular weight ligands/antigen (e.g. loss in binding 

affinity), it might be necessary to attach the high-molecular weight receptor/antibody to 

the surface and work with a smaller signal [40]. The latter approach has the benefit of 

requiring less receptor [41], but has an important limitation in the form of denaturation 

of the immobilized receptor may occur upon repeated use. The sensitivity of the assay 

can be increased by immobilizing the ligand/antigen on the sensor surface, thereby,

generating a large signal due to binding higher molecular mass receptor/antibody as 

described by Kroger et al. [42]

Figure 1.5 Detection principle of SPR technique[38]

The main advantage of SPR is thus the monitoring of molecular interactions in real-time 

without the use of labels. The major limitation is that one of the binding partners needs 

to be immobilized.

1.3.2 Total Internal Reflection Fluorescence (TIRF)

Total internal reflection fluorescence detection technique is based on the same principle 

corresponding to SPR. The difference between two is that SPR is a label-free technique 

whereas TIRF relies on the binding of a fluorescent-labeled ligand to an immobilized 

receptor on the sensor surface. The information carrying signal in TIRF is not 
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dependent on the mass of the ligand, but it makes use of the sensitivity of fluorescence. 

The evanescent wave produced due to the excitation of the surface plasmon by 

polarized light causes excitation in the fluorescent labels present close to the sensor 

surface (~100nm). The change in the intensity of the incident light is measured. Since 

only those fluorescent ligands that are near the surface and thus bound to the receptors 

are excited by the evanescent wave, the signal is not affected by the fluorescent ligand 

in the buffer solution [43-45]. TIRF has been used to measure estrus cycle in dairy cows

by measuring the progesterone level in the bovine milk [46].

1.3.3 Ellipsometry

Ellipsometry is a sensitive optical technique to determine surfaces and thin films

properties. It is used to study the binding of proteins to surfaces [47]. If a known 

oriented linearly polarized light reflects from a surface at an oblique angle, the 

polarization of the reflected light changes to elliptically polarized. The angle of 

incidence, the direction of polarization of light, and the properties of the incident 

surface determine the orientation and shape of the ellipse. The polarization of the 

reflected light can be measured with a quarter-wave plate followed by an analyser; the 

orientations of the quarter-wave plate and the analyser are varied until no light passes 

though the analyser. By measuring these orientations and the direction of polarization of

incident light, relative phase change , and the relative amplitude change can be 

evaluated. These properties alter when a molecule is adsorbed to the surface, and the 

new readings can be interpreted as change in the refractive index and coating thickness 

of the sensor surface. This leads to the calculation of the concentration of the bound 

analyte. Isoscope® ellipsometer has been used to study receptor-ligand interactions. 

[48].

1.3.4 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) is a physical phenomenon which is based on the 

absorption and re-emission of electromagnetic radiation of a magnetic nucleus in 

presence of a. strong magnetic field. The EM energy is absorbed, when the frequency of 

the applied electromagnetic field matches the natural frequency of the exposed nucleus, 

called resonance frequency. The resonance frequency depends on the magnetic field 

strength and the nuclear magnetic properties of the atom. NMR imaging relies on the 

observation of magnetic quantum mechanical properties of an atomic nucleus. The 
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resonant frequency of a material varies directly to the strength of the magnetic field 

applied. Superconductors are used to increase the magnetic field strength to obtain the 

required resolution of the image.

NMR spectroscopy is used to study the interaction of molecules at atomic level. It is 

also widely used to elucidate the structures of chemically synthesized compounds and 

biomolecules [49]. Functional group analysis, bonding connectivity and orientation, 

through space connectivity, Molecular Conformations, DNA, peptide and enzyme 

sequencing and structure are a few other applications of NMR [50].

1.3.5 Amperometric Immunosensors

These devices measure current flowing through the electrolyte in a chemical cell at a 

constant voltage. The current is produced as a result of the redox reaction at the sensing 

electrode. The current generated is varies directly to the amount of oxygen or hydrogen 

peroxide reduced or oxidized at the electrode [51]. The system has the advantage of 

high sensitivity, linear concentration dependence and high selectivity. However, for 

intrinsically non-electroactive molecules like proteins cannot be detected by direct 

approach that is a demerit of this system. For such molecules, enzymes are incorporated 

as labels to catalyse redox reactions that facilitate the production of electroactive species 

that may then be able to be detected by amperometric immunosensors. For example, a 

multi-analyte amperometric immunosensor has been developed for measuring the 

human gonadotropin hormone, follicle stimulating hormone and luteinizing hormone 

achieving low detection limits. The device uses two horseradish peroxidase-labelled 

antibodies in a ferrocene-medicated system [52].

1.3.6 Conductimetric Immunosensors

Chemical reactions produce or consume ions species and therefore alter the overall 

electrical conductivity of the solution. Sensors designed by immobilizing a suitable 

enzyme over a set of chemically inert metals electrodes, and by measuring the change in 

the conductance of a solution containing the analyte of interest, consequent to an

applied electric field, are termed as conductimetric immunosensor. For example, when 

urea is converted to ionic product NH4
+ by the enzyme urease, the increase in the 

solution conductance measured is proportional to the concentration of urea in the 

solution [53]. These sensors face the problem of non-specificity of measurements 

because the resistance of the solution is determined by migration of all ions present.
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1.3.7 Surface Acoustic Wave Immunosensors (SAW)

This technique uses oscillations of piezoelectric crystals at higher frequencies (30-

200MHz), and an acoustic wave is generated by application of alternating voltage 

across a pattern of interlaced metal electrodes, known as interdigital transducer. The 

high-frequency acoustic signal is detected by another interdigital transducer separated 

by a small distance. The adsorption of sample to the crystals slows down the acoustic 

wave, and the recorded change in velocity is proportional to the analyte concentration.

Such devices have successfully been used in specific areas such as environmental gas 

monitoring [54], chemical detection [55], rapid immunoassay of antigen present in the 

foodstuffs and human IgG measurements [56]. The schematics of a SAW sensing 

device is shown in Figure 1.6 [57].

Figure 1.6 Schematics of a SAW immunosensor [57]

1.3.8 Enzyme-linked Immunosorbent Assay (ELISA)

It is a biochemical technique used to detect the presence of an antibody or an antigen in

a sample. Unknown amount of antigen is immobilized in a microtiter plate by 

adsorption and detection antibody is added which form a binding with the antigen. The 

detection antibody can be covalently linked to an enzyme through bio-conjunction. 

Before each step the microtiter plate is washed with a mild detergent solution to remove 

antibodies that remain unbounded. An enzymatic substrate is added to develop the plate 
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to observe a visible signal, most commonly a colour change, which indicates the 

quantity of antigen in the sample. ELISA is used as a diagnostic tool in medicine, plant 

pathology, biochemical detection, and as quality control in various industries [58].

All the assay techniques and methods discussed in the preceding literature survey have 

their own merits and de-merits. Labelled sensors use immunoassay approach for 

binding the target molecule that is purely laboratory-based technique involving 

expensive, time-consuming and hi-tech laboratory protocols, hence, rendering 

impossible real-time measurements. Sensors for direct, label-free quantification of 

analytes are attractive to researchers for a number of reasons like direct detection of 

analytes with minimal or no sample preparation, cost effective, simple and real-time. 

These involve optical, mass-sensitive and electrochemical detection routes for 

measurement of analyte in bulk sample. Optical sensors are the most studied but the 

electrochemical sensors are relatively more sensitive and display comparatively lower 

detection limit capabilities with a requirement of least complicated support 

instrumentation. On the other hand, optical and mass-sensitive techniques claim state-

of-the-art electronics and bulky instrumentation for interpretation of optical and mass 

variation data into comprehendible information. Table 1.2 provides the reader a crisp 

and comprehensive comparison of the contemporary techniques and methodologies that 

are applied most-frequently in today’s world.  
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1.4 Conclusions

Almost all contemporary analytical techniques described here are highly sensitive due 

to the requirement of measurement of trace levels of EDCs present in food and beverage 

samples. Table 1.2 compares the advantages and disadvantages of the most applied 

biochemical sensing techniques. Unfortunately, these are time-consuming, expensive, 

complicated, produce laboratory waste, need the expertise of highly trained 

professionals in addition to the submission of samples to laboratories, worth millions of 

dollars. Blood and urine are the most common matrices used for biomonitoring of EDCs 

in human body but the results of these biomonitors do not provide the complete picture 

of EDCs intake, rather just provides the quantity of metabolites excreted, losing 

information about the amount of phthalates that have become the body burden. 

Therefore, it is necessary to have a rapid assay which may detect the quantity of 

phthalates present in food and beverages as initial intake via the oral route which is 

deemed to be the biggest source of human phthalate exposure due to the extensive use 

of plastics in our everyday life style. The requirement of instant screening of a batch of 

products manufactured at an industrial set up still requires attention of the researches to 

device an assay which may be simple enough to be handled with minimal training needs 

and does not involve bulky and expensive support electronics. The objective of this 

research is to develop a low-cost real time testing system which could readily be 

installed in an industrial setup. Furthermore, a portable low-cost sensing system is 

envisaged which can be used to rapidly quantify the amount of phthalates in edible 

consumer products.
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1.5 Research Contributions

The major contribution of this research work is the development of a smart sensing 

system that owns the capabilities to detect hormones and endocrine disruptor 

compounds in food stuffs. The smart sensing system is based on design and

development of a smart sensor that can selectively quantify the analyte in real-time. 

Low cost and robustness are the merit points that make this system unique. This system 

can readily couple with any existing chemical and biochemical sensing technique.

The contributions of this research work can be summarized as follows:

1 Explore a novel interdigital capacitive sensor design that owns penetration depth 

of the fringing electric field, enough to allow bulk-sample testing.

2 Analyse the new sensor design by finite element analysis and select the most 

sensitive configuration of interdigital electrodes under given boundary 

conditions.

3 Fabricate smart sensor interdigital configuration on silicon substrate using 

MEMS based semiconductor fabrication technology.

4 Analyse and achieve stability and reproducibility in impedance measurement 

characteristics of the smart sensor design.

5 Establish automatic data acquisition setup to measure impedance characteristics 

of an electrochemical cell using the fabricated sensor.

6 Real-time detection and analysis of hormones in bulk aqueous medium by

applying electrochemical impedance spectroscopy technique.

7 Real-time detection and analysis of two phthalate esters in polar, electrolytic and 

acidic media using electrochemical impedance spectroscopy technique in bulk 

samples.

8 Develop and tailor robust technique to induce selectivity for the phthalate 

analyte in the smart sensing system.

9 Explore and apply technique to immobilize analyte selective functional material 

on highly polished silicon substrate based smart sensor.

10 Analyse the performance of the selective smart sensor and compare it with 

commercially available detection methodology. 
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1.6 Organization of the Thesis

Chapter 1 

The introduction part briefly describes endocrine system, hormones, and endocrine 

disrupting compounds and highlights the research problem to the reader. In the second 

part a detailed literature survey is presented to discuss the most applied and to-date 

available chemical and biochemical detection techniques and compare .

Chapter 2

Chapter 2 describes the methods and methodologies, merits and demerits, pros and cons 

of the electrochemical impedance spectroscopy (EIS) technique. The author tried to 

make the reader of this thesis well-versant with the equipment used, methodologies, 

conditions and analytical methods applied in this technique to deduce the results.

Chapter 3

This chapter discusses the details of the steps involved in design and simulation of the 

interdigital capacitive transducer. It explained the worked out improvements in the 

design of the sensor that was simulated to virtually assure the sensitivity and operation. 

Principal component analysis was used to analyse the effects of post-fabrication 

annealing process carried out to induce stability and reproducibility in its performance.

Chapter 4

This part of the presented work gives an account of the exposure of the developed 

system to a real world problem. Detection of progesterone and metabolite of estradiol-

E1G were tested using the developed system. Electrochemical analyses of the 

experiments proposed that the system was able to detect both in deionized water based 

medium.   

Chapter 5

As a next phase the developed system was exposed to endocrine disrupting compounds 

that mimic hormones in living beings. The system was tested not only in deionized 

media but also with spiked juice and energy drinks. The results proclaimed that the 

system is perfectly sensitive to the spiked deionized medium but in juices and drinks the 

sensitivity deteriorated which led the research to induce selectivity in the system.
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Chapter 6

This chapter explores the methods to induce selectivity in the developed system. In 

order to keep the system robust and achieve real-time detection of the analyte,

molecular imprinted polymer technique is discussed in detail. MIP formation and 

immobilization on the sensing surface is discussed in detail. MIP functionalized sensor 

is used to detect phthalate in aqueous medium and the results were validated by HPLC.

Chapter 7

This chapter gives an overview of the research work in conclusions and some 

recommendations are made for the future work.
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Chapter 2      Impedance Spectroscopy and Experimental 

Setup

2.1 Introduction

The objective of this chapter is to introduce the measuring instruments and software 

programs used for the experimental setup. It provides the reader a detailed insight of, 

electrochemical impedance spectroscopy basics and data representation along with 

highlighting the methodology of measurement data collection. It explains all the 

hardware and software used to collect the impedance data and the models involved in 

analysing the acquired information. It also describes the interfacing of the measuring 

instruments with LabVIEW program to obtain a stand-alone automated measurement 

system. It provides an account of the basic applications of impedance spectroscopy 

method for characterization of sensors and material under test (MUT).. The objectives 

are to measure and characterize the developed sensors according to EIS models and 

methods. Mathematical methods like complex non-linear least square curve fitting were 

used to deduce equivalent circuit to the electrochemical cell under test. The parameters 

obtained from the measuring instruments are frequency, f, impedance, Z and phase 

angle. Mathematical methods used to interpret these into real and imaginary parts in 

complex plane for analysis of impedance characteristics are also discussed.

2.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) has seen huge boost in popularity in 

recent time due to its extraordinary sensitivity. It is used to evaluate electrical properties 

of materials and their interfaces with surface-modified electrodes [59]. This method 

have been widely used to study of electrochemistry [60, 61], biomedical applications

[62, 63], material science [64] and others. J. Ross Mcdonald in [65] describes the EIS as 

a part of Impedance measurement using ac polarography involving electrochemical 

reactions. The response of an electrochemical cell to a low amplitude sinusoidal 
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perturbation as a function of frequency and has been reported to estimate the dielectric 

properties of milk [66] , meat inspection [67], quality testing in leather [68], Saxophone 

reed inspection [69],  detection of contaminated seafood with marine bio-toxin [70],

food endo-toxins [71-75], evaluate electrical properties of drinks, and water [76]. EIS 

involves measurements and analysis of materials involving ionic conduction in solid 

and liquid electrolytes.  Ionically conducting glasses and polymers, fused salts, and 

nonstoichiometric ionically bonded single crystals have been used for impedance

measurements where conduction can involve motion of ion vacancies and interstitials. 

EIS is also conducted to study of fuel cells, rechargeable batteries, and corrosion. Other 

category of IS applies to dielectric materials: solid or liquid non-conductors whose 

electrical characteristics involve dipolar rotation, and to materials with predominantly 

electronic conduction [77]. System Impedance may be measured using various 

techniques. The most cited impedance measurement techniques are given as follows:

2.2.1 AC bridges

This is the oldest of all the techniques initially used for the measurement of double-

layer parameters, principally of the hanging mercury drop electrode. It has also been 

used to measure the electrode impedance in a faradaic reaction to evaluate the kinetic 

processes at the electrode. Although this method is slow, yet provides a very good 

precision of measurements. 

2.2.2 Lissajous Curves

Formation of elliptical figures as a result of simultaneous application of the applied ac

voltage and resulting ac current to a twin beam oscilloscope is called Lissajous curves. 

Analyses of Lissajous curves produced on twin channel oscilloscope screens was used 

to perform impedance measurements and had been an accepted method for impedance 

spectroscopy prior to the advent of modern EIS instrumentation. The measurement time 

involved in using this technique (often up to many hours) is long enough for a chemical 

cell to cause drift in its system parameters. The cell can change through adsorption of 

impurities, oxidations, degradations, temperature variations etc. These curves have been 

used to determine the impedance, but frequency limitations and sensitivity to noise has 

limited the use of this technique. Figure 2.1 shows the formation of Lissajous figures as 

a consequence of two out of phase signals.
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Figure 2.1 Formation of Lissajous Figure

2.2.3 Fast Fourier Transforms (FFT)

The Fast Fourier Transforms is a mathematical method to evaluate the system 

impedance. Taking the Fourier transform of the perturbation signal in time domain and 

generation of equivalent frequency domain data using a computerized algorithm is 

referred as FFT. FFT provides a fast and efficient algorithm for computation of the 

Fourier transforms. In practice, only limited length data is transformed, causing the 

broadening of the computer frequency spectrum, commonly called ‘leakage’. Another 

problem called ‘aliasing’ is linked with the presence of the frequencies larger than one-

half of the time domain sampling frequency.

2.2.4 Phase Sensitive Detections (PSD)

Phase sensitive detection is used in lock-in amplifiers interfaced with precision 

potentiostats for system impedance measurements. It contains one time-independent 

component, depending on the phase difference of two signals and proportional to the 

amplitude of the measured AC signal. The output signal is applied to a low-pass filter 

that averages the signal component having frequencies above the cut-off frequency. The 

disadvantage of the lock-in technique is that it retains combination of harmonic 

frequencies present in the input signal. 

2.2.5 Frequency Response Analysis (FRA)

Frequency Response Analysers are hi precision instruments that determine the 

frequency response of the measured system. The operation of FRA is based on 
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interpreting correlation of the studied signal with the reference perturbation. The 

measured signal is multiplied by the sine and cosine of the reference signal of same

frequency and integrated over one time period. Real and imaginary parts of the 

measured signal are recovered, strictly rejecting all harmonics. The advantage of the 

correlation process is reduction of noise, but it is achieved at the cost of attenuation of 

the output signal.

Among a number of methods available for impedance measurements, FRA has 

become a de facto standard for EIS. FRA is a single sine-wave input method in which a 

small amplitude (5-15mV) AC sine wave of a given frequency is overlaid on a dc bias 

potential, applied to the working/excitation electrode and measurement of resulting AC 

current is made. The system remains pseudo-linear at low-amplitude AC potential. The 

process is repeated for the desired frequency range, and impedance is computed for five 

to ten measurements per decade change in frequency. In order to ensure the system 

linearity, stability and repeatability, this method is rendered viable only for a stable and 

reversible system in equilibrium. For this reason instantaneous impedance 

measurements are mandatory for non-stationary systems [78]. A non-linear system will 

contain harmonics (noise) in the measured current response. The drift in the measured 

system parameters is often observed if the system loses its steady state during the

measurement time.  The electrochemical cell can change through adsorption, oxidation, 

coating degradation and temperature variations; to list, these are a few major factors 

affecting the steady-state condition of the system under test. EIS is used to deduce the 

changes taking place in the electrochemical system in general and observe the changes 

in the conductance and capacitance at the sensing surface, interface and layers, in 

particular. Next section discusses the fundamental concepts of impedance spectroscopy.
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2.2.6 Electrochemical Impedance Spectroscopy; Theory and Analyses

In practice, electrochemical cells are example of non-linear complex systems. The 

relationship of current and voltage is highly non-linear. Pseudo-linearity of the 

electrochemical system is achieved by considering a small linear part of the I-V curve as 

shown in Figure 2.2.

Figure 2.2 I-V curve for a non-linear system. Pseudo-linearity of the 
system is achieved by considering a small part of the curve

Pseudo-linearity is quite useful because; cell’s large non-linear response to Direct 

Current (DC) potential is not observable as current is measured at excitation frequency;

the measure current is independent of harmonics. If the system is non-linear, the current 

response of the system will be deformed by the harmonics. The system under test must 

remain in steady-state throughout the testing time; this is another stringent condition 

that may affect system linearity. With the advent of hi precision fast FRAs and 

computing systems this problem could be catered for. For example, it takes only 88ms 

for Hioki 3522-50 to measure impedance, at a particular frequency, without 

compromising the accuracy of 99.95% while operating at slow mode; refer to Hioki 

3522-50 specification sheet shown in Table 2.1.

In a pseudo-linear electrochemical cell, impedance can be measured by applying a low-

amplitude AC perturbation, Et, and measuring the phase shift appearing in consequent 

alternating current flowing through the sensor with reference to the applied signal. The 

magnitude of the occurring phase shift depends on the impedance offered to the electron 

flow by nature of the electrolyte, diffusion, electrode kinetics and chemical reactions 
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happening inside the cell. Figure 2.3

with reference to the applied potential perturbation.

Figure 2.3 Phase shift in current It as a response to excitation potential 
Et in a linear system

Impedance (Z) is a measure of the circuit characteristics to impede the flow of electrons 

through the circuit, measured in Ohm, when exposed to periodic electrical perturbations. 

The reciprocal of impedance is called admittance, denoted by Y and measured in 

Siemens (S). Mathematically, impedance is expressed as a complex number comprising 

of resistance and reactance. Resistance is a static property of the system, and is 

independent of the incident Alternating Current (AC) frequency. It is represented by the 

real part of the complex number, denoted as Re, Zreal . On the other hand, reactance 

is purely frequency dependent and appears in capacitors and inductors consequent to the 

applied AC frequency. Reactance is represented by the imaginary part of the complex 

impedance and is symbolized by Rim, Xc or Zc for capacitive reactance and XL or ZL

for inductive reactance, respectively. The basic Ohm’s law in Equation 2.1 defines the 

resistance R in term potential, V, and current I as;

Whereas, Ohm’s law for alternating current defines impedance Z in terms of time 

dependant alternating potential Et, and current It as:

The excitation signal can be expressed as a function of time;

= (2.1)

= (2.2)
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=  sin (2.3)

Where Et is the potential difference at time t, E0 is the amplitude of the voltage signal at 

t=0, and is the angular frequency given by ( = 2 f) expressed in radians/second and 

frequency, f, in hertz.

For a linear system, the response signal It, has a phase shift, , with amplitude of I0

which can be expressed by:    =  sin(  ) (2.4)

An expression in equation 2.2 for Ohm’s Law can be used to calculate the impedance of 

the system given by;

=  =  sin sin(  ) 
Z=  ( )( ) (2.5)

The impedance, Z, now can be expressed in term of a magnitude of Z0 and a phase shift, 

. Equation 2.5 can also be expressed in term of Euler’s relationship given by;

 =  cos + (2.6)

Where  =  1 (‘j’ is preferred by electrochemists instead of ‘i’ )

The impedance, Z, can be expressed in term of potential, E, and current response, I, 

given by; =  
(2.7) =  ( )
(2.8)

Therefore the impedance, Z; ( ) =  = ( ) =   (2.9)

( ) = ( + ) (2.10)

29



The impedance now is in the form of real part (Z0 cos ) and imaginary part (Z0 sin )

represented as follows: = = = (2.11)

" = = (2.12)

The raw data for all measured frequencies in EIS experiments comprises of the real and 

imaginary components of potential difference E and E he real and imaginary 

(Z) are the two basic parameters calculated out of the raw data using equations given in 

Table 2.3.  For data analysis purpose, the calculated impedance characteristics are 

expressed as Nyquist plot and Bode plot.

2.2.7 ‘Nyquist’ and ‘Bode’ plots for Impedance Data Analysis

Nyquist plot also known as Cole-Cole plot, is one of the most important and popular 

format for evaluating electrochemical parameters like electrolytic solution resistance

(Rs), electrode polarization resistance (Rp) and double layer capacitance (Cdl) etc. These 

parameters shall be discussed in detail in the following sections. Nyquist plot represents

Z ( ) and Z ( ) in a complex plane. Among several advantages of Nyquist plot; 

calculation of solution resistance by extrapolating the curve to x-axis; observable effects 

of solution resistance; emphasis on series circuit; comparison of the results of two or 

more separate experiment, are a few major advantages. One major disadvantages of 

Nyquist plot is that, information on frequency is lost which makes calculation of Cdl

complicated.

Bode plot represents absolute Z( ) and phase angle ( ) in the frequency domain. 

Since frequency appears at one of the axes, the effect of frequencies on the impedance 

and phase drift is obvious.  Rs, Rp, Cdl and frequency values, where phase shift ( ) is 

maximum /minimum, can be evaluated using Bode plot.  This format is desirable when 

data scatter prevents adequate fitting of the Nyquist plot. Due to these edges, 

researchers declare Bode plot as a clearer description of electrochemical cell’s 

frequency-dependant behaviour compared to Nyquist plot. 

A flow diagram developed by McDonald [77], shown in Figure 2.4, has been followed 

for analysis of the electrochemical research on detection of hormones and EDCs 

presented in this thesis.  In order to understand the significance and methods to extract 
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electrochemical cell’s parameters, Randle’s electrochemical cell model was used to 

deduce equivalent circuit for the electrochemical cell under test. Complex Non-linear 

Least Square (CNLS) curve fitting technique was applied to extract equivalent circuit 

and component parameters. 

Figure 2.4 Flow chart for the measurement and characterization of a 
material-electrode system by EIS [77]

2.2.8 Randle’s Electrochemical Cell Equivalent Circuit Model

This model was introduced by Randle in ‘Discussion of the Faraday Society’ in 1947

[79]. The model provides the account of mixed kinetic processes taking place at the 

electrode-electrolyte interface. These processes include the fast-paced mass transfer 

reaction, slow-paced charge transfer reaction and diffusion processes at the interface.  A 
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double layer capacitance is observed at the interface due to the presence of Outer 

Helmholtz Plane (OHP) and inner Helmholtz Plane (IHP) at the electrode surface as 

shown in Figure 2.5.

Figure 2.5 Kinetic processes taking place at electrode-electrolyte 
interface (Randle’s cell model)

The Randle’s cell includes double-layer capacitance, Cdl, solution resistance, Rs,

charge/electron transfer resistance, Rct and ZW as shown Figure 2.6 in the

electrochemical cell equivalent circuit deduced in [79].

Figure 2.6 Randle’s electrochemical cell equivalent circuit model

The expression for absolute impedance as a function of frequency is given as;

( ) =  + 1 + 1 + (2.13)

Where the real part (Z’) is given by;
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( ) =  + 1 + (2.14)

and the imaginary part (Z’’) is given by;

( ) =  1 + (2.15)

The impedance spectra from the experimental results depicted electrode and electrolyte

are related by a mixed kinetic and diffusion processes at the electrode surface which 

causes a polarization at the interface. Rct is, therefore, sometimes referred as 

polarization resistance, denoted as Rp, in EIS literature.  The value of ‘charge transfer 

resistance Rct , r polarization resistance Rp’ can be calculated from bode or Nyquist plot. 

The rate of an electrochemical reaction can be strongly influenced by diffusion of 

reactants towards, or away from the electrode-electrolyte interface. This situation can 

exist when the electrode is covered with adsorbed solution components, or a selective 

coating. An addition element called Warburg impedance, ZW, appears in series with 

resistance Rct. Mathematically Warburg impedance is given by;

= (2.16)

Where, w is called Warburg diffusion coefficient. It appears that the characteristic of 

the Warburg impedance is a straight line with a slope of 45 at lower frequency. This 

refers to low frequency diffusion control because the diffusion of reactants to the 

electrode surface is slow-paced process which can happen at low frequencies only. At 

higher frequencies, however, the reactants do not have enough time to diffuse. The 

slope of this line gives Warburg diffusion coefficient. The Nyquist plot in Figure 2.7

shows the diagonal line of diffusion process (Warburg impedance) at low frequency.

The charge transfer process at higher frequency is illustrated by a single time constant 

semi-circle curve.
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Figure 2.7 Nyquist plot for Randle’s electrochemical cell model [79]

The Nyquist plot for a Randle’s cell is always a semicircle due to a RC parallel 

equivalent circuit. The solution resistance Rs, also referred as ‘uncompensated solution 

resistance’ denoted as ‘R ’ in EIS literature can be calculate by high frequency intercept 

on the real axis. High frequency intercept lies closer to the origin of the plot. In Figure 

2.7 it could be read as 25k

is the sum of solution and polarization resistance. The low frequency intercept could be 

read by interpolating the semi-circle to the real axis. (In Figure 2.7 it reads as 325k ).

The diameter of the semicircle is therefore equal to the polarization resistance (300k

in this case). Figure 2.8 shows absolute impedance, Z, vs frequency and phase angle in 

degree with respect to the applied frequency, f in Hz. The two plots combined together 

are referred as Bode plot. Figure 2.9 shows a combined Bode plot for an 

electrochemical system with Z (absolute) plotted on primary y-axis and phase (degree) 

plotted along secondary y-axis. Frequency is plotted on x-axis. This format of Bode plot 

is a useful alternative to calculate solution resistance (Rs or R ), polarization resistance 

(Rp or Rct) and Cdl. Furthermore, the log(Zabs) vs log( ) plot sometimes allow a more 

effective extrapolation of the data from higher frequencies.
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Figure 2.8 Bode plot for Randle’s electrochemical cell model[79]

Figure 2.9 Extraction of component parameters from Bode plot[79]
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2.3 Experimental Setup 

The experiment setup mainly consisted of Hi-precision Hioki 3522-50 LCR meter,

Hioki 4-terminal probe 9140, digital thermometer and humidity tester interfaced 

through RS232 to a tailor-made LabVIEW program executing on a desktop data 

acquisition computer. The temperature, humidity and inert atmosphere controls were 

achieved by placing the sensor inside a desiccator, whenever required, to perform the 

testing under stringent environmental conditions. MicroSuite Laboratory, a research 

facility available to the School of Engineering and Advanced Technology, Massey 

University, Palmerston North was used to conduct all set of experiments. Figure 2.10

shows the main experimental setup and the block diagram of the laboratory setup and 

apparatus used for this research in addition to other in-lab available facilities for 

heating, cooling, auto enclave, chromatography, microscopy and spectrophotometry etc.

Figure 2.10 Laboratory Test bench with Hioki Hi Precision LCR and 
data acquisition system.

2.3.1 Equipment and Instrumentations 

The high precision LCR meter Hioki 3522-50 and 3532-50 have been used to obtain test 

parameters’ measurements in order to perform investigation electrochemical impedance 

spectroscopy from 1mHz to 5MHz range as required. The technical specifications of the 

high performance set of test equipment LCR meter Hioki 3522-50 and 3532-50 are 

given in Table 2.1. Figure 2.11 shows the front panel of Hioki high precision LCR 

meter 3522-50.
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Figure 2.11 Hioki (Japan) 3522-50 LCR Hi-tester

Table 2.1 Hioki Hi Precision LCR 3522-50 and 3532-50 Specifications

Specifications

3522-50 3532-50

Measurement Parameters B, Cp, Cs, Lp, Ls, D, Q Cp, Cs, Lp, Ls, D, Q
Measurement Ranges:
|Z|, R, X (depending on measurement frequency and signal levels)

-180.00° to +180.00°

C 0.3200 pF to 1.0000 F 0.3200 pF to 370.00 mF

L 16.000 nH to 750.00 kH

D 0.00001 to 9.99999

Q 0.01 to 999.99

|Y|, G, B 5.0000 nS to 99.999 S

Basic Accuracy Z: ±0.08% rdg.

Measurement Frequency DC, 1 mHz to 100 kHz 42 Hz to 5 MHz

Measurement Signal 
Levels

Output Impedance

Display Screen LCD with backlight / 99999 (full 5 digits)

Measurement Time
(Typical Values For 
Displaying |Z|)

Fast: 5ms
Normal: 16ms
Slow 1: 88ms
Slow 2: 828ms

Fast: 5ms
Normal: 21ms
Slow 1: 72ms
Slow 2: 140ms

Settings In Memory Max. 30 Sets

Comparator Functions HI/IN/LO 
value settings

DC Bias External DC bias ± 40 V max. (Option)

External Printer 9442 Printer (Option)

External Interfaces GP-IB or RS-232C (Options), external I/O for sequencer use

Power Source 100, 120, 220 or 240 V(±10%) AC (selectable), 50/60 Hz

Maximum Rated Power 40 VA Approx. 50 VA Approx.
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2.3.2 Fixture and Test Probe Connections

The standard fixture is a four-wire type Hioki 9261 which can be used for all test 

frequencies from DC to 5MHz. Figure 3.3 shows Hioki 9140 4-terminal test probe with 

crocodile clip termination which can be used for testing in a range of 1mHz to 100kHz.

There are two sets of terminals connecting the sensor to the test equipment. The outer 

set of terminals, named HCUR and LCUR on the front panel, are used to measure the 

current flowing through the sensor, whereas, the inner set of terminals, named as HPOT

and LPOT, measure the potential across the sensor at any instant of time. Detail 

description is shown in Figure 2.12. Table 2.2 shows the details of fixture connection 

with shielding to device under test (DUT).

Figure 2.12 Connecting LCR3522-50/3532-50 to the 9262 Test fixture 
and developed interdigital sensing system

Table 2.2 Hioki Hi Precision LCR test terminals description

Test Terminal Description

HCUR Carries the signal current source. Connected to the excitation electrodes of the 

interdigital sensor.

HPOT Detected high voltage sense terminal. Measure potential difference at any instant 

of time.

LPOT Detected low voltage sense terminal.

LCUR Test Current detection terminal.

GUARD Connected to the GND input to minimize noise.
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2.3.3 RS-232C Interface for 3522-50/3532-50 LCR Hi Tester

A RS-232C was used to interface Hioki LCR3522-50 to a desktop/laptop computer in 

order to develop an automatic data acquisition system. Use of the interface made it

possible to control all the functions of the LCR3522-50/3532-50 using software

algorithm.  The graphical user interface was developed in Labview to input setting 

parameters except power on/off.  The program consisted of commands and queries

made by the data acquisition computer system to the interfaced instrument. A command 

sent is a set of instructions or data to setup the test conditions communicated to the LCR 

meter, whereas query is a set of data or status information requested from the LCR 

meter. The LCR transmitted the measured/calculated parameters in response to the 

queries made by the data acquisition computer. The software echoed back the received 

automatic measurements of the required parameters’ data on the computer monitor via 

graphical user interface in addition to writing/saving it in Microsoft Excel worksheet in 

‘xls’ format. Table 2.3 provides the details of the parameters measured and calculated 

by LCR3522-50/3532-50 using the mathematical equations mentioned against each 

parameter. The data acquisition computer system was used to further analyse the saved 

information to study the impedance characteristics of the developed sensors and 

material under test. 

Table 2.3 LCR testing parameters and calculation equations

Parameter Series equivalent circuit mode Parallel equivalent  circuit mode

Z |Z| = V/I(= R + X )
Y |Y| = 1/|Z|(= G + B )
R Rs = ESR = ||Z|cos | Rp = 1 |Y|     (= 1 G)
X X = ||Z|sin | -----------------------------------------

G --------------------------------------- G = ||Y| |
B --------------------------------------- B = ||Y| |
L Ls = X Lp = 1 B
C Cs = 1 X Cp = B
D D = | 1 tan |

Q Q = |tan |  = (1 D)
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2.4 Conclusions

The experimental setup, instrumentation, program and measurement methods have been 

discussed in this chapter. High precision LCR meter’s interface with the LABVIEW 

program has been established in order to erect a stand-alone automatic measurement 

system. Details of the experimental setup, connection cables, instruments settings, and 

program interface were explained in the chapter. Basic theory of measurement method 

using Impedance Spectroscopy (IS) has also been discussed to enlighten the reader with 

the basic measurement methodology. The setup has been built to a stage where it could 

be interfaced with a smart sensing transducer that could fetch the information from the 

electrochemical cell, interpret it into required electrical signal so that valuable 

information about the kinetic processes taking place inside the cell could be extracted. 

Development of a sensitive, selective and reliable sensor was the most important part of 

this research project. The details of development of the smart sensor are discussed in the 

following chapter.
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Chapter 3 Novel Interdigital Sensors’ Development

3.1 Introduction to Interdigital Sensors

Affinity sensors are the most frequently used devices for biological and chemical 

sensing research and applications. These can be segregated in two major categories 

depending on the target binding techniques applied; labeled and label-free. Labeled 

sensors use immunoassay approach for binding the target molecule that is purely 

laboratory-based technique involving expensive, time-consuming and hi-tech laboratory 

protocols, hence, rendering real-time measurements impossible. Sensors for direct, 

label-free quantification of analytes are attractive to researchers for a number of reasons 

like direct detection of analytes with minimal or no sample preparation, cost effective, 

simple and real-time. These involve optical, mass-sensitive and electrochemical 

detection routes for measurement of analyte in bulk sample. Optical sensors are the 

most studied but the electrochemical sensors are relatively more sensitive and display 

comparatively lower detection limit capabilities with a requirement of least complicated 

support instrumentation. On the other hand, optical and mass-sensitive techniques claim 

state-of-the-art electronics and bulky instrumentation for interpretation of optical and 

mass variation data into comprehendible information.

.The term ‘interdigital’ (ID) refers to digit-like or finger-like parallel in-plane electrodes 

built in a periodic pattern in order to exploit the capacitive effect produced as a result of 

applied alternating electric field that fringes through the material sample and carries 

useful information about it. This term is often replaced by ‘interdigitated’, ‘combed’ 

and ‘microstrip’ in the research literature but strictly speaking it is the name of a 

specialized geometric structure shown in Figure 3.1, which owns important advantages 

in accessing the material properties. The most important advantage is a single side 

access to the material under test (MUT). This advantage provides freedom of 

penetrating the sample with electric, magnetic or acoustic field only from one side 

which encourages in situ measurements and detections. Other benefits of interdigital 
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structures include its capability to be used for non-destructive testing which makes it 

more useful for process control and inline testing applications. The penetration depth of 

qausi-static electric field lines can be varied thus making it possible to obtain dielectric 

profiling and conduction properties of semi insulating materials. These dielectric 

properties profiling can be further helpful in evaluating other physical parameters of the 

material under test like density, structural integrity and chemical content in MUT [47].

Figure 3.1 Planar interdigital sensor geometry

The technology of planar interdigital sensors is under development since last 

three decades. These sensors are employed in a number of applications like 

photosensitive detection [48-51], humidity detection [52-55], chemicals and gas sensing 

[56-59], moisture sensing applications [60,61] and measurement of electrolytic 

conductivity [62]. The dielectric characterization to evaluate the material properties is 

one of the most interesting areas where interdigital sensors along with meander coils are 

successfully employed to study the dielectric properties of meat, leather, dairy products 

and saxophone reeds [63-66].

Conventional interdigital sensors operate on the principle of parallel plate capacitor. 

Parallel plate capacitors offer uniformity of the applied electric field and the equations 

related to the dielectric material properties are simple, but these 3D structures do not 

offer single side and non-invasive testing freedom. Interdigital sensors, on the other 

hand, are 2D structures (coplanar geometry) and provide non-destructive, in situ and 

single side access to the material under test. The transformation of parallel plate 

capacitor to interdigital one is shown in Figure 3.2 [47].
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Figure 3.2 Concept of transformation (a) parallel plate capacitor (b) 
transformation to planar geometry (c) coplanar structure.

The transformation occurred at the cost of electric field which changed from uniform 

electric field to ‘fringing electric field’ penetrating through the material under test. That 

is the reason conventional interdigital sensors are also referred as fringing field 

dielectrometry sensors in literature [47]. The basic idea behind this transformation is to 

apply spatially periodic electric field to the material under test using single side access 

to the material. The penetrating field lines combined with the variation of applied 

excitation frequency carry useful dielectric spectroscopic information about the MUT. 

A change in the material dielectric properties is a function of various chemical, physical 

and structural properties of the material, therefore a comparative study of 

electrochemical impedance spectroscopy of MUT reflect the changes in material 

properties. The well-known expression for capacitance is given by:

= (3.1)

Where C is the capacitance,  o is the permittivity of free space (8.8554 x 10-12 F/m), r

is the relative permittivity of the dielectric medium used, A is the area, and d is the 

spacing between the positive and negative electrode. The value of capacitance varies 

directly with the area A of electrodes, according to equation (3.1), and for interdigital 

sensors the area of electrode is sacrificed considerably due to its coplanar structure. The 

value of the capacitance in ID structure is reduced to an extent that it approaches the 

stray capacitance of the conductors connecting excitation source and electrodes. This 

limitation necessitates the use of repeated coplanar structures connected in parallel to 

keep the signal to noise ratio at an acceptable range. Important concepts related to this 

technology are discussed in detail in [67-70].
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3.2 Novel Planar Interdigital Sensors

Depending on the application, the penetration depth of the fringing electric field is 

considered one of the most important parameter in design of the ID sensor structures. 

The penetration depth of the fringing quasi-static electric fields above the interdigital 

electrodes is proportional to the spacing between the centrelines of the sensing and the 

driven fingers and is independent of frequency [47]. This spacing is termed as spatial 

. The effect of variation in the spatial wavelength is illustrated in Figure 

3.3.

Figure 3.3 The penetration depth of electric field lines is proportional 

In order to increase the penetration depth, novel ID sensors were designed with more 

number of sensing electrodes as compared to the driving or exciting electrodes. 

Different geometries have been discussed in research literature [71-75]. A.R. Mohd 

Syaifudin et al. investigated the capacitance and penetration depth as a function of 

number of negative (sensing) electrodes keeping the sensing area of the ID geometry 

constant, and varying the substrate material. The concept of variation in penetration 

depth with more number of sensing electrodes is illustrated in Figure 3.4.
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Figure 3.4 Excitation pattern for multi sensing electrode ID sensor 
geometry

3.3 Finite Element Modelling using COMSOL Multiphysics®

COMSOL Multiphysics is finite element analysis software designed to facilitate 

physicists and engineers to simulate actual environment and boundary conditions of the 

experiment to mathematically analyse the outcome of the proposed experiment. The 

FEM makes use of the solution of partial differential equations and Maxwell’s 

equations to simulate the design and geometry of the sensor. In this research four 

different geometries of novel ID sensors were simulated using COMSOL. Sensing area, 

substrate thickness, substrate material and electrode dimensions were kept constant with 

a variation in the number of sensing electrodes, pitch length and spatial wavelength. To 

avoid confusion, it is worth mentioning that pitch length is the distance between two

adjacent electrodes, whereas, spatial wavelength is the separation between two 

electrodes of same polarity (excitation electrodes in this case). To obtain a trade-off 

between capacitance value, pitch length and spatial wavelength for different geometries

of the ID sensor were modelled using COMSOL Multiphysics version 4.2. 

The sensors were modelled in three dimensional work space with micrometre sized 

electrodes and pitch length. Four sensors with different geometries and different number 

of sensing electrodes were modelled keeping the effective sensing area, substrate 

material, electrode thickness and electrode area constant. Sensing area of each electrode 

sensor was fixed to 2.5mm x 2.5mm, electrode thickness to 520nm and electrode area 

was kept constant at 25μm x 245μm. Each sensor contains different number of 

capacitive ID features in parallel which enables it to achieve strong sensing signal and 
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acceptable level of signal to noise ratio. The constant geometric parameters facilitated 

us in simplifying the design and were in compliance to the available feature size that 

could be fabricated at the MEMS fabrication facility. Pitch length and number of 

sensing electrodes were varied in order to get a design suitable for specific application.

Table 3.1 Geometric design parameters for all four types of modelled 
ID sensors

Sensor Type
Pitch Length 

(μm)

Number of 

sensing elect.

Number of 

excite elec.

Sensing area    

(mm2)

Capacitors in 

ID sensor

1-5-25 25 40 9 6.25 8
1-5-50 50 30 7 6.25 7

1-11-25 25 44 5 6.25 5
1-11-50 50 33 4 6.25 3

Single crystal silicon substrate with thickness 525μm and relative permittivity ( r) 4.2

was used in the models so that the proposed models may practically be fabricated on 

commercially available 4 inch silicon wafer. In order to calculate capacitance, stored 

electric energy, penetration depth of electric field lines and field intensity the model was 

exposed to a dielectric medium on the top with a dielectric constant of 80 and 5.1. 

These are the dielectric constant values corresponding to pure MilliQ water and DEHP 

which were selected to observe the model response of each sensor towards the material 

under test. To obtain higher penetration depth and uniform electric field distribution 

throughout, the sensor geometry was designed with two configurations of five and 

eleven sensing electrodes. Figure 3.5 shows the geometric features of two ID sensors 1-

5-25, 1-11-25 with pitch length of 25μm. Figure 3.6 shows the geometry built in 

COMSOL for 1-5-50 and 1-11-50, bearing pitch length of 50μm in both cases. It should 

be noted that the sensor type number specifies the number of sensing electrodes and 

pitch length in micrometres. For example 1-5-50 illustrates: 1 excitation electrode, 5 

sensing electrodes and 50μm pitch length.
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Figure 3.5 COMSOL geometric models of  ID sensors with 25 μm pitch 
length 

(a) 1excitation,5 sensing electrodes (b) 1 excitation, 11 sensing electrodes

The objective of modelling four different types of sensors was to obtain the best suited 

design for the proposed application.  The models were built on a substrate and a pseudo 

test medium with known dielectric constant was used on the sensing side in order to 

figure out the sensor with best possible sensitivity for the material under test. COMSOL 

uses finite element meshing to evaluate potential distribution and electric field intensity 

not only in the material under test but in the substrate, as well, to calculate the value of 

capacitance and stored electrical energy for the whole structure.  Figure 3.7 provides a 

three dimensional illustration of the ID sensor structure displaying simulated substrate 

and material under test. For viewing of the ID electrode structure, the material under test 

is rendered transparent in the figure.
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Figure 3.6 COMSOL geometric models of  ID sensors with 50 um pitch 
length
(a) 1excitation, 5 sensing electrodes (b) 1 excitation, 11 sensing electrodes

Figure 3.7 1-5-50 Sensor structure; Silicon substrate (bottom) MUT 
(top)

The electrostatic study of sensors model was carried out using the AC/DC module of 

COMSOL. Evaluation of electrostatic energy density; ‘We’ is obtained using the 

COMSOL simulation. The amount of energy required to charge a capacitor equals

energy of applied electrostatic field, given by;= Q2 (3.2)
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The auto calculation of We is available in the Electrostatics application of COMSOL; 

FEM calculates it by integrating scalar product of electric displacement D and electric 

field intensity E across the electrostatic domain, d is the domain boundary. Equation 

(2.3) shows the expression integrated over the domain to calculate energy.

= ( . ) (3.3)

The capacitance, C, is related to the total charge accumulated on the two conductive 

plates, Q, and the voltage difference be

= (3.4)

The calculation of C is carried out from the stored electric energy, We.

The voltage across the two plates, V, and is given by;

= 2 = 2   = 2
(3.5)

Where We is the stored electrostatic energy density and V0 is the applied voltage to the 

excitation electrode. The sensing electrode is kept at 0 V.

The analyses conducted using COMSOL were used to evaluate the electric field 

distribution and electric field intensity for all four sensors. COMSOL simulated electric 

potential distribution in the sensors is shown in Figure 3.8.and Figure 3.9. For the sake 

of simplification of the problem, voltage applied to the excitation electrodes of sensor 

models, 0V in simulation is kept at 1 volt but the actual experiments were carried out at 

100mv-1volt in order to avoid capacitive effects and stray inductance of the connecting 

wires. 

Further analysis was conducted to evaluate the distribution of electric field and intensity 

for all the four types of sensors. The model calculated the capacitance value and total 

electrical energy stored for both sensors for anticipated material used for practical 

testing. For this purpose analyses were carried out for material with dielectric constant 

80 (MilliQ) first and then for material with dielectric constant 5.1 (DEHP) keeping the 

dielectric constant of the substrate 4.2 (single crystal silicon) constant throughout the 

analyses. 
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Figure 3.8 Potential distribution modelling in COMSOL for (a) 1-5-25, 
(b) 1-5-50
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Figure 3.9 Potential distribution modelling in COMSOL for (c) 1-11-
25 and (d) 1-11-50 ID sensors 
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The calculated values for capacitance and total electrical energy stored in are presented 

in Table 3.2 which provides necessary information to choose the right sensor for 

fabrication.

Table 3.2 Calculated values of capacitance and total electrical energy 
stored for all four sensors using COMSOL Multiphysics®

Sensor Type
Milli Q.   r = 80 DEHP    r = 5.1
Capacitance 
(F) Energy (J) Capacitance. (F) Energy (J)

1-5-25 2.1564e-12 1.0782e-12 2.3915e-12 1.1958e-12
1-5-50 1.3942e-11 6.9712e-12 1.5243e-12 7.6213e-13
1-11-25 1.2619e-11 6.3097e-12 1.376e-12 6.8799e-13
1-11-50 8.4627e-12 4.2314e-12 9.2558e-13 4.6279e-13

The plot in Figure 3.10 shows the capacitance value calculated for all four ID sensors 

using COMSOL Multiphysics for proposed dielectric medium to be tested i.e. MilliQ 

and DEHP. The plot shows that sensor 1-5-25 displays least response towards DEHP as 

it shows nearly same values for both kinds of dielectric mediums. 

Figure 3.10 Modelled Capacitance for ID sensors

It should be noted that each sensor has different number of parallel ID capacitor features 

as shown in Table 3.1. The plot for capacitance of single ID capacitor feature is shown 

in Figure 3.11.
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Figure 3.11 Modelled Capacitance of single ID capacitor feature on 
each sensor

The plot in Figure 3.11 explicitly depicts that 1-11-25 displays most responsive 

behavior for a medium such as DEHP whereas 1-11-50 should perform comparably 

well in the detection of DEHP in water. 1-5-50 has an intermediate response whereas 1-

5-25 is completely irresponsive to the change of dielectric properties of the material 

under test. The electric field intensity and penetration depth of electric flux lines

simulated in the modeled sensors using COMSOL Multiphysics are shown in the Figure 

3.12. Electric field intensity is a measurement of electric field (V/m) along the z-axis.

The electric fields simulated on the potential distribution plots provide a clear 

visualization for the idea of the fringing electric field penetrating though the material 

under test as described earlier in the literature survey on the topic. It is also worth noting 

that the electric field penetrates through the substrate material, as well, which 

contributes toward the numerical calculations of the capacitance and the stored electric 

energy in the device. For a good comparison of the performance of all four sensors, 

therefore, the parameter of substrate dielectric constant is not varied throughout the 

sensor design. 

Minimum electric field intensity is observed for 1-5-25, whereas a maximum value for 

1-11-50 is clearly displayed in Figure 3.12. The average penetration depth for 1-5-25 is 

calculated to be 137.5 μm, for 1-5-50 is 212.5 μm, for 1-11-25 is 287.5 μm and for 1-

11-50 it has a maximum value of 437.5 μm which is evident in the images from the

COMSOL models given in Figure 3.12 and Figure 3.13. The thickness of the test

medium was therefore, kept constant at 525 μm throughout the simulation.

0.00

0.01

0.01

0.02

0.02

0.03

0.03

0.04

1-5-25 1-5-50 1-11-25 1-11-50

C
ap

ac
ita

nc
e 

(p
F)

Sensor Type

Single ID feature Cap. (pF) in MilliQ r = 80

Single ID feature Cap. (pF) in DEHP r = 5.1

53



Figure 3.12 Electric field and penetration depth simulation using 
COMSOL (a) 1-5-25, (b) 1-5-50
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Figure 3.13 Electric field and penetration depth simulation using 
COMSOL (c) 1-11-25 and (d) 1-11-50 ID sensors

55



3.4 Sensors’ Fabrication

The fabrication of the sensors was realized at King Abdullah University of Science and 

Technology, Saudi Arabia as a result of academic collaboration between the former and 

School of Engineering and Advanced Technology, New Zealand. The sensors were 

fabricated with two pitch lengths, 25μm and 50μm, respectively. Each type of sensor 

was fabricated for two repeated patterns of 1 excitation, 5 sensing electrodes and 1 

excitation and 11 sensing electrodes coded as 1-5 and 1-11, respectively.  This variation 

was carried out due to the fact that the optimum number of sensing electrodes between 

excitation electrodes contributes towards the sensitivity of the device. Therefore, four 

electrode geometries were fabricated for practical performance analysis stated in this 

research thesis. The wafers fabricated with the said sensor geometries were further 

coated with polymer layers. All areas except the electrodes and bonding pads were 

covered with coating. Since the sensing area is kept open, a molecular-selective coating

can be applied directly on the electrodes and the sensing area. This approach helped 

target analytes to be attracted and adsorb as close as possible to the sensing (electrode) 

surface leading to high detection signals. Two different materials namely; parylene C 

and Silicon Nitride (Si3N4).were used for coating purpose on different wafers of 

fabricated sensors. Parylene C is a polymeric material that provides pinhole-free 

isolation for the sensor from the corrosive test samples, but is relatively softer material 

as compared to Si3N4. Therefore, a coating thickness of 1μm was used for parylene C, 

whereas, Si3N4 was coated to 200nm only. 

Planar interdigital (PID) thin film electrode structures were fabricated by DC magnetron 

sputtering process on a single crystal, p-doped, 4 inch diameter, 525 μm thick and single 

side polished silicon wafer. Commercially available photolithography and etching 

techniques were used for the fabrication process. This type of sensors own advantage of 

noncontact measurements due to fabrication on a rigid substrate which maintains well-

define geometry of the electrode structure essentially required to implement model-

based parameter estimation algorithms effectively. ‘Coventorware® software was used 

to design the patterns of the ID structures. 36 workable sensors each with dimensions of 

10mm x10mm and sensing area of 6.25mm2 were patterned on a wafer over native 

grown SiO2 layer. The width of electrodes was set to a constant value of 25μm with 

sensing area dimensions as 2.5mm x 2.5mm respectively as shown in Figure 3.14. The 

four ID structure geometries are shown in Figure 3.15.
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Figure 3.14 1-5-25 sensor: basic design geometry and dimensions

Figure 3.15 Interdigital electrode fabrication configurations

All patterns were printed on a 5 inch soda lime transparent mask using a laser mask 

writer. Pre-baking was performed at 150ºC on the wafer substrate so photoresist 

attached better to the surface. A spin coater was used to coat 4μm of positive photoresist 

(EC13027) on a 4 inch wafer.
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An oven was used to post bake the wafer at 100ºC for 1 minute. A UV light exposure 

tool was used to transfer the ID patterns to photoresist of the wafer. A constant dose of 

200mJ/cm3 was used at a separation of 30μm between the wafer and the mask. The

wafer was then developed for one minute under a solution Tetra-Methyl Ammonium 

Hydroxide (TMAH) based solution (AZ 726). 

Plasma etching at 70ºC was used to perform a "Descum" process to remove residual 

photoresist in the trenches. Following this, 20nm of Chromium (Cr) and 500nm of Gold 

(Au) where the latter acts as a barrier layer for good adhesion, were sputtered on to the 

wafer substrate by DC magnetron sputtering. Gold electrodes have the advantage of 

being inert and flexible. 

Argon gas was used at a pressure of 30mTorr and the DC power was set to 800W. Lift-

off was then performed under a solution of acetone. Figure 3.16 shows the steps 

involved in the fabrication process of the sensors.

Figure 3.16 Fabrication process for all four types of sensors

After lift-off, the wafer was coated with a 1 μm layer of Parylene C. Figure 3.17 shows 

the coating procedure with Parylene C. The passivation layer is required to protect the 

sensing area from corrosion by the solutions used during experimentation. Furthermore, 

Silicon Silicon Oxide

GoldPositive photoresist

UV exposure

Spin coat photoresist

Metal deposition

Lift-off
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it prevents moisture diffusion into the Si/SiO2 substrate that could influence its dielectric 

properties which would affect sensor response. The electrodes and conducting 

connecting lines were covered except parts of the bonding pads. Parylene C is an ideal 

passivation layer since has a favorable combination of electrical and physical properties 

as well as a very low permeability to moisture and other corrosive substances.

Furthermore, parylene can withstand continuous exposure to air at temperatures of up to 

100ºC for ten years while under vacuum or inert atmospheric conditions the temperature 

limit increases to 220ºC. 

Figure 3.17 Steps involved in coating 1 μm passivation layer of 
Parylene C

A conformal parylene coater was used to coat the wafer with parylene. The deposition 

of parylene C is void and pinhole free and it does not edge, bridge or gap and the wafer 

in the chamber gets uniformly coated since the vapour deposition process is not in line 

of sight. After the parylene coating 4 m of positive photoresist (EC13027) was coated 

on the wafer. A UV light exposure tool was used to soften the resist over the bonding 

pad windows. After development plasma etching was used to etch the parylene and 

open via to the bonding pads at RF power 800W, temperature (chamber and substrate) 

100ºC, pressure 500 mTorr and O2 100sccm. Figure 3.18 shows 4 inch Silicon substrate 

UV exposure

Spin coat photoresist

Metal deposition

Lift-off Metal deposition (Unpolished side)

Silicon Silicon Oxide Gold

Parylene Positive photoresist

Parylene coating

Spin coat photoresist
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fabricated with all four types of sensors and individual sensor against scale for 

dimension observation.

Figure 3.18 (a) 36 Workable sensors fabricated on one wafer (b) 
Individual sensor shown against scale

An improved design of the silicon sensors were coated with different but relatively 

harder material, Silicon Nitride. After fabrication steps, as in Figure 3.16, the wafer was 

coated with a 200nm layer of (Si3N4) by Plasma Enhanced Chemical Vapour Deposition 

(PECVD). Si3N4 has been used in many micro-devices as a passivation layer. The 

silicon nitride film thickness can be easily controlled and modified by varying its 

deposition methods. Above all, Si3N4 thick film can withstand continuous exposure to 

air and corrosive materials at high temperatures for long periods of time. The deposition 

of Si3N4 using the PECVD technique results in film that owns better adhesion, better 

isolation and insulation, good step coverage and uniformity. All areas except the 

electrodes and bonding pads were covered with Si3N4.

3.5 Sensors’ Profiling and Problem Definition

Capacitive affinity sensors and transducers could be constructed by fabricating the thin 

film electrodes with a choice of materials on a number of substrates; and immobilizing 

analyte recognition compounds in form of thin layers on the sensing surfaces, electrodes 

or between the electrodes. EIS is used to deduce the changes taking place in the 

electrochemical system in general and observe the changes in the conductance and 

capacitance at the sensing surface, interface and layers, in particular. The consequent 

changes in the dielectric properties or capacitive variations when an analyte binds to the 

molecular recognition sites could be measured [80, 81]. In order to ensure the system 
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linearity, stability and repeatability this method is rendered viable only for a stable and 

reversible system in equilibrium. For this reason instantaneous impedance 

measurements are mandatory for non-stationary systems [78]. The electrode-electrolyte 

interface capacitance dominates at low incident frequency, therefore, the system 

displays high sensitivity towards biochemical-recognition events induced capacitive 

variations at electrode-electrolyte interface which seems to be a merit point for the 

applied technique [82].

Unfortunately, high scale of sensitivity renders poor reproducibility and temperature 

instabilities to the system which changes its parameters even in the testing duration [83-

85]. Among many factors like humidity, pH, and test time, etc. it was observed that 

temperature and surface roughness of the electrode surface are the most vital factors 

causing instability and there is a dire requirement of inducing immunity in the sensor 

against these parameters in order to produce stability, reproducibility and robustness in 

the sensing system for practical applications [81].

3.5.1 Connection Pads Soldering

Soldering connecting wires to connection pads of the sensors revealed that the sensors’ 

profile change as soon as the sensor is exposed to an amount of heat above the eutectic 

temperature of gold and chromium. This proved to be an irreversible change in the 

impedance reading capability of the transducer. At 300 oC large fraction of Chromium 

diffuses into gold thin layer and the soldering temperature approaches that limit with 

60:40 composition of Tin (Sn) and Lead (Pb), respectively, in solder [86, 87].

In order to investigate the problem, a selected sensor was profiled for impedance 

characteristics in air and deionized water. Later, it was re-profiled in same test samples

after soldering wires to the connection pads. An average of three sets of impedance 

measurement was plotted in each case and all the experiments were carried out at 

identical humidity (44%) and temperature (23.3oC) conditions for all experiments. The 

Cole-Cole plot in Figure 3.19 shows the shift in the impedance measurements for the 

same sensor before and after soldering. This initial investigation on the problem leaded 

to a detailed study of the fabrication process and understanding the Physics of thin film 

fabrication by magnetron sputtering [88]. Next section provides a detailed account of 

the research and development in order to achieve stability in the impedance 

measurements.
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Figure 3.19 Impedance characteristics using same sensor before (a)
and after (b) soldering

3.6 Performance Evaluation

3.6.1 Experimental Evaluation

Two sensors 1-1-50A and 1-1-50B were selected from the fabricated wafer for time 

series profiling in air under same temperature and humidity conditions. Both sensors 

were identical in terms of design; fabricated with repeated patterns of single excitation 

and single sensing electrodes and spatial wavelength of 50 μm. The connection pads 

were clipped in gold plated clipping pins to form connection with the Hioki 3522-50 

LCR Hi Tester as shown in Figure 3.18(b). Figure 3.20 shows the inconsistency in 

impedance measurements by 1-1-50B at different times in presence of identical 

atmospheric conditions at all times in a lab setup. Figure 3.21 shows the Nyquist plot 

for sensor 1-1-50A at 44% humidity and 23.3oC temperature at different times 

mentioned against each measurement. Same unreliability of measurements can be seen 

this case too that was observed for 1-1-50B shown in Figure 3.20.
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Figure 3.20 Cole-Cole plot for 1-1-50B ‘as is’ fabricated sensor’s test in 
air at 44% humidity and 23.3oC temperature at different times

It is obvious from the plots that despite of the constant testing parameters the fabricated 

sensors are not stable in measuring impedance. 

Figure 3.21 Cole-Cole plot for 1-1-50A sensor’s test in air at 44% 
humidity and 23.3oC temperature at different times
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It should be noted that each plot is an average of three measurements and the test 

equipment was setup to operate in slow mode to keep the measurement error less than 

0.05%. Test leads’ stray capacitance error was normalized by using device’s built-in 

open and short calibration algorithm. The algorithm measures the test leads capacitance 

in open and short circuit configurations and use this information to eliminate the noise 

from the measured values using mathematical methods and accuracy equations as 

mentioned in the device manual [89].  The impedance plots so obtained verify the 

stability and reproducibility issues as pointed out in section 3.5 of this manuscript. 

These kind of challenges have limited the commercial use of the impedimetric sensors 

and despite two decades of research efforts and hundreds of publications not any 

product, based on impedance spectroscopy, has achieved widespread commercial 

success [90, 91]. Serious efforts are lately being made to overcome the dilemma of 

stability and reproducibility [84, 88].

3.7 Achieving Stability in Sensors’ Performance

In this part of presented research, the stability and reproducibility issue of the printable 

thin film interdigital electrodes has been addressed by looking into the physical and 

material aspects of the thin film deposition protocols of electrodes. Surface energies and 

morphology of the deposited/printed thin film electrodes play an important role in the 

application of electrochemical impedance spectroscopy technique [78, 79, 92]. [92]

refers to the early EIS experiments conducted primarily to measure the capacitance of 

an ideally polarizable mercury electrode in the form of a hanging mercury droplet. 

Being a liquid metal, the spherical droplet of mercury takes its shape by achieving a 

balance between the inter-atomic forces and surface energies. This energy balance is 

responsible for the presence of perfect smooth surface of the mercury droplet. The 

absence of unbalanced surface and activation energies renders defect-less surface and 

bulk lattice structure of the mercury electrode, hence providing stability to the EIS 

measurements. Stability in the EIS measurement is a function of surface morphology 

which in turn depends on the surface energies and defect-less lattice structure of the thin 

film printed electrodes. Scanning Electron Microscopy (SEM) was used in requirement 

to understand the surface morphology of the DC magnetron Argon sputtered gold 

electrodes for fabricated sensor. Figure 3.22 shows the SEM image of the bare electrode 

showing grains of the sputtered gold on the electrode surface. Usually, gold does not 
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display a good adhesion on the silicon substrate. Gold, on the other hand, is the most 

commonly used electrode material for sensing application due to its excellent 

physiochemical stability, biological affinity, low electrical resistivity inevitable for 

impedance spectroscopy measurements and high reflectivity required for optical 

sensors. In order to deposit Gold on Si substrate, the deposition of a seed layer such as 

Chromium is required in order to provide better adhesion of Gold on Si wafer. DC 

magnetron sputtering of Gold over the seed layer of Chromium deposits Gold in form of 

grains forming the electrode surface. The grain size depends on the rate of sputtering of 

Gold due to Argon [93].  Even at extremely slow rates of argon flow the sputtered metal 

deposits in form of grains which is the major cause of surface defects and unbalanced 

surface energies at the electrode surface [94].

Figure 3.22 SEM image of the fabricated electrode shows roughness of 
electrodes due to DC magnetron sputtering process

The use of Argon plasma sputtering for gold deposition is a low cost method most 

commonly used in the semiconductor fabrication industry. 

3.7.1 Post-fabrication Anneal of ID Sensor 

Owing to the physics of the deposition procedure, lattice structure defects are created 

within the sputtered gold thin film electrodes [94]. Semiconductor industries follow a 

long set of procedures to fabricate an electronic device including multiple cleaning, 

annealing and sintering processes. These necessary procedures help to remove the 

lattice defects automatically during the fabrication processes. In this case, the sensor 

fabrication procedure does not involve any annealing step; therefore, the defects in the 

lattice structure of the gold electrodes are not removed which affect the performance of 

the sensor. A remedial post-fabrication heat treatment was applied to the sensor to 
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achieve improvement in its performance, but keeping the fabrication cost to the bare 

minimum level. A combination of sputtered gold electrodes deposition and post 

annealing procedure served dual purpose of low cost and better performance of the 

sensor. 

In order to equalize the surface energies and remove the defects from the electrode 

surface, temperature annealing is the most cited method in material science research

[87, 93]. The energy required to eliminate a defect on an electrode surface held at a 

constant potential is the difference in surface tension per defect on a surface with defect 

d 0. The work done required to eliminate a defect at the 

solid interface at constant potential is given by:

( ) = lim 1 ( ) ( ) (3.6)

Where, is the electrode potential, is the surface charge density and is the density of 

defects on the surface. Analog to Equation 3.6 the activation energy required to 

transport atom on the surface is given as:

( ) = lim 1 ( ) ( ) (3.7)

( ) is the charge density on the surface with defects in the activated transition state.  

Generalizing surface charge densities around a particular potential 
( ) = ( ) + ( )( ) (3.8)

( ) = ( ) + ( )( ) (3.9)

( )  ( ) are the differential capacitance of the surface with and without 

defects . Using Equations 3.6, 3.8 and 3.9:

( ) =  lim 1 ( ) ( )( ) + 12 ( ( ) ( )( ) ) (3.10)
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At a small potential, the defect energies behave as linear function of potential

difference. This holds good for the activation energies required for defect transport 

process too [95, 96].

The annealing temperature and time are the most important parameters in this regards.  

Annealing temperature was set to reach 210oC in seven steps of 30oC each considering 

presence of both Gold and Chromium thin films on the sensor surface. At 300oC large 

fraction of chromium diffuses into gold thin layer, consequently increasing the 

resistivity of the electrodes that may lead to poor circuit characteristics [86]. 210oC was 

set as a trade-off between electrode surface defects’ removal and avoid unwanted

diffusion of Cr into gold to keep the resistivity of the electrodes to a minimal level. In 

order to observe the changes in the sensing characteristics with temperature the sensor 

was set in the vacuum oven and the oven was programed to start from 30oC, anneal the 

sensor for one hour and raise the temperature to 60oC at a rate of 10oC per minute. 

Anneal again for one hour and increase temperature to 90oC at the same rate and so on. 

At the end of each annealing step, impedance measurements were taken twice before the 

oven moves to next temperature range. Annealing process of the sensor was carried out 

in vacuum oven in order to avoid oxidation of electrodes and silicon surface.

Figure 3.23 Annealing sensors in vacuum oven in Micro-Suit  

3.7.2 Results’ Validation 

The plot of all the impedance measurements during anneal procedure is given in Figure 

3.24. Consequent to the annealing procedure, the sensor was tested again under initial 

humidity condition in order to observe its behaviour. The impedance measurements 

were taken in duplicate at different times and temperatures in a pre-heated oven. A 
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maximum of 90oC was reached to avoid oxidation at higher temperature. Figure 3.25

shows the impedance plot for the annealed sensor at 30, 60 and 90oC.

Figure 3.24 Nyquist plot for EIS during annealing process at 30, 60, 90, 
120, 150, 180, and 210 o C

Figure 3.25 Nyquist plot for improved performance annealed sensors 
at initial temperature and humidity conditions

It is obvious from Figure 3.25 that annealing has affected the profile of the sensor in a 

drastic manner. The sensor behaves identically under same temperature and humidity 
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conditions while profiled at two different times at a lapse of one hour, which is quite 

promising in terms of stability and repeatability of the impedimetric measurements. The

SEM image of the electrode surface, after annealing, shows highly smooth electrode 

surface as displayed in Figure 3.26 SEM image of electrode before (a) and after (b) 

anneal(b). It should be noted that a dust particle was focused in the image to provide 

depth and contrast to observe surface smoothness. For comparison, the SEM image of 

same part of the electrode surface is given in Figure 3.26 (a). It is obvious from the 

figures that even at a resolution of 40,000 the electrode surface appears smooth without 

any grains and grain boundaries.

Figure 3.26 SEM image of electrode before (a) and after (b) anneal 

3.7.3 Complex Nonlinear Least Squares Curve Fitting

Electrochemical spectrum analyser algorithm was used to deduce the equivalent circuit 

and component parameters by fitting the experimental data on its theoretically estimated 

response based on Randle’s model. The algorithm performs statistical analysis to 

calculate the residual mean square  for experimentally observed values in 

measured spectra by complex nonlinear least square using following relation [75, 97].

=  ( ) ++ (3.11)

Where is the observed real impedance.

is the calculated real impedance.
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is the observed imaginary impedance.

is the calculated imaginary impedance.

 determines the deviation of the experimentally observed data from the 

optimal solution. Table 3.3 shows components’ parameters for optimal curve fitting of 

the experimental data averaged over three fittings. An interesting observation made was 

that the sensor’s response to the fitted circuit model changed with the change in 

annealing temperature. 

Table 3.3 Component parameters for the best fit circuit ( = )
Temp 30oC 60oC 90oC 120oC 150oC 180oC 210oC
C1 (nF) 0.768 0.818 0.533 1.07 1.80
C2 (nF) 1.28 0.92

2.88E-06 2.68E-10 1.96E-13 1.39E+01 3.12E-01 3.54E-02 6.84E-02
0.226M 0.108M 0.056M 6.33 0.217k 3.93k 9.51k
0.176 7.17 3.15 2.40k 4.99k 15.52k 17.6k
5.43E-12 3.26E-13 4.10E-14 1.15E-15 2.19E-18 5.19E-12 1.49E-13

1.49 2.06
CPE1 1.50E-08 1.59E-08 8.42E-09 2.93E-05 4.40E-05 4.85E-09 2.98E-08
CPE2 3.80E-09 3.80E-09

It followed one circuit model in the temperature range 30oC to 90oC, another model for 

91oC to 150oC and a third model for 151oC to 210oC. Figure 3.27, Figure 3.29, and 

Figure 3.31 show the equivalent circuits EC1, EC2, and EC3 suggested by the CNLS 

algorithm for temperature range 30oC to 90oC, 91oC to 150oC and for 151oC to 210oC

respectively. Figure 3.28, Figure 3.30, and Figure 3.32 show the fitted Nyquist plots for

EC1, EC2, and EC3 by the CNLS algorithm for temperature range 30oC to 90oC, 91oC

to 150oC and for 151oC to 210oC respectively It should be noted that   for 

each fitting is of the order of magnitude 10-4 achieved with 300 iterations.  

The analysis shows that the annealing of the sensor is driving the profile of the 

electrodes from a single time constant circuit to a circuit of twin time constants, which 

could be attributed to the migration of defects on the electrode surface caused by 

gradually created balance between the inter-atomic forces and surface energies in the 

thin film electrodes. At high temperature, the Si semiconductor substrate becomes more 

conductive due to increased rate of electron hole pairs formation inside the single 

crystal silicon substrate. It behaved as conducting plate of a parallel plate capacitor with 

an insulative oxide layer of SiO2 acting as dielectric between electrodes giving rise to 

capacitive constant phase element. Constant Phase Elements (CPE1 and CPE2) behave 
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as two capacitors connected in series separated by an insulation layer of SiO2 present on 

both sides of the sensor. The SiO2 layers behave as R2 and R3 as shown in the 

equivalent circuit.

Figure 3.27 EC1 CNLS 
equivalent circuit for 30-90oC

Figure 3.28 EC1 fitted curve (30-90oC)

Figure 3.29 EC2 CNLS equivalent 
circuit for 91-150oC

Figure 3.30 EC2 fitted curve (91-150oC)

Figure 3.31 EC3 CNLS equivalent
circuit for 151-210oC

Figure 3.32 EC3 fitted curve (151-
210oC)
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3.7.4 Principal Component Analysis (PCA)

Traditional analysis method requires separate examination between different circuit 

variable, for example, between constant phase element (CPE) parameter and time or 

resistance parameter and time on a two-dimensional plot, which can be misleading in 

determination of valuable abstract mathematical correlations hidden in the impedance 

parameters. A better   approach of PCA explores the orthogonal linear combinations of 

the original variables. These combinations, termed as principal components, represent 

different aspects of system variables and are helpful by eliminating redundancy and 

reduce noise in the data [75, 98, 99].

Principal component analysis is a statistical tool based on multivariate data analysis,

introduced in 1901 by Pearson [100]. Later, Hotelling in 1933, further developed PCA

independently [101]. PCA  is a technique that reduces the dimensionality of a data set 

by linearly combining the original variables, in order to generate  new axes known as 

principal components[102]. Each linear combination defines the variance in the data set 

and then all linear combinations are uncorrelated to others. Eigenvalue associated with 

each principal component is a measure of variation in a data set. Eigenvectors, usually 

expressed as a percentage of the total variation, are just linear combinations of the 

original variables (in the simple or rotated factor space) that described how variables 

"contribute" to each factor axis. Therefore, the PCA can be executed in five steps;

Subtract the mean to produce a data set whose mean in zero; calculate the covariance 

matrix (or correlation); calculate the eigenvectors and eigenvalues of the covariance 

matrix; choose components and form a feature vector; and derive the new data set of 

less number of variables with redundant variables being truncated. PCA has been used 

to minimize dimensionality of data in impedance spectroscopy analyses by eliminating 

redundancy of data and without loss of information and without requiring physical 

knowledge of test conditions for the impedance system under investigation [75, 103,

104].

IBM-SPSS PCA was applied to analyse various quality states of the system during 

annealing.

3.7.5 PCA analysis – ECI (30oC – 90oC) anneal

Complex nonlinear least squares curve fitting algorithm suggested Equivalent circuit 1 

(EC1) by fitting the experimental data on hypothetically calculated electrical circuit 
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representing electrochemical processes taking place inside the electrochemical cell.  The 

suggested circuit displays six circuit components shown in Figure 3.27. The variance in 

Table 3.4 displays 99.13% cumulative eigenvalues for the system, explained by four 

principal components, pointing out the system scattering. The component plot shown in 

Figure 3.33 displayed high variance and weak correlations of equivalent circuit 

components.

Table 3.4 Table of variance ECI (30oC – 90oC) anneal
PCA 

Comp.

Initial Eigenvalues Extraction Sums of Squared Loadings

Total %  Variance Cumulative % Total % Variance Cumulative %

1 3.321 55.347 55.347 3.321 55.347 55.347

2 1.191 19.842 75.190 1.191 19.842 75.190

3 0.820 13.673 88.863 0.820 13.673 88.863

4 0.616 10.272 99.135 0.616 10.272 99.135

5 0.052 0.865 100.000 0.052 0.865 100.000

6 -1E-013 -1E-013 100.000 1E-013 1E-013 100.000

Figure 3.33 Component Plot ECI (30oC – 90oC) anneal
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Physically, the instability observed in the impedance measurements executed by the as-

is fabricated sensor depicts the system scattering evaluated by the PCA in the lower 

temperature range. The scree plot for EC1 is given in Figure 3.34.

Figure 3.34 Scree Plot ECI (30oC – 90oC) anneal
Principal component analysis of equivalent circuit I, that was deduced from the 

experimental results obtained at temperatures 30, 60 and 90oC, portrays a system with 

high scattering. The system variables were scattered in four directions with a maximum 

convergence of 55.3% observed in the first eigen vector. The second vector displayed a 

convergence of 19.8%, third showing 13.67% and fourth one showed only 10.2%. Due 

to the scattering of the system variables the system did not display stability in the 

impedance measurements when tested with a sample ad depicted in the test results of 1-

1-50A and 1-1-50B shown in Figure 3.20 and Figure 3.21 respectively. Interpreting 

these results in terms of Physics and surface morphology of the electrodes, the PCA 

results show that although the system has absorbed energy, yet it is not enough to 

remove the defects in the electrodes caused by sputtering and the electrodes surface still 

have grains and grain boundaries.

3.7.6 PCA analysis – EC2 (91oC – 150oC) anneal

Equivalent circuit 2 (EC2) displays eight circuit components shown in Figure 3.29. The 

variance in Table 3.5 displays 98.422% cumulative eigenvalues for the system, 
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explained by three principal components. The system still displays scattering but is 

reduced compared to the scattering displayed by equivalent circuit 1.

Table 3.5 Table of variance EC2 (91oC – 150oC) anneal
PCA

Comp.

Initial Eigenvalues Extraction Sums of Squared Loadings

Total % of Variance Cumulative % Total % of Variance Cumulative %

1 3.840 63.996 63.996 3.840 63.996 63.996

2 1.310 21.834 85.830 1.310 21.834 85.830

3 .756 12.593 98.422 .756 12.593 98.422

4 .072 1.196 99.619 .072 1.196 99.619

5 .021 .349 99.968 .021 .349 99.968

6 .002 .032 100.000 .002 .032 100.000

The PCA component plot is shown in Figure 3.35 that displays moderate variance and 

stronger correlations of equivalent circuit components. The analysis pronounces the 

system to drift from scattering to stability of parameters.

Figure 3.35 Component Plot EC2 (91oC – 150oC) anneal
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The analysis defines three orthogonal eigenvectors to describe the system. PCA 

component 1in EC2, only, is now defining 63.996% of all the defined components as

compared to the EC1that displayed 55.34%. The scree plot for EC2 is given in Figure

3.36 that now defines only three components to explain 99.422% of system parameters, 

compared to EC1 which was just 88.863% of the system variables clustered in three 

components. Though the entropy of the system is rising due to heat, yet the system is 

gaining stability in terms of electrical parameters. The physics of the system behaviour 

could be explained on the basis of energy balances gained due to the equalization of the 

bulk and surface energies [95].

Figure 3.36 Scree Plot EC2 (91oC – 150oC) anneal
Principal component analysis of equivalent circuit II, that was deduced from the 

experimental results obtained at temperatures 120 and 150oC portrays a system with 

medium scattering. The system variables have now converged into three eigen vectors 

with a percentage of variance 63.99, 21.83 and 12.59% respectively. The system still 

displays scattering but relatively less as compared to untreated sensors. 

3.7.7 PCA analysis – EC3 (151oC – 210oC) anneal

Equivalent circuit 3 (EC3) displays six components with a two time constant circuit 

shown in Figure 3.31. The variance in Table 3.6 displays 97.258% cumulative 

eigenvalues for the system, explained by only two principal components with first 
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component explaining 85.11% system parameter depicting system convergence to 

stability. The component plot is shown in Figure 3.37 depicting the clustered 

components.

Table 3.6 Table of variance EC3 (151oC – 210oC) anneal
PCA

Comp.

Initial Eigenvalues Extraction Sums of Squared Loadings

Total % of Variance Cumulative % Total % of Variance Cumulative 

%

1 5.107 85.111 85.111 5.107 85.111 85.111

2 .729 12.147 97.258 .729 12.147 97.258

3 .118 1.960 99.218

4 .046 .769 99.987

5 .001 .013 100.000

6 1.000E-013 1.005E-013 100.000

Figure 3.37 Component Plot EC3 (151oC – 210oC) anneal

The scree plot for EC1 is given in Figure 3.38.
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Figure 3.38 Scree Plot EC3 (151oC – 210oC) anneal

It is a proven result that in a set of m eigenvectors of an eigen matrix, the eigen vectors 

corresponding to the largest eigen values, minimize the mean square reconstruction 

error over all choices of m orthonormal basis vectors. Such set of eigen vectors defines

a new uncorrelated dimensions of a coordinate system. Therefore, the first principal 

component with the largest eigen values is the most discriminant one [98, 105].  The 

results obtained as an outcome of the principal component analysis depict that annealing 

results in dramatic changes in the electrodes’ gold layer morphology and improved 

surface smoothness. This objective was achieved by providing enough thermal energy 

to facilitate migration of defects on the gold surface and creating a balance between the 

surface and bulk energies in the gold lattice.

[96] studied the effects of annealing on the gold structures sputtered 

onto glass substrate using AFM, UV-VIS and electrical measurements. They reported 

formation of structures on the gold surface at 300oC which is different in the presented

case since the annealing temperature reached is 210oC, which is merely enough to 

achieve a balance in surface and bulk energies.

The fabricated post-annealed sensors are currently employed as biosensor to detect food 

pathogens and bacteria in meat [75] and as chemical sensor to detect the presence of 

endocrine disrupting compounds (EDCs) in beverages up to a trace level as low as one 

parts per million [106]. The achieved stability in impedance measurements used in 
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conjunction with the characteristic high sensitivity of the sensor declares it a potential 

candidate for the commercial applications. 

3.8 Conclusions

An enormous interest is found in the industrial sector for impedance spectroscopy due 

to its sensitivity. This requires an innovative approach to select samples, execute 

impedance measurements and perform data analysis. A reliable transducer is required to 

interpret this sensitive technique to gain stability in measurements. The applied 

approach of designing, simulation and fabrication of interdigital sensors provided a 

reliable and novel tool for testing and achieving stability and reproducibility in the 

impedance spectroscopy results. This objective was achieved by providing enough 

thermal energy to facilitate migration of defects on the gold surface and creating a 

balance between the surface and bulk energies in the gold lattice.

The next phase of this work was to evaluate the sensitivity of the designed sensor. 

COMSOL simulations discussed in this chapter declared the highest level of sensitivity 

for the sensors with multiple (5 and 11) sensing electrodes and pitch length of 50μm.  

The practical sensitivity of the designed sensor could be determined only if the system 

is exposed to the in-field tests and investigations. Experiments and analyses conducted 

in this respect are discussed in the next two chapters. Chapter 4 is dedicated to the test 

and analyses of the hormones pertaining to the reproductive cycle of the mammals and 

chapter 5 discusses the detection of endocrine disrupting compounds and reproductive 

toxins.
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Chapter 4 Electrochemical Detection of Hormones

4.1 Introduction 

The objective of this chapter is to investigate the capability of the designed sensors, and

to explore the analytical powers of electrochemical impedance spectroscopy, in

detection of different hormones. The target hormones are related to the reproductive 

cycle of mammals. ‘Non-invasiveness of methodology’ and ‘real-time measurements of

samples’ were the prime objectives of this research project. These characteristics of the 

presented research make this work unique in comparison to all available contemporary 

methodologies. Apart from that, it was envisaged that execution of the hormone 

quantification assay should be simple enough to be adapted by a common user without 

requiring a necessary scientific background.

The first part of this chapter discusses the application of the proposed system to detect 

estrone glucuronide, an excretory metabolite of estradiol, commonly known as E1G. 

This hormone plays a major role in the reproductive fertility of human female. The 

information on the quantity of excretion of this hormone metabolite is useful in 

determining the window of fertility for human female. The handy availability of this 

information is extremely important to achieve conception or contraception in human 

reproductive cycle.

The second part of the chapter deals with the sensor’s response in detection of 

progesterone hormone excreted in the milk of dairy cows. Obtaining urine samples, to 

gather the fertility information, is not feasible in the case of dairy animals.  Though,

milk owns a complex chemical matrix, yet it is the easiest and most non-invasive 

method to achieve the information on ‘window of fertility’ for the animal. 

Electrochemical impedance analyses making use of bode plots, Nyquist plots, CNLS 

curve fitting, electrochemical equivalent circuit parameters and sensitivity of the sensor 

toward the analytes are discussed in this chapter.
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4.2 Detection of Ovarian Hormone Estrone Glucuronide (E1G)

4.2.1 Motivation

The reproductive fertility of human male stays active for nearly all his adult life whereas 

woman’s fertility is periodic and disappears completely at the later age of her life. The 

‘window of fertility’ is termed for a part of ovulatory menstrual cycle of woman in 

which she owns the potential to conceive and reproduce.  This period begins up to six 

days before and ends one day after ovulation. It is clinically determined by a series of 

ultrasound scans of ovary or by a series of blood analysis comparing patterns of 

secretions of ovarian hormones estradiol, progesterone and luteinizing hormone (LH) 

[107, 108]. Analysis of the rate of excretion of hormonal metabolites, estrone 

glucuronide (EG) and pregnanediol glucuronide (PG) in urine has an advantage of being 

non-invasive over the serum analysis and has proved to be more closely correlated to 

the hormonal concentration in ovary. A marked rise of estradiol production occurs 36 

hours before ovulation followed by a peak of LH secretion which occurs 17 hours 

before ovulation at average [108].  Classic mean curves for each hormone plotted after a 

hormonal study of 25 women is shown in Figure 4.1 [107].

Figure 4.1 Mean hormonal values of estrone glucuronide (EIG) (-•-.), 
LH (- -), and pregnanediol glucuronide (PG) (- -) by cycle day 
throughout 78 ovulatory cycles from 25 women [107]

It is clinically agreed that the first rise in one out of three urinary metabolite of estrogen, 

E1G, is a natural marker for start of fertility window; it is not accepted widely the best 

maker for beginning of fertility by the researchers, though [109, 110].
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Presently, Radioimmunoassay (RIA) is the most widely used method among the 

existing laboratory based techniques to measure E1G and LH in urine samples in order 

to detect the beginning of the fertility in women. With an advantage of being the most 

accurate, this assay has major drawbacks of producing radioactive waste, expensive, 

time consuming along with a requirement of trained professionals carrying out the 

immunoassay in laboratory environment under stringent conditions. 

4.2.2 Point-of-care Methods

The other methods currently in practice for the detection of fertility include Basal Body 

Temperature (BBT), Billings Ovulation Method, Symptothermal Method (STM) and 

Ovarian Monitor use. These methods serve as a tool to predict the window of fertility 

information in human females. The gathered information is equally useful for family 

planning as well as conception and pregnancy. 

4.2.3 Basal Body Temperature method (BBT)

During ovulation the body temperature elevates by 0.2oC for three days in comparison 

to the preceding six days of mensuration cycle. A special thermometer measures the 

BBT throughout each cycle to predict fertility starting from the 1st day of elevated 

temperature [111]. This data recording helps to estimate the window of fertility in 

women.

4.2.4 Billings Ovulation Method 

This is a track and record method of checking the amount and quality of cervical mucus. 

Ovulation occurs within one or two days of the peak day of abundant wet and stretchy 

cervical mucus [112]. This method does not involve any scientific hormonal 

measurement yet provides training to predict fertility by track and record [111].

4.2.5 Symptothermal Method (STM)  

This method is a combination BBT and Billings Ovulation Method to predict probable 

fertility window during each cycle [111]. Data is recorded after checking the amount 

and quality of cervical mucus in addition to the tracking of the elevated body 

temperature by basal body temperature measurements throughout the ovulation period. 

This method involves the scientific body temperature measurements and track and 
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record of the amount and thickness of the cervical mucus in order to predict window of 

fertility in human females.

4.2.6 Ovarian Monitor  

The Ovarian Monitor is used to measure E1G and PdG in urine samples. It uses pre-

coated assay tubes following the principle of homogeneous enzyme immunoassay in a 

home or in a point-of-care environment. In this immunoassay, an antibody to a ligand 

specifically inhibits the enzyme activity of an enzyme-ligand conjugate to measure the 

E1G in the urine sample. [113-115]. The Ovarian Monitor system uses a specially 

designed piece of electronic hand held device that is a rate colorimeter thermostatted at 

40 C with timer settings for the warm-up and enzyme reactions. The display read-out is 

given in three digits and is related to light transmission × 1000. The device provides 

single instrument solution for single assay that is tailored for home or point-of-care use. 

For multiple assays, a 48 assay tubes accommodative heating block fitted with a 

thermostat is supplied. The electronic read-out and measuring device is used as a 

colorimeter and the assay timings are manually performed using a stop watch. This 

setup allows up to 48 E1G assays or 20 PdG assays in a single run that can be clinically 

used. Validation study of  Ovarian Monitor has found its results comparable to the 

laboratory standards [115] and is viewed as an alternative to more costly laboratory 

testing, but it requires timed urine samples (over three hour minimum), dilution of urine 

test samples, takes around 40 minutes for E1G testing and  lack of reusability of the 

sensor (assay tube).

In the presented research, the author used Electrochemical Impedance Spectroscopy 

based approach to measure E1G by using a new planar ID capacitive sensor for rapid 

results without involving any timed samples. The hormonal metabolites could be 

quantified, without any additional steps of sample preparation, in mere five minutes.

The applied sensor can be reused for the next measurement after wash and dry cycle.

4.2.7 Materials and Methods to Detect E1G

Four concentrations of E1G, 8.33nmol/L, 16.66nmol/L, 33.33nmol/L, and 55.55nmol/L 

were prepared in a buffer solution. Non-spiked buffer solution was used as control 

reference for testing E1G samples. The samples were tested immediately after 

preparation in the laboratory environment at 47% humidity and 23oC temperature. The 

samples were kept refrigerated at 4oC for further testing. The sensor was immersed in 
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the 2 ml of control buffer solution to create a control reference for the measurement. 

Special care was taken to immerse only the sensing part of the sensor in the solution.

Figure 4.2 demonstrates the dip testing procedure. The samples were tested in reverse 

order i.e. lowest to highest concentration in order to avoid saturation of the sensor. The 

sensor was cleaned with 99.7% ethanol, rinsed with distilled water and dried with 

nitrogen after each test. Sensor’s profile test in air was carried out after cleaning 

procedure and the results were compared with the reference in order to validate the 

cleaning procedure and to reset the sensor to its initial conditions.

Figure 4.2 Dip test method for EIG testing

EIS experiments were carried out using Hioki 3522-50 LCR Hi precision Tester (Japan) 

at laboratory ambient temperature (23oC) at a controlled humidity level. All experiments 

were performed using slow mode of the testing equipment as to achieve error rate of

less than 0.05% specified by the manufacturer. A sinusoidal signal of 1Vrms was applied 

to the sensor with a frequency sweep of 1 Hz to 10 kHz with 20 data points per decade 

on the log scale. LabView® data acquisition program was used to write the measured 

values in Microsoft excel® file for post-processing and analysis of the experimental 

data on the attached desktop computer. An average of three experiments was used to 

ensure reproducibility and reliability of the tests’ results. Figure 4.3 shows the test 

bench setup for the experiments.

Interdigital sensor 

Test Sample
LCR3522-50
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Figure 4.3 Laboratory test bench for EIG testing

4.2.8 Results and Discussions

The impedance Z of the sample is determined by applying a small signal perturbation as 

a function of frequency and consequent analysis of the resultant current through the 

system in terms of amplitude and phase shift compared to voltage-time function. The 

complex value of impedance can thus be interpreted in terms of its real and imaginary 

parts at different frequencies. The samples were evaluated for real part (Re) and 

Reactance (X) imaginary part of the impedance and were plotted against the excitation 

frequency for reference and sample solutions as shown in Figure 4.4. The primary axis

shows the average real Re . The real impedance of the sample reads the 

ionic concentration in the test samples as compared to the control buffer. It is obvious 

from the plot that as the concentration of E1G increases in the sample solution, the real 

impedance drops as compared to the preceding concentration. This happens due to 

higher concentration of ions in the following sample of higher concentration of E1G. 

The secondary axis shows the reactance of the sample solutions plotted against 

frequency. The change in this parameter is a measure of the dielectric properties of the 

E1G molecule.  The results of an impedance measurement can be graphically 

demonstrated using bode and Nyquist plot for all applied frequencies with real part of 

impedance Z plotted along X-axis and Imaginary part plotted along Y-axis in the later. 

LCR 3522-50

Auto Data acquisition 
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Figure 4.4 Real and imaginary parts of the measured impedance for 
E1G

The Nyquist plot for the equivalent circuit comprises of a semi-circular region followed 

by a straight line as shown in Figure 4.5. The straight line at an angle of 45o represents a 

faster mass-transfer limited process at lower frequencies, whereas, the semi-circular 

portion describes a relatively slower charge transfer limited process at higher 

frequencies. It can be seen from the plot that the diameter of the curve reduces with 

growing concentration of E1G, indicating an increase in the conductance of the samples. 

The values of the charge transfer resistance decreased with the increasing concentration 

of the analyte, which is responsible for the increase in the double layer capacitance 

appearing at the electrode-electrolyte interface.
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Figure 4.5 Nyquist (Cole-Cole) plot for the impedance measurements 
of E1G

4.2.9 Electrochemical Impedance Spectroscopy Analyses for E1G

The experimental data is used for characterization of surface, layers and concentrations 

with a detailed insight to the system kinetics. This is achieved by analysing the 

impedance spectrum on basis of an equivalent series/parallel circuit commonly 

consisting of resistances and capacitances representing the different electrochemical and 

physiochemical properties of the system under analysis [90].

Figure 4.6 shows the equivalent circuit obtained as interpretation of the experimental 

findings by using complex nonlinear least squares curve fitting (CNLS) technique. The 

experimental impedance spectrum not only interprets the exchange and diffusion 

processes taking place in the electrochemical cell but it provides necessary 

characterization of surface, layers and concentrations when analysed on basis of 

Randle’s model by CNLS algorithm.  It shows uncompensated solution resistance Rs in 

series to a parallel combination of double layer capacitance Cdl to the charge transfer 

resistance Rct in series with Warburg impedance Zw [116].
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Figure 4.6 Electrochemical equivalent circuit extracted by CNLS  
curve fitting

Cdl can be calculated from the frequency at the maximum of semi-circular region in the 

Nyquist plot using = 2 f= 1/RctCdl , whereas, Rct is calculated by extrapolating the 

semicircle to real impedance axis. Using Randle’s cell model, the real and imaginary 

impedance at the electrode-solution interface could be derived as shown by the Equation

4.1. ( ) =  + 1 + 1 + (4.1)

The equivalent circuit was estimated using theoretical calculations by electrochemical 

spectrum analyser algorithm. The algorithm performs statistical analysis to calculate the 

residual mean square  for experimentally observed values in measured spectra. The 

results are compared to the calculated values based on the theoretical response of 

suggested equivalent circuit. The fitted Nyquist plot is shown in Figure 4.7.

Figure 4.7 CNLS curve fitting of Nyquist plot by spectrum analyser for 
the highest concentration of EIG 33.33nmol/L.
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The bold line curve displays the modelled behaviour of the equivalent circuit whereas; 

the markers represent the experimentally observed response from the electrochemical 

cell. The optimization of the calculated data is achieved by the number of iterations it 

takes to solve the mathematical model for the proposed equivalent circuit. It took 500 

iterations to extract the equivalent component values for the equivalent circuit shown in 

Figure 4.6. The table of values at different concentrations of E1G is given in Table 4.1

Table 4.1 Equivalent circuit components’ parameters deduced by 
CNLS curve fitting technique for electrochemical spectrum analysis

Component 

Parameter (unit)

Concentration of E1G solution in buffer 

8.33nmol/L 16.66nmol/L 33.33nmol/L

Cad (F) 1.825E-07 1.45E-07 1.58E-07

Rs 1.14E+02 1.01E+02 0.30E+02

Rct 1.7304E05 1.61E+05 1.57E+05

Zw 2.4431E06 1.90E+06 1.79E+06

Cdl (F) 6.95E-09 8.69E-09 9.20E-09

It should be noted that CNLS was applied to three concentrations of E1G only.

4.2.10 E1G Sensitivity Analysis

Characterization of each sensor was performed on the basis of Bode and Nyquist plots. 

The sensitivity of the sensor was calculated by using the real impedance and reactance

data using following relations.

= ( )  ( ) ( )   100 (4.2)

=  ( ) ( ) ( )   100 (4.3)

The sensitivity was plotted against concentration with reference to the control solution 

for five chosen values of frequency to observe its effect at minimum and maximum 

values. These values were chosen one frequency per decade with a minimum of 1Hz 
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through to 10 kHz. The sensitivity plots for reactance and real impedance are shown in 

Figure 4.8 and Figure 4.9, respectively. The plots show that the sensor is fairly sensitive 

in a frequency range of 10 to 100Hz. This is due to the fact that the sensor owns 

capacitive properties due to the electrode geometry and the thin film passivation layer of 

Si3N4; therefore, its capacitance value is higher during this range as simulated and 

predicted by Finite Element Modelling as discussed in 3.3. At higher frequencies, its 

capacitive response to the periodic perturbation reduces as it behaves as a high pass 

filter at those frequencies. 

Figure 4.8 %age sensitivity of the real part of impedance (Re).

Figure 4.9 %age sensitivity of capacitive reactance (X).
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Comparing the sensitivities of Re and X, it is concluded that the imaginary part of 

impedance (X) provides better sensitivity, in terms of magnitude and incident frequency 

band, for the detection of the hormone metabolite E1G [117].

4.3 Electrochemical detection of Progesterone Hormone

4.3.1 Motivation

Poor reproductive performance of dairy cattle is one of the most difficult and expensive 

problems for dairy and livestock producers. The profitability of the dairy industry is 

mainly dependent upon the satisfactory reproductive management of the herd. An ideal 

model followed in dairy farming states that a dairy herd is termed reproductively 

efficient when it follows a calving interval of 365 days, in a 10 week period 90% of 

cows calve and when 5% or fewer animals are culled due to reproductive failure [118,

119]. Statistics show that even in well managed dairy farms in New Zealand, 

reproductive failure rate is much higher than 5%. The main problem faced in this 

context is poor detection of estrus. Estrus is a phase in the reproductive cycle of the 

dairy cow prior to ovulation when it is reproductively receptive (‘in heat’). Figure 4.10

shows the progesterone concentration level during 21 days reproductive cycle of dairy 

cows dictating the estrus window targeted in this research. Extended calving intervals, 

veterinary costs, milk loss, etc. are the major adverse outcomes of incorrect detection of 

estrus which causes loss of profit in the dairy business.

Figure 4.10 Progesterone concentration level during 21 days 
reproductive cycle of dairy cows [12]

Measurements of progesterone concentration in the blood or milk are an accurate 

indicator of estrus [22, 120, 121], but monitoring progesterone level in milk rather than 
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blood has an advantage of easy sampling method. The concentration of progesterone in 

the blood is correlated closely with its concentration in milk. In fact, since progesterone 

is a steroid hormone, it has an affinity for milk fat: thus progesterone in milk is 

somewhat in higher concentration than in blood [122]. Elevated progesterone 

concentrations indicate luteal dominance, while low amounts of progesterone are 

associated with estrus [122].

Methods used presently for estrus detection such as pedometry, teaser bull or visual 

behavior of cow, are not precise and accurate. Farmers often achieve a heat detection 

rate of only 35% to 70% and up to 20% of cows presented for insemination are not in 

heat [123]. Progesterone detection test based on enzyme-linked immunoassays (ELISA) 

is available as kits on farm use [22], but most of these tests are manual, indicative and 

designed for qualitative measurement to confirm estrus and determination of pregnancy 

or non-pregnancy only. These tests are unable to quantify the precise concentration of 

progesterone in sample therefore; can only be used for ‘estrus confirmation’, not for 

‘estrus detection’. Various other immunoassay formats have been proposed for 

progesterone detection in bovine milk such as BIAcore™ biosensor based on surface 

plasmon resonance (SPR) [124], Heap et al.[125] quantified progesterone concentration 

using  radioimmunoassay (RIA), a rapid enzyme immunoassay (EIA) based on 

horseradish peroxide was developed by Claycomb et al. [126], a competitive immuno-

chromatographic assay of milk progesterone was developed by Laitinen and Vuento 

[127] and Total internal reflection fluorescence based detection of milk progesterone 

[46]. All these methods are expensive, time consuming, require highly skilled personnel 

and need laboratory environment to perform. Moreover, livestock producer are not 

much benefited from these techniques as the farmers have to invest extra effort, 

resources and time in order to get access to these methods. Above all, these techniques 

cannot be used for continuous monitoring of milk progesterone in bovine milk for estrus 

detection.

According to Senger [118] an ideal system for detection of estrus in dairy animal 

should: (i) have continuous surveillance characteristics; (ii) automatically detective of 

estrus; (iii) operative during whole productive life-time of a cow; (iv) have minimal 

labor requirements; (v) be highly accurate and efficient (95%). Unfortunately, there is 

no such detection system available at farm level, which may scientifically detect and 

inform the farm manager, the right time for artificial insemination (AI), for better 

reproductive efficiency of the dairy animals. Farmers, to-date, have to rely on centuries 
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old methods for this important parameter of their industry. This inadequacy had

provided necessary motivation to apply the fabricated interdigital capacitive sensor and 

impedance spectroscopy technique for real time measurement of progesterone in 

aqueous media to mimic bovine milk whey, which is normally used for such kind of 

detection and quantification. Another objective of this research was to develop a rapid 

real time assay technique by applying impedance spectroscopy based novel interdigital 

sensor technology; and to model and evaluate the performance of the proposed system.

4.3.2 Materials and Methods for Progesterone Detection

Research grade progesterone hormone was procured from Sigma-Aldrich, GmbH, 

Germany for testing. The hormone is not water soluble, therefore, 20mg of progesterone 

was dissolved in 0.5ml of 99.6% Ethanol and the solution was poured in 999.5ml of 

purified Milli-Q water to make the stock solution. Concentration of progesterone in 

stock solution is 20μg/ml. Using series dilution method 200ng/ml, 20ng/ml, 2ng/ml and 

0.02ng/ml concentration of progesterone was achieved in successive steps. The samples 

were tested immediately after preparation in the laboratory environment at 47% 

humidity and 23oC temperature. The samples were kept refrigerated at 4oC for further 

testing. A control solution was prepared with 999.5ml MilliQ and 0.5ml 99.6% ethanol 

for calibration of sensors and to obtain a reference for sensitivity calculations. The 

sensing part of the sensor was immersed in the 2 ml of control solution to create a 

control reference for the measurement. EIS experiments were carried out using Hioki 

3522-50 LCR Hi precision Tester (Japan). All experiments were performed using slow 

mode of the testing equipment as to keep error rate less than 0.05% as specified by the 

manufacturer in the specification. A constant voltage sinusoidal signal of 1Vrms was 

applied to the sensor with a frequency sweep of 10Hz to 200kHz with 20 data points per 

decade on the log scale. Experiments were conducted to analyse the performance of 1-

11-50 parylene coated sensor at different concentration levels of progesterone in 

deionized water. The concentration levels tested for detection of progesterone in MilliQ 

water are given in Table 4.2 and results for sample-B, sample-C and sample-D are 

plotted as bode and Nyquist plots. Sample-C and sample-D were chosen due to the 

target range of progesterone concentration in bovine milk whereas; sample-B was tested 

to figure out the limit of detection (LOD) for progesterone. To ensure removal of any 

residual hormone from the sensing surface, it was cleaned with ethanol and dried under 

nitrogen flow before the next run. To make sure that the sensor has attained its initial 
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conditions, the sensor was profile in air. Each test was run three times and average of 

three sets was taken for all applied frequencies.

Table 4.2 Progesterone in deionized water- Samples’ nomenclature and 
concentration

Sample Name Progesterone concentration

Sample-B 0.02ng/ml

Sample-C 2ng/ml

Sample-D 20ng/ml

Sample-E 200ng/ml

4.3.3 Electrochemical Impedance Analyses for Progesterone

Characterization of each sample was performed on the basis of Bode and Nyquist plots.

The plot of real and imaginary impedance vs frequency for 1-11-50 sensor in Figure 

4.11 showed the relative change in impedance varying with different concentration 

levels of progesterone. This change was prominent at lower frequencies as compared to 

the higher frequency range. 

Figure 4.11 Real and Imaginary Impedance (reactance) characteristics

With increasing concentration of progesterone the imaginary impedance decreases 

which could be attributed to the conductance of the progesterone molecule in the 

solution. This dictates the capacitive behaviour of the sensor at low frequencies. The 
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real part of the impedance which is the dissipative part changes in considerable amount 

providing a direct relationship for the conductivity of the medium to the increasing 

concentration levels of progesterone in the solution.

Figure 4.12 shows the Bode Plot impedance spectra. It was observed that the change in 

absolute impedance occurred, even, for 0.02ng/ml concentration and is read by the 

sensor. It provided close agreement to the Bode plot for a system where electrode 

polarization is due to kinetic processes taking place at the electrodes’ surface. This can 

be validated by modelling an equivalent circuit. The measured impedance value applied 

to the equivalent circuit can generate a fitting impedance spectrum to match the 

experimental observations.

Figure 4.12 Bode plot for progesterone detection in deionized water

Figure 4.13 shows Nyquist plot for the electrochemical impedance spectra of the sensor 

at different concentration levels of progesterone hormone samples. The plot depicts that 

a 45o line starts appearing with the plots as soon as the concentration of hormone 

increases in the solution. This line represents the presence of ionic concentration with 

the increasing concentration of the hormone in the sample. The decrease in reactance 

with increasing concentration of progesterone is due to the dielectric properties of the 

hormone, therefore, it could be concluded that the concentration could be correlated 

with reactance or conductance of the progesterone hormone. However, reactance is the 

more dominating part of impedance change. 
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Figure 4.13 Nyquist plot for progesterone detection in DI water

It is noticed from Figure 4.13 that each of three impedance spectra includes a 

semicircle and a linear line portion at an angle of 45o. The diameter of the semicircle 

represents the electron transfer resistance at the surface of the electrodes whereas; the 

linear portion corresponds to a diffusion process leading to Warburg resistance at the 

electrode-solution interface. It was observed that the sensor can distinctively distinguish 

between concentrations of progesterone especially at low frequencies. This feature 

defines the sensitivity of the sensor for progesterone concentration in the solution as 

observed in Figure 4.14.The sensitivity curves (Figure 4.14 and Figure 4.15) were

plotted using Equation 4.2 and 4.3 respectively which calculated the sensitivity values

with reference to the control solution. The results display that the reactance percentage 

sensitivity stays till considerable range of frequency whereas conductance percentage 

sensitivity approaches lower values in the smaller part of the incident spectrum.
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Figure 4.14 Zimag(X) %Sensitivity 

Figure 4.15 Zreal (Rs)%Sensitivity

In view to the response of the sensor at low frequencies, the sensitivity of the sensor 

was plotted in a frequency range of 1Hz to 50Hz to figure out the most sensitive 

frequency value. The sensor displayed the sensitivity value well above 50% to the 

progesterone concentration as low as 0.02ng/ml in the deionized water [128].
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4.4 Conclusions 

The response of the proposed sensing system was analysed for progesterone hormone 

and hormone metabolite E1G. The analyses depicted that the sensing system had

enough potential to detect the presence of analytes in deionized aqueous medium. The 

sensitivity analyses for both types of molecules proclaimed the capability of the sensor 

and sensing system to differentiate between different concentrations of the analytes. It 

should be noted that the tested analyte concentrations were just trace level and detecting 

such minute quantities was quite promising for further research and developments in the 

project. In the next phase of this research endeavour, couple of endocrine disrupting 

compound were tested for rapid detection using the developed sensing system and 

electrochemical analyses were carried out to deduce meaningful information.
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Chapter 5 Detection of Endocrine Disrupting Compounds

5.1 Introduction

Endocrine disrupting compounds are exogenous chemicals or mixture of chemicals that 

interfere the normal functioning of the endocrine system and cause hormonal 

imbalances in living organisms. These hormonal imbalances can cause cancers, birth 

defects, developmental disorders, nutritional malfunctions and impotency especially in 

males. EDC can block the receptor cells by stopping them to respond or can cause an 

adverse response by getting attached to the receptor in place of a hormone cell. Table 

5.1 shows molecular structures of the most ubiquitous endocrine disruptors on earth. 

Table 5.1 List of the most ubiquitous EDCs
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Phthalates, chemically known as1-2-Benzenedicarboxylic acid esters, are internationally 

recognized as key industrial chemicals with a large number of commercial uses, such as 

additives, solvents and plasticizers due to their low cost [1]. Phthalates with higher 

molecular weight i.e. DINP (Diisononyl phthalate) and DEHP constitute about 80% of 

the phthalate production for the reason of their use as plasticizer in almost every plastic 

product including food and beverage packaging and medical applications, while low 

molecular weight phthalates, such as diethyl phthalate (DEP) and dimethyl phthalate 

(DMP), are used in cosmetics, insecticides, paints and pharmaceutical applications 

[129]. Phthalates added as plasticizers; do not covalently bond to the molecular 

structure of the resulting product, therefore, their potential for non-occupational 

exposure to the environment is high. They leach and migrate into packed food and 

beverages, gas out in the atmosphere or enter directly into human body fluids through 

medical products [130]. Human exposure to phthalates is a major concern for adverse 

human health risk. Phthalates have been characterized as environmental endocrine-

disrupting compounds (EDCs) by many health monitoring agencies in the world due to 

their observed reproductive and developmental defects in rodents [131]. It was 

conclude that DEHP poses highest toxicity threat to human race, especially to children 

under 12 months of age and pregnant and nursing mothers [1]. A number of recent 

researches have suggested declining trend in the reproductive hormones levels in male 

adults [5] and elevated risk of breast cancer in females [7].

Human beings come in contact with phthalates in environmentally by three major 

routes; Dermal, Inhalation and oral (dietary) intake [132]. Oral route is the most 

important among all as it contributes the highest phthalate exposure rates to the human 

beings. Dietary exposures occur by accumulating phthalates either during the food 

processing and packaging from processing equipment or leaching into fatty foods, 

including dairy products, and from packaging during storage. Dairy products 

consumption by children per kilogram body weight is higher as compared to the adults, 

posing greater risk of reproductive and developmental toxicities for young children [7]. 

Polymer toys softened with DINP were estimated exposures ranged from 5-44μg/kg 

body weight/day with 99th percentiles up to 183μg/kg body weight/day for infants via 

mouthing activities [8]. Due to the leach-ability several researchers reported migration 

of phthalates from food packaging [9], PET (PETE, polyethylene terephthalate) bottled 

beverages and mineral water [2] and from corks of glass bottles [10]. World Health 

Organization (WHO) and European Union have limited DEHP in their water policy by 

102



setting the guideline value at 8.0 μg/L in fresh and drinking waters in a published list of 

priority compounds posing endocrine disrupting hazard to human [12]. Table 5.2 shows 

risk assessment of phthalates by agencies in EU, US and Canada. 

Table 5.2 Risk assessment of phthalates by world agencies [130].

Phthalate 

type

Risk assessment of Phthalates

Country, 

region
Committee/year

mg/kg 

bodyweight/day
MRL1/TDI2/RfD3

DEHP USA US-EPA, 1993b 0.02 RfD

DEHP USA ATSDR, 2002 0.1 MRL

DEHP Canada Health Canada, 1994 0.044 TDI

DEHP EU CSTEE, 1998a,b 0.050 TDI

DINP EU CSTEE, 1998a,b 0.25 TDI

DEP USA ATSDR, 1995 7 MRL

DBP USA ATSDR, 2001 0.5 MRL

DBP USA US-EPA, 1990 0.1 RfD
1 minimal risk level; 2 tolerable daily intake; 3 reference dose levels

5.2 Impedimetric Detection of DEHP and DINP

In May 2011, Ministry of Health Taiwan reported illegitimate addition of phthalates by 

a drink manufacturing company into its products to make the juice look cloudy [133].

DEHP was added as a clouding agent in the drink. Later, on investigations, phthalates 

were found in certain medicines, foods and beverages manufactured in Taiwan. DEHP 

has legitimately been used as plasticizers in PVC food contact packaging material, but 

its use as food additive has never been allowed due to its health risk. It should be noted 

that the Tolerable Daily Intake (TDI) limit for DEHP in Taiwan and Hong Kong is 

1.5ppm [134]. Long-time ingestion of DEHP with food at levels above the TDI can 

create hormonal imbalance in the human body that may result in the decrease of male 

reproductive ability, and female precocious puberty, breast cancer and loss of gender 

uniqueness [7, 8, 135, 136]. This incident created a huge wave of suspicion for all

packed beverages throughout the world. Importers demanded testing certifications from 

the manufacturing companies which caused huge workload on the test laboratories. Due 

to expensive and time consuming testing, manufacturers had to face production loss and 

paid additional costs.

Phthalates’ detection and measurement is purely a laboratory based procedure. The 

ubiquitous presence of this compound as a contaminant seriously limits its minimal 

103



detection level. Even in most controlled laboratory setup it cannot generally be 

accurately quantified below about 2ppb [13]. Gas chromatography (GC) is the most 

commonly used technique for detection and quantification of phthalates metabolites

[137].  High performance liquid Chromatography (HPLC) is used to measure phthalate 

concentrations in blood plasma and urine sample at low detection limits [11, 14].

Chromatography technique is used to separate complex mixtures of organic compounds 

with each compound quantified by its specific detector. DEHP is measured using 

Electron Capture Detector (ECD) [137] and Flame Ionization Detector (FID) [138].

Liquid Chromatography (LC) coupled with mass spectrometry (MS) or ultra violet 

(UV) detection are also a few commonly used techniques for detection of phthalates.

5.2.1 Motivation

Almost all contemporary analytical techniques used to detect phthalates in food 

products and beverages require laboratory environment with stringent conditions over 

sampling procedures. There is a paramount requirement for a low cost real time testing 

system which could be used for instant screening of food and beverage products to 

detect the presence of phthalates that could readily be installed in an industrial setup. 

The discussed design and methodology of the developed sensing technique possesses 

properties of speed, in situ testing with an additional benefit of low cost. The objective 

of this part of research was to test the detection response of the fabricated sensor for the 

two phthalate esters; di(2-ethylhexyl) phthalate (DEHP) and diisononyl phthalate 

(DINP). The molecular structures of DEHP and DINP are shown in Figure 5.1 and 

Figure 5.2 respectively.

Figure 5.1 Molecular structure DEHP Figure 5.2 Molecular structure DINP
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5.2.2 Materials and Methods

Gravimetrically prepared 99.5 % pure solutions of DEHP and DINP at a concentration 

of 100μg/mL (100 ppm) in ethanol were procured from ChemService® USA. Two set of 

working solutions of these compounds were prepared by serial dilution method. The 

first set was prepared with deionized water MilliQ® (MILLIPORE USA) at 

concentration of 0.002 through 2ppm concentration levels of DEHP. The second set of 

samples was prepared at a concentration level of 0.1, 0.5, 1 and 20ppm of DINP in 

ethanol. 20ppm concentration from this set was used as stock solution. 99.7% pure 

research grade ethanol was used to serial dilute the stock to achieve lower 

concentrations. pH of control and working solutions were tested using IQ Scientific 

Instrument Inc. USA after calibration with the buffer solutions provided by the 

manufacturer.

Hioki 3522-50 LCR Hi precision Tester (Japan) was used for the EIS experiments. The 

equipment was interfaced with a desktop computer through RS-232C hardware interface 

device. Automatic data acquisition software programmed in Lab view® was used to 

generate Microsoft excel® data file in real time. The LCR tester was calibrated with 

built-in open circuit and short circuit tests in order to offset any stray capacitance 

appearing due to the testing leads. Figure 5.3 shows the test bench setup and Figure 5.4

shows bulk sample testing using dip-test method.

Figure 5.3 Test bench setup Figure 5.4 Dip-test (bulk)

All experiments were performed using slow mode of testing to achieve error rate of 

<0.05%. For reliable results the device was set to write an average of 8 readings of 
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impedance values at each single frequency applied to the sensor.  A 1Vrms sinusoidal 

signal was applied to the sensor with a frequency sweep of 10Hz to 100kHz with 20 

data points per decade on log scale.   An average of three experiments was used to 

further ensure reproducibility and reliability of the results. The sensor was cleaned with 

acetone, rinsed with deionized water and dried in nitrogen in before next test. 

5.2.3 DEHP Detection Test in Deionized Water

Deionized Milli-Q water (18M cm) with 2ppm ethanol (99.7% purity) was used as 

control solution. The pH of the control was 7.3 at 23oC in the laboratory environment.

2ppm concentration of DEHP was used as stock solution to obtain the lower 

concentrations of 0.2ppm, 0.02ppm and 0.002ppm by serial dilution of the stock 

solution. This range of the DEHP concentration in the test-samples was chosen to check 

the response of the sensing system for the trace level detection of DEHP. The pH of the 

stock solution was measured to be 6.95 at 23oC. Experiments were conducted 

immediately after sample preparation at 23oC with a humidity level of 47% in 

laboratory environment. Figure 5.5 shows the plot for imaginary and real part of 

impedance vs. frequency for all the four concentrations of DEHP.

Figure 5.5 Imaginary and real parts of impedance measurements for 
DEHP dip-test
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The capacitive reactance (Zimag) showed a good variation with changing concentrations 

of DEHP especially at lower frequency range (10Hz-400Hz). At higher frequencies 

(500Hz to 5kHz) the rate of change in impedance was observed to be extremely low.

This change is described in terms of sensitivity in the analysis discussed in later part of 

this chapter. The corresponding change in Zreal was not dominant and its rate of change 

was much less in comparison to its counterpart; capacitive reactance (Zimag). This 

showed the increase in capacitance of the sensor with increase in DEHP concentration 

which was due to the inherent dielectric properties of the target DEHP molecule. The 

real part represented the static resistance of the solution appearing due to the ionic

currents passing through the electrochemical cell. The coated polymer stoped the ion 

exchange through the electrode surface. The Nyquist plot shown in Figure 5.6

demonstrates; a mass transfer process in form of a straight line at 45o which 

corresponded to the Warburg resistance and a charge transfer process displayed as a

semi-circular region of different diameters. Each semi-circle corresponded to the DEHP 

concentrations in test solutions. 

Figure 5.6 Nyquist plot for detection of DEHP in DI water

The diameter of the semicircle dictated the value of the charge transfer resistance Rct.

Correspondingly, Rct changes the double layer capacitance Cdl, at the electrode-solution 
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interface which showed the ability of the sensor to monitor the variation of DEHP as 

low as 0.002ppm in the deionized water.

5.2.4 Experimental Data Analyses by CNLS Curve Fitting

The equivalent circuit was estimated using theoretical calculations by electrochemical 

spectrum analyser algorithm. The circuit parameters were estimated by non-linear least 

square fitting technique which fits the measured impedance data on theoretically 

estimated values. The algorithm performs statistical analysis to calculate the residual 

mean square  for experimentally observed values in measured spectra against 

the calculated values based on the theoretical response of suggested equivalent circuit.  determines the deviation of the experimentally observed data from the 

optimal solution. The optimization of the calculated data is achieved by the number of 

iterations it takes to solve the mathematical model for the proposed equivalent circuit. 

The value of in the range of 10-4 shows optimal fitting with an error rate of 

less than 5% in calculating the values of equivalent circuit components. Figure 5.7

shows the equivalent circuit interpreting the kinetics of the electrochemical model 

obtained in consequence of non-linear least square fitting. Figure 5.8 depicts the fitting 

plot for absolute value of Z. Figure 5.9 shows curve fitting for Nyquist plot and Figure 

5.10 displays the curve fitting for the phase shift. It should be noted that the solid line in 

all curve fitting plots sketches the theoretically calculated values and the markers 

display the plot of the experimentally observed values respectively [106].

Figure 5.7 Equivalent circuit proposed by CNLS curve fitting 
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Figure 5.8 CNLS curve fitting plot for absolute value of Impedance.

Figure 5.9 CNLS curve fitting plot for imaginary value of Impedance.

Figure 5.10 CNLS curve fitting plot for phase shift
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Table 5.3 presents the equivalent circuit components’ parameters, error %ages, and 

residual mean square values obtained from non-linear least square fitting for DEHP 

concentrations from 0.002 ppm to 2 ppm in 1 kHz to 100 kHz frequency range.

Table 5.3 Equivalent circuit parameters evaluated by CNLS algorithm 

Equivalent 

Circuit 

Parameters

Units

DEHP concentrations in deionized water

0.002ppm DEHP 0.02ppm DEHP 0.2 ppm DEHP 2ppm DEHP

Value
Error 

(%)
Value

Error 

(%)
Value

Error 

(%)
Value

Error 

(%)

Cdl F 1.58E-9 0.322 1.7E-9 0.93117 2.3134E-9 0.42549 1.003E-8 0.52117

Cad F 5.88E-9 2.72 1.326E-8 4.057 1.2799E-8 2.4528 1.148E-8 4.0362

Rct 91152 0.57 64578 1.2952 42339 0.41634 48805 0.68871

ZW 2.18E+6 1.61 1.7024E+6 3.4118 5.1313E+5 2.6064 2.915E+5 4.4795

Rs 2889.9 2.826 2845.7 4.4782 2681.6 1.9857 2021.1 3.1013

0.00075375 0.0009797 0.0003502 0.0002925

Iterations 300 300 300 300

The analysis showed that the double layer capacitance Cdl increased from 1.5pF to 10pF 

with increasing concentration of DEHP which verified the inherent dielectric properties 

of DEHP molecule present in the sample solutions. The charge transfer resistance Rct

decreased from 91.1

impedance Zw that reduced asing molecular density 

of DEHP in the sample solutions. The solution resistance Rs value, which depends on 

the ionic concentration in the sample solution, also fell indicating 

increase in conductivity of the sample solutions with increasing concentration of DEHP. 

Another parameter Cad was observed to build up with increasing concentration of DEHP 

in samples from 5.8nF to 11.4nF which is attributed to the formation of adsorbed layer 

of DEHP on gold electrode surface. It is caused by the diffusion of ions from the 

electrode surface into the solution as a result of transfer of charges (electrons) into the 

electrode from the bulk solution [139].

5.2.5 Sensitivity Analysis – DEHP

The sensitivity of the sensor was evaluated on the basis of capacitive reactance which is 

dominant over change in the real part of the measured impedance spectra. The real part 

was unable to provide useful information on impedance change induced by DEHP 

concentration. This occurred due to the fact that DEHP is a dielectric material, therefor 

did not contain any ionic concentration in the test samples.  
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The calculated values of sensitivity (%) plotted in Figure 5.11.

Figure 5.11 Reactance percentage sensitivity for DEHP in DI water

The plot depicted that the sensor remains sensitive to the DEHP concentration in 

MilliQ during a fair range of frequency i.e.10 Hz to 1400Hz. Figure 5.11 accounts for 

the calculated percentage sensitivity values using Equation 4. plotted for different 

concentrations of DEHP in the test solutions at 200, 790, 1400 and 5000Hz frequencies.

The sensitivity deteriorates drastically after 5kHz.

5.2.6 DEHP Detection in Commercially Sold Energy Drink

Due to the strict control by Ministry of Health in New Zealand, it was assumed that the 

beverages available in the local New Zealand markets are phthalate free. The sensor’s 

response was tested with added DEHP in one of the locally available energy drink,

branded “Lift Plus Extra”. This drink is supplied in glass bottle packaging. PET bottled 

drink was not selected for test due to the uncertainty of leached phthalate in the drink.

Figure 5.12 shows the test bench used to test DEHP-spiked energy drinks.
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Figure 5.12 Test bench setup for DEHP-spiked energy drinks

Three spiked working solutions with 2, 6 and 10 ppm concentrations of DEHP were 

prepared at 23oC temperature and were tested immediately after sample preparation. 

These concentration levels were selected to note the detection response of the sensor 

below and above the MRL limit set by ATSDR, USA. Un-spiked original drink was 

used as the control reference solution for comparison [140].

Figure 5.13 Zreal and Zimag for DEHP dip-test of spiked energy drink
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1.3kHz. Figure 5.13 shows the plot for real and imaginary part of impedance spectra for 

the energy drink spiked with DEHP as compared to the un-spiked drink. Figure 5.14

displays the bode plot for DEHP spiked drink in the said frequency range. 

Figure 5.14 Bode plot showing measured spectra for the spiked drink

It has been observed that the change in the absolute Impedance Zabs is visible only at the 

lower frequency range, whereas, the phase shift is distinctive for pure and spiked 

samples, especially for DEHP concentration as high as 10ppm. The magnitude of 

change in imaginary impedance for 2ppm and 6ppm of spiked energy drink did not 

show much difference due to the fact that energy drink contains many other chemicals 

apart from the spiked DEHP, that also contribute in the impedance measurements. The 

solution to this problem required the selectivity characteristics to be induced in the 

sensor for the specific analyte molecule (DEHP in this case).

5.2.7 Impedance Measurements of DINP-spiked Ethanol Samples

All phthalates including DINP are synthetic oily compounds that do not dissolve in 

aqueous medium. On the other hand, are soluble in all organic solvents. Experiments 

were conducted to investigate the capability of the sensing system for phthalate 

detection in alcohol based beverages. Although, alcohol based drinks are supplied in 

glass bottles yet research has declared that the cork stopper used in glass bottled drinks 

leach phthalates and the migration is even faster in this case by virtue of the solubility 

properties of alcohol [10].
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Four different concentrations of DINP-in-Ethanol; 0.1, 0.5, 1 and 20ppm were tested at 

room temperature using the designed real-time detection system.

Figure 5.15 Nyquist plot for DINP concentration test in EtOH

Control solution is 99.6% pure ethanol with pH 6.71. It was observed that addition of 

DINP in the working solutions did not alter their pH level and their average pH value 

observed was 6.52 at 20oC. The sensor was profiled in air before its exposure to the 

different DINP concentrations. Figure 5.15 shows the Nyquist plot for the impedance 

spectrum obtained.  It was observed that the plot did not display diffusion-limited 

process (Warburg Resistance) in the selected frequency range which is attributed to 

Si3N4 coating on the sensing area and absence of redox-active compound in the solution 

[16] The high value of charge transfer resistance (Rct is )

calculated from the plot depicts the charge transfer process. The double layer 

capacitance (Cdl) appears due to the layer of charges formed at the electrode-solution 

interface,   at this point, it had a value of 0.115nF for air and 0.113nF for the control 

solution. The corresponding values of Cdl for 0.1, 0.5, 1 and 20ppm DINP 

concentrations are calculated to be 7.7nF, 96.95nF, 100nF and 113.2nF respectively. 

The change in the value of the Cdl corresponded to the change in the concentration of 

DINP in ethanol. It is observed that the sensor is highly sensitive at low frequencies (6 

to 100Hz). The reactance (imaginary Impedance) of the sensor dominates the real 

impedance showing its capacitive behaviour.
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Figure 5.16 Real part of impedance for DINP-in-EtOH

Figure 5.17 Imaginary Part of Impedance for DINP-in-EtOH

Figure 5.16 and Figure 5.17 show the real and imaginary impedance plotted against 

frequency respectively. A sequential decrease in the reactance is observed with the 

increasing concentration of DINP in EtOH as shown in Figure 5.17.

5.2.8 Impedance Measurements of DINP-Spiked Orange Juice

Assuming that glass bottled juices are phthalate-free in New Zealand, 5, 10 and 20ppm 

DINP was added to a locally available orange juice (average pH of 3.47 at 20oC). 

Control for this set of samples was un-spiked (no added DINP) juice [76].
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Figure 5.18 Real part of measured impedance for DINP in orange juice

Figure 5.18 shows the real impedance plot for the results which show that the sensor 

was able to translate the DINP concentration in the samples in terms of reactance. It was

observed that the acidic medium has reduced the solution resistance ten folds as 

compared to the test in ethanol medium. It happened due to the presence of ionic 

concentration in the medium; therefore, the process of ionic diffusion takes place in the 

solution at the electrode-solution interface on the application of electrical perturbations. 

Consequently, it caused a drastic decrease in the solution resistance. Figure 5.19 shows 

the imaginary part of impedance measured in testing spiked orange juice with the 

proposed detection system.
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Figure 5.19 Reactance plot for DINP-in-Orange juice

The presence of other chemicals in the complex matrix like orange juice has drastically 

affected the sensitivity of the sensor, which can be seen from the plotted imaginary 

impedance curves for different concentrations of DINP in orange juice. The range of 

frequency for which the sensor has shown presence of DINP (6.31Hz to 39.81Hz) has 

reduced; additionally, the magnitude of change in reactance of the sensor has eroded. 

The test results of DINP in orange juice were not too different to the test results of 

DEHP in energy drink. The system was unable to detect the trace level concentrations 

of phthalates in complex solutions like drinks and juices.
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5.2.9 Conclusions

The developed sensor and sensing system was employed to detect two types of 

phthalates spiked in different types of mediums. The tests were performed in real-time 

and the sensor performed successfully in the detection of phthalates in pure polar 

medium. The system was able to detect the presence of DEHP and DINP even to a trace 

level in the polar medium but the outcomes of the investigation made for electrolytic 

and acidic media were not up to the mark. Although, the sensitivity analysis of the 

system displayed high level of sensitivity in pure aqueous and organic solvent media

yet, the system sensitivity deteriorated drastically in complex solutions. This led the 

sensing system research to the next stage of development. In order to adapt the sensor

and sensing system for complex chemical matrices like beverages, milk and urine,

selectivity for analyte molecules was an utmost requirement.  Different options to pave 

the way to selective adsorption of phthalates on the sensing surface have been explored.

Published research provides a number of methods to selectively detect analyte from a 

complex matrix by extraction, absorption, adsorption, biological separation and 

filtration. Unfortunately, all these techniques are laboratory based and require certain 

skills and expertise to perform. On the other hand these techniques are extremely 

delicate and require certain environmental conditions to execute.

One of the main objectives of this research was to develop an assay system that is 

robust enough to have an in-field application without any technical expertise 

requirement for the user. To achieve this objective a robust assay technique was tailored 

and applied to induce selectivity in the designed sensing system. The discussion on 

inducing selectivity for specific molecules is carried out in the next chapter of this 

thesis.
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Chapter 6 Inducing Analyte Selectivity in the Sensing 

System

6.1 Introduction

The need for the development of fast, sensitive and highly selective chemical and 

biochemical sensors for applications related to complex matrices of medical,

environmental and industrial interests has been a subject of ultimate research and 

development recently. A number of chemical and biochemical sensors have been 

designed by making use of enzymes, antibodies, membranes, carbon nanotubes, 

magnetic nanoparticles and supramolecular assemblies to realize the sensing elements 

for chemical and biochemical analytes [141-143]. However, the availability of 

biocomponent required, or the mandatory requirement of stability and reproducibility in 

chemical and biochemical recognition remained unachieved. Therefore, all the 

techniques and assays developed stayed restrained to laboratories. The aim of rapidness 

and robustness in chemical and biochemical recognition had been an ambition for the 

researchers in this field. 

Recent studies in polymer science demonstrated that use of analyte (organic template) 

could create imprinted cavities in cross-linked polymers and has proved to be the most 

efficient way of polymerizing synthetic materials bearing selective molecular 

recognition sites for the analyte. Since the chemical, physical and electrical properties of 

the polymers may be tailored over a wide range of characteristics, sophisticated and hi-

tech electronic and electrical sensing devices have a huge potential of placing polymers 

at a permanent collaborative position in the field of chemical and biochemical sensing

[144, 145].

The developed methodology is based on chemical, physical or electrical interaction of 

the analyte, called print molecule or template, with a functional monomer to polymerize 

together. A rigid, cross-linked, macro-porous polymer is formed that contains the 

analyte packed in the synthesized polymer. On removal of the print molecule by elution, 

specific sites are left behind that are complementary to the print molecule in shape and 

arrangement with an outstanding capability of rebinding the template and structurally 
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related analytes. The polymer with the “memory” of the analyte hence gets the name of 

‘Molecular Imprinted Polymers’ (MIP) [146-148]. Molecular imprinted polymers 

(MIPs) are specially designed polymerized materials owing valuable molecular 

recognition capabilities. These possess specific cavities designed for a target molecule, 

privileged by unique advantages like high selectivity, physiochemical stability and 

specific recognition of analyte and structurally related compounds. 

Molecular Imprinted polymers could be synthesized by applying a number of 

approaches like precipitation, bulk, suspension, swelling, miniemulsion and core-shell 

polymerizations depending on the application [147]. Figure 6.1 shows the steps 

involved in the synthesis of MIP and Figure 6.2 shows the extraction process making

molecular recognition sites available in the polymer matrix for selective extraction.

Figure 6.1 Synthesis process of Molecular Imprinted Polymer

Figure 6.2 Extraction of template molecule forming molecular 
recognition site in MIP

Latest research depicts that molecular imprinting technique has rigorously been used to 

extract the phthalate analytes from the samples as an application for sample clean-up to 
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quantify DEHP by using gas chromatography [17, 149, 150]. The entrapment of target 

molecules is achieved by two established strategies using covalent or non-covalent 

interactions of the target molecule with the functional monomer. Non-covalent approach 

makes use of instinctive intermolecular forces present between the target and monomer 

molecule. This molecular recognition selectivity  has proved to be an attractive 

predominant advantage for separation and analyses of  complicated samples and has 

been applied in several contexts e.g. solid phase extraction (SPE) [15, 150],

chromatography [151], electro-chromatography [152], membrane filtration and sensing. 

It has obvious advantages over biological receptors and antibodies of more number of 

target molecule capturing sites [151]. MIPs are intrinsically stable robust and reusable. 

These relatively weak forces could be hydrogen bonding, ion pair, dipole-dipole 

interactions or van der Waals forces between the two molecules. This is the most 

commonly used approach since it requires minimal effort to remove the entrapped 

molecules from the molecular recognition sites whereas the covalent bonding requires 

additional steps to release the entrapped molecules [153]. Molecular imprinted micro 

and nano-spheres applied for DEHP determination have been reported as a product of 

precipitation polymerization for MIP [16]. The microspheres exhibited a strong DEHP 

molecular affinity and the authors evaluated an imprinted factor (IF) of higher than 8 in 

their reported research [16]. Yan et al. reported the synthesis of a new imprinted 

microsphere for DINP by precipitation polymerization and determined the PAEs in 

plastic bottled beverages as an application. The average recovery of the five PAEs at 

three different spiking levels was found to be ranging from 84.3% to 96.2% for different 

phthalate molecules [154].

In the presented research, a selective MIP for DEHP was synthesized by the process of 

suspension polymerization with the use of methacrylamide as a functional monomer. 

DEHP molecule was used as template with N,N-methlene-bis-acrylamide behaving as a 

cross-linker molecule to polymerize the MIP. The adsorbed DEHP was extracted using 

soxhlet extraction method through methanol. The MIP was air dried and immobilized 

on the ID sensor for rapid quantification of DEHP in aqueous medium by 

electrochemical impedance spectroscopy application studies.

6.1.1 Materials and Methods

Di(2-ethylhexyl) phthalate (DEHP). N,N-methlene-bis-acrylamide, methacrylamide, 

ammonium persulfate, Methanol, ethanol, acetonitrile, choloroform, dimethyl 
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formamide (DMF), dicholoromethane and 3-aminopropyltrietoxysilane (APTES) were 

procured from Sigma Aldrich, Germany. Deionized (DI) water MilliQ® was obtained 

from MILLIPORE water system (USA)- 18 M Gravimetrically prepared di (2-

ethylhexyl) phthalate (DEHP) solution at a concentration of 200μg/mL (200ppm) in 

ethanol (99.5% purity) was ordered and received from ChemService® USA. Other 

working solutions of lower concentrations were achieved by serial dilution method in 

the deionized water MilliQ®. Pure deionized water with a 100ppm concentration of 

ethanol was used as control solution for the experiments. pH meter from IQ Scientific 

Instrument Inc. USA was used to measure pH levels of the spiked and control solutions. 

The device was calibrated with buffer solutions provided by the manufacturer.

6.1.2 Synthesis of DEHP imprinted polymer 

A DEHP selective molecular imprinted polymer was synthesized by suspension 

polymerization using methacrylamide as a functional monomer attaching itself to DEHP 

molecule via hydrogen bonds. N,N-methlene-bis-acrylamide was used as crosslinker for 

polymerization reaction. Ammonium persulfate was used as initiator for synthesis of the 

polymer.

Figure 6.3 Polymerisation reaction Figure 6.4 Ploymerized MIP

A solution of 2.5ml DMF, 7.5ml MilliQ water, 14.5mmol methacrylamide and 1ml 

DEHP was prepared in an ice bath and functional monomer and template (DEHP)
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molecules were allowed to generate hydrogen bonds between DEHP and 

methacrylamide (monomer) in the presence of nitrogen atmosphere. 5.3mmol N,N-

methylene-bisacrylamide ( cross linker) and 0.7mmol ammonium persulfate (initiator) 

were added to the mixture and stirred until dissolved in the solution in a flask installed 

with a reflux condenser and a magnetic stirrer as shown in Figure 6.3. The cold water 

circulation in the reflux condenser was used to avoid any evaporation from the 

polymerization flask. The solution was kept at 50oC for 8 hours in order to complete the 

polymerization reaction.  

MIP was filtered, washed with deionized water and dried under nitrogen flow (Figure 

6.4). MIP was ground and sieved to obtain 90μm particle size. DEHP (template) was 

extracted out of the MIP powder encapsulated in 0.22μm filter caplet by Soxhlet 

extraction in 12 hours with methanol as shown in Figure 6.5. Extraction of DEHP in 

0.22μm filter is shown in Figure 6.6.

Figure 6.5 Soxhlet Extraction Figure 6.6 Filter caplet 0.22μm

MIP powder was dried under nitrogen at room temperature. Self-assembled monolayer 

of 3-aminopropyltrietoxysilane (APTES) was used to immobilize MIP functional 
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coating on the sensing surface of the sensor by dip coating method. 2g MIP powder 

was mixed with 2.5ml APTES and 1.5ml of DI water to prepare a coating suspension. 

The sensor was dipped in the suspension and was withdrawn at a slow rate of 2.5mm

per minute to achieve a uniform coating on the sensing surface. The dip coated sensor 

was dried for 18 hours in nitrogen at room temperature prior to testing. Figure 6.7

shows the MIP in 90μm sieved powdered form after extraction of template (DEHP).

Figure 6.7 DEHP extracted MIP Figure 6.8 MIP coated sensor using 
SAM of APTES

The coating was observed under optical microscope for surface morphology and 

porosity. Figure 6.9 shows confocal micrograph image of MIP coated sensor depicting 

that the MIP embedded SAM coating on the sensing surface is uniform and porous.

Figure 6.9 Confocal micrograph image of MIP coated sensor
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Two identical sensors 1-11-50A and 1-11-50B were coated and profiled in inert 

atmosphere at 24% humidity and 23.3oC temperature. Figure 6.10 shows the dip coating 

process of the sensors and Figure 6.11 shows drying under inert atmosphere for 18 

hours in a desiccator.  

Figure 6.10 Dip Coating process Figure 6.11 Drying in nitrogen
flow

6.1.3 EIS for detection of DEHP in MilliQ

Electrochemical Impedance Spectroscopy technique owns high sensitivity with 

limitation of stable and reversible system in equilibrium. Therefore for non-stationary 

systems instantaneous impedance measurements are mandatory. In case of non-

compliance, system linearity, stability and repeatability could not be ensured.  In order 

to overcome these challenges all experiments were conducted under identical 

temperature, humidity, and pH boundary condition in controlled laboratory 

environment. The sensor was connected to Hioki 3522-50 LCR Hi precision tester 

(Japan) by gold contact clamp pin connector. The device was run with built in open and 

short calibration tests to nullify any stray capacitance due to connecting leads. LCR 

tester was set to slow mode of testing to achieve error rate of <0.05% as recommended 

by the manufacturer. The sensor setup was formed in a desiccator to achieve the 

required controls of 24% humidity and inert atmosphere.  To obtain a reference, the 

sensor was profiled in air for a frequency sweep of 2MHz to 42Hz with ten 

measurements per decade change in frequency at the log scale. Three different 

concentrations of DEHP - 1, 10, and 50mgl-1 (ppm) in deionized water were tested at 
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initial temperature (23.3oC) and humidity (24%) conditions

cm deionized MilliQ water with pH 6.71. It was observed that addition of DEHP in the 

working solutions did not alter pH level and average pH value measured was 6.52 at 

23.3oC. The sensor was profiled in air before its exposure to the different DEHP 

concentrations to create an experimental reference curve for sensor performance.  The 

immobilized MIP sensor was pipetted with 10μl of MilliQ water and the test was run to 

generate control reference curve, later the MIP functionalized sensor was pipetted with 

10μl 1ppm solution. A seven minutes time period was allowed for polymer to entrap 

DEHP molecules from the test sample. Figure 6.12 shows the lab test bench set up for 

MIP coated sensor testing.

Figure 6.12 Laboratory test bench setup for MIP coated sensor

The MIP was washed with acetone and rinsed with distilled water in order to remove 

excess/un-bound DEHP molecules and the EIS testing was executed thrice under same 

initial temperature and humidity conditions. The MIP coated sensor was sonicated in 

dichloromethane for half an hour to remove the entrapped DEHP molecules and 

regenerate the functionalized MIP coating. The eluent was preserved and later tested 

with HPLC for validation of DEHP entrapment. The sensor surface was dried with 

nitrogen and profiled in air in order to evaluate and ensure achievement of initial 

conditions of the EIS testing system before each run. Each concentration was tested 

with the proposed system following the described procedural steps. The control 
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reference was plotted by executing experiment after pipetting 10μl control solution on 

the MIP functionalized sensing area of the sensor.

6.1.4 Results and Discussions 

Molecular imprinted polymers (MIP) are specially designed polymer materials owing 

valuable target molecules recognition sites, privileged by unique advantages like high 

selectivity, physiochemical stability, robustness, longer shelf life, reusability and 

specific recognition of analyte and structurally related compounds. This molecular 

recognition selectivity has proved to be an attractive predominant advantage over 

biological receptors and antibodies for more number of target molecule capturing sites

[151]. MIPs have been applied in solid phase extraction (SPE), chromatography, 

electro-chromatography, membrane filtration and sensing [155, 156]. Lately molecular 

imprinting technique has rigorously been applied to extract phthalate analytes as a 

sample clean up prior to quantification of DEHP by gas chromatography[149]. The 

analyte could be entrapped by MIP either by covalent or non-covalent bonding, which is 

accepted as a well-established technique for analyte capture for sample clean-up [152].

Non covalent bonding makes use of relatively weak forces like hydrogen bonding, ion 

pair, dipole-dipole interactions or van der Waal forces to entrap target molecules. This 

approach is more appreciated because it requires minimal efforts to remove the target 

molecules from the recognition sites, whereas, covalent entrapment requires energy 

transfers to break the bond in order to remove the analyte [149, 157, 158].

6.1.5 Adsorption studies of DEHP to MIP 

The extraction of adsorbed DEHP from the sensor’s functionalized coating was carried 

out in an equal volume (2ml) of dichloromethane by sonication process of 15 minutes at 

all instances. The solvent was evaporated and 50μl dichloromethane was used for HPLC

testing of the eluent.  Luna C18 column was used in DIONEX HPLC system to test the

samples at a wavelength of 224nm for diode array detector (DAD) with a mobile phase 

of methanol/acetonitrile (1:9 v/v). The binding isotherms of DEHP to MIP were 

determined in the concentration range of 1-100μgml-1. Adsorption studies helped us to 

determine two important parameters about the functionalized coating on the sensing 

surface. Firstly, we can determine the highest concentration that could be adsorbed by 

the immobilized MIP and secondly, time of adsorption could be determined for the 

amount of MIP immobilized on the sensing surface. Highest adsorption concentration 
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can be studied by static adsorption investigation (section 6.1.6) whereas, uptake kinetic 

studies (section 6.1.7)  can provide the information about the time of adsorption which 

is an important parameter to know for qausi-static electrochemical cell in order to keep 

the system in steady-state for EIS measurements.

6.1.6 Static Adsorption of DEHP to MIP 

The static adsorption of MIP was calculated using Equation 6.1.= ( ) (6.1)

Where Q (mgg-1) is the mass of DEHP adsorbed per gram of MIP, (mgl-1) is the 

initial concentration of DEHP; (mgl-1) is final concentration of DEHP after 

adsorption. V(l) is the total volume of the adsorption mixture and m(g) is the mass of the 

polymer used.The isotherm for the static adsorption studies of DEHP to MIP is shown 

in Figure 6.13.

Figure 6.13 Isotherm for the static adsorption studies of DEHP to MIP

The plot depicts that the amount of DEHP bound to the polymer increases with the 

increase in concentration of the DEHP in the test samples below a concentration level of 

50mgl-1(ppm). The polymer saturates as the concentration level increases above the said 

limit and the curve becomes parallel to concentration axis. This is due to the fact that 
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the miniature size of sensor allows very less MIP immobilized on the sensing surface. 

Since the targeted range of detection is lower to the saturation limit therefore, it is 

deemed acceptable [159].

6.1.7 Uptake Kinetics of MIP Coated Sensor to DEHP

Figure 6.14 presents the plot for adsorption uptake kinetics of DEHP to MIP. This study 

was helpful to determine the adsorption time required by DEHP present in the sample to 

get trapped at the molecular recognition sites in the MIP. The coated sensor was dipped 

in 5ml test solution with a concentration of 50μgml-1.

Figure 6.14 Isotherm for adsorption uptake kinetics of DEHP to MIP

The concentration level was chosen in the light of static adsorption studies undertaken 

in section 6.1.6. The results showed that the molecular imprinted polymer owns fast 

entrapment kinetics, and the binding equilibrium was reached in almost 7 minutes. The 

rapid adsorption capability of the MIP is an advantage for using the polymer with 

electrochemical impedance spectroscopy where rapid impedance measurements are 

mandatory for non-stationary systems.
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6.1.8 Data Analyses Using Non-linear Least Square Curve fitting

Figure 6.15 shows the Nyquist plot for the experimentally obtained real and complex 

impedance. The decreasing diameter of the Nyquist plot indicates the increasing 

concentration of the phthalate in the sample. It is observed that the sensor is sensitive to 

the adsorbed phthalate molecules at low frequencies. The mass transfer of ions in the 

electrode surface is a fast kinetic process which is taking place at low frequency range, 

on the other hand the capacitive behaviour of the sensor is observed at relatively high 

frequency range. The semi-circular portion describes a relatively slower charge transfer 

limited process at higher frequencies. Cdl can be calculated from the frequency at the 

maximum of semi-circular region in the Nyquist plot using = 2 f= 1/RctCdl whereas, 

Rct is calculated by extrapolating the semicircle to Zreal axis.  

Figure 6.15 Nyquist plot for EIS testing of MIP coated Sensor

The double layer capacitance Cdl and charge transfer resistance Rct are the key electrical 

parameters in determination of impedance change for analytical studies of the system 

kinetics in detection of the phthalates. The values of Rct decreases form 13

as the concentration of DEHP increases from 0ppm to 50ppm as shown in Figure 6.15.

The equivalent circuit was estimated using theoretical calculations by electrochemical 

spectrum analyser algorithm shown in Figure 6.16.
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Figure 6.16 Equivalent circuit estimated by CNLS analysis

The circuit parameters were estimated by complex non-linear least square fitting 

technique which fits the measured impedance data on theoretically estimated values. 

The algorithm performs statistical analysis to calculate the residual mean square  for experimentally observed values in measured spectra against the 

calculated values based on the theoretical response of suggested equivalent circuit.

Table 6.1 CNLS curve fitted equivalent circuit parameters

Parameter 

(unit)

DEHP Test samples in DI water

1 ppm 10 ppm 50 ppm

Value Error 

(%)

Value Error 

(%)

Value Error 

(%)

Cad (F) 3.37E-08 2.4318 3.77E-08 2.7215 5.50E-08 1.9596

Rs 7.2 3.4286 6.00 2.6131 1.32 2.441

Rct 1.29E+05 3.9552 9.97E+04 4.0774 8.42E+04 4.422

Zw 1.78E-06 13.9593 1.57E-06 14.6884 9.52E-05 15.4408

Cdl (F) 1.01E-09 3.6404 9.03E-10 3.7977 7.07E-10 18.971

r2 5.859E-04 4.395E-04 6.782E-04

The results of curve fitting show that the adsorption capacitance increases with the 

increase in concentration of the analyte in the test samples whereas; the charge transfer 

resistance is decreasing with the increasing concentration. The new results with 

selective coating are in compliance to the earlier experiments with DEHP in aqueous 

medium. The Warburg resistance has reduced to zero due to the self-assembled mono-

layer of APTES embedded with MIP particles. APTES provides good adhesion with the 

silicon dioxide layer present at the sensing surface. Since ionic concentration in the test 

sample is not present and the SAM of APTES provides good insulation between the 
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sensing surface and the electrolyte, therefore the existence of Warburg resistance is 

nominal which proves that the capacitive characteristics of the sensor have enhanced 

due to the coating of MIP.

6.1.9 Results validation by HPLC

The eluent collected after the extraction of adsorbed DEHP from sensing surface was

filtered with 0.22μm filter, solvent was evaporated and 50μl methanol was used for 

HPLC testing of the eluent.  Luna C18 column was used in DIONEX HPLC system to 

test the samples at a wavelength of 224nm for diode array detector (DAD) with a 

mobile phase of methanol/acetonitrile (1:9 v/v) in order to validate the EIS results.

Figure 6.17 shows the DIONEX HPLC apparatus in the Micro-suite laboratory which is 

a programmable self-injecting semi-automatic piece of equipment.

Figure 6.17 DIONEX-Ultimate 3000 HPLC apparatus

Figure 6.18 shows the peak absorption wavelength in absorption spectrum of DEHP.  
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Figure 6.18 Absorption spectrum of DEHP

The HPLC peak was observed at 6.19 minutes with C18 (150X4.6mm) column at a 

flow rate of 1mL/min of the mobile phase. Un-spiked methanol was used as a control 

reference for detecting concentrations of 1mg/L to 100mg/L in methanol. The plots for 

the observed DEHP peaks are shown in Figure 6.19. The area under the peaks 

determined the concentration of DEHP in the sample. 

Figure 6.19 MIP eluent tested with HPLC for EIS results validation

The chromatograph shows a few peaks at 1.2 minutes which correspond to the solvent.  

The DEHP concentrations read by HPLC in the eluent are marked in Figure 6.20
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Figure 6.20 DEHP eluent extracted from MIP immobilized on ID 
sensor

The calibration curve shown in Figure 6.20 was plotted using samples of known 

concentration in MeOH. The square marks shown on the plot represent the 

concentration read by the HPLC.

6.1.10 DEHP in Energy Drink – MIP Coated Sensor

Commercially available energy drink (Lift Plus) was spiked with DEHP at a 

concentration of 1, 5, and 10ppm. The drink is sold in New Zealand markets in glass 

bottle packaging therefore, possibility of addition of leached DEHP from the packaging 

was ruled out. The spiked drink samples were tested with MIP functionalized 

interdigital sensor by electrochemical impedance spectroscopy and the eluent after 

extraction of DEHP from the sensor’s coating was injected to HPLC for validation.

Figure 6.21 shows the Nyquist plot for the impedance data measured by the MIP 

functionalized sensor. It should be noted that all the steps in the test procedure were 

identical to the test with spiked deionized water as explained in section 6.1.3.
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Figure 6.21 Nyquist plot for DEHP spiked drink by MIP coated sensor

The change in the impedance read by the developed EIS system showed that the 

concentration of the analyte is changing in the spiked drink.  The 45o tail line with the 

semi-circular curve in the plot showed the presence of Warburg resistance in the 

equivalent circuit. The appearance of Warburg resistance strictly dictated the presence 

of ions in the spike samples that is attributed to the electrolytes present in the energy 

drink. The current flowing through the circuit due to conductive medium dictated the 

value of the resistance. The equivalent circuit parameters are shown Table 6.2.

Table 6.2 Equivalent circuit parameters evaluated by CNLS fitting for 
DEHP detection in ‘Lift Plus’ drink by MIP functionalized sensor

Eq. Circuit 

Parameters (unit)

DEHP spiked energy drink- MIP functionalized sensor 

1ppm 5ppm 10ppm

Cad (F) 1.813E-07 1.359E-07 1.466E-07

Rs 1.145E+02 1.33E+02 1.58E+02

Rct 8.2304E04 6.21E+04 5.57E+04

Zw 2.431E06 1.92E+06 1.64E+06

Cdl (F) 7.95E-09 8.79E-09 9.25E-09
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The smart system results were validated by HPLC analysis. The chromatogram in 

Figure 6.22 shows DEHP peaks at 6.91 minutes. The peaks that appeared before DEHP 

peak are due to the presence of other chemicals in the eluent. These might get attached 

to the MIP due to its porous nature. This problem could be rectified by increasing the 

density of the DEHP recognition sites in the MIP matrix by adding more template 

molecules. The quantity of the template compoundadded in the pre-polymerization 

complex determines the density of the recognition sites formed in resulting MIP.

Figure 6.22 HPLC chromatogram showing the DEHP peaks in the 
eluent extracted out of the functionalized MIP

6.1.11 Conclusions

Non-invasive, real time detection technique for ubiquitous environmental endocrine-

disrupting compounds in water has been discussed. Optimization of design for MEMS 

based interdigital sensors has been achieved on basis of mathematical modelling using 

finite element modelling software COMSOL Multiphysics®. Optimized designs of 

sensors have been fabricated using thin film semiconductor device fabrication 

techniques. The sensing surface was functionalized by a self-assembled monolayer of 3-

aminopropyltrietoxysilane (APTES) with embedded molecular imprinted polymer 
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(MIP) to introduce selectivity for the di (2-ethylhexyl) phthalate (DEHP) molecule.

Various concentrations (1, 10 and 50 ppm) of DEHP in deionized MilliQ water were 

tested using the functionalized sensing surface to capture the analyte. Frequency 

response analyzer (FRA) algorithm was used to obtain impedance spectra so as to 

determine sample conductance and capacitance for evaluation of phthalate 

concentration in the sample solution. Spectrum analysis algorithm interpreted the 

experimentally obtained impedance spectra by applying complex nonlinear least square 

(CNLS) curve fitting in order to obtain electrochemical equivalent circuit and 

corresponding circuit parameters describing the kinetics of the electrochemical cell. The 

results obtained by the testing system were validated using commercially used HPLC-

DAD.
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Chapter 7 Conclusions and Future Research

7.1 Conclusions

This thesis contributed in the impedance spectroscopy research for the development of 

novel interdigital sensors by applying this technique to hormone and chemical 

detection. The research work required to do a substantial addition to the existing 

knowledge includes, but not limited to the literature surveys in this and allied fields,

design and design developments, simulations and fabrications, experimentation and 

analyses, measurements and hypothesis, functionalization and immobilization, 

selectivity and sensitivity, detailed mathematical and statistical analyses and result 

validations. The presented research work has successfully been applied to develop an 

exciting transducer that could not only selectively detect its target but is capable enough 

to quantify harmful synthesized organic impurities in our food stuffs. This research 

work has not only provided a real-time tool to perform week-long chemical and bio-

chemical assays in minutes yet, it had been operating as a source of community 

awareness about the said chemicals that we keep ingesting knowing or unknowingly.

Consequently, these teratogenic, endogenic and carcinogenic chemicals become our 

body burden and we fall prey to some incurable diseases that cause to shorten our life 

span.

The research work executed in this capacity, is a set of sequential moves to this 

accomplishment, described as follows.

The first chapter defines and highlights the problem and its gravity. In the introduction 

part it briefly describes the good and the bad; hormones, that are the good chemicals 

generated by a living body naturally, to help it grow, nurture and nourish and endocrine 

disrupting compounds, the bad chemicals that when enter the living body, mimic 

hormones, damage and destroy the natural balances and cause devastating malfunctions 

in body metabolisms. The author then tried to find some way to detect these silent 

killers in the existing human knowledge-base by reviewing the up-to-date research 

published in this context. The basic objective of the author in this search was to find out 

some method that may be smart enough to identify these chemicals to a trace level of 

parts per million to parts per billion, in addition to a rapid and real-time execution of the 

investigation. During this endeavour the author came across a few excellent approaches 

to the solution of the problem but unfortunately none of those could qualify the 
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condition of rapid detection. Over and above, all these technologies required stringent 

test conditions and bulky machines worth millions of dollars. These methodologies may 

be affordable to the elite class of the community but an average member may afford it 

once in a blue moon only. At the end of the chapter a comprehensive comparison of all 

the applied technologies have been discussed in order to emphasize the scarcity of a 

sensitive and rapid technique for chemical and biochemical assay

The next milestone to this journey was to search out some technique that may have the 

throbbing potential to fulfil the targeted conditions but has not yet been so developed to 

cater for it. Chapter 2 described the methods and methodologies, merits and demerits, 

dos and don’ts, pros and cons of the electrochemical impedance spectroscopy (EIS)

technique. The author selected it to proceed further on researching it because it had 

enough potential for sensitivity, rapidness and did not require any bulky test equipment 

due to which it was one of the lowest cost technologies ever known. The author tried to 

make the reader of this thesis well-versant with the equipment used, methodologies, 

conditions and analytical methods applied in this technique to deduce the results in 

chapter 2. 

After explanation to build a standalone EIS data acquisition system that may work semi-

automatically using a computer, the author started working on the development of a

transducer that could interpret the material information extracted by EIS in to readable 

electrical signals. This transducer was supposed to be the heart and soul of the detection 

system. Therefore, it had to be highly sensitive, precisely selective, carefully designed 

and thoroughly tested and tried.

Planar interdigital capacitive sensors have been under extensive research and 

development for last two decades. They have shown high level of accuracy and 

excellent sensitivity of measurements in the evaluation of near–surface properties like 

permeability, conductivity, dielectric properties of materials, non-invasive testing, label-

free detection of biological species and analysis of chemical compounds. The coplanar 

structure provides freedom of in-situ and single side access feature for the sensor along 

with acceptable signal-to-noise ratio in measurements. The capacitance and conductance 

between the sensors’ electrodes is dependent on the material, geometry and dielectric 

properties of the analyte. When these sensors operate in conjunction with the 

Electrochemical Impedance Spectroscopy (EIS) technique, applied alternating 

electromagnetic perturbations fringe through the material sample producing capacitive 
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effects as a result of the presence of analyte molecule in the sample under test. The 

impedance Z of a system is determined as a function of frequency and by analysing the 

resultant current through the system in terms of amplitude and phase shift compared to 

voltage-time function.

Chapter 3 detailed the steps involved in design and simulation of the interdigital 

capacitive transducer. It explained the worked out improvements in the design of the 

sensor that was simulated to virtually assure the sensitivity and operation. Smart fruitful 

collaborative partnerships were established to fabricate these sensors at King Abdullah 

University of Science and Technology, Saudi Arabia. These sensors were fabricated on 

single crystal silicon wafer widely used in the ICs fabrication in semiconductor 

fabrication industry. The sensors were designed simulated in miniature size with 

multiple configurations of sensing electrode structures.  Silicon based sensors provided

low cost fabrication opportunity where 36 sensors could be fabricated on a single 4 inch

silicon wafer. High sensitivity, low impedance and better sensing signal to low noise

ratio were the most important characteristics requirements for these sensors.

The details of fabrication and initial testing with known materials are discussed. A

remedial post-fabrication heat treatment was applied to the sensor to achieve 

improvement in its performance, but keeping the fabrication cost to the bare minimum 

level. A combination of sputtered gold electrodes deposition and post annealing 

procedure served dual purpose of low cost and better performance of the sensor. The 

shortcomings marked out in testing and the remedial actions taken to overcome those 

shortcomings have been discussed in chapter 3.

The objective of Chapter 4 was to investigate the capability of the designed sensors, and 

to explore the analytical powers of electrochemical impedance spectroscopy, in 

detection of different hormones. The target hormones are related to the reproductive 

cycle of mammals. ‘Non-invasiveness of methodology’ and ‘real-time measurements of 

samples’ were the prime objectives of this research project. These characteristics of the 

presented research make this work unique in comparison to all available contemporary 

methodologies. Apart from that, it was envisaged that execution of the hormone 

quantification assay should be simple enough to be adapted by a common user without 

requiring a necessary scientific background.

The first part of this chapter discussed the application of the proposed system to detect 

estrone glucuronide, an excretory metabolite of estradiol, commonly known as E1G. 
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This hormone plays a major role in the reproductive fertility of human female. The 

information on the quantity of excretion of this hormone metabolite is useful in 

determining the window of fertility for human female. The handy availability of this 

information is extremely important to achieve conception or contraception in human 

reproductive cycle.

The second part of the chapter dealt with the sensor’s response in detection of 

progesterone hormone excreted in the milk of dairy cows. Obtaining urine samples, to 

gather the fertility information, is not feasible in the case of dairy animals.  Though, 

milk owns a complex chemical matrix, yet it is the easiest and most non-invasive 

method to achieve the information on ‘window of fertility’ for the animal. 

Electrochemical impedance analyses making use of bode plots, Nyquist plots, CNLS 

curve fitting, electrochemical equivalent circuit parameters and sensitivity of the sensor 

toward the analytes were discussed in chapter 4.

Endocrine disrupting compounds are exogenous chemicals or mixture of chemicals that 

interfere the normal functioning of the endocrine system and cause hormonal 

imbalances in living organisms. These hormonal imbalances can cause cancers, birth 

defects, developmental disorders, nutritional malfunctions and impotency especially in 

males. EDC can block the receptor cells by stopping them to respond or can cause an 

adverse response by getting attached to the receptor in place of a hormone cell. 

In chapter  5 the developed sensor and sensing system was employed to detect two types 

of phthalates spiked in different types of mediums. The tests were performed in real-

time and the sensor performed successfully in the detection of phthalates in pure polar 

medium. The system was able to detect the presence of DEHP and DINP even to a trace 

level in the polar medium but the outcomes of the investigation made for electrolytic 

and acidic media were not up to the mark. Although, the sensitivity analysis of the 

system displayed high level of sensitivity in pure aqueous and organic solvent media 

yet, the system sensitivity deteriorated drastically in complex solutions. This led the 

sensing system research to the next stage of development. In order to adapt the sensor

and sensing system for complex chemical matrices like beverages, milk and urine,

selectivity for analyte molecules was an utmost requirement.  Different options to pave 

the way to selective adsorption of phthalates on the sensing surface have been explored.

Published research provides a number of methods to selectively detect analyte from a 

complex matrix by extraction, absorption, adsorption, biological separation and 
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filtration. Unfortunately, all these techniques are laboratory based and require certain 

skills and expertise to perform. On the other hand these techniques are extremely 

delicate and require certain environmental conditions to execute.

One of the main objectives of this research was to develop an assay system that is 

robust enough to have an in-field application without any technical expertise 

requirement for the user. To achieve this objective a robust assay technique was tailored 

and applied to induce selectivity in the designed sensing system. The discussion on 

inducing selectivity for specific molecules was carried out in the next chapter of this 

thesis.

Non-invasive, real time analyte-selective detection technique for ubiquitous 

environmental endocrine-disrupting compounds in water has been discussed in chapter 

6.The sensing surface was functionalized by a self-assembled monolayer of 3-

aminopropyltrietoxysilane (APTES) with embedded molecular imprinted polymer 

(MIP) to introduce selectivity for the di (2-ethylhexyl) phthalate (DEHP) molecule.

Various concentrations (1, 10 and 50 ppm) of DEHP in deionized MilliQ water were 

tested using the functionalized sensing surface to capture the analyte. Frequency 

response analyser (FRA) algorithm was used to obtain impedance spectra so as to 

determine sample conductance and capacitance for evaluation of phthalate 

concentration in the sample solution. Spectrum analysis algorithm interpreted the 

experimentally obtained impedance spectra by applying complex nonlinear least square 

(CNLS) curve fitting in order to obtain electrochemical equivalent circuit and 

corresponding circuit parameters describing the kinetics of the electrochemical cell. The 

results obtained by the testing system were validated using commercially available high 

performance liquid chromatography diode array detection at an incident wavelength at 

224nm. DEHP spiked energy drink was also investigated by the developed technology 

in order to confirm its operation in the real world scenario.
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7.2 Future Work

7.2.1 Sensitivity and selectivity Improvement

A satisfactory performance of the sensing system has been achieved though, still a few 

of following improvements in the sensor and sensing system can make it even better. 

1 The sensitivity may be improved by trying different polymerising materials with 

higher densities of recognition sites.

2 By improving the coating method with spin coating or electro-spin coating

methods.

3 Specific coating thickness and uniform layers of cross-linker may be explored.

4 Uniform/patterned distributions of molecular recognition sites to achieve known 

density of molecular trapping site.

5 Better analyses of results by CNLS can provide more insight in the 

electrochemical cell.

6 Conducting EIS experiments at a wider range of frequencies starting from mHz 

range can provide better sensitivity.

7 Change in sensor design is suggested as in Figure 7.1. This design change will 

reduce the capacitive effect caused between the connecting lines that will help 

improve sensitivity.

8 Increasing the length of the sensor will allow soldering flexible wires to the 

connection pads as shown in Figure 7.1. That will help keep the sensing part 

away from the solder heat.

9 Annealing the substrate at 210oC for two hours should be added as a post-

fabrication step in the fabrication process so that all the defects caused in the 

electrodes’ surface due to gold sputtering get removed.

7.2.2 Thick Film Electrodes

The sensors may be fabricated using thick film electrodes. The available sensors’ 

electrodes are formed by sputter coating 500nm gold over a chromium seed layer of 

20nm thickness. New sensors with electrode thickness as much as 5μm should be 

fabricated and tested. Thick electrode will be able to provide a uniform electric field as 

high as 5μm between the electrodes. The availability of a uniform electric field along 

with fringing field will increase the sensitivity many folds. The analyte molecules 
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adsorbed to the silicon surface between the electrodes will contribute more to the Cad

and Cdl.

Figure 7.1 New sensor design to overcome heat and stray capacitance 
problems

7.2.3 Substrate Type

The Si substrate used for the fabrication, presently, is single crystal Si wafer without 

any doping concentration. It is suggested that p-type and n-type doped Si wafers may 

also be used for sensor fabrication. The interdigital electrodes should be deposited on

silicon dioxide insulation layer. The partially conductive substrate will provide a 

conductive path to the electric field though the substrate material on the rear side of the 

sensor. The will help reduce noise in the EIS measurements. Presently a back Au plane 

at ground potential serves the purpose.   
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