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Summary of abbreviations and symbols 

BSA
Bovine Serum Albumine

CV
Cyclic Voltammetry

EDC
1-ethyl-3-(3-diamino)propyl-carbodiimide
EDL
Electrochemical Double Layer

GCDL
Gouy-Chapman Diffuse Layer

GST
Glutatione-S-transferase


HMA
Heavy metal associated motif
IHP
Inner Helmholtz Plane

IS
Impedance Spectroscopy

OHP
Outer Helmholtz Plane

RC
Resistance and Capacitance connected in series

SAM
Self-Assembled Monolayer
SPR
Surface Plasma Resonance

SWCS
Square Wave Current Step
SWPS
Square Wave Potential Step

TA
Thioctic acid


C
Capacitance

CDL 
GCDL capacitance
CH 
Helmholtz layer capacitance
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Bulk ion concentration

d 
Inter-plate distance

e
Value of unit charge

E 
Applied electrical potential

E”
Potential distribution

EA 
Effect observed at analyte concentration [A] 

Emax 
Maximum obtainable effect
f
Frequency

G
Conductance

I
Current

j
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K
 Constant

KA 
Affinity
Q 
Surface charge

Rs 
Solution resistance

S 
Surface

t
Time

T
Temperature

v 
Scan rate

Y
Reactance

Z
Impedance

(
Intrinsic activity
(0 
Free space permeability

( 
Solution dielectric constant

(
Phase angle
(
Fringing effect correction factor
(e
Charge density 

( 
Electrical conductivity
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1.
Introduction

In the early 60s, Clark and Lyons developed the first glucose oxidase based sensor for detection of glucose in blood [1]. That was the first published biosensor. Since then, the research on biosensors has expanded and become an active and evolving scientific field.

Biosensors are bio-analytical tools at the boundaries of biotechnology and analytical chemistry. They have proved to be valuable alternative to classical analytical techniques and research methods. Biosensors have unique properties and potential. Flexible design is one of the most interesting features. Biosensors have found applications in various areas, such as medicine, environment, food and pharmaceutical industry. They potentially combine ease of use, fast analysis, low cost and do not require laborious sample preparation. This leads to increased cost-effectiveness [2]. Biosensors normally use conventional media, such as aqueous saline buffer, and are environmentally friendly analytical devices. They are prone for facility of automation, e.g. insert on-line for quality control in industrial production. They can be miniaturised and developed as user-friendly portable equipment allowing in situ analysis, e.g. outpatient analyses. Biosensors can also provide affordable quality assurance and quality control for small business [3].    

The subject of this thesis is capacitive biosensors based on protein for the detection of heavy-metal ions. Berggren previously reviewed capacitive biosensors [4].
Capacitance was the electrochemical signal used as transduction technique. Electrochemistry has probably been the most common method used with biosensors for transduction purposes. Nevertheless, capacitance has had a relatively minor expansion within the field. 

Proteins were used as sensing elements, although antibodies have been the most common bio-recognition element coupled with a capacitance transducer. 

Heavy-metal ions were the target analyte. Metals play an integral role in life processes of living organisms. Some metals, such as iron and sodium, are essential nutrients and catalysts in biochemical reactions, influence function and stability of protein structures [5-7]. Other metal ions, e.g. cadmium, lead and mercury, have no beneficial role [8] and, in contrast, are highly toxic elements, responsible for acute and chronic toxicity. However, high concentration of metals, regardless of being essential or non-essential, is toxic for living cells [9]. 

The detection of heavy metals has proven difficult with classical and recently developed analytical methods.  Many spectroscopic methods including atomic absorption, emission spectroscopy [10] and plasma mass spectroscopy [10, 11] have been developed for heavy metal ion detection and are also commercially available. These methods exhibit good sensitivity, selectivity, reliability and accuracy, but they often require sophisticated instrumentation and trained personnel. Electrochemical methods, like ion selective electrodes, polarography and voltammetric methods, are more user-friendly and require less complex instrumentation [12]. On the other hand electrochemical methods are unable to detect low analyte concentrations. Moreover, a main and common disadvantage of all these classical methods is that none of them can quantify the concentration of bioavailable heavy metal, as they only quantify the analytical total.

Interactions between proteins and their ligand, are often weak and transient and yet are vital to most cellular processes [13]. In order to obtain high-resolution structural information X-ray crystallography and nuclear magnetic resonance are commonly considered excellent resources but face limitations as the analysis is restricted to crystalline samples or to small soluble proteins. Recent advances in functional analyses make use of sophisticated technologies such as Isothermal Titration Calorimetry, Hydrogen/deuterium exchange Mass Spectrometry [14], Circular Dichroism and Surface Plasma Resonance (SPR) [15] to investigate structural changes in response to ligand binding. In particular, SPR is a biosensor. SPR monitors the reversible associations of biological molecules in real time and it is used for the characterisation of biomolecular interactions and functional analysis of proteins. Detecting the binding of small ligands, such as metal ions, has proved difficult to evaluate in such systems [16] because background noise levels can mask small changes resulting from the metal binding. 

 This scenario inspired the research and development of protein-based capacitive biosensors for the detection of heavy-metal ions, here presented as a PhD thesis work. The thesis is organised with a first general part on biosensor background. In the following chapters insight are brought on transducers, then electrode materials, immobilisation technique, the proteins use as a sensing element and finally the proposed applications. Each chapter begins with theoretical background and proceeds into description and discussion. As it is reported, the presented applications are not limit to classical analytical biosensor exercises but instead expanded to investigation of bio-medical interest. In addition, the research promoted the development and use of innovative experimental capacitance transducers and pioneering nano-scale materials. At the end of the thesis, the main findings can be consulted within the scientific papers.

1.1
Biosensors

[image: image52.wmf]
A biosensor is classically defined as an analytical tool composed by a bio-recognition element in intimate contact with a suitable signal transducer (see Figure 1). The specific and selective interaction between the biological sensing element and the analyte generates a chemical/physical change, which is detected by the transducer and converted into an electronic signal, the magnitude of which is proportional to the concentration of the analyte [17].

Biosensors characteristically detect the bioavailable concentration of analyte, which is a fraction of the analytical total. An analyte is said to be bioavailable when is accessible to be absorbed and utilised by living organisms. Bioavailability is in fact related to chemical availability, as the analyte is free to interact with other molecules.

Biosensors can be classified according to their target analyte, biological sensing element, transducer, immobilisation technique and performance factors (see Figure 2).

1.1.1
Bio-recognition element
Biological sensing element, or bio-recognition element, is the biological part of a biosensor. It responsible for the analyte identification and interaction and is the interface between the sample and the transducer [18]. Its intrinsic biological selectivity confers selectivity of the sensor. It is usually obtained from natural sources, e.g. bacterial, plant or animal, but it can also be generated artificially by molecular imprinting techniques. Biosensors may be classified according to their sensing element into molecular, cellular or tissue based.

Molecular-based sensors are the most often used and, amongst them, enzyme-based biosensors have been the most successful. Other sensing elements include antibodies, proteins, nucleic acids, receptors and molecular imprinted polymers, e.g. [19, 20]. With molecular recognition elements, detection is limited to a single stage, the molecular interaction. Specificity, selectivity and short response time can be achieved. On the other hand, the molecular sensing element has to be extracted and purified. Shelf life and stability are other issues which can restrict the use of a molecular sensing element.
Molecular-based biosensors for the detection of heavy metals ions have used enzymes [21-29], apoenzymes [30-36], antibodies [37], nucleic acids [38] and proteins such as apophytochelatin [39], metallothionein [40], MerR-LacZ(-M15 complex [41], photosystem(II) [42], glutathione [39], MerP [43] and chimerical MerP*s (Paper V), GST-SmtA [44, 45], synthetic phytochelatin (Paper I), MerR [44, 45] and S100A12 (Paper VI). The work developed by Bontidean et al and Mortari et al was specifically based on capacitance detection. 
[image: image53.wmf]Cell-based sensors have used living organisms such as bacteria, yeast, algae, fungi, animals and plants cell cultures. Their intra- and extra-cellular environment is responsible for decreased sensor sensitivity due to interferences and the complete array of biological reactions, resulting in low selectivity and long response time. However, the cost of production has proved to be low, especially with micro-organisms.

Mosses [46], algae [47], yeast [48] and mainly bacteria [49, 50] have been used in whole cell-based biosensors for monitoring of heavy metal ions.

Tissue-based sensors give information of physiological relevance but their use has been limited up to now. Only one reference was found on heavy-metal ions detection, where cucumber leaves were used as recognition element [51].
1.1.2
Transducer
The other fundamental component of a biosensor is the transducer. A transducer has to “translate” the chemical/physical changes, e.g. electronic, optical, acoustic, mass or heat, generated by the sensing element/analyte interaction into a measurable electronic signal. Consequently, biosensors can be classified into electrochemical, optical, thermal, piezoelectric and acoustic waves [52, 53]. Transducers confer sensitivity to biosensors. 

The most often used transducers are electrochemical. Electrochemical detection offers attractive features such as sensitivity and low detection limits. The electrical signal is directly converted into the electronic domain, therefore, allowing simple instrumentation and design of compact systems [54]. Electrochemical recognition may target current, potential, conductance and/or capacitance measurement. Capacitance may be readily measured in biosensor design using techniques such as impedance, square wave potential step and potential sweep. For further discussion on capacitance measurement with biosensors, refer to Chapter 2.

1.1.3
Immobilisation method
As stated in the biosensor definition, the bio-recognition element and transducer have to be in intimate contact with each other. Thus, the biological sensing element is immobilised on the transducer probe surface. 

The immobilisation technique is a crucial part in biosensor development [55, 56]. It ideally combines stability and preserved biological activity [57, 58]. The active site should be free from steric hindrance to allow good mass transport of substrates and products onto and from the sensing layer.

Transducer surface immobilisation techniques may be generally classified as direct physical adsorption (physisorption), adsorption by electrostatic forces, entrapment onto a membrane or a polymer net [59, 60], direct covalent binding to the substrate, e.g. [61], indirect covalent binding, e.g. [62], cross-linking, coupling via biotin-avidin linkage [63-65] or using hybrid techniques [55, 66].

Using capacitance detection, the electrode surface has to be electrically insulated. Therefore, indirect covalent binding of the sensing element trough self-assembled monolayer (SAM) have been mostly used [67]. For further discussion on SAM refer to Paragraph 3.2.

1.1.4
Analyte
Theoretically, any molecule could be detected with biosensors, as long as the specific bio-recognition element and the appropriate transducer are available. 

Heavy metal ions have been the analytical object of this thesis. Heavy metals have been extensively studied, in particular due to their acute and chronic toxicity, as well as for their essential biological role. Since the nineties, various biosensors have been developed for heavy-metal ions [42, 49, 50, 68-81]. 

1.1.5
Performance factors
Performance of a biosensor can be quantified by specific criteria, called performance factors, which define characteristics of biosensors and monitor development and optimisation. Some of the most important performance factors are listened below.
Selectivity is the ability to discriminate between different substrates. It is intrinsic in the biological sensing element. However, operational parameters need to be optimised to take advantage of the maximum sensitivity of the biological sensing element. Poor selectivity is often caused by interference from other substances. It can be improved using a sensing element from a different source, by changing the operational conditions such as pH and buffer, or using selective membranes.
Sensitivity is the final steady-state change in magnitude of a signal, with respect to the change in the analyte concentration ((S/(C). The physical size of sensor and mass transport limitations can affect the sensitivity. Mass transport limitations should be carefully considered as they may result in sensor inactivation. Due to the efficient radial diffusion, microscale sensor can solve some problems connected with mass transport.
Linear range is the concentration interval where the sensitivity does not change and linearity exists between signal change and analyte concentration. 
Detection limit is the lower analyte concentration detectable and is accepted as three times the signal to noise ratio. From this point of view, the detection limit depends on the resolution of the transducer. Interference from the matrix can cause an increase of detection limit.
As all biological materials deteriorate in time and especially when removed from their natural environment, biosensor storage stability and operational stability need to be studied and defined. In fact, as the biological sensing element looses activity over time, signal amplitude changes and sensor re-calibrations may be required. Repeatability of an analysis may be used to express operational stability.

Often biosensors need some stabilisation time before use. This time may be required to hydrate dry sensor and to adjust to a working condition, such as flow rate, temperature or buffer. Biosensors may display relatively long stabilisation time, varying from a few minutes to half an hour. Miniaturisation may be a method to decrease the stabilisation time.

Response time is the time required to reach equilibrium and obtain a stable signal after the sensor is exposed to the analyte. Biosensors normally give fast response, from less then a minute to a few minutes. Some biosensors may require a longer response time, e.g. SPR, as equilibrium needs to be reached. Such sensors are not suitable for routine analysis. Nevertheless, they may find other interesting applications in research.

The recovery time is the time that is needed before a biosensor is ready for the next analysis. It depends on mass transport limitations and on the geometry and dispersion factor of the measurement cell. As already mentioned, miniaturisation can help to improve mass transport. Also working parameters, such as flow rate in flow injection, may influence the recovery time. 
Reproducibility describes how similar sensors of a same type are to each other. Reproducibility can be problematic in biosensor development, e.g. interface property in different operational environments. Reproducibility and stability are considered the “bottleneck” for the next biosensor generation [52, 82]. Miniaturisation, the use of clean-room and automatic precise machinery may help to improve reproducibility [83, 84]. 

2.
Capacitance transducers for biosensor

2.1
Capacitance theory 

2.1.1 Historical introduction
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During the 18th century, the first great discoveries on electrical power were made. In 1745, Ewald Jürgen von Kleist succeeded to store electric energy in a bottle. The bottle contained water or mercury and was placed onto a metal surface. It was the first ever capacitor made. One year later, Kleist, a Dutch physicist at the University of Leyden, independently carried out the same experiment and named it as the Leyden jar (see Figure 3). It was soon understood that two metal plates, one inside and the other outside the jar, were sufficient but necessary for storing electrostatic energy. The concept and model of capacitor plates and double layer of charges arose only one century later with the work on interfaces of colloidal suspensions of von Helmholtz (1853). At the beginning of the 20th century, Gouy, Chapman and Stern extended the concept of the double layer of charges. The first patent of an electrochemical capacitor was disclosed in 1957 by General Electric Co. However, electrochemical capacitors, based on charging and discharging processes at conducting material/solution interface, have been well developed only since 1970. The main interest has been on capacitance properties to store high density and highly reversible electric charges [85, 86]. 

2.1.2
Electrochemical Double Layer 

The capacitance measurement principle is based on the theory of the Electrochemical Double Layer (EDL). When a potential is applied to an electrode, a double layer of charges takes place at the electrode/solution interface due to its conducting propriety. Excess charge on the metallic phase get organised at the solution interface, causing a charge separation. As a result, two layers of charges with opposite polarity get organized at the electrode/solution interface, forming the double layer of charges. The double layer is schematically represented in Figure 4a, where a metallic electrode having a positive charge at the interface is shown. The charges attract or repel the polarised medium molecules, such as water, according to their polarity and thermal processes tendency to randomize them. Thus, the counter layer is formed.
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In solution, three different theoretical layers can be distinguished (see Figure 4b): the inner Helmholtz plane (IHP), the outer Helmholtz plane (OHP) and the Gouy-Chapman diffuse layer (GCDL). The IHP is the closest to the electrode, at distance X1, and is made of solvent molecules, e.g. water, which are polarized, thus oriented. The following layer is the OHP, where solvated ions can approach the surface at distance X2. The interaction between charged metal and solvated ions is governed by long-range electrostatic forces. The solvated ions are non-specifically adsorbed, as the interaction is independent from chemical properties. The next layer is the GCDL, which extends from the OHP to the bulk solution [87-89]. 

The discreet theoretical layers have different electrostatic potential ( (see Figure 4b): the potential energy decreases linearly trough IHP and OHP, and exponentially trough GCDL. The two regions with linear and exponential decay are the EDL. The structure is equivalent to a parallel-plane capacitor. For two capacitors connected in series (see Figure 4c), the final total capacitance CTOT can be calculated as:
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where CH is the capacitance due to the Helmholtz layer and CDL the capacitance due to the GCDL layer.

The resulting capacitance C may also be calculated as expressed in equation 2:
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where (0 is the permeability of free space (8.85(1012 A(s(V-1(m-1), ( is the dielectric constant of the solution, S is the area and d the inter-plate distance.

However, in real systems C may vary with the applied potential and the concentration of electrolyte, where the capacitance, normalised respect to the surface, is given by the derivate of the surface charge Q respect to the applied electrical potential E:
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As mentioned above, a diffuse layer, the GCDL, exists toward the bulk solution. In order to evaluate C, the distribution of charge and the potential along the x axis must be considered. In the GCDL, the potential distribution 
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with
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where:

(e: is the charge density (C(m-1)

e: is the value of unit charge (1.6(10-19 C) 
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T: is the temperature (K)

The total charge is given integrating by the local charge concentration:
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Considering the IHP and the OHP between 0 and X2, the Helmholtz layer capacitance can be written as:
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While considering the Gouy-Chapman diffuse layer, the capacitance results:
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(7)

with the following boundary conditions:
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The equivalent total capacitance CTOT is given by the series CH and CDL, thus:
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Therefore, CTOT is made up of two components that can be separated into their reciprocal, exactly as one would find for two capacitors connected in series (Equation 1). However, at large electrolyte concentrations or at large polarization in diluted media, CDL becomes so large that it can be neglected and CH dominates CTOT [90].

2.1.3
EDL and capacitive biosensor: the detection principle
In a capacitive biosensor scenario, the electrode surface has been modified by the sensing layer. Therefore, the EDL is forced away from the electrode surface. Figure 5 shows an example of a protein-based capacitive biosensor electrode modification, where a SAM (see Paragraph 3.2), is used as the immobilisation method, and a protein layer, the biological sensing element, is attached to the electrode surface. 

The resulting Helmholtz distance is increased and its capacitance 
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(9)   
Introducing the new 
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 into equation 8, the total biosensor capacitance 
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 is the capacitance that describes the biological sensing element and its behaviour trough XSAM, XP and XH, thus the distance between the protein/solution interface and the electrode surface. This means that conformational change, consequent to the bio-recognition sensing element/analyte interaction, is measurable with capacitance study. The relationship existing between the biological sensing element conformational change and consequent EDL shift is the detection principle of capacitive biosensor.  
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In order to maximise 
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 contribution to CTOT, large electrolyte concentration or large polarisation in diluted media should be adopted. Unfortunately, both conditions may damage the biological sensing element and decrease its activity. Therefore, a compromise between biosensor working stability and biosensor sensitivity must be made. Experimental development and optimisation should be carried out. In general, use of a biologically compatible supporting electrolyte concentration is suggested as it increases CDL, allowing 
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 to dominate.  

2.2
Capacitance transducers 

Four different methods can be theoretically applied to measure EDL as capacitance: Square Wave Potential Step (SWPS), Impedance Spectroscopy (IS), Cyclic Voltammetry (CV) and Square Wave Current Step (SWCS). In the research and development of capacitive biosensors, SQPT and IS have been the most commonly used transducers. One study has been recorded with CV. No research has been published with SWCS as the technique of choice for capacitive biosensor (see Table 1). 

Theoretical descriptions of the capacitance transducers and the experimental set-up used in this thesis study are described below. 

2.2.1
Square Wave Potential Step
SWPS was the transducer type used in the first published capacitive biosensor [91]. Since that pioneering work, SWPS has been widely employed with biosensors. In Table 1, the capacitive biosensors that have been applied to specific applications are listed. SWPS have been consistently cited in about 46% of the publications. This proves the success of the transducer, which was considered relatively simple and suitable for real-time measurement [4].

Within SWPS, a defined potential perturbation, also called potential pulse, is applied to a working electrode for a defined period. The resulting discharging current decays exponentially. RC circuits, where a resistance and capacitance are connected in series, show a behaviour well described by the theoretical exponential decay, expressed in Equation 11:
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where I(t) is the current at time t, E is the applied potential, Rs the resistance of the solution and CTOT  the total capacitance at the electrode/solution interface. 
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As a linear relationship exits between ln(I) and t, CTOT and Rs can be calculated from the linear least-square fitting of the natural logarithm of Equation 11. However, Equation 11 is valid for ideal system only. In real system, deviation from linearity occurs. In fact, the discharging curve is composed of a first fast decay and is followed by a second slow discharge. The first fast charge release is dominated by the compact Helmholtz layer of charges diffusing back into the bulk solution. This first decay presents linear behaviour over time.  The second slow part of the discharge process is ruled by the diffusion ions layer. As the volume of charges in the GCDL is higher than the Helmholtz layer, the process requires longer time to equilibrate back into the bulk solution.  It is this second part of the curve that differs from theory and linearity. 

The SWPS was investigated at Lund University as transduction technique for capacitive biosensor [92]. Later on, the same technology was adopted by other research institutes, e.g. [93-95]. The applied potential was of 50 mV and the rest potential of 0 mV vs. Ag/AgCl. The measurements were done every minute by applying three sequential pulses, of 20 milliseconds each, followed by a relaxation time of 20 milliseconds (see Figure 6). The resulting current was sampled with a data acquisition rate of 50 kHz and the first ten data were used for capacitance evaluation. The average from the three capacitance values obtained was reported as measured capacitance. Berggren et al have previously described this technique in detail [92] as well as the potentiostat used [96]. 
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In the experimental set-up, the working electrode was placed in a 3(4)-electrodes flow through cell. A Pt foil and a Pt wire served as auxiliary and reference electrodes respectively. An extra reference electrode (Ag/AgCl) was placed in the outlet stream [92]. The electrodes were connected to a potentiostat via a data acquisition and control unit (see Figure 7). Working buffer was pumped trough the electrochemical cell at 0.25 mL/min flow rate. Samples were injected into the buffer flow via a 250 (L loop.

In order to meet biosensor requirements, such as ease and portability, a simplified version of SWPS was studied at the University of Technology Sydney and a first prototype was developed. This new system was based on the assumption that the Ohm’s low is valid in the restricted dynamic potential range. Substituting the Ohm’s low into Equation 11, the new expression of SWPS method is obtained:
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 where E(t) is the potential at time t and Eo is the applied potential. 

The use of such basic approach has practical implications, as it does not require current measurement and a simplified potentiostat is employed (Paper III and IV). The measurements were done by applying square wave potential, cycled between 60 mV for 3 seconds followed by 3 seconds at 0 mV vs. Ag/AgCl. The resulting decay potential was sampled with a data acquisition rate of 8 kHz. 

In the experimental set-up, the working electrode was placed in a three electrodes electrochemical cell. A Pt foil served as auxiliary electrode and an Ag/AgCl electrode served as reference. The electrodes were connected to the potentiostat. The output was sent to a PC for computation and the capacitance was plotted in real time. 
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A first set of experiments obtained with such system was a part of a study on electrochemical characterisation of mesoporous gold (Paper III and IV). 

The electronics and software program were improved as a result of the supervision of two electronic engineering master students. In particular, the developed technology achieved to set the excitation frequency between 0.05 and 500 Hz. The engineering and software part of the system is described in details in their master thesis [97].

The first set of experiments investigated the effect of excitation frequency on capacitance sampling, where the capacitance was measured at regular intervals between 0.05 and 500 Hz. In the experiment, a gold electrode was sequentially and increasingly insulated with first SAM and, second BSA. The unpublished results (see Figure 8) showed an increased electrochemical insulation after each layer was added, as the capacitance decreased accordingly. 

Of major interest were the preliminary results on the relationship existing between capacitance and potential step excitation frequency. The capacitance was relatively smaller at high frequency than at lower frequency. This behaviour can be understood as at high frequency little time was offered to ions and water molecules to get organised on the electrode surface, thus these molecules hardly influenced the dielectric dispersion of the bulk solution. As result, one sees only the capacitance of the bulk solution. On the other hand, at low frequency more time was left to ions and molecules for migration from the bulk solution to the electrode surface and for forming a dense EDL, hence higher capacitance. 

It also should be noticed that the difference between the clean gold electrode and its sequential insulating layers is greater at low frequency than at high frequency. This is explained as, at low frequency, the EDL is closely organised on the charged surface, therefore better describes the surface. Thus, low frequency increases measurement sensitivity. 

All those results were expected as similar relationship exists within IS [54]. 

To investigate the similarity between SWPS and IS against frequency, the absorption of BSA on a gold electrode was measured with the SWPS based transducer and IS. The excitation potential and the sinusoidal signal amplitude were set at 60 mV.  Unfortunately, the IS (an old National Instrument system) could only supply signals with frequency as low as 20 Hz and the frequency was scanned from 20 Hz to 300 Hz. The results are shown on Figures 9 and 10. 
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The findings showed similarities between the two systems, with the frequency/capacitance relationship repeating the trends seen in the previous experiment (see Figure 8). However, it is evident i) that at low frequency IS is more sensitive than SWPS and ii) that at high frequency SWPS and IS gave similar capacitance values. 

These features could be due to the shape of the excitation signals, square for SWPS and sinusoidal for IS. The relation between the applied potential energy and time would have an impact on the ions and water movement at each time. The SWPS would generate a defined diffusion wave as a stable potential energy is suddenly applied. Within IS the applied potential energy gradually increases and then decreases as described by a sinusoidal wave. Therefore, the generated diffusion wave should reflect the applied potential energy in its shape. 

At high frequency, sinusoidal wave approximates a square wave shape. Consequentially, the difference between the obtained capacitances is minimised. However, with the sinusoidal amplitude equal to the square wave excitation potential, the subtended area under the curve is smaller with IS than SWPS. Then, one would expect the IS capacitance to be smaller than the capacitance from SWPS, as it was recorded (see Figure 9 and 10). 

On the other hand, at low frequency the tendency was exactly the opposite and the IS capacitance was considerably larger than the SWPS capacitance. This could be explained in terms of ionic diffusion noise. The progressive application of potential within IS would generate a smooth organised movement of ions and water molecules, which would result into an efficient EDL formation and high capacitance. In contrast, SWPS applies sudden potential that generates a concomitant movement of the diffusing molecules, resulting into a “diffusion traffic jam”. Many collisions between the diffusing molecules take place and energy dissipates into signal noise, thus decreasing the efficiency of the EDL formation and capacitance. 

The results discussed above are a part of a preliminary unpublished research. To fully understand the difference between SWPS and IS further studies are required.
Table 1. Applied capacitive biosensors. Ab: antibody; Int: interference; LR: linear range; DL: detection limit; RsT: response time; RcT: recovery time; WS: working stability; ST: storage stability; Rcv: recovery; Rpr: reproducibility; S: sensitivity; KM: Michaelis-Menten constant.

	Application
	Transducer
	Analyte
	Bio-recognition element
	Biosensor performance factors
	Ref.

	Medical diagnostic
	 IS
	Urea
	Urease
	LR: 2-100 mM
	[98]

	
	
	Anti-human IGg Ab
	Urease Ab
	LR: 0.0001-100 (g/mL

Int: BSA none
	

	Immunosensor
	IS
	Virus peptide
	Specific Ab
	Int: mouse Ab low
	[99]

	Reaction monitoring
	SWPS
	Phospholipid
	Phospholipase A2
	DL: 50 pg/mL
	[100]

	Immunosensor
	SWPS
	Human Chorionic Gonadotropin (HCG)
	Anti-HCG Ab
	DL: 0.5 pg/mL
	[92]

	
	
	Interleukin-2 (IL2)
	Anti-IL2 Ab
	DL: 1 pg/mL
	

	
	
	Human Serum Albumin (HSA)
	Anti-HSA Ab
	DL: 1 pg/mL
	

	Immunosensor
	SWPS

	HSA
	Anti-HSA Ab
	DL: 15 nM
	[101]

	Immunosensor
	SWPS

	Interleukin-6 (IL6)
	Anti-IL6 Ab
	DL: 5·10-15 M
	[102]

	Environmental analyses
	SWPS
	Cu2+, Zn2+, Cd2+, Hg2+
	SmtA
	DL: 1·10-15 M

WS: 8 days
	[44]

	Oligonucleotides hybridisation
	SWPS
	Oligonucleotide
	Virus oligonucleotide
	RcT: 10 min
	[103]

	Medical diagnostic
	IS
	Phenylalanine 
	Molecularly imprinted polymer
	LR: 0.5-8 mg/mL

RsT: 15 min

Rpr: 15%

Int: glycine, tryptophan and phenol “small”
	[104]

	DNA-sensor
	IS
	DNA sequence
	DNA oligonucleotide
	DL: 1·10-10 M
	[105]

	DNA-sensor
	SWPS
	DNA sequences
	Lac-repressor protein
	DL: 5·10-9M
	[106]

	Medical diagnostic
	IS
	Glucose
	Molecularly imprinted polymer
	LR: 0.1-20 mM

DL: 0.05 mM

WS: 10 h

Rcv: < 6%

Rpr: 14%

Int: - ascorbic acid

         none;

       - fructose < 7%
	[107]

	Immunosensor
	SWPS
	Transferin (Tr)
	Anti-Tr Ab
	DL: 0.12 ng/mL

LR: 1.25-80 ng/mL
	[108]

	Immunosensor
	SWPS
	Schistosoma japonicum antigen (SjAg)
	Anti-Sj Ab
	LR: 0.4-18 ng/mL

DL: 0.1 ng/mL
	[109]

	Immunosensor
	SWPS
	Laminin (Ln)


	Anti-Ln Ab
	LR: 0.5-50 ng/mL

Int: < 6%

RsT: 160 min
	[110]

	
	
	Human igG (hIgG)
	Anti-hIgG Ab
	LR: 1-500 ng/mL

ST: 160 min
	

	
	
	Hyaluronan-binding cartilagen protein (HABP)
	Anti-HABP Ab
	LR: 1-50 ng/mL

RsT: 160 min
	

	Immunosensor

	SWPS
	HABP
	Anti-HABP Ab
	LR: 10-1000 ng/mL

DL: 10 ng/mL

RcT: 25 min
	[111]

	DNA-sensor
	IS
	Oligonucleotide
	Oligonucleotide
	Rpr: “good”
	[112]

	Immunosensor
	SWPS
	Hirudin (HR)
	Anti-HR Ab
	LR: 5 pg/mL-1 ng(mL

DL: 2.5 pg/mL
	[113]

	Immunosensor
	IS
	Goat-anti-human IgG Ab
	Human IgG
	Int: - normal human reference serum none 

 - BSA none

LR: 2.18-109.0 ng/mL

DL: 0.19 ng/mL
	[114]

	Immunosensor
	SWPS
	Anti-transferrin Ab
	Transferrin
	LR: 0.1-45.0 ng/mL

DL: 0.061 ng/mL

Rcv: 6 times 103.22%
	[115]

	Immunosensor
	IS
	Prostate specific antigen (PSA)
	Anti-PSA Ab
	DL: 1 ng/mL

LR: 1-100 ng/mL

RcT: < 20 min
	[116, 117]

	Structure-activity reletionships
	SWPS
	Cu2+, Zn2+, Cd2+, Hg2+
	MerP and chimera MerPs
	EC50 and intrinsic activity of the proteins
	[43] 

	Nanostructured material
	IS
	Avidin
	Biotin
	DL: 5 nMol/dm3
	[118]

	Medical diagnostic
	IS
	Biotin
	Avidin
	No linearity between signal and biotin concentration
	[119]

	
	CV
	
	
	LR: 2-10 (g/mL
	

	Reaction monitoring 
	SWPS
	HSA
	Anti-HSA Ab 
	
	[120]

	Immunosensor
	SWPS
	Transferrin 
	Transferrin antiserum
	LR: 0.125-100 ng/mL

DL: 80 pg/mL
	[121]

	Immunosensor
	IS
	HSA
	Anti-HAS Ab
	LR: 1.84-368.6 ng/mL

DL: 1.60 ng/mL

Int: - IgG none

· Complement III none

Rcv: 93-108%
	[122]

	Immunosensor
	IS
	Human IgG
	Anti IgG Ab
	LR: 8.3-2128 ng/mL

DL: 3.3 ng/mL

Rcv: 93-108%
	[123]

	Medical diagnostic
	IS
	Urea
	Urease
	S: 70 mV/pUrea

LR: 0.1-5.6 mM

KM: 0.67 mM

RsT: 8 min
	[57]

	Immunosensor
	SWPS
	Anti-carcinoembryonic (CEA) Ab
	CEA antigen
	DL: 10 pg/mL

LR: 0.01-10 ng/mL

Int: Alpha-fetoprotein none

Rcv: 45 times 3.4%
	[94]

	DNA-sensor
	IS
	DNA oligonucleotides (with enzyme amplification scheme)
	complimentary DNA probe
	
	[124]

	Microbiological analysis
	IS
	S. typhimurium
	Anti-Salmonella Ab
	LR: 10-106 cfu/mL
	[125]

	Medical diagnostic
	IS
	Formaldehyde
	Formaldehyde dehydrogenase
	LR: 1-25 mM

DL: 1 mM
	[126]

	Medical diagnostic
	IS
	Urea
	Urease
	LR: 10-4-0.1 M

ST: 76%/6 months in freezer
	[127]



 


2.2.2
Impedance Spectroscopy 

Impedance spectroscopy [128] has been widely used as transducer for biosensors in different applications, e.g. [129-132]. From the capacitive biosensor applications listed in Table 1, IS is the most commonly used transducer, scoring about 51% of the reported publications. However, it has been only since 2004 that IS has been relatively more widely utilised. Originally, IS had proved challenging. Spectra interpretation was considered problematic as it requires knowledge on chemical/physical composition of the analysed system [133] for modelling development. In order to gain signal stability, 10 KHz was most commonly chosen as working frequency, yet theory indicates that lower frequencies should be more favourable [4].  The improvement of electronics in recent years has allowed lower frequency ranges to be investigated and have shown improved stability and sensitivity of the technique [134, 135] (Paper VI). Moreover, powerful computers and software packages have helped to solve complicated modelling and made the technique user-friendlier. Therefore, IS seems currently to be the most useful and popular transducer associated with capacitive biosensors. 

IS measures the ability of a circuit to resist to electrical current flow. Unlike resistance, which is limited to ideal resistor, impedance describes real systems.
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Electrochemical impedance is usually measured by applying a sinusoidal potential of known frequency to an electrochemical cell. The resulting current is measured through the cell (see Figure 11). This current signal contains the excitation frequency and its harmonics, and it can be analyzed as a sum of sinusoidal functions [90, 136]. 

The impedance phasor is defined by magnitude, similarly to the Ohm’s low, and phase (:
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In cartesian coordinates, impedance Z is represented by a complex number:
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where 
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. The real and imaginary parts of Z describe the resistance R and reactance Y, which can be identified as appropriate electrical circuit elements connected in series [134]. 

Impedance is also dependent on the frequency of the applied perturbation. The excitation signal, at the time t, can be expressed as:
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where E(t) is the potential at time t,  Eo  is the amplitude of the signal and ( is the radial frequency (expressed in radians/second), equal to 2(f, where f is frequency  (expressed in Hz). 

The resulting current I(t), is shifted in phase (, with amplitude I0:


[image: image34.wmf]  

I

(

t

)

=

I

0

cos(

w

t

-

f

)







 (16)

Thus, substituting into Equation 13:
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Therefore, the impedance is expressed as magnitude Z0 and a phase shift (, as defined above, and is strictly dependent on the applied frequency [137]. 

The impedance of a homogeneous material can be represented as a conductance element G in parallel with C: 
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G and C are constant at a defined frequency and as Z they disperse in a wide range of frequencies. 

G describes the conductivity of the layer and is described as:
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where ( is the electrical conductivity.

Therefore, in an impedance analysis, G and C are respectively calculated as:
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The dispersion becomes most evident for frequencies greater than G/C, and
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is the condition to obtain accurate analysis.

In a heterogeneous matter, composed by n layers of homogeneous material, the total impedance ZN is given by:
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and
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Therefore, when a wide range of frequencies is scanned, the resulting dispersions allow the identification of the composing layers [134]. 

During the collaboration with the University of Sydney, impedance spectra were measured using a custom-built impedance spectrometer [134, 135] over a frequency range from 10-2 to 105 Hz. The signal amplitude was set to 20 mV. The spectrometer yields separate and precise measurements of the phase angle (0.001° resolution) and impedance magnitude (0.002% resolution). A pair of identical electrodes was placed in the electrochemical cell. The results, presented in Paper VI, were calculated for a single sensor and normalised against the real surface of the clean unmodified gold electrodes.

In Paper VI, IS was used as transducer for metal ions/protein interaction and a competition study between metal ions for protein affinity was discussed. From the spectra, valuable information was obtained in terms of capacitance and conductance. Capacitance was related to protein conformational change, as discussed in Paragraph 2.1.3, and conductance to variation of dielectric properties [138]. Metal ions are charged and solvated by water molecules. Their incorporation in the sensing element can change the dielectric properties and conductivity of the immobilised protein. It should be considered that charged metal ions may be electrostatically and unspecifically adsorbed on the surface of a charged globular protein. Such interaction would not generate a change in protein conformation and capacitance, but it would affect the dielectric properties of the immobilized layer and thus its conductivity. 

Low frequency (0.1 Hz) gave the highest sensitivity and it was proposed as working frequency. The use of low frequency was also considered optimal by a theoretical point of view [4]. The relation existing between excitation signal frequency, capacitance and method sensitivity is believed to be the same in IS and SWPS, and has been previously discussed in Paragraph 2.2.1, in relation to SWPS and the unpublished results reported in Figures 9 and 10.

It is here concluded that IS is the most suitable technique for capacitive biosensors. Spectra and modelling provide information on system structure. Capacitance and conductance describe structural and dielectric changes respectively. The working frequency guarantees to obtain the maximum sensitivity from the system. 

2.2.3
Cyclic Voltammetry
Within CV, a potential ramp that increases linearly with time starting from an initial value Ei, is applied to the working electrode. In the second part of the cycle, the potential is scanned in the opposite direction. A triangular wave excitation potential is applied to the working electrode. 

A RC circuit shows a resulting current I, which contains a transient part and decays to a steady-state (see Figure 12). The circuit is expressed by Equation 24:
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where v is the scan rate [90]. Therefore, in non-Faradic condition C is easily obtained from the steady-state part. It should be also noted that, in contrast to SWPS, Rs is not required for the [image: image62.wmf]C
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computation. 

Despite the simplicity of the method, CV does not show enough sensitivity to detect conformational changes to the sensing element.  In fact, only one study on capacitive biosensors have been published utilising CV as transducer [119], where no linear relation between signal and analyte concentration was recorded. 

However, CV in Faradic mode has been extensively used to study electrode modification, as immobilised material passivates electrode surface and drastically decreases current flow [139]. A review on cyclic voltammetry applications was published [140].
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2.2.4 Square Wave Current Step
A fourth approach, the SWCS, could also be employed with capacitive biosensor but no application or research with this method has been published so far. 

Using the current step a pulse of constant current I is applied and the resulting potential E is linear with time t (see Figure 13) as is expressed in Equation 25:
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The capacitance could be easily obtained from the slope of the resulting potential. The resistance of the solution could be extrapolated by linear regression. However, it should be noted that the solutions resistance is not needed to determinate capacitance [90]. 

Current step could satisfy the requirements for capacitance measurement with biosensors: it would allow real time analysis and would be simple as it could give an accurate capacitance measurement, even at very low acquisition rates. Particular care in the working electrode polarity should be taken, especially when redox couples, e.g. heavy metal, are present in solution, as the couple could be consumed into an electrolytic reaction.  
3.
Working electrodes and immobilisation method

For our puposes gold was the electrode material of choice. Gold combines excellent conductive properties with spontaneous chemical binding of thiol groups.

In a capacitance biosensor scenario it is crucial to completely insulate the electrode surface [44, 92, 96]. Defects in the sensor structure could allow water molecules to intercalate between the monomers of the sensing structure, creating resistors in parallel. As result, the sensitivity would decrease [45, 92, 138]. Moreover, at appropriate potentials heavy metal ions may be reduced or oxidised and consequentially interfere with the detection of purely non-Faradic capacitance. Also SAM also electrochemically passivates the electrode surface and prevents the biological sensing element from denaturation consequent to the contact with the metallic electrode surface [141].

Thanks to these characteristics thiol-SAM was chosen as immobilisation technique. 

The resulting sequential modification of an electrode, in order gold electrode, SAM and biological sensing element, generates a sensor on which the different elements are connected in series (see Figure 5). The advantage of this configuration is that the resulting total capacitance is dominated by the smallest component, as the inverse of the total capacitance is calculated by adding the inverse of the single capacitance contributions (see Equation 10). In this condition, the smallest variation in capacitance can be enhanced [92]. 

3.1
Gold electrodes

3.1.1 Bar gold electrode

To obtain well ordered and packed SAM structure, the state of gold surface is important [142, 143]. For instance, an oxide layer shows defects that would cause inefficient SAM coverage [92].

Different treatments have been employed to obtain a clean, homogenous, smooth and reactive gold surface, e.g. using aqua regia [144], sulphochromic acid, hydrochloric acid, hydrogen peroxide, hydrochloric acid or ammonia [145, 146], often combined with ultrasonication [147], ozonolysis [148], oxygen plasma [149] mechanical polishing, electrochemical cleaning [150] and potential step [142].
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Figure 14. Bar electrode (3 mm diameter) under optical microscopy after polishing with (a) alumina suspension 0,1 (m and with (b) alumina suspension 0,05 (m.

Bar gold were modified into working electrodes and placed into the flow injection system developed at Lund University. The gold bar electrodes were treated with sequential polishing “until a mirror surface was obtained”. This was quite an arbitrary definition and the reproducibility of the polishing step proved. In Figure 14, two optical microscopy images of the same electrode but polished with different alumina, are shown: (a) polished using 0,1 (m alumina suspension and (b) after polishing with 0,05 (m alumina suspension. A few minor scratches can be noticed when the 0,1 (m alumina suspension was used and virtually a perfect surface was obtained with the 0,05 (m alumina. However, observing the same surfaces with scanning electron microscopy (SEM) scratches were revealed on both surfaces (see Figure 15).
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[image: image66.wmf]To improve the pre-treatment of gold surfaces, the gold bars were chemically polished and electrochemically cleaned. The chemical polish was performed using alumina 0,05 (m in a water solution of 0,03 M CrO3 and 0,1 M HCl, freshly prepared. The surface appeared darker under SEM, as the gold surface was virtually free from scratches. Even after sonication, CrO3 contaminated the gold. The contaminant was detected using cyclic voltammetry, shown in Figure 16, where (a) is the voltammogram of a gold bar treated with chemical polishing and (b) is a gold wire analysed as positive sample in a CrO3 solution. Cyclic voltammetry was further used for electrochemical cleaning and its efficacy was proved (see Figure 17). The peak current increased consequentially to the electrochemical cleaning. The increased current was associated with a decreased resistance of the surface, resulting in a gold surface with better electro-active characteristics. 

Faradic CV generally showed a better SAM insulation with chemically polished and electrochemically cleaned electrode than mechanically polished gold (results not shown). Indicative results were also collected with biosensors directly in the flow injection system. As it is evident in Figure 18, the purely physical polishing technique produced unstable electrodes that took long times (sometimes up to 1 hour) to stabilise. The chemical polishing/cleaning procedure produced very stable biosensors with virtually no stabilisation time. The different stabilisation times were explained through gold surface quality and, consequentially, with SAM quality. A perfectly polished gold surface allows the formation of a compact and stable SAM. On the other hand, a scratched gold surface is rough surface and the built SAM presents defects. Such SAM prefers a “lying” structure [142], which shows high capacitance.

In order to correct possible structure defects, a final treatment with 1-dodecanethiol was applied. 1-dodecanethiol is a thio-alkyl chain formed by 12 carbon atoms and is free from major steric hindrance. With its flexible hydrophobic linear chain, 1-dodecanethiol intercalates into the defects of the SAM-protein structure and binds the gold electrode surface. Due to stabilising interactions [image: image67.jpg]


between the carbon chains, the electrochemical insulation is improved and the new structure rearranges into a “standing” phase, characteristic of densely packed SAM [142]. In terms of capacitance, the new structure gradually shifts to lower values, until it stabilises into the most energetically favourable confirmation (see Figure 18).

3.1.2 Sputtered gold electrode

A promising type of gold for SAM assembly is Au film, obtained by evaporation or sputtering onto mica support [151]. Their morphology and growth conditions are well known and established [78, 141, 145, 152, 153]. The result is a highly adhesive atomically flat Au(111) film, which provides an optimal surface for the construction of a well ordered and compact SAM.

Physical vapour deposition refers to growth of materials by the condensation of vapour. The vapour can be created by either thermal evaporation or one of the many variants of sputtering [154-156].

In thermal evaporation, films result from heating a material in high vacuum enclosure to such a temperature that a large number of atoms leave the surface of the solid material. The earliest record of a thin film deposition was a report in 1857 by Faraday [157], who obtained metal film by rapidly evaporating a current-carrying metal wire. 
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The rapid development of electronic applications in 1970s awaked interest in high quality films and sputtering became a serious vacuum evaporation competitor. Nowadays, sputtering receives an increasing level of interest. Its applications have expended from electronic to optic and, with the event of nanotechnology, the research has found new input [155, 156]. 
Sputtering is a physical process where atoms in a solid target material are ejected into gas phase by bombarding the material with energetic ions. Sputtering is largely driven by momentum exchange collisions between ions and atoms in the material. Although the first collision pushes atoms deeper into the cluster, subsequent collisions between atoms result in ejection from the cluster of atoms (see Figure 19). The number of atoms ejected from the surface per incident ion is called sputter yield, which is an expression of the process efficiency. Sputter yield depends on the ions incident energy, on the ion and target atoms mass and the binding energy of atoms in solid state. The ions for sputtering process are supplied by plasma (ionized gas composed by positive ions, electrons and neutral particles) that is induced into the sputtering chamber. In the chamber, electrons are accelerated by a radio frequency electric field, gain energy and then ionize the gas, generating plasma. It is the radio frequency electric field that accelerates the ions towards the target and provides the sputtering process [156]. The highly energetic deposition creates a thin atomically flat gold film, which is adhesive even on glass (Paper III).
Sputtered gold 100 nm thick, deposited on glass slides, was produced and used within the experiments carried on at the UTS and at the University of Sydney (Paper III, IV and VI). 

3.1.3 Mesoporous gold electrodes

In order to increase the accuracy of capacitance measurement the emphasis has generally been placed on new signal processing systems [96, 158-160] and sensor interfaces [96, 161, 162], often associated with transducer miniaturisation and microchip for sensor array development [163-166]. On the other hand, nearly all of the existing applications are based on wire, planar or cylindrical metallic electrodes. However, in recent years, the increased interest for nanoscale material has introduced the use of nanoparticles [121, 123, 167, 168], nanoporous material [169, 170] and mesoporous metallic structures ( Papers III and IV) as electrode material, with the final aim to achieve signal amplification within the electrode composition and design. 

Porous metallic surfaces produced by electro-deposition, de-alloying or colloidal aggregation have been found to have new material properties [171-173]. New potential applications have emerged such as electrode material in electrochemical devices, such as super-capacitors [174, 175] and sensor substrates for optical techniques, such as Surface Enhanced Raman Spectroscopy or Surface Plasmon Spectroscopy, e.g. [176, 177]. 

It is reported that small time constants and low resistances are typical of mesoporous structures of conducting materials such as carbon [178, 179]. Mesoporous metal electrodes produced by de-alloying can have particularly high specific surface areas, in excess of 2 m2/g, and posses tortuous and semi-enclosed pores. The high surface area leads directly to an enhanced electrochemical double layer capacitance, as capacitance is proportional to the surface area (see Equation 2). Compared to a planar gold electrode of same nominal area, mesoporous gold, also known as Raney gold [173, 180] and nanoporous gold [181], have significantly increased specific surface area and electrolytic capacitance [175]. 

Like planar gold, mesoporous can be readily produced in thin films [182]. The mesoporous gold films presented in papers III and IV, were made by de-alloying thin films comprised either of the intermetallic compound AuAl2, or very fine-scale mixtures of it with Al. The starting films were prepared by co-depositing the elements using high vacuum direct current magnetron sputtering, applied onto glass microscope slides, through a hole in a thin mica mask. The aluminium was subsequently removed from the compound by immersing the films in 0.2 M aqueous NaOH solution for about one minute. 

Two types of mesoporous gold were developed and used in the research carried out at UTS (Paper III). They were named ‘100mesoAu’, consisting of a mesoporous layer of Au that is nominally 100 nm thick and ‘5050mesoAu’, a coating consisting of 50 nm of solid gold on top of which was 50 nm of mesoporous gold deposited as 1Au:4Al (see Figure 20). The surface of both types of mesoporous coating was characterized by fine pores. The surface of the 5050mesoAu sample was considerably more uneven than that of the 100mesoAu sample. This effect is common to Al-rich samples and is a consequence of the greater volume of material removed by de-alloying. The pores in the 100mesoAu samples were roughly circular in cross section, with openings varying between about 10 and 30 nm in diameter. This is in congruence with pore sizes obtained in previous work [175, 182]. 

For mesoporous material, the surface roughness contributes to the total capacitance as expressed in Equation 26:  
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where ( is the fringing effect correction factor. In practice, the complex three-dimensional mesoporous structure may generate non-uniform current-line distribution [183] and partial double layer overlapping.

The developed mesoporous gold electrodes showed near-ideal capacitor behaviour under both potential-sweep and potential-step conditions. This behaviour arises from the greater capacitance of the mesoporous materials and linear discharge curves indicate good capacitive properties [184]. In potential step condition, the material provided a better linearity and longer lasting transductance of electrochemical double layer capacitance than ordinary gold surfaces, leading to higher accuracy of measurement. The higher capacitance of the mesoporous electrodes led to a better dynamic range in the measurement signal and improved the sensitivity of the transducer, as confirmed with a test that followed fouling in milk. Overall, within potential step perturbation, use of mesoporous gold as platform electrode material should provide improved performance of capacitive sensor and biosensors, intrinsic in the sensor design. 

[image: image70.bmp]However, when considering a mesoporous material as platform for capacitive biosensors two main factors have to be considered: the dimension of pores and the electrode modification.  The pores should be wide enough to accommodate the entire sensing structure and EDL, and their geometry should minimise diffusion limitation. Capacitive biosensors also require highly ordered and organised electrode modification with SAM and biological sensing element (see Paragraph 2.1.3 and 3.1.1). This could be hardly achievable with a complex convoluted 3D electrode structure. However, preliminary results proved that the introduction of supporting electrolyte sodium perchlorate in the SAM ethanol solution promotes the establishment of a compact and densely packed SAM for protein immobilisation (see Figure 21). After each layer was added, the Faradic current decreases to nil but the non-Faradic capacitance was maintained. 

3.2
Self-Assembled Monolayer 

Spontaneous adsorption of organo-thiols, such as alkanethiols and related molecules, on a noble metal, e.g. gold, give rise to SAM [65]. A SAM defines the chemical composition of a surface. A broad variety of alkanethiol has been successfully used to coat gold surfaces [101]. With SAMs the modified surface is uniform, densely packed and a single functional group is exposed on the external surface [153, 185]. Mixed SAMs have been also reported in the literature [99, 145, 186].

SAMs are a particularly suitable immobilisation technique for capacitive biosensors [187]. A SAM allows electrochemical insulation of the gold working electrode surface, in such a way that faradic processes and electrolyte short-circuit are avoided. Moreover, proteins are shielded from direct contact with the metallic surface, thus SAM reduces the risk of sensing element denaturation [141].

Gold surface requirements to obtain an efficient SAM have been investigated and discussed in Paragraphs 3.1.1 and 3.1.3. 

3.2.1 Stability and properties
Alkanethiol adsorption on gold surface is a spontaneous process that takes place at room temperature, probably through reaction between Au and sulphide or disulphide, respectively:




RSH + Au ( RS-Au+·Au + 1(2 H2



RS-SR + Au ( RS-Au+·Au

The reaction gives rise to a Au-thiol bond of energy comparable to a covalent bond [188-190].

SAM formation kinetic is characterized by two distinct phases: a first rapid absorption of first order, well completed in 1 minute at thiol concentration below 1 mM, followed by a second slower process, of second order, for further absorption, consolidation and organization of the SAM, which lasts for many hours [151, 191]. The kinetic process was revealed to include a structural phase transition, depending on the coverage of the gold surface: initially, at low coverage, thiols exist in a lying phase, which sequentially rearrange into a standing phase at high coverage, thanks to stabilising interactions between the carbon chains [142].

SAMs are reported to be crystalline-like monolayers [189], stable in air, water and organic solvent, at room temperature [192] and at basic pH, but unstable in acid environment [92]. SAMs are also reported to be stable in a wide range of potential, from –400 to +1400 mV vs. SCE in diluted sulphuric acid [193].
Thioctic acid is the SAM that was used in this thesis (see Figure 5). Thioctic acid combines stability, due to van der Waals interactions [194] and the two sulphuric bounds to the gold surface per molecule. Its short alkanethiol chain confers high sensitivity to the sensor. Long-chain alkanethiols, i.e. (-mercaptohexadecanoic acid, have been reported to be more stable but the resulting system suffers in sensitivity [101]. 

The insulating property of the SAM on a capacitive biosensor is a fundamental requirement (see Paragraphs 2.1.3 and 3.1.1). The insulation of the electrode surface was tested with CV, after every sensor layer was added onto an electrode surface (see Figure 22). A final insulation was obtained only after a last treatment with 1-dodecanethiol. 1-Dodecanethiol is a thio-alkyl chain formed by 12 carbon atoms and is free from major steric hindrance. With its flexible hydrophobic linear chain, 1-dodecanethiol intercalates into the defects of the SAM-protein structure and binds the gold electrode surface, completing the electrode insulation. 
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3.2.2 Protein coupling
Different immobilisation techniques are possible on SAM [101]. In this thesis, proteins were used as the biological sensing element and were immobilised via covalent binding (see Figure 23), as developed by Bontidean et al [44]. The carboxylic groups of the SAM were activated as Schiff’s base using 1-ethyl-3-(3-diamino)propyl-carbodiimide (EDC). In a second reaction, the activated groups were exposed to the aqueous protein solution and the activated electrophilic acid group attacked the nucleophilic primary amino group of amino acid residues, such as lysine, forming a new peptidic bind between the SAM and the protein. The remaining activated groups were quickly deactivated with water molecules and reverted to carboxylic groups.
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The immobilisation technique does not specifically orient proteins and it does not provide selectivity for any particular lysine residue. Therefore, biosensor sensitivity and reproducibility were affected by the immobilisation method and were based on the probability to immobilise some proteins in the correct orientation.

 3.2.3 Thioctic acid SAM and heavy metal ions interaction

The surface of a capacitive biosensor based on thioctic acid SAM may have residual carboxylic groups exposed to the surrounding solution. 

It is reasonable to expect a charged carboxylic group or two neutral carboxylic groups to be able to coordinate a bivalent ion, such as heavy metal ions. This could affect the overall dielectric properties of the sensing layer. False positive could be generated from capacitive biosensors to heavy metal ions if the sensing element monolayer presents defects and some carboxylic groups are exposed. 

The interaction between Cu2+ and thioctic acid SAM carboxylic groups was studied with impedance spectroscopy (Paper VI). The measured capacitance and conductance fluctuated between different signal levels in a random manner; thus, SAM and Cu2+ did not generate any stable structure. This suggested that Cu2+ ions and thioctic acid SAM carboxylic groups exist in equilibrium between a free form and a coordination form. 

4.
Heavy metal binding proteins as biological sensing element

The detection principle of a protein-based capacitive biosensor is the protein conformational change consequent to analyte and bio-recognition element binding. The conformational change causes a shift of the EDL, which is detected as a change in the capacitance (see Paragraph 2.1.3). 

Heavy metal ions coordinating proteins, are highly represented in nature. They can be synthesised in living organisms as a part of physiological mechanism of normal cell activity or as defence mechanism in response to toxic concentration of heavy metal ions, e.g. glutathione [195]. Metal coordinating proteins are cysteine rich. Two HS-CH2- residues are generally needed for the coordination of a heavy metal ion [45].
The following proteins were used as bio-recognition element in this research.

4.1
Phytochelatin
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Phytochelatins (PCs) are short, cysteine-rich peptides with the general structure ((Glu-Cys)n Gly (n = 2–11) (see Figure 24a) [196]. PCs are structurally characterised by the continuous repeating of (Glu-Cys units. On a per cysteine basis, PCs have high metal-binding capacity [197] and they can incorporate high levels of inorganic sulphide that results in tremendous increases in the Cd2+-binding capacity of these peptides [198]. These peptides bind metal ions such as cadmium, lead, mercury, copper, zinc, etc. and sequester the metal ions in biologically inactive forms [199]. The immobilized metals are less toxic than the free ions. PCs are a part of the detoxifying mechanism of higher plants [200-203], algae [200-203] and some fungi [200-203].  

Isolation and purification of PC from plants or organisms is time-consuming. Production of PC using recombinant DNA technology has proved difficulties because of the insufficient understanding of the enzyme biochemistry involved. Synthetic methods have been developed. Synthetic phytochelatins (ECS) are analogous of PCs and have a (-peptide bond instead of the (-peptide bond (see Figure 24b). ECS can be produced using cell ribosomal machinery or using synthetic genes. ECS of higher chain lengths can be artificially synthesised [204]. ECs have been proved to have different metal binding capacities, which can be related to the chain length [204]. 
EC20 were used as bio-recognition element in the experiment reported in Paper I.
4.2
GST-SmtA

SmtA is a metallothionein, a low molecular weight cysteine rich protein with high selective binding capacity for heavy metals. Metallothioneins are involved in the detoxification process of heavy metal ions and radicals [205]. SmtA is specifically produced in cyanobacterium Synechococcus [206] as a part of zinc homeostasis.

The SmtA, used as bio-recognition element in the experiments published in Paper II, was over-expressed as glutathione-S-transferase-metallothionein fusion protein (GST-SmtA) [207]. In Figure 25, the GST-SmtA amino acid sequence is shown. The part in bold represents the SmtA dominium, while the underlined aminoacids are cysteines responsible for toxic compounds coordination.

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLIEGRGIPMTSTTLVKCACEPCLCNVDPSKAIDRNGLYYCSEACADGHTGGSKGCGHTGCNCSEFIVTD
Figure 25. Amino acid sequence of GST-SmtA fusion protein. The sequence part in bold represents the SmtA. The cysteines responsible for heavy metal ions and radicals coordination are underlined.

4.3
MerP and chimerical MerP*s

MerP is a well-characterised mercury binding protein that participates in the mercury uptake system in mercury-resistant Gram-negative bacteria [208]. The MerP three-dimensional structure is shown in Figure 26. MerP shows common features with metallochaperones and the N-terminal binding domains of heavy-metal transporting ATPases [209]. MerP also contains one single heavy metal associated motif (HMA) of the type GMTCXXC. For these reasons MerP was chosen as a model protein for the metal selectivity study discussed in Paper V. 
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In Paper V the HMA motif of MerP was replaced with those of Atx1, Hah1, CadA or ZntA as a cassette. The chimerical proteins were produced and their ability to discriminate among copper, zinc, cadmium and mercury was investigated using as capacitive biosensor. 

4.4
S100A12
In 1965, Moore isolated a sub-cellular fraction from bovine brain tissue, which was thought to contain nervous system specific proteins. This fraction was called S100 because the constituents were soluble in 100% saturated ammonium sulphate at neutral pH [210].  The S100 family have also been found in humans. The gene is abundant in vertebrates and is absent in invertebrates. The S100 protein family is a subgroup of the larger EF-hand Ca2+-binding protein superfamily. The EF-hand is a common helix-loop-helix Ca2+-binding motif in which a loop donating Ca2+-ligating oxygen atoms is flanked by two -helices. Most S100 proteins contain two EF-hand motifs: a low-affinity S100-specific N-terminal and a high affinity canonical C-terminal EF-hand. Under physiological conditions S100s exist as non-covalent antiparallel homodimers or heterodimers, sometimes with other S100 proteins, held together by hydrophobic interactions [210-214].

S100 proteins are involved in the regulation of enzymatic activities, protein phosphorylation, Ca2+ homeostasis and cytoskeletal dynamics. In addition to their intracellular roles, many also have functions in the extracellular space where they exert cytokine-like activities [215]. A subgroup of inflammatory-associated S100 proteins S100A8, -A9 and -A12 have important extracellular functions related to inflammation and host defence [216, 217]. Although there are amino acid sequence similarities between them, there are functional differences and S100A12 has distinct pro-inflammatory roles including a monocyte chemoattractant activity [218] and mast cell activator [219].

In paper VI, S100A12 was immobilised on gold electrode and its binding to Zn2+ and Cu2+ was investigated with capacitance transduction. 

5.
Applications

Capacitive biosensors has been used in different applications (see Table 1). Most commonly, the sensor has been applied in medical diagnostics, in particular as an immunosensor [92, 94, 99, 101, 102, 108-111, 113, 115-117, 121-123] and DNA sensor [105, 106, 112, 124]. An oligonucleotides hybridisation study has been also reported [103]. Within immuno- and DNA- sensors the binding of big molecules, such as antigen and complementary DNA, on electrode surface generates a large shift of EDL. 
Other applications in the diagnostic field have been for urea [57, 98, 127], phenylalanine [104], biotin [119], formaldehyde [126] and microbiological analysis [125], with also potential application on food quality control. Also, a capacitive glucose sensor [107] has been developed for food quality control. But the main interest of the research was the use of molecularly imprinted polymer as bio-recognition element. A biomedical study on structure-activity relationship has been reported in Paper V [43]. 

Capacitive biosensors have also been investigated as tool for reaction monitoring of enzyme activity [100] and antigen-antibody binding [120]. 

Paper II describes the use of a capacitive biosensor in environmental analysis of soil samples. 

An application has also been reported for the study of nanostructuted material [118]. 

A more detailed presentation of the protein-based capacitive biosensor applications for the detection of heavy metal ions follows.

5.1
Biosensor for environmental analysis

Metals play an integral role in the life processes of living organisms. Some metals, such as calcium, cobalt, chromium, copper, iron, potassium, magnesium, manganese, sodium, nickel, zinc, are required nutrients and are essential. Others have no biological role, e.g. silver, aluminium, cadmium, gold, lead and mercury [8] and display toxic properties. High concentrations of most metals, whether they are essential or non-essential, are toxic for living cells, mercury being one of the most toxic.

The contamination of environment with mercury has been of concern for decades. Soil contamination has been widespread in industrialised countries, causing direct pollution of soil and indirect pollution of ground water and food. Moreover, pollution of soil can also occur because of human negligence, as in the case of the soil samples studied in Paper II. The soil samples were collected in a vegetable garden in Denmark that was accidentally contaminated with mercury in 1977.

In Paper II three different methods for detecting bioavailable mercury concentration in contaminated soil samples were employed and compared. The employed sensors were the GST-SmtA-based capacitive biosensor, a bacterial biosensor and a plant sensor. The results were compared to the total mercury concentration of the soil samples measure with atomic absorption spectroscopy. The bioavailable mercury concentration was then calculated as a percent of the analytical total.

Bioavailability is a relevant concept (see Paragraph 1.1), especially for toxic elements, as it quantified the total fraction that is free to react and cause damage. For instance, toxic metals in soil can only have effects on living organisms to the extent that they are bioavailable. If they are not available, they are only potentially, but not practically toxic. 

The GST-SmtA-based biosensor was inserted into the SWPS flow-injection system described in Paragraph 2.2.1. The flow-injection set-up proved to be compatible with routine analysis. The SWPS technique provided quick analysis of the samples and the toxic bioavailable concentration of mercury was quantified.

5.2
Biosensors for biomedical investigation

Interactions between proteins and their ligand are often weak and transient and yet are vital to most cellular processes [13]. Substrate or ligand recognition is dependent on the structural features of proteins, as aminoacid sequence of protein scaffold determines the interaction. In recent years, research on proteomics and drug discovery has expanded the number of biomolecules that require characterization. With this focus, the development of new tools for functional analysis that combine an accurate and rapid evaluation of structural implications on protein activity is needed.

A pilot study with MerP based capacitive biosensor showed the opportunity to use mutants of the mercury scavenger protein MerP to identify changes in their mercury binding capacity [220].

The biosensors reported in Paper V were applied with a similar idea, to correlate the biosensors calibrations to the structure of the immobilised MerP and chimerical MerP*s. The final aim was to obtain insights into Menkes’ and Wilson’s diseases. Menkes’ and Wilson’s diseases result from impaired copper metabolism in mammals and are a consequence of mutations on the corresponding metalloproteins, Menkes’ and Wilson’s, which contain the metal binding sequence GMTCXXC. Other copper chaperones like MerP, Atx1 and Hah1 contain this motif. Zinc, cadmium and lead transporters also share the CXXC motif, such as ZntA and CadA. 

Heavy-metal transporting ATPases share extensive similarities in the catalytic subunits [221]. The most striking feature of this type is the presence of one to six metal binding motifs of the type GTMCXXC at the N-terminus of the molecule. The copper-transporting ATPases dysfunctional in the Menkes’ (MNK) and Wilson’s (WND) diseases in humans belong to this family [222, 223], as the ATPases responsible for zinc extrusion (ZntA) and cadmium detoxification (CadA) in bacteria. This motif is also found in MerP, and copper chaperones such as Atx1 and Hah1 [224]. 

It is clear that the primary structure differs in all these proteins. The metal-binding loop of MerP is malleable enough to accommodate different modes of coordination [225] and residues important in metal selectivity could be contained in this region. High levels of discrimination among metal ions can be achieved by modifying the sequence of a linear peptide corresponding to the MerP metal-binding loop [226]. Apparently, geometric requirements play an important role in metal binding to the HMA motif. Thus, the global tertiary structure may affect the metal binding affinity.

In Paper V, capacitive biosensors were developed to study changes of affinity and structure-activity relationships of chimerical MerP* proteins relatively to MerP. The developed sensors identified the key aminoacids in Cu2+ binding and showed a potential biomedical impact. 

The proteins were studied with the same SWPS flow-injection system used for the environmental analysis (see Paragraphs 2.2.1 and 5.1). The apparatus proved to be efficient in analysis of a high number of samples. 

For correlating the mutations effects with the protein’s biological response, the principles of receptor occupancy theories and in particular the Ariëns model were applied [227, 228].

 The receptor occupancy theory modified by Ariëns [227-229] is expressed as:
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where EA is the effect observed at analyte concentration [A], Emax is the maximum obtainable effect from the analyte under study when all receptors are occupied, KA is the affinity and ( is the intrinsic activity. 

In general, the occupation theory modified by Ariëns evaluates biological response generated by ligand-receptor interaction with two independent: affinity, which describes the strength of binding between a receptor and a ligand, and intrinsic activity, which is a measure of ligand capacity to induce a biological response. Ligands with intrinsic activity equal to 1 are agonists, while ligands characterised by an intrinsic activity between 0 and 1 are partial agonists. Based on the receptor theory, antagonist, full and partial inverse agonists can be defined in a similar way.

It is important to observe that the Ariëns theory divides ligand-receptor interaction in two stages: (i) the formation of the complex receptor-ligand (KA) and (ii) the production of the biological effect ((). Therefore, the MerP and MerP*s results were mainly investigated as the affinity being related to the protein-metal ion complex formation and the intrinsic activity to the biological signal, represented by the protein conformational change. 

A second biomedical study was carried on with S100A12-based capacitive sensor, which is presented in Paper VI. 

S100A12 has important extracellular functions related to inflammation and host defence [216, 217], such as distinct pro-inflammatory roles, including monocyte chemoattractant activity [218] and mast cell activator [219]. 

In addition to Ca2+, some S100s bind Zn2+ with relatively high affinity. S100B, S100A5 and S100A12 also bind Cu2+ [230]. The C-terminal histidines of many S100s form a common His-x-x-x-His Zn2+-binding motif typical of Zn2+-binding proteins, such as matrix metalloproteinases. Crystal and NMR structures of Zn2+-bound S100s show that the Zn2+ ion is co-ordinated by residues within this motif and with His or Asp residues within the N-terminal EF-hand of another monomer [231, 232]. Thus, dimer formation is required to form the complete Zn2+-binding site and an S100 dimer can bind two Zn2+ ions. These sites in S100A12 also bind Cu2+. The ion is co-ordinated by His15 and Asp25 of one monomer, and His85 and His89 of the other [213]. Porcine S100A12 binds Zn2+ [233], but there is no data showing that the human protein binds Zn2+ and its relative affinities for Cu2+ and Zn2+.

The Zn2+-binding site of the S100A8/A9 heterodimer is important for its antimicrobial function. By producing S100A9/A9, the immune system takes advantage of the growth requirement of microbes for Zn2+ and by reducing its availability through S100A8/A9 ligation may control their growth [234, 235]. However, the anti-filarial activity of S100A12 is not Zn2+-dependent [236] and the functional significance of Zn2+ and Cu2+ bound to S100A12 is unclear. 
The affinity of S100A12-modified electrodes for Zn2+ and Cu2+ was tested in a binding site competition study. Capacitance and conductance of the protein/protein heavy metals complex were investigated in a wide range of frequencies with IS and relevant information on affinity and binding mechanism were obtained.

6.
Conclusions and future perspectives

Capacitive biosensor has been a challenging and motivating subject for a PhD research. Its multidisciplinary character has given the possibility to explore and experiment in various disciplines, adding a degree of freedom to personal satisfaction and interest. The detection principle and the basic background are conceptually uncomplicated. This helped to positively reinforce the opportunity to become a research scientist and the determination to succeed in this field. 

Capacitive biosensor lend themselves to various designs. Diverse bio-recognition elements, such as antibody, DNA, polymers, enzymes and proteins, can be coupled to the transducer and also capacitance can be measured with different techniques. However, IS has proved to be the most appropriate method for capacitance detection. Spectra and modelling provide information on the system structure. It gives information additional to capacitance with the concomitant measurement of conductance. This is particularly important for conductive analytes, such as heavy metal ions. Finally, from an IS spectra the most sensitive working frequency can be identified and this enhances performance of the analysis. 

During the research, the general focus on biosensor applications has shifted from a purely biosensing analytical tool to the development of devices for investigation and monitoring of biological events. For instance, Paper I and II were centred on the development and application of biosensors for environmental analysis. The results were excellent and the bioavailable concentration of toxic elements was defined. Further, Paper V and VI investigated the opportunity of capacitive biosensor to study the biological properties of the immobilised sensing element. This is similar to the common trend that has effected biosensor research, where development and miniaturization of biosensing devices such as spectrometers, chromatographs and detectors have made difficult the distinction between miniaturized instruments and “real” biosensors [55, 237]. 

Current research has also aimed to improve sensor sensitivity and accuracy. The emphasis has generally been placed on new signal processing systems and sensor interfaces, often associated with transducer and microchip miniaturisation for portable sensor array. In recent years the advent of nonoscience has introduced the use of nanoparticles, nanoporous material and mesoporous metallic structures, as in Papers III and IV, where mesoporous gold was studied as electrode material for capacitance sensors, with the final aim to achieve signal amplification within the electrode composition and design. 

Further study on biosensors should explore the feasibility of hybrid techniques, where different properties are investigated to gain additional information, e.g. [238]. 

Nanotechnology should also provide new insight into the combination of highly sensitive devices with molecularly controlled sensors for improved reproducibility.
Summary of the appended Papers

Paper I

A sensor based on synthetic phytochelatin was developed and characterised in respect to the heavy metal ions Zn2+, Cu2+, Hg2+, Cd2+ and Pb2+.  The sensor had a detection limit of 100 fM and two different linear ranges were identified between the detection limit and 10 mM. The sensitivity decreased in order: Zn2+ > Cu2+ > Hg2+ > Cd2+ ( Pb2+. Recovery of the developed sensor was possible, using 1 mM EDTA, as a chelating agent. The storage stability of the sensors was estimated to be about 15 days.

Paper II

Three different analytical methods for the quantification of Hg2+ in contaminated soil samples were compared between each other and to atomic absorption spectroscopy results. Two of the presented methods were biosensors: the GST-SmtA-based capacitive biosensor and a bioluminescent bacteria-based sensor. The third one was a plant sensor. The plants were grown locally and the mercury concentration was quantified using the leaves of the plants. The bacterial- and the protein-based biosensors gave responses proportional to the total amount of mercury and a bioavailability from 50 to 90 % was recorded. The plant sensor seemed to be a poor indicator for mercury, probably because mercury is a toxic element for the plant and extrusion mechanism may be involved.

Paper III 

The use of mesoporous gold as electrode material for measurement of electrochemical capacitance was investigated. The electrodes possess a pore size in the range of 10 to 30 nm and are prepared by de-alloying films of AuAlx, where x(2. The electrodes showed near-ideal capacitor behaviour under both cyclic voltammetry and potential-step conditions. The higher capacitance of the mesoporous electrodes leads to a better dynamic range in potential-step experiments, resulting in improved accuracy of measurement. The sensitivity of the new material in the capacitive sensor was demonstrated in a milk fouling experiment and was improved by up to 30 fold compared to the control sample of ordinary planar gold. The use of mesoporous gold electrodes was proposed as a convenient way to in situ increase sensitivity and accuracy of the capacitance signal measurement of electrochemical sensors.

Paper IV


Mesoporous gold sponge may be prepared by the removal of aluminium from AuAl2 by an alkaline leach. The resulting material has nanoscale pores and channels, with a high specific surface area that can be exploited in electrochemical applications. The material could conceivably serve as the basis of a more sensitive capacitive sensor or biosensor, as an electrode material for a high efficiency ultracapacitor, as the semi-transparent current collector in a dye-sensitised photovoltaic cell, or as the lithium-storage electrode in a lithium ion cell. The properties of the sponge may be controlled by varying its density, pore size, and pore size distribution, factors which are in turn controlled by the microstructure of the precursor compound and the conditions of deposition.


Paper V

Wild MerP and genetic variants MerPs were used as recognition elements in capacitive biosensors. Conformational changes were generated by the ligand-receptor interaction and recorded as variations in electrochemical capacitance. The variations in signal were related to the proteins affinities for the heavy metal Zn2+, Cu2+, Hg2+ and Cd2+. The recorded affinities were then associated to the primary aminoacidic sequence of the binding pocket. The key amino acids for Cu2+ coordination were identified. The conclusions of the structure-activity relationships study may have potential biomedical impact.
Paper VI

The pro-inflammatory human protein S100A12 affinity for Cu2+ and Zn2+ was investigated with EIS in a competition study. The protein was immobilised on SAM modified electrode. SAM carboxylic group affinity for Cu2+ was also characterised. The effect of exposure to Zn2+ and Cu2+ could be readily detected in the dispersion with frequency of the capacitance and conductance.  Conductance gave evidence of a primary, non-specific protein absorption of the analytes at intermediate frequencies as well as a specific binding in the lower frequency range. Capacitance only specifically detected the protein-ions binding. Capacitance was proposed as the optimal signal transducer for protein-metal ion coordination detection the results suggest that for a capacitive sensor a signal frequency of 0.1 Hz would be optimal. The protein showed affinity for both metal ions, although Zn2+ bound more efficiently than Cu2+. An allosteric mechanism for Cu2+ binding is proposed. 
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Figure 1. Schematic representation of a biosensor.
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Figure 6. Square Wave Potential Step: (a) applied potential pulse and (b) resulting current decay.
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Figure 4. Schematic representation of (a) double layer region, (b) potential energy ( profile across the double layer and (c) the differential capacitances in series.
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Figure 7. Schematic drawing of the experimental set-up.
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Figure 23. Chemical scheme of protein immobilisation onto thioctic acid (TA) SAM using EDC as a coupling agent.





Figure 21. Cyclic voltammetry of a mesoporous gold protein-based biosensor. Recorded in 5 mM K2[Fe(CN)6] containing 1M NaClO4; scan rate 100 mVsec-1.








Figure 20. SEM images of 100mesoAu (left) and 5050mesoAu (right) mesoporous gold coatings.





Figure 19. Schematic representation of sputtering collision.





(a)						     (b)


Figure 15. SEM images (1000 times magnification) of gold bar polished with alumina suspension 0,1 (m (a) and 0,05 (m (b).








Figure 24. Chemical structural of (a) natural and (b) synthetic phytochelatins.





Figure 5. A schematic representation of a polarised protein-based capacitive biosensor and EDL organised on the biosensor/solution interface.
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Figure 11. Sinusoidal current response in a linear system.
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Figure 13. Potential behaviour resulting from a current step applied to an RC circuit.
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Figure 12. Current behaviour resulting from a linear potential sweep applied to an RC circuit
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Figure 17. Cyclic voltammetry of gold bars chemically polished and electrochemically cleaned. CV recorded in 5 mM K2[Fe(CN)6] containing 1M NaNO3; scan rate 100 mVsec-1.








Figure 22. Cyclic voltammogram of (a) gold electrode, (b) after thioctic acid deposition, (c) protein coupled to thioctic acid, and (d) after final treatment using dodecanethiol. Recorded in K2[Fe(CN)6] 5 mM containing 1M NaCl; scan rate 100 mVsec-1.





d





c





b





a





• •








P





H





N


H





i





• •








- (





� EMBED ISISServer  ���






























































t











t











Ei











Potential (mV)





Time (msec)











































































































solvated


anion





water





Figure 3. Leyder jar.





Figure 2. Biosensor classification scheme.





� EMBED WangImage.Document  ���





Figure 18. Stabilising time for gold bar based biosensors prepared with different polishing techniques. 





Figure 16. Cyclic voltammetry recorded in 0,5 M H2SO4, scan rate 500 mVsec-1 of (a) gold bar electrode after chemical polishing and (b) of a gold wire previously immersed for 5 minutes in an aqueous solution of 0,03 M CrO3 and 0,1 M HCl.
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Figure 10. Capacitance vs. frequency of SWPS measurements. Applied SWPS of 60 mV. 0.1 M phosphate buffer, pH 7, containing 0.1 M NaCl.





Figure 8. Capacitance vs. frequency of SWPS measurement, of a gold electrode progressively insulated with, first, SAM and, second, BSA. Applied potential 60 mV. 0.01 M phosphate buffer, pH 7, containing 0.1 M NaCl.





Figure 26. MerP protein three-dimensional structure in its reduced (left) and mercury bound form (right).








Figure 9. Capacitance vs. frequency of IS measurement. Applied signal amplitude of 60 mV. 0.1 M phosphate buffer, pH 7, containing 0.1 M NaCl.
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