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ABSTRACT 
 
The use of the quartz crystal microbalance, electrochemical impedance spectroscopy and 
surface plasmon resonance to characterise thin films and to monitor interfaces is 
presented. The theoretical aspects of QCM, EIS and SPR are discussed and the main 
application areas are outlined. Future prospects of the combined applications of QCM, 
EIS and SPR methods in the studies of interfacial processes at surfaces are also 
discussed. 
 
INTRODUCTION 
 

In the last decades, the analytical sciences have achieved great advances in the 
possibility to obtain chemical information on objects and systems. As a result, that 
information has led to developments, in the areas of automation, miniaturization and 
system simplification1. Included are the development and appropriate use of reference 
systems, qualitative analysis, expansion of classical analytical boundaries (sampling, in 
situ studies, interdisciplinarity) and the development of analytical systems like chemical 
sensors, biosensors, bioanalytical devices and chemically modified electrodes. In this 
context, biosensors and chemical sensors have acquired a major importance due to the 
possible application of these systems to the evaluation of biological or synthetic 
processes, as well as to the understanding of these processes 2. Chemical sensors are 
devices that transform chemical information, like concentration changes of a specific 
component in a sample in view of the total composition, in a useful analytical signal. 
These sensors have two basic functional units: a receptor and a transducer 3. Their 
application in environmental monitoring and control, in agriculture, food industry, 
pharmaceutics and medicine has allowed analysis with continuous monitoring in real-time 
in vivo 4. 

The development of sensor devices has as basic premise the evaluation of surface 
and interfacial processes, since these processes are of fundamental importance to the 
understanding of interaction mechanisms between the receptor and the analyte 5,6. In 
addition, the study of surface and interfacial processes is of major relevance for the choice 
of the species immobilization method on electrode surfaces and the evaluation of 
problems associated with the immobilization method. Thus, studying these processes can 
help with the choice of a better immobilization medium and can indicate the major 
characteristics (advantages and disadvantages) associated with each immobilization 
method 7-12. 

It is worth mentioning the importance that techniques able to evaluate phenomena 
on surfaces and interfaces have acquired, including spectroscopic, microscopic and/or 
acoustic methods like attenuated total reflection spectroscopy 13, elipsometry 13, SPR – 
surface plasmon resonance 14, Raman spectroscopy 15, EIS – electrochemical impedance 
spectroscopy 16, scanning tunnelling microscopy 17, atomic force microscopy 18, QCM – 
quartz crystal microbalance 19 and others. However, limitations in the use of techniques 
like elipsometry, due to its lesser suitability to monitor dynamic processes 20, and 
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attenuated total reflection due to its low sensibility for surface processes21, have directed 
major attention to QCM 22, EIS 23 and SPR 24. Electrochemical impedance spectroscopy 
has acquired major importance, since it allows obtaining a wide range of information from 
a single experiment 23, as well as complementary information to that obtained by SPR and 
QCM. 

Thus, in this work, the basic principles and individual and combined application of 
the QCM, EIS and SPR are discussed with the purpose of showing their importance in the 
investigation of surface and interfacial processes, and highlighting their 
complementarities. 
 
BASIC PRINCIPLES OF QCM, EIS AND SPR 
 
Quartz crystal microbalance 
It consists, basically, of a piezoelectric quartz crystal disc covered by a metallic deposit on 
the top and bottom side, as shown in Figure 1a. This is, as you can see, coupled to an 
oscillating circuit that applies an alternating electrical field to the crystal, with the purpose 
of inducing an oscillation in the centre of the piezoelectric crystal 25. Directly linked to the 
oscillating circuit is a frequency counter that monitors the variation in crystal oscillation 
frequency and a computer for data collection and analysis, as shown in Figure 1b. While 
the alternating electrical potential is applied, inducing a vibration in the crystal, a 
transversal acoustic wave is formed that propagates through the crystal. As a result, a 
displacement of the crystal atoms parallel to the surface occurs. In this way, a reduction in 
the oscillating movement occurs if a material is deposited on the crystal surface, resulting 
in a decrease in its resonance frequency. Consequently, by a continuously monitoring the 
crystal frequency it is possible to study surface and interfacial phenomena (Figure 1c). 
 

 
 
Figure 1 . (a) Schematic drawing of the quartz crystal top and bottom view with metallic deposits on 
both sides; (b) scheme of a flow cell for piezoelectric crystals  in liquid media, including the 
oscillating system and frequency counter; (c) schematic massogram representating  the variation in 
quartz crystal frequency as a function of time. (ƒ1) initial frequency; (ƒ2) frequency after the addition 
of analyte; (� ƒ) frequency change. 
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As shown in the pioneering work of Sauerbrey 26, the resonance frequency is a function of 
crystal mass, such that changes in the system mass, due to species deposition on the 
crystal surface, can be tracked by following the changes in frequency (Figure 1c) as 
described by equation 26 
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where, � q is the quartz density, µq - crystal shear module, fo - crystal fundamental 
frequency A - crystal piezoelectrically active geometrical area which, is defined by the 
area of the deposited metallic film on the crystal, � m and � f correspond to mass and 
system frequency changes. 

In this context, the theoretical basis developed by Sauerbrey 26 were afterwards 
applied by King27 in the development of the first sensor for piezoelectric adsorption of 
hydrocarbons like o-xylene, etthyl-benzene, n-octane, toluene, n-heptane and n-pentane. 
The system consisted of a modified piezoelectric quartz crystal (PQC) as detector, and 
another identical non-modified crystal used as a reference, leading to a new class of fast 
and selective sensors. 

The initial developments by King 27 led to different configurations and interaction 
mechanisms between acoustic wave and matter, resulting in numerous applications in 
systems that use the PCQ as mass reader, electroacoustic devices and use the elastic 
effect. The differences present in these systems led to a wide number of devices based 
on piezoelectric materials, like “Bulk Acoustic Wave Resonators” (BAW), “Surface 
Acoustic Wave Resonators” (SAW), “Flexural Plate Wave” (FPW), “Fibre Acoustic Wave” 
(FAW), “Tube Acoustic Wave” (TAW) and “Transverse Wave Devices” (TWD). 

The initial applications of QCM in liquid environments were not successful, since 
the quartz crystal stopped oscillating when immersed in solution and, the analysis thus 
were conducted by sample conversion to gas phase or through exhaustive processes of 
crystal immersion in the solution 28-30. 

Konash and Bastiaans 31 conducted the first successful application of an acoustic 
device as a sensor in liquid phase, , by employing the quartz piezoelectric crystals as 
mass detectors in liquid chromatography. The development of this system overcame two 
of the major problems associated with the use of PCQ in liquid environments, which are: 
stable crystal oscillation and the elimination of effects coming from the liquid viscosity and 
density. 

For the QCM application in liquid systems, factors like liquid density (� ) and 
viscosity (� ) have to be considered, as the coupling of a crystal surface to a liquid 
drastically changes its oscillation frequency. This change is caused by the crystal shear 
movement, which generates a movement in the liquid close to the interface (plano-laminar 
flux in the liquid) causing a decrease in the crystal oscillation frequency proportional to 
(�� )1/2 28, as can be verified from the expression 
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where � q is the quartz density, µq - crystal shear module, fo – crystal fundamental 
frequency,  �  the liquid density and �  the liquid viscosity. 

Nomura and Okuhara 32 studied the use of PCQ in liquids They established an 
empirical equation that correlates the crystal resonance frequency, the solution viscosity 
and density for non-conducting liquids, was developed. 
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After the work by Nomura and Okuhara 32, other research groups proved that, 
besides viscosity and liquid density, parameters such as the interface solid/solution 
structure 33, conductivity, polarity and temperature 34-36, interfacial viscosity and crystal 
surface hydrophilic and hydrophobic characteristics 37-41, film uniformity over the crystal 36 
and crystal area in contact with the solution 42 are of major relevance to the application  of 
QCM to liquid environments. 
 
Electrochemical impedance spectroscopy 

In Electrochemical impedance spectroscopy a potential or current perturbation is 
applied to the system under study. The perturbation consists in a DC potential on which a 
sinusoidal shaped potential signal with small amplitude is superimposed. This method 
allows the system to be perturbed using only a few milivolts, so that the investigation of 
electrochemical phenomena close to the equilibrium state is possible. It is furthermore 
possible to use different frequencies, as the potential signal is sinusoidally shaped. As 
long as the perturbation on the system under investigation has small amplitude it is 
possible to employ the technique to analyse the steps of a reactional mechanism 43,44. 

In EIS by measuring the relation between applied potential and measured current 
the system impedance and the phase angle (the phase difference between current and 
applied potential) are obtained. The concept of impedance, originally introduced to 
describe the response of a system composed of capacitances, resistances and 
inductances, was extended to electrochemical systems, where numerous processes 
contribute to the relation between the current and potential. Thus, based on impedance 
and phase angle measurements it is possible to evaluate processes like charge transfer 
(including determination of electron transfer rate), film conductivity, double layer and redox 
capacitance, charge carriers diffusion coefficients 23, amongst others. 

Collecting information from electrochemical impedance data can be achieved by 
using different measurement models, like equivalent circuits or mathematical models. The 
application of equivalent circuits is based on the similarity between an electrochemical cell 
(Figure 2a) and an electrical circuit of resistors, capacitors and inductors. 
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Figure 2 . (a) Typical three-electrode electroanalytical cell to be used in EIS: (1) counter electrode, 
(2) reference electrode and (3) working electrode; (b) schematic diagram of a Randles circuit 
superimposed on the electrode/electrolyte interface; (c) impedance diagram (Nyquist diagram) 
representing the equivalent circuit shown in the figure; (d) Bode diagram corresponding to the 
Nyquist diagram.  
 
A typical description of an electrochemical cell in terms of an equivalent circuit is shown in 
Figure 2b. The similarity of the electrical double layer to a parallel plate capacitor 
(Helmholtz model 44) and the resistance to charge transfer in the electrode/solution 
interface to a resistance make it possible to represent an interface by a resistor (Rct) and a 

a 

b 

c
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capacitor (Cd) in parallel. As soon as the current that flows through the electrode/solution 
interface is conducted by the ions in solution, the resistive effect on the migration of ions 
in solution is represented by RW. The difference in phase between current and potential is 
the result of the introduction of capacitive elements in a circuit. Because of this, a common 
representation for impedance in systems composed by resistors and capacitors is through 
a phase diagram in which the impedance shows a real (resistive) and an imaginary 
(capacitive) component. For the equivalent circuit shown (Figure 2b) the real (Z’) and 
imaginary (Z”) system impedance components are 44 
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Where, R�  is the solution resistance, Rct is the charge transfer resistance, �  is the angular 
frequency and Cd is the electrical double layer capacitance. 

As can be observed in the expressions above, in the high frequency region the 
real impedance component tends to R� , while that in the low frequencies region tends to 
R�  + Rct. By evaluating this behaviour it is possible to obtain information on the solution 
resistance in the high frequencies region and on the electrode processes in the low 
frequency region (resistance to charge transfer). 

On the other side, by eliminating the frequency from the previous expressions a 
relation between the imaginary impedance and the real impedance is obtained, as shown 
in the following expression 
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It can be verified from the expression above that a graph of Z�� as a function of Z� 

results in a (semi-) circular behaviour (Figure 2a) with radius of Rct /2 and the centre in Z� 
= R�  + Rct /2 and Z�� = 0. In this context, the graphical representation Z�� (imaginary 
impedance component) vs. Z� (real impedance component), also named Nyquist diagram, 
Argand, Sluyters or Cole-Cole plot (Figure 2c), can provide information about the possible 
nature of the elements that contribute to the total system impedance 45,46. 

Additionally, log |Z|(|Z| - impedance modulus) and �  (phase angle) vs. log �  (�  - 
frequency) representations, called Bode plots (Figure 2d), are of major importance for the 
interpretation of data coming from EIS, as the information from these graphs can be 
complementary to that in the Nyquist diagram. As can be seen in Figure 2d, the changes 
in the impedance modulus are a measure for the charge transfer resistance. On the other 
side, as the system frequency is increased, changes in phase angle between applied 
potential and the resulting current are observed. This change in phase angle gives 
information on the systems capacitive component, once that the capacitive components 
introduce a co-sinusoidal behaviour in the current 47. 

In this way, the charge transfer resistance (Rtc),  the electrical double layer 
capacitance (Cd), as well as the solution effects on ion migration (RW), can be obtained by 
the evaluating  Nyquist  and Bode plots. 

Additionally, in systems that show significant impedance effects to mass transfer 
(Ztm) the introduction of an element denominated “Warburg impedance” is done with the 
purpose to simulate the experimental system characteristics, for processes that suffer 
linear diffusion, spherical diffusion or under forced convection. In this context, a number of 
factors can influence the systems impedance, like faradaic processes, adsorption of 
electroactive and non-electroactive species, electrode reactions involving the formation of 
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stable intermediates and surface heterogeneities 43, thus generating a wide range of 
applications field for EIS. 
 
 
Surface plasmon resonance 
 

Surface Plasmon Waves (SPW) are longitudinal electromagnetic waves, that 
propagate on the interface between a metal and a dielectric. These waves have been 
used in the SPR technique due to the fact that they can receive energy from radiation that 
propagates through the interface. However, in order for the SPW to resonate with the 
incident radiation, it is necessary that both have equal magnitude wave vectors. If the 
SPW propagation vector is larger than the one of the incident wave, SPW excitation does 
not occur by direct contact of these electromagnetical waves. Thus, optical systems were 
developed to increase the incident wave momentum, such that SPW can receive energy 
from the incident wave through a resonance energy transfer (Figure 3a). In this way, both 
the attenuated total reflection phenomenon as well as the diffraction over diffraction grids 
have been explored 48 by employing the Kretschmann configuration 49 or through optical 
wave guides 49. 

SPR systems that operate by employing the Kretschmann configuration are the 
ones in wider use, since they generally show higher sensitivity and resolution in relation to 
the devices that operate by diffraction grids 49,50. In these systems, during a total internal 
reflection, the propagation of a fraction of the incident wave on the interface occurs, in 
order to penetrate in the medium of lower optical density resulting in an evanescent 
electromagnetic field (Figure 3a).  

 

 
 
Figure 3 . (a) SPR Kretschmann configuration schematic representation. The dielectric in contact 
with the metal allows energy transfer from the incident wave to SPW; (b) reflectance plots in 
absence (� SPR1) and presence (� SPR2) of species on the metallic film surface; (c) schematic 
sensorgram representating  the relation between SPR angle (� SPR) and time during the interaction 
of species with the metallic film surface.  
 
While stretching into environment this fraction of the incident radiation couples with the 
metal oscillating free electrons, such that, changes in the vicinity of the metal/environment 
interface promote a change in the system resonance conditions. As a result, a 
displacement in the SPR angle occurs (Figure 3b). As can be verified in the following 
equation, the parallel component of the incident light has the vector wave (kx) related to 
the light angle of incidence. 
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Where �  it is the incidence angle with the metal surface, � p the prism dielectric constant, 
�  the angular frequency of the incident light and c the speed of light. Additionally, the 
SPW propagation constant (kSPW) in a metal/dielectrical interface is expressed by: 
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Where �  is the wave angular frequency, c is the speed of light, � p is the dielectric constant 
of the species that interacts with the surface and � m is the metal dielectric constant. Thus, 
it is possible to use the angle of incidence as a control parameter for the SPW 
phenomenon, by monitoring reflectance vs. angle of incidence (Figure 3b). As soon as the 
parallel component of the incident light is equivalent to the SPW propagation constant, 
i.e., kx = kSPW (Equations 5 and 6) a drop in reflectance will be found, due to the formation 
of an evanescent wave, that propagates through the metallic surface and interacts with 
the external medium, as can be verified by equations 7 and 8. 
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In this last expression it can be seen that the system optical properties, like the 

metal, prism and matrix dielectric constants, induce changes in the resonance angle, 
making it possible to apply the SPR phenomenon to monitor changes in the sensor 
surface, by plotting the resonance angle vs. time (Figure 3c). Thus, by monitoring the 
refractive index in the vicinity of the sensor disc surface it is possible to use the SPR to 
obtain information on the velocity and the amount of adsorption, allowing the 
determination of dielectric properties, association and dissociation kinetics, as well as 
affinity constants for specific interactions 24. 

 
From the theory of each technique it is possible to evaluate its fields of application, 

as well as to establish its possibilities and limitations. In this context, by checking the 
theory associated with QCM and SPR it can be observed that acoustic waves and surface 
plasmon waves are not phenomena where loss of energy occurs by means of radiation, 
but by means of evanescent waves. Thus, it is possible to establish theoretical limits to 
the penetration depth of these evanescent fields, as can be seen in the following 
expressions 22 
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Where 	 QCM and 	 SPR are the penetration depth of the evanescent waves generated in 
QCM and SPR. �  and �  are, respectively, the viscosity and the density of the liquid in 
which the crystal is immersed, �  is the crystal angular excitation frequency, 
  is the 
incident wave length, and �  the liquid dielectric constant. EIS does not suffer from the 
same limitations as it is based on the perturbation of the system by application of a small 
potential or current signal. 
 
SURFACE AND INTERFACIAL PROCESSES AND ANALYTICAL APPLI CATIONS OF 
QCM, EIS AND SPR 

The theory developed for the application of the quartz crystal microbalance in 
liquid environments, allows its use in the characterization of biomolecular systems, with 
the purpose of sensor development, as well as the investigation of interfacial processes. 
51,52. Okahata and co-workers 53 carried out kinetic measurements of DNA hybridization on 
piezoelectric quartz crystals with 27 MHz of fundamental frequency, modified with 
complementary oligonucleotides through avidin-biotin bridges. 

Based on this, a wide range of research on hybridization between oligonucleotides 
and possible damaging agents to deoxyribonucleic acid has been published54. Cosnier 
and co-workers 55 used a quartz crystal microbalance to carry out an investigation of the 
microgravimetric processes of the electropolymerization of polypirrol-biotin films, with the 
goal to produce matrices with high reproducibility in order to be able to deposit biological 
macromolecules like glycose oxidase. 

The applicability of piezoelectric quartz crystals is extended to research of charge 
and mass transfer processes in metalopolymers, since these phenomena directly 
influence parameters, like the apparent charge transfer coefficient, that are of fundamental 
importance to the interpretation of mass and charge transfer phenomena in polymeric 
films 56,57. In addition, the quartz crystal microbalance makes it possible to separate 
charge and mass transfer phenomena, in order to contribute, fundamentally, to the 
investigation of interfacial phenomena 58. 

In this way, the quartz crystal microbalance allows an isolated study of interfacial 
phenomena, to distinguish between different types of interfacial reactions, allowing the 
classification of the possible reactions. Fletcher and co-workers 58 used a quartz crystal 
microbalance to generate massograms that, together with voltammetric data, generated a 
classification of the interfacial reactions. These studies lead to the classification of 
interfacial reactions in, basically, five types: reactions where faradaic processes occur and 
that are associated to mass changes, like electrodeposition, electrodissolution and 
intercalation reactions; reactions where faradaic processes occur that are not associated 
to mass changes, like gas evolution reactions; non-faradaic processes that are not 
associated with mass changes, like capacitive processes; non-faradaic processes 
associated with mass changes, like specific adsorption processes of perchlorate ions over 
gold surface and processes where mass changes occur, but which are not associated to 
faradaic or non-faradaic processes. Some examples of interfacial processes studies, 
related to the development of piezoelectric sensors, are shown briefly, in Table 1. 
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Table 1. Examples of applications of the quartz crystal microbalance for the investigation of surface 
and interfacial processes. 
 

Application Goal  Ref. 

Organic films • use of a BAW device for evaluation of solvent and film thickness 
effects in the film formation process 

92 

 • study by QCM of the parameters associated with adsorption, as 
well as identification and division between chemical and physical 
adsorption during the film formation stage  

93 

Langmuir–Blodgett 
films  

• monitoring of copper (II) 1,4,8,11,15,18,22,25-
octabutoxiftalocianine films thickness 

94 

 • study of liposome adsorption and desorption in solutions and 
emulsions 

95 

Self-assembled 
monolayers 

• study of globotriaosyl ceramide (Gb3) interaction with shiga toxin 
1 and 2 

96 

 • study of butanethiol formation kinetics on gold 97 
Protein films • adsorption kinetics and viscoelastic properties of Protein A 

(coming from Staphylococcus aureus), bovine serum albumin, 
Immunoglobulin G and fibronectin 

98 

 • study of interaction (in real time) and association, dissociation 
and equilibrium constants determination of berberine chloride with 
bovine serum albumin 

99 

Polymers conducting • evaluation of redox processes and conductivity mechanisms of 
polypyrol films modified with different anions 

100 

 • investigation of mass transport processes and monitoring of 
diphenylamine electropolymerization process  

101 

 • study of mass changes and redox processes during aniline 
electropolymerization in presence of sodium dodecilsulphate 

102 

Supramolecular 
systems 

• study of enantioselective interaction of calix[4]arenes films with 
(R) methyl-lactate and (S) methyl-lactate 

103 

 • adsorption and desorption kinetics of toluene and chloroform 
vapours over t-butyl-calix[6]arene films 

104 

 
Besides application as a tool for research of interaction phenomena with the 

purpose of sensor development, piezoelectric quartz crystals have intensively been 
applied in adsorption kinetic studies in several matrices. In this way, protein adsorption 
kinetics 59, alkanetiols 60, surfactant species like sodium dodecilsulfate 61, metals like 
copper 62, among others, have been investigated. These studies are possible due to the 
ability of the technique to simultaneously measure frequency change and energy 
dissipation of the piezoelectric quartz crystal, during the adsorption process 63. 

By monitoring the crystal resonance frequency it is possible to determine mass 
changes and, consequently, to study different interfacial processes in thin films, to 
determine species transport, adsorption kinetics and growth. 

In this research context of surface and interfacial phenomena, electrochemical 
impedance spectroscopy has been widely applied, as a complementary technique, to 
several fields of electrochemistry, like electrode kinetics 64-66, double layer studies 67, 
battery processes 68, investigation of corrosion processes 69,70, solid state electrochemistry 
71 and bioelectrochemistry 72, especially to processes in membranes. 

By employing EIS, Heiduschka and co-workers 73 developed mixed self-assembled 
monolayers of � -undecanotiol over gold modified with viral antigen fragments (epitopes), 
with the purpose of reducing the need of separation methods between antigen and 
antibody, thus minimizing the damage to the receptor. Once the monolayers were formed, 
the impedance measurements were used to measure the capacitive component, to 
continuously monitor the interaction between antigen and antibody. In this context, Farace 
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and co-workers 74 applied EIS to the development of a sensor system that operates 
through affinity, like antigen – antibody interactions and interactions between 
oligonucleotides complementary chains. Ouerghi and co-workers 75 applied EIS in a 
system containing poli-2-cyan-ethylpyrrole modified with rabbit polyclonal antibody as a 
sensor to the rabbit polyclonal antigen. The EIS was applied to the investigation of the 
increase in polymer resistance, which is related to the increase of the resistance to charge 
transfer, as well as to measure decrease in the system diffusional impedance, as it allows 
obtaining relevant information about optimum operation conditions the working electrode. 

With the purpose of establishing better film formation conditions 76, an EIS 
application has been reported to study surface coverage of calix[4]arene deposits. EIS  
has also been used to study film uniformity in multilayers 77,78, in order to establish the 
best conditions to form compact resistant films with a high sensitivity  for the analyte. 

EIS has also been applied in research of charge transfer mechanisms in films, like 
antibody or avidine modified polypyrrole by evaluating the impedance behaviour as a 
function of excitation frequency. The goal of these studies is to indicate the relation 
between changes in the polymer and the interactions resulting from bioaffinity between 
receptor and analyte79. In this context, Kasen 80 applied EIS to evaluate diffusion and 
kinetic concomitant processes in glassy carbon electrodes modified with ferro-
hexacyanorutenate (II) films, by evaluating kinetic constants of different parameters 
related to diffusion, charge transfer and double layer capacitance. 

The application of EIS in the analytical field has been extended to the study of 
DNA oligomers hybridization, by following the total impedance. These investigations are 
possible as the total impedance is associated to the increase of the capacitive component. 
Furthermore, the system capacitive component is a result of density and ion mobility 
changes associated with the hybridization reaction 81. Vetterl and co-workers 82, with the 
purpose to evaluate differences between double-helix conformation and simple 
conformation, as well as the adsorption kinetics and adsorbed polynucleotide segments 
mobility, studied the double layer capacitance in electrodes containing adsorbed DNA. 

The application of EIS has been extended to the investigation of conducting 
properties from polymers like polyacetylene, polypyrrole, polytiophene, polyaniline, 
amongst others. Munichandraiah and Prasad 83 evaluated the catalytic activity of 
polyaniline modified platinum electrodes for the oxidation of Fe2+ and hydroquinone. By 
determining the system’s catalytic efficiency, from equilibrium current and intrinsic velocity 
constant, these studies led to optimized applications of these polymers in corrosion 
protection systems, batteries, catalysts in oxidation reactions, amongst others 84. Table 2 
shows, briefly, some EIS applications related to the development of impedimetric 
biosensors. 
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Table 2. Examples of the application of electrochemical impedance spectroscopy in the research of 
surface and interfacial processes. 
 

Application Goal  Ref. 

Organic films • Determination of acid-base equilibrium constants (pK) to 
mercapto propionic acid, mercapto hexadecanoic acid and 
mercaptododecil amine monolayers 

105 

Langmuir–Blodgett 
films 

• Determination of  electron transfer processes, including 
resistance to charge transfer and faradaic capacitance in poly(N-
dodecil acrylamide)-co-(4(acrylomethyl)4’-methyl-2,2’-bipiridine)-
bis(2,2’-bipiridine) ruthenium diperchlorate polymeric films 

106 

 • to study mass and charge transfer processes  
of dimethyldioctadecil ammonium and Prussian blue hybrid films 

107 

Self-assembled 
monolayers 

• to study the adsorption kinetics and degree of coverage for 
octanethiol, decanethol, dodecanethiol, hexadecanethiol and 
octadecanethiol SAMs 

108 

 • characterization defects and coverage degree in octadecanethiol 
self-assembled monolayers on gold surfaces 

109 

 • obtain the charge transfer rate coefficient in glutation monolayers 
on gold 

110 

Protein films • adsorption kinetics of horse heart cyitochrome c over 
carboxythiol monolayers on gold surfaces 

111 

 • influence of � -lactoglobulin adsorption process on stainless steel 
over the metallic material corrosion kinetics and mechanism 

112 

Conducting 
polymers 

• determination of the capacitive behaviour of a 
polypyrrole/polyimide composite 

113 

 • to study  mechanisms of ion and electronic conductivity, and 
characteristics of ion exchange in polyaniline films  

114 

Supramoleculars 
systems  

• evaluation of  electron transfer kinetics in self-assembled 
monolayers of inclusion complexes between 	 -, or � -cyclodextrine 
and N-(n-octyl)-N’-(10-mercaptodecyl)-4,4'-bipyridine bromide 

115 

 
 

On the other side, due to great interest in the investigation of real time surface 
processes, the first application of SPR systems by Liedberg and co-workers was 
conducted in 1983 85. By adsorption studies of � -globulin antigen over a silver film surface 
and later addition of � -globulin antibody in different concentrations, it was possible to show 
that SPR can be applied in an extremely sensitive and selective way. In this way, a 
growing interest in specific interaction studies between biomolecules has been developed, 
with the purpose to investigate the affinity and the intermolecular interaction kinetics. 

The biospecific interaction analysis in real time through SPR has acquired growing 
interest due to the information it can provide about biomolecule properties, like interaction 
models, intermolecular affinity and kinetic constants 86. With the purpose of investigating 
optical properties by SPR, two configurations have been applied to the study of the 
interface: (1) detection by direct biomolecular interaction over a metal surface and (2) 
detection by interaction in hydrogel matrix. One of the molecules is immobilized on the 
sensor surface or matrix, so that interactions with other molecules induce shifts in the 
SPR resonance angle, that are directly related to the amount of molecules that interact 
with the sensor surface. 

The use of a hydrogel matrix makes it possible to covalently bond one of the 
molecules so that a higher number of specific interaction sites per surface area become 
available. Furthermore, biomolecule immobilization ability in a matrix is higher and, thus 
the use of a matrix will increase the system sensitivity 87 and improve the molecule 
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accessibility 88. Through this SPR allows the study of a biomolecular interaction in real 
time without the use of labelling reagents, so that such a system can be used to determine 
molecule concentration, and affinity and interaction kinetics 89. Table 3 shows some SPR 
applications related to the development of sensor devices. 
 
 
Table 3. Examples of the application of surface plasmon resonance in the investigation of surface 
and interfacial processes. 
 

Application Goal  Ref. 

Organic films • to evaluate the thickness, porosity  and structure of azobenzene  
films 

116 

 • to study the thickness, dielectric constant and conductivity of 
3(� -mercaptoundecyl) modified polypyrrole films 

117 

Langmuir–Blodgett 
films 

• to calculate the thickness, refraction index and extinction 
coefficient of calix[4]resorcinarene films 

118 

Self-assembled 
monolayers 

• to study the degree of coverage and, thickness of mercapto-
hexanol modified DNA films, as well as adsorption and desorption 
kinetics 

119 

 • to evaluate the formation kinetics of poly(� -benzyl L-glutamate) 
self-assembled monolayers on gold 

120 

 • to study the interaction of acid dithiobis(4-butyrilaminom-
phenylboron)monolayers with fructose, mannose and galactose 

121 

Proteic films • to study the interaction of bacteria Bacillus thuringiensis proteins 
(
 -endotoxins), rate constants for association, dissociation and 
affinity constants 

122 

Conducting 
polymers 

• to evaluate the relation between polyaniline film thickness on 
gold and number of potential cycles, as well as conductivity, 
dielectric constants of the film in oxidised and reduced form and 
film formation kinetics  

123 

 • to study the adsorption kinetics of organic molecules like toluene, 
propane and butane over calix[4]resorcinolarene films and 
adsorption influence on film refraction index and thickness 

124 

Supramolecular 
systems 

• to study the interaction kinetics between tetra-undecyl-tetra-p 
nitrophfenylazocalix[4]resorcinarene and tetra-undecyl-tetra-(4-
aminomethyl-4’-nitroazobenzyl)calix[4]resorcinarene films with 
benzene 

125 

 
 
 

The analytical possibilities of electrochemical impedance spectroscopy, surface 
plasmon resonance and quartz crystal microbalance, as well as the importance of its 
applications to the research of surface and interfacial processes are closely linked to the 
development of trusted methods. In this context, the combined use of these techniques 
has been explored with the purpose of providing complementary information that allows 
secure interpretations of the systems under evaluation (Scheme 1). 
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Scheme 1. Major parameters and information obtained in QCM, EIS and SPR applications. 
 
 
 

With this purpose, Vogel and co-workers 90 used impedance spectroscopy and 
surface plasmon resonance simultaneously in the investigation of interactions between 
cholera toxin and ganglioside. In order to generate quantitative information on lipids in 
solid support, SPR measurements were done. EIS was employed to measure receptor 
content in the lipid layer. Offennhaussen and co-workers91 studied properties of self-
assembled monolayers of alkylthiols and thiolipids on gold. Using SPR and EIS the 
monolayer average thickness and the electron transfer and adsorption kinetics were 
determined. Recently QCM and EIS were applied together by Guiseppe-Elie and co-
workers 81 in studies of DNA hybridization, by measuring impedance and frequency 
changes associated with oligonucleotide conformational changes. 

With the purpose of reducing the interferences resulting from the combination of 
QCM and EIS, Yao and co-workers 92 developed a new strategy to simultaneously apply 
quartz crystals and electrochemical impedance (impedance in piezoelectric quartz crystal 
- IPCQ). This hybrid system was applied in the investigation of bovine albumin adsorption 
on gold and platinum electrodes, showing that IPCQ allows on the study of electrode 
mass, film viscoelasticity, solution local viscosity/density close to the electrode surface 
and interfacial capacitance. Table 4 shows some combined techniques, highlighting their 
individual possibilities. 
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Table 4. Examples of combined SPR, QCM and EIS applications for the study of surface and 
interfacial processes. 
 

Application Goal  Ref. 

EIS and QCM 

 

• EIS used in the study of the relationship between ion movement 
and polarizable molecules in DNA hybridization and QCM applied 
to distinguish between complementary and non-complementary 
hybridization processes 

81 

 • QCM used to monitor in real-time the protamin adsorption 
followed by heparin adsorption, as well as optimisation of 
interaction processes (protamin-heparin) and determination of 
viscosity and heparin solution density effects on the analytical 
signal. EIS was applied to determine the physical parameters: 
solution resistance, resistance to charge transfer, electrical double 
layer capacitance and its relations with the heparin concentration  

72 

 • EIS used to determine capacitive behaviour of polyanaline films 
modified with Molybdenum trisulphate and QCM to monitor the 
mass transport in the composite, to elaborate cation, anion and 
neutral species transport mechanisms in the film 

126 

SPR and EIS • SPR to monitor in real-time avidin-biotin multilayer formation on 
gold and determination of the surface molecule concentration and 
EIS, to study the relation between layer composition and 
resistance to charge transfer and double layer capacitance  

127 

 • EIS to study species adsorption and desorption on conducting 
materials and its influence on the electron interfacial transfer and 
SPR used to monitor in real-time the lipid bilayer formation, and to 
determine surface lipid density  

127 

QCM and SPR • SPR used to measure protein adsorption kinetics modified with 
endoglucanase and QCM  to measure adsorbed protein layer 
rigidness 

128 

SPR, QCM and EIS • SPR applied to determine film thickness during the growth 
process, providing information on the monolayer formation 
dynamics; the QCM information allowed a differentiation between 
di-phtanoilphosphatedilcoline vesicles adsorption and fusion on 
the self-assembled monolayers, while EIS allowed the monitoring 
of the film physical parameters  

129 

 
 
 
CONCLUSIONS AND FUTURE PERSPECTIVES 
 

This work has discussed some potential applications of electrochemical 
impedance spectroscopy, surface plasmon resonance and quartz crystal microbalance, 
focusing on surface and interfacial phenomena and showing how these techniques can 
help in building sensor devices. The importance of the combined use of these techniques 
is based on the research features attributed to each one of them. Both QCM and SPR can 
provide measurements on the dynamics of real time events, the QCM being able to 
provide information on the system mass variations, leading to important information on 
species transfer in films. SPR can complement these measurements on the process 
dynamics based on a high sensitivity level and EIS can generate information on the 
conducting properties of the developed systems. 

In this way, the combined application of EIS, SPR and QCM is a powerful tool to 
study a wider number of properties related to the surface and interfacial processes leading 
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to a higher reliability of the research results. These techniques are promising tools for in 
situ application, individually, in a combined form or even simultaneously. Consequently, 
their application to development of films acting as support of/or receptors in systems 
sensors is fundamental, because they provide the possibility to obtain detailed knowledge 
of important properties of the systems under study. 

As a future perspective, a great development and application of QCM and SPR, 
combined with the electrochemical techniques (fundamentally EIS) is expected, in order to 
generate a wide and informative data group, simultaneously leading to detailed 
measurements of surface and interfacial systems contributing, in a decisive manner, to 
the understanding of these processes as well as to the strengthening and expansion of 
the EQCM and ESPR applications.  
 
 
 
REFERENCES 
 
1. Valcárcel, M.; Rios, A.; Anal. Chim. Acta 1999, 400, 425. 
2. Zhang, S.; Wright, G.; Yang, Y.; Biosens. Bioelectron. 2000, 15, 273. 
3. Thévenot, D. R.; Toth, K.; Durst, R. A.; Wilson, G. S.; Biosens. Bioelectron. 2001, 16, 121. 
4. Fraser, D.; Biosensors in the Body: continuous in vivo monitoring, Wiley: New York, 1997. 
5. Jacobson, G. A.; Winkeler, M.; Mater. Performance 2000, 39, 120. 
6. Swalen, J. D.; Allara D. L.; Andrade, J. D.; Chandross, E. A.; Garoff, S.; Israelachvili, J.; 
McCarthy, T. J.; Murray, R.; Pease, R. F.; Rabolt, J. F.; Wynne, K. J.; Yu, H.; Langmuir 1987, 3, 
932. 
7. Pereira, A. C.; Santos, A. S.; Kubota, L. T.; Quim. New 2002, 25, 1012. 
8. Damos, F. S.; Sotomayor, M. D. T.; Kubota, L. T.; Tanaka, S. M. C. N.; Tanaka, A. A.; Analyst 
2003, 128, 255. 
9. Freire, R. S.; Pessoa, C. A.; Mello, L. D.; Kubota, L. T.; J. Braz. Chem. Soc. 2003, 14, 230. 
10. Freire, R. S.; Kubota, L. T.; Analyst 2002, 127, 1502. 
11. Carvalho, R. M. de; Neto, G. D.; Kubota, L. T.; Anal. Lett. 2000, 33, 425. 
12. Santos, A. D.; Gorton, L.; Kubota, L. T.; Electrochim. Acta 2002, 47, 3351. 
13. Fujiwara, H.; Toyoshima, Y.; Kondo, M.; Matsuda, A.; Sol. Energy Mater. Sol. Cells 2001, 66, 
209. 
14. Kim, S. H.; Choi, S. W.; Suh, H. J.; Jin, S. H.; Gal, Y. S.; Koh, K.; Dyes Pigm. 2002, 55, 17. 
15. Geurtz, J.; Surf. Sci. Rep. 1993, 18, 1. 
16. Schweiss, R.; Werner, C.; Knoll, W.; J. Electroanal. Chem. 2003, 540, 145. 
17. Lieber, C. M.; Liu, J.; Inorg. Chim. Acta 1996, 243, 305. 
18. Stoica, T. F.; Teodorescu, V. S.; Blanchin, M. G.; Stoica, T. A.; Gertner, M.; Losendo, M.; 
Zaharescu, M.; Mater. Sci. Eng., B 2003, 101, 222 
19. Pavey, K. D.; Hunter, A. C.; Paul, F.; Biosens. Bioelectron. 2003, 18, 1349. 
20. Striebel, C.; Brecht, A.; Gauglitz, G.; Biosens. Bioelectron. 1994, 9, 139. 
21. Ratner, B. D.; Cardiovasc. Pathol. 1993, 2, S87. 
22. Kosslinger, C.; Uttenthaler, E.; Drost, S.; Aberl, F.; Wolf, H.; Brink, G.; Stanglmaier, A.; 
Sackmann, E.; Sens. Actuators, B 1995, 24, 107. 
23. Jiang, J.; Kucernak, A.; J. Electroanal. Chem. 2002, 520, 64. 
24. Green, R. J.; Frazier, R. A.; Shakesheff, K. M.; Davies, M. C.; Roberts, C. J.; Tendler, S. J. B.; 
Biomaterials 2000, 21, 1823. 
25. O’Sullivan, C. K.; Gilbault, G. G.; Biosens. Bioelectron. 1999, 14, 663. 
26. Sauerbrey, G.; Z. Phys. 1958, 155, 206. 
27. King, W. H.; Anal. Chem. 1964, 36, 1735. 
28. Kanazawa, K. K.; Gordon, J. G.; Anal. Chem. 1985, 57, 1770. 
29. MacCallum, J. J.; Alder, J. F.; Analyst 1983, 108, 1169. 
30. Alder, J. F.; Drew, P. K. P.; Fielden, P. R. A.; J. Chromatogr., A 1981, 212, 1981. 
31. Konash, P. L.; Bastiaans, G. J.; Anal. Chem. 1980, 52, 1929. 
32. Nomura, T.; Okuhara, M.; Anal. Chim. Acta 1982, 142, 281. 
33. Schumacher, R.; Borges, G.; Kanazawa, K. K.; Surf. Sci. 1985, 163, L621. 
34. Muramatsu, H.; Dicks, J. M.; Tamiya, E.; Karube, I.; Anal. Chem. 1987, 59, 2760. 
35. Kurosawa, S.; Tawara, E.; Kamo, N.; Kobatake, Y.; Anal. Chim. Acta 1990, 230, 41. 



 17 

36. Yao, S.-Z.; Zhou, T.-A.; Anal. Chim. Acta 1988, 212, 61. 
37. Thompson, M.; Arthur, C. L.; Dhaliwal, G. K.; Anal. Chem. 1986, 58, 1206 
38. Cavic-Vlasak, B. A.; Rajakovic, L. J. V.; Fresenius J. Anal. Chem. 1992, 343, 339. 
39. Rajakovic, L.; Ghaemmaghami, V.; Thompson, M.; Anal. Chim. Acta 1989, 217,111. 
40. Duncan-Hewitt, W. C.; Thompson, M.; Anal. Chem. 1992, 64, 94. 
41. Ward, M. D.; Delawski, E. J.; Anal. Chem. 1991, 63, 886. 
42. Hillier, A. C.; Ward, M. D.; Anal. Chem. 1992, 64, 2539. 
43. Sluyters-Rehbech, M.; Pure Appl. Chem. 1994, 66, 1931. 
44. Bard, A. J.; Faulkner, L. R.; Electrochemical Methods: Fundamentals and Applications, Wiley: 
New York, 1980. 
45. Zoltowski, P.; J. Electroanal. Chem. 1994, 375, 45. 
46. Alves, V. A.; Brett, C. M. A.; Electrochim. Acta 2002, 47, 2081. 
47. Sluyters-Rehbach, M.; Sluyters, J. H.; J. Electroanal. Chem. 1970, 26, 237. 
48. Homola, J.; Yee, S. S.; Gauglitz, G.; Sens. Actuators, B 1999, 54, 3. 
49. Kretschman, E.; Raether, H.; Z. Naturforsch., A: Phys. Sci. 1968, 23, 2135. 
50. Homola, J.; Koudela, I.; Yee, S. S.; Sens. Actuators, B 1999, 54, 16. 
51. Bunde, R. L; Jarvi, E. J.; Rosentreter, J. J.; Talanta 1998, 46, 1223. 
52. Rickert, J.; Weiss, T.; Kraas, W.; Jung, G.; Gopel, W.; Biosens. Bioelectron. 1996, 11, 591. 
53. Caruso, F.; Furlong, D. N.; Niikura, K.; Okahata, K.; Colloids Surf., B 1998, 10, 199. 
54. Palecek, E.; Fojta, M.; Tomschik, M.; Wang, J.; Biosens. Bioelectron. 1998, 13, 621. 
55. Cosnier, S.; Perrot, H.; Wessel, R.; Electroanalysis 2001, 13, 971. 
56. Oyama, N.; Kelly, A. J.; J. Phys. Chem. 1991, 95, 9579. 
57. Komura, T.; Niu, G. Y.; Yamaguchi, T.; Asano, M.; Electrochim. Acta 2003, 48, 631. 
58. Snook, G. A.; Bond, A. M.; Flatcher, S.; J. Electroanal. Chem. 2002, 526, 1. 
59. Mao, Y. A.; Wei, W. Z.; Zhang, J. Z.; Peng, H.; Wu, L.; Microchem. J. 2001, 70, 133. 
60. Kim, H. J.; Kwak, S.; Kim, Y. S.; Seo, B. I.; Kim, E. R.; Lee, H.; Thin Solid Films 1998, 191, 327. 
61. Shen, D. Z.; Wu, X.; Liu, X. Y.; Kang, Q.; Chen, S. H.; Microchem. J. 1999, 63, 322. 
62. Scendo M.; Malyszko, J.; Monatsh. Chem. 1997, 128, 123. 
63. Shen, D. Z.; Huang, M. H.; Chow, L. M.; Yang, M. S.; Sens. Actuators, B 2001, 77, 664. 
64. Fey, G. T.-K.; Weng, Z.-X.; Chen, J.-G.; Kumar, T. P.; Mater. Chem. Phys. 2003, 80, 309. 
65. Wang, Q.; Li, N.; Talanta 2001, 55, 1219. 
66. Antoine, O.; Bultel, Y.; Durand, R.; J. Electroanal. Chem. 2001, 499, 85. 
67. Braun, A.; Bartsch, M.; Merlo, O.; Schnyder, B.; Schaffner, B.; Kotz, R.; Haas, O.; Wokaun, A.; 
Carbon 2003, 41, 759. 
68. Salkind, A. J.; Singh, P.; Cannone, A.; Atwater, T.; Wang, X.; Reisner, D.; J. Power Sources 
2003, 116, 174. 
69. Mirabedini, S. M.; Thompson, G. E.; Morandian, S.; Scantlebury, J. D.; Prog. Org. Coat. 2003, 
46, 112. 
70. Angelini, E.; Grassini, S.; Rosalbino, F.; Fracassi, F.; d’Agostino, R.; Prog. Org. Coat. 2003, 46, 
107. 
71. Silva, L. M. da; Faria, L. A. de; Boodts, J. F. C.; J. Electroanal. Chem. 2002, 532, 141. 
72. Cheng, T.-J.; Lin, T.-M.; Chang, H.-C.; Anal. Chim. Acta 2002, 462, 261. 
73. Rickert, J.; Gopel, W.; Beck, W.; Jung, G.; Heiduschka, P.; Biosens. Bioelectron. 1996, 11, 757. 
74. Farace, G.; Lillie, G.; Hianik, T.; Payne, P.; Vadgama, P.; Bioelectrochemistry 2002, 55, 1. 
75. Ouerghi, O.; Senillou, A.; Jaffrezic-Renault, N.; Martelet, C.; Ben Ouada, H. J.; Cosnier, S.; 
Electroanal. Chem. 2001, 501, 62. 
76. Sakly, N.; Souiri, M.; Romdhane, F. F.; Bem Ouada, H.; Jaffrezic-Renault, N.; Mater. Sci. Eng., 
C 2002, 21, 47. 
77. Cui, X. Q.; Pei, R. J.; Wang, X. Z.; Yang, F.; Ma, Y.; Dong, S. J.; Yang, X. R.; Biosens. 
Bioelectron. 2003, 18, 59. 
78. Diao, P.; Guo, M.; Tong, R. T.; J. Electroanal Chem. 2001, 495, 98. 
79. Lillie, G.; Payne, P.; Vadgama, P.; Sens. Actuators, B 2001, 78, 249. 
80. Kasen, K. K.; Mater. Sci. Eng., B 2001, 83, 97. 
81. Guiseppi-Elie, A.; Gheorghe, M.; Biosens. Bioelectron. 2004, 19, 95. 
82. Strasak, L.; Dvorak, J.; Hason, S.; Vetterl, V.; Bioelectrochemistry 2002, 56, 37. 
83. Munichandraiah, N.; Prasad, K. R.; Synth. Met. 2002, 126, 62. 
84. Kim, Y.; Teshima, K.; Kobayashi, N.; Electrochim. Acta 2000, 45, 1549. 
85. Liedberg, B.; Nylander, C.; Lundstrom, I.; Sens. Actuators, B 1983, 4, 299. 
86. Lundstron, I.; Biosens. Bioelectron. 1994, 9, 725. 



 18 

87. Liedberg, B.; Lundstrom, I.; Stenberg, E.; Sens. Actuators, B 1993, 11, 63. 
88. Lofas, S.; Malmqvist, M.; Ronnberg, I.; Stenberg, E.; Liedberg, B.; Lundstrom, I.; Sens. 
Actuators, B 1991, 5, 79. 
89. Jonsson, U.; Malmqvist, M.; Adv. Biosens. 1992, 2, 291. 
90. Terrettaz, S.; Stora, T.; Duschl, C.; Vogel, H.; Langmuir 1993, 9, 1361. 
91. Lingler, S.; Rubinstein, I.; Knoll, W.; Offenhaussen, A.; Langmuir 1997, 13, 7085. 
92. Luo, S. L.; Chen, J. H.; Kuang, Y. F.; Zhou, H. H.; Yao, S. Z.; Thin Solids Films 2003, 424, 208. 
93. Kubono, A.; Yuasa, N.; Shao, H.-L.; Umemoto, S.; Okui, N.; Appl. Surf. Sci. 2002, 193, 195. 
94. Stevenson, K.; Miyashita, N.; Smieja, J.; Mazur, U.; Ultramicroscopy 2003, 97, 271. 
95. Stalgren, J. J. R.; Claesson, P. M.; Warnheim, T.; Adv. Colloid Interfaces Sci. 2001, 89, 383. 
96. Miura, Y.; Sasao, Y.; Dohi, H.; Nishida, Y.; Kobayashi, K.; Anal. Biochem. 2002, 310, 27. 
97. Qu, D.; Morin, M.; J. Electroanal. Chem. 2002, 524, 77. 
98. Marxer, C. G.; Coen, M. C.; Schlapbach, L.; J. Colloid Interface Sci. 2003, 261, 291. 
99. Mao, Y.; Wei, W.; He, D.; Nie, L.; Yao, S.; Anal. Biochem. 2002, 306, 23. 
100. Syritski, V.; Opik, A.; Forsen, O.; Electrochim. Acta 2003, 48, 1409. 
101. Feher, K.; Inzelt, G.; Electrochim. Acta 2002, 47, 3551. 
102. Kanungo, M.; Kumar, A.; Contractor, A. Q.; J. Electroanal. Chem. 2002, 528, 46. 
103. Gou, W.; Wang, J.; Wang, C.; He, J.-Q.; He, X.-W.; Cheng, J.-P.; Tetrahedron Lett. 2002, 43, 
5665. 
104. Wang, C.; Chen, F.; He, X.-W.; Anal. Chim. Acta 2002, 464, 57. 
105. Schweiss, R.; Werner, C.; Knoll, W.; J. Electroanal. Chem. 2003, 540, 145. 
106. Miyashita, T.; Aoki, A.; Abe, Y.; Mol. Cryst. Liq. Cryst. Sci. Technol. 1999, 327, 77. 
107. Saliba, R.; Ravaine, S.; Mingotaude, C.; Agricole, B.; J. Phys. Chem. B 1999, 103, 9712. 
108. Subramanian, R.; Lakshminarayanan, V.; Electrochim. Acta 2000, 45, 4501. 
109. Diao, P.; Guo, M.; Tong, R. T.; J. Electroanal. Chem. 2001, 495, 98. 
110. Zhou, A.; Xie, Q.; Wu, Y.; Cai, Y.; Nie, L.; Yao, S.; J. Colloid Interface Sci. 2000, 229, 12. 
111. Nahir, T. M.; Bowden, E. F.; Langmuir 2002, 18, 5283. 
112. Omanovic, S.; Roscoe, S. G.; J. Colloid Interface Sci. 2000, 227, 452. 
113. Iroh, J. O.; Levine, K.; J. Power Sources 2003, 117, 267. 
114. Mori, K.; Yamaguchi, T.; Takahashim, K.; Komura, T.; Bull. Chem. Soc. Jpn. 2000, 73, 19. 
115. Yan, J. C.; Dong, S. J.; Li, J. H.; Chen, W. Q.; J. Electrochem. Soc. 1997, 144, 3858. 
116. Zhou, M.; Otomo, A.; Yokoyama, S.; Mashiko, S.; Thin Solid Films 2001, 393, 114. 
117. Georgiadis, R.; Peterlinz, K. P.; Peterson, A. W.; Rahn, J. R.; Grassi, J. H.; Langmuir 2000, 
16, 6759. 
118. Hassan, A. K.; Nabok, A. V.; Ray, A. K.; Lucke, A.; Smith, K.; Stirlimg, C. J. M.; Davis, F.; 
Mater. Sci. Eng., C 1999, 8, 251. 
119. Georgiadis, R.; Peterlinz, K. P.; Peterson, A. W.; J. Am. Chem. Soc. 2000, 122, 3166. 
120. Willians, A. J.; Gupta, V. K.; Thin Solids Films 2003, 423, 228. 
121. Lee, M.; Kim, T.-I.; Kim, K.-H.; Kim, J.-H.; Choi, M.-S.; Choi, H.-J.; Koh, K.; Anal. Biochem. 
2002, 310, 163. 
122. Okumura, S.; Akao, T.; Mizuki, E.; Ohba, M.; Inouye, K.; J. Biochem. Biophys. Methods 2001, 
47, 177. 
123. Kang, X.; Jin, Y.; Cheng, G.; Dong, S.; Langmuir 2002, 18, 1713. 
124. Nabok, A. V.; Hassan, A. K.; Ray, A. K.; Omar, O.; Kalchenko, V. I.; Sens. Actuators, B 1997, 
45, 115. 
125. Hassan, A. K.; Ray, A. K.; Nabok, A. V.; Davis, F.; Sens. Actuators, B 2001, 77, 638. 
126. Fusalba, F.; Belanger, D.; J. Mater. Res. 1999, 14, 1805. 
127. Yang, F.; Cui, X.; Yang, X.; Biophys. Chem. 2002, 99, 99. 
128. Linder, M.; Szilvay, G. R.; Nakari-Setala, T.; Soderlund, H.; Penttila, M.; Protein Sci. 2002, 11, 
2257. 
129. Naumann, R.; Schiller, S. M.; Geiss, F.; Grohe, B.; Hartman, K. B.; 
Karcher, I.; Koper, I.; Lubben, J.; Vasilev, K.; Knoll, W.; Langmuir 2003, 19, 5435. 
 


