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SUMMARY 

The present thesis was focused on the development of new electrochemical 

instrumentation for microbial biosensing to complement or to substitute the classical 

microbiological methods. The traditional microbiological methods, mainly based on 

plating on agar or staining-imaging processes, although highly specific and sensitive, 

still require considerable experience as well as time. Sensors in general and 

electrochemical sensors in particular have been thought to be a good alternative to them 

because of their simplicity, low cost, efficiency and their possibility to be compacted, 

miniaturized, automated and to supply information at real-time.  

 

In terms of bacterial attachment, Electrochemical Impedance Spectroscopy (EIS) and 

Surface Plasmon Resonance (SPR) have been demonstrated to be sensitive methods for 

the real-time monitoring of bacteria attachment to metallic surfaces and they have 

shown good correlation with the traditional staining methods. Focusing on impedance 

measurements, the interface Constant Phase Element (CPEi) has been found responsive 

to the bacterial coverage of the electrode, especially at the initial stage of attachment: 

the very early attachment or pre-attachment step.  
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The CPEi has been also used to on-line monitor the formation and maturation of 

bacterial biofilms on the surface of platinum or gold electrodes, although another 

parameter of the equivalent circuit, the biofilm capacitance (Cbiofilm), has been probed to 

be even more sensitive to the biofilm growth and maturation than the CPEi. Both 

capacitances have shown good correlation with traditional microbiological techniques. 

Further, the removal capacity of several solutions has been checked using EIS, being the 

concentrated samples of peroxides the most efficient in the detachment of biofilms.  

 

EIS has been applied to the detection of bacteriophages, virus that specifically infect 

bacteria, by following the degradation of mature biofilms of specific bacteria. 6-days 

mature biofilms grown on the electrode surface were incubated for 24 h in 

bacteriophages samples. The bacteriophages infection and degradation of the biofilm 

changed the Cbiofilm, which variation correlated well with Optical and Confocal 

Microscopy measurements. 

 

The changes produced in the electrode-solution interface by microbial attachment have 

been applied to the bacteria quantification using EIS. After short attachment times 

(below 2 min of attachment), the change in the CPEi magnitude (Ki) was found to 

correlate well with the suspended concentration of bacteria in a wide range of 

concentrations, from 101 to 107 Colony Forming Units per mL (CFU mL-1). This 

impedimetric approach was very sensitive to the applied potential and the aging of the 

sensor. The sensitivity of the measurement was enhanced by applying more positive 

potentials on the working electrode which favoured bacterial attachment. On the other 

hand, sensors were found to lose their capacity to discriminate between concentrations 

with time, especially low concentrations, although, the sensitivity (in terms of slope of 

the calibration curve) remained invariant.  

 

The impedimetric approach to quantify suspended bacteria has been applied to real 

samples directly extracted from an incubator. In this case, also the influence of the 

metabolic products from the fermentation in the impedimetric measurement has been 

tested using centrifuged samples only containing metabolites or cells. It was seen that in 

the experimental condition in use only attached cells could produce a detectable change 

in Ki and showed a good correlation with the suspended concentration value from 
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plating on agar and Epifluorescence Microscopy counting. Thus, the impedimetric 

approach was found insensitive to the presence of metabolites in the medium. 

 

The real-time and automatic monitoring of suspended bacteria concentration using EIS 

has been achieved by developing a new Virtual Instrumentation (VI) implemented in 

LabView to manage the automatic flow system and to synchronize it with the 

measurement system. In this case, the VI controlled the transport of the microbiological 

samples (from the incubator to the electrochemical cell and their elimination to the 

wasting recipient), the cleaning and sterilization of the electrochemical cell and the 

synchronization of the flow and measurement systems to make the EIS measurements 

after 15 s of the complete inoculation of the bacterial sample in the electrochemical cell. 

Good correlations were found between the bacteria concentration from classical 

microbiological methods and EIS when using this VI. 

 

The Ki has been also applied to the resolution of binary microbial mixtures by following 

the changes produced in the electrode-interface capacitance by several concentrations of 

different species of microorganisms. This was achieved by combining this impedimetric 

approach used in bacterial quantification with chemometric tools, namely Artificial 

Neural Networks (ANNs). Very good correlations were obtained by comparing the 

predicted values (from the ANN) against the expected ones (from plating on agar), with 

comparison lines indistinguishable from the theoretical values (slope equal to one with 

zero intercept in the three cases under study). 

 

Finally, attachment information from SPR data, together with biofilm formation (in the 

air-liquid interface) information, motility results (from the swimming process) and 

virulence assays (using Galleria mellonella larvae) of several Pseudomonas 

luminescens TT01 mutants has been combined for the prediction of the function of 

some structural proteins. Although characterization of the role of these proteins has 

been only achieved at a very basic level, the combination of used techniques, and 

particularly SPR, is capable of supplying relevant information rapidly and easily. 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

RESUM 

Aquesta tesi s’ha centrat en el desenvolupament de nova instrumentació electroquímica 

per a la detecció microbiana que permetés complementar o, fins i tot, substituir els 

mètodes microbiològics clàssics. Els mètodes microbiològics tradicionals, 

principalment basats en processos de cultiu en placa o de tinció i observació 

microscòpica, encara que són altament sensibles i específics, requereixen un elevat grau 

d’experiència de l’usuari, així com llargs temps de mesura. En aquest sentit, s’ha pensat 

en els sensors en general i particularment en els sensors electroquímics com una bona 

alternativa a aquests mètodes per la seva gran simplicitat, baix cost i eficiència, així com 

per la facilitat que mostren per ser compactats, miniaturitzats, automatitzats i 

subministrar informació de qualitat a temps real.  

 

Pel que fa a l’adhesió bacteriana, l’Espectroscòpia Electroquímica d’Impedàncies (EEI) 

i la Ressonància de Plasmó Superficial (RPS) han demostrat ser mètodes útils en el 

seguiment a temps real de l’adhesió bacteriana en superfícies metàl·liques, en mostrar 

gran concordança amb els mètodes tradicionals de tinció i observació microscòpica. 

Centrant-nos en les mesures impedimètriques, l’Element de Fase Constant de la 

interfase elèctrode-solució (EFCi) s’ha mostrat molt sensible al procés de recobriment 



MICROSYSTEMS BASED ON MICROBIAL BIOSENSING 

 6 

bacterià de l’elèctrode, especialment en els primers estadis d’adhesió bacteriana, 

coneguts com adhesió inicial o preadhesió.  

 

L’EFCi també s’ha fet servir pel monitoratge de la formació i maduració de biofilms 

bacterians en la superfície d’elèctrodes de platí i or. No obstant, un altre element del 

circuit equivalent, concretament la capacitat del biofilm (Cbiofilm), ha demostrat ser fins i 

tot més sensible al creixement i maduració del biofilm. Ambdues capacitats mostraven 

bones correlacions amb els mètodes microbiològics tradicionals. Per altra banda, la 

impedància també es va fer servir per determinar la capacitat que tenien diferents 

solucions per eliminar biofilms, sent les mostres concentrades de peròxids les que 

mostraven un major poder desincrustant.  

 

L’EEI també s’ha aplicat a la detecció de bacteriòfags, virus que específicament 

infecten bacteris, mitjançant el seguiment de la degradació de biofilms madurs de 

determinats bacteris. Després de 6 dies de creixement dels biofilms sobre la superfície 

dels elèctrodes, aquests van ser incubats durant 24 h en mostres que contenien 

bacteriòfags. La infecció i posterior degradació dels biofilms bacterians per part dels 

bacteriòfags canviava la Cbiofilm, la variació de la qual mostrava bona correlació amb les 

mesures obtingudes mitjançant Microscòpia Òptica i Confocal. 

 

Els canvis produïts en la interfase elèctrode-solució pel procés d’adhesió microbiana 

s’han utilitzat per a la quantificació bacteriana fent servir EEI. Després d’un temps 

d’adhesió curt (per sota els 2 min) es va observar que el canvi produït en la magnitud de 

l’EFCi (Ki) es podia correlacionar molt bé amb la concentració de bacteris en suspensió 

en un ampli rang de concentracions, entre 101 i 107 Unitats Formadores de Colònies per 

mL (UFC mL-1). Aquesta aproximació impedimètrica era molt sensible al potencial 

aplicat a la superfície de l’elèctrode de treball i al procés d’envelliment del sensor. La 

sensitivitat de la mesura es veia incrementada en aplicar potencials més positius a la 

superfície de l’elèctrode de treball, els quals afavorien el procés d’adhesió bacteriana. 

Per altra banda, es va observar que els sensors perdien la seva capacitat per discriminar 

entre diferents concentracions amb el temps, especialment quan aquestes concentracions 

eren baixes, encara que la sensitivitat (considerada com el pendent de la recta de 

calibrat) no variava.  
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Aquesta aproximació impedimètrica per a la quantificació de bacteris en solució s’ha 

aplicat a mostres reals directament extretes d’un incubador. En aquest cas, la influència 

dels productes metabòlics produïts durant la fermentació en les mesures 

impedimètriques va ser testada mitjançant mostres centrifugades que únicament 

contenien metabòlits o cèl·lules. Sota les condicions experimentals utilitzades, 

únicament les cèl·lules adherides produïen canvis detectables en el valor de Ki. A més, 

els canvis mostraven una molt bona correlació amb el valor de concentració de bacteris 

en suspensió obtingut mitjançant recompte en plaques d’agar o Microscòpia 

d’Epifluorescència. Per tant, l’aproximació impedimètrica aquí descrita era 

pràcticament insensible a la presència de metabòlits en el medi. 

 

El monitoratge de la concentració de bacteris en suspensió a temps real i de forma 

automàtica s’ha aconseguit mitjançant el desenvolupament de nova Instrumentació 

Virtual (IV) implementada en LabView que s’encarregava de regular el sistema de flux 

així com de sincronitzar-lo amb el sistema de mesura. En aquest cas, l’IV controlava el 

transport de les mostres microbiològiques (del fermentador a la cel·la electroquímica i la 

seva posterior eliminació al recipient de rebuig), la neteja i esterilització de la cel·la 

electroquímica i la sincronització entre el sistema de flux i el de mesura, per tal de 

realitzar les mesures impedimètriques exactament 15 s després de la completa 

inoculació de les mostres bacterianes a la cel·la electroquímica. Es van obtenir bones 

correlacions entre els valors de concentració bacteriana obtinguts mitjançant mètodes 

microbiològics i els obtinguts mitjançant l’EEI quan s’utilitzava l’IV. 

 

La Ki també s’ha emprat en la resolució de mescles binàries de microorganismes. En 

aquest cas, es van tenir en compte els canvis produïts, en la interfase elèctrode-solució, 

per vàries concentracions de diferents espècies bacterianes. La resolució de les mescles 

es va aconseguir mitjançant la combinació de l’aproximació impedimètrica, utilitzada 

en la quantificació bacteriana, i d’eines quimiomètriques com les Xarxes Neuronals 

Artificials (XNAs). En comparar els valors predits per la XNA amb els esperats 

(obtinguts mitjançant el recompte amb plaques d’agar), es van obtenir bones 

correlacions, amb rectes ajustades indistingibles de les ideals, és a dir, amb el pendent 

igual a 1 i amb l’ordenada a l’origen passant per zero. 
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Finalment, la combinació de la informació d’adhesió obtinguda mitjançant RPS, la de 

formació de biofilms en la interfase aire-aigua, la de mobilitat bacteriana i la de 

virulència emprant Galleria mellonella, obtinguda de varis mutants de Pseudomonas 

luminescens TT01, s’ha utilitzat en la predicció de la funció de diverses proteïnes 

estructurals. Encara que el paper d’aquestes proteïnes només s’ha pogut determinar a un 

nivell molt bàsic, la combinació de tècniques emprada, i particularment la RPS, ha 

demostrat ser capaç de subministrar informació rellevant de forma ràpida i senzilla.  
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CHAPTER 1: INTRODUCTION 

In this Chapter, general concepts for the suitable positioning of the thesis in the current 

biotechnological research are introduced. Chemical sensors are next defined, paying 

special attention to the electrochemical sensors. This Chapter also includes a detailed 

description of the most relevant measurement methods used in the development of the 

present thesis, fundamentally Electrochemical Impedance Spectroscopy (EIS) and 

Surface Plasmon Resonance (SPR). Finally, an overview of biological concepts, 

basically focused on the bacteria structure and colonization mechanism until biofilm 

formation, is included. 
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1.1 GENERAL INTRODUCTION: BIOTECHNOLOGY CONCEPT AND 

FUTURE PERSPECTIVES 

Biotechnology is a multidisciplinary science which combines biological disciplines (e. 

g. molecular biology, cell biology, microbiology, biochemistry or genetics) with other 

sciences and engineering (e.g. physics, chemistry, electronics, informatics or chemical 

engineering), as illustrated in Fig. 1.1. 

Fig. 1.1 Schematic representation of the huge variety of disciplines that biotechnology 

involves and the more representative areas where biotechnology plays an important role. 

In 1992, the United Nations Convention on Biological Diversity of Rio de Janeiro 

defined the term biotechnology as “any technological application that uses biological 

systems, living organisms, or derivatives thereof, to make or modify products or 

processes for specific use”. Regarding this, the paper of biotechnology is critical in 

several areas and thus, biotechnologists have become important in some fields, such as 

agriculture (development of transgenic plants)1-3, ranching (development of transgenic 

animals)4-6, food and beverage industries (improvement on the production and control 

systems)7-10, environmental monitoring (systems for the control of plagues, for 
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monitoring biological contamination and residues and for the regeneration of 

contaminated lands)11-15 or medicine (production of drugs and systems of analysis)16, 17. 

 

In the environmental monitoring, biotechnology is basically focused on the substitution 

of classical methods for the detection of biofilms, bacteria, viruses, toxins and other 

biohazard particles for simple, cheap, sensitive, efficient, compacted, miniaturized, 

automated and real-time systems. Sensors, and particularly those based on optical and 

electrochemical measurements, comply most of these features.  

1.2 CHEMICAL SENSORS: DEFINITION AND IDEAL PROPERTIES 

The International Union of Pure and Applied Chemistry (IUPAC) define a chemical 

sensor as “a device that transforms chemical information, ranging from the 

concentration of a specific sample component to total composition analysis, into an 

analytically useful signal. The chemical information, mentioned above, may be 

originated from a chemical reaction of the analyte or from a physical property of the 

system investigated”18.  

Fig. 1.2 Basic representation of the mechanism of information transfer for a chemical 

sensor. 

Chemical sensors are composed of two principal functional parts, namely the receptor 

and the transducer parts. In the receptor part, the receptor element (a molecular or ionic 
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recognition material) selectively interacts with the analyte of the sample. The generated 

chemical information is subsequently transformed into a form of energy that can be 

measured by a transducer, predominantly electrical, optical, thermal or mass energy. 

The transducer is a device that converts the primary recognition signal carrying the 

chemical information of the sample into a useful analytical signal, usually from the 

electric domain. In some cases, the electrical signal is too complex to be directly 

interpreted and requires additional amplification or processing steps. The mechanism of 

information transfer for a chemical sensor is shown in Fig. 1.2. The receptor and the 

transducer parts can be close, separate or directly coupled but, for the suitable 

information transfer, they have to be physically connected. 

 

Ideally, chemical sensors should be integrated, miniaturized, robust, easy-to-use and 

portable devices, coupled to automatic systems and capable to continuously supply 

quality analytical information. The use of chemical sensors should simplify the classical 

analytical process19. In terms of response, an ideal chemical sensor should fulfil the 

following conditions: (1) a signal output proportional to the amount of analyte of the 

sample, (2) without hysteresis, which means that the sensor response should return to 

baseline after responding to the analyte, (3) fast response times, especially for on-line 

applications, (4) good signal-to-noise (S/N) characteristics, (5) good selectivity and (6) 

good sensitivity20. 

1.2.1 Chemical sensors classification: electrochemical sensors 

Chemical sensors are commonly classified following two main criteria: (1) the nature of 

the recognition element or (2) the transduction mechanism. Regarding the nature of the 

recognition elements, chemical sensors can be divided into chemosensors, when using 

ionophores or macromolecular receptors, and biosensors, when using enzymes, 

antibodies, oligonucleotides or chemical receptors. Biosensors, which use biologic 

material of high selectivity, are much more selective than chemosensors. This fact 

favours the biosensors development21. On the other hand, the transduction mechanism 

divides the chemical sensors into optical (absorbance, reflectance or luminescence 

sensors), electrochemical (potentiometric, amperometric or impedimetric sensors or 

Field Effect Transistors, FETs), electric (metal-oxide-semiconductor sensors, organic 
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semiconductor sensors, electrolytic conductivity sensors or electric permittivity 

sensors), mass (piezoelectric or acoustic wave devices), magnetic, thermometric and 

radiometric sensors.  

 

Most of chemical sensors use electrochemical transduction. Electrochemical sensors 

play a relevant role in the development of chemical sensors because of their simplicity, 

clear correlation with the amount of analyte in the sample, easy miniaturization (which 

could involve a decrease in the reagents consumption and in the sensor size), low 

detection limits and wide response range22. Table 1.1 shows the classification of the 

electrochemical sensors regarding the measurement technique (transduction mode)23. 

The common transducers and the usual analytes for each type of measurement are also 

shown. 

Table 1.1 Classification of the electrochemical sensors regarding the measurement type and 

the analytes more frequently reported.  

Measurement type Transducer Usual analytes 

1. Potentiometric 

Ion-Selective Electrodes (ISEs) 

Glass electrodes 

Gas electrodes 

Metal electrodes 

K+, Cl-, Ca2+, F- 

H+, Na+ 

CO2, NH3 

Redox species 

2. Amperometric 
Metal or carbon electrodes 

Chemically Modified Electrodes (CMEs) 

O2, sugars, alcohols 

sugar, alcohols, phenols, 

oligonucleotides 

3. Impedimetric 
InterDigitated Structure (IDS) electrodes 

Metal electrodes 

Urea, charged species, 

oligonucleotides 

4. Field effect 
Ion-Selective Field Effect Transistors (ISFETs) 

ENzyme Field Effect Transistor (ENFETs) 
H+, K+ 

 

Thus, in the development of electrochemical sensors, the recognition element, chemical 

or biological, and the measurement transduction have to be previously chosen. In terms 

of electrochemical mechanisms of transduction, potentiometric and amperometric 

sensors are the most frequently reported in the literature24-29. Both phenomena are 

governed by simple equations which allow an easy correlation between the response 

signal and the amount of analyte in the sample. The use of impedimetric sensors has 

currently increased a lot, although it has been especially limited for the huge complexity 
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of the data interpretation: EIS measurements cannot be always correlated to the analyte 

concentration directly but they require the use of complex mathematical methods (see 

Section 1.3.2)30-32. However, the development of simple commercial software which 

allows the fitting of impedimetric data without mathematical considerations has 

extended their application to new areas.  

1.3 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

This Section aims to provide a general overview of the principles underpinning EIS, 

paying special attention to the interpretation and fitting of the impedance data.  

1.3.1  Fundamentals of EIS 

Electrochemical techniques study interfacial phenomena by looking at the relation 

between current and potential. The experimentalist imposes a perturbation in either the 

current or the potential of the working electrode (WE) and observes how the dependent 

variable responds to those perturbations. The study of such dependence then gives 

access to a wealth of information about the system under study (kinetic, thermodynamic 

and mechanistic). The most commonly used electrochemical techniques are based on 

the application of direct currents, such as the case of Chronoamperometry or 

Voltammetry. 

 

In the case of EIS, the nature of the perturbation is a sine wave, commonly a potential 

(e, in V) of small amplitude (E, in V) which oscillates around a fixed set potential 

[Direct Current (DC) potential, in V] with an angular frequency (ω = 2πf, where f is the 

frequency in Hz): 

 

tEe ωsin=          (1.1) 

 

This exciting signal generates a sine wave response, frequently a current (i, in F) of 

different amplitude (I, in F) and phase (ωt+φ, where φ is the phase angle, in radians): 

 



CHAPTER 1: INTRODUCTION 

 15

)sin( φω += tIi         (1.2) 

Fig. 1.3 Diagram showing the relationship between Alternating Current (AC) potential and 

current signals in terms of amplitude and φ.  

Fig. 1.3 shows the difference between the exciting and the response signals in terms of 

amplitude and phase. The magnitude of the exciting signal amplitude plays a critical 

role in the EIS measurements. Small amplitudes ensure the linear response of the 

electrochemical system (Fig. 1.4), but the excitation of non-linear systems produces 

more complex responses which, despite of being periodic, have lost its sinusoidal 

nature33-35. This thesis has been assumed to be made under linear conditions.  

 

The general Ohm’s law defines the impedance (Z(ω), in Ω) as the relationship between 

the applied sinusoidal voltage and the recorded current (Eq. 1.3). Complex number 

notation, and particularly the Euler relationship (Eq. 1.4), allows impedance 

deconvolution into its real (Zre(ω), in Ω) and imaginary (Zim(ω), in Ω) components (Eq. 

1.5): 
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Fig. 1.4 Representation of a current-voltage plot. In the linear response region the exciting 

and the response signals show a linear correlation. 

Fig. 1.5 Representation of classical Nyquist and Bode plots. 
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Regarding Eq. 1.5, impedance can be plotted as a vector by representing the Zim(ω) and 

the Zre(ω) along the ordinary and the abscissa axis, respectively. This representation is 

frequently referred to as complex plane plot or Nyquist plot. Each point in the plot 

corresponds to a single EIS measurement and represents a vector whose modulus 

coincides with the impedance modulus ( ⎜Z ⎜) and with an angle between the vector and 

the ordinary axis equals to the φ (Fig. 1.5-a). EIS is also commonly represented as a 

function of the frequency in Bode plots. The ⎜Z ⎜, the Zim(ω), the Zre(ω) or the φ can be 

plotted versus the ω, in logarithm terms. An example is shown in Fig. 1.5-b.  

Fig. 1.6 Representation of the Nyquist and Bode plots for a pure resistance.  

EIS data are commonly analysed in terms of equivalent circuit using commercial and 

simple software. In the equivalent circuit, complex physical and chemical phenomena 

are defined as simple electrical elements, basically resistances and capacitances that 

model their behaviour. The impedimetric response of these basic elements is described 

below.  

 

For pure resistances (R) current and voltage are in phase (φ = 0) and impedance only 

have real component: 
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reZZZ == )(cos)( φω        (1.6) 

 

Fig. 1.6 shows the Nyquist and Bode plots for a pure resistance. The Nyquist plot, a 

point in the real axis, supplies too much lower information and thus, Bode plots for the 

⎜Z ⎜ and the φ are more commonly used. Resistances are unaffected by the frequency 

and give straight lines in the modulus representation. The resistance magnitude (in Ω) 

coincides with ⎜Z ⎜. On the other hand, the φ is constant at 0º. 

Fig. 1.7 Representation of the Nyquist and Bode plots for a pure capacitance.  

By definition, the magnitude of an ideal capacitance, C, (two parallel-plates of infinite 

size separated a constant distance) depends on the charge residing on the plates (q) and 

the difference of potential between the plates (e): 

 

eCq ·=          (1.7) 
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Expressing the current as the variation of the charge with time, the resulting impedance 

of a pure capacitance shows a phase shift of -90º (φ = -π/2) with only imaginary 

component (see Eq. 1.8 and Eq. 1.9). The parameter Xc, widely used in EIS, is called 

capacitive reactance and is defined as 1/ωC. 
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Fig. 1.7-a shows the Nyquist plot for an ideal capacitance: a straight line on the 

imaginary axis. More information can be obtained from the Bode plots. Fig. 1.7-b 

shows the frequency-dependence of the impedance of a capacitance: the ⎜Z ⎜ 

continuously decreases with the frequency. In terms of the φ, capacitances should show 

a constant angle of -90º. 

1.3.2 Fitting and interpretation of impedance data 

The impedimetric response of real systems is much more complicated because of the 

huge number of physical and chemical phenomena which should be considered. 

Although there are many ways to analyse EIS data, the most common way consists in 

defining the system under scrutiny and laying out its equivalent circuit in terms of 

electrical components, basically resistances and capacitances. In order to adequately 

build the equivalent circuit, it is advisable to identify the more relevant events occurring 

during the EIS measurements with suitable electrical elements, regarding the nature of 

the physic-chemical event. Once the equivalent circuit is defined, the experimental data 

is fitted to it using non-linear least square fitting techniques. 

 

The equivalent circuits are combinations of capacitances and resistances in series and / 

or in parallel. In circuit theory, the overall impedance experimentally measured for an 

electrochemical system is called equivalent impedance, Zeq(ω). For an equivalent circuit 
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of i elements combined in series, the Zeq(ω) is the sum of the impedance of each 

element: 

 

)()( ωω iieq ZZ Σ=         (1.10) 

 

When the l elements are combined in parallel, the reciprocal of Zeq(ω) is equal to the 

sum of the individual reciprocal impedance of each element: 
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The reciprocal of the impedance (1/Zeq(ω)) is known as admittance, Y(ω), and it is 

vastly used for describing parallel combinations of elements. Table 1.2 summarizes the 

relationships between the Z(ω) and the Y(ω). 

Table 1.2 Summary of the relationships between the Z(ω) and the Y(ω). 

Impedance [Z(ω)] Admittance [Y(ω)] 
Real component 

(Z’(ω) or Zre(ω)) 

Imaginary component 

(Z’’(ω) or Zim(ω)) 

Real component 

(Y’(ω) or Yre(ω)) 

Imaginary component 

(Y’’(ω) or Yim(ω)) 

Resistance (R) Reactance (Xc) Conductance (Κ) Susceptance (B) 

 

However, real systems are much more complicated and interpretation of the results is 

usually quite cumbersome. In order to correctly fit EIS data, suitable equivalent circuits 

are necessary. The acquisition of a good equivalent circuit requires knowledge both on 

the events taking place along the current paths and on their connections. The removal of 

parasitic elements and artefacts from EIS data is also important, for example inductive 

elements (with φ higher than 0). Inductive artefacts are commonly found at high 

frequencies when using too long cables, although they has been also reported when 

measuring coupled chemical reactions36.  

 

It is worth pointing out that EIS experiments determine the impedance of the whole 

electrochemical cell, Zcell(ω), and not simply that corresponding to the working 
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electrode. However, experimentally only the electrodes and the solution properties have 

been found to markedly influence Zcell(ω) since the features of the experimental set-up, 

cables, connections and welding have shown to produce extremely small or even null 

changes in the recorded impedance. Once the relevant features are recognised, it is very 

important to suitably combine them in an adequate equivalent circuit. In the 

construction of the circuit, simultaneous events are generally described by elements 

combined in parallel, whereas consecutive events require series elements. The 

impedance of most electrochemical systems may be simplistically considered to be the 

series combination of the impedances of the electrodes, ZE(ω) (sum of the impedance of 

the working, ZWE(ω), and the counter electrodes, ZCE(ω)) and the impedance of the 

electrolyte solution between them, ZS(ω): 

 

)()()()()()( ωωωωωω SCEWESEcell ZZZZZZ ++=+=    (1.12) 

 

Considering this general equation, the individual terms will be deeply analyzed in the 

following sections. 

1.3.2.1 Impedance of the solution 

The ZS(ω) includes two electrical elements: the capacitance of the electrolyte (CS, in F) 

and the resistance of the solution (RS, in Ω). The CS is a measurement of the charge 

stored in the electrolyte solution between the electrodes and the RS quantifies the 

difficulty of transferring charge through the same medium. Both events occur at the 

same time (simultaneously) and the corresponding elements appear combined in parallel 

in the equivalent circuit (Fig. 1.8). However, the empirical expression of ZS(ω), Eq. 

1.13, can be simplified regarding experimental evidences which show that at low 

frequencies (below 100 kHz), jω CSRS is much smaller than unity37 (Eq. 1.14): 
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Thus, in most electrochemical systems, the ZS(ω) can be simplified to RS. 

 

The RS basically depends on the conductivity of the medium, κ (in S m-1), although 

some geometrical parameters of the electrochemical system, namely the area of the 

electrode (A, in m2), and the distance between electrodes (d, in m), could also modify its 

magnitude:  

 

A
dRS κ

1
=          (1.15) 

 

Experimentally, the κ and the RS are highly influenced by the temperature: higher 

temperatures increase κ, decreasing RS. 

Fig. 1.8 Schematic representation of the equivalent circuit containing the solution elements, 

namely the CS and the RS.  

1.3.2.2 Impedance of the electrodes 

In a reduction process, electrons jump from the Fermi level of the metal into the Lowest 

Unoccupied Molecular Orbital (LUMO) of the ions in solution, while in an oxidation 

process, electrons are transferred from the Highest Occupied Molecular Orbital 

(HOMO) of the species in solution to the Fermi level of the metal. Regarding the 

molecular orbital theory, in the simplest case of a metal electrode immersed in an 

electrolyte solution, the energy gap exiting between the Fermi level of the metal an the 

levels HOMO / LUMO of the electrolyte causes a charge separation which can be 
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modelled as a capacitance in the electrode-solution interface: the double layer 

capacitance, Cdl (in F). However, the charge separation also generates a resistance 

associated to the polarization process, RP (in Ω), which should appear in series versus 

the Cdl in the equivalent circuit (Fig. 1.9).  

Fig. 1.9 Schematic representation of the equivalent circuit containing the RS and the 

parameters of the electrode-solution interface, namely the Cdl and the RP. The elements 

labelled as WE and CE corresponds to the working and counter electrodes, respectively. 

In most electrochemical systems, RP is much smaller than the RS
37 and the ZE(ω) is 

assumed to be exclusively dependent on Cdl. Thus, the ZE(ω), which includes the ZWE(ω) 

and the ZCE(ω), could be simplified by only considering the Cdl of each electrode:  
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The Cdl is frequently assumed to behave as an ideal capacitance of parallel plates and 

thus, its magnitude would depend on the permittivity of the solution-electrode interface 

medium, εdl (in F m-1), on the distance between the charged layers of the double-layer, 

ddl (in m), and on the electrode area, A (in m2). The ε0 is the free space permittivity 

constant: 
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The Cdl has been found to be very sensitive to the changes of the εdl and the ddl. The εdl 

evaluates the capacity of the dielectric material of the interface to store charge38 and is 
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hardly influenced for the temperature and superficial modifications, such as generation 

of thin oxide layers, adsorption of impurities, electrodeposition of isolating or 

conducting coatings or other processes, which may change its value. The ddl, commonly 

of tens of angstroms, is basically influenced by the κ : increases of conductivity in the 

interface region would compact the double layer. 

 

Experimentally, the counter electrode size is frequently much bigger than the working 

electrode to ensure a near-homogeneous polarization of the working electrode during 

the impedimetric measurements39. This areas relationship also influences the recorded 

ZE(ω) since, regarding Eq. 1.16, the area increase dramatically decreases the ZCE(ω) 

magnitude and the ZE(ω) can be considered to be exclusively influenced by the ZWE(ω): 
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1.3.2.2.1 Non-ideal capacitances: the Constant Phase Element  

On most solid electrodes, the double layer does not behave as a pure capacitance35, 40 

but, usually its φ is slightly smaller than 90º. The reasons for this effect are subject to 

continuous discussion, although a roughness factor appears to be one important cause. 

As a consequence, a Constant Phase Element (CPE) is very frequently used to fit the 

Cdl. CPEs are non-intuitive circuit elements with a φ of constant value and independent 

of the frequency. Fig. 1.10 shows the Nyquist and Bode plots for a CPE. The impedance 

of most interfacial CPEs in non-electroactive electrolyte are described by the 

expression37: 

 

βω
ω
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1)(
jK

ZCPE =         (1.19) 

 

ZCPE(ω) is the impedance of a CPE (in Ω), K is the CPE magnitude (in Ω-1s-β), ω is the 

angular frequency (in s-1) and β (in radiant) is a parameter linked with the φ which 

oscillates from 1, for planar surfaces, to 0.5, for very rough ones41, 42. The relationship 

between the parameter β and the φ is shown in Eq. 1.20: 
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2
πβφ −=          (1.20) 

 

Common values for the β on solid-state electrodes oscillate between 0.8 and 1. 

Fig. 1.10 Representation of the Nyquist and Bode plots for a CPE. 

1.3.2.3 Presence of electroactive species: faradaic parameters 

The circuit introduced in Fig. 1.11-a, whose elements have been widely discussed 

above, represents the general starting point for most electrochemical systems. However, 

the presence of electroactive species in the medium, which can exchange charge with 

the electrode, would modify both the charge flux and the Zcell(ω) magnitude. The 

existence of at least one process involving electron exchange produces new interfacial 

parameters generally known as interfacial faradaic elements (because of the electronic 

transference that they entail). Employing the same terminology, Cdl is defined as an 

interfacial non-faradaic element since its presence in the circuit is not linked to electron 

transfer. Faradaic and non-faradaic processes take place simultaneously in the interface 
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and thus generate parallel parameters in the equivalent circuit. The faradaic processes 

cannot be represented by a single linear circuit element since they involve several 

physical and chemical events of complex nature. In most electrochemical systems, 

faradaic processes are represented by only two electrical elements in series in the 

equivalent circuit: the charge-transfer resistance, RCT, and the Warburg’s impedance, 

ZW. The equivalent circuit which contains all of these parameters is known as equivalent 

circuit of Randles (Fig. 1.11-b). These elements will be analyzed in detail below. 

Fig. 1.11 a) Equivalent circuit for electrochemical systems without electroactive species. b) 

The Randles equivalent circuit containing the RS, the ZW, the RCT and the the Cdl as a CPE 

(CPEdl). 

1.3.2.3.1 Charge-transfer resistance 

The charge transfer is mainly limited by the capacity of the electrode material to 

exchange electrons with the electroactive species of the medium. Using the same 

material or materials with similar properties, the charge transfer becomes dependent of 

the electroactive species. Redox couples show different kinetics, mechanisms and 

stoichiometries modulated by the experimental conditions, essentially the temperature, 

the reagents concentration and the potential applied to the electrode. Depending on the 
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efficiency of the electron exchange, the electrochemical system is claimed to be under 

diffusion or kinetic control. Under diffusion control, reactions are usually limited by the 

mass transport from the medium to the electrode. These reactions are called fast 

reactions in opposition to slow reactions, which are under kinetic control, where the 

electron exchange is led by the velocity of the electron transfer process43. 

 

Electrochemical systems under kinetic control are commonly assumed to follow the 

Butler-Volmer model34, 36: 
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i0 is the exchanged current density, η is the overpotential (η = e-e0), n is the number of 

electrons exchanged in the reaction, R is the constant of the ideal gases, F is the Faraday 

constant, T is the temperature and αA and αC are the coefficient of anodic and cathodic 

transfer, respectively.  

 

These reactions may be considered to be practically reversible (αΑ = αC = 0.5) in the 

equilibrium. Regarding this and under a very small η, Eq. 1.21 can be further simplified 

by using the first order Taylor’s expansion (exposed in Eq. 1.22): 
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Hence, the RCT is a function of the properties of the electrode material, the 

characteristics of the redox couple and the structure of the interface34. 

1.3.2.3.2 The Warburg impedance 

Additionally, if the potential is such that the charge extent is sustained, eventually the 

supply of material to and from the bulk of the solution towards the electrode surface is 

limited by mass transport. Mass transport can take several forms, namely convection 

(when the transport is produced by the stirring of the solution), migration (when the 

transport is produced by a charge gradient) and diffusion (when the transport is 

produced by a concentration gradient). The experimental conditions are normally 

chosen so that close the electrode surface the limitation comes from diffusion. The 

thickness of the diffusion layer in the interface depends on some experimental 

parameters, such as the type of molecules, the stirring or the temperature. This mass 

transport limitation brings about an additional term, named the ZW, placed in series with 

the previously observed RCT (Fig. 1.11-b). 

 

Diffusion is defined by the Fick’s laws. In the case of EIS, where a sine wave changes 

the electrode potential with time, diffusion and ZW are precisely described by the Fick’s 

second law. For planar diffusion fields of finite thickness, the ZW is also called “finite” 

Warburg. The value of the “finite” Warburg basically depends on the average value of 

the diffusion coefficients of the species which are diffusing, D, the thickness of the 

diffusion layer, δ (in m) and the Warburg coefficient, σ : 
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The Warburg coefficient is a complex parameter influenced by the properties of the 

redox couple (particularly, the number of exchanged electrons and the diffusion 

coefficient of the oxidizing and reducing species, respectively DO and DR), geometrical 

features (the area of the electrode) and experimental conditions (the concentration of the 

oxidizing and reducing species in the bulk, respectively C*O and C*R): 
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Eq. 1.26 can be simplified by considering diffusion layers of large or infinite thickness. 

The resulting ZW, called “infinite” Warburg, exhibits identical values for the Zre(ω) and 

the Zim(ω): 

 

)1()( 2
1

jZW −=
−

ωσ         (1.28) 

1.3.2.4 The equivalent circuit of Randles: kinetic and diffusion control 

In 1947 J. E. Randles published a simplified equivalent circuit for EIS measurements 

which included the most relevant events occurring in the electrochemical system (Fig. 

1.11-b). The frequency modulates the weight of each element of the equivalent circuit in 

the measured Zcell(ω), particularly the ZW, which has been proved to be extremely 

sensitive to the frequency. The weight of the RCT and the ZW in the Zcell(ω) magnitude 

can be used as a measurement of the balance between the kinetic and the diffusion 

control of the redox reaction under study. At low frequencies, the electrode potential 

changes very slowly and reactants have time to diffuse from the bulk to the electrode. In 

this case, the electrochemical system is under diffusion control and the ZW gains 

importance respect to RCT. Eqs 1.29 and 1.30 illustrate the Zre(ω) and Zim(ω) for 

electrochemical systems under diffusion control:  
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The combination of Eqs 1.29 and 1.30 correspond to the Nyquist plot for an 

electrochemical system under diffusion control: 
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dlCTSreim CRRZZ 22)()( σωω +−−=      (1.31) 

 

The Nyquist plot, illustrated in Fig. 1.12-a, shows a straight line of unit slope which 

intercepts in Zre(ω) on RS + RCT -2σ2Cdl. 

Fig. 1.12 Nyquist plots for electrochemical systems under a) diffusion and b) kinetic 

control. 

At high frequencies, the potential of the electrode rapidly change with time, which does 

not allow diffusion to manifest itself. Under kinetic control, the influence of the ZW is 

very small or even null and the Zcell(ω) is mainly governed by the RCT. Eqs 1.32 and 

1.33 describes the Zre(ω) and the Zim(ω) for electrochemical systems under kinetic 

control:  
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The combination of both equations, representative of the Nyquist plot, is a circle of 

radius RCT / 2 which crosses twice in the Zre(ω) axis at RS and RS + RCT (Fig. 1.12-b): 
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1.3.2.5 Electrodes modified with coating films 

The modification of the electrode brings about important changes in the definition of the 

equivalent circuit. Thus, it is no longer convenient talk about double layer capacitance 

but to leave it all in terms of an overall interface capacitance. The presence of a coating 

film on the electrode surface can change both the Zcell(ω) value and the equivalent 

circuit. In terms of circuit, thick coating films, especially those with isolating properties 

(e.g. bacterial biofilms), require additional elements for fitting EIS spectra adequately. 

In 1995, Amidurin et. al. described a simple equivalent circuit, illustrated in Fig. 1.13, 

that modelled electrodes modified with coating polymers by adding two extra elements 

to the equivalent circuit of Randles: the coating capacitance, CC (in F), and the coating-

porous resistance, RC (in Ω)44. The CC and the RC, which describe simultaneous events, 

appear in parallel in the equivalent circuit and are combined in series with the elements 

of the Randles equivalent circuit since they describe consecutive events. 

 
Fig. 1.13 Equivalent circuit for electrodes modified with coating films, previously proposed 

by Amirudin et. al. by following the corrosion of polymer-coated metals44. 

 

The CC is fundamentally sensitive to the permittivity, εC (in F m-1), the area, AC (in m2) 

and the thickness, dC (in m), of the coating: 
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Basically, the CC magnitude depends on the material but it can also be used to measure 

the capacity of the polymer to absorb water (water permeation). Most organic coatings 

show small permittivity, between 4 and 8 F m-1. Adsorbed water, which has a 

permittivity of 80.1 F m-1 at 20 ºC, dramatically increases the CC
45. The area and the 

thickness of the coating commonly increase with the polymer growth until stabilization.  

 

The RC measures the resistance of the electrolyte solution retained in the polymeric 

structure and basically depends on the conductivity of this electrolyte solution retained 

in the polymer, κC (in S m-1), although other parameters related to the structure of the 

porous [the number of channels in the coating, NP, the average cross-sectional area of 

the channels, AP (in m2) and the length of the channels, dP (in m)] can also modify its 

magnitude, as follows: 
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1.3.3 Configuration of the EIS measurements 

EIS is a robust electrochemical technique which offers different strategies depending on 

the interest of the measurement. Each strategy is focused on the measurement of a 

specific property of the electrochemical system and differs from the others in the 

number of electrodes and the configuration of the EIS equipment. Most impedimetric 

approaches use four, three or two electrodes configurations which respectively focus on 

the properties of the bulk (changes of medium conductivity), on the charge-transfer 

process of specific redox species and on the electrode-solution interface. These 

configurations are described below. 
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1.3.3.1 Two and three electrodes configurations 

The two electrodes configuration involves the use of a working and an auxiliary 

electrode (Fig. 1.14-a).  

Fig. 1.14 Scheme of the measurement system for a) two and b) three electrodes 

configurations. 

In this case, the exciting signal and the current response are applied and measured over 

the same pair of electrodes. Thus, both electrodes are highly polarized and their 

impedance commonly exceeds the ZS(ω): 
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This configuration is recommended to monitor interfacial events, especially those linked 

with the electrode-solution interface which does not require charge transfer (non-

faradaic interface elements). 
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The main drawback is that this configuration cannot accurately control the electrode 

potential, which becomes critical when electroactive species are present in the medium. 

The three electrode configuration solves this problem by adding an extra electrode in 

the electrochemical system, acting as reference electrode, and a potentiostat to monitor 

the potential of the working electrode (Fig. 1.14-b). In this case, the Zcell(ω) is also 

mainly governed by the ZE(ω), although the presence of the reference electrode allows 

an accurate control of the redox processes. However, the use of a reference electrode 

usually involves the appearance at high frequencies of a parasitic capacitance associated 

to the reference electrode, Cref  (Fig. 1.15)46. The Cref commonly shows small 

magnitudes and can be easily isolated from the EIS measurement. 

Fig. 1.15 Representation the equivalent circuit of Randles including the Cref.  

1.3.3.2 Four electrodes configuration 

In a four electrodes configuration, the exciting signal is applied in a pair of electrodes 

and the resulting response is measured using two more electrodes, which are not 

polarized (Fig. 1.16). Thus, when measuring with four electrodes configurations, the 

influence of the ZE(ω) in the Zcell(ω) is much smaller than previously and the Zcell(ω) 

magnitude basically depends on ZS(ω):  
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Fig. 1.16 Scheme of the EIS measurement using a four electrodes configuration. 

Thus, this configuration is highly recommended to monitor solution events, especially 

those related to changes in the medium conductivity. 

1.4 SURFACE PLASMON RESONANCE 

The SPR is a complex optical technique widely used in the field of biosensing, 

especially to characterize the binding process of specific or unspecific analytes. This 

Section includes the basis of the physical principles governing this technique and the 

experimental features of the measurement. 

1.4.1  Fundamentals of SPR 

In 1900, Drude described the Drude model for electric conduction47, 48. This model 

considers metals to be composed of immobile positively charged ions and a quasi-free 

electron gas, also called plasmon. The SPR is based on a quantum optical-electrical 

phenomenon arising from the interaction of light with superficial plasmons. Under 

certain conditions, the energy carried by photons is transferred to plasmons on a metal 

surface. This energy transfer occurs only at a specific resonance wavelength, namely at 

the wavelength where the quantum energy carried by the photons exactly equals the 

quantum energy level of the plasmon49. 
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1.4.1.1 Photons direct reflection at dielectric-metal interfaces 

In order to understand the excitation of surface plasmons by light, the simple reflection 

of photons at planar dielectric-metal interfaces will be described. The wave vector of 

reflected photons, kph(r), is sensitive to the incidence angle, θ, varying from 0, for 

perpendicular angles, to the maximum, which coincides with the wave vector of the 

incident photons, kph(i), for large angles of incidence: 

 

θsin)()( iphrph kk =         (1.39) 

 

Experimentally, polarised light has found to be insufficient to match the quantum 

energy level of the plasmon and cannot be directly used to excite plasmons. This 

problem has been solved by using coupling techniques, basically prism coupling and 

grating coupling50, 51, which enhance the photon wave vector. The bases of the prism 

coupling, the most widely used technique, are detailed below. 

1.4.1.2 Prism coupling: Total Internal Reflection 

For a complete understanding of the prism coupling process, a brief description of the 

Total Internal Reflection (TIR) concept is required. When the incident light crosses a 

boundary between materials of different refractive index, part of the light is reflected 

and part is transmitted to the other side of the boundary. The amount of light transmitted 

depends on the θ. The incident light is Totally (Internally) Reflected when the θ exceeds 

the critical incidence angle (θC). Fig. 1.17 shows that below θC the reflectivity 

exponentially decays following Eq. 1.40, where ld is the decay length: 
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λ is the wavelength and n is the refractive index of the material. The θC is given by the 

Snell’s law and depends on the refractive indexes of the two boundary materials: 

 

2211 sinsin θθ nn =         (1.41) 
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The TIR only occurs when the light travels from a medium of higher refractive index 

(n1) to another of lower refractive index (n2). 

Fig. 1.17 TIR at a glass prism in contact with a dielectric material.  

In prism coupling, photons are coupled to the metal-dielectric interface via the 

evanescent tail of light totally internally reflected at the base of a high-index prism. The 

high n of the prism glass ensures the TIR of the light. Commonly, the energy of this 

enhanced light exceeds the quantum energy level of the plasmon52 and cannot be 

directly transferred. However, the energy of the reflected light can be modulated by θ 

and, after choosing the appropriate angle, the coupling between photons and plasmons 

can be achieved. This resonant coupling was first described by Turbadar in 195853, 54. 

Experimentally, the excitation of surface plasmons can be found by following the 

change in the intensity of the reflected light with the θ. The energy transfer process 

appears as a sharp minimum in the totally reflected intensity. Fig. 1.18 shows the 

minimum reflection angle, θm, where the energy transfer occurs.  
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Fig. 1.18 Attenuated TIR at a metal film.  

When TIR occurs, the reflected photons create an electrical field on the opposite side of 

the interface which propagate parallel to the plane of the interface55. In prism coupling, 

this field causes oscillation of the electrons in the dielectric material which, at the same 

time, induces the collective movement of the free delocalised electrons of the metal56. 

The collective excitation states of the quasi-free electron gas are called plasmon surface 

polaritons. The resonance coupling has been found to enhance the electric field at the 

interface between 15 and 20 times in the case of gold and 80 times for silver films57. 

Gold thin layers of tens of nanometres are widely used.  

1.4.2  SPR measurements 

The SPR equipment is compost of very fragile optical and electronic components 

(lasers, photodiodes, amplifiers or lenses) calibrated under specific conditions. Fig. 1.19 

shows the typical scheme for a SPR device. In order to reduce equipment manipulation, 

most of SPR devices are coupled with fluidic systems which allow working in 

continuous or in batch (stopping the flux at the moment of the measurement). SPR 

equipment can be mainly divided into single and two channels devices, which are 

detailed below. 
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Fig. 1.19 Schematic representation of a standard SPR setup. The red ray represents the laser 

light.  

1.4.2.1 Single channel measurements 

After the localization of the position of the θm for the specific experimental conditions 

of the measurement, this angle is continuously monitored with time. A frequent 

reflectivity scan-curve is given in Fig. 1.18. The angle is chosen to have about 20-25 % 

reflectivity, as at this point the change in reflectivity is nearly linear. Experimentally, 

the unspecific adsorption or the covalent binding of molecules on the gold layer, namely 

DNA sequences58, antibodies59, 60, whole cells61 and aptamers62, changes the position of 

the θm.  

 

The deposition of ultrathin layers of material with a higher refractive index than the 

ambient dielectric (e.g. nair = 1, nbuffer = 1.33) increases the overall refractive index 

integrated over the evanescent field. The net effect is a slight shift of the θm to again 

couple the energy of the photons with the momentum of the surface plasmons63. Fig. 

1.20 shows a characteristic shift plot.  
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Fig. 1.20 On the left, typical angular SPR scans before (1) and after (2) the adsorption of 

molecules on the metal. The kinetic measurement is made at the angle θk. On the right, it is 

shown the kinetic SPR mode, where the reflected intensity is recorded at a fixed angle of 

incidence, θk, as a function of time.  

The angular dependence of the overall reflectivity can be computed and compared with 

the measured curves. The θm shift (∆θm) can be related to the n and the geometrical 

thickness, d, of the material deposited on the gold: 

 

dnm ∝∆θ          (1.43) 

 

This relation gives the fundamentals of SPR, but also shows its limits, as either 

thickness or refractive index have to be determined by another method, to obtain 

reliable results. For biomolecules, the n is difficult to obtain, as they do not form a 

closed layer on the surface. Therefore a refractive index of 1.41 is assumed and the 

focus is laid on the differences between measurements, not on the absolute thickness 

values obtained by modelling the data. 

1.4.2.2 Two channels measurements 

The two channels instruments duplicate the optic and electronic components in a single 

device which permit performing two independent SPR experiments at the same time, 

with the same gold disk and under identical experimental conditions. Each individual 

experiment is made as described in the previous Section (Section 1.4.2.1). Commonly, 

one of the channels is used as an internal control to subtract artefact and to make 

measurements more accurate. In this case, the SPR software simultaneously follows the 
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θm of both channels with time. In two channels systems, the parameter more frequently 

used is the difference between angles or differential angle, ∆θ. This parameter monitors 

the changes of the θm produced exclusively by the deposition of material since 

environmental artefacts are eliminated.  

1.5 OVERVIEW OF BIOLOGICAL CONCEPTS 

In this Section, a brief historical introduction describing the most relevant events in the 

development of the bacteriology is included. The most frequent bacterial morphological 

and metabolic characteristics are also enumerated. Next, bacterial structure and its 

colonization mechanism are detailed, with special attention to the biofilm formation 

process. 

1.5.1 Bacteria: brief history and general considerations 

Bacteriology can be considered to start in 1876 when Anton van Leeuwenhoek 

observed the first bacteria using a home-made single-lens microscope64. However, the 

term bacterium was introduced many years later, in 1828, by Christian Gottfried 

Ehrenberg. From this moment until now, lots of distinguished researchers have made 

important contributions to the development of bacteriology. The most relevant 

contributions for the development of bacteriology are chronologically enumerated in 

Table 1.3. 

Table 1.3 Relevant contributions for the development of bacteriology. 

Year Contribution 

1859 Louis Pasteur probed that fermentations were caused by microorganisms. 

1878 Pasteur published the germ theory of diseases.  

1886 Hans Christian Gram discovered the Gram stain as a method for bacterial differentiation.  
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Year Contribution 

1905 Robert Koch was awarded with a Nobel Prize for probing the germ theory of diseases.  

1910 
Paul Ehrlich developed arsphenamine, the first antibacterial developed, which was 

effective in curing syphilis. 

1977 
Carl Woese discovered that archaea had a separated line of evolutionary descent from 

bacteria.  

 

Bacteria are small prokaryotic and unicellular microorganisms. Morphologically, 

bacteria display a vast diversity of shapes and sizes, oscillating from 0.5 to 5.0 µm in 

length. The bacteria shape depends on the cell wall (see Section 1.5.1.1) and on the 

cytoskeleton, a dynamic structure constituted by proteins, such as the tubulin-like 

protein FtsZ or the actin-like protein MreB65, 66. Frequent bacterial shapes are: cocci 

(spherical), bacilli (rod-shaped), vibrio (slightly curved or comma-shaped), spirilla 

(spiral-shaped) or spirochetes (tightly coiled). In the natural environment, bacteria can 

be found alone or associated in characteristic patterns, basically combined in pairs 

(diploid), forming chains or clusters (like bunch of grapes) (Fig. 1.21).  

Fig. 1.21 Illustration of the more representative cell morphology of bacteria. 

In terms of metabolism, bacteria cover a huge variety of possibilities. They are 

commonly classified on the basis of three main criteria: (1) the carbon source, which 
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distinguishes between heterotrophic (when using organic carbon compounds) and 

autotrophic bacteria (when fixing carbon dioxide), (2) the electron donors, which 

distinguishes between lithotrophic (when using inorganic electron donors) and 

organotrophic (when using organic electron donors) and (3) the energy source used in 

the metabolism, which distinguishes between phototrophic (when using light as energy 

source) and chemotrophic bacteria (when using chemical substances, oxidized organic 

or inorganic compounds as electron acceptors). 

 

The Gram stain is the most popular criteria to classify bacteria. This is a simple method 

to experimentally classify bacteria in Gram-positive or Gram-negative regarding the 

composition of their cell walls. The classification can also be based on the cell structure, 

on the cellular metabolism or on differences in cell components such as DNA, fatty 

acids, pigments, antigens or other elements. Regarding genetics, most bacteria have a 

single circular chromosome ranging from 160.000 to 12 million of bases and also 

plasmids, which are small extra-chromosomal DNA sequences, typically circular and 

double-stranded, capable of autonomous replication, sometimes involved in the 

transmission of genetic information between bacteria.  

1.5.1.1 Bacterial structure 

From a structural point of view, prokaryotic cells have a rather simple structure, with a 

non-distinct cytoplasm, where the DNA, plasmids, ribosomes, mesosomes and storage 

granules are confined, surrounded by a plasma membrane (Fig. 1.22)67. The plasma 

membrane is a lipid bilayer with a huge number of transmembrane proteins and 

external receptors moving within or upon it, respectively. Most of transmembrane 

proteins are involved in the transport of water, ions, nutrients and metabolism residues 

across the membrane. Thus, the plasma membrane acts as a selective barrier controlling 

the ion exchange between the cytoplasm and the external medium and thus, allowing 

the existence of asymmetries in ion concentration in both sides of the membrane, which 

result in a permanent membrane potential. 
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Fig. 1.22 Schematic representation of the main components of the bacteria structure. 

Outside the plasma membrane, a multilayered cell wall is found. The cell wall structure 

depends on the type of microorganism. Gram-positive bacteria possess a thick cell wall 

containing many layers of peptidoglycan and teichoic acids. In contrast, Gram-negative 

bacteria have a relatively thin cell wall consisting of a few layers of peptidoglycan 

surrounded by a second lipid membrane containing lipopolysaccharides and lipoproteins 

(Fig. 1.23)68. These lipopolysaccharides have linear or slightly branched structures 

projected into the external medium and contain a large number of functional groups 

susceptible of ionization, mainly charged carboxyl, phosphate and amine groups. The 

grade of protonation and dissociation of these groups modulates the cell surface charge, 

which basically depends on the pH. At physiological pH values, the number of charged 

carboxyl and phosphate groups exceeds the number of charged amino groups and thus, 

most bacterial strains are negatively charged. When bacteria are immersed in ionic 

media, these charged external macromolecules attract a cloud of opposite charges 

forming a diffusive “electric double layer” on the cell wall surface69, 70.  

 

Most bacteria also have another layer outside of the cell wall or the outer membrane 

called capsule or glycocalyx (Fig. 1.22). This layer, usually composed of 

polysaccharides, is known to mediate attachment of bacterial cells to particular surfaces 

and the formation of biofilms71. These external structures are also involved in the 

protection of the cell against the engulfment by predatory protozoa or white blood cells 

and against antimicrobial agents72.  
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Fig. 1.23 Illustration of the transversal section of the cell wall for Gram-positive and Gram-

negative bacteria. 

Finally, bacteria can also present external appendages, namely pili, fimbriae and 

flagella. Flagella are long protein appendages anchored on the plasma membrane (Fig. 

1.22). Their complex structure can be simplified considering flagella to be composed of 

a long tail and a motor which rotates the entire flagella. This appendage is basically 

involved in motility and in attachment to surfaces. On the other hand, pili and fimbriae 

are interchangeable terms used to designate short protein structures on the surface of 

bacteria (Fig. 1.22). Fimbriae are shorter and slightly smaller in diameter than common 

pili. Both of them are mainly involved in the attachment of the cell to surfaces in the 

nature and often play a relevant role in colonization. For instance, it is probed that 

fimbriae structure and composition has a relevant paper in formation of Escherichia coli 

biofilms73. A special pilus, the sex pilus, is not involved in the attachment but in the 

transference of substances between cells, basically genetic material.  

1.5.1.2 Bacterial colonization mechanism: biofilm formation 

The bacteria colonization mechanism is a complex multi-step process which can vary 

depending on the bacteria. In the natural environment, bacterial colonization is known 

to involve at least five stages, namely (1) the preconditioning of the surface, (2) the 

bacterial attachment, (3) the biofilm formation, (4) the biofilm growth and (5) the 
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biofilm maturation and stabilization74, 75. After each step, microorganisms become 

more firmly attached and more protected from the action of cleaners and sanitizers. Fig. 

1.24 illustrates the main steps in the bacterial colonization mechanism.  

Fig. 1.24 Representation of the stages in the biofilm formation. 

(1) The preconditioning involves the formation of an adherent layer, composed of 

proteins and carbohydrates, on the surface of the material. After few seconds of 

exposure, the proteins and carbohydrates of the surrounding environment adsorb and 

coat the surface by specific or non-specific chemical reactions. This stage does not 

involve bacterial attachment and is not usually considered a real colonization step. 

However, the layer that results from conditioning is absolutely necessary for the suitable 

colonization of the surface and may provide receptor sites for the firm attachment of 

bacteria subsequently. 

 

(2) Attachment, considered the first real stage in bacterial colonisation, is relatively 

poorly understood since its study requires very sensitive and preferably real time 

instrumentation and methods. The presence of charged groups (carboxyl, phosphate or 

amine groups) and hydrophobic zones in bacterial membranes partly controls their 
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ability to flocculate or to adsorb onto surfaces76, 77. The attachment to surfaces is 

generally thought to be a two stage process, although both steps may take place 

simultaneously78. Stage 1, called reversible attachment, is a fast initial adsorption 

phase, governed by physical forces such as electrostatic charges, Brownian motion and 

van-der-Waals forces and it is likely that bacterial swimming, which requires flagella, is 

required for initial attachment to allow the bacteria to overcome these physical forces 

and come into close proximity to the surface. The reversible attachment occurs after 

some minutes of exposure and only allows a weak and non-permanent adsorption of 

bacteria which can easily leave the colonized surface. Stage 2, called irreversible 

attachment, is a slower cellular phase whereby bacteria tightly adhere to the surface via 

pili, binding proteins and polysaccharides from the conditioning layer. Bacteria 

irreversible attached to the surface are commonly found after few hours of exposure (1-

2 hours). Thus, this stage is much slower than the reversible attachment since it requires 

the suitable interaction between mobile suspended bacteria and immobile molecules 

from the conditioning layer. 

 

(3) Within 8 to 24 hours of exposure, cells strongly attached to the conditioning layer 

are stimulated to produce and to subsequently secrete exopolysaccharides79. A currently 

unknown hormone is though to be the responsible of the change in the genetic 

expression of bacteria80. Secreted polysaccharides create a glue-like matrix which 

covalently entraps bacteria within. This complex bacterial-polymeric structure, strongly 

attached to the surface is called biofilm74, 75. 

 

(4) After the initial biofilm formation, this structure starts growing basically through 

cell division and recruitment from the bulk. Biofilms contain bacterial cells in highly 

specialized microenvironments, created by bacteria, which provide nutrients and 

protection and favour cell division. Under these conditions, biofilms grow not only 

laterally across the surface, but in all directions (increase of thickness) and may cover 

the complete surface within days to months, depending on the external conditions and 

the bacteria. 

 

(5) Finally, biofilms become mature. In this case, the number of cells within the film 

and its thickness remain practically constant with time. This requires the balance 

between the uptake cells, from cell division and recruitment, and the released ones, from 
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the detachment of individual cells or superficial layers. Bacteria growing in biofilms 

possess distinct characteristics from their free-floating or swimming counterparts. For 

instance, bacteria in biofilms become resistant to antimicrobial treatments and to the 

immune defence of hosts81, 82. Mature biofilms provide advantages to bacterial 

development. Essentially, biofilms facilitates nutrient uptake through complex diffusion 

channels, improve bacterial activity, stimulate microbial interactions and offer 

protection against toxic agents, cleaners and sanitizers, impeding their penetration 

within the structure75. 

 

The study of bacterial attachment on solid surfaces is important, as many pathogenic 

bacteria attach and colonise them, forming highly antibiotic resistant biofilms. For 

example, a serious human pathogen, Pseudomonas aeruginosa colonises the lungs of 

persons with Cystic Fibrosis, often leading to their premature death, and Gram-positive 

bacteria such as Staphylococcus aureus are known to infect medical devices such as 

urinary catheters leading to infection83, 84. 
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CHAPTER 2: OBJECTIVES 

This Chapter describes the scientific questions that induced the development of the 

present thesis. It is important to note that these objectives arose from a collaboration 

work between the Biosensors and BioMEMs group of the Centre Nacional de 

Microelectrònica (CNM-IMB, CSIC) of Barcelona, the Grup de Microbiologia 

Ambiental of the Universitat Autònoma de Barcelona (UAB) and the Department of 

Chemistry of the University of Bath (UK).  
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The present thesis was focused on the development of new electrochemical 

instrumentation for microbial biosensing to complement or to substitute the classical 

microbiological methods. The traditional microbiological methods, basically based on 

plating on agar and staining processes, although highly specifics and sensitive, still 

require considerable experience as well as time. Sensors in general and electrochemical 

sensors in particular have been thought to be a good alternative to them because of their 

simplicity, low cost, efficiency and their possibility to be compacted, miniaturized, 

automated and to supply information at real-time.  

 

Briefly, the main objectives of the present thesis are: 

 

1. The characterization of the early bacteria attachment to metallic surfaces using 

electrochemical (Electrochemical Impedance Spectroscopy, EIS) and optical (Surface 

Plasmon Resonance, SPR) measurements.  

 

2. The monitoring of the formation of mature biofilms on metallic surfaces using EIS.  

 

3. The detection of bacteriophages in water samples by following the degradation of 

mature biofilms of specific bacteria grown on the electrode surface using EIS.  

 

4. The development and optimization of an impedimetric approach based on bacterial 

attachment for the quantification of suspended bacteria concentration.  

 

5. The application of the previously exposed impedimetric approach to the real-time 

monitoring of bacteria growth.  

 

6. The development of an automated flow system for the real-time monitoring of 

suspended bacteria concentration.  

 

7. The resolution of binary mixtures of microorganisms using EIS and Artificial Neural 

Networks (ANNs).  

 

8. The determination of the role of some Photorhabdus luminescens (P. luminescens) 

proteins in the biofilm formation, early bacteria attachment, motility and virulence.  
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CHAPTER 3: EXPERIMENTAL 

This Chapter enumerates the chemical reagents, buffers, solutions and culture media 

used in the present thesis. An overview of the instrumentation, general measurement 

features and common experimental conditions for the most relevant techniques used in 

the development of this thesis are also included.  
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3.1 REAGENTS AND SOLUTIONS 

In this work, analytical grade chemicals were used with no further purification. All the 

solutions were prepared using ultra pure de-ionized water (18 MΩ cm) by dissolving the 

appropriate amount of analyte.  

 

For the microbiological preparations, culture media were also prepared using de-ionized 

water. Bacteria cultures were mostly grown in AB Minimal Medium, ABMM1, and 

Luria-Bertani (LB) medium was used for the counting process. The ABMM was also 

used in the infection of bacteriophages and compared with a rich medium, the Modified 

Scholten’s Broth (MSB) supplemented with nalidixic acid (250 µg mL-1)2.  

3.2 CHEMICAL SENSORS 

This Section describes the design and principal characteristics of the electrochemical 

and optical sensors used in Electrochemical Impedance Spectroscopy (EIS) and Surface 

Plasmon Resonance (SPR) measurements, respectively. Also a brief description of the 

fabrication process for the electrochemical sensors used in this thesis is included. 

3.2.1 Electrochemical sensors 

The thin film gold and platinum sensors used in this thesis were fabricated under silicon 

microtechnology using photolithographic processes. Electrode production was carried 

out in the clean room of the Centre Nacional de Microelectrònica (CNM-IMB, CSIC) 

using silicon wafers of 4’’ (10 mm of diameter) doped with 1-12 Ω cm phosphorous as 

substrate. An example of fabrication is illustrated in Fig. 3.1. It has to be noted that each 

fabrication step required the use of suitable masks, which were previously designed 

using the LASI software. Further information concerning the masks design and 

fabrication processes can be found in previous theses3, 4 and publications5 of the group.  
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The first step in the fabrication process consisted in thermally growing an insulating 

silicon oxide coating layer on the silicon substrate (Fig. 3.1-a). This layer isolated the 

silicon from the solution and from the metals subsequently deposited6.  

 

In the second step, a platinum layer was deposited (using electron beam metallization) 

on the electrodes region using an indirect process known as lift-off6. In the lift-off 

process, as in all additive processes, metals are added to those regions of the substrate 

unprotected by a resist. This process required four principal stages: the deposition of 

the photoresist (Fig. 3.1-b); the elimination of the photoresist from the electrode 

regions using suitable masks, UV light (to depolymerise the resist) and a developing 

step (to remove the depolymerised resist) (Fig. 3.1-c); the addition of a metallic 

bilayer composed of a thick platinum layer and a thin titanium layer (which favoured 

the platinum adhesion to the substrate) by electron beam metallization (evaporation of 

the metal and deposition on the substrate)7 (Fig. 3.1-d); and the definition of the 

desired structure after removing the excess resist in an acetone bath (Fig. 3.1-e). 

 

The following step consisted in the deposition of gold (on the electrodes and pads) 

using a wet direct etching process7. The direct etching is a subtractive process where 

resists protect the unexposed material from the attack of an etchant. This process had 

four main steps: the deposition of a gold layer over two thin layers of titanium and 

nickel (which improved the adhesion of gold and prevented possible electromigration 

problems) by sputtering metallization (metal ions were bombarded with a flux of inert-

gas ions to the wafer)7 (Fig. 3.1-f); the addition of the photoresist on the electrode 

areas to protect the gold from the attack of the etchant (Fig. 3.1-g); the elimination of 

unwanted exposed metals with suitable wet etchants (Fig. 3.1-h); and the definition of 

the desired structure after removing the excess resist in an acetone bath (Fig. 3.1-i). 

 

Finally, electrodes were isolated with a mixed silicon oxide / silicon nitride layer 

deposited using a dry direct etching process. This process was composed of three main 

steps: the deposition of the mixed layer on the wafer using the Plasma Enhanced 

Chemical Vapour Deposition (PECVD) technique (Fig. 3.1-j); the elimination of the 

insulating layer from the electrode regions using suitable masks, the photoresist and 

the Reactive Ion Etching (RIE) process (a dry etching process based on the production 

of volatile compounds by the interaction between the chemically active gaseous ions of 



MICROSYSTEMS BASED ON MICROBIAL BIOSENSING 

 60 

the RIE plasma and the mixed layer, which were eliminated with the vacuum system) 

(Fig. 3.1-k); and the definition of the desired structure after removing the excess 

resist in an acetone bath (Fig. 3.1-l). 
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Fig. 3.1 Illustration of the fabrication process of the electrodes used in the present thesis. 

Diagrams of the masks are also provided to clarify with black and white zones which 

respectively impede and permit the UV light to cross. Neither the masks nor the relative 

thickness of the layers are drawn to scale.  

After the fabrication process, the wafers were cut and the sensors were individualized 

(Fig. 3.2). Each individual sensor was transferred to a Print Circuit Board (PCB) holder. 

Wire bonds were made to provide electric contact between the chip and the connecting 

pads on the PCB. The chip and the connections were isolated from the electrolyte 

solution by encapsulating them with a photo-curable insulating resin.  

 

The electrochemical sensors used in the development of the present thesis are shown in 

Fig. 3.2. Gold or platinum disc working electrodes (WEs) with an area of 0.5 mm2 

surrounded by a platinum counter electrode (CE) of 1.4 mm2 were integrated on a 

silicon nitride substrate, following the fabrication process previously exposed. The 
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electrodes were 0.08 mm apart, ensuring near-homogeneous polarization of the WE8. 

The selection of the WE material depended on the application.  

 

Fig. 3.2 Image of a processed silicon wafer with the electrochemical platinum and gold 

sensors used in the present thesis. The parts and connections of the sensor immobilized in a 

PCB are specified in the illustration.  
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3.2.2 Optical sensors 

For the SPR measurements, prefabricated gold-coated glass disks (EcoChemie, BV, The 

Netherlands) were used as sensors. The glass disk was coated with a thin gold layer of 

50 nm. 

3.3 INSTRUMENTATION 

This Section details the instrumentation employed in the development of the present 

thesis with a brief description of the frequent experimental conditions and protocols 

used.  

3.3.1 EIS instrumentation and measurement conditions 

Different instrumentation was used for the EIS measurements depending on the 

application. Most of them were made using an impedance analyzer Solartron SI 1260A 

(Solartron Analytical, Hampshire, UK) connected to a potentiostat Solartron 1287. In 

this case, impedance spectra were recorded using the Z-Plot software (Scribner 

Associates Inc., North Carolina, USA). This equipment showed high resolution in the 

impedance spectra in a wide range of frequencies, a short measurement time and a huge 

stability and reliability of the measurement.  

 

However, portability problems and the difficulty to synchronize the Solartron 

equipment with the flow system suggested the use of the AUTOLAB PGSTAT 12 

(EcoChemie, BV, The Netherlands) containing a FRA-2 module both when monitoring 

the real-time bacteria concentration and when detecting bacteriophages infection. In 

both cases, EIS spectra were registered using the FRA-2 software (EcoChemie, BV, The 

Netherlands). This equipment, which integrated the impedance analyzer and the 

potentiostat in a single device, was more portable and did not show calibration problems 

after moving. Further, this instrument could be easily synchronized to the automatic 

flow system using the Project application of the FRA-2 software via trigger signal. 

 



MICROSYSTEMS BASED ON MICROBIAL BIOSENSING 

 64 

EIS measurements were made as follows, independently of the equipment. Three 

electrodes configuration was chosen in all cases (see Chapter 1, Section 1.3.3.1). An 

external Ag|AgCl electrode, 5240 (Crison, Barcelona, Spain), was used as a Reference 

Electrode (RE). A 25 mV Alternating Current (AC) potential was applied at the cell 

Open Circuit Potential, OCP, (+ 0.26 ± 0.05 V versus Ag|AgCl) over a frequency range 

between 100 kHz and 10 Hz. The measurement time was around 50 s and 120 s (for the 

Solartron and the AUTOLAB equipment, respectively) after recording 17 points per 

frequency decade. All measurements made in this thesis are in relation to the Ag|AgCl 

RE.  

3.3.2 SPR measurements and conditions 

SPR data were acquired using the AUTOLAB ESPRIT (Eco Chemie, BV, The 

Netherlands). Measurements were made by following the change in the reflected light 

minimum angle (θm) with time, which is indicative of the change in optical properties of 

the interface as bacteria attach. The instrument had two independent channels allowing 

two experiments to be carried out simultaneously (see Section 1.4.2.2). In these 

experiments, one of the channels was used as an internal control to subtract artefacts, 

such as changes in bulk refractive index. Bacterial suspensions in Phosphate Buffered 

Saline (PBS) and buffer without bacteria were measured in Channel 1 (CH1) and 2 

(CH2), respectively. Hence, the difference between the angles recorded in CH1 and 

CH2, called differential angle, was indicative of the change produced in the refractive 

index by bacterial attachment. The optical sensors described in Section 3.2.2 were 

placed on a hemispherical prism using index match fluid (RI = 1.518, Cargille), which 

ensured optical continuity. The system was allowed to stabilise for four min before 

addition of the corresponding sample in each channel. The difference in angle of SPR 

was thus recorded. Measurements were made every 3 s for the duration of the 

experiment. 
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3.3.3 Optical Microscopy  

Optical Microscopy images were obtained using a Nikon Eclipse ME-600 microscope 

(Nikon Corporation, Japan). Electrodes containing attached bacteria or biofilms were 

commonly stained using the Gram stain kit (Sigma, Switzerland) before imaging. 

3.3.4 Confocal Scanning Laser Microscopy 

The Confocal Scanning Laser Microscopy (CSLM) was used for the characterization of 

the composition of mature biofilms and for the measurement of the biofilm thickness 

before and after the bacteriophages infection. The microscope Laser Confocal Leica 

TCS SP2 AOBS (Leica, Heidelberg, Germany) was used. Cells and exopolysaccharides 

of the biofilms were respectively stained for 5 min with 4'-6-DiAmidino-2-Phenylindole 

(DAPI) (Merck, Germany), concabalina A (Merck, Germany) and WGA (Merck, 

Germany) prior to imaging by CSLM. The biofilm thickness was determined by 

following the strategy described by Heydorn et al.9, 10. With this protocol, images were 

acquired between 1.0 and 2.0 µm intervals down through the biofilm, and therefore the 

number of images in each stack varied according to the thickness of the biofilm.  

3.3.5 Epifluorescence Microscopy 

Epifluorescence Microscopy was used both for imaging bacteria attached to the 

electrode and for quantifying suspended bacteria. In both cases, images were obtained 

using an Olympus BH Fluorescence Microscope (Olympus, California, USA) after 

staining with DAPI, as detailed in the previous Section. When quantifying the 

suspended bacteria concentration, cells were initially fixed with formaldehyde (CH2O, 

Sigma) and filtered in 2 µm pore size GTBP filters (Millipore, Billerica, Massachusets, 

USA). Bacteria retained in the filters were stained with DAPI, imaged and counted. 

More than 20 different optical fields were counted. 
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3.3.6 Optical Density measurements 

The magnitude of the Optical Density at 550 nm (OD550) was used to control the 

suspended concentration of bacteria culture with time. An Ultrospec 1100 pro 

spectrophotometer (Biochrom, Cambridge, UK) was used. 

3.3.7 Attached bacteria quantification by sonication and plating on agar 

Attached bacteria were quantified by sonication and plating on agar. Briefly, electrodes 

were sonicated for 3 min in 5 mL of PBS to remove the attached bacteria from the 

surface of the electrodes. The supernatant was 1/10 serially diluted in PBS and 100 µL 

of the corresponding dilutions were then inoculated onto an agar plate containing LB 

medium. After overnight incubation at 37 ºC, bacteria were counted and the number of 

attached bacteria onto the chips was then estimated as Colony Forming Units per cm2 

(CFU cm-2). 
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CHAPTER 4: MONITORING OF THE EARLY BACTERIAL 

ATTACHMENT USING ELECTROCHEMICAL IMPEDANCE 

SPECTROSCOPY AND SURFACE PLASMON RESONANCE 

This Chapter describes the characterization of the early bacterial attachment on metallic 

surfaces using Electrochemical Impedance Spectroscopy (EIS) and Surface Plasmon 

Resonance (SPR). Escherichia coli (E. coli) were chosen as model bacteria. As 

summary, SPR and EIS measurements were found to be very sensitive both to the 

concentration of bacteria in the solution and to the attachment time. Both of them were 

compared with classical measurements of bacterial attachment on identical surfaces 

such as staining / microscopy and bacterial removal by sonication and plating onto agar. 

In this Chapter, the relationship between the measured EIS of the electrode during 

attachment and the biophysical processes involved are discussed. A similar discussion is 

made by the SPR measurements. This work has been partially published in 

Electrochemical Communications (Annex I)1 and in Biosensors and Bioelectronics 

(Annex II)2.  
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4.1 INTRODUCTION 

The study of bacterial attachment on solid surfaces is important, as many pathogenic 

bacteria attach and colonise them, forming highly antibiotic resistant biofilms. For 

example, a serious human pathogen, Pseudomonas aeruginosa colonise the lungs of 

persons with Cystic Fibrosis, often leading to their premature death, and Gram-positive 

bacteria such as Staphylococcus aureus are known to infect medical devices, especially 

urinary catheters, leading to infection3, 4. 

 

The early attachment step is generally thought to be a fast initial adsorption phase, 

governed by physical forces such as electrostatic charges, Brownian motion and van-

der-Waals forces and it is likely that bacterial swimming, which requires flagella, is 

required for initial attachment to allow the bacteria to overcome these physical forces 

and come into close proximity to the surface. However, the exact adhesion process 

depends on the specific bacteria5. In the case of E. coli, various cell surface appendages 

were shown to be necessary to achieve a suitable attachment and mature biofilm 

development. Flagella and type I fimbriae are implicated in early adhesion steps, while 

the conjugative plasmid pili and the production both of a polysaccharide-rich matrix 

(cellulose, colanic acid, and poly-β-1,6-N-acetylglucosamine) and of short adhesins 

such as antigen 43 (Ag43) contributes to biofilm maturation6. 

 

E. coli is considered the most thoroughly studied of all species of bacteria, and has been 

used extensively as a model to study biofilm development due to its relevance to the 

human biotic environment and its genetic amenability. However, attachment, the first 

stage in bacterial colonisation, is relatively poorly understood since its study requires 

very sensitive and preferably real-time instrumentation and methods. The classical 

method for studying attached bacteria was pioneered by Robert Koch, back in the 19th 

century, where attached bacteria were stained with a dye and then studied by optical 

microscopy. This method is still one of the principal bacteriological methods used 

today. The disadvantage of staining is however that it can be difficult to accurately 

quantify the response, especially at low bacterial concentrations and is an ‘end point’ 

method. In recent years a number of new methodologies have been employed to study 
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bacterial attachment. These include Cyclic Voltammetry7 and Quartz Crystal 

Microbalance with Dispersion (QCM-D)8. This Chapter describes the real-time 

characterization of the early bacterial attachment using EIS and SPR.  

4.2 EXPERIMENTAL 

This Section details the preparation of the microbiological samples for the 

characterization of the early bacteria attachment to metallic surfaces. Also the 

description of the experimental protocol for the EIS and SPR measurements is included. 

Optical Microscopy, Epifluorescence Microscopy and attached bacteria quantification 

by sonication and plating on agar measurements were made as shown in Chapter 3 

(Section 3.3).  

4.2.1 Impedimetric characterization of the early attachment to platinum electrodes 

Bacterial suspensions were introduced to the electrochemical cell, containing the 

platinum working electrode / counter electrode (WE / CE) chip and an external 

Ag|AgCl reference electrode (RE). The electrochemical cell was thermostatically kept 

at 4 ºC. EIS measurements were made immediately and every periodic interval for 40 

min, under the experimental conditions detailed in Chapter 3 (Section 3.3.1). It should 

be noted that these times were the time before measurement of the EIS spectrum – 

which itself took around 50 s.  

 

After each sequence of measurements WE / CE chips were washed with 30 % v/v 

hydrogen peroxide (Sigma, Switzerland) for 2 min. This cleaning was proved to detach 

molecules and whole cells irreversibly adhered on the electrode during the measurement 

and to help regenerate the chip for future use. However, the hydrogen peroxide solution 

also damaged the coating used for isolating the connections of the chip from the 

solution and critically reduced the sensor life-time. Coating fragments attached to the 

electrode surface were eliminated by cleaning with 96 % v/v ethanol (Panreac, Spain). 

Electrodes and the electrochemical cell were finally cleaned with water and sterilized 

with ethanol. After the cleaning, chips were checked by measuring in AB Minimal 
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Medium (ABMM) without bacteria. Similar data were obtained in all cases [magnitude 

of the interface capacitance, Ki = (1.57 ± 0.08) x 10-7 Ω-1 s-β]. 

4.2.2 Characterization of the early attachment to gold surfaces using SPR 

Before the analysis, glass disks with a gold coating were placed on a hemispherical 

prism using index match fluid (Refractive Index (RI) = 1.518, Cargille), which ensured 

optical continuity. The system was allowed to stabilise for four minutes in 50 µl of 

Phosphate Buffered Saline (PBS) before addition of 50 µl of the corresponding sample 

in each channel. Bacterial suspensions in PBS and buffer without bacteria were 

measured in channel 1 (CH1) and 2 (CH2), respectively. Hence, the difference between 

the angles recorded in CH1 and CH2, called differential angle, was indicative of the 

change produced in the RI by bacterial attachment. The difference in angle of SPR was 

thus recorded. Measurements were made every three seconds for the duration of the 

experiment. 

4.2.3 Microbiological preparations 

E. coli (CGSC 5073 K12) was grown overnight in ABMM at 37 ºC. An aliquot of 10 

mL of culture was centrifuged for 15 min at 3500 g [Sigma 4-10 centrifuge (Sigma, 

Switzerland)]. The supernatant liquid was removed and cells (the pellet) were re-

suspended in ABMM, when measured using EIS, or in PBS at pH 7.4, when measured 

using SPR. The process was repeated twice in order to remove metabolic products, 

membrane fragments and cytoplasmatic proteins. The final bacterial pellet was re-

suspended in 10 mL of ABMM or PBS and then counted using plating on agar 

containing Luria-Bertani (LB) medium. The suspension was then serially diluted down 

to 1 Colony Forming Units per mL (CFU mL-1) in decade steps. Before measurements, 

biological samples were stored in the fridge at 4 °C to slow growth. All of the 

manipulations were performed under sterile conditions. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Fitting and interpretation of impedance spectra 

Z-View software was used to fit impedance data to the equivalent circuit shown in Fig. 

4.1. The circuit, a simplification of the Randles equivalent circuit9, included a resistance 

modelling the solution resistance (RS), a double layer capacitance, which appears as the 

interface Constant Phase Element (CPEi), and an extra capacitance of small magnitude 

(nF) associated with the presence of an external reference (Cref), whose value did not 

vary with the concentration of bacteria. Comparable equivalent circuits have been 

employed in similar applications10. The use of the CPEi instead of a conventional 

double layer capacitance has to be discussed. In this work, as on most solid electrodes, 

the double layer impedance did not behave as a pure capacitance since its phase angle 

was slightly smaller than 90º 11. Although this is currently under study, a roughness 

factor appears to be one important cause of this effect. As a consequence, a Constant 

Phase Element (CPE) is very frequently used to fit the double layer capacitance of the 

electrode. While this approach may be controversial, in the work reported in this 

Chapter, variation of the CPE parameters are important and used in themselves as 

parameters for following bacterial attachment. The impedance of most interfacial CPEs 

in non-electroactive electrolytes are described by the expression12: 

 

βω)(
1
jK

Z =          (4.1) 

 

Z is the magnitude of the impedance (in Ω), K is the CPE magnitude (in Ω-1s-β), ω is the 

angular frequency (in s-1), j = √-1 and β is a parameter linked with the phase angle 

which oscillates from 1, for planar surfaces, to 0.5, for very rough ones13. In these 

experiments, where charged bacteria become part of the interfacial region, and in doing, 

modify the dielectric properties of the electrode, the obtained CPE will contain more 

parameters than those linked simply to roughness, such as bacterial density and the 

nature of the attached bacteria. For this reason, Fig. 4.1 shows a CPE labelled CPEi as a 

generic element that accounts for many complex processes which cannot, themselves, 

be deconvoluted. 
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Cref

Rs CPEi

Cref

Rs CPEi

1 minute 40 minutes

Element Freedom Value Error Error %
Cref Fixed(X) 2E-11 N/A N/A
Rs Free(+) 231.3 0.61339 0.26519
CPEi-T Free(+) 1.3371E-07 7.051E-10 0.52734
CPEi-P Free(+) 0.90397 0.00064839 0.071727

Element Freedom Value Error Error %
Cref Fixed(X) 2E-11 N/A N/A
Rs Free(+) 224.2 0.6518 0.29072
CPEi-T Free(+) 1.23E-07 7.0117E-10 0.57006
CPEi-P Free(+) 0.91012 0.00069806 0.0767
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Fig. 4.1 shows impedance measurements after 1 and 40 min attachment. The change in 

the CPEi with bacterial attachment can be clearly seen. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.1 Admittance complex plane plot for E. coli at a concentration of 107 CFU mL-1 after 

1 and 40 min of attachment. The spectrum corresponding to the control (ABMM without 

bacteria) is also included in each plot (black line). The impedance spectra (points in the 

plot) were fitted to the equivalent circuit shown inset, which contained the Cref, the RS and 

the CPEi. The ideal impedance spectra obtained from the fitting (line in the plot), the 

calculated values and errors using the Z-View software for each element of the equivalent 

circuit are also shown. 
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4.3.2 Effect of bacterial concentration on attachment when measured by EIS 

The effect of bacterial concentration on the EIS response of the electrodes was 

measured as described in Section 4.2.1. Impedance spectra were recorded and fitted as 

detailed above. The results from the fitting are given in Fig. 4.2. A constant RS value 

was obtained with time for each measurement regardless of concentration (230 ± 17 Ω). 

Sample conductivity was measured separately with a conductance meter and found also 

to be sample invariant. However, the CPEi magnitude (Ki) changed both as a function of 

attachment time and with concentration (Fig. 4.2).  

Fig. 4.2 Representation of the variation of the Ki with time by six bacterial concentrations 

and the control sample (ABMM without bacteria). Recorded changes were due to bacterial 

attachment to the electrode surface. Confidence intervals were calculated at the 95 % 

confidence level. 

The effect on Ki was most pronounced with the higher concentrations (105 CFU mL-1 

and above) of bacterial samples. After a small initial increase (for around 1 min), Ki 

decreased. In Fig. 4.3, the change in Ki was normalized (%Ki(t)), as shown in Eq. 4.2. 

Ki(t) is the value of the CPE magnitude at time t after the introduction of bacteria and 

Ki(1) the value of the CPE after 1 min attachment. 
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It can be seen that the relative change in Ki was proportional to the concentration of the 

bacteria: higher concentration suspensions gave the greatest decrease after 40 min 

attachment. 

Fig. 4.3 Representation of the variation of the %Ki(t) with time by six bacterial 

concentrations and the control sample (ABMM without bacteria). Recorded changes were 

due to bacterial attachment to the electrode surface. Confidence intervals were calculated at 

the 95 % confidence level. 

In all cases, Ki mainly decreased with time. In a separate study of EIS measurements of 

antibody-antigen binding, Katz reported that on antigen binding to an electrode 

immobilised antibody a decrease in the interfacial capacitance was measured14. This 

was ascribed to changes in the dielectric separation in the interfacial double layer. In 

this study of bacterial attachment, similar results were obtained. At frequencies below 

100 MHz, current cannot cross the cell membranes and bacteria behave as isolating 

particles15, 16. Gingell reported that cell attachment did not affect the double layer 

capacitance since the lipid bilayer was not deposited directly onto the electrode surface, 
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but bacterial cells attached to the electrode usually being separated by a gap of 10-20 

nm17. Thus, it is supposed that the aqueous gap between the cell membrane and the 

electrode would prevent a direct influence of the cell membrane on the impedance of the 

electrode18. However, the attachment of bacteria to the electrode may change the 

microstructure of the double layer, thus may result in a change in the double layer 

capacitance. 

 

A more important mechanism may be the principal cause of this large decrease in CPE. 

Adhesion process can also be understood in terms of a decrease in the area, A, of bare 

electrode (in m2) which causes a decrease in the double layer capacitance of the 

electrode, since: 

 

d
A

C roεε
=          (4.3) 

 

C is the capacitance magnitude (in F), ε0 is the vacuum permittivity (in F m-1), εr is the 

relative static permittivity and d is the distance between charged layers (in m). A 

reasonable, if simplistic model of the CPEs pertaining to the measured interfacial CPE 

can be understood if, for the sake of simplicity, we considered the measured CPE to be 

primarily capacitive in nature. In this case, the total measured capacitance (Ci, in F) is 

the sum of the bare electrode capacitance (CPt, in F) and the capacitance of the bacteria 

(Cbacteria, in F) modified by the coverage of bacteria, given by θ(t), Eq. 4.4: 

 

Ptbacteriai CtCtC ))(1()( θθ −+=       (4.4) 

 

The magnitude of the capacitance of the plasmatic membrane19 has been reported in the 

literature to be nearly 1 µF cm-2. Providing Cbacteria (below the pF when considering an 

area of the cell close to several µm2) is lower in magnitude than CPt (experimentally 

found higher than 100 µF), the Ci will fall as bacteria attach, which is what is observed 

in Fig. 4.2 and Fig. 4.3. These results correlated well with the measurement of attached 

bacteria and the percentage of coverage (calculated regarding that each attached 

bacterium covered an area of 3.5 µm2) made by sonication / removal and growth on 

agar plates (Table 4.1). This showed that higher concentrations of attached bacteria (or 
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larger covered areas) correlated with larger changes in Ki and with higher 

concentrations of bacteria in suspension. However, the percentage of attached cells 

decreased with the concentration and hence, higher concentrations of bacteria in 

suspension showed lower percentages of attachment. It is important to note, that at the 

time period used for these measurements only reversible, early stage attachment is 

taking place. Colonisation and associated growth of any extra polysaccharide matrix 

would takes several hours or days and was not measured here20.  

Table 4.1 Summary table of the amount of attached bacteria, percentage of attached 

bacteria, percentage of coverage of the electrode after sonication and the corresponding Ki 

value. Suspended concentrations and exposure times are included in the table. 

Bacterial 
concentration 
(CFU mL-1) 

Exposure 
time 
(min) 

Adhered 
bacteria* 
(CFU mL-1) 

Percentage of 
attached cells* 

Percentage of 
coverage of 
bacteria*/** 

107 Ki 

(Ω s-β) 

3.6 x 103 3 (5.0 ± 0.3) x 101 1.4 ± 0.8 0.015 ± 0.009 1.28 ± 0.08 

1.5 x 104 1 (1.9 ± 0.5) x 103 1.1 ± 0.3 0.55 ± 0.16 1.34 ± 0.12 

1.5 x 104 3 (1.0 ± 0.3) x 103 0.59 ± 0.17 0.29 ± 0.08 1.33 ± 0.07 

1.5 x 104 5 (3.8 ± 0.9) x 102 0.23 ± 0.05 0.11 ± 0.03 1.33 ± 0.08 

1.5 x 104 10 (6.5 ± 2.1) x 102 0.38 ± 0.12 0.19 ± 0.06 1.32 ± 0.08 

1.5 x104 20 (5.8 ± 1.8) x 102 0.34 ± 0.10 0.17 ± 0.05 1.30 ± 0.05 

1.5 x 104 40 (8.5 ± 0.7) x 102 0.50 ± 0.04 0.25 ± 0.02 1.28 ± 0.06 

5 x 107 3 (5.4 ± 0.6) x 103 0.0108 ± 0.0012 1.56 ± 0.18 1.34 ± 0.08 

*From sonication. **Area of the E. coli K12: 3.5 µm2; area of the WE / CE chip: 6 mm2. 
 

The change in EIS on attachment of lower concentrations of bacteria (below 104 CFU 

mL-1) is less easy to understand. It is clear from Table 4.1 that the number of attached 

bacteria at these concentrations was relatively low. It can also be seen that on addition 

of bacteria to the chip at these low concentrations, different behaviour was observed. 

The CPE initially increases, by around 1 %, before slightly decreasing. A large decrease 

in CPE was not observed. The reason for the initial increase in the CPE is unclear, but 
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we speculate on the basis of reports in the literature10, 21, 22 that this may be due to a 

decrease in the Debye length caused by increase in charge at the interface associated 

with weakly attached bacteria (since bacteria are themselves charged and therefore they 

have their own double layer charge region around them). 

4.3.3 Determination of the effect of the initial bacterial concentration on the 

attachment of bacteria when using SPR 

The effect of bacterial concentration on SPR measurements was determined as 

described in Section 4.2.2. Fig. 4.4 shows the change of the differential angle measured 

using SPR with time at three different bacteria concentrations. 

Fig. 4.4 Representation of the differential angle measured using SPR versus time for E. coli 

at a concentration of 103, 105 and 107 CFU mL-1. 

Fig. 4.4 shows that the differential angle measured using SPR also changed both as a 

function of attachment time and with concentration. The SPR measurement principle is 

based on the fact that the recorded angle (the angle of SPR) is highly sensitive to 

changes in the refractive index of the dielectric layer above the gold. Previous works 
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show that bacterial attachment to the gold changed the refractive index of the dielectric, 

which is observed in Fig. 4.423. 

4.3.4 Verification of EIS data by Epifluorescence and Optical Microscopy  

After EIS measurements were made, chips were rinsed with distilled water, dried under 

a nitrogen stream, suitably stained and imaged as detailed in Chapter 3 by 

Epifluorescence and Optical Microscopy imaging (Sections 3.3.5 and 3.3.3, 

respectively).  

 

Fluorescence images of cells adhered on the chip surface were obtained (Fig. 4.5). The 

line crossing the pictures was taken as a spatial reference of the chip, to aid 

identification of electrodes. The WE was on the left side in A.1, B.2 and B.3 pictures, 

and on the right side in A.2, A.3 and B.1. These images show bacterial distribution on 

the chip. A rough estimation of the number of attached cells was made, but aggregation 

made bacterial counting difficult. These results were compared with Table 4.1.  

 

Epifluorescence Microscopy images show that bacteria adhered to any surface. 

Attached bacteria were found on the platinum electrodes or the silicon nitride area. 

Bacteria actually adhered better on the silicon nitride area. Fig. 4.5-A illustrates 

attached bacteria on the chip after 2 min of exposure to 102, 105 and 107 CFU mL-1 

samples, respectively. With increasing concentration, the number of adhered cells 

increased (Table 4.1). However, the level of aggregation also increased. After 2 min 

attachment, bacteria were mainly found attached around the edges of the working 

electrode. This may be due to two reasons. Firstly, the electric field lines around the 

edges are more densely packed and the electric field is more intense (although this will 

be still low in Alternating Current (AC) measurements without an applied Direct 

Current (DC) bias potential), favouring bacterial adhesion24. Moreover, bacteria quickly 

attached to the silicon nitride area, which surrounds the working electrode. Thus, for 

proximity, the edges would be the first covered region. The fast adhesion induced 

aggregation, especially in concentrated samples. Due to aggregation, bacteria covered 

less area. However, bacterial count showed proportionality between the number of 

attached cells and the logarithm of the concentration. This agreed with impedance data: 
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Ki plots shifted to higher values with the concentration after very short attachment 

times, before decreasing. 

Fig. 4.5 Fluorescence images at 400 x of bacteria attached to platinum surfaces. (A) Chips 

immersed 2 min in (1) 102 CFU mL-1, (2) 105 CFU mL-1 and (3) 107 CFU mL-1 bacterial 

samples. (B) Chips immersed in a 105 CFU mL-1 sample for (1) 2, (2) 5 and (3) 10 min. 

In Fig. 4.5-B, chips were immersed in a 105 CFU mL-1 sample for 2, 5 and 10 min, 

respectively. The number of attached cells remained almost constant with time (Table 

4.1) probably because of the fact that the flux of attaching cells was balanced with the 

flux of cells which, due to their weak attachment by physical forces, left the surface of 

the electrode. However, bacterial distribution changed significantly. Initially, bacteria 

attached around the electrode edges. With time, they expanded across the entire 

electrode area, although a higher bacterial density was found on the edges. This 

corroborated impedance measurements, which showed that bacterial adhesion on non-

polarized electrode (an electrode at its Open Circuit Potential, OCP) is a spontaneous 

process and confirmed the time-dependence of the coverage of bacteria (θ(t)) since the 

amount of covered area was shown to increase with time. 

 

Optical Microscopy images also showed cells attached to the electrode surface. In this 

case, the number of attached bacteria also changed as a function of attachment time and 
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with concentration (Fig. 4.6). The number of attached cells was proportional to the 

concentration of the bacteria in suspension. With time, the number of attached cells 

seemed to increase until stabilization after 20 minutes attachment, although an 

expansion effect as shown in epifluorescence images (bacteria expanded across the 

entire electrode area) cannot be discarded.  

 

(a) Variation with the attachment time (b) Variation with the concentration 
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Fig. 4.6 (a) Variation of the number of attached cells for a 105 CFU mL-1 sample versus the 

time. (b) Variation of the number of attached cells after 1 min of exposure for 103, 105 and 

107 CFU mL-1. Relevant images of the attachment process are also included. The number of 

attached cells was found after counting 20 different optical fields. 

4.3.5 Comparison of very early stage attachment (at 50 s) and later attachment 

effects on Ki 

The discussion until now has largely focussed on measurement of attachment between 2 

min up to 40 min. However, the very early stage attachment, at the point where bacteria 

can be considered to be behaving as simple charged colloidal particles is interesting, and 

quite a different effect on the CPEi was seen compared with later measurement times. 
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Fig. 4.7 Representation of the %Ki(t) after 3, 5, 10, 20 and 40 min of attachment versus 

bacterial concentration. Confidence intervals were calculated at the 95 % confidence level. 

Fig. 4.7 shows the effect on the CPE of concentration and time of attachment. The 

general effect seen in Fig. 4.2 and Fig. 4.3 is also observed. However, in Fig. 4.8, the 

very early stage change in CPE at 50 s attachment is plotted against concentration of 

bacteria. A quite different effect was seen. Here the CPE actually increased with 

concentration of bacteria (rather than decreased as seen at longer times). Moreover, a 

correlation between concentration and increase in CPE was evident. An explanation for 

this very early stage behaviour is probably provided by again considering how the 

introduction of charged bacterial particles, with their associated counter-ions, affects the 

double layer at the electrode interface. In fact, the behaviour is perhaps the same as was 

observed in Fig. 4.2 for very low bacterial concentrations, where a pronounced early 

increase in CPE was also observed: that is a decrease in Debye length at the electrode 

double layer causes an initial increase in CPE, prior to the actual attachment of bacteria 

at later times. This early stage (at times lower than 2 min) could be termed as pre-

attachment phase. 
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Fig. 4.8 Representation of the Ki after 50 s of attachment versus bacterial concentration. 

Confidence intervals were calculated at the 95 % confidence level. 

4.4 CONCLUSIONS 

In this Chapter, SPR and EIS have been demonstrated to be sensitive methods for the 

real-time monitoring of bacteria attachment to metallic surfaces and their measurements 

have shown good correlation with the traditional methods, namely staining / microscopy 

and bacterial removal by sonication and plating onto agar. EIS has found to be 

particularly sensitive to the very early attachment / pre-attachment. The most useful 

parameter of the electrical circuit, which related to coverage of bacteria on the electrode 

surface, was electrode CPEi, approximately the electrode double layer capacitance, 

which decreased during early stage attachment. The change in CPE showed dependence 

on both the attachment time and the concentration of bacteria.  
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CHAPTER 5: MONITORING OF THE BIOFILMS GROWTH ON 

METALLIC SURFACES USING ELECTROCHEMICAL 

IMPEDANCE SPECTROSCOPY 

This Chapter describes the use of an electrochemical technique, particularly 

Electrochemical Impedance Spectroscopy (EIS), for the real-time monitoring of the 

formation of bacterial biofilms on the surface of gold and platinum electrodes. 

Pseudomonas putida (P. putida) was chosen as model bacteria for biofilm formation. 

Briefly, the total measured interface capacitance, Ci, the parameter of the electrical 

circuit which modelled the electrode-solution interface, and the biofilm capacitance, 

Cbiofilm, which modelled the biofilm, were both found to be sensitive to the biofilm 

growth. EIS measurements were discussed regarding Confocal Microscopy, Electronic 

Microscopy and Optical Microscopy imaging. In this Chapter, the biofilm removing and 

detaching capacity of peroxides, acid/bases and alcohol solutions has been evaluated 

using EIS. This work has been partially published in Sensors and Actuators B: 

Chemistry (Annex III)1 and recently accepted for publication in Electrochimica Acta 

(Annex IV)2. 
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5.1 INTRODUCTION 

Bacteria biofilms are complex heterogeneous structures of cells grouped in a hydrated 

extracellular matrix3, 4. This construction provides several advantages to bacteria, 

especially in terms of nutrient uptake and protection against toxic agents (e.g. 

disinfectants and antibiotics)5. Their high resistance against toxic agents is particularly 

critical both in the clinical field, where biofilms can cause persistent infections of 

medical devices such as urinary catheters or the development of important diseases6, 7, 

and in the environmental monitoring by the formation of resistant biofilms on the 

surface of water distribution network pipes8.  

 

The mechanism of biofilm formation includes different steps, which depend on the 

specific bacteria9. One of the most studied bacteria in this field, principally for their 

huge capacity to build thick and stable biofilms rapidly, is Pseudomonas. Pseudomonas 

is a Gram-negative rod bacterium, motile by means of a single polar flagellum, that 

causes several opportunistic human infections, mainly in the respiratory system3, 10. In 

the last 10 years, research studies performed on Pseudomonas biofilm formation on 

abiotic surfaces (e.g. glass and plastics) have revealed that biofilm formation proceeds 

through discrete steps: initial attachment, the formation of mature biofilms and 

ultimately dispersion, where a subpopulation of the community swims away from the 

mature biofilm, reinitiating the cycle (Fig. 5.1)11. These studies have also demonstrated 

a couple of important points. The first is that, in many cases, the biofilm culturing 

conditions can influence the requirement of a particular factor. For example, the 

requirement of the single polar flagellum for initial adherence to a surface depends upon 

the carbon source on which Pseudomonas is growing12. The second important point is 

that biofilm formation can be a fairly complex process with subpopulations within the 

community carrying out different behaviours that contribute to the final biofilm 

structure. It is not simply just bacteria attaching to a surface and multiplying. Several 

groups have demonstrated that Pseudomonas is capable of forming two general types of 

biofilms in the laboratory based on their structure11. A 'flat' biofilm is characterized by a 

relatively confluent, uniform community of bacteria on the surface (Fig. 5.1). A 
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'structured' biofilm consists of cell aggregates or 'mushrooms' separated by channels or 

spaces (Fig. 5.1). 

 

Fig. 5.1 depicts stages in the formation of flat and structured biofilms. Initial attachment 

involved adherence of free-swimming cells to the surface. In the case of structured 

biofilms, Kirisits and Parsek presented two alternative routes to their formation11. The 

first was called ‘Structured Biofilm I’. In the illustration, blue cells represent the 

immobile ‘stalks’ of structured biofilms, while red cells represent the motile 

subpopulation that produced the ‘cap’ as described by Klausen et al.12. The second was 

called ‘Structured Biofilm II’. In that case, small cell aggregates grew clonally, forming 

large cell aggregates consisting of cells primarily derived from cells in the small cell 

aggregates. This was indicated by the large aggregate of blue cells in the figure, 

indicating that the cells in aggregate were progeny derived from the initial small 

aggregates. Finally, cells could actively leave the biofilm to reinitiate the cycle in a 

process called dispersion or detachment. 

Fig. 5.1 Models for biofilm development in Pseudomonas.  

The monitoring of biofilm formation has been attempted by combining gravimetric 

(Electrochemical Quartz Crystal Microbalances, EQCM), optical (Confocal Scanning 

Laser Microscopy, CSLM) and electrochemical techniques (amperometry)13. The main 

disadvantage of these techniques is however that it can be difficult to integrate them in a 
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flow system for the real-time monitoring of the biofilm growth. This Chapter describes 

the use of the EIS both for the direct monitoring of the biofilm formation on the 

electrode surface and for the evaluation of the biofilm detachment efficiency of strong 

acids and bases, ethanol and peroxide solutions. 

5.2 EXPERIMENTAL 

This Section details the experimental protocols and conditions used in the monitoring of 

bacterial biofilms formation with special attention to the EIS measurements. The 

equipment and experimental conditions used for growing bacteria are exposed. Finally, 

the reagents and the solutions evaluated in the biofilm removal and detachment are also 

included. Optical Microscopy, Epifluorescence Microscopy and CSLM imaging were 

made as detailed in Chapter 3.  

5.2.1 Characterization of the Pseudomonas biofilm growth on platinum and gold 

electrodes using EIS 

The gold and platinum working electrode / counter electrode (WE / CE) chips, 

described in Chapter 3 (Section 3.2.1), were aseptically introduced into a glass reactor 

containing a fresh bacterial culture, prepared as indicated below (Fig. 5.2).  

Fig. 5.2 Image of three WE / CE chips inside the glass reactor. 
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Electrodes were kept in the reactor between 6 and 8 days to allow bacterial colonization. 

During the colonization process, the WE / CE chips were impedimetrically measured 

every 12-24 h (depending on the experiment). Before measurement, sensors were 

washed with sterile electrolyte solution to remove weakly attached compounds from the 

electrode surface. The optimum cleaning time was found to be between 10 and 15 min, 

as shown in Fig. 5.3.  

 

After 10 min of cleaning, the WE / CE chips were introduced in the electrochemical 

cell, which also contained an external Ag|AgCl reference electrode (RE), and 

impedimetrically measured under the experimental conditions described in Chapter 3 

(Section 3.3.1). The electrochemical cell was thermostatically kept at 25 ºC. 

Measurements were made in a sterile electrolyte solution, principally Phosphate 

Buffered Saline (PBS), to avoid osmolarity problems with the biofilm cells. 

Fig. 5.3 Representation of the variation of the impedance modulus (|Z|) with the cleaning 

time. 

5.2.2 Bacterial strains and culture conditions 

For the stock culture preparation, P. putida was grown overnight in AB Minimal 

Medium (ABMM) at the room temperature (22 ºC, approximately). An aliquot of 50 
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mL was inoculated into a 500 mL glass reactor containing ABMM with glucose as 

carbon source. Bacteria were grown under constant agitation [MR 2000 (Heidolph, 

Germany)] and aeration [BioFlo (New Brunswick Scientific, New Jersey, USA)] (Fig. 

5.4). After the inoculation, no nutrients were added into the reactor (batch process). 

These conditions (turbulent stirring and lack of nutrients) favoured the formation of 

biofilms5. All of the manipulations were performed under sterile conditions. 

Fig. 5.4 Image of the glass reactor, the stirrer and the aeration system used for growing 

bacteria in controlled experimental conditions. 

5.2.3 Reagents and solutions for the biofilm detachment and elimination 

The biofilm detachment and elimination from the electrode surface was attempted by 

using 30 % H2O2 (Sigma-Aldrich, Switzerland), the combination of 3 M H2SO4 and 1 

M NaOH or 96 % ethanol (Panreac, Spain) to evaluate the capacity of peroxides, hard 

acids and bases or alcohols to eliminate the different compounds of the structure of 

biofilms. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Fitting and interpretation of impedance spectra 

Z-View software was used to fit EIS data to a modification of the equivalent circuit 

previously proposed by Liu for corrosion studies14. This circuit, shown in Fig. 5.5, was 

composed of a resistance which modelled the solution, RS, the biofilm capacitance, 

Cbiofilm, the resistance of the biofilm pores, Rbiofilm, the double layer capacitance, which 

appears as the interface Constant Phase Element, CPEi, the charge-tranfer resistance, 

RCT, and an extra capacitance of small magnitude (some nF) associated with the 

presence of an external reference, CRef, whose value did not vary with the biofilm 

growth. The use of the CPEi instead of a conventional double layer capacitance has been 

discussed previously in Chapter 4 (Section 4.3.1).  

Fig. 5.5 Representation of the equivalent circuit used for fitting EIS spectra, which contains 

the RRef, the RS, the Cbiofilm, the Rbiofilm, the CPEi and the RCT. 

Fig. 5.6 shows the changes in the EIS spectra associated to biofilm formation. The 

magnitude of the CPEi (shown in the figure as Ki-T), and the Cbiofilm were found very 

sensitive to the biofilm growth and maturation. 
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Fig. 5.6 Admittance complex plane plot for P. putida biofilms after 1 and 6 days of 

incubation. The EIS spectra (points in the plot) were fitted to the equivalent circuit 

previously shown. The ideal EIS spectra obtained from the fitting (red line in the plot), the 

calculated values and errors using the Z-View software for each element of the equivalent 

circuit are also shown. The spectrum corresponding to the electrode before the introduction 

in the bacterial incubator is also included in each plot as control (blue line). 

 
 
 
 
 
 

Element Freedom Value Error Error %
Cref Free(+) 4.8426E-10 1.7441E-11 3.6016
Rs Free(+) 486 2.1046 0.43305
Cbiofilm Free(+) 3.3008E-08 6.6386E-10 2.0112
Rbiofilm Free(+) 446.9 14.816 3.3153
Rct Fixed(X) 1.5416E07 N/A N/A
Ki-T Free(+) 5.3212E-07 3.3633E-09 0.63206
Ki-P Free(+) 0.76705 0.0011431 0.14903

Element Freedom Value Error Error %
Cref Free(+) 4.4295E-10 1.0596E-11 2.3921
Rs Free(+) 475.5 1.2874 0.27075
Cbiofilm Free(+) 3.5266E-08 5.2666E-10 1.4934
Rbiofilm Free(+) 380.7 9.5913 2.5194
Rct Fixed(X) 1.5416E07 N/A N/A
Ki-T Free(+) 3.0174E-07 1.1456E-09 0.37966
Ki-P Free(+) 0.81638 0.00088745 0.10871

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

ω-1

ω
-1

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

ω-1

ω
-1

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

ω-1

ω
-1

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

0 1e-7 2e-7 3e-7

0

1e-7

2e-7

3e-7

Y'    / F

Y
'' 

   
/ F

ω-1

ω
-1



CHAPTER 5: MONITORING OF THE BIOFILMS GROWTH ON METALLIC SURFACES USING EIS 

 95

5.3.2 Effect of the biofilm formation when measured by EIS 

P. putida made thick biofilms on the WE / CE chips surface quickly and easily. The 

effect of the biofilm formation on the electrode surface was measured using EIS as 

previously detailed. The most relevant results from the fitting are given in Fig. 5.7 and 

Fig. 5.10. The CPEi magnitude (Ki) and the Cbiofilm changed as a function of the 

attachment time.  

Fig. 5.7 Representation of Ki versus the incubation time during the formation of P. putida 

biofilms on the platinum WE / CE chips. This plot illustrates the changes caused by the 

biofilm growth in the CPEi. 

In Fig. 5.7, the Ki showed a pronounced early increase followed by a deep decrease. 

This behaviour coincided with that found by the early bacteria attachment when using 

platinum electrodes (Chapter 4). In that case, a pronounced early increase in CPEi was 

also observed prior to the massive attachment of bacteria, which decreased the CPEi 

later. The initial increase in CPEi was thought to be caused by the decrease in the Debye 

length at the electrode double layer for the attachment of single bacteria, behaving as 

simple charged colloidal particles, with their counter-ions.  
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Further, some compounds, basically salts, were found precipitated on the electrode 

surface during the initial biofilm formation steps (Fig. 5.8), which also involved an 

increase in the CPEi magnitude. 

Fig. 5.8 Electronical Microscopy images of the surface of WE / CE chips in the initial steps 

of the biofilm formation. On the left, an overview of the particles attached to the electrode 

surface: cells (magnified in the middle), bacteria debris, precipitated compound (magnified 

on the right), etc. 

On the other hand, the decrease in CPEi could be associated to different processes, 

being the decrease in the area, A, of bare electrode the principal mechanism, since:  

 

d
A

C roεε
=          (5.1) 

 

C is the capacitance magnitude (in F), ε0 is the vacuum permittivity (in F m-1), εr is the 

relative static permittivity and d is the distance between charged layers (in m). 

Following the discussion exposed in Chapter 4, the total measured CPEi, Ci, capacitive 

in nature, can be considered to be the sum of the bare electrode capacitance, CPt, and the 

capacitance of the molecules composing the attached biofilm, CBC, modulated by a 

time-dependent coverage factor, θ(t): 

 

PtBCi CtCtC ))(1()( θθ −+=        (5.2) 
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As shown in Fig. 5.9, bacteria biofilms attached to platinum and gold surfaces are 

heterogeneous structures basically composed of bacteria and exopolysaccharides, which 

generated capacitances of lower magnitude than CPt. For instance, the capacitance of 

bacteria commonly appeared to be smaller than pF15, whereas the CPt was found 

experimentally to be of hundreds of µF. Thus, the CPEi would fall as bacteria and 

exopolysaccharides attached to the surface, as observed in Fig. 5.7. 

Fig. 5.9 (A) Confocal image of the heterogeneity of a mature biofilm growth on the surface 

of WE / CE chips. In this case, cells were stained with (B) 4'-6-DiAmidino-2-Phenylindole 

(DAPI) and the polysaccharides with (C) WGA and (D) concabalina A. 

On the other hand, the magnitude of Cbiofilm increases with the biofilm growth, as shown 

in Fig. 5.10. Similarly, in a separate study focused on the optimization of the thickness 

of a polypyrrole coating for the measurement of the mixed response of sodium, 

potassium and ammonium using EIS and Artificial Neural Networks (ANNs), it was 

reported that the coating capacitance, CC (here defined as Cbiofilm) increased with the 

polymer growth16. The CC (in F) was also found to be sensitive to the coating 

permittivity, εC, the coating area, AC (in m2) and the coating thickness, dC (in m), as 

follows: 

A

B C D

A

B C D



MICROSYSTEMS BASED ON MICROBIAL BIOSENSING 

 98 

 

C

CC
C d

A
C

εε
=          (5.3) 

 

According to Amidurin et al.17, during the coating growth, the polymer capacitance was 

basically influenced by the amount of water or electrolyte solution retained inside the 

coating (that basically modified the coating permittivity), which mainly depended on 

the polymer porosity. Thus, the increase in CC was attributed to the increase of the 

polymer porosity. Following the same reasoning, the increase in the biofilm porosity (or 

the increase of water inside the biofilm structure) during its growth appeared to be the 

responsible of the recorded increase in the Cbiofilm magnitude.  

Fig. 5.10 Representation of the magnitude of the Cbiofilm versus the incubation time during 

the biofilm formation process on platinum WE / CE chips. This plot illustrates the changes 

caused by the biofilm formation in the Cbiofilm. 

The change in the Cbiofilm with the biofilm growth was compared with the average of the 

thickness of the biofilm at that time. The thickness of the biofilm was measured using 

CSLM as detailed in the Chapter 3 (Section 3.3.4). P. putida biofilms were found to 

progressively increase its thickness from 22 ± 5 µm, for a 2 days biofilm, to 58 ± 2 µm 

for a 7 days mature biofilm, when they stabilized. The initial steps of biofilm formation 
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showed correlation between impedance measurements and the biofilm thickness, 

probably because of the increase of water inside the biofilm structure, as previously 

exposed. When the thickness exceeded a value around 30 µm (after 3 days growing in a 

WE / CE chip), the Cbiofilm lost the correlation with the increase of the biofilm. Although 

this fact is currently under discussion, the equilibrium between the effect of the 

increasing thickness of the biofilm (which, regarding Eq. 5.3 should decrease the 

Cbiofilm) and the increase of water inside the biofilm structure (which should increase the 

Cbiofilm, considering Eq. 5.3) may be the most plausible cause.  

5.3.3 Comparison between new and reused WE / CE chips when monitoring the 

biofilm formation using EIS 

The effect of the biofilm formation on new (sensors not previously activated nor used) 

and reused chips (sensors used in other EIS assays or previously activated) was 

measured using EIS, as previously detailed. The most relevant results from the fitting 

are given in Fig. 5.11 and Fig. 5.12. The Ki changed as a function of the attachment time 

in both cases, although some differences between new and reused chips were registered, 

particularly at the initial steps of the biofilm formation.  

Fig. 5.11 Representation of the normalized Ki (%Ki(t)) versus the time of biofilm formation 

by new chips.  
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In Fig. 5.11 and Fig. 5.12, the change in Ki was normalized, as shown in Eq. 5.4. Ki(t) is 

the value of the CPE at time t after the introduction of the WE / CE chip in the incubator 

and Ki(3.5) is the value of the CPE after 3.5 days of biofilm formation. The %Ki(t) was 

calculated using the following expression: 

 

( )
100

)5.3(
)5.3()(

)(% ×
−

=
i

ii
i K

KtK
tK       (5.4) 

 

New chips immersed in culture media with or without bacteria showed an initial 

increase in the CPEi magnitude for two days and a half. After this, the common decrease 

in CPEi was recorded by chips immersed in bacterial cultures (Fig. 5.11). As shown in 

previous Sections, some compounds, basically salts which could not be eliminated by 

the cleaning process, were also found precipitated on the electrode surface during the 

initial biofilm formation steps (Fig. 5.8). This salt precipitation may involve an increase 

in the CPEi magnitude.  

 

Although the real cause is currently under discussion, another process may be the 

principal cause of this initial increase in CPE: a surface activation process. In general, 

new sensors were found to present debris parasitizing its surface and decreasing their 

active area. Activation through electrochemical cycling or certain EIS measurements 

were found to be enough to progressively remove these attached substances and to 

increase the electrode active area. In fact, chips immersed in non-bacterial solutions 

showed that the activation process may not finished after 2 days and a half but their 

impedance magnitude continued increasing.  

 

On the other hand, reused chips showed a constant CPEi value until the common 

decrease caused by the biofilm formation was recorded (Fig. 5.12). This means that any 

changes observed in the active area of reused chips (which had already undergone the 

activation process), reflected by their impedance, could be observed and related to the 

biofilm formation on the chip.  

 

When immersed in bacterial cultures, both new and reused chips showed similar 

impedimetric responses to the biofilm growth. After 6 days of incubation, mature 
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biofilms were found grown in both chips with a comparable disposition of bacteria (Fig. 

5.13).  

Fig. 5.12 Representation of the %Ki(t) versus the time of biofilm formation by reused chips. 

Fig. 5.13 Images of mature biofilms grown on the surface of new (left side) and reused 

(right side) WE / CE chips. The green points correspond to attached bacteria stained with 

DAPI. 
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5.3.4 Protocol for the elimination of mature biofilms attached to the WE / CE chips 

The removal and detachment of mature biofilms from the surface of WE / CE chips was 

attempted using peroxide, strong acid and bases and alcoholic solutions. It has to be 

noted that after the cleaning process the electrodes did not completely recover their 

initial properties and their life-time was critically reduced. Each one of the previously 

enumerated solutions was found to be essential in the cleaning process for removing 

specific compounds attached to the electrode.  

 

Peroxide solutions, particularly 30 % H2O2, were found to be the most effective 

solutions in the detachment of mature biofilms from the electrode surface. Experimental 

results showed that rinsing for 20 min was enough to remove the biofilm from gold WE 

/ CE chips quantitatively. This time could be reduced to 10-15 min using platinum WE / 

CE chips. The irreversible attachment of bacteria and particles (especially proteins) 

containing thiol groups to the gold surface may be the principal cause of this difference 

in the removing time. This solution was always used in the first step of the cleaning 

protocol. 

 

Strong acids and bases were used in the second step of the protocol to dissolve 

precipitated salts, when it was necessary. The combination of 3 M H2SO4 followed by 1 

M NaOH removed this particles after 20 min of rinsing (10 min per solution). 

 

As it was observed in Chapter 4 (Section 4.2.1), the hydrogen peroxide solution 

damaged the coating used for isolating the connection of the chip from the solution and 

coating fragments were found attached to the electrode surface. These fragments were 

eliminated by cleaning with 96 % v/v ethanol, which also sterilized the electrodes.  

 

Next, the ethanol traces were eliminated by cleaning with distilled water. Electrodes 

were finally dried in a nitrogen stream and stored in suitable conditions.  
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5.4 CONCLUSIONS 

In this Chapter, EIS has been used for the monitoring of biofilm formation on WE / CE 

chips. The Cbiofilm and the CPEi have been found to be sensitive to the biofilm growth 

and maturation, especially in the initial stages of development. Impedance results have 

been well correlated with Electronic, Epifluorescence and Confocal Microscopy images. 

Also the biofilm thickness (from CSLM) in the initial steps of the growth has shown 

coincidence with impedance data. In terms of biofilm removal and detachment, 

peroxides have shown to be the most effective detaching solutions, although strong acid 

and basic and alcoholic solutions are also needed to remove specific particles which can 

be found attached to the WE / CE chips. 
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CHAPTER 6: DETECTION OF BACTERIOPHAGES BY 

FOLLOWING THE DEGRADATION OF SPECIFIC BACTERIA 

BIOFILMS USING ELECTROCHEMICAL IMPEDANCE 

SPECTROSCOPY 

This Chapter describes an impedimetric method for the indirect detection of 

bacteriophages by following the degradation of specific bacteria biofilms attached to 

platinum and gold working electrode / counter electrode (WE / CE) chips. Pseudomonas 

putida (P. putida) and Escherichia coli (E. coli) were chosen as model bacteria for 

biofilm formation and for the environmental interest of the detection of their 

bacteriophages, respectively. As a summary, the biofilm capacitance, Cbiofilm, the 

parameter of the electrical circuit which modelled the biofilm, was found to be sensitive 

to the biofilm degradation as a consequence of the bacteriophage infection. 

Electrochemical Impedance Spectroscopy (EIS) data were discussed regarding 

traditional Optical and Confocal Microscopy measurements and the classical double 

layer agar method. This work has been partially accepted for publication in Applied and 

Environmental Microbiology (Annex V)1 and in Electrochimica Acta (Annex IV)2. 
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6.1 INTRODUCTION 

Viruses are sub-microscopic and simple biological entities, composed of genetic 

material encased within a protein capsule called head or capsid. They strictly parasitize 

specific host cells using the machinery and metabolism of the cell to replicate 

themselves. Bacteriophages, viruses that infect bacteria, may have a lytic or lysogenic 

cycle of infection. In the lytic infection cycle, characteristic of virulent phages, bacterial 

cells are lysed (broken open) and destroyed after the replication of the phage. The lytic 

infection cycle mechanism is detailed in Fig. 6.1. 

Fig. 6.1 Scheme of the typical life cycle for lytic bacteriophages. 

The detection of bacteriophages is especially relevant in the environmental monitoring 

and food industries. On the one hand, the detection of somatic coliphages (e.g. phages 

infecting E. coli), F-RNA specific phages and bacteriophages infecting Bacteroides spp. 

has been suggested to be more reliable for predicting the contamination of viral 

pathogens than the typical bacterial indicator strains3-8. On the other hand, the detection 

of bacteriophages is also important because of the economic losses brought about by 
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them in the fermentation industry. In the fermented dairy products industry producing 

cheese and yoghurt, the infection and subsequent lysis of bacterial starter cultures can 

render a fermentation process inactive.  

 

Rapid and real-time detection of bacteriophages is desirable in these areas, which can 

not be accomplished by the current available traditional methods. These methods 

consist basically in detecting bacteriophages by the double layer agar method where a 

host strain is seeded in a semi-solid agar layer. Exposure of the bacteria to 

bacteriophages results in the appearance of lysis zones that can be directly visualized 

after an appropriate incubation time, which is dependent on the bacteria, the number of 

which is related to the infective viral particles or viral aggregates in the original 

sample9. Despite of the emerging interest, bacteriophage detection has been given little 

attention and small progresses have been made during the last decades10, 11.  

 

The replication of bacteriophages within biofilms has been demonstrated causing 

biofilm degradation12, 13. Regarding this, the following Chapter describes an 

impedimetric approach based on the degradation of mature biofilms for the indirect 

detection of bacteriophages.  

6.2 EXPERIMENTAL 

This Section details the protocols and conditions used in the detection of bacteriophages 

following the degradation of mature biofilms. The experimental protocol for the EIS 

measurements is described in detail. In a microbiological viewpoint, collection and 

storage of the water samples containing bacteriophages is included. This Section also 

exposes the selection and enrichment of P. putida bacteriophages from raw sewage 

samples. The experimental conditions used for growing bacteria coincided with those 

previously exposed in Chapter 5 (Section 5.2.2). Optical and Confocal Microscopy 

imaging and bacterial quantification were made as detailed in Chapter 3 (Section 3.3).  



MICROSYSTEMS BASED ON MICROBIAL BIOSENSING 

 108 

6.2.1 Impedimetric detection of lytic bacteriophages infection following the biofilm 

degradation 

Bacteria biofilms were grown on gold and platinum WE / CE chips and periodically 

monitored using EIS, as previously detailed in Chapter 5 (Section 5.2.1). Electrodes 

containing six days mature biofilms were transferred to 10 ml of fresh AB Minimal 

Medium (ABMM) or Modified Scholten’s Broth (MSB)14 culture media and inoculated 

with a bacteriophage stock or sewage sample 1/10 (v/v) prepared as indicated below. 

The electrodes were then impedimetrically measured in sterile Phosphate Buffered 

Saline (PBS) at 25 ºC after different incubation times, under the experimental 

conditions exposed in Chapter 3 (Section 3.3.1). 

6.2.2 Sewage samples collection and processing  

Raw sewage samples from an urban sewage treatment plant were collected and 

transported to the laboratory following the standard method recommended by the 

American Public Health Association (APHA)15. In the laboratory, samples were stored 

at -70 ºC to avoid inactivation of the bacteriophages until used16. Before using, frozen 

raw samples should be processed. In the processing stage, bacteriophages were isolated 

from other molecules which could interfere in the bacteriophages detection. The 

processing included a centrifugation step (10 min at 1000 g) and filtration with sterile 

0.22 µm pore filter (Millipore Corporation, Barcelona, Spain). When detecting P. putida 

bacteriophages, an additional step was required. Viable P. putida bacteriophages were 

isolated from the filtered samples using the double layer plate method17. 

6.2.3 Bacteriophages enumeration and preparation of stock cultures  

As detailed before, sewage samples from an urban wastewater treatment plant were 

used as source for E. coli and P. putida bacteriophages. The bacteriophages were 

quantified as Plaque Forming Units per mL (PFU mL) using the double layer agar plate 

method similar to that described by Adams9. The low concentration of P. putida 

bacteriophages in the samples recommended an enrichment step before the infection of 
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bacteria biofilms. The enrichment process was made in ABMM or MSB using the P. 

putida as host strain. All of the manipulations were performed under sterile conditions. 

6.3 RESULTS AND DISCUSSION 

6.3.1 Fitting and interpretation of impedance spectra 

Z-View software was used to fit impedance data to the equivalent circuit previously 

described in Chapter 5 (Section 5.3.1).  

 

 

6-days mature biofilm 24 hours of incubation with phages 

  

  

 
Fig. 6.2 Admittance complex plane plot before and after the incubation in phages 

suspensions. The experimental EIS spectra (points in the plot), the ideal EIS spectra from 

the fitting (line in the plot) are shown together with the initial value of the chip. Below, the 

calculated values and errors of each element from the fitting are shown.  

Element Freedom Value Error Error %
Cref Free(+) 6.2154E-10 5.2544E-11 8.4538
Rs Free(+) 282.3 2.2169 0.7853
Cbiofilm Free(+) 7.1278E-08 3.8285E-09 5.3712
Rbiofilm Fixed(X) 79.03 N/A N/A
Rct Free(+) 72398 2655.4 3.6678
CPEi-T Free(+) 1.8768E-06 3.7567E-08 2.0017
CPEi-P Free(+) 0.73991 0.0042034 0.5681

Element Freedom Value Error Error %
Cref Free(+) 7.02E-10 7.5626E-11 10.773
Rs Free(+) 262.3 3.2416 1.2358
Cbiofilm Free(+) 4.8414E-08 2.8621E-09 5.9117
Rbiofilm Fixed(X) 114.4 N/A N/A
Rct Free(+) 3.4879E05 54797 15.711
CPEi-T Free(+) 1.7155E-06 3.0304E-08 1.7665
CPEi-P Free(+) 0.74272 0.0034107 0.45922
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Fig. 6.2 shows the changes in the EIS spectra associated to the biofilm degradation. The 

Cbiofilm was found to be very sensitive to the degradation of the biofilm caused by the 

bacteriophages infection. 

6.3.2 Evaluation of the degradation of mature biofilms by specific bacteriophages 

using EIS, Optical and Confocal Microscopy, and bacterial counts 

The effect of the degradation of biofilms grown on the WE / CE chips surfaces caused 

by specific bacteriophages was measured using EIS as previously detailed. The use of 

EIS for the detection of specific bacteriophages was assessed in parallel with both 

Optical Microscopy and CSLM, and microbial counts (in Colony Forming Units per 

unity of area, CFU cm-2), in order to corroborate the obtained results. A six days mature 

P. putida biofilm, whose growth had been previously monitored impedimetrically, was 

used to elaborate a bacteriophage mediated biofilm infection model. Wastewater from 

the influent of an urban wastewater treatment plant was used as source of P. putida 

infecting bacteriophages. The concentration of these bacteriophages in the analysed 

sample was 40.5 ± 0.7 PFU mL-1, which was increased up to 107 PFU mL-1 after a 

single enrichment step. Different concentrations of bacteriophages were assessed (106 

and 107 PFU mL-1) and the biofilm infection was monitored over 24 h.  

 

The most relevant results from the fitting are given in Fig. 6.3. In Fig. 6.3-B, the Cbiofilm 

changed as a consequence of the degradation of the biofilm by specific bacteriophages. 

On the other hand, the magnitude of the CPEi (Ki), which was also used for monitoring 

the biofilm formation, was found to be practically insensitive to the infection process 

(Fig. 6.3-A). 

 

An explanation to this fact could be obtained by considering that the inner cells, 

especially those attached directly to the electrode, were more resistant to the 

bacteriophages infection than the superficial ones. Thus, inner cells remained attached 

and unaltered and the Ki did not change after the bacteriophages infection. 
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Fig. 6.3 Representation of (A) the Ki and (B) the Cbiofilm versus the time of incubation in the 

glass reactor (biofilm growth) and the subsequent exposure to bacteriophages (biofilm 

degradation). The moment when WE / CE chips were extracted from the incubator and 

introduced in the bacteriophages culture is indicated with a vertical arrow. 
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After the incubation in bacteriophages suspensions, WE / CE chips were stained and 

imaged using Optical Microscopy, as detailed in Chapter 3 (Section 3.3.3). Also the 

biofilm thickness (from CSLM) and the number of attached cells (from sonication and 

plating on agar) were determined and compared with control samples (the same culture 

media without the phages).  

 

 

Control Bacteriophages 

  

    

31.65 ± 3.25 µm of thickness 15.94 ± 2.19 µm of thickness 

4.08 ± 0.05 log (CFU mm-2) 3.37 ± 0.18 log (CFU mm-2) 

 
Fig. 6.4 Optical Microscopy images at different magnification of WE / CE chips after 

overnight incubation in either ABMM with or without bacteriophages. The thickness of the 

biofilms and the number of attached cells per unit of area after the infection process is also 

included. 

In Fig. 6.4, less attached bacteria were found on the chip after the incubation in 

bacteriophage suspensions, which could be associated to the infection process. The 
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biofilm thickness and the number of attached cells were also found to decrease after the 

bacteriophages infection by around 50 % and 20 %, respectively. The differences in the 

obtained percentages may be explained by considering the bacteriophages infection 

capacity: bacteriophages were thought to infect and lysis the most external bacteria of 

the biofilm easily, whereas those in the biofilm core, where cells are normally more 

densely grouped, became more resistant to the infection. Further, additional factors 

could modify the infection of biofilms by bacteriophages, for instance the presence of 

phage-borne polysaccharide depolymerases to degrade the extracellular matrix, in which 

the bacteria are immersed18. 

 

The decrease in Cbiofilm after 24 h of incubation was found sensitive to the initial 

concentration of bacteriophages. As shown in Fig. 6.5, the decrease in Cbiofilm was more 

pronounced when the initial concentration of bacteriophages increased.  

Fig. 6.5 Representation of the Cbiofilm before and after 24 h of incubation in 107 or 106 PFU 

mL-1 bacteriophages suspensions or medium without phages (control).  

However, no differences were recorded in the Cbiofilm variation due to bacteriophages 

degradation when using a minimal (ABMM) or a rich medium (MSB) during the 

infection process (Fig. 6.6). 
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Fig. 6.6 Comparison of the initial value of Cbiofilm (before infection) with the corresponding 

magnitude after 2 and 6 h of bacteriophages infection in ABMM and MSB culture media. 

The control samples were incubated in the media without bacteriophages. 

In Fig. 6.7, the variation in the Cbiofilm was monitored through the incubation time. This 

plot illustrates that the decrease in Cbiofilm was mainly recorded during the initial 6-8 h of 

infection, when the degradation of the biofilm seemed to be more intense.  

 

In summary, the detection of changes in the Cbiofilm parameter in a mature biofilm was 

proved to be useful for the development of an indirect method for the detection of 

bacteriophages in liquid samples. 
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Fig. 6.7 Representation of the variation of the Cbiofilm versus the time of incubation in 

bacteriophage suspensions.  

6.3.3 Application to real samples: detection of somatic coliphages from an urban 

sewage treatment plant   

The impedimetric approach for detecting bacteriophages via the degradation of specific 

bacterial biofilms was applied to the detection of somatic coliphages from an urban 

sewage treatment plant. Five days mature biofilms of E. coli grown on WE / CE chips 

following the experimental conditions shown in Chapter 5 (Section 5.2.2) were used. In 

Fig. 6.8, the degradation of E. coli biofilms by specific bacteriophages from water 

samples was found to produce a similar response than that observed in the P. putida 

assay: the Cbiofilm significantly decreased in the sample containing bacteriophages with 

respect to the control sample, where no bacteriophages were present. Thus, this method, 

based on the degradation of mature bacteria biofilms by specific phages, was found to 

be sensitive to the detection of the viral contamination in water samples from a sewage 

treatment plant, which initially contained a concentration of somatic coliphages of 

around 104 PFU mL-1.  
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Fig. 6.8 Representation of the change in the Cbiofilm magnitude after 24 h of incubation in 

real samples from an urban sewage treatment plant. The control sample, water without 

bacteriophages, is also shown. 

6.4 CONCLUSIONS 

In this Chapter, EIS has been used for the detection of bacteriophages by following the 

degradation of mature biofilms grown on the surface of WE / CE chips. The Cbiofilm has 

been found to be particularly sensitive to the changes produced by the biofilm 

degradation. EIS measurements have shown correlation with Optical Microscopy 

images of mature biofilms before and after the infection process. Also the thickness of 

the biofilms (from CSLM) and the number of attached cells (from sonication and 

plating on agar) coincide with EIS data. The Cbiofilm has shown sensitivity both to the 

concentration of bacteriophages in the culture and to the time of incubation of the 

electrodes in the phages suspension. However, no differences have been obtained when 

using rich or minimal media during the infection process. This approach has been 

successfully applied to the detection of coliphages in real samples from an urban 

sewage treatment plant. 
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CHAPTER 7: DEVELOPMENT OF AN IMPEDIMETRIC 

APPROACH FOR THE QUANTIFICATION OF SUSPENDED 

BACTERIA USING ELECTROCHEMICAL IMPEDANCE 

SPECTROSCOPY 

This Chapter describes an impedimetric approach for bacterial quantification, especially 

at low concentration, based on the measurement of the initial attachment of bacteria to 

platinum surfaces. Escherichia coli (E. coli) were chosen as model bacteria for the 

development of the quantification method. In a few words, the value of the interface 

capacitance, modelled as a the interface Constant Phase Element (CPEi), in the pre-

attachment stage (before 2 min of attachment) showed correlation with suspended 

concentration of bacteria from 101 to 107 Colony Forming Units per mL (CFU mL-1). 

This method was found to be sensitive to the attachment time, to the applied potential 

and to the size of the counter electrode. The sensor life-time was also evaluated. This 

work has been partially published in Biosensors and Bioelectronics (Annex II)1. 
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7.1 INTRODUCTION 

Bacteria are small prokaryotic and unicellular microorganisms with a huge variety of 

resources to adapt to any metabolic restriction and environmental condition. Thus, 

bacterial species can be found adapted to live elsewhere (air, water or soil) as free cells 

(planktonic cells) or in communities, such as biofilms2. The determination of the 

concentration of planktonic bacteria in liquids is important in different areas3. On the 

one hand, the monitoring of the concentration of suspended bacteria is especially 

relevant in the fermentation industries where a strict control of the concentration of cells 

in the incubator is necessary during the fermentation process. On the other hand, the 

presence of bacteria, even the non-pathogenic ones, is very restricted in other areas, 

namely the environmental monitoring, the food and the beverage industries and the 

clinical chemistry. For instance, the presence of non-pathogenic bacteria is limited to 

102 CFU mL-1 in drinking waters4. Thus, these areas require fast and simple detection 

methods for the continuously quantification of planktonic bacteria in liquids, especially 

at low concentrations. 

 

Conventional methods for the detection of viable bacteria typically rely on the culture-

based assays. With the advent of modern molecular biological techniques, many new 

approaches have been investigated for this purpose, such as bioluminescent assays5, 

Fluorescent In Situ Hybridization (FISH)6, optical tweezers7, nucleic acid amplification 

method (Polymerase Chain Reaction, PCR)8, Reverse Transcription-Polymerase Chain 

Reaction (RT-PCR)9, 10 and Nucleic Acid Sequence-Based Amplification (NASBA)11. 

Although these methods can offer high sensitivity, they are either time-consuming or 

relying on laboratory facilities, which limit their application for rapid operation and on-

site analysis. In recent years a number of new methodologies have been applied to the 

detection of planktonic bacteria. These include Voltamperometry3, Micromechanical 

Oscillators12 and Quartz Crystal Microbalances (QCMs)13. These methods showed good 

sensitivities (around 102-103 CFU mL-1) with short measurement times (between some 

minutes to hours depending on the method). However, their main drawback can be 

found by considering the complexity of the assay, which frequently requires the 

manipulation of fragile or biologically delicate materials. 
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This Chapter describes a simple and fast impedimetric approach for monitoring the 

concentration of suspended E. coli based on the changes produced in the electrode-

solution interface by the early bacteria attachment. The effect of the counter electrode 

size in the measurement, the influence of the applied potential and the aging of the 

sensor are also investigated.  

7.2 EXPERIMENTAL 

This Section details the Electrochemical Impedance Spectroscopy (EIS) experimental 

protocol used for the determination of the suspended bacteria concentration. The 

biological samples were prepared as described in Chapter 4 (Section 4.2.3). 

7.2.1 Impedimetric quantification of suspended bacteria concentration  

Bacterial suspensions were introduced in the electrochemical cell, containing the 

working electrode / counter electrode (WE / CE) chip and an external Ag|AgCl 

reference electrode (RE), which was thermostatically kept at 4 ºC. EIS measurements 

were made 50 s after adding the bacterial suspension under the experimental conditions 

detailed in Chapter 3 (Section 3.3.1). After measuring, chips and the electrochemical 

cell were cleaned with distilled water and sterilized with ethanol. 

7.3 RESULTS AND DISCUSSION 

7.3.1 Fitting and interpretation of impedance spectra 

Z-View software was used to fit EIS data to the equivalent circuit previously described 

in Chapter 4 (Section 4.3.1) and shown in Fig. 7.1.  
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Fig. 7.1 Representation of the impedance modulus (|Z|) versus the frequency for E. coli at a 

concentration of 101, 104 and 107 CFU mL-1 after 50 s of attachment (points in the plot). 

The EIS spectra were fitted to the equivalent circuit shown inset (line in the plot), which 

contains the capacitor associated to the reference electrode (Cref), the solution resistance 

(RS) and the CPEi. These parameters are included in the plot in the frequency range where 

they appear. 

Fig. 7.1 shows EIS measurements for 101, 104 and 107 CFU mL-1 suspensions 50 s after 

adding these solutions to the electrochemical cell. The change in the impedance 

modulus in the region of the CPEi with bacterial concentration can be clearly seen. 
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7.3.2 Effects of the very early stage attachment (at 50 s) on the CPEi magnitude 

(Ki): quantification of suspended bacteria  

The effect of the bacteria attachment to the surface of platinum WE / CE chips during 

the very early attachment stage (or pre-attachment step) was measured using EIS as 

previously detailed.  

 

Fig. 7.2 shows the effect of the bacteria concentration on the CPEi after 50 s of 

attachment. At this point, the Ki increases with the concentration (rather than decreases 

as seen at longer times) with an evident correlation from 101 to 107 CFU mL-1.  

Fig. 7.2 Representation of the Ki versus the E. coli concentration after 50 s of incubation. 

The changes produced in Ki by bacteria attachment and the differences with later steps 

have been discussed in Chapters 4 and 5. Briefly, at the pre-attachment stage, bacteria 

can be considered to be behaving as simple charged colloidal particles. The introduction 

of these charged particles, bacteria, and their associated counter-ions affects the double 

layer at the electrode interface, especially in terms of distance between layers: attached 

bacteria at the pre-attachment stage are thought to decrease the Debye length at the 

electrode double layer, causing an initial increase in CPE.  
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7.3.3 Analysis of the effect of the counter electrode size in the determination of the 

Ki at the pre-attachment stage  

In this section, the effect of the CE size in the CPE magnitude at the pre-attachment 

stage was evaluated. Two platinum CEs of 1.4 mm2, 3 times bigger than the WE (case 

A), and 117 mm2, more than 200 times bigger (case B) were compared following the 

experimental conditions described above. The measured Ki was normalized using Eq. 

7.1. In the equation, Ki(c) is the value of CPE for any concentration of bacteria and 

Ki(wb) is the value of CPE in absence of bacteria. 
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As shown in the previous Section, the Ki increased at the pre-attachment stage as a 

consequence of a decrease in the Debye length at the electrode double layer. The double 

layer of both working and counter electrodes contributes to the CPE magnitude, as 

shown in Eq. 7.2 which considers the in series combination of both capacitances (Cdl(WE) 

and Cdl(CE), respectively for the WE and the CE)14: 
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The use of CEs of different area changes the value of the Cdl(CE), whose magnitude 

increases with the size of the area, as follows:  
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ε0 is the permittivity of the free space, εdl(CE) is the permittivity of the CE double layer, 

ACE is the CE area and ddl(CE) is the distance between layers of the CE double layer. 

Thus, the size of the CE area considerably modulates the value of Cdl(CE) in the CPE, 

varying from approximately the 50 %, when WE and CE have a similar size (case A), to 

practically 0 % (CPEi ≈ Cdl(WE)), when a very large counter electrode is used (case B).  
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Experimentally, the normalized magnitude of the CPE was much bigger in the case B, 

when it only depended on the Cdl(WE), than in the case A, especially at high 

concentrations, as shown in Fig. 7.3.  

Fig. 7.3 Representation of the normalized Ki versus the logarithm of the suspended 

concentration using different CEs sizes. Case A: 1.4 mm2. Case B: 117 mm2. 

In Chapter 4, bacteria were preferably attached to the WE and only a few cells were 

found attached to the CE, probably because of the fact that both CE and bacteria were 

negatively charged. The low level of attachment found on the CE suggests small 

changes in the Cdl(CE) and coincides with the smaller magnitude of the CPE recorded 

when it is highly influenced by the Cdl(CE) (case A).  

7.3.4 Influence of the magnitude of the potential applied on the WE during the pre-

attachment stage 

The pre-attachment stage, mainly governed by electrostatic forces, can be modulated by 

applying a potential to the WE. In this Section, three applied potentials (0, +0.19 and 

+0.30 V vs. Ag|AgCl) were explored under the experimental conditions described 
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previously in order to determine the influence of the potential in the pre-attachment 

process. 

 

Experimental data plotted in Fig. 7.4 showed that, for the same bacterial concentration, 

the normalized Ki increased when applying more positive potentials.  

Fig. 7.4 Representation of the normalized Ki versus the suspended bacteria concentration 

after applying three different potentials, namely 0, +0.19 and +0.30 V vs. Ag|AgCl, over 

the WE surface. 

The increase of the CPE, which can be thought to be caused by an increase in the 

number of attached cells, suggested that positive charges on the WE favoured the 

attachment of bacteria. Thus, the pre-attachment process, governed by electrostatic 

forces, can be understood as the attraction of positive surfaces and bacteria, which are 

negatively charged for the presence of ionized phosphate and carbonate groups in their 

outer membranes2. Potentials above + 0.6 V vs. Ag|AgCl could not be explored. These 

potentials showed a big variability in the recorded data, probably caused by the 

formation of non-stoichiometric platinum oxides of low stability15. 

log C / log CFU mL-1

0 1 2 3 4 5 6 7

∆ K
i

-10

0

10

20

30

40

∆Ki = (11 ± 7) log C - (2 ± 15)
r2 = 0.960

∆Ki = (4 ± 2) log C - (1 ± 7)
r2 = 0.969

∆Ki = (1.2 ± 0.5) log C - (1 ± 2)
r2 = 0.948

+0.30 V
+0.19 V
0 V

 



CHAPTER 7: DEVELOPMENT OF AN IMPEDIMETRIC APPROACH FOR THE QUANTIFICATION OF SUSPENDED BACTERIA 

 127

7.3.5 Aging of the sensor  

The sensors capacity to monitor bacteria attachment in the pre-attachment step was 

investigated. The aging of the sensors was determined by repeating the calibration 

process described in Section 7.3.2, which included 24 single EIS measurements (8 

samples, including the medium without bacteria used as control, measured in triplicate), 

during consecutive days. Between assays, sensors were stored dry and clean in the 

optimum condition to preserve the superficial properties. 

Fig. 7.5 Representation of the normalized Ki versus the logarithm of the suspended bacteria 

concentration for the same sensor during four consecutive days. 

As shown in Fig. 7.5, sensors progressively lost their capacity to measure the changes 

produced in the magnitude of the CPE by bacteria attachment. Although the sensors 

sensitivity, in terms of slope of the calibration curve, remained practically constant after 

the three first days, the experimental limit of detection shifted to higher concentrations. 

The decrease in the sensor limit of detection with consecutive measurements is thought 

to be caused by the presence of membrane fragments, protein layers and 

exopolysaccharide layers, from death cells or secreted by bacteria, on the electrodes 

surface. The presence of these molecules would increase the distance between the 

electrode surface and the adhering bacteria thus decreasing the limit of detection of the 
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electrode. After 4 days, sensors completely lost their capacity to discriminate between 

different concentrations and a flat calibration curve was obtained. The maximum 

number of measurements sensitive to the changes produced by bacterial attachment was 

shown to be close to 80.  

7.4 CONCLUSIONS 

In this Chapter, EIS has been used for the quantification of suspended bacteria. The 

magnitude of the interface CPE has been correlated with the concentration of suspended 

bacteria at the pre-attachment stage (after 50 s of attachment). The sensitivity of the 

CPEi has been enhanced by applying more positive potentials on the WE which 

favoured bacterial attachment. In terms of aging, sensors have been shown to lose the 

capacity to discriminate between concentrations with time, especially at low 

concentrations. 
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CHAPTER 8: APPLICATION OF THE ELECTROCHEMICAL 

IMPEDANCE SPECTROSCOPY TO THE REAL-TIME 

MONITORING OF BACTERIA CULTURES 

This Chapter describes the application of the impedimetric approach previously 

described to the monitoring of the concentration of real bacterial suspensions using 

platinum electrodes. Escherichia coli (E. coli) was chosen as model bacteria again. 

Briefly, the interface Constant Phase Element (CPEi), previously found to be very 

sensitive to the suspended concentration after short exposure times, was used for the 

quantification of bacteria samples directly extracted from the incubator. The effect of 

bacteria and metabolites in the CPEi magnitude was checked. Electrochemical 

Impedance Spectroscopy (EIS) measurements of E. coli cultures showed correlation 

with classical methods, namely plating onto agar, Optical Density and Epifluorescence 

Microscopy. Part of this work has been recently submitted for publication in Applied 

and Environmental Microbiology (Annex VI)1. 
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8.1 INTRODUCTION 

The control of the bacterial population is very important in different areas, particularly 

in the environmental monitoring and in the fermentation, the food and the beverage 

industries. These fields require simple, fast and real-time systems for the monitoring of 

planktonic bacteria, especially at low concentrations2. The classical method for the real-

time monitoring of bacteria growth was based on the change in the Optical Density of 

the culture medium when bacteria grow3. Because of its experimental simplicity and 

fast response, some commercial instrumentation has been developed based on this. 

However, the low sensitivity, the detection limit [around 105 Colony Forming Units per 

mL (CFU mL-1)] and the interferences, particularly the air bubbles, extremely limits its 

application.  

 

From an electrochemical viewpoint, EIS has become widely used for the study of 

biological systems and especially for the monitoring of suspended bacteria 

concentration. From the earlier 1950s, H. P. Schwan used the EIS to characterize the 

dielectric properties of cell suspensions and tissues4. EIS measurements show that the 

small conductivity of the cellular membranes, particularly at low frequencies (below 

100 kHz), impedes the current to flow through the cells and thus, they behave as non-

conducting particles. This decrease of conductivity was found proportional to the 

volume fraction of cells present in the sample and later studies used it to quantify 

biomass5-7. The linearity of the probe response extends from 2 to 100 mg dry weight per 

mL, nearly 103 CFU mL-1 in the case of bacteria.  

 

In the 1970s-1980s, Cady and Firstenberg-Eden started to use EIS to measure the 

changes of conductivity caused by bacteria metabolism and used it to finally quantify 

biomass8, 9. Bacteria can be simplistically considered as units that convert uncharged 

particles into smaller and highly charged molecules, which excrete to the medium 

increasing its conductivity. They, and more recent authors, used this decrease in the 

magnitude of the impedance, due to this conductivity increase, to monitor bacterial 

metabolism10-15. However, the quantification was somewhat difficult to understand. The 

production of charged molecules depends on the number of active cells. Bacteria in 
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media are continuously duplicating thus increasing their concentration with time. When 

the concentration of bacteria exceeds 105 CFU mL-1, the change of the conductivity due 

to bacteria metabolism can be detected using EIS. The time necessary to reach this 

boundary concentration depends both on the duplication time of the species and on the 

initial concentration of the sample. Hence, for the same specie, the measurement of this 

time was proportional to the bacteria concentration initially present in the sample. 

However, the time required to obtain a measurable change in the EIS magnitude was 

very long for low concentrations, expanding to more than 24 h for samples of 1 CFU 

mL-1.  

 

This Chapter describes a simple and fast impedimetric approach for monitoring the 

concentration of real bacteria samples from an incubator, based on the changes 

produced in the electrode-solution interface by the early bacteria attachment on 

platinum electrodes. The influence of the cells and the metabolites in the EIS 

measurement is also investigated. 

8.2 EXPERIMENTAL 

This Section details the bacterial strains and the experimental condition of the bacteria 

incubator. Also the protocol for the aseptic acquisition of bacteria suspensions from the 

incubator and the pre-treatment of the samples before measurement is included. EIS 

measurements were made as described in Chapter 7 (Section 7.2.1) under the 

experimental conditions exposed in Chapter 3 (Section 3.3.1). The protocols for the 

Optical Density and the Epifluorescence Microscopy measurements coincided with 

those detailed in Chapter 3 (Section 3.3.6 and Section 3.3.5, respectively).  

8.2.1 Bacteria strains and culture conditions  

E. coli (CGSC 5073 K12) was grown overnight at 37 ºC in AB Minimal Medium 

(ABMM) containing glucose as carbon source. The bacterial concentration was 

measured by plating in Luria-Bertani (LB) medium containing 1.5 % agar, with stock 

concentration at around 109 CFU mL-1. The suspension was then serially diluted down 

to 106 CFU mL-1 in decade steps. Next, 1 mL of the 106 CFU mL-1 suspension was 
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sterilely inoculated into a 1.5 L water-jacketed glass reactor containing 1 L of ABMM. 

The initial concentration of bacteria in the incubator was thus of 103 CFU mL-1. During 

the growth, the incubator was thermostatically kept at 37 ºC with constant agitation and 

aeration. After the inoculation, no nutrients were added into the reactor (batch process). 

Under these conditions, E. coli grew aerobically with a duplication time experimentally 

found to be close to 30 min. 

 

Using the aseptic acquisition system of the reactor, aliquots of 20 mL were sterilely 

extracted every 30 min and directly measured using EIS, Optical Density and 

Epifluorescence Microscopy (after filtration, as specified in the experimental protocol 

for Epifluorescence Microscopy counting, shown in Chapter 3, Section 3.3.6). 5 mL 

were centrifuged for 15 min at 4388 g to separate the metabolites (supernatant liquid) 

from the bacteria cells (pelled). The pellet was cleaned with ABMM twice and finally 

re-suspended in sterile ABMM. Both metabolites and cells samples were then measured 

in separate using EIS. Biological samples were stored at 4 °C to slow growth until 

measurement. All of the manipulations were performed under sterile conditions. 

8.3 RESULTS AND DISCUSSION 

8.3.1 Fitting and interpretation of impedance spectra 

Z-View software was used to fit EIS data to the equivalent circuit previously described 

(Chapter 4, Section 4.3.1). This equivalent circuit was composed of a resistance which 

modelled the behaviour of the electrolytic medium, RS, the interface capacitance, which 

was modelled with a Constant Phase Element to improve the fitting, CPEi, and an extra 

capacitance of small magnitude (experimentally found to be of some nF) associated 

with the presence of an external reference electrode, Cref, which was not sensitive to the 

bacteria concentration. 

 

Fig. 8.1 shows EIS measurements for bacterial suspensions extracted from the incubator 

30 and 270 min after the inoculation of the stock bacterial suspension used as starter. 

Regarding the fitting, the magnitude of the CPEi (Ki-T in the figure) was found to 

change with time as a consequence of bacterial growth in the incubator.  
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30 min of incubation 270 min of incubation 

  

  

 
Fig. 8.1 Admittance complex plane plot for bacterial suspensions extracted from the 

incubator 30 and 270 min after the inoculation of the bacterial starter suspension. The 

experimental EIS spectra (points in the plot), the ideal EIS spectra from the fitting (line in 

the plot) are shown. Also the spectra corresponding to the culture medium without bacteria 

is added in each plot as control (red line). Below, the calculated values and errors of each 

element from the fitting are shown. 

8.3.2 Monitoring of the concentration of real bacterial samples extracted from an 

incubator using EIS: evaluation of the influence of the cells and metabolites in the 

EIS magnitude 

The impedimetric approach previously described in Chapter 7 for the quantification of 

suspended bacteria was applied to the monitoring of real samples extracted from a 

bacteria incubator. Bacterial growth was measured using EIS as described in Chapter 7 

(Section 7.2.1) under the experimental conditions detailed in Chapter 3 (Section 3.3.1).  

 

The most relevant results are shown in Fig. 8.2. It has to be noted that, after the fitting, 

the measured CPE magnitude (Ki) was normalized using Eq. 8.1. Ki(it) is the value of 
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CPE at any incubation time and Ki(m) is the value of CPE of the culture medium in 

absence of bacteria: 
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Fig. 8.2 Representation of the normalized Ki versus the incubation time for total samples 

containing both cells and metabolites (total samples), samples containing only metabolites 

(metabolites samples) and samples containing only cells (cells samples).  

A constant RS value was obtained with time for total samples (samples containing both 

suspended cells and metabolites), cells samples (samples containing re-suspended cells) 

and metabolites samples (samples mainly containing metabolites) with a magnitude of 

445 ± 19 Ω. Sample conductivity was measured separately with a conductance meter 

and found to be sample invariant, which confirmed that, under the experimental 

conditions previously exposed, the conductivity of the medium did not vary with the E. 

coli growth (or with the metabolites production).  

 

However, the Ki changed with time by total and cells samples, although the correlation 

with time, and thus with bacteria concentration, was found to be better by total than 

cells samples, probably because of the centrifugation step. The increase in CPE 
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coincided with that reported in Chapters 4, 5 and 7. In those cases, the attachment of 

bacteria, considered to be behaving as simple charged colloidal particles during the very 

early attachment, was thought to modify the structure of the double layer at the 

electrode interface. Particularly, bacteria attachment to the electrode surface may 

decrease the Debye length at the electrode double layer, causing the initial increase in 

CPE.  

 

In the case of metabolites samples, the random oscillation of the Ki was caused by the 

presence of bacteria since the variation disappeared after filtration in 2 µm pore size 

GTBP filters. Thus, the metabolites produced by E. coli during bacteria growth, under 

the experimental conditions here exposed, did not modify the CPEi either.  

Fig. 8.3 Representation of the normalized Ki with the logarithm of the suspended 

concentration of bacteria. This calibration curve was used for converting capacitance values 

into bacteria concentrations. 

Using the calibration curve shown in Fig. 8.3, EIS data from total and cells samples 

were converted into concentration values. It has to be emphasized that both experiments 

(calibration curves and EIS data from total and cell samples) were comparable since 

both of them were made using the same bacteria, culture medium, equipment, 

experimental conditions and identical platinum electrodes.  
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Fig. 8.4 Representation of the predicted bacteria concentration magnitude (obtained from 

total samples measured using EIS) against the expected ones (from plating on agar). The 

dotted line represents the theoretical comparison line y = x. 

 
Fig. 8.5 Representation of the predicted bacteria concentration values (from cells samples 

measured using EIS) against the expected ones (from plating on agar). The dotted line 

represents the theoretical comparison line y = x. 
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The global behaviour of the new impedimetric approach in the determination of bacteria 

concentration for total and cells samples was evaluated by plotting the predicted values 

(from EIS) against the expected ones (from plating on agar) (see Fig. 8.4 and Fig. 8.5). 

A good method should display comparative lines with high correlation and a slope equal 

to one with zero intercept. As illustrated in Fig. 8.4 and Fig. 8.5, in both cases EIS 

measurements showed good correlation with comparison lines practically 

indistinguishable from the theoretical values. However, better results were obtained in 

the case of total samples directly extracted from the incubator. This fact was probed to 

be caused by the centrifugation process since, as previously shown, part of the cells 

remained in the supernatant after the centrifugation. Thus, the number of bacteria in 

both cells and total samples may not always be the same, which introduced a new 

variability factor in the EIS measurement. 

 

Finally, the Student’s t-test for paired samples was used for checking whether there 

were significant differences between the obtained and the expected values, significance 

being set at 95 %. The tabulated values of the t (ttab), 2.26 and 2.20 for total and cells 

samples respectively, were always found to be bigger than the calculated ones (0.21 and 

0.85 for total and cells samples, respectively). Thus, no significant differences between 

the predicted and the expected values were obtained. Again, better results were achieved 

when using total samples directly extracted from the incubator. 

8.3.3 Comparison of the impedimetric approach with classical Optical Density 

measurements and Epifluorescence Microscopy counting  

Bacteria concentration values from EIS were compared with those obtained from 

Optical Density and Epifluorescence Microscopy measurements. EIS, Optical Density 

and Epifluorescence Microscopy measurements were made as described above. 

Suspended concentration values from EIS data were obtained by interpolating in the 

calibration curve shown in Fig. 8.3, as previously detailed. The suspended concentration 

from Optical Density was also found after interpolation in the calibration curve shown 

in Fig. 8.6. 
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Fig. 8.6 Representation of the absorbance at 550 nm (Abs550) with the suspended 

concentration of bacteria. This calibration curve was used for converting absorbance values 

into bacteria concentrations. 

 
Fig. 8.7 Representation of the variation of the concentration values from EIS, 

Epifluorescence Microscopy and Optical Density measurements with the incubation time.  
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Fig. 8.7 illustrates the comparison between techniques. The experimental data showed 

that the concentration values from Epifluorescence Microscopy and EIS measurements 

were practically identical in the range of concentrations under study (which coincided 

with the linear response range for the impedimetric approach). However, the Optical 

Density was only found to be sensitive to the suspended concentration when exceeding 

5 x 106 CFU mL-1, at least three orders of magnitude more than the other techniques.  

8.4 CONCLUSIONS 

In this Chapter, the EIS has been used for monitoring the concentration of real bacteria 

samples directly extracted from an incubator. EIS measurements have been found to be 

insensitive to the presence of metabolites and only depended on bacteria concentration. 

After interpolation in a calibration curve, concentration values from EIS data have 

shown good correlation with classical methods, namely plating on agar and 

Epifluorescence Microscopy counting. The concentration values from EIS have also 

been found to be comparable with those obtained using Optical Density but with an 

improvement of at least three magnitude orders in the limit of detection.  
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CHAPTER 9: DEVELOPMENT OF AN AUTOMATED FLOW 

SYSTEM FOR THE REAL-TIME MONITORING OF SUSPENDED 

BACTERIA USING ELECTROCHEMICAL IMPEDANCE 

SPECTROSCOPY 

This Chapter describes the design and construction of new Virtual Instrumentation (VI) 

implemented in LabView 7.1 for the real-time monitoring of the suspended bacteria 

concentration using Electrochemical Impedance Spectroscopy (EIS) and platinum 

electrodes. As a summary, a home-made modification of a Sequential Injection Analysis 

(SIA) system was developed both for the transport of microbiological samples from the 

incubator to the electrochemical cell, where they were measured, and for the elimination 

of residues from the cell to a wasting recipient. This work has been recently submitted 

for publication in Measurement Science and Technology (Annex VII)1. 
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9.1 INTRODUCTION 

The use of flow methods in the field of chemical analysis started in the middle of the 

last century for mechanizing the collection of eluted fractions and the sampling step in 

industrial on-line processes2. At the end of the fifties, this objective was enlarged and 

the automation of all the steps of the analytical methodology was attempted by 

incorporating flow detectors in the system. In 1957, Skeegs developed the first practical 

application of flow measurements: the Segmented Flow Analysis (SFA). This approach, 

quickly accepted to perform clinical, environmental, agricultural and industrial analysis, 

used a fluid stream segmentation technique with air segments. In 1975, Ruzicka and 

Hansen developed a new flow analysis technique based on instant discrete sampling by 

injection into a carrier stream to the flow detector3. This approach, called Flow Injection 

Analysis (FIA) system, allowed continuous flow analysis to be performed in a fast, 

much simplified and robust way. The main drawback of this system was the high 

reagent and sample consumption (due to the continuous flow). In order to solve this 

problem, several methodologies have been established such as the fabrication of µFIA4 

or the immobilization of reagents or enzymes in adequate supports5. Although these 

variants solved several aspects, they caused the appearance of new inconveniences.  

 

In 1990, Ruzicka and Marshal proposed a new approach: the Sequential Injection 

Analysis (SIA)6. This system did not use a continuous flow but a single-channel high 

precision bi-directional pump which could stop and revert the flow automatically7. The 

main advantages of the SIA system were the robustness, flexibility and the important 

saving on the consumption of reagents and samples, whereas the low analysis rate was 

its main disadvantage. SIA systems (illustrated in Fig. 9.1), always under the control of 

a Personal Computer (PC), can automate a huge variety of sample manipulation 

sequences without changing the physical characteristics or the configuration of the 

system8. The versatility of the system is basically provided by the multi-port Modular 

Valve Position (MVP). The MVP allows the access to different ports, containing 

samples, reagents, standards, cleaning solutions and the detector. The combination of 

items can be easily adapted to comply with the requirement of any specific analysis, 

which shows the vast potentiality of the SIA system in the on-line measurements9.  
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Fig. 9.1 Scheme of a basic SIA system. 

Currently, SIA systems are well established in the field of chemical analysis and have 

been successfully applied to the beverage and food industries for the monitoring of 

bioprocesses and to immunologic, pharmaceutical and environmental assays10. 

However, new approaches have also appeared recently, such as the Multi-Commuted 

Flow Injection Analysis (MCFIA)11, the All Injection Analysis (AIA)12, the Multi-

Syringe Flow Injection Analysis (MSFIA)7 and the Multi-Pumped System (MPS)13.  

 

This Chapter describes the development of new VI for the real-time and automated 

monitoring of suspended bacteria concentration using both EIS and a flow system 

inspired in a SIA system. 

9.2 EXPERIMENTAL 

This Section describes the bacterial strains and the experimental conditions of the 

reactor. The instrumentation and the processing and programming tools for the control 

of the system and for the acquisition of data are exposed. The description of the 

experimental protocols for the automated sampling and cleaning processes is included. 

EIS measurements were made as described in Chapter 7 (Section 7.2.1) under the 

experimental conditions exposed in Chapter 3 (Section 3.3.1). The protocol for the 
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Epifluorescence Microscopy measurements coincided with that detailed in Chapter 3 

(Section 3.3.5). 

9.2.1 Bacterial strains and experimental conditions  

As it has been detailed in Chapter 8 (Section 8.2.1), the water-jacketed glass incubator 

containing 1 L of AB Minimal Medium (ABMM) was sterilely inoculated with 1 mL of 

106 Colony Forming Units per mL (CFU mL-1) E. coli (CGSC 5073 K12) from an 

overnight culture. The initial concentration of bacteria in the incubator was thus of 103 

CFU mL-1. E. coli was grown in the incubator aerobically at 37 ºC in a batch process 

under the experimental conditions detailed in Chapter 8 (Section 8.2.1). On the other 

hand, a stock solution containing 104 CFU mL-1 in ABMM was prepared by serially 

diluting an overnight culture at around 109 CFU mL-1. The stock solution, stored at 4 ºC 

in the fridge until measurement, was used for the checking of the electrodes as 

described below. All of the manipulations were performed under sterile conditions. 

9.2.2 Instrumentation for the real-time monitoring of bacteria concentration 

In terms of hardware, the modified SIA system and the measurement system are 

schematized in Fig. 9.2. The adaptation of the SIA system was composed of a PC 

controlled Burette 1S (Crison Instruments, Spain) containing a 10 mL syringe and an 8-

way multi-port MVP (Hamilton, Switzerland). The MVP allowed the access to 8 

different solutions, namely the incubator (port 1), the ABMM without bacteria (port 2), 

the stock bacterial suspension (port 3), distilled water (ports 4 and 5), 96% ethanol 

(Panreac, Spain) (port 6), air (port 7) and the wasting recipient (port 8). The 

bidirectional burette assures the accuracy in the management of liquids either to the 

electrochemical cell or to the wasting recipient to be removed. Solutions were 

transported through PolyTetraFluoro-Ethylene (PTFE) tubes (Hamilton, Switzerland) 

with an internal diameter of 0.5 mm. 
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Fig. 9.2 Illustration of the most relevant elements composing the modification of the SIA 

and the measurement systems. 

9.2.3 Control and data acquisition systems 

The Data Acquisition (DAQ) DAQPad-6052E (National Instruments, Texas, USA) 

interface card was used in this application coupled with a 68 pin connector module 

SCB-68 (National Instruments, Texas, USA). The DAQ card, featuring 16 single-ended 

analogue inputs (Analogue-to-Digital Converter, ADC) and 2 analogue outputs (Digital-

to-Analogue Converter, DAC) with 16 bits of resolution to 333 KS/s, 8 digital 

input/output (TTL/CMOS) and computer communication by FireWire (IEEE 1394), 

was interfaced to a 1.4 GHz Pentium III PC running LabView ver.7.1 under Windows 

XP. The DAQ card was integrated in the LabView environment by specific drivers. The 

PC sent orders to the bi-directional burette using the RS-232 serial protocol via the 

COM1 port. On the other hand, the MVP received TTL signals from the DAQ card to 

select one specific input.  

 

The SIA and the measurement systems were synchronized using the Project application 

shown in Fig. 9.3 via trigger signals. This application remained the Impedance Analyzer 

in standby mode until receiving a trigger signal from the DAQ card. The trigger signal 
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was sent 15 s after the complete inoculation of the bacterial suspension to the 

electrochemical cell. At this moment, the Impedance Analyzer was activated and the 

EIS of the suspension was measured as detailed in Chapter 7 (Section 7.2.1).  

Fig. 9.3 Representation of the compendium of commands composing the Project 

application of the FRA-2 software for the synchronization of the SIA-IF and the 

measurement systems via trigger signals. The command DIO!WaitBit remained the FRA-2 

module of the AUTOLAB in standby mode until receiving a trigger signal from the DAQ 

card to the port 1. 

9.2.4 Software structure and hierarchy  

The elements of the SIA system, namely the DAQ card, the MVP and the bi-directional 

burette, were controlled and synchronized with the measurement system with a home-

made VI application implemented in LabView 7.1. This LabView application could be 

understood to be organized in three different levels of hierarchy (Fig. 9.4).  

 

In the first level, the experiment was defined as a sequence of orders that the user 

declared as parameters using the interactive front panel shown in Fig. 9.5. For each 

input of the MVP, the content, the inoculated volume, the time remaining in the 

electrochemical cell and the position in the measurement sequence could be chosen. The 

time between sequences and the number of sequences could also be defined by the user. 

In the second level, each order previously declared was converted into a compendium of 

tasks involving a specific response of the burette and / or the MVP. Finally, in the third 

level, the sequence of commands describing a particular task was executed. Commands 
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are particular programming codes designed to change the status of specific devices, 

basically the burette and the MVP. 

Fig. 9.4 Scheme of the three levels of hierarchy of the LabView application during the 

sequence of experiments. 

Fig. 9.5 Image of the front panel of the application containing the parameters declared by 

the experimental protocol in use. 
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As exposed above, the front panel showed the sequence of the experimental protocol in 

use. It has to be noted that the declared parameters could be changed by the user even 

when the experiment was running. However, these changes were not active in the 

experiment that was currently running but in next cycles.  

9.2.5 Automated sampling and cleaning processes 

Fig. 9.6 shows the automated system used in this application.  

Fig. 9.6 Image of the elements composing the automatic system for the monitoring of 

bacteria concentration. 

Tubes and mobile parts in contact with the microbiological samples were previously 

autoclaved to avoid contamination. In the sampling process, 2 mL culture aliquots were 

automatically extracted from the incubator (port 1) and transported to the 

electrochemical cell using the burette as a pump. This process was periodically repeated 

every 30 min. In the electrochemical cell, the aliquots were impedimetrically measured 

under the experimental conditions detailed in Chapter 3 (Section 3.3.1) 15 s after the 

complete inoculation of the sample. 1.5 min after the complete inoculation of the 

sample (when the EIS measurement were already made), the bacterial aliquot was 

automatically extracted from the electrochemical cell and removed to the wasting 

recipient (port 8).  

PCPC

Impedance Impedance 
analyzeranalyzer

Electrochemical Electrochemical 
cellcell

BuretteBurette

IncubatorIncubator

MVPMVP

ReagentsReagents

HeaterHeater

PCPC

Impedance Impedance 
analyzeranalyzer

Electrochemical Electrochemical 
cellcell

BuretteBurette

IncubatorIncubator

MVPMVP

ReagentsReagents

HeaterHeater



CHAPTER 9: AUTOMATED FLOW SYSTEM FOR THE REAL-TIME MONITORING OF SUSPENDED BACTERIA 

 151

 

The cleaning process was composed of two steps. In the first one, the electrochemical 

cell was sterilized with 3 mL of 96 % ethanol (port 6) for 3 min under constant stirring. 

After sterilization, the cell was cleaned twice with 3 mL of distilled water (ports 4 and 

5) for 8 and 15 min, respectively. This process ensures the practically complete 

elimination of alcoholic traces from the electrochemical cell.  

9.3 RESULTS AND DISCUSSION 

9.3.1 Fitting and interpretation of impedance data 

Z-View software was used to fit EIS data to the equivalent circuit shown in Fig. 9.7.  

Fig. 9.7 Equivalent circuit used for the fitting of the EIS data, which contains the 

capacitance associated to the reference electrode (Cref), the solution resistance (RS) and the 

interface Constant Phase Element (CPEi).  

The CPE magnitude (Ki) from the fitting was then normalized using Eq. 9.1. Ki(t) is the 

value of CPE at any time and Ki(m) is the CPE value for the culture medium without 

bacteria: 
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The obtained ∆Ki(t) was finally interpolated in the calibration curve shown in Fig. 9.8. It 

has to be noted that both experiments (calibration curves and bacteria growth) were 
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comparable since both of them were made using the same bacteria, culture medium, 

equipment, experimental conditions and identical platinum electrodes.  

Fig. 9.8 Representation of the ∆Ki, with the suspended concentration of bacteria. This 

calibration curve was used for converting capacitance values into bacteria concentrations. 

9.3.2 Checking of the electrodes 

The checking of the electrode in use was absolutely necessary to keep the real-time 

system in good working order. With time, the real bacteria concentration in the 

incubator may differ from that value obtained from EIS data as a consequence of the 

aging of the sensor (see Chapter 7, Section 7.3.5). For this reason, at the beginning and 

sometimes in the middle of a sequence of experiments, the magnitude of the CPEi of the 

electrode in use was adjusted to ensure the correct correlation of EIS data with the real 

concentration values. The checking process consisted in adjusting the calibration curve 

to the capacitance values given by the electrode.  

 

Experimentally, 2 mL of culture medium without bacteria (port 2) were inoculated and 

measured in the electrochemical cell. After the cleaning process previously described, a 

stock suspension of 104 CFU mL-1 (port 3) was measured following the same 

experimental conditions and the normalized value for the 104 CFU mL-1 sample, called 

log C / log CFU mL-1

0 1 2 3 4 5 6 7 8

∆K
i

-2

0

2

4

6

8

10

12

14

16



CHAPTER 9: AUTOMATED FLOW SYSTEM FOR THE REAL-TIME MONITORING OF SUSPENDED BACTERIA 

 153

∆Ki(4), was next calculated. This value was compared with that introduced in the 

calibration curve and the curve was shifted and thus adjusted to the electrode in use.  

 

It has to be noted that this adjusting process could be made since, regarding Chapter 7 

(Section 7.3.5), the sensitivity of the electrode (slope of the calibration curve) remained 

invariant despite of the aging of the sensor.  

9.3.3 Comparison of EIS data with bacteria concentration values from 

Epifluorescence Microscopy  

Fig. 9.9 Representation of the bacterial growth curve obtained using EIS and 

Epifluorescence Microscopy by E. coli aerobically growing at 37 ºC with constant stirring. 

The monitoring of the bacteria growth followed the experimental protocol previously 

detailed. EIS and Epifluorescence Microscopy measurements were made as described 

above. In Fig. 9.9, the bacteria concentration from the real-time impedimetric system 

was compared with the real concentration from Epifluorescence Microscopy. The 

bacteria concentration values recorded using both strategies were found to be practically 
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identical until 107 CFU mL-1. Above this concentration, the impedimetric approach lost 

the linearity with bacteria concentration, as previously shown.  

9.4 CONCLUSIONS 

In this Chapter, new VI implemented in LabView environment has been applied to the 

real-time and automatic monitoring of bacteria growth. The VI has been used for the 

management of the adaptation of the SIA system and for the synchronization of both the 

flow and the EIS measurement systems. The concentration values from EIS have been 

found to show concordance with those obtained using Epifluorescence Microscopy until 

achieving a concentration around 107 CFU mL-1. 
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CHAPTER 10: RESOLUTION OF BINARY MIXTURES OF 

MICROORGANISMS USING ELECTROCHEMICAL IMPEDANCE 

SPECTROSCOPY AND ARTIFICIAL NEURAL NETWORKS 

This Chapter describes the resolution of binary mixtures of microorganisms using 

Electrochemical Impedance Spectroscopy (EIS) and Artificial Neural Networks (ANNs) 

for the processing of data. Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus 

aureus (S. aureus) and Saccharomyces cerevisiae (S. cerevisiae) were chosen as Gram-

negative bacteria, Gram-positive bacteria and yeasts models, respectively. As overview, 

the magnitude of the interface Constant Phase Element (CPEi) was found to correlate 

well with the suspended cells concentration when measuring samples that only 

contained single specie of microorganisms. In the resolution of binary mixed 

suspensions, best results were obtained by using back-propagation neural networks 

made up by two hidden layers. The optimal configuration of these layers respectively 

used the radial-basis (radbas) and the log-sigmoidal (logsig) transfer functions with 4 or 

6 neurons in the first hidden layer and 10 neurons in the second one. In all cases, good 

prediction ability was obtained with correlation coefficients better than 0.989 when 

comparing the predicted and the expected values for a set of 6 external test samples not 

used for training. This work has been recently submitted for publication in Biosensors 

and Bioelectronics (Annex VIII)1. 
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10.1 INTRODUCTION 

Microbiological communities that inhabit in natural microenvironments (soil, water or 

air) are commonly composed of mixtures of microorganisms (e.g. bacteria, yeasts, 

fungi, etc.). Even, it is not surprising to find some microorganisms cohabiting together 

in biofilms (coopering or competing)2-4. The current microbiology pretends the 

development of new methods for the fast and simple discrimination, identification and 

quantification of microorganisms from complex and heterogeneous populations.  

 

Quantification of microorganisms in mixed populations has been attempted using 

differential plating, nucleic acid techniques including oligonucleotides probes and 

genotyping5, 6 or enzymatic methods7. Techniques using synthetic rRNA-targeted 

hybridization probes are particularly promising for detection, enumeration and 

identification in situ or after differential plating since their specificity can be adjusted6. 

However, although highly specific, the majority of these methods still require 

considerable experience as well as time and they are therefore less suitable for use in a 

routine laboratory.  

 

The Infrared Spectroscopy, particularly after the development of the Fourier Transform 

Infrared (FTIR) Spectroscopy, has become one of the most widely used techniques for 

the identification, differentiation and classification of mixed microorganism samples8-11. 

With this method, the infrared spectrum of unknown species is compared with all 

spectra present in the spectral reference library and matched to the library strain whose 

spectrum is most similar12. Differences between spectra are generally not visible to the 

naked eye and powerful statistical methods, such as Principal Component Analysis 

(PCA)13, Hierarchical Cluster Analysis (HCA)14, Discriminant Analysis (DA)15, 

Discriminant Function Analysis (DFA)16, Canonical Variate Analysis (CVA)17, K-

Nearest Neighbour (KNN)18, Soft Independent Modelling of Class Analogy (SIMCA)18, 

Partial Least Square (PLC)12 or ANNs19, have to be applied. Although the quantitative 

differentiation of individual species present in a mixed population has been attempted 

using FTIR spectroscopy, the results have not been as good as expected. The main 

drawback was the fact that the quality of the obtained results was found to be especially 
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dependent on the characteristics of the microorganism involved in the quantification 

process12. 

 

ANNs are intelligent chemometric tools able to predict samples that have not been 

processed initially and then classify or quantify them, in much the same way as humans 

use the sense of taste20. An ANN is not based on an explicit algebraic model, but rather 

on a set of activation units, known as neurons or nodes, which are connected to each 

other in the form of a network21. Feedforward multilayer perceptron neural networks 

were used for modelling the sensors, which structure consists of an input layer (which 

feeds the input signals to the succeeding layer), a hidden layer (that receives, processes 

and sends the filtered signals to the next layer), and an output layer, which links the 

ANN to the outside world and supplies the processed information. The information is 

processed through a transfer function in each neuron. In the hidden layer the function is 

usually sigmoidal, such as logsig or tan-sigmoidal (tansig), while in the input and output 

layers it is typically linear22. In order to train the ANN it is necessary to determine the 

magnitude of interaction (weights) between neurons, that is, to establish how changes 

among the weights of one layer lead to variations in those of the succeeding one. This is 

achieved using back-propagation techniques, which aim to find the weights that 

minimise the error function. The calculation can be performed using training 

algorithms, such as Gradient Descent with Momentum (GDM) or Levenberg-Marquardt 

(LM). Further, chemometric tools, namely ANNs and PLC, were probed to be capable 

to resolve EIS data23, 24.  

 

This Chapter describes the resolution of binary mixtures of microorganisms 

(quantitative differentiation of individual microorganisms in mixed samples), using EIS 

and ANNs. In this case, the binary combinations of P. aeruginosa (Gram-negative 

bacteria model), S. aureus (Gram-positive bacteria model) and S. cerevisiae (yeasts 

model) were resolved. 

10.2 EXPERIMENTAL 

This Section describes the preparation of mixed microbiological samples. The 

modelling of EIS data using ANNs is also detailed. EIS measurements were made 
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following the protocol exposed in Chapter 7 (Section 7.2.1) under the experimental 

conditions exposed in Chapter 3 (Section 3.3.1). 

10.2.1 Preparation of the microbiological mixed suspensions  

Microorganisms were grown in separate under optimal experimental conditions in 

specific culture media, namely AB Minimal Medium (ABMM) for P. aeruginosa, 

Luria-Bertani (LB) medium for S. aureus (ATTC 6530) and the universal medium for 

yeasts DSMZ 186 (DSMZ, Germany) for S. cerevisiae. Bacteria were grown overnight 

at 37 ºC but yeasts, with a longer duplication time, required at least 48 h growing at 30 

ºC to reach an initial concentration of around 109 Colony Forming Units per mL (CFU 

mL-1). Cells were then isolated and cleaned. 10 mL of culture medium were centrifuged 

for 15 min at 1600 g. The supernatant liquid was removed and cells (the pellet) were re-

suspended in 5 x 10-3 M KCl. The process was repeated twice in order to remove 

metabolic products, membrane fragments and cytoplasmatic proteins. The final pellet 

was re-suspended in 10 mL of 5 x 10-3 M KCl and then counted using plating on agar 

containing LB medium. The suspension was then serially diluted down to 1 CFU mL-1 

in decade steps.  

 

The mixed response to P. aeruginosa and S. aureus, to P. aeruginosa and S. cerevisiae 

and to S. aureus and S. cerevisiae was evaluated. A total amount of 22 mixed 

suspensions were manually prepared, with values selected randomly that completely 

covered the linear range of response of each microorganism. Before measurement, 

biological samples were stored at 4 °C to slow growth. All of the manipulations were 

performed under sterile conditions. 

10.2.2 ANN modelling 

ANNs were used to model the combined response of three binary mixtures of 

microorganism and the response to these cells was modelled with 22 manually prepared 

mixed suspensions, whose values were selected randomly, as previously detailed. 22 

samples were proved to be enough to model correctly the combined response of two 

species and considered sufficient examples of interactions among them25.  
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The whole EIS spectrum, recorded after 50 s of attachment (see Chapter 7, Section 

7.2.1), was treated with ANNs as a calibration tool. The total set of samples was 

randomly divided into two subsets: (1) the training set (75 % of EIS spectra), which 

served to determine the model’s parameters, and (2) the test set (25 % of EIS spectra), 

which enabled the model’s predictive ability to be evaluated26.  

 

Calculations were made by developing the corresponding programs in MATLAB 

(MATLAB 6.1, Mathworks, USA) which employed its Neural Network Toolbox 

(Neural Network Toolbox 4.0.2, Mathworks, USA). In all cases, the ANNs used were 

feedforward networks and were trained using back-propagation algorithms, viz. 

Bayesian Regularization (BR), specially efficient with small data sets, given it does not 

employ an internal validation subset27. 

10.3 RESULTS AND DISCUSSION 

10.3.1 Determination of the calibration curves for each microorganism using EIS 

EIS data for each individual microorganism in a range of concentrations from 101 to 109 

CFU mL-1 were fitted using the Z-View software to the equivalent circuit shown in Fig. 

10.1. 

Fig. 10.1 Equivalent circuit used for the fitting of the EIS data, which contains the 

capacitance associated to the reference electrode (Cref), the solution resistance (RS) and the 

CPEi.  
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Fig. 10.2 Representation of the normalized magnitude of the interface capacitance, ∆Ki, 

with the suspended concentration of S. aureus, P. aeruginosa and S. cerevisiae. This 

calibration curve was used for obtaining the linear range of response of each 

microorganism.  

 
The CPE magnitude from the fitting was then normalized using Eq. 10.1. Ki is the value 

of CPE at any concentration and Ki(m) is the value of CPE of the culture medium in 

absence of bacteria: 
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Fig. 10.2 shows the correlation of the normalized CPEi magnitude with the suspended 

concentration of each individual microorganism. 

 

Following the discussion exposed in Chapters 4 and 7, all of these microorganisms 

showed capacity to attach to the platinum electrode surface and thus modifying the 

structure of the electrode-solution interface. However, the magnitude of the response 

differed between microorganisms. EIS was found to be extremely sensitive to the 

changes produced in the interface structure by S. cerevisiae attachment in a vast range 
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of concentrations, from 101 to 108 CFU mL-1. This may be associated to the fact that 

yeasts are much bigger than bacteria and may produce deeper changes in the interface 

structure when attaching. Regarding to bacteria, the impedimetric approach was more 

sensitive (in terms of slope of the calibration curve) to the changes caused by S. aureus 

than those caused by P. aeruginosa. An explanation of this fact could be obtained by 

considering the composition of the external membranes of these bacteria: the presence 

of teichoic acids, highly charged molecules, in the external layers of S. aureus may be 

thought to cause deeper changes in the interface structure than the lipopolysaccharides 

that surround P. aeruginosa.  

 

Although experimental data showed differences between microorganisms, they were not 

visible to the naked eye and powerful statistical methods were applied, specifically 

ANNs. 

10.3.2 Building of the response models and interpretation of ANNs results  

As stated above, three sets of 22 mixed suspensions were prepared in order to build the 

response models. The concentration range was chosen to practically coincide with the 

linear response range of each microorganism to the impedimetric method in use, 

commonly avoiding the boundary values. Thus, regarding the previous calibration 

curves, the ranges from 101 to 106 CFU mL-1, 102 to 106 CFU mL-1 and 101 to 107 CFU 

mL-1 were respectively selected for S. aureus, P. aeruginosa, and S. cerevisiae. Each set 

of samples was then randomly subdivided into two different subsets, namely training 

and test, which comprised 16 and 6 points, respectively. It has to be noted that the 

extreme values were reserved for the training subset to avoid the adjusted ANN to 

extrapolate these points out of the obtained model. 

 

In the impedimetric approach here described, the CPEi was found to correlate with the 

concentration of microorganism, whereas resistive elements, such as the RS, remained 

invariant. Thus, the imaginary component of the 22 impedance spectra (Z’’) 

corresponding to each binary mixture of microorganisms was considered as the input 

vector in the ANN (a total of 30 values, corresponding to the 30 scanned frequencies), 
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being the corresponding concentrations the targets that the modelling should reach. Fig. 

10.3 shows the schematic way of action of the proposed ANN modelling. 

Fig. 10.3 Scheme of the approach used in the study. Each Z’’ was taken as input in the 

ANN. Appropriate training was made until the targets were reached within the established 

errors. 

In order to choose the ANN that best fulfilled this purpose, different structures with 

supervised learning were considered. In all cases, some features of the structure were 

established in advance: 30 neurons in the input layer (one for each Z’’), two neurons in 

the output layer (one for each microorganism to be quantified in the binary mixture) and 

linear transfer functions in both input and output layers. The use of two hidden layers 

was found to be necessary when modelling EIS data24. Thus, the evaluated structures 

always had two hidden layers with a variable number of neurons (from 3 to 6 in the first 

hidden layer and from 3 to 20 in the second one). Finally, all possible combinations of 

transfer functions (tansig, logsig and radbas) in both hidden layers were tested. 
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The modelling capacity of the ANN was evaluated in terms of the Root Mean Squared 

Error (RMSE): 
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       (10.2) 

 

where n is the number of samples (2n, as many as two species were determined) and cij 

and ĉij are the expected concentration value and that provided by the ANN, respectively, 

for each compound, with i denoting samples and j species. 

 

Table 10.1 shows the magnitude of the RMSE for some relevant tested combinations. It 

has to be emphasized that, for each tested combination, the RMSE magnitude was an 

average from three reinitialisations of the ANN. Before reinitializing, the weight values 

were reset and fixed to random values. Thus, the ANN was retrained to see if the model 

converged in similar situations or whether it reached local minima. 

Table 10.1 Obtained RMSE values for different combinations of transfer functions in the 

hidden layers and number of neurons in these layers. 

Neurons number  
(hidden layer 1-hidden layer 2) 

Transfer function  
(hidden layer 1-hidden layer 2) 

RMSE  
(log CFU mL-1) 

S. aureus – P. Aeruginosa mixed samples 

4-10 radbas-logsig 0.8196 

5-10 radbas-tansig 1.1871 

3-15 radbas-logsig 1.1605 

6-20 logsig-tansig 2.2085 

S. aureus – S. cerevisiae mixed samples 

3-5 radbas-tansig 2.0050 

4-10 radbas-logsig 1.2530 

5-15 tansig-radbas 1.9926 

6-10 logsig-radbas 2.1557 

P. aeruginosa – S. cerevisiae mixed samples 

3-10 tansig-logsig 2.0553 

4-15 tansig-radbas 2.2239 

5-5 radbas-tansig 1.7902 

6-10 radbas-logsig 1.4337 
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In all cases, lower RMSEs were found when using the radbas and the logsig transfer 

functions in the first and the second hidden layers, respectively. However, the optimum 

number of neurons depended on the case, being 4 and 10 for the first and second hidden 

layers when resolving binary mixtures containing S. aureus (S. aureus - P. aeruginosa 

or S. aureus - S. cerevisiae) or 6 and 10 by binary mixtures of P. aeruginosa and S. 

cerevisiae.  

 

The global behaviour of the modelling system for the external test set was also 

evaluated by plotting the predicted values (from the ANN) against the expected ones 

(from plating on agar). Good models should display comparative lines with high 

correlation, a slope equal to one with zero intercept. Best models were found to coincide 

with those that previously showed low RMSEs. 

 

The regression parameters of the comparative lines between predicted and expected 

values for the optimal ANN configurations are shown in Table 10.2.  

Table 10.2 Correlation between obtained and expected values in training (n = 16) and 

external test (n = 6) sets using the final ANN configuration. 

 Slope 
Intercept 
(log CFU mL-1) 

S. aureus – P. Aeruginosa mixed samples 

S. aureus, r = 0.996 0.96 ± 0.05 0.10 ± 0.15 
Training 

P. aeruginosa, r = 0.998 0.97 ± 0.03 0.12 ± 0.13 

S. aureus, r = 994 1.0 ± 0.2 -0.2 ± 0.5 
Test 

P. aeruginosa, r = 0.996 0.89 ± 0.11 0.1 ± 0.4 

S. aureus – S. cerevisiae mixed samples 

S. aureus, r = 0.999 0.996 ± 0.012 0.02 ± 0.05 
Training 

S. cerevisiae, r = 0.999 0.998 ± 0.005 0.02 ± 0.02 

S. aureus, r = 977 1.0 ± 0.3 -0.2 ± 1.3 
Test 

S. cerevisiae, r = 0.997 1.03 ± 0.11 -0.1 ± 0.5 

P. aeruginosa – S. cerevisiae mixed samples 

P. aeruginosa, r = 0.996 0.94 ± 0.06 0.2 ± 0.2 
Training 

S. cerevisiae, r = 0.988 0.94 ± 0.10 0.2 ± 0.5 

P. aeruginosa, r = 994 0.87 ± 0.14 0.3 ± 0.6 
Test 

S. cerevisiae, r = 0.989 1.0 ± 0.2 -0.2 ± 0.8 
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In all cases, very good correlation was obtained with comparison lines indistinguishable 

from the theoretical values.  

10.4 CONCLUSIONS 

In this Chapter, the combination of EIS and ANNs has been demonstrated to be able to 

quantitatively solve three binary mixtures of microorganisms, namely P. aeruginosa, S. 

aureus and S. cerevisiae. In all cases, best models have been found to be made up by 

two hidden layers, using the radbas transfer function in the first one and the logsig in 

the second one. Configurations with lowest RMSEs have been always found to use 10 

neurons in the second hidden layer. However, the optimal number of neurons in the first 

hidden layer varied depending on the case: 4 when resolving binary mixtures containing 

S. aureus (S. aureus - P. aeruginosa or S. aureus - S. cerevisiae) or 6 by binary mixtures 

of P. aeruginosa and S. cerevisiae. Finally, the predictive ability of the final modelling 

system has been evaluated by comparing the predicted values (from the ANN) against 

the expected ones (from plating on agar). In this case, very good correlation has 

obtained with comparison lines indistinguishable from the theoretical values (slope 

equal to one with zero intercept in the three cases under study).  
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CHAPTER 11: DETERMINATION OF THE ROLE OF SEVERAL 

PROTEINS FROM PHOTORHABDUS LUMINESCENS IN THE 

FORMATION OF BIOFILMS, EARLY ATTACHMENT, 

MOTILITY AND VIRULENCE 

This Chapter describes the determination of the role of some proteins in the formation 

of biofilms, early attachment, motility and virulence using traditional microbiological 

methods and Surface Plasmon Resonance (SPR) for the characterization of the 

attachment capacity. In a few words, the biofilm formation, attachment capacity, 

motility and virulence of some mutants from a Photorhabdus luminescens TT01 (P. 

luminescens TT01) library was determined and compared with the wild-type (non-

mutated strains), whose characteristics were taken as reference. The combination of 

experimental data and DNA-sequence information (when it was possible) were used for 

a tentative prediction of the protein function. This work was carried out at University of 

Bath under the supervision of Dr. A.T.A. Jenkins and Dr. Nick Waterfield during a 4-

month academic visit. 
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11.1 INTRODUCTION 

The bacterial mechanism of surface colonization is known to be a multi-step process 

which entails at least five stages from the initial preconditioning of the surface until the 

biofilm maturation and stabilization. However, the exact mechanism of colonization 

varies depending on the specific bacterium involved1. Although the mechanism of 

biofilm formation of some model bacteria, such as Escherichia coli2 or Pseudomonas 

putida or aeruginosa3-5, has been vastly studied, at the present time it is practically 

unknown for most of other microbe species.  

 

Recently, there is an increasing interest in the colonization process of several bacteria 

species. One of them is P. luminescens, a rod and motile Gram-negative gamma 

proteobacterium that forms mutualistic symbiosis with insect-pathogenic nematodes of 

the family Heterorhabditidae6. Until now, P. luminescens was only the subject of 

intensive study by agricultural scientists because of the role that these bacteria play in 

controlling insects7. However, one specie of Photorhabdus has been identified in some 

human infections and even considered an emerging human pathogen8, 9.  

 

The external structure of pathogenic bacteria plays an important role in their lifecycle 

and infection since the attachment to host tissues, which is mediated by cell surface 

structures, may promote the initial stage of infection in many different organisms10. The 

lifecycle of P. luminescens, illustrated in Fig. 11.1, comprises both symbiotic and 

pathogenic stages and has been extensively described in the literature6, 11. Briefly, the 

free-living infective forms of the nematode, called infective juveniles, seek out and 

physically penetrate insect hosts. Upon reaching the insect blood system (hemocoel), 

bacteria, initially found within the gut of the nematode, are regurgitated. Bacteria start 

releasing a wide variety of virulence factors and toxins and rapidly kill the insect. 

Within the larval carcass, bacteria grow to stationary-phase conditions while nematodes 

develop and reproduce. Next, nematodes and bacteria re-associate and the infective 

juvenile, carrying the bacteria in their intestinal tracts, emerge from the insect carcass in 

search of a new insect host. 
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Fig. 11.1 Representation of the lifecycle of the entomopathogenic nematode 

Heterorhabditis and its bacterial symbiont P. luminescens. 

Only few studies have been focused on the characterization of the structures involved in 

the attachment of Photorhabdus and its relationship with other important features such 

as motility and virulence, although they obtained important results. In the closely 

related Xenorhabdus species, fimbriae are thought to be involved in the establishment of 

the specific association between the bacterium and the nematode gut. Actually, their 

main protein has been only found expressed when the bacteria inhabit the gut of the 

nematode (Phase-I form of the bacteria), whereas it has not been found at detectable 

levels in free Phase-II bacteria12. The fimbriae did not either appear in Scanning 

Electron Microscopy images of negatively stained Phase-II cells. Phase I cells were 

found motile in liquid culture and semisolid agar for the presence of flagella13. In 

contrast, Phase-II bacteria were found to lack both swimming and swarming ability and 

did not produce flagella. Finally, Photorhabdus showed differences in the thickness and 

probably in the composition of the glycocalyx layer depending on the phase-form: 

Phase-I cells possessed a thicker glycocalyx layer than Phase-II cells14. The thickness 
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and the composition of the glycocalyx may be the cause of the different ability of both 

forms of the same bacteria to adhere to the intestinal cells of the nematode.  

 

Mutant libraries are frequently used in molecular biology for the functional analysis of 

proteins15-21. These libraries of mutants can be generated using different methods. For 

example, the transposon mutagenesis, where mutants are generated by introducing 

vectors containing transposons (small sequences of DNA that can move around and 

insert at random sites within the genome of a single cell) into the organism of interest22-

25. In this process, the transposon sequence is randomly inserted in the cell genome 

disrupting one gene which will result the lack of the encoded protein or in a truncated 

(non functional) protein. Classically, the transposon carries an antibiotic marker which 

confers antibiotic resistance, allowing the selection of the appropriate mutants by 

adding specific antibiotics in the medium, although currently other strategies can be 

chosen26.  

 

This Chapter describes the analysis of the role of several proteins of P. luminescens in 

the mechanisms of biofilm formation, early attachment, motility and virulence using 

SPR and microbiological methods. This study required the use of a mutant library of P. 

luminescens TT01 previously generated.  

11.2 EXPERIMENTAL 

This Section describes the microbiological protocols used both in the generation of the 

P. luminescens TT01 mutant library and in the preparation of the microbiological 

samples for their subsequent measurement. The microbiological methods used for the 

evaluation of the biofilm formation, the motility and the virulence of each mutant under 

study are also detailed. The early attachment capacity of each mutant was determined 

using SPR as detailed in Chapter 3 (Section 3.3.2) and following the experimental 

protocol exposed in Chapter 4 (Section 4.2.2).  
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11.2.1 Generation of the P. luminescens mutant library  

P. luminescens TT01 mutants used in the development of the present Chapter were 

kindly supplied by Dr. Nick Waterfield from the University of Bath. These mutants 

were generated using random transposon mutagenesis, following the experimental 

protocol previously detailed by Herrero et al26. The exact position of the transposon 

insertion causing the disruption in the bacterial DNA sequence was localized using 

sequencing techniques, although accurate sequences could not be obtained for all of the 

mutants. Bacterial mutants were stored in the freezer at -80 ºC in 20 % glycerol. 

11.2.2 P. luminescens TT01 cultures  

P. luminescens TT01 mutants were grown overnight in Luria-Bertani (LB) medium at 

30 ºC with constant stirring at 250 rpm. 2 mL of each culture were centrifuged for 3 min 

at 3500 g. The supernatant liquid was removed and cells (the pellet) were re-suspended 

in Phosphate Buffered Saline (PBS). This process was repeated twice to ensure the 

complete cleaning of the cells and the elimination of metabolites, membrane fragments 

and debris from the final sample. Next, the pellet was finally re-suspended in PBS and 

cell growth was estimated by measuring the Optical Density of the suspension at 600 

nm. From the calibration curve, 1 Unity of Absorbance (UA) at this wavelength was 

found to be equivalent to a concentration of 109 Colony Forming Units per mL-1 (CFU 

mL-1) of P. luminescens. Regarding this equivalency, bacteria suspensions were then 

diluted down to 108 CFU mL-1. All manipulations were performed under sterile 

conditions. 

11.2.3 Determination of the biofilm formation ability of different P. luminescens 

TT01 mutants 

Experimentally, the biofilm formation was induced by introducing 1 mL of the 

overnight culture of each P. luminescens TT01 mutant in a vial containing 20 mL of a 

culture medium poor in nutrients. As shown in Fig. 11.2, under these experimental 

conditions, bacteria made up thick and stable biofilms in the air-liquid interface.  
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The biofilm formation ability was evaluated by comparing some interesting features of 

the mutant biofilms under study with those shown by the wild-type biofilm. Thus, the 

colour, the thickness and the porosity of the mutant biofilms were monitored with time 

and compared with the properties of the wild-type biofilm, which were taken as a 

reference.  

Fig. 11.2 Image of the vial where the wild-type biofilm was grown in the air-liquid 

interface. 

11.2.4 Evaluation of swimming motility in the P. luminescens TT01 mutants 

The motility of the mutants under study was evaluated using the swimming process. 

Experimentally, 2 µL of the overnight suspension of each mutant were inoculated in the 

middle of a Petri plate containing diluted Luria-Bertani (LB) nutrient medium and 0.3 

% agar.  

Fig. 11.3 Image of a motility assay where bacteria were moving from the inoculation point 

to the edges of the Petri plate. 
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Initially, bacteria grew in the region of the inoculation eating the nutrients that they had 

closer. When nutrients were insufficient, bacteria moved to richer regions expanding 

from the centre to the edges of the plate. This movement generated concentric circles 

which are illustrated in Fig. 11.3. The diameter of the circle was used to follow the 

motility capacity of each mutant by monitoring its magnitude with time. This value was 

compared with that obtained for the wild-type after the same time growing (mm 

diameter at 6 days post inoculation), which was taken as a reference.  

 

For data interpretation, it has to be noted that the huge number of porous and channels 

in the structure of this low density agar allowed bacteria to swim through the almost-

liquid medium. Although other elements, such as fimbriae, may be though to be 

involved in the swimming motion, this is basically produced by the flagella. 

11.2.5 Determination of the virulence of the P. luminescens TT01 mutants 

The virulence of the mutants under study was evaluated by injecting ten Galleria 

mellonella (larvae of the wax moth) with 10 µL of overnight culture of the mutant of 

interest.  

Fig. 11.4 Image of death (black) and intact (yellow) Galleria mellonella larvae after 

performing the virulence test.  

The virulence of each mutant was determined by counting the number of death larvae 

and was expressed in percentage terms. The virulence was also compared with the wild-
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type bacterium, which was taken as a reference. The counting process was easy since 

death larvae became black because of the necrosis of the tissues, as shown in Fig. 11.4.  

11.3 RESULTS AND DISCUSSION 

11.3.1 Evaluation of initial attachment capacity of the P. luminescens TT01 mutants 

using SPR  

The initial attachment capacity of the mutants under study was evaluated using SPR as 

described in Chapter 3 (Section 3.3.2) by following the experimental protocol detailed 

in Chapter 4 (Section 4.2.2). Fig. 11.5 shows the change of the SPR differential angle 

when monitoring the initial attachment of some P. luminescens TT01 mutants.  

Fig. 11.5 Representation of the differential angle (from SPR measurements) versus time for 

nine P. luminescens TT01mutants and the TT01 wild-type, which was taken as a reference.  

Fig. 11.5 shows that the differential angle measured using SPR changed as a function of 

the attachment time. However, the variation of the angle was found to be very similar in 

most of the mutants and comparable to that obtained when measuring the initial 

attachment of the wild-type. Only B1 and B2 mutants showed an important decrease in 
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the attachment capacity of the bacteria. Small differences in comparison with the wild-

type could also be found in B3 and B6 mutants, with a slightly more attachment 

capacity, and in B4 and B9, with slightly less attachment capacity. 

11.3.2 Interpretation of experimental data for the determination of the role of specific 

P. luminescens proteins  

Biofilm formation, motility and virulence assays were made as detailed in Sections 

11.2.3, 11.2.4 and 11.2.5, respectively. Table 11.1 summarizes some relevant features of 

nine interesting P. luminescens TT01 mutants in terms of biofilm formation, initial 

attachment, motility and virulence.  

Table 11.1 Summary table containing some relevant features of the mutants under study, 

namely the gene disrupted by the mutation, the capacity to build biofilm, the initial 

attachment, the motility and the virulence.  

Sample 
name 

Mutant 
number 

Gene disrupted by 
transposon insertion 

Biofilm 
formation 

Initial 
attachment 

Motility 
(mm 
diameter) 

Virulence 
(% dead 
larvae) 

B1 TTO1:30 
phosphoheptose 

isomerase domain 
no  lower 0.3 lower 

B2 H7 unknown 
pale 

pigmentation 
lower 1.0 not tested 

B3 H4 homologue to tcaC-tail no slightly higher 0.9 not tested 

B4 E3 unknown no slightly lower 0.2 70 % 

B5 A2 small ORF no  normal 1.1 not tested 

B6 G3 enterochelin gene no slightly higher 1.2 not tested 

B8 E11 unknown thin normal 0.9 not tested 

B9 A4 unknown no slightly lower 0.9 not tested 

B10 G1 / G2 
inositol-1-

monophosphatase 
no or very thin normal 1.0 not tested 

TT01  wild type no yes normal 2.0 90 % 

 

This table shows the P. luminescens TT01 mutants and the name of the gene disrupted 

by the transposon insertion. In terms of biofilm formation, all of them built abnormal 

biofilms (thinner and / or differently pigmented than the wild-type) or could not even 

form mature biofilms in the air-liquid interface. Despite of the fact that biofilm 

formation is always thought to be linked to the initial attachment of bacteria, the 



MICROSYSTEMS BASED ON MICROBIAL BIOSENSING 

 180 

capacity of attachment of most mutants remained practically unaltered (only small 

changes were recorded). This fact implied that, for the mutants under study, the 

impossibility to build biofilms may not be caused exclusively by the lack of adhesion 

capacity but by another reason. This reason may be, for instance, their low capacity of 

movement since all of them showed an important decrease in the motility. However, 

this should be tested for each case under study. Finally, the virulence has been only 

tested on two mutants and in both cases it was lower than the wild-type which may 

suggest a relationship between biofilm formation, motility and virulence.  

11.3.3 Analysis of the role of a specific protein when knowing the position of the 

mutation: B1 mutant 

In the determination of the role of the protein suppressed by the mutagenesis process in 

the mutant B1, the experimental data shown in Table 11.1 was considered. As a 

summary, B1 mutant has the transposon insertion in the gmhA gene (plu4004: gene 

name in the fully sequence P. luminescens TT01 genome, see 

http://genolist.pasteur.fr/PhotoList/), encoding a phosphoheptose isomerase. B1 could 

not grow biofilm in the air-liquid interface and its initial attachment, swimming motility 

and virulence were found to be lower than the wild-type. 

 

Phosphoheptose isomerase is a bacterial enzyme involved in the biosynthesis of 

LipoPolySaccharide (LPS), particularly in the synthesis of the inner core domain27, 28. 

LPS, an integral component of the outer membrane of Gram-negative bacteria, consists 

of lipid A attached to a core oligosaccharide, and in some microorganisms, contains an 

O-specific surface polysaccharide which is subsequently attached to the terminal 

residues of the core29, 30. LPS plays an important role in maintaining the structural 

integrity of the outer membrane by interacting with other components of the external 

membrane and providing a physical barrier against the entry of deleterious compounds 

and some bacteriophages.  

 

A clear correlation between the putative function of this protein and the experimental 

data could be established by considering how the modification of the outer membrane 

structure in bacteria could change their ability to form biofilms, to attach or even to 
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move. Regarding experimental data, the changes produced by the mutation in the outer 

layers practically impaired bacterial movement (in terms of swimming). Other structural 

changes in the outer bacteria membranes not directly linked with flagella and currently 

unknown may be the responsible of the decrease in the attachment capacity. Finally, the 

lack of motility and attachment of this mutant would be enough reasons to justify the 

impossibility to perform mature biofilms, although it should be experimentally probed. 

In terms of virulence, LPS have been demonstrated to have a direct relationship with 

virulence31, 32. For this reason, it is not surprising to find that after modifying the 

biosynthesis of LPS, the bacteria virulence also changed. On the other hand, the 

decrease in the bacteria virulence may also be attributed to the previously mentioned 

loss of attachment capacity, which could decrease both bacteria colonization and 

infection capacity. Also other processes may be the responsible of the decrease of 

virulence, such as the modification of the toxins secretion capacity of the bacteria. 

11.3.4 Analysis of the role of a specific protein when the position of the mutation is 

unknown: B4 mutant 

As illustrated in Table 11.1, the B4 mutant has not been sequenced yet and the position 

of its mutation is currently unknown. Experimentally, the B4 mutant could not build 

mature biofilms, although it was found attached around the vial glass in the air-liquid 

interface. Further, the attachment capacity measured using SPR was again found 

practically the same than that obtained by the wild-type (only slightly lower), which 

could suggest that the mutation has not changed the adhesion capacity of the bacteria. 

However, the motility and the virulence of the B4 mutant were lower than that recorded 

for the wild type.  

 

From the experimental data it could be stated that: (1) this mutation did not change the 

bacteria adhesion capacity since it was found practically unaltered when attaching to 

glass or to metallic surfaces and (2) the mutation impaired swimming motility in the 

bacteria possibly by modifying the structure and / or function of the flagella. Thus, the 

other changes recorded, namely inability to form mature biofilms in the air-liquid 

interface and decrease virulence, may be a consequence of the previously exposed 

decrease of movement capacity which may prevent bacteria from both organizing in a 
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complex structure such as biofilm and infecting host cells. The DNA-sequencing of the 

mutation and additional data concerning the structure or the function of the flagella is 

absolutely essential for an accurate prediction of the function of this protein.  

11.4 CONCLUSIONS 

In this Chapter, biofilm formation (in the air-liquid interface) data, attachment capacity 

information (from SPR), motility results (from the swimming process) and virulence 

assays (using Galleria mellonella larvae) of some P. luminescens TT01 mutants have 

been combined for the prediction of the function of some proteins. Although 

characterization of the role of these proteins has been only achieved at a very basic 

level, the combination of techniques used, and particularly SPR, is capable of supplying 

relevant information rapidly and easily. The sequencing of the transposon insertion 

point is essential to find out the mutated gene, and to predict accurately the role of the 

protein under study.  
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CHAPTER 12: CONCLUSIONS 

This Chapter describes the most relevant goals achieved during the development of the 

present thesis to cover the necessities previously exposed in Chapter 2.  



MICROSYSTEMS BASED ON MICROBIAL BIOSENSING 

 186 

The most important aims accomplished during the realization of this thesis have been: 

 

1. Electrochemical Impedance Spectroscopy (EIS) and Surface Plasmon Resonance 

(SPR) have been found to be sensitive methods for the real-time monitoring of bacteria 

attachment, particularly during the very early attachment, and showed good correlation 

with traditional methods.  

 

2. EIS has been demonstrated capable to monitor the formation of biofilms on gold or 

platinum working electrode / counter electrode (WE/CE) chips, especially in the initial 

stages of development, and again with good correlation with classical microbiological 

methods. In terms of biofilm removal, peroxides have been found to be the most 

effective detaching solutions.  

 

3. The detection of bacteriophages has been probed to be possible using EIS when 

following the degradation of mature biofilms grown on the surface of WE/CE chips, 

which data correlated well with Optical and Confocal Microscopy measurements.  

 

4. The change in the EIS magnitude due to bacteria attachment has been shown to 

correlate well with suspended bacteria in a wide range of concentrations [from 10 to 107 

Colony Forming Units per mL (CFU mL-1)] when measuring at the pre-attachment 

stage, concretely measuring after 50 s of attachment.  

 

5. The impedimetric approach previously developed has been demonstrated to be 

capable to monitor real bacteria samples directly extracted from an incubator, with good 

correlation with classical microbiological methods. Further, this impedimetric approach 

has shown an improvement in the detection limit of some orders of magnitude in 

comparison with traditional on-line methods, such as Optical Density. 

 

6. New Virtual Instrumentation (VI) implemented in LabView environment, managing 

the modification of the Sequential Injection Analysis (SIA) system and the 

measurement systems, has been developed and applied to the real-time and automatic 

monitoring of bacteria growth. The concentration values from EIS data showed good 

concordance with those obtained by using Epifluorescence Microscopy until 107 CFU 

mL-1. 
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7. The combination of EIS and Artificial Neural Networks (ANNs) has been probed to 

solve three binary mixtures of microorganisms, namely Pseudomonas aeruginosa, 

Staphylococcus aureus and Saccharomyces cerevisiae with good concordance with 

classical microbiological methods. 

 

8. The combination of biofilm formation data (in the air-water interface), attachment 

capacity information (from SPR), motility results (from the swimming process) and 

virulence assays (using Galleria mellonella) of some Photorhabdus luminescens TT01 

mutants has been shown capable to predict the function of some proteins, although at a 

very basic level.  
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Abstract

This paper describes a new method for measuring the attachment of bacteria, specifically Escherichia coli on platinum electrodes using
impedance spectroscopy. Impedance spectroscopy measurements showed that the double layer capacitance of the electrode was very sen-
sitive both to the concentration of bacteria in the solution and to the attachment time. Impedance measurements of E. coli were com-
pared with classical measurements of bacterial attachment on identical electrodes such as staining/microscopy and bacterial removal by
sonication and plating onto agar. The relationship between the measured impedance of the electrode during attachment and the biophys-
ical processes involved is discussed.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Electrochemical measurements of biological systems
have in general focused on the detection and study of the
enzymatic production or consumption of small molecules,
such as glucose or NADH [1,2] or the direct electrochemi-
cal behaviour of proteins that contain redox active sites,
such as cytochrome P450 [3]. Relative few studies have
looked at larger and more complex biological systems such
as bacteria. For example, in the early 1950s, Schwan stud-
ied the dielectric properties of the cell suspensions and tis-
sues using impedance spectroscopy [4]. Other scientists
related changes in the conductivity of the medium, in which
the bacteria are dispersed, to bacteria metabolism. Bacteria
can be simplistically considered as units that convert
uncharged particles into smaller and highly charged mole-
cules [5–7]. Immunosensors for whole cell detection and
1388-2481/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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quantification have been recently developed [8–11]. The
study of bacterial attachment on solid surfaces is impor-
tant, as many pathogenic bacteria attach and colonise
them, forming highly antibiotic resistant biofilms. For
example, a serious human pathogen, Pseudomonas aerugin-

osa colonises the lungs of persons with Cystic Fibrosis,
often leading to their premature death, and Gram-positive
bacteria such as Staphylococcus aureus are known to infect
medical devices such as urinary catheters leading to infec-
tion [12,13].

The attachment of bacteria to surfaces is generally
thought to be a two stage process: Stage 1 is a fast initial
adsorption phase, governed by physical forces such as elec-
trostatic charges, Brownian motion and van der Waals
forces and it is likely that bacterial swimming, which
requires flagella, is required for initial attachment to allow
the bacteria to overcome these physical forces and come
into close proximity to the surface. Stage 2 of attachment
is a slower cellular phase whereby bacteria tightly adhere
to the surface via pili, binding proteins, polysaccharides

mailto:xavier.munoz@cnm.es
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and fimbriae. The exact adhesion process depends on the
specific bacteria [14].

In this paper, the initial attachment of Escherichia coli

bacteria at a range of concentrations is investigated on
platinum electrodes using impedance spectroscopy. Attach-
ment is the first stage in bacterial colonisation, is relatively
poorly understood since its study requires very sensitive
and preferably real-time instrumentation and methods.
The classical method for studying attached bacteria was
pioneered by Robert Koch, back in the 19th century, where
attached bacteria are stained with a dye and then studied
by optical microscopy. This method is still one of the prin-
cipal bacteriological methods used today. The disadvan-
tage of staining is however that it can be difficult to
accurately quantify the response, especially at low bacterial
concentrations and is an ‘end point’ method. In recent
years a number of new methodologies have been employed
to study bacterial attachment. These include cyclic voltam-
metry [15], surface plasmon resonance [16] and quartz crys-
tal microbalance with dispersion (QCM-D) [17].
Impedance spectroscopy has been previously used to study
bacterial colonisation and biofilm formation [18] but has
not to date, been used to study real-time initial attachment.

2. Experimental

2.1. Electrodes

A platinum disc working electrode (WE) with an area of
0.5 mm2 surrounded by a platinum counter electrode (CE)
of 1.4 mm2 were integrated on a silicon nitride substrate
using sputtering. Electrode production was carried out in-
house at the IMB-CSIC Barcelona. The electrodes were
0.08 mm apart, ensuring near-homogeneous polarization
of the working electrode [19].

2.2. Microbiological preparation

E. coli (CGSC 5073 K12) was grown at 37 �C in Minimal
Medium AB (MMAB) [20] containing glucose. An over-
night aliquot was centrifuged for 10 min at 3500g. Bacteria
were re-suspended in MMAB and centrifuged again in order
to remove metabolic products. After the washing process,
bacteria were finally re-suspended in 10 mL of MMAB.
The bacterial concentration was measured using plating
on LB medium in 1.5% agar, with stock concentration at
around 109 colony forming units per mL (CFU mL�1).
These measurements were replicated three times. The sus-
pension was then serially diluted down to 1 CFU mL�1 in
decade steps. Before measurements, biological samples were
stored in the fridge at 4 �C to slow growth. All of the manip-
ulations were performed under sterile conditions.

2.3. Impedance measurements

An external Ag|AgCl electrode, 5240 (Crison, Barce-
lona, Spain), was used as a reference electrode in a
10 mL electrochemical cell together with the WE/CE chip.
The electrodes were connected to a potentiostat (Solartron
1287 (Solartron Analytical, Hampshire, UK)) which itself
was connected to an impedance analyzer (Solartron SI
1260A). Electrochemical impedance spectroscopy (EIS)
spectra were recorded using the Z-Plot software (Scribner
Associates Inc., North Carolina, USA). A 25 mV AC
potential was applied at the cell open circuit potential
(+0.26 ± 0.5 V vs. Ag|AgCl) over a frequency range
between 100 kHz and 10 Hz.

Bacterial suspensions were introduced in the electro-
chemical cell which was thermostatically kept at 4 �C.
Impedance measurements were made immediately and at
periodic interval for 40 min. After each sequence of
measurements chips were washed with 30% v/v hydrogen
peroxide (Sigma–Aldrich, Switzerland) for 2 min. This
was used to remove proteins irreversibly attached on the
electrode surface and help regenerate the chip for future
use [18]. Chips and the electrochemical cell were sterilized
with 96% v/v ethanol (Panreac, Spain). After cleaning,
chips were checked by measuring the MMAB without
bacteria. Similar data were obtained in all cases (data not
shown).

2.4. Fluorescence microscopy

Bacteria attached to the chip surface were imaged using
epifluorescence microscopy after different attachment times
and concentrations for correlation with the impedance
measurements. An Olympus BH Fluorescence Microscope
(Olympus, California, USA) was used. Bacteria were
stained with 20 lg mL�1 4 0-6-diamidino-2-phenylindole
(DAPI) (Merck, Germany) for 5 min and then rinsed in
phosphate buffered saline (PBS) immediately prior to
imaging.

2.5. Quantification of attached bacteria

Following attachment, chips were sonicated for 3 min to
remove the attached bacteria from the surface in 5 mL of
PBS. An aliquot of 100 lL of the supernatant liquid was
then added to an agar plate containing LB medium and
bacteria allowed to grow for 16 h. Bacteria were then
counted to quantify the relative degree of attachment onto
the chips.

3. Results and discussion

3.1. Fitting and interpretation of impedance spectra

Z-View software was used to fit the measured impedance
data spectra were fitted to a simplified Randles equivalent
circuit (Fig. 1) [21]. No electroactive species were present
in the electrolyte solution, hence the impedance was domi-
nated by non-Faradaic processes (as seen in the equivalent
circuit) [22]. The inclusion of a reference electrode gave an
extra capacitance associated with it Cref (Fig. 1). This par-



Fig. 1. Admittance complex plane plot for E. coli at a concentration of 107 CFU mL�1 after 1 and 40 min of attachment. The spectrum corresponding to
the control (MMAB medium without bacteria) is also included in each plot (black line). The impedance spectra (points in the plot) were fitted to the
equivalent circuit shown inset, which contains the capacitor associated to the reference electrode (Cref), the solution resistance (Rs) and the interface
constant phase element (CPEi). The ideal impedance spectra obtained from the fitting (line in the plot), the calculated values and errors using the Z-View
software for each element of the equivalent circuit are also shown.
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asitic element was of small magnitude (approx. 10�9 F) and
did not vary with time or with the bacterial concentration.
Comparable equivalent circuits have been employed in sim-
ilar applications [5]. On most solid electrodes, the double
layer does not behave as a pure capacitance. Usually its
phase angle is slightly smaller than 90� [23], the reasons
for this are subject to continuing discussion, however a
roughness factor appears to be one important cause of this
effect. As a consequence, a constant phase element (CPE) is
very frequently used to fit the double layer capacitance of
the electrode. While this approach may be controversial,
in the work reported here, variation of the CPE parameters
are important and used in themselves as parameters for fol-
lowing bacterial attachment. The impedance of most inter-
facial CPEs in non-electroactive electrolyte is described by
the expression [24]

Z ¼ 1

KðjxÞb
: ð1Þ

Z is the magnitude of the impedance (in X), K is the CPE
magnitude (in X s�b), x is the angular frequency (in s�1)
and b is a parameter linked with the phase angle which
oscillates from 1 for planar surfaces to 0.5 for very rough
ones [25]. In these experiments, where charged bacteria be-
come part of the interfacial region, and in doing, modify
the dielectric properties of the electrode, the CPE obtained
will contain more parameters than those linked simply to
roughness, such as bacterial density and the nature of the
attached bacteria. For this reason, Fig. 1 shows a CPE
labelled CPEi as a generic element which accounts for
many complex processes which cannot, themselves, be
deconvoluted.

Fig. 1 shows impedance measurements. The change in
the interfacial CPE with bacterial attachment can be clearly
seen.

3.2. Effect of bacterial concentration on attachment when

measured by impedance spectroscopy

The effect of bacterial concentration on the measured
impedance response of the electrodes was measured as
described in Section 2.3. Impedance spectra were recorded
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and fitted as detailed above. The results from the fitting are
given in Fig. 2. A constant Rs value was obtained with time
for each measurement regardless of concentration
(230 ± 17 X). Sample conductivity was measured sepa-
rately with a conductance meter and found also to be sam-
ple invariant. However, the CPEi magnitude (Ki) changed
both as a function of attachment time and with concentra-
tions (Fig. 2a). The effect on Ki is most pronounced with
the higher concentration (105 CFU mL�1 and above) of
bacterial samples. After a small initial increase (for around
1 min), Ki decreases. In Fig. 2b, the change in Ki was nor-
malised, as shown in Eq. (2). Ki(t) is the value of the CPE at
time t after the introduction of bacteria and Ki(1) the value
of the CPE after 1 min attachment

%KiðtÞ ¼
ðKiðtÞ � Kið1ÞÞ

Kið1Þ
� 100: ð2Þ

It can be seen that the relative change in Ki is proportional
to the concentration of the bacteria: higher concentration
suspensions gave the greatest decrease after 40 min
attachment.
Fig. 2. Representation of (a) the variation of the Ki and (b) the %Ki(t)
with time by six bacterial concentrations and the control sample (MMAB
medium without bacteria). Changes recorded were due to bacterial
attachment to the electrode surface. Confidence intervals were calculated
at the 95% confidence level.
In all cases, Ki mainly decreased with time. In a separate
study of impedance measurements of antibody–antigen
binding, Katz reported that on antigen binding to an elec-
trode immobilised antibody a decrease in the interfacial
capacitance was measured [9]. This was ascribed to changes
in the dielectric separation in the interfacial double layer.
In this study of bacterial attachment, similar results were
obtained. At frequencies below 100 MHz, current cannot
cross the cell membranes and bacteria behave as isolating
particles [4,26]. Gingell reported that cell attachment did
not affect the double layer capacitance since the lipid
bilayer was not deposited directly onto the electrode sur-
face, but bacterial cells attached to the electrode usually
being separated by a gap of 10–20 nm [27]. Thus, it is sup-
posed that the aqueous gap between the cell membrane and
the electrode would prevent a direct influence of the cell
membrane on the interface impedance of the electrode
[28]. However, the attachment of bacteria to the electrode
may change the microstructure of the double layer, thus
may result in a change in the double layer capacitance.

A more important mechanism may be the principal
cause of this large decrease in CPE. Adhesion process
can also be understood in terms of a decrease in the area,
A, of bare electrode which causes a decrease in the double
layer capacitance of the bare electrode since

C ¼ eoerA
d

: ð3Þ

A reasonable, if simplistic model of the CPEs pertaining
to the measured interfacial CPE can be understood if, for
the sake of simplicity, we consider the measured CPE to
be primarily capacitive in nature. In this case, the total
measured capacitance, Ci is the sum of the bare electrode
capacitance (CPt) and the capacitance of the bacteria, Cbac-

teria, modified by the coverage of bacteria, given by h(t),

Ci ¼ hðtÞCbacteria þ ð1� hðtÞÞCPt: ð4Þ
The magnitude of the capacitance of the plasmatic mem-

brane has been reported in the literature to be nearly
1 lF cm�2 [29]. Providing Cbacteria (below the pF when con-
sidering an area of the cell close to several lm2) is lower in
magnitude than CPt (experimentally found higher than
100 lF), the measured interfacial capacitance Ci will fall
as bacteria attach, which is what is observed in Fig. 2a
and b. These results correlate well with measurement of
attached bacteria and percentage of coverage (calculated
regarding that each attached bacterium covered an area
of 3.5 lm2) made by sonication/removal and growth on
agar plates (Table 1). This showed higher concentrations
of attached bacteria (or larger covered areas) correlated
with larger changes in Ki and with higher concentrations
of bacteria in suspension. However, the percentage of
attached cells decreased with the concentration and hence,
higher concentrations of bacteria in suspension showed
lower percentages of attachment. It is important to note,
that at the time period used for these measurements only
reversible, early stage attachment is taking place. Colonisa-



Table 1
Summary table of the amount of attached bacteria, percentage of attached bacteria, percentage of coverage of the electrode after sonication and the
corresponding Ki value from impedance measurements

Bacterial concentration
(CFU mL�1)

Attachment time
(min)

Adhered bacteriaa

(CFU mL�1)
Percentage of attached
cellsa

Percentage of coverage of
bacteriaa/b

107 Ki

(X s�b)

3.6 · 103 3 (5.0 ± 0.3) · 101 1.4 ± 0.8 0.015 ± 0.009 1.28 ± 0.08
1.5 · 104 1 (1.9 ± 0.5) · 103 1.1 ± 0.3 0.55 ± 0.16 1.34 ± 0.12
1.5 · 104 3 (1.0 ± 0.3) · 103 0.59 ± 0.17 0.29 ± 0.08 1.33 ± 0.07
1.5 · 104 5 (3.8 ± 0.9) · 102 0.23 ± 0.05 0.11 ± 0.03 1.33 ± 0.08
1.5 · 104 10 (6.5 ± 2.1) · 102 0.38 ± 0.12 0.19 ± 0.06 1.32 ± 0.08
1.5 · 104 20 (5.8 ± 1.8) · 102 0.34 ± 0.10 0.17 ± 0.05 1.30 ± 0.05
1.5 · 104 40 (8.5 ± 0.7) · 102 0.50 ± 0.04 0.25 ± 0.02 1.28 ± 0.06
5 · 107 3 (5.4 ± 0.6) · 103 0.0108 ± 0.0012 1.56 ± 0.18 1.34 ± 0.08

Suspended concentrations and exposure times are included in the table.
a From sonication.
b Area of the E. coli K12: 3.5 lm2; area of the WE/CE chip: 6 mm2.
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tion and associated growth of any extra polysaccharide
matrix takes several hours or days and was not measured
here [30].

The change in impedance on attachment of lower con-
centrations of bacteria (below 104 CFU mL�1) is less
easy to understand. It is clear from Table 1 that the
number of attached bacteria at these concentrations is
relatively low. It can also be seen that on addition of
bacteria to the chip at these low concentrations, different
behaviour is observed. The CPE initially increases, by
around 1%, before slightly decreasing. A large decrease
in CPE is not observed. The reason for the initial
increase in the CPE is unclear, but we speculate on the
basis of reports in the literature [5–7] that this may be
due to a decrease in the Debye length caused by increase
in charge at the interface associated with weakly attached
bacteria (since bacteria are themselves charged and there-
fore have their own double layer charge region around
them).
Fig. 3. Fluorescent images at 400· of bacteria attached to platinum surfaces. (A
107 CFU mL�1 bacterial samples. (B) Chips immersed in a 105 CFU mL�1 sa
3.3. Verification of impedimetric data by fluorescence
microscopy

After impedance measurements were made, chips were
rinsed with distilled water, dried under a nitrogen stream
and subsequently stained with 4 0-6-diamidino-2-phenylin-
dole (DAPI). DAPI is a small molecule which can pene-
trate inside the cell and stains DNA sequences.
Fluorescent images of cells adhered on the chip surface
were obtained (Fig. 3). The line crossing the pictures was
taken as a spatial reference of the chip, to aid identification
of electrodes. The working electrode was on the left side in
A.1, B.2 and B.3 pictures, and on the right side in A.2, A.3
and B.1. These images show bacterial distribution on the
chip. A rough estimation of the number of attached cells
was made, but aggregation made bacterial counting diffi-
cult. These results were compared with the results shown
in Table 1. Experimentally, 20 different objective fields were
used for quantification of bacterial attachment.
) Chips immersed 2 min in (1) 102 CFU mL�1, (2) 105 CFU mL�1 and (3)
mple for (1) 2, (2) 5 and (3) 10 min.



Fig. 4. Representation of (a) the %Ki(t) (after 3, 5, 10, 20 and 40 min of
attachment) and (b) Ki (after 50 s of attachment) versus bacterial
concentration. Confidence intervals were calculated at the 95% confidence
level.
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The images show that the bacteria adhered to any sur-
face. Attached bacteria were found on the platinum elec-
trodes or the silicon nitride area. Bacteria actually
adhered better on the silicon nitride area. Fig. 3A illus-
trates attached bacteria on the chip after 3 min of exposure
to 102, 105 and 107 CFU mL�1 samples, respectively. With
increasing concentration, the number of adhered cells
increased (Table 1). However, the level of aggregation also
increased. After 2 min attachment, bacteria were mainly
found attached around the edges of the working electrode.
This may be due to two reasons. Firstly, the electric field
lines around the edges are more densely packed and the
electric field is more intense (although this will be still
low in AC measurements without an applied DC bias
potential), favouring bacterial adhesion [22]. Moreover,
bacteria quickly attached to the silicon nitride area, which
surrounds the working electrode. Thus, for proximity, the
edges would be the first covered region. The fast adhesion
induced aggregation, especially in concentrated samples.
Due to aggregation, bacteria covered less area. However,
bacterial count showed proportionality between the num-
ber of attached cells and the logarithm of the concentra-
tion. This agreed with impedance data. Ki plots shifted to
higher values with the concentration after very short
attachment times, before decreasing.

In Fig. 3b, chips were immersed in a 105 CFU mL�1

sample for 2, 5 and 10 min, respectively. The number of
attached cells remained almost constant with time (Table
1) probably because of the fact that the flux of attaching
cells was balanced with the flux of cells which, due to their
weak attachment by physical forces, left the surface of the
electrode. However, bacterial distribution changed signifi-
cantly. Initially, bacteria attached around the electrode
edges. With time, they expanded across the entire electrode
area, although a higher bacterial density was found on the
edges. This corroborated impedance measurements, which
showed that bacterial adhesion on non-polarized electrode
(an electrode at its OCP) is a spontaneous process and con-
firmed the time-dependence of the coverage of bacteria
(h(t)) since the amount of covered area is shown to increase
with time.

3.4. Comparison of very early stage attachment (at 50 s) and

later attachment effects on Ki

The discussion until now has largely focussed on mea-
surement of attachment at between 2 min up to 40 min.
However, the very early stage attachment, at the point
where bacteria can be considered to be behaving as simple
charged colloidal particles is interesting, and quite a differ-
ent effect on the CPEi is seen compared with later time
measurements.

Fig. 4a shows the effect on the CPE of concentration and
time of attachment. The general effect seen in Fig. 2 is
observed. However, in Fig. 4b, the very early stage change
in CPE at 50 s attachment is plotted against concentration
of bacteria. A quite different effect is seen. Here the CPE
actually increases with concentration of bacteria (rather
than decreases as seen at longer times). Moreover, a corre-
lation between concentration and increase in CPE is evi-
dent. An explanation for this very early stage behaviour
is probably provided by again considering how the intro-
duction of charged bacterial particles, with their associated
counter-ions, affects the double layer at the electrode inter-
face. In fact, the behaviour is perhaps the same as was
observed in Fig. 2a for very low bacterial concentrations,
where a pronounced early increase in CPE was also
observed: that is a decrease in Debye length at the electrode
double layer causes an initial increase in CPE, prior to the
actual attachment of bacteria at later times. This early
stage (at times lower than 2 min) could be termed as pre-
attachment phase.
4. Conclusions

We have shown that impedance spectroscopy can be
used as a real-time method for following bacterial attach-
ment to metallic surfaces. The most useful parameter,
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which relates to coverage of bacteria on the electrode sur-
face is electrode CPEi, approximately the electrode double
layer capacitance, which decreased during early stage
attachment. The change in CPE showed dependence on
both the attachment time and the concentration of bacte-
ria. Impedance measurements correlated with traditional
methods such as staining/microscopy and bacterial
removal by sonication and plating onto agar.
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bstract

This paper describes an approach for quantifying low concentrations of bacteria, particularly Escherichia coli, based on the measurement of

he initial attachment of bacteria to platinum surfaces, using impedance spectroscopy. The value of the interface capacitance in the pre-attachment
tage (before 1 min of attachment) showed correlation with suspended concentration of bacteria from 101 to 107 CFU mL−1 (colony forming units
er mL). This method was found to be sensitive to the attachment time, to the applied potential and to the size of the counter electrode. The sensor
ifetime was also evaluated.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Environmental monitoring and food and the beverage indus-
ries require simple, fast and real-time systems to monitor the
ttachment and colonization of bacteria on surfaces and concen-
rations of planktonic bacteria in liquids, especially at low
oncentrations (Tang et al., 2006). From an electrochemical
iewpoint, impedance spectroscopy has become widely used
or the study of biological systems—from lipid membrane to
edical imaging (Ireland et al., 2004; Jenkins et al., 2000).
rom the early 1950s, Schwan used the impedance spectroscopy

o characterize the dielectric properties of the cell suspensions
nd tissues (Schwan, 1957). Impedance measurements show
hat the small conductivity of the cellular membranes, particu-
arly at low frequencies (below 100 kHz) impedes the current to
ow through the cells and thus, they behave as non-conducting
Please cite this article in press as: Muñoz-Berbel, X., et al., Biosens. Bioe

articles. This decrease of conductivity was found proportio-
al to the volume fraction of cells present in the sample and
ater studies used it to quantify biomass (Davey et al., 1992;
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acterial attachment; Surface plasmon resonance

arris and Kell, 1983; Markx and Davey, 1999). The linearity of
he probe response extends from 2 to 100 mg dry weight mL−1,
early 103 CFU mL−1 (colony forming units per mL) in the case
f bacteria.

In the 1970–1980s, Cady and Firstenberg-Eden started to use
mpedance spectroscopy to measure the changes of conductivity
aused for bacteria metabolism and used it to finally quan-
ify biomass (Firstenberg-Eden and Zindulis, 1984; Cady et
l., 1977). Bacteria can be simplistically considered as units
hat convert uncharged particles into smaller and highly charged

olecules, which excrete to the medium increasing its conduc-
ivity. They, and more recent authors used this decrease in the

agnitude of the impedance due to this conductivity increase,
o monitor bacterial metabolism (Yang et al., 2004; Yang et al.,
003; Fehrenbach et al., 1992; Felice and Valentinuzzi, 1999;
elice et al., 1992; Futschik and Pfützner, 1995), however, the
uantification was somewhat difficult to understand. The pro-
uction of charged molecules depends on the number of active
ells. Bacteria in media are continuously duplicating thus increa-
lectron. (2008), doi:10.1016/j.bios.2008.01.007

ing their concentration with time. When the concentration of
acteria exceeds 105 CFU mL−1, the change of the conductivity
ue to bacteria metabolism can be detected using impedance
pectroscopy. The time necessary to reach this boundary concen-

dx.doi.org/10.1016/j.bios.2008.01.007
mailto:xavier.munoz@cnm.es
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ration depends both on the duplication time of the specie and
n the initial concentration of the sample. Hence, for the same
pecies, the measure of this time was proportional to the bacteria
oncentration initially present in the sample. However, the time
equired to obtain a measurable change in the value of impe-
ance was very long for low concentrations, expanding to more
han 24 h for samples of 1 CFU mL−1.

In this paper, the impedance measurements of the attach-
ent of Escherichia coli on platinum electrodes are used to

uantify bacteria. The effect of the size of the counter elec-
rode, the influence of the applied potential and the aging of
he sensor are also investigated. Bacteria colonize solid sur-
aces in a multi-step mechanism, where the initial step is
eversible attachment. Previous works showed that the early
acterial attachment could be impedimetrically monitored, espe-
ially in the very early attachment stage (from 1 min following
ddition of bacteria) (Muñoz-Berbel et al., 2007). When attach-
ent time was controlled, the value of the electrode–solution

nterface capacitance correlated with the initial concentration
f bacteria in the sample. This approach was particularly
ensitive at low bacterial concentrations (with a limit of detec-
ion of 101 CFU mL−1 using the 3 sigma method), provides

rapid (1 min of measurement) and a simple quantification
ethod.

. Materials and methods

.1. Electrochemical cell

A platinum disc working electrode (WE) with an area of
.5 mm2 surrounded by a platinum counter electrode (CE) of
.4 mm2 were integrated on a silicon nitride substrate of 9 mm2

3 mm length per 3 mm width). Electrode production was car-
ied out in-house at the IMB-CSIC Barcelona (Alonso Lomillo
t al., 2005). The electrodes were 0.08 mm apart, ensuring near-
omogeneous polarization of the working electrode (Harrar and
hain, 1966). These WE/CE chips were introduced in a 100 mL
lectrochemical cell together with an external Ag|AgCl elec-
rode, 5240 (Crison, Barcelona, Spain).

.2. Microbiological preparation

E. coli (CGSC 5073 K12) was grown overnight in Minimal
edium AB (MMAB) (Balestrino et al., 2005) at 37 ◦C. An ali-

uot of 10 mL of culture was centrifuged for 10 min at 3500 × g
Sigma 4–10 centrifuge (Sigma, Switzerland)]. The supernatant
iquid was removed and cells (the pellet) were resuspended in
× 10−3 M KCl or in phosphate buffer saline (PBS) at pH 7.4,
epending on whether they would be measured by impedance
pectroscopy or surface plasmon resonance (SPR), respectively.
he process was repeated twice in order to remove metabolic
roducts, membrane fragments and cytoplasmatic proteins. The
nal bacterial pellet was resuspended in 10 mL of 5 × 10−3 M
Please cite this article in press as: Muñoz-Berbel, X., et al., Biosens. Bioe

Cl or PBS and then counted using plating on agar containing
B medium, in both cases. The suspension was then serially
iluted down to 1 CFU mL−1 in decade steps. Before measure-
ents, biological samples were stored in the fridge at 4 ◦C to
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t
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low growth. All of the manipulations were performed under
terile conditions.

.3. Impedance measurements

The impedance analyser, a Solartron SI 1260A (Solartron
nalytical, Hampshire, UK), was coupled to a potientiostatic

nterface Solartron 1287. Impedance spectroscopy spectra were
ecorded using the Z-Plot software (Scribner Associates Inc.,
C, US). A 25 mV AC potential was applied at the cell open

ircuit potential (+0.26 ± 0.05 V vs. Ag|AgCl) over a frequency
ange between 100 kHz and 10 Hz. The measurement time was
round 55 s after recording 17 points per frequency decade. All
easurements given in this work are in relation to the Ag|AgCl

eference electrode.
Bacterial suspensions were introduced in the electrochemi-

al cell which was thermostatically kept at 4 ◦C. Impedance
easurements were made either at periodic intervals for 40 min
hen monitoring the initial attachment of bacteria or after 50 s
f attachment when quantifying suspended bacteria. It should be
oted that these times were the time before for measurement of
he impedance spectrum—which itself took 55 s. The cleaning
rocess depended on the specific experiment: when monitoring
he initial attachment, electrodes were in contact with bacte-
ia suspensions for long periods of time. Cleaning with 30%
ydrogen peroxide (Sigma–Aldrich, Switzerland) for 2 min was
roved to detached molecules and whole cells irreversibly atta-
hed to the electrode during the measurement (Muñoz-Berbel et
l., 2006). However, the hydrogen peroxide solution also dama-
ed the coating used for isolating the connection of the chip
rom the solution and critically reduced the sensor lifetime (data
ot shown). Coating fragments attached to the electrode surface
ere eliminated by cleaning with 96% (v/v) ethanol (Panreac,
pain). Quantification measurements, where most bacteria were
eversibly attached, did not require the use of aggressive reagents
hich could compromise the electrodes viability. In this case,

he electrodes and the electrochemical cell were cleaned with
ater and sterilized with ethanol.

.4. Surface plasmon resonance measurements

SPR data were acquired using the Autolab ESPRIT (Eco
hemie, BV, The Netherlands). Measurements were made by

ollowing the change in the reflected light minimum angle with
ime, which is indicative of the change in optical properties of
he interface as bacteria attach. The instrument has two inde-
endent channels allowing two experiments to be carried out
imultaneously. In these experiments, one of the channels was
sed as an internal control to subtract artefacts such as changes
n bulk refractive index. Bacterial suspensions in PBS and buffer
ithout bacteria were measured in channel 1 (CH1) and chan-
el 2 (CH2), respectively. Hence, the difference between the
ngles recorded in CH1 and CH2, called differential angle, was
lectron. (2008), doi:10.1016/j.bios.2008.01.007

ndicative of the change produced in the refractive index by bac-
erial attachment. Glass disks with a thin gold coating (50 nm
hick) were placed on a hemispherical prism using index match
uid (RI = 1.518, Cargille), which ensured optical continuity.

dx.doi.org/10.1016/j.bios.2008.01.007
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he system was allowed to stabilise for four minutes before
ddition of the corresponding sample in each channel. The dif-
erence in angle of SPR was thus recorded. Measurements were
ade every three seconds for the duration of the experiment.

.5. Optical microscopy measurements

Bacteria attached to the chip surface were imaged using
ptical microscopy (without staining) after different attachment
imes and concentrations for correlation with the impedance

easurements using a Nikon Eclipse ME-600 microscope
Nikon Corporation, Japan).

. Results and discussion

.1. Fitting and interpretation of impedance data

Z-View software was used to fit impedance data to the equi-
alent circuit shown in Fig. 1. The circuit included a resistor
odelling the solution resistance (RS), a double layer capaci-

ance, which appears as the interface constant phase element
CPEi), and an extra capacitance of small magnitude (nF) asso-
iated with the presence of an external reference (Cref), whose
alue did not vary with the concentration of bacteria. The use of
he CPEi instead of a conventional double layer capacitance was
iscussed in previous works (Muñoz-Berbel et al., 2007). In this
Please cite this article in press as: Muñoz-Berbel, X., et al., Biosens. Bioe

ork, as on most solid electrodes, the double layer impedance
id not behave as a pure capacitance since its phase angle was
lightly smaller than 90◦. Although this is currently under study,
roughness factor appears to be one important cause of this

ig. 1. Representation of the measured impedance magnitude (|Z|) vs. the fre-
uency for E. coli at a concentration of 101, 104 and 107 CFU mL−1 after 50 s of
ttachment (points in the plot). The impedance spectra were fitted to the equiva-
ent circuit shown inset (line in the plot), which contains the capacitor associated
o the reference electrode (Cref), the solution resistance (RS) and the interface
onstant phase element (CPEi). These parameters are included in the plot in the
requency range where they appear.
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ffect. For this reason, the double layer capacitance is frequently
tted using a constant phase element (CPE). In absence of elec-

roactive electrolytes in the medium, the impedance of most
nterfacial CPEs is described by the expression below (Fricke,
932)

= 1

K(jω)β
(1)

is the magnitude of the impedance (in �), K is the CPE
agnitude (in �−1 s−β), ω is the angular frequency (in s−1),

=
√−1and β is a parameter linked with the phase angle which

scillates from 1 for planar surfaces to 0.5 for very rough ones
Mulder et al., 1990). In these experiments, attached bacteria
ecome part of the interfacial region, thus modifying the dielec-
ric properties of the electrode. Hence, the CPE contains more
arameters than simply the surface roughness or the charge sepa-
ation, such as bacterial density and the nature of the attached
acteria. For this reason, Fig. 1 shows a CPE labelled CPEi
s a generic element which accounts for many complex pro-
esses which cannot, themselves, be deconvoluted. Fig. 1 shows
mpedance measurements for 101, 104 and 107 CFU mL−1 sus-
ensions 50 s after adding these solutions to the electrode. The
hange in the magnitude of the impedance (|Z|) in the region of
he interfacial CPE with bacterial concentration can be clearly
een.

.2. Determination of the effect of the initial bacterial
oncentration on the attachment of bacteria when using
mpedance spectroscopy, SPR and optical microscopy

The effect of bacterial concentration on impedance spec-
roscopy, SPR and optical microscopy measurements was
etermined as described in Sections 2.3–2.5, respectively. Impe-
ance spectra were recorded and fitted as detailed above. Fig. 2
hows the change of the magnitude of the CPE and the diffe-
ential angle measured using SPR with time at three different
acteria concentrations.

Fig. 2a shows that the magnitude of the CPEi, Ki, changed
oth as a function of attachment time and with concentration.
ith time, decreases in Ki were recorded. The changes were

roportional to the concentration of bacteria. The effect of the
acteria attachment to the electrode on Ki was discussed in pre-
ious works (Muñoz-Berbel et al., 2006, 2007). In the early
ttachment (below 40 min), the change in the CPE magnitude
ollows Eq. (2).

i = θ(t)Cbacteria + (1 − θ(t))CPt (2)

i is the total measured capacitance, CPt is the bare electrode
apacitance, Cbacteria is the capacitance of the bacteria and θ(t) is
he coverage of bacteria. Cbacteria (below the pF (Holzel, 1999))
s lower in magnitude than CPt (experimentally, hundreds of
F) and thus, the measured interfacial capacitance should fall
lectron. (2008), doi:10.1016/j.bios.2008.01.007

s bacteria attach, as in Fig. 2a. Similar results were obtained
sing gold working electrodes with identical areas. However,
he cleaning process was more difficult using gold electrodes,
hich was associated with the presence of external or transmem-

dx.doi.org/10.1016/j.bios.2008.01.007
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Fig. 2. Representation of (a) the magnitude of the interface CPE, Ki, and (b) the
differential angle measured using SPR vs. time for E. coli at a concentration of
103, 105 and 107 CFU mL−1.
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Fig. 3. (a) Variation of the number of attached cells for a 105 CFU mL−1 sample vs.
for bacteria concentrations of 103, 105 and 107 CFU mL−1. Also relevant images of
after counting 20 different optical fields.
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rane proteins with thiol groups that may attach covalently to
he electrode surface.

Fig. 2b shows that the differential angle measured using SPR
lso changed both as a function of attachment time and with
oncentration. Increases in the differential angle, proportional
o the bacteria concentration, were recorded. The SPR measu-
ement principle is based on the fact that the recorded angle
the angle of surface plasmon resonance) is highly sensitive to
hanges in the refractive index of the dielectric layer above the
old. Previous works show that bacterial attachment to the gold
hanged the refractive index of the dielectric, which is observed
n Fig. 2b (Jenkins et al., 2004).

After the impedance measurements, chips were rinsed with
istilled water, dried under nitrogen stream and imaged as des-
ribed in Section 2.5. Fig. 3 shows that the number of attached
acteria also changed as a function of attachment time and with
oncentration. The number of attached cells was proportional
o the concentration of the bacteria in suspension. With time,
he number of attached cells increased until stabilization after
0 min attachment, which coincide with impedance spectro-
copy data.

.3. Effects of the very early stage attachment (at 50 s) on
i: quantification of suspended bacteria
lectron. (2008), doi:10.1016/j.bios.2008.01.007

Impedance spectroscopy measurements were made as descri-
ed in Section 2.3 and fitted using the equivalent circuit shown
n Fig. 1. Here, we focus on the very early attachment stage or

the time. (b) Variation of the number of attached cells after 1 min of exposure
the attachment process are included. The number of attached cells was found

dx.doi.org/10.1016/j.bios.2008.01.007
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the CPE, which can be thought to be caused by an increase in
the number of attached cells, suggested that the positive charge
of the electrode favoured the attachment of bacteria. Thus, the
pre-attachment process, governed by electrostatic forces, can be
ig. 4. Representation of the normalized Ki vs. the suspended concentration
or different sizes of the counter electrode area. Case A: 1.4 mm2 and Case B:
17 mm2.

re-attachment of bacteria to the electrode. In Fig. 4, the mea-
ured CPE magnitude was normalized using Eq. (3). Ki is the
alue of CPE for any concentration of bacteria and Ki(wb) is the
alue of CPE in absence of bacteria.

Ki = Ki − Ki(wb)

Ki(wb)
· 100 (3)

Fig. 4 shows the effect of concentration on the CPE at the
re-attachment stage (at times lower than 2 min). At this point,
he CPE magnitude increases with the concentration of bacteria
rather than decreases as seen at longer times) with an evident
orrelation from 101 to 107 CFU mL−1.

The changes produced by bacteria attachment to the magni-
ude of the CPE and the differences with later steps have been
iscussed in previous works (Muñoz-Berbel et al., 2007). At the
re-attachment stage, bacteria can be considered to be behaving
s simple charged colloidal particles. The introduction of these
harged particles, bacteria, and their associated counter-ions
ffects the double layer at the electrode interface, especially
n terms of distance between layers: attached bacteria at the
re-attachment stage are thought to decrease the Debye length
t the electrode double layer, causing an initial increase in CPE.

.4. Analysis of the effect of the counter electrode (CE) size
n the determination of the CPE magnitude at the
re-attachment stage

In this section, the effect of the counter electrode size in the
PE magnitude at the pre-attachment stage was analyzed. Two
latinum CEs of 1.4 mm2, 3 times bigger than the WE (case
), and 117 mm2, more than 200 times bigger (case B) were

ompared following the experimental conditions described in
ection 2.3. At the pre-attachment stage, the magnitude of the
PE was shown to increase as a consequence of a decrease in

he Debye length at the electrode double layer. The double layer
Please cite this article in press as: Muñoz-Berbel, X., et al., Biosens. Bioe

f both working and counter electrodes contributes to the CPE
agnitude, as shown in Eq. (4) which considers the in series

ombination of both capacitances (Cdl(WE) and Cdl(CE), respec-
ively, for the WE and the CE) (Barsoukov and Macdonald,
005).

F
t
A
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PEi = Cdl(WE) · Cdl(CE)

Cdl(WE) + Cdl(CE)
(4)

he use of CEs of different area changes the value of the Cdl(CE),
hose magnitude increases with the size of the area as follows:

dl(CE) = ε0εdl
A

d
(5)

hus, the size of the CE area considerably modulates the value
f Cdl(CE) in the CPE, varying from approximately the 50%,
hen WE and CE have a similar size (case A), to practically 0%

CPEi ≈ Cdl(WE)), when a very large counter electrode was used
case B).

Experimentally, the normalized magnitude of the CPE is
uch bigger in the case B, when it only depends on the Cdl(WE),

han in the case A, especially at high concentrations (Fig. 4).
revious works showed that bacteria preferably attached to the
E and only a few cells were found attached to the CE (Muñoz-

erbel et al., 2007), probably because of the fact that both CE
nd bacteria were negatively charged. The low level of attach-
ent found on the CE suggests small changes in the Cdl(CE) and

oincides with the smaller magnitude of the CPE recorded when
t is highly influenced by the Cdl(CE) (case A).

.5. Influence of the magnitude of the potential applied on
he working electrode during the pre-attachment stage

The pre-attachment stage, mainly governed by electrostatic
orces, can be modulated by applying a potential to the working
lectrode. In this section, three applied potentials (0,+0.19 and
0.30 V vs. Ag|AgCl) were explored under the experimental
onditions described in Section 2.3 in order to determine the
nfluence of the potential in the pre-attachment process.

Experimental data showed that, for the same bacterial
oncentration, the normalized magnitude of the CPE increased
hen applying more positive potentials (Fig. 5). The increase of
lectron. (2008), doi:10.1016/j.bios.2008.01.007

ig. 5. Representation of the normalized Ki vs. the suspended bacteria concen-
ration after applying three different potentials, namely 0, +0.19 and +0.30 V vs.
g|AgCl, over the working electrode surface.

dx.doi.org/10.1016/j.bios.2008.01.007
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ig. 6. Representation of the normalized Ki vs. suspended bacteria concentration
or the same sensor during four consecutive days.

nderstood as the attraction of positive surfaces and bacteria,
hich are negatively charged for the presence of ionized phos-
hate and carbonate groups in their outer membranes (Madigan
t al., 1997). Potentials above +0.6 V vs. Ag|AgCl could not be
xplored. These potentials showed a big variability in the recor-
ed data probably caused by the formation of non-stoichiometric
latinum oxides of low stability (data not shown) (Birss et al.,
993).

.6. Aging of the sensor

The sensors capacity to monitor bacteria attachment in the
re-attachment step was investigated. The aging of the sensors
as determined by repeating the calibration process described

n Section 2.3, which included 24 single impedance measure-
ents (8 samples, including the medium without bacteria used

s control, measured in triplicate), during consecutive days. Bet-
een assays, sensors were stored dry and clean in the optimum

ondition to preserve the superficial properties.
As shown in Fig. 6, sensors progressively lost their capa-

ity to measure the changes produced in the magnitude of the
PE by bacteria attachment. Although the sensors sensitivity,

n terms of slope of the calibration curve, remained practically
onstant after the three first days, the experimental limit of detec-
ion shifted to higher concentrations. The decrease in the sensor
ensitivity with consecutive measurements is thought to be cau-
ed by the presence of membrane fragments, protein layer and
xopolysaccharide layers, from death cells or secreted by bacte-
ia, on the electrodes surface. The presence of these molecules
ould increase the distance between the electrode surface and

he adhering bacteria thus decreasing the electrode sensitivity.
fter 4 days, sensors completely lost their capacity to discri-
inate between different concentrations and a flat calibration

urve was obtained. The maximum number of measurements
ensitive to the changes produced by bacterial attachment was
hown to be close to 80.
Please cite this article in press as: Muñoz-Berbel, X., et al., Biosens. Bioe

. Conclusions

We have shown that SPR and impedance spectroscopy can
e used as real-time methods for following bacterial attach-
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ent to metallic surfaces, and these measurements showed good
orrelation with the traditional optical microscopy. Impedance
pectroscopy was found to be particularly sensitive to the very
arly attachment/pre-attachment. The magnitude of the inter-
ace capacitance could be correlated with the concentration of
uspended bacteria. The sensitivity of the interface capacitance
ould be enhanced by applying more positive potentials on
he working electrode which favoured bacterial attachment. In
erms of aging, sensors lost the capacity to discriminate between
oncentrations with time, especially at low concentrations.

Future work will be focused on the optimization of the measu-
ement system which includes the exploration of better cleaning
rocesses for decreasing the aging of the sensor and the develop-
ent of on-line systems for the real-time monitoring of bacterial

oncentration. In terms of equipment, we are developing an auto-
atic integrated flow system containing a bi-directional burette

nd a modular multi-port valve (MVP) for the suitable mani-
ulation of liquids. The flow system will be integrated and
ynchronized with the measurement system containing a por-
able homemade impedance analyzer and the electrochemical
ell.
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bstract

Aquatic microorganisms have the ability to adhere onto any solid surface. They are able to re-organise as biofilms when environmental conditions
hange and put their life at risk. Biofilms allow bacteria to remain inside water pipes without being eliminated by biocides. Among other properties,
iofilms are electrically insulating. Because of this, as they grow on a metal transducer surface, biofilms produce changes in the electrode–solution
nterface properties. These changes have been monitored using impedance measurements and microchips as electrical transducers. Biofilm formation
as been characterised using on-chip gold working electrodes and the various growth phases have been related to specific impedance changes.

Measurements employing new and reused chips of bacterial and non-bacterial solutions have been performed. Although differences between

ew and reused chips have been found, both kinds of electrodes can be used to evaluate biofilm formation.

The effect of several biocides on biofilms has also been studied. The disinfecting properties of peroxides, strong acid/bases and alcohols have
een compared as well as their ability to remove adhered substances from chip surfaces.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In order to guarantee strict organoleptic and sanitary stan-
ards in drinking water, purification treatments are needed which
lso modify other physicochemical properties. Biocides, such as
hlorine, are added to the water as part of these purification pro-
esses. However, the concentration of chlorine decreases as it
iffuses through the water distribution network [1,2]. Chlorine
evels below a certain threshold do not prevent the growth of bac-
eria, which modifies the biological and chemical characteristics
f the stream.

Biofilms are heterogeneous bacterial formations, which grow
n the inner surface of water distribution network pipes. They
onsist of a great variety of cellular communities cross-linked in
n organic matrix by a bacterial polymer [3,4]. This arrangement
rovides several advantages to bacteria. It: (1) facilitates nutrient

ptake, (2) improves bacterial activity, (3) stimulates microbial
nteractions and (4) offers better protection against toxic agents
4].

∗ Corresponding author. Tel.: +34 93 594 77 00; fax: +34 93 580 14 96.
E-mail address: xavier.munoz@cnm.es (X. Muñoz-Berbel).
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oi:10.1016/j.snb.2006.04.070
iofilm elimination

Indeed, bacterial concentration increases are due to biofilm
ormation [5] and not to free bacteria suspended in the water,
ince division time is smaller than their residence time in the
istribution networks [5]. Although, it is the latter parameter that
ater companies monitor nowadays, controlling the formation

nd activity of adhered bacterial communities is a much more
ritical issue.

Several optical and electrochemical techniques may be used
o monitor biofilm formation [6]. In this research work, the use
f on-chip impedance measurements is proposed to evaluate the
iofilm formation, because of the low-cost, reduced size and
igh sensitivity involved.

Biofilm formation on gold surfaces modifies the interfa-
ial electrical properties of the system [7]. These changes
an be characterized using bipolar impedance measurements,
hich provide information about both the solution and the

lectrode–solution interface. Following the impedance changes
aking place, it is possible to monitor the biofilm formation pro-
ess.
Exposing biofilms to disinfectant solutions allowed the
valuation of the disinfectant’s capacity to eliminate these
omplex structures. Strong acids and bases, ethanol and per-
xide solutions were used as disinfectants. Hydrogen peroxide

mailto:xavier.munoz@cnm.es
dx.doi.org/10.1016/j.snb.2006.04.070
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a measure of the impedance magnitude, and β a constant value
parameter. In this research work, the Kdl value has been shown
to be the only electrical parameter able to give information about
the biofilm formation.
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roved itself as an effective disinfectant with great capacity to
emove bacterial biofilms [8]. However, strong acids and bases
ere needed to eliminate other substances, such as precipitated

alts.
A very effective cleaning protocol to remove biofilm for-

ations on-chip surfaces was achieved and is described below.
mpedance measurements were employed to monitor the clean-
ng ability of each product.

. Materials and methods

.1. Biological material

Biofilms containing only Pseudomonas aeruginosa have
een used in this work. Biofilm formation is best achieved under
onditions of turbulent stirring and lack of nutrients [4]. Gold
hips were immersed in a bioreactor containing a P. aeruginosa
olution under biofilm favouring conditions as described above.
hese aquatic bacteria formed very large biofilms easily and
uickly.

.2. Measurement system

.2.1. Equipment
Impedance data were obtained using the Impedance Analyzer

I1260A (Solartron Analytical, Cambridge, UK). Other devices
ntegrating the measurement system were an electrochemical
ell with a Teflon lid and a refrigeration system (Frigiterm-10.
.P. Selecta, Barcelona, Spain) which allowed to perform the
easurements at 25 (±0.1)◦C.
The impedance data were recorded using D-Plot (Solartron

nalytical) and data analysis was done with the help of Z-View
Solartron Analytical).

In this experimental mode, a commercial platinum electrode,
241PT (Radiometer Analytical S.A., France) was employed as

ounter electrode and an in-house built gold chip electrode [9],
f much smaller area, served as working electrode. No reference
lectrodes were used.

.2.2. Biofilm monitoring
The chip surface was regularly washed to eliminate weakly

dhered compounds. As it is shown in Fig. 1, the presence of
eakly adsorbed compounds on the chip surface is responsible

or the impedance changes registered during cleaning process.
fter 10 min of electrochemical cleaning, most of these particles
ere eliminated and the impedance module value, |Z|, reached a

onstant value. Therefore, subsequent rinses (using sterile phys-
ological serum) were performed for at least 10 min.

After the washing process, impedance measurements of chip
urface modification were carried out. Typically, the working
hip was placed inside an electrochemical cell containing phys-
ological serum at 25 ◦C (the measurements were performed at
onstant temperature).
The sterile physiological serum solution provided a constant
alinity medium for impedance measurements, which avoided
smotic problems in biofilm cells during measurements and
ashing.
Fig. 1. Impedance value variation vs. washing time.

Next, bipolar impedance measurements were carried out.
mpedance spectra were recorded over a frequency range from
0 Hz to 10 kHz, applying a zero DC potential between elec-
rodes and an AC signal of 25 mV amplitude. These DC potential
nd AC amplitude used ensured working in the system linear
egion [10–13]. Current densities close to 3 mA/cm2 were typi-
ally recorded.

In spite of the fact that the DC potential difference between
orking and counter electrode was set to zero, the system applied

n effective potential close to +0.8 V versus Ag/AgCl (3 M KCl)
ver the working electrode. This brought about the oxidation of
he chip [14], which increased its surface roughness and turned
ut to be beneficial to bacterial adhesion.

.2.3. Biofilm removal
When the biofilm was completely built up, several solutions

ere employed to remove it. Rinses in H2O2 30%, H2SO4 3
nd NaOH 1 mol dm−3 or ethanol 96% were tried to evaluate
he ability of peroxides, acids, bases and alcohols to eliminate
ach compound of this bacterial structure.

. Results and discussion

Impedance data were fitted to the equivalent circuit shown in
ig. 2 using Z-View. In this model, Rs represents the solution
esistance and the CPEdl the double layer constant phase ele-
ent. The use of a CPE instead of a capacitor deserves some

xplanation. Although, the double layer capacitance is com-
only represented as a capacitor, the fact of the matter is that

he superficial roughness of the chip causes this electrical ele-
ent to turn into a constant phase element, CPE [15]. A CPE

s an electrical parameter composed by two parts: K, which is
Fig. 2. Equivalent circuit.
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Fig. 3. Kdl in percentage terms vs. contact time using new gold chips: (A) in
bacterial culture medium and (B and C) in saline medium.
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ig. 4. Kdl change (in percentage) versus contact time by using reused gold
hips: (A and B) in bacterial culture medium and (C and D) in saline medium.

.1. Biofilm monitoring

The changes produced by the formation of the biofilm on
he chip surface were related to the CPEdl through its Kdl
alue. Figs. 3 and 4 show how Kdl changes over time while the
hip remains in the reactor. This time is referred to as contact
ime.

The performance of new chips (Fig. 3) (sensors not previ-

usly activated nor used) and reused chips (Fig. 4) (sensors
mployed in other impedance experiments or previously acti-
ated) was studied in these measurements. Different behaviours
ere observed before and after 80 h of contact time, depending

s
e
s

ig. 5. Chip surface pollution process. (A) Optical microscopy (25×) chip surface
recipitated salts (A.1) and a few bacteria placed at the electrode surface (A.2) in th
C) Optical microscopy (25×) chip surface image after 80 h (150 h). (D) Fluorescent
ctuators B 118 (2006) 129–134 131

n the initial electrode characteristics and the solution they were
mmersed.

During the first 80 h, an increase of the Kdl value could be
een for the new chips. This is thought to be due to the surface
ctivation process (Fig. 3). In general, new sensors were found to
resent debris parasitizing its surface and decreasing their active
rea.

Activation through electrochemical cycling or certain
mpedance measurements applying a DC potential of +0,8 V
ersus Ag/AgCl (3 M KCl) were enough to remove these sub-
tances and increase the electrode active area. As shown in Fig. 3
ome impedance measurements could be enough to activate sen-
or surface increasing Kdl a 20% of its initial value. In fact, chips
mmersed in non-bacterial solutions showed that the activation
rocess did not finished at 80 h and their impedance value con-
inued increasing.

In the case of reused chips, a constant Kdl value was recorded
Fig. 4). These electrodes had already undergone the activation
rocess. This means that any changes observed in their active
rea, reflected by their impedance, could be observed and related
o before biofilm formation on the chip.

In addition, although during the first 80 h certain compounds,
hich could not be eliminated by washing, precipitated on the

hip surface (Fig. 5A.1) as can be seen in Fig. 4 this precipita-
ion process did not change the impedance value. Actually, the

edium salts could precipitate due to the experimental condi-
ions. A very fast change of AC potential (25 mV) in a very high
alue of DC potential [+0,8 V versus Ag/AgCl (3 M KCl)] has
een found to produce the precipitation of certain salts on-chip
urface.

Then, although these compounds did not seem to modify
he electrical properties of the electrode–solution interface, their
paque nature did modify the optical properties of the chip sur-
ace as can be shown in Fig. 5A and B. Therefore, the relation
etween surface pollution and biofilm formation is quite difficult
r even impossible to establish.
In the initial stages, few bacteria adhere on the electrode
urface (Fig. 5A.2). The change they bring on interfacial prop-
rties was so small that they were invisible to impedance mea-
urements too. The obvious implication is that any impedance

image before 80 h (25 h). Electrical microscopy image of the high level of
e initial step (25 h). (B) Optical microscopy (25×) chip surface image at 80 h.
microscopy (40×) chip surface image after 80 h (150 h).
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Fig. 6. Capacitor expression, where ε is the vacuum permittivity, ε the double
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hanges measured will be due to the presence of structures more
omplex than a simple cell.

After 80 h, Kdl decreased exponentially in the case of culture-
mmersed chips (Figs. 3A and 4A and B) while it practically
emained constant for those chips immersed in non-bacterial
olution (Figs. 3B and C, and 4C and D).

Despite the tendency of some salts from the saline medium
o precipitate on the sensor surface under measurement condi-
ions, as shown for chips immersed in non-bacterial solution,
t never influenced the interfacial properties enough to change
mpedance value appreciably.

On the other hand, Figs. 3 and 4 show the variation percentage
f Kdl was almost 20% for chips immersed in bacterial solutions,
egardless of whether they were new or reused. This suggested
hat measurement capacity did not depend on the superficial
ctivity of the sensor.

As Kdl decreases could only be seen in culture-immersed
hips and always measuring in the same solution, this reduction
as associated with the changes produced on electrode surface
y the presence of bacteria in solution.

The change in interfacial parameter values could be related
o the adhesion capacity of bacteria, specifically their predis-
osition to make up biofilms on solid structures. Fluorescent
icroscopy images of the chip surface stained with DAPI after

0 h of experiment (150 h to be precise) confirmed bacterial pres-
nce and biofilm formation (Fig. 5C). On the other hand, the
hange produced by biofilm formation on opacity was so small
han it seemed to be very difficult to characterize biofilm though
ptical observations (Fig. 5A and B).

Initially, bacteria showed little adherence to the sensor sur-
ace and little ability to change its superficial characteristics.

hen environmental conditions got worse (lack of nutrients and
xygen, excess of toxins, etc.), microorganisms changed their
etabolism to produce polymers, which enabled them to adhere
nd build a favourable structure, as biofilms [16].
After 80 h, most Escherichia coli bacteria produced enough

mount of polymer to adhere irreversibly onto the electrode, thus
i
P

ig. 7. Scheme of bacterial adhesion process. Initially bacteria could not adhere on-
iofilm. The arrow represents the electron flux.
ctuators B 118 (2006) 129–134

odifying its interfacial characteristics. These changes were
onitored by impedance measurements and thus the first stages

n the creation of a biofilm were identified.
The equivalent CPE reduced its magnitude following an

xponential curve for almost 50 h before its value reached a
lateau. These results suggest that P. aeroginosa needed approx-
mately, 50 h to build a stable biofilm on rough gold oxide
urfaces.

The insulating properties given by the biofilm could be
esponsible for the apparent decrease in the magnitude of Kdl. In
smooth surface, CPEdl become a capacitor and its value could
e approached such as a capacitor. As can be seen in Fig. 6, its
agnitude depends on several variable parameters, such as the
edium conductivity and the active area of the electrode.
On account of the experimental conditions where medium

onductivity was constant, only the A value is a real variable.
n fact, this variable was the responsible of all the observations
hown in both activation process and biofilm formation.

Fig. 7 shows an intuitive model of the biofilm formation pro-
ess. Initially the electrode surface is clean and the Kdl value
emains constant over time. At some stage, a few bacteria adhere
nto the chip surface, resulting in a decrease of the active area,
hich is so small that the resulting change in Kdl is unnoticed

hrough impedance measurements.
Once the biofilm has grown to cover the entire sensor surface,

dl changes abruptly and the development of the biofilm can be
ollowed impedimetrically.

As the results show, bacterial adhesion was so great after
0 h that the electrode active area is drastically reduced, which
ncrease the impedance value as Kdl also decreases.

As can be shown by the exponential form of impedance data
Figs. 3 and 4), adhesion of bacteria could be produced by a
ooperative process favoured after adhesion of other microor-
anisms. Indeed; bacteria can adhere more easily onto biofilm
tructures than onto gold surfaces.

Once the biofilm was completely formed, both Kdl and
mpedance values remained constant. At this point, the elec-
rode area was completely covered by the biofilm, which cannot

odify interface properties of the sensor further.

.2. Biofilm elimination
The cleaning process was constituted by four steps. In the
nitial one, the chip was rinsed inside a H2O2 30% solution.
eroxide solutions were the most effective in the removal of

chip surface but changing their protein expression enables them to grow into a
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ig. 8. Cleaning processes. Optical microscopy (25×) chip surface image and
0% and (C) after 20 min of cleaning with H2SO4 3 mol dm−3 and NaOH 1 mo

iofilms from chip surfaces. Experimental results showed that
insing for 20 min was enough to remove the biofilm quantita-
ively. In fact, the increase of Kdl value showed after this washing
rocess could be related with an increase of conductivity and,
herefore with a biofilm removing procedure (Fig. 8).

Next, the chip was rinsed in 3 mol dm−3 H2SO4 followed
y 1 mol dm−3 NaOH to eliminate precipitated salts for 20 min.
his was necessary because the capacity of peroxide to eliminate
recipitated salts was rather low and acid/base solutions had to
e employed to dissolve them. The effect of this washing process
as checked by optical microscopy, since the impedance value
ept constant (Fig. 8).

The main drawback of this cleaning process is the resulting
ttack of the encapsulating polymer, debris of which was then
dsorbed onto the chip surface. Therefore, a new step should be
dded to this process. To eliminate the unwanted encapsulating
olymer, the electrode was gently rinsed using 96% ethanol.

This cleaning process gradually eliminated the encapsulating
olymer, thus decreasing the chip lifetime. However, the chip
ould be employed for 3 months without suffering any changes
n its original electrical properties. Work is currently being done
o study different sensor packaging alternatives.

. Conclusions

On-chip impedance measurements provide an easy, repro-
ucible, economic and miniaturized way to follow biofilm for-
ation in drinking water pipes. In addition, impedance mea-

urements can be really useful to monitor bacterial elimination
rom chip surfaces.

This allows free chlorine levels to be properly adjusted
hroughout the entire water distribution network, thus optimis-
ng the amount of disinfectant used along the drinking water
ipes.

Peroxides have shown to be the most effective products to
emove biofilms. However, acid and basic solutions are also
eeded to dissolve precipitated salts.

For microchips, which are usually encapsulated, further
ashing step with alcohols is necessary.
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Impedimetric approach for monitoring the formation of biofilms on metallic 
surfaces and the subsequent application to the detection of bacteriophages 
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Bellaterra, Barcelona, Spain. 
 
 
Abstract 
This paper describes an impedimetric method for monitoring the formation of bacterial biofilms on the 
surface of platinum and gold electrodes and its application for the indirect detection of bacteriophages.  
Impedance measurements showed that the biofilm capacitance, Cbiofilm, the parameter of the electrical 
circuit which modelled the biofilm, was sensitive both to the biofilm growth and to its degradation as a 
consequence of the bacteriophage infection. Impedance results were compared with optical and confocal 
microscopy studies showing a good correlation with the data obtained from the impedance analysis. 
These results guarantee further work in this area to develop portable devices for the detection of 
bacteriophages. 
 
Keywords: platinum chips, biofilm growth monitoring, impedance spectroscopy, bacteriophages infection, 
confocal microscopy. 
 
 
1. Introduction 
 
Bacteria have the ability to colonize solid 
surfaces forming biofilms [1]. Biofilms are 
complex heterogeneous structures of cells 
grouped in a hydrated extracellular matrix 
mostly composed of polysaccharides, proteins 
and lipids [2]. Biofilm formation includes 
different steps, starting with an initial pre-
attachment of molecules to the surface, a 
reversible attachment of cells followed by 
growth until maturation of the biofilm is 
reached. This process of biofilm formation has 
been monitored using several optical and 
electrochemical techniques [3]. Among other 
characteristics, biofilms become electrically 
insulating as they grow, modifying the 
electrode-solution interface properties and even 
inducing the appearance of new electrical 
parameter in the equivalent circuit. In previous 
works, the interface capacitance, the parameter 
of the equivalent circuit which monitors the 
electrode-solution interface, has been shown to 
be sensitive to the bacteria attachment and 
colonization of metallic surfaces from the early 
attachment until the formation of mature 
biofilms [4, 5]. 
The replication of bacteriophages, i.e. viruses 
that infect bacteria, within biofilms has been 
demonstrated causing biofilm degradation [6, 
7]. However, no studies have been performed to 
assess the change in the electrochemical 
parameters that model biofilm formation after 
bacteriophage infection. Detection of 
bacteriophages is especially relevant in the 
environmental monitoring and food industries. 
On the one hand, detection of somatic 

coliphages (i.e. phages infecting E. coli), F-
RNA specific phages and bacteriophages 
infecting Bacteroides spp. has been suggested to 
be more reliable for predicting the 
contamination of viral pathogens than the 
typical bacterial indicator strains [8-13]. On the 
other hand, detection of bacteriophages is also 
important because of the economic losses 
brought about by them in the fermentation 
industry. In the fermented dairy products 
industry producing cheese and yoghurt, the 
infection and subsequent lysis of bacterial 
starter cultures can render a fermentation 
process inactive.  
Rapid and real time detection of bacteriophages 
is desirable in these areas, which can not be 
accomplished by the current available 
traditional methods. These methods consist 
basically in detecting bacteriophages by the 
double layer agar method where a host strain is 
seeded in a semi-solid agar layer. Exposure of 
the bacteria to bacteriophages results in the 
appearance of lysis zones that can be directly 
visualized after an appropriate incubation time, 
which is dependent on the bacteria, the number 
of which is related to the infective viral particles 
or viral aggregates in the original sample [14]. 
Despite of the emerging interest, bacteriophage 
detection has been given little attention and 
small progresses have been made during the last 
decades [15, 16].  
In this study, the formation of Pseudomonas 
putida biofilms on gold and platinum electrodes 
and the subsequent degradation process after 
bacteriophage infection was impedimetrically 
monitored. The biofilm capacitance, Cbiofilm, the 
electrical parameter of the equivalent circuit 



related to the biofilm growth was found more 
sensitive to the biofilm degradation than the 
interface capacitance. The results obtained here 
proved that the degradation of mature biofilms 
grown on electrodes could be used as an indirect 
method for the detection of bacteriophages, 
using impedance spectroscopy. It has to be 
noted that the present method, developed with 
P. putida because of their huge capacity to build 
thick and stable biofilms, may be applied for the 
detection of any bacteriophage of interest, e.g. 
somatic coliphages, as long as a host bacterium 
for this bacteriophage is available and capable 
of biofilm forming. 
 
2. Experimental 
 
2.1 Bacterial strains and culture conditions   
 
Pseudomonas putida DSM 291 and Escherichia 
coli ATCC 700078 (also known as E. coli WG5 
by Grabow and Couborough [17]) were used in 
this study. Bacteria cultures were grown 
overnight in AB minimal medium (ABMM) 
[18] at room temperature (approximately 22 ºC). 
An overnight aliquot of 25 mL was inoculated 
into a 500 mL glass reactor containing ABMM. 
Bacteria were grown under constant agitation, 
MR 2000 (Heidolph, Germany), and aeration, 
BioFlo (New Brunswick Scientific, New Jersey, 
USA). After the inoculation, no nutrients were 
added into the reactor (batch process). The 
electrodes used in this study were aseptically 
introduced into the reactor to avoid 
contamination. All manipulations were 
performed under sterile conditions. 
 
2.2 Electrochemical cell 
 
Electrode production was carried out in-house at 
the IMB-CSIC Barcelona under 
microfabrication technology [19]. A gold or 
platinum disc working electrode with an area of 
0.5 mm2 surrounded by a platinum counter 
electrode of 1.4 mm2 were integrated on a 
silicon nitride substrate of 9 mm2 (3 mm length 
per 3 mm width). The electrodes were 0.08 mm 
apart, ensuring near-homogeneous polarization 
of the working electrode [20]. These working 
electrode/counter electrode (WE/CE) chips were 
introduced in a 25 mL electrochemical cell in 
PBS thermostatically kept at 37 ºC together with 
an external Ag|AgCl electrode, 5240 (Crison, 
Barcelona, Spain).  
 
2.3 Impedance analysis set up 
 
A 25 mV AC potential was applied at the cell 
open circuit potential (+0.26 ± 0.05 V vs. 

Ag|AgCl) over a frequency range between 100 
kHz and 10 Hz. An AUTOLAB PGSTAT 12 
(EcoChemie, BV, The Netherlands) containing 
a FRA-2 module was used. Impedance 
spectroscopy spectra were recorded using the 
FRA-2 software (EcoChemie, BV, The 
Netherlands). The measurement time was 
around 1 minute after recording 17 points per 
frequency decade. All measurements given in 
this work are in relation to the Ag|AgCl 
reference electrode.  
 
2.4 Impedimetric assay for biofilm formation 
monitoring 
 
An impedimetric assay was performed in order 
to characterise the initial bacteria attachment 
and the subsequent formation of mature 
biofilms on the WE/CE chips. For that purpose, 
the WE/CE chips were introduced into a glass 
reactor containing a fresh bacterial culture 
prepared as indicated in the section 2.1. The 
electrodes were kept there to allow bacterial 
colonization during a period of 6 days, in which 
the chips were impedimetrically measured every 
24 h, as described above. Before the 
measurement, electrodes were previously 
washed with sterile ABMM to remove weakly 
surface-attached compounds (Muñoz-Berbel et 
al., 2006).  
 
2.5 Impedimetric assay for bacteriophage 
detection 
 
For the detection of bacteriophages, the WE/CE 
chips containing six days mature biofilms were 
transferred to 10 ml of fresh ABMM or 
Modified Scholtens Broth (MSB) [21] culture 
media and inoculated with a bacteriophage 
stock or sewage sample 1/10 (v/v) prepared as 
indicated below. The electrodes were then 
impedimetrically measured in sterile PBS after 
different incubation times, as previously 
detailed. 
 
2.6 Sewage samples collection and processing   
 
Raw sewage samples from an urban sewage 
treatment plant were collected and transported 
to the laboratory according to standard methods 
[22]. Samples were stored at -70 ºC to avoid 
inactivation of the bacteriophages [23] until 
used. Processing of the samples included a 
centrifugation step of 10 min at 1000 g and 
filtration with sterile 0.22 µm pore filter 
(Millipore Corporation, Barcelona, Spain). 
 
 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) Equivalent circuit and (b) admittance complex plane plot for Pseudomonas putida biofilms after 1 and 6 
days of incubation. The impedance spectra (points in the plot) were fitted to the equivalent circuit shown inset, which 
contains the capacitor associated to the reference electrode (Cref), the solution resistance (RS), the biofilm capacitance 
(Cbiofilm), the resistance of the biofilm pores (Rbiofilm), the interface Constant Phase Element (CPEi) and the charge-
tranfer resistance (RCT). The ideal impedance spectra obtained from the fitting (line in the plot), the calculated values 
and errors using the ZView software for each element of the equivalent circuit are also shown. The spectrum 
corresponding to the electrode before the introduction in the bacterial incubator is also included in each plot (black 
line).
 
2.7 Bacteriophage enumeration and preparation 
of stock cultures 
 
Sewage samples from an urban wastewater 
treatment plant were used as source for P. 
putida and E. coli WG5 (somatic coliphages) 
bacteriophages. Enumeration of the 
bacteriophages was performed by the double 
layer agar method [14]. P. putida 
bacteriophages present in the sewage samples 
were enriched in ABMM using P. putida as host 
strain to increase their concentration because of 
the low number detected in the samples.  
 
2.8 Sample preparation and imaging by 
confocal laser microscopy (CLM) 
 
Briefly, biofilm-coated platinum chips were 
removed from the reactor and washed in PBS as 
explained above for the impedance 
measurements. The biofilm was stained with 
DAPI and WGA and then observed by CLM. 
Measurement of the biofilm thickness was 
expressed as the mean of 10 independent 

measurements conducted on each chip. The 
microscope used was a Laser Confocal Leica 
TCS SP2 AOBS (Leica, Heidelberg, Germany). 
 
2.9 Optical microscopy measurements 
 
Bacterial biofilms were Gram stained and 
imaged using a Nikon Eclipse ME-600 optical 
microscope (Nikon Corporation, Japan) to 
complement the impedance measurements.  
 
2.10 Quantification of attached bacteria 
 
Attached bacteria were quantified by sonication 
and plating on agar. Briefly, WE/CE chips were 
sonicated for 3 minutes to remove the attached 
bacteria from the surface of the electrodes in 5 
mL of PBS. The supernatant was 1/10 serially 
diluted in PBS and 100 µL of the corresponding 
dilutions were then inoculated on an agar plate 
containing Luria Bertani (LB) medium. After 
growing overnight at 37 ºC, bacteria were 
counted and the number of attached bacteria 
onto the chips was estimated. 
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3. Results and discussion 
 
3.1 Fitting and interpretation of impedance data 
 
Z-View software was used to fit impedance data 
to the equivalent circuit shown in Figure 1a 
[24]. This circuit was composed of the solution 
resistance (RS), the biofilm capacitance (Cbiofilm), 
the resistance of the biofilm pores (Rbiofilm), the 
double layer capacitance, which appears as the 
interface constant phase element (CPEi), the 
charge-tranfer resistance (RCT) and an extra 
capacitance of small magnitude (some nF) 
associated with the presence of an external 
reference (CRef), whose value did not vary with 
the biofilm growth. The use of the CPEi instead 
of a conventional double layer capacitance has 
been discussed in previous works. Thus, on 
platinum electrodes, as on most solid-state 
electrodes, the double layer does not behave as a 
pure capacitance [5]. Although this is currently 
under study, a roughness factor appears to be 
one important cause for that. In absence of 
electroactive electrolytes in the medium, the 
impedance of most interfacial CPEs can be 
described by the following expression [25]: 
 

βω)(
1
jK

Z =     (1) 

 
Z is the magnitude of the impedance (in Ω), K is 
the CPE magnitude (in Ω-1s-β), ω is the angular 
frequency (in s-1) and β is a parameter linked 
with the phase angle, which oscillates from 1 for 
planar surfaces to 0.5 for very rough ones [26]. 
In this study, the biofilm became part of the 
interfacial region, thus modifying the dielectric 
properties of the electrode. Hence, the CPEi 
represented in the equivalent circuit (Figure 1a) 
can be described as a generic element, which 
accounts for many complex processes which 
cannot, themselves, be deconvoluted.   
Figure 1b shows the changes in the impedance 
spectra associated to biofilm formation. The 
magnitude of the CPEi (shown in the figure as 
Ki-T), and the Cbiofilm were found very sensitive 
to the growth and maturation of biofilms. 
 
3.2 Effect of the biofilm formation when 
measured by impedance spectroscopy 
 
Pseudomonas made thick biofilms on the 
electrode surface quickly and easily. The effect 
of the biofilm formation on the electrode surface 
was measured using impedance spectroscopy as 
described in section 2.3. Impedance data were 
recorded and fitted as detailed above. The most 
relevant results from the fitting are given in 
Figure 2. The CPEi magnitude (Ki-T) and the 

Cbiofilm changed as a function of the attachment 
time.  
 
       a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Representation of (a) the magnitude of the 
CPEi (Ki-T), and (b) the Cbiofilm versus incubation time 
during the P. putida biofilm formation process on the 
platinum WE/CE chips. These plots illustrate the 
changes caused by the biofilm formation in both 
parameters. 
 
In Figure 2a, the magnitude of the CPEi shows a 
pronounced early increase followed by a deep 
decrease. This behaviour is the same as was 
observed in previous works for E. coli attached 
to platinum electrodes [5], where a pronounced 
early increase in CPEi was also observed prior 
to the massive attachment of bacteria, which 
decreased the CPEi later. The cause of the initial 
increase in CPEi was associated to the decrease 
in the Debye length at the electrode double layer 
for the attachment of single bacteria, behaving 
as simple charged colloidal particles, with their 
counter-ions. The decrease in CPEi, also found 
during the formation of Pseudomonas 
aeruginosa biofilms on gold surfaces [4], could 
be associated to different processes, being the 
decrease in the area, A, of bare electrode the 
principal mechanism, since:  
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Ki-T is the double layer capacitance magnitude, 
ε0 is the vacuum permittivity, εdl is the 
permittivity of the double layer, A is the area of 
the bare electrode and d is the distance between 
layers. Regarding previous works, the total 
measured CPEi, capacitive in nature, can be 
considered to be the sum of the bare electrode 
capacitance, CPt, and the capacitance of the 
molecules composing the attached biofilm, CBC, 
modulated by a time-dependent coverage factor, 
θ(t). 
 

PtBCi CtCtCPE ))(1()( θθ −+=  (3) 
 
Bacteria biofilms are basically composed of 
bacteria and exopolysaccharides, which 
generate capacitances of lower magnitude than 
CPt. For instance, the capacitance of bacteria is 
commonly below pF [27], whereas the CPt has 
been found experimentally of hundreds of µF. 
Thus, the CPEi would fall as bacteria and 
exopolysaccharides attached to the surface, as 
observed in Figure 2a. 
Figure 2b shows that the magnitude of the 
Cbiofilm increases with the biofilm growth. 
Similarly, in a separate study conducted for the 
optimization of the thickness of a polypyrrole 
coating, it was reported that the coating 
capacitance, CC, increased with the polymer 
growth [28]. The CC was found to be sensitive 
to the coating permittivity, εC, the coating area, 
AC and the coating thickness, dC, as follows: 
 

C

CC
C d

A
C

εε
=     (4) 

 
According to Amidurin et al. [29], during the 
coating growth, the polymer capacitance is 
basically influenced by the coating permittivity, 
which mainly depends on the polymer porosity. 
Thus, the increase in CC was attributed to the 
increase of the polymer porosity. Following the 
same reasoning, the increase in the biofilm 
porosity during its growth appears to be the 
responsible of the recorded increase in the 
Cbiofilm magnitude.  
 
3.3 Evaluation of the degradation of mature 
biofilms by specific bacteriophages using 
impedance spectroscopy, optical and confocal 
microscopy, and microbial counts  
 
The use of impedance spectroscopy for the 
detection of specific bacteriophages was 
assessed in parallel with both optical and laser 

confocal microscopy, and microbial counts 
(CFU cm-2), in order to corroborate the obtained 
results. A 6 days mature P. putida biofilm, 
whose growth had been previously 
impedimetrically monitored, was used to 
elaborate a bacteriophage mediated biofilm 
infection model. Wastewater from the influent 
of an urban wastewater treatment plant was used 
as source of P. putida infecting bacteriophages. 
The concentration of these bacteriophages in the 
analysed sample was 40.5 (±0.7) PFU mL-1, 
which was increased up to 107 PFU mL-1 after a 
single enrichment step.  
 
         a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
       b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Representation of (a) the Ki-T, and (b) the 
Cbiofilm versus the time of incubation in the P. putida 
incubator (biofilm growth) and the subsequent 
exposure to bacteriophages (biofilm degradation). 
The moment when WE/CE chips were extracted from 
the incubator and introduced in the bacteriophages 
culture is shown with a vertical arrow. 
 
Different concentrations of bacteriophages were 
assessed (106 and 107 PFU mL-1) and the 
biofilm infection monitored over 24 h. Figure 3 
shows the changes produced in the CPEi and the 
Cbiofilm during the biofilm growth and the 
subsequent degradation by bacteriophages. The 
magnitude of the CPE did not change with the 
infection process whereas the Cbiofilm decreased 
as a consequence of the bacteriophages 
degradation of the biofilm. Thus, bacteriophages  
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Figure 4. Optical microscopy images at different magnification of WE/CE chips after overnight incubation in either 
ABMM with or without bacteriophages. The thickness of the biofilms and the number of attached cells per unit area 
after the infection process is also shown. 
 
infected and lysed superficial cells modifying 
the biofilm structure but inner cells, especially 
those attached directly to the electrode, were 
more resistant to the infection.  
As shown in Figure 4, after incubation of the 
WE/CE chips in the bacteriophage suspensions, 
less attached bacteria were found in these chips 
compared to the ones exposed to control 
suspensions (i.e. the same culture media without 
the phages), which could be associated to the 
infection process. Also the biofilm thickness 
and the number of attached cells decreased with 
the bacteriophages infection process in around 
50% and 20%, respectively. The differences in 
the obtained percentages could be probably 
explained because only the most distant bacteria 
in the biofilm would have been infected and 
lysed with the bacteriophages, while the core of 
the biofilm, where the bacteria are normally 
more densely grouped, would have not been 
reached by these bacteriophages. Infection of 
biofilms by bacteriophages is indeed a complex 
process dependent on different factors such us 
the presence of phage-borne polysaccharide 
depolymerases to degrade the extracellular 
matrix, in which the bacteria are immersed [30]. 
The decrease in Cbiofilm after 24 hours of 
incubation was found sensitive to the initial 
concentration of bacteriophages, being more 
pronounced as the concentration of 
bacteriophages increased. It was also observed a 
variation in the Cbiofilm value through the 
incubation time. Thus, the decrease in Cbiofilm 
was mainly recorded during the initial 6-8 hours 
when the degradation of the biofilm seemed to 
be more intense (data not shown).  
 

In summary, the detection of changes in the 
Cbiofilm parameter in a mature biofilm proved 
useful for the development of an indirect 
method for the detection of bacteriophages in 
liquid samples. 
 
3.4 Application to real samples: detection of 
somatic coliphages from an urban sewage 
treatment plant  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Representation of the change in the 
Cbiofilm magnitude after 24 hours of incubation in 
real samples from an urban sewage treatment plant. 
The control sample, water without bacteriophages, is 
also shown. 
 
The impedimetric approach for detecting 
bacteriophages via the degradation of specific 
bacterial biofilms was applied to the detection 
of somatic coliphages from an urban sewage 
treatment plant. Five days mature biofilms of E. 
coli grown on WE/CE chips following the 



experimental condition shown in section 2.1 
were used. As shown in Figure 5, this method 
was sensitive enough to detect the viral 
contamination in water samples from a sewage 
treatment plant, which contained a 
concentration of around 104 PFU mL-1 of 
somatic coliphages. A similar response to the P. 
putida assay was observed, with a significant 
decrease in the Cbiofilm in the sample containing 
bacteriophages with respect to the control 
sample, where no bacteriophages were present.  
 
4. Conclusions 
 
We have shown that impedance spectroscopy 
can be used for following both bacterial biofilm 
growth on metallic surfaces and the subsequent 
degradation caused by the infection of specific 
bacteriophages. The biofilm capacitance, Cbiofilm, 
the parameter of the equivalent circuit related to 
the biofilm growth, has been found to be 
sensitive to the biofilm formation and 
degradation. Impedance results are well 
correlated with optical microscopy images. Also 
the thickness of the biofilms (from laser 
confocal microscopy) and the number of 
attached cells coincide with impedance data. 
The Cbiofilm has been shown sensitive both to the 
concentration of bacteriophages in the culture 
and to the incubation time. This approach has 
been applied to the detection of coliphages in 
real samples from an urban sewage treatment 
plant. 
Future work will be focused on the optimization 
of the sensitivity and the variability of the 
impedimetric approach. Also some effort will be 
done in the development of automatic devices 
for the real-time detection of bacteriophages. 
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Abstract 
Surface plasmon resonance (SPR) technique has been proved to be a very sensitive method for detecting 
bio-molecular interactions. In this study, a two-channel microfluidic SPR sensor device was used to 
detect the presence of somatic coliphages, a group of bacteriophages that have been proposed as faecal 
pollution indicators in waters, using their host, Escherichia coli WG5, as a target for their selective 
detection. E. coli WG5 was immobilized onto gold films through avidin-biotin interactions and was 
allowed to be lysed by the bacteriophages present in the water samples. Exposure of the immobilized host 
strain to the bacteriophages resulted in a shift of SPR response angle of at least 150 mº after a period of 
time that was dependent on the concentration of the bacteriophages in the sample. As few as 1 PFU mL-1 
injected into the chamber could be detected after a phage incubation period of 120 min, which means that 
a minimum concentration of around 102 PFU mL-1in the original sample can be detected. These results 
are very promising for the construction of portable biosensors for bacteriophage detection and 
enumeration in the future based on this technique. 
 
Keywords: Surface plasmon resonance; Biosensor; Somatic coliphages; E. coli; Surface water 
 
 
1. Introduction 
 
In the last two decades, a wide variety of 
biosensors including electrochemical 
(amperometric and impedimetric), piezoelectric 
(quartz crystal microbalance) and optical 
(surface plasmon resonance, SPR) devices have 
been developed for the detection of viral and 
bacterial pathogens (Gau et al. 2001; Kurosawa 
et al., 2006). Among them, biosensors based on 
the surface plasmon resonance technique (SPR) 
have received increasing interest because of the 
power and easiness of this technique. The first 
theories that now explain the SPR phenomenon 
were presented in 1873 by James Clark 
Maxwell but it was not until nearly two decades 
ago that the first SPR-based biosensor was 
developed (Jönsson et al., 1991). It relies on the 
detection of changes in the refractive index 
close to the sensor surface, which is related to 
the amount of macromolecules bound to the 
sensor surface. As shown in Fig. 1, there is an 
incident light (P polarized light) that is coupled 
to the electron field (plasmon wave) through a 
glass prism that create an energy wave (surface 
plasmon resonance) that can extend through the 
dielectric material deposited onto the gold 
surface. The maximum coupling of the light 
with the surface plasmon occurs at an angle θ 
(angle of resonance), which depends on the 
dielectric material deposited above the gold 
surface (Kretschmann, 1971). Hence, this 

technique is useful for the study of bimolecular 
interactions that occur at no more than 300-400 
nm from the gold surface. In last years this 
technique has been improved and a wide variety 
of SPR-based biosensors have been developed 
(see Hoa et al., 2007 for review of advances in 
SPR technology). SPR has proved useful for the 
monitoring of several compound among which, 
we can find hormones (Habauzit et al., 2007), 
pesticides (Mauriz et al., 2007) […] with very 
important applications, which traditionally had 
been studied by immunoassays, spectroscopic 
techniques or chromatographic methods. One 
important advantage of the SPR method over 
the rest is that the measure is taken nearly 
continuously so it offers nearly real time 
responses of the process that is being measured. 
It has other advantages over electrochemical 
systems, like its high sensitivity.  
In the last years some SPR detection protocols 
have been described for the detection of certain 
virus (Baac et al., 2006; Bolovets et al., 2004). 
However, they focus mostly in the detection of 
animal virus particles than in the intact form of 
the virus (Wittekindt et al., 2000), while 
bacteriophage detection, i.e. virus that infect 
bacteria, remains an unexplored subject. Recent 
work by Jenkins has shown that SPR is sensitive 
to bacterial attachment, despite the fact that 
bacteria are larger than the evanescent decay 
length of the resonant surface plasmons. 
Moreover, SPR could accurately discriminate 



 

between pili mutants of P. aeruginosa vs. 
wildtype in early stage attachment (Jenkins et 
al., 2005). 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic representation of the SPR setup 
used in this study (adapted from Jenkins et al., 2005). 
P polarized light is reflected forming an energy wave 
at the gold surface. The angle θ of incident light 
which forms maximum excitation is sensitive to 
changes in the dielectric properties of the molecules 
attached to the gold film surface. 
 
The monitoring of faecal pollution in surface 
waters has become a growing concern in the last 
century. Every day is more frequent the 
reutilisation of water worldwide for diverse 
purposes, and therefore to diminish the risk of 
pathogens, reasonably good faecal indicators are 
needed. Traditionally, Escherichia coli and/or 
Enterococcus sp have been used as microbial 
indicators to monitor faecal pollution in waters. 
However, it has been suggested that these 
bacterial strains are not good for predicting 
contamination of faecal-oral transmitted virus. 
In last decades great advance has been made 
and bacteriophages have been proposed as 
indicators of the presence of virus (Traub et al., 
1986; Borrego et al., 1987; Lasobras et al.1999; 
Grabow, 2001; Mocé-Llivina et al., 2005). 
Moreover, in the last report from the United 
States Environmental Protection Agency 
somatic coliphages have been included as faecal 
indicators of viral origin (USEPA, 2006). 
Somatic coliphages are virus that infect E. coli 
and are highly related to the faecal 
contamination because they can only infect 
faecal bacteria. 
Traditional methods to detect bacteriophages 
include the double layer assay method, which is 
based on the deposition of a semi-solid agar 
layer containing the host strain of the 
bacteriophage to be detected and the sample 
which is object of study on the top of an agar 
plate. Enumeration of the lysis zones that are 
visualized after an appropriate incubation time 
is related to the number of bacteriophages 
present in the original sample (Adams, 1959). 
The standardized method used for the 
enumeration of somatic coliphages can be 
reviewed in the ISO 10705 part 2 (Anonymous, 
2000, Anonymous, 2001).  

In this study, the use of SPR to detect somatic 
bacteriophages in water samples was analysed. 
The sensitivity of the method was also 
investigated with the type phage PhiX174. 
 
2. Materials and methods 
 
2.1. Bacterial strains and culture conditions  
 
The Escherichia coli ATCC 700078 also known 
as WG5 (Grabow and Couborough, 1986) was 
grown at 37 ºC with constant agitation at 100 
rpm in modified Scholten’s broth (MSB) 
supplemented with nalidixic acid (250 µg mL-1) 
(Anonymous, 2000) to prepare an ON culture. 
This culture was diluted 1:100 into fresh MSB 
and incubated again until an OD600nm of 0.3 was 
reached to proceed with either the enumeration 
of somatic coliphages or the preparation of 
stock cultures for bacteria immobilization. 
 
2.2. Bacteriophage enumeration and 
preparation of stock cultures  
 
Bacteriophage PhiX174 (ATCC 13706-B1) was 
used as reference bacteriophage for somatic 
coliphages. Enumeration of this bacteriophage 
was performed by the double layer agar method 
(Adams, 1959). Enrichment cultures of this 
bacteriophage were prepared according to the 
ISO 10705-2 (Anonymous, 2000). Briefly, 25 
mL of an E. coli WG5 culture prepared as 
indicated above was diluted 1:100 in 25 mL of 
fresh MSB and incubated with a stock of 102 
plaque forming units (PFU) mL-1 for 5 hours at 
37 ºC. Then 2.5 mL of chloroform was added 
and the mixture was placed ON at 4 ºC. The 
aqueous phase was centrifuged at 3000 g for 20 
min and the supernatant was stored at 4 ºC. The 
supernatant was 1:10 serially diluted into 
Phosphate Buffered Saline (PBS) and 
enumerated with the double layer method as 
indicated above before performing the SPR test.  
 
2.3. Preparation of stock cultures of 
biotinylated bacteria 
 
E. coli WG5 culture prepared as previously 
described (OD600nm= 0.3) was used to prepare 
stock cultures to be used for the immobilization 
of bacteria onto gold-coated-glass disks 
(Windsor Scientific Ltd, Slough, United 
Kingdom). Bacteria were immobilized to the 
gold film through avidin-biotin interactions. 
Biotinylation of bacteria was performed as 
follows: 10 mL of E. coli culture was 
centrifuged at 16000 g for 5 min and washed 3 
times with chilled PBS (pH: 8.0) to remove the 
culture media and incubated 1 h in ice with 1 
mg mL-1 of Sulfo-NHS-XX-Biotin (Invitrogen, 



 

Barcelona, Spain). The biotinylated cells were 
then washed 3 more times with chilled PBS to 
remove residual biotin. Finally, the cells were 
recovered and resuspended in PBS with 10 % 
sterile glycerol and preserved in 200 µL aliquots 
at -20 ºC until used. Bacterial counts were 
performed in triplicate by 1:10 serially diluting 
the aliquot in PBS and incubating the lowest 
dilutions in MSB agar at 37 ºC for 24 h, giving a 
final concentration of 8.37(±0.25) log (CFU mL-

1). 
 
2.4. Immobilization of biotinylated bacteria onto 
gold-coated glass disks 
 
Different concentrations of avidin (Sigma 
Aldrich, Barcelona, Spain) in PBS ranging from 
0.01 to 1 mg mL-1 were assayed by direct 
adsorption onto the gold surface of the disk and 
evaluated by SPR measurements as indicated 
below. Then biotinylated bacteria were 
incubated onto the avidin-coated gold film for 1 
h at 37 ºC to allow the coupling reaction 
between avidin and biotin. These results were 
compared to direct adsorption of non-
biotinylated bacteria onto the bare gold surface. 
 
2.5. Assay protocol for SPR measurements  
 
Detection of reference bacteriophage PhiX174 
and natural occurring bacteriophages in 
wastewaters from urban treatment plants was 
conducted using the two chamber SPR Autolab 
SPRIT® system (Eco Chemie, Utrecht, 
Netherlands). The two chambers allowed us to 
carry out two assays at the same time with what 
one could be used as negative control to 
suppress the residual noise generated by 
injection of buffers and the other one could be 
loaded with the same sample but containing 
bacteriophages. Briefly, to begin the 
measurement the device was allowed to settle 
down by injecting into the chamber 50 µL of 
PBS. Then 50 µL of avidin (0.5 mg mL-1) was 
injected and was allowed to be adsorbed onto 
the gold film for 10 min. After washing with 
PBS, 50 µL of biotinylated cells were incubated 
in the chamber for 1 hour to allow the coupling 
between biotin from the bacteria and avidin 
from the gold film. Then a wash step with PBS 
was performed to remove unadhered bacteria. 
The environmental samples containing 
bacteriophages were diluted 1:10 into MSB and 
50 µL of the mixture were injected into the 
chamber to allow the bacteriophages to replicate 
within their host E. coli WG5. The SPR 
response produced was monitored during at 

least 100 minutes taking a measure every 3 
seconds. All steps were realised at 37 ºC. The 
gold disks used for the immobilization were re-
used for several times. They were cleaned 
before performing the experiment with ethanol 
and distilled water. After drying an ozonisation 
cycle of 30 minutes was performed and they 
were washed again with sterile distilled water 
before their use. 
 
2.6. Electrochemical impedance spectroscopy 
 
In addition, detection of bacterial attachment 
through electrochemical impedance 
spectroscopy (EIS) was made to compare the 
results obtained with the SPR method. This 
technique has been previously reported to be 
useful for detection of bacterial adhesion 
(Muñoz-Berbel et al., 2007). However, the 
sensitivity of this technique was not high 
enough to detect a single layer of bacteria, and 
therefore IES was discarded for this approach. 
 
2.7. Wastewater sample collection and 
processing 
 
Three samples from different urban wastewater 
treatment plants were collected (Table 1) and 
transported to the laboratory according to 
Standard methods (Eaton et al., 2005). Samples 
were stored at -70 ºC to avoid inactivation of the 
bacteriophages (Mendez et al., 2002) until used. 
Processing of the samples included a 
centrifugation step of 10 min at 1000 g and 
filtration with sterile 0.22 µm pore filter 
(Millipore Corporation, Barcelona, Spain). The 
filtered suspension was used for the 
enumeration and detection of somatic 
coliphages with the double layer method and 
SPR, respectively.  
 
Table 1 
Samples analysed in this study 
 

Samples Origin 
Bacteriophage 
counts log (PFU mL-

1) ± sd 

GA2007 
Wastewater 
treatment plant 
1  

4.90 ± 0.01 

HM2001 
Wastewater 
treatment plant 
2  

3.81 ± 0.01 

HM1402 
Wastewater 
treatment plant 
3  

3.84 ± 0.02 

PhiX174 
stock 

laboratory 
enrichment 9.79 ± 0.02 

PFU, plaque forming units; sd, standard deviation 
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Fig. 2. Representation of a typical SPR cycle used for the detection of bacteriophage PhiX174 and other somatic 
coliphages present in the wastewater samples. Arrows indicate the different steps from the cycle that were described 
in the “materials and methods” section: a, initialization of the system by rinsing the gold disk with 50 µL of PBS; b, 
addition of 50 µL of avidin solution (0.5 mg mL-1); c, PBS washing; d, incubation of the host strain E. coli WG5; e, 
PBS washing; f, addition of the sample to be analysed in one chamber (and negative control in the other chamber). 
 
3. Results and discussion 
 
3.1 Bacteriophage PhiX174 and wastewater 
sample coliphages enumeration by the double 
layer agar method 
 
The bacteriophage PhiX174 stock culture 
prepared for the calibration of the SPR assay 
was enumerated by the double layer agar 
method giving rise to a final bacteriophage 
concentration of 9.79 log (PFU mL-1) units 
(Table 1). Additionally, somatic coliphages 
present in three different raw wastewater 
samples were also enumerated presenting values 
among 3.8 and 4.9 log (PFU ml-1) units. These 
values are consistent with other previous reports 
of somatic coliphages in wastewater samples of 
similar characteristics (Mocé-Llivina et al., 
2003). 
 
3.2 Optimization of avidin adsorption onto the 
gold film and bacteria immobilization 
 
Direct adsorption of different concentrations of 
avidin ranging from 0.001 to 1 mg mL-1 were 
assayed and analysed by SPR. The adsorption of 
avidin onto the gold film could be followed by 
an increase of more than 500 mº of the SPR 
angle (Fig. 2.). The maximal response, as 
measured by the SPR angle shift after avidin 
addition, was already reached with a 
concentration of 0.5 mg avidin mL-1, indicating 
from this concentration on the gold film was 
immediately saturated (Fig. 2d).  
Functionalisation of the gold disk with avidin 
allowed adsorption of biotinylated E. coli to 
avidin through avidin-biotin interactions (Fig. 
3). Direct adsorption of E. coli to avidin has 
been previously documented (Korpela et al., 
1984). However, in this study direct adsorption 

of bacteria to avidin-coated-gold disk was not 
strong enough to carry out the protocol inside 
the SPR cell and therefore biotinylation of the 
surface proteins of the bacterial envelope was 
necessary. The results obtained here suggest that 
biotinylation of the surface proteins did not alter 
the functionality of the bacteriophage receptor 
of the host strain. In relation to this, it has been 
reported that avidin-biotin immobilisation 
generally maintains biomolecule activity than 
other used methods (Da Silva et al., 2004). 
Moreover, avidin-biotin affinity interaction has 
been shown to be extremely high with an 
association constant (Ka) of 1015 M-1 (Wilchek 
and Bayer, 1988) and the binding of both 
molecules can be regarded nearly as a covalent 
bound. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Adsorption of E. coli, onto the gold through 
avidin-biotin interactions. Optical micrograph in dark 
field, 1000X. 
 
3.3 SPR measurements  
 
The whole process, attachment and lysis of 
bacteria, was monitored continuously “real-
time” giving a curve shape that was repeated in 
all samples tested that contained bacteriophages 
showing an increase of the resonance angle of at
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Fig. 4. Variation of the angle of resonance in response time detection to different concentration of bacteriophages: a) 
detection of bacteriophage PhiX174 as measured by the difference angle among the sample and the control; b) 
detection of somatic coliphages in wastewater samples. 
 
least 150 mº with respect to the control sample 
that did not contain bacteriophages (Fig. 2). The 
time lapse before this increase could be detected 
varied according to the concentration of 
bacteriophages present in the sample being 
longer as the bacteriophage concentration 
decreased (Fig. 4). As few as 102 PFU mL-1 in 
the initial sample could be detected after an 
incubation time of 120 min. Taking into 
consideration that a single bacteriophage can 
give rise to 20-50 new bacteriophages per 
infected host cell in a lapse time of around 20 
min (Kokjohn et al., 1991; Anonymous, 2000), 
it can be estimated that more than 106 
bacteriophages can easily be produced in 120 
min from a single bacteriophage. The shift in 
the resonance angle detected is theoretically 
hypothesized to be caused by the attachment of 
released phage particles, and bacterial lysates 
(especially, fragments of the bacterial 
membranes and intracellular proteins) that 
might adhere to the gold film. According to this 
observation, an increase in the resonance angle 
has been previously reported in a study for 
determining toxicity in waters by SPR in an E. 
coli assay, in which an increase of 60 mº was 
observed after exposure to different phenol 
concentrations due to bacterial membrane 
damage (Choi et al., 2005). To test this 
hypothesis phospholipase A (1 µg mL-1) was 
added to a control sample that did not contain 
bacteriophages and again an increase in the 
resonance angle was observed (data not shown). 
 
3.4 Detection of somatic coliphages in 
wastewater samples 
 
Three samples from different wastewater 
treatment plants were evaluated for the presence 
of bacteriophages by both SPR method and the 
traditional double layer agar method. The curves 
shape obtained after the addition of the 
wastewater samples were similar to those of 

bacteriophage PhiX174. Moreover, the time 
lapse before the increase of the resonance angle 
was similar to that one expected according to 
the calibration of bacteriophage PhiX174 and 
concentration (PFU mL-1) of bacteriophages in 
the samples as estimated by the double layer 
agar method.  
As far as we know this is the first attempt to real 
time monitoring of the presence of somatic 
coliphages in wastewater samples through SPR 
measurements. Moreover, the method described 
here possesses the two characteristics which are 
desired for the development of an optimal 
biosensor, which are a high specificity, which 
relies on the specificity of the host-phage 
interaction and the high sensitivity of the SPR 
technique. This new approach can therefore be 
applied and extended to the development of 
miniaturized and portable SPR biosensors to 
detect other bacteriophages of interest in 
industry, which need to be detected in a short 
period of time to prevent the lysis of starter 
cultures, by just adapting the host strain to the 
bacteriophage to be detected.  
 
4. Conclusions 
 
In this study, we have shown that the presence 
of bacteriophages in water samples can be real-
time monitored by the use of SPR technique 
using their host bacteria adsorbed to gold films 
as a bio-recognition element. The detection limit 
of the method was estimated to be around 102 
PFU mL-1, requiring a minimum incubation 
time of 120 min for the detection. All the 
experiments were performed in a closed, non-
flowing system in a semi automated process. 
However, automation of the whole process 
could be achieved in most SPR machines. These 
results are very encouraging for the future 
development of portable biosensors for 
bacteriophage and other faecal indicators 
detection, because it offers the possibility to 



 

make automated and real time measurements in 
the field. 
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Abstract 
 
This paper describes a new approach for monitoring the concentration of real bacterial suspensions from 
an incubator using impedance spectroscopy and platinum electrodes. The interface capacitance, 
commonly fitted as a constant phase element, CPEi, was found sensitive to the suspended concentration 
after short exposure times. The effect of the metabolites in the CPEi magnitude was checked. Impedance 
measurements of E. coli cultures showed correlation with classical measurements of bacteria 
concentration such as plating onto agar, optical density and fluorescence microscopy.  
 
Keywords: platinum electrodes, impedance spectroscopy, bacteria monitoring, metabolites effect. 
 
 
1. Introduction 
 
Bacteria are small prokaryotic and unicellular 
microorganisms with a huge variety of 
resources to adapt to any metabolic restriction 
and environmental condition. Thus, bacterial 
species can be found adapted to live elsewhere 
(air, water or soil) as free cells (planktonic cells) 
or in communities, such as biofilms (Madigan et 
al., 1997). The determination of the 
concentration of planktonic bacteria in liquids is 
important in different areas (Tang et al., 2006). 
On the one hand, the monitoring of the 
concentration of suspended bacteria is 
especially relevant in the fermentation industries 
where a strict control of the concentration of 
cells in the incubator is necessary during the 
fermentation process. On the other hand, the 
presence of bacteria, even the non-pathogenic 
ones, is very restricted in other areas, namely 
the environmental monitoring, the food and the 
beverage industries and the clinical chemistry. 
For instance, the presence of non-pathogenic 
bacteria is limited to 102 CFU mL-1 in drinking 
waters (Lebaron et al., 2005). Thus, these areas 
require fast and simple detection methods for 
the continuously quantification of planktonic 
bacteria in liquids, especially at low 
concentrations. 
Conventional methods for the detection of 
viable bacteria typically rely on the culture-
based assays. With the advent of modern 
molecular biological techniques, many new 
approaches have been investigated for this 
purpose, such as bioluminescent assays (Lee et 
al., 2004), Fluorescent In Situ Hybridization 
(FISH) (Garcia-Armisen et al., 2004), optical 

tweezers (Ericsson et al., 2000), nucleic acid 
amplification method (Polymerase Chain 
Reaction, PCR) (Tims et al., 2003), Reverse 
Transcription-Polymerase Chain Reaction (RT-
PCR) (Bleve et al., 2003; del Mar Lleo et al., 
2000) and Nucleic Acid Sequence-Based 
Amplification (NASBA) (Simpkins et al., 
2000). Although these methods can offer high 
sensitivity, they are either time-consuming or 
relying on laboratory facilities, which limit their 
application for rapid operation and on-site 
analysis. In recent years a number of new 
methodologies have been applied to the 
detection of planktonic bacteria. These include 
Voltamperometry (Tang et al., 2006), 
Micromechanical Oscillators (Gfeller et al., 
2005) and Quartz Crystal Microbalances 
(QCMs). These methods showed good 
sensitivities (around 102-103 CFU mL-1) with 
short measurement times (between some 
minutes to hours depending on the method). 
However, their main drawback can be found by 
considering the complexity of the assay, which 
frequently requires the manipulation of fragile 
or biologically delicate materials. 
This article describes a simple and fast 
impedimetric approach for monitoring real 
bacteria samples from an incubator, based on 
the changes produced in the electrode-solution 
interface by the early bacteria attachment on 
platinum electrodes. Previous works showed 
that bacterial attachment to platinum electrodes 
could be used for suspended bacteria 
quantification (Munoz-Berbel et al., Accepted; 
Muñoz-Berbel et al., 2007). In this paper, the 
influence of the cells and the metabolites in the 
impedimetric measurement is also investigated.
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Fig. 1. Admittance complex plane plot for bacterial suspensions extracted from the incubator 30 and 270 minutes 
after the inoculation of the bacterial starter suspension. Impedance data were fitted using the equivalent circuit shown 
inset. The experimental impedance spectra (points in the plot), the ideal impedance spectra from the fitting (line in 
the plot) are shown. Also the spectra corresponding to the culture medium without bacteria is added in each plot as 
control (red line). Below, the calculated values and errors of each element from the fitting are shown. 
 
2. Materials and methods 

 
2.1 Electrochemical cell 
 
The measurement systems comprised the 
working electrode / counter electrode (WE / CE) 
chip and an external Ag|AgCl reference 
electrode, 5240 (Crison, Barcelona, Spain) both 
introduced in a 10 mL electrochemical cell. The 
WE / CE production was carried out in-house at 
the IMB-CSIC Barcelona (Alonso Lomillo et 
al., 2005) where a platinum disc working 
electrode with an area of 0.5 mm2 surrounded 
by a platinum counter electrode of 1.4 mm2 
were integrated on a silicon nitride substrate of 
9 mm2 (3 mm length per 3 mm width). The 
electrodes were 0.08 mm apart, ensuring near-
homogeneous polarization of the working 
electrode (Harrar et al., 1966). 
 
2.2 Microbiological preparation 
 
Escherichia coli (CGSC 5073 K12) was grown 
overnight at 37 ºC in Minimal Medium AB 
(MMAB) containing glucose (Balestrino et al., 
2005). The bacterial concentration was 
measured using plating in LB medium 

containing 1.5 % agar, with stock concentration 
at around 109 colony forming units per mL (CFU 
mL-1). The suspension was then serially diluted 
down to 106 CFU mL-1 in decade steps. For the 
monitoring of the bacterial growth, 1 mL of 
either the 108 CFU mL-1 or the 106 CFU mL-1 
suspensions were sterilely inoculated into a 1.5 
L water-jacketed glass reactor to achieve an 
initial concentration inside of 105 or 103 CFU 
mL-1, respectively. During the growth, the 
incubator was thermostatically kept at 37 ºC 
with constant agitation, MR 2000 (Heidolph, 
Germany), and aeration, BioFlo (New 
Brunswick Scientific, New Jersey, USA). Under 
these conditions, E. coli grew aerobically with a 
duplication time experimentally found to be 
close to 40 minutes (data not shown). After the 
inoculation, no nutrients were added into the 
reactor (batch process). All of the manipulations 
were performed under sterile conditions. 
Using the aseptic acquisition system, aliquots of 
20 mL were sterilely extracted from the 
incubator in periodic intervals of 30 minutes and 
directly measured using impedance 
spectroscopy, optical density and fluorescence 
microscopy. After 20 minutes of centrifugation 
at 4388 g, Sigma 4-10 centrifuge (Sigma, 
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Switzerland), the metabolites (supernatant) and 
the suspended cells (pelled cleaned and 
resuspended in sterile MMAB) were also 
measured in separate using impedance 
spectroscopy. Biological samples were stored in 
the fridge at 4 °C to slow growth until 
measurement. 
 
2.3 Impedance Measurements 
 
The impedance analyser Solartron SI 1260A 
(Solartron Analytical, Hampshire, UK) was 
coupled to a potientiostatic interface Solartron 
1287. Impedance spectroscopy spectra were 
recorded using the Z-Plot software (Scribner 
Associates Inc., North Carolina, US). A 25 mV 
AC potential was applied at the cell open circuit 
potential (+0.26 ± 0.05 V vs. Ag|AgCl) over a 
frequency range between 100 kHz and 10 Hz. 
All measurements given in this work are in 
relation to the Ag|AgCl reference electrode. 
Bacterial suspensions were introduced to the 
electrochemical cell which was thermostatically 
kept at 4 ºC. Impedance measurements were 
made after 50 seconds of exposure for direct 
(non-centrifuged samples), metabolites or 
suspended cells samples. After the 
measurement, the electrochemical cell, 
including electrodes, was sterilized with 96% 
v/v ethanol (Panreac, Spain). 
 
2.4 Optical density measurements 
 
The magnitude of the optical density at 550 nm 
was used to follow the bacterial concentration of 
the culture. Optical density measurements were 
made with the spectrophotometer Ultrospec 
1100 pro (Biochrom, Cambridge, UK). Optical 
density values were interpolated in a calibration 
curve previously obtained for E. coli growing 
under the same experimental conditions, which 
was used as a calibration curve (data not 
shown).  
 
2.5 Fluorescence microscopy measurements 
 
The bacteria concentration in the incubator was 
monitored with time using fluorescence 
microscopy for correlation with impedance 
measurements. The cells of each aliquot were 
fixed with formaldehyde (CH2O, Sigma) and 
retained in 2 µm pore size GTBP filters 
(Millipore, Billerica, Massachusets, USA). 
Bacteria were stained with 20 µg mL-1 4'-6-
diamidino-2-phenylindole (DAPI) (Merk, 
Germany) for 5 minutes and then rinsed in 
phosphate buffer saline (PBS) immediately prior 
to imaging. An Olympus BH Fluorescence 
Microscope (Olympus, California, USA) was 
used. 

3. Results and discussion 
 
3.1 Fitting and interpretation of impedance 
spectra 
 
Impedance spectra were fitted using the Z-View 
software to the equivalent circuit shown in 
Figure 1. This circuit was composed of the 
solution resistance (RS), the interface 
capacitance, which was modelled with a 
Constant Phase Element to improve the fitting, 
CPEi, and an extra capacitance of small 
magnitude (experimentally found to be of some 
nF) associated with the presence of an external 
reference electrode, Cref, which was not 
sensitive to the bacteria concentration. In all 
cases, errors never exceeded the 5 %. The use of 
the CPEi instead of a conventional double layer 
capacitance was discussed in previous works 
(Muñoz-Berbel et al., 2007). The reason of this 
change is currently under study but the 
roughness of the electrode appears to play a 
relevant role on it. 
Figure 1 shows impedance measurements for 
bacterial suspensions extracted from the 
incubator 30 and 270 minutes after the 
inoculation of the stock bacterial suspension 
used as starter. Regarding the fitting, the 
magnitude of the CPEi (Ki-T in the figure) was 
found to change with time as a consequence of 
bacterial growth in the incubator.  
 
3.2 Monitoring of the concentration of real 
bacterial samples extracted from an incubator 
using impedance spectroscopy: evaluation of 
the influence of the cells and metabolites in the 
impedance magnitude 
 
Impedance measurements were made and fitted 
as previously shown. The most relevant results 
are shown in Figure 2. It has to be noted that, 
after the fitting, the measured CPE magnitude 
(Ki) was normalized using Eq. 1. Ki(it) is the 
value of CPE at any incubation time and Ki(m) 
is the value of CPE of the culture medium in 
absence of bacteria: 
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A constant RS value was obtained with time for 
total samples (samples containing both 
suspended cells and metabolites), cells samples 
(samples containing re-suspended cells) and 
metabolites samples (samples mainly containing 
metabolites) with a magnitude of 445 ± 19 Ω. 
Sample conductivity was measured separately 
with a conductance meter and found to be 
sample invariant, which confirmed that, under 
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the experimental conditions previously exposed, 
the conductivity of the medium did not vary 
with the E. coli growth (or with the metabolites 
production).  
However, the Ki changed with time by total and 
cells samples, although the correlation with 
time, and thus with bacteria growth, was found 
to be better by total than cells samples, probably 
because of the centrifugation step. The increase 
in CPE coincided with that reported in previous 
works (Munoz-Berbel et al., Accepted; Muñoz-
Berbel et al., 2007). In those cases, the 
attachment of bacteria, considered to be 
behaving as simple charged colloidal particles, 
during the very early attachment was thought to 
modify the structure of the double layer at the 
electrode interface. Particularly, bacteria 
attachment to the electrode surface may 
decrease the Debye length at the electrode 
double layer, causing the initial increase in CPE.  
In the case of metabolites samples, the random 
oscillation of the Ki was caused by the presence 
of bacteria since the variation disappeared after 
filtration in 2 µm pore size GTBP filters. Thus, 
the metabolites produced by E. coli during 
bacteria growth, under the experimental 
conditions here exposed, did not modify the 
CPEi either. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Representation of the normalized Ki versus the 
incubation time for total samples containing both 
cells and metabolites (total samples), samples 
containing only metabolites (metabolites samples) 
and samples containing only cells (cells samples). 
 
Using the calibration curve shown in Figure 3, 
impedance data from total and cells samples 
were converted into concentration values. It has 
to be emphasized that both experiments 
(calibration curves and impedance data from 
total and cell samples) were comparable since 
both of them were made using the same 
bacteria, culture medium, equipment, 
experimental conditions and identical platinum 
electrodes.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Representation of the normalized Ki versus the 
logarithm of the suspended concentration of bacteria. 
This calibration curve was used for converting 
capacitance values into bacteria concentrations. 
 
The global behaviour of the new impedimetric 
approach in the determination of bacteria 
concentration for total and cells samples was 
evaluated by plotting the predicted values (from 
impedance spectroscopy) against the expected 
ones (from plating on agar) (Figure 4). A good 
method should display comparative lines with 
high correlation and a slope equal to one with 
zero intercept. As illustrated in Figure 4, in both 
cases impedance spectroscopy measurements 
showed good correlation with comparison lines 
practically indistinguishable from the theoretical 
values. However, better results were obtained in 
the case of total samples directly extracted from 
the incubator. This fact was probed to be caused 
by the centrifugation process since, as 
previously shown, part of the cells remained in 
the supernatant after the centrifugation. Thus, 
the number of bacteria in both cells and total 
samples may not always be the same, which 
introduced a new variability factor in the EIS 
measurement. 
Finally, the Student’s t-test for paired samples 
was used for checking whether there were 
significant differences between the obtained and 
the expected values, significance being set at 95 
%. The tabulated values of the t (ttab), 2.26 and 
2.20 for total and cells samples respectively, 
were always found to be bigger than the 
calculated ones (0.21 and 0.85 for total and cells 
samples, respectively). Thus, no significant 
differences between the predicted and the 
expected values were obtained. Again, better 
results were achieved when using total samples 
directly extracted from the incubator. 
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Fig. 4. Representation of the predicted bacteria concentration magnitude (obtained from total and cells samples 
respectively after measuring using impedance spectroscopy) against the expected ones (from plating on agar). The 
dotted line represents the theoretical comparison line y = x. 
 
3.3. Comparison of the impedimetric approach 
with classical optical density measurements and 
epifluorescence microscopy counting 
 
Bacteria concentration values from impedance 
spectroscopy were compared with those 
obtained from optical density and 
epifluorescence microscopy measurements. 
Impedance, optical density and epifluorescence 
microscopy measurements were made as 
described above. Suspended concentration 
values from impedance spectrosocpy data were 
obtained by interpolating in the calibration 
curve shown in Figure 3, as previously detailed. 
The suspended concentration from optical 
density was also found after interpolation in the 
calibration curve (data not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Representation of the variation of the 
concentration values from impedance spectroscopy, 
epifluorescence microscopy and optical density 
measurements with the incubation time. 
 
Figure 5 illustrates the comparison between 
techniques. The experimental data showed that 
the concentration values from epifluorescence 
microscopy and impedance spectroscopy 

measurements were practically identical in the 
range of concentrations under study (which 
coincided with the linear response range for the 
impedimetric approach). However, the optical 
density was only found to be sensitive to the 
suspended concentration when exceeding 5 x 
106 CFU mL-1, at least three orders of 
magnitude more than the other techniques.  
 
4. Conclusions 
 
In this paper, impedance spectroscopy 
measurements have been used for monitoring 
the concentration of real bacteria samples 
directly extracted from an incubator. The 
interface capacitance has been found to be 
insensitive to the presence of metabolites and 
only depended on bacteria concentration. After 
interpolation of this parameter in a calibration 
curve, concentration values from impedance 
data have shown good correlation with classical 
methods, namely plating on agar and 
epifluorescence microscopy counting. The 
concentration values from impedance 
spectroscopy have also been found to be 
comparable with those obtained using optical 
density but with an improvement of at least 
three magnitude orders in the limit of detection. 
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Abstract 
 
This note describes the design and construction of new Virtual Instrumentation implemented in LabView 
7.1 for the real time monitoring of the bacteria concentration of Escherichia coli cultures using 
impedance spectroscopy and platinum electrodes. A home-made Sequential Injection Analysis (SIA) 
system was used both for the transport of microbiological samples from the incubator to the 
electrochemical cell, where they were measured, and for the elimination of residues from the cell to a 
wasting recipient.  
 
Keywords: Impedance measurements, bacteria concentration, platinum electrodes, Sequential Injection 
Analysis, Virtual Instrument. 
 

1. Introduction 
 
The use of flow analysis methods in the field of 
chemical analysis started in the middle of the 
last century for mechanizing the collection of 
eluted fractions and the sampling step in 
industrial on-line processes (Trojanowick, 
2000). At the end of the fifties, this objective 
was enlarged and the automation of all the steps 
of the analytical methodology was attempted by 
incorporating flow detectors in the system. In 
1957, Skeegs developed the first practical 
application of flow measurements: the 
Segmented Flow Analysis (SFA). This 
approach, quickly accepted to perform clinical, 
environmental, agricultural and industrial 
analysis, used a fluid stream segmentation 
technique with air segments. In 1975, Ruzicka 
and Hansen developed a new flow analysis 
technique based on instant discrete sampling by 
injection into a carrier stream to the flow 
detector (Ruzicka et al., 1975). This approach, 
called Flow Injection Analysis (FIA) system, 
allowed continuous flow analysis to be 
performed in a fast, much simplified and robust 
way. The main drawback of this system was the 
high reagent and sample consumption (due to 
the continuous flow). In order to solve this 
problem, several methodologies have been 
established such as the fabrication of µFIA 
(Rainelli et al., 2003) or the immobilization of 
reagents or enzymes in adequate supports 
(Hansen, 1989). Although these variants solved 
several aspects, they caused the appearance of 
new inconveniences.  
In 1990, Ruzicka and Marshal proposed a new 
approach: the Sequential Injection Analysis 

(SIA) (Ruzicka et al., 1990). This system did 
not use a continuous flow but a single-channel 
high precision bi-directional pump which could 
stop and revert the flow automatically (Estela et 
al., 2005). The main advantages of the SIA 
system were the robustness, flexibility and the 
important saving on the consumption of 
reagents and samples, whereas the low analysis 
rate was its main disadvantage. SIA systems, 
always under the control of a Personal 
Computer (PC), can automate a huge variety of 
sample manipulation sequences without 
changing the physical characteristics or the 
configuration of the system (Christian, 1994). 
The versatility of the system is basically 
provided by the multi-port Modular Valve 
Position (MVP). The MVP allows the access to 
different ports, containing samples, reagents, 
standards, cleaning solutions and the detector. 
The combination of items can be easily adapted 
to comply with the requirement of any specific 
analysis, which shows the vast potentiality of 
the SIA system in the on-line measurements 
(van Staden, 2002).  
Previous works showed that bacteria attachment 
to the electrode surface could be used for 
bacterial quantification using impedance 
spectroscopy (Munoz-Berbel et al., Accepted; 
Muñoz-Berbel et al., 2007). In this article, the 
combination of the impedimetric approach and a 
flow system inspired in a SIA system have been 
applied to the real-time and automatic 
monitoring of bacterial growth. This 
combination required the development of new 
Virtual Instrumentation which is detailed in this 
article.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Scheme of the sequential injection analysis (SIA) system, composed of a PC controlled Burette 1S 
containing a 10 mL syringe and an 8-way multi-port modular valve position (MVP), and the measurement systems 
composed of the electrochemical cell and the impedance analyzer. All of them were governed by a Virtual Instrument 
implemented in LabView and installed in the PC.  
 
2. Material and Methods 
 
2.1 Electrochemical cell 
 
A platinum disc working electrode with an area 
of 0.5 mm2 surrounded by a platinum counter 
electrode of 1.4 mm2 were integrated on a 
silicon nitride substrate of 9 mm2 (3 mm length 
per 3 mm width). Electrode production was 
carried out in-house at the IMB-CSIC Barcelona 
(Alonso Lomillo et al., 2005). The electrodes 
were 0.08 mm apart, ensuring near-
homogeneous polarization of the working 
electrode (Harrar et al., 1966). These working 
electrode / counter electrode (WE / CE) chips 
were introduced in a 5 mL electrochemical cell 
together with an external Ag|AgCl reference 
electrode, 5240 (Crison, Barcelona, Spain).  
 
2.2 Microbiological preparations 
 
Escherichia coli (CGSC 5073 K12) was grown 
at 37 ºC in Minimal Medium AB (MMAB) 
(Balestrino et al., 2005) containing glucose. The 
bacterial concentration was measured using 
plating in LB medium containing 1.5 % agar, 
with stock concentration at around 109 colony 
forming units per mL (CFU mL-1). The 
suspension was then serially diluted down to 104 
CFU mL-1 in decade steps. The 104 CFU mL-1 
sample was used as stock for the checking of the 
electrodes (see section 2.7.1). For the real time 
monitoring of the bacterial growth, 1 mL of the 
107 CFU mL-1 suspension were inoculated into a 
1.5 L water-jacketed glass reactor which was 
thermostatically kept at 37 ºC, with constant 
agitation, MR 2000 (Heidolph, Germany), and 

aeration, BioFlo (New Brunswick Scientific, 
New Jersey, USA). Under these conditions, E. 
coli grew aerobically with a duplication time 
experimentally found to be of 40 minutes (data 
not shown). After the inoculation, no nutrients 
were added into the reactor (batch process). 
Before inoculation, biological samples were 
stored in the fridge at 4 °C to slow growth. All 
of the manipulations were performed under 
sterile conditions. 
 
2.3 Instrumentation 
 
Fig. 1 schematizes the SIA system and the 
measurement systems where impedance 
spectroscopy was measured using an 
AUTOLAB PGSTAT 12 (EcoChemie, BV, The 
Netherlands) containing a FRA-2 module. The 
SIA system was composed of a PC controlled 
Burette 1S (Crison Instruments, Spain) 
containing a 10 mL syringe and an 8-way multi-
port modular valve position (MVP) (Hamilton, 
Switzerland). The multi-port valve allows the 
access to 8 different ports (solutions), namely 
the incubator (port 1), the MMAB without 
bacteria (port 2), the stock bacterial suspension, 
104 CFU mL-1 (port 3), distilled water (port 4 
and 5), 96% ethanol (Panreac, Barcelona, Spain) 
(port 6), air (port 7) and the wasting recipient 
(port 8). The bidirectional burette assures the 
accuracy in the management of liquids either to 
the electrochemical cell or to the wasting 
recipient to be removed. Solutions were 
transported through polytetrafluoro-ethylene 
(PTFE) tubes (Hamilton, Switzerland) with an 
internal diameter of 0.5 mm.  
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Figure 2. Representation of the compendium of commands composing the Project application of the FRA-2 software 
for the synchronization of the SIA and the measurement systems via trigger signals. The command DIO!WaitBit 
remained the FRA-2 module of the AUTOLAB in standby mode until receiving a trigger signal from DAQ card to 
the port 1.  
 
2.4 Impedance measurements 
 
A 25 mV AC potential was applied at the cell 
open circuit potential (+0.26 ± 0.05 V vs. 
Ag|AgCl) over a frequency range between 100 
kHz and 10 Hz. Impedance spectroscopy spectra 
were recorded using the FRA-2 software (Eco 
Chemie, The Netherlands). 
 
2.5 Control and acquisition system 
 
The DAQPad-6052E (National Instruments, 
Texas, U.S.) interface card was used in this 
application coupled with a 68 pin connector 
module SCB-68 (National Instruments, Texas, 
U.S.). The DAQ card, featuring 16 single-ended 
analogue inputs (ADC) and 2 analogue outputs 
(DAC) with 16 bits of resolution to 333KS/s, 8 
digital input/output (TTL/CMOS) and computer 
communication by FireWire (IEEE 1394), was 
interfaced to a 1.4GHz Pentium III Portable 
Computer (PC) running LabView ver.7.1. under 
Windows XP. The DAQ card was integrated in 
the LabView environment by specific drivers. 
The PC sent orders to the microburette using the 
RS-232 serial protocol via the COM1 port. On 
the other hand, the MVP received TTL signals 
from the DAQ to select a specific input.  
 
The SIA and the measurement systems were 
synchronized using the Project application of 
the FRA-2 software via trigger signals. Fig. 2 
shows the application used in this work. This 
application remained the impedance analyzer in 
standby mode until receiving a trigger signal 
from DAQ card which was sent 15 seconds after 
the complete inoculation of the bacterial 
suspension to the electrochemical cell.  
 

2.6 Software structure and hierarchy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Illustration of the three levels of hierarchy 
of the LabView application during the sequence of 
experiments.  
 
The Virtual Instrument application used in this 
work controlled the SIA System (DAQ, MVP, 
Burette and Autolab) and directly displayed the 
bacteria concentration values. The LabView 
applications could be understood to be 
organized in three levels of hierarchy (Fig. 3). 
In the first level, the experiment was defined as 
a sequence of orders that the user declared as 
parameters using the interactive front panel 
shown in Fig. 4. For each input of the MVP, the 
content, the inoculated volume, the time 
remaining in the electrochemical cell and the 
position in the measurement sequence could be 
chosen. The time between sequences and the 
number of sequences could also be defined by 
the user. In the second level, each order 
previously declared was converted into a 
compendium of tasks involving a specific 
response of the burette and/ or the MVP. 
Finally, in the third level, the sequence of 



commands describing a particular task was 
executed. Commands are particular 
programming codes designed to change the 
status of specific devices, basically the burette 
or the MVP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Image of the front panel of the application 
containing the parameters declared by the 
experimental protocol in use. 
 
2.7 Sampling and cleaning processes 
 
Tubes and mobile parts in contact with the 
microbiological samples were autoclaved. 
During the sampling, 2 mL aliquots were 
transported in regular intervals of 30 minutes 
from the incubator (port 1) to the 
electrochemical cell, where it was 
impedimetrically measured, using the burette as 
a pump. 1.5 minutes after the complete 
inoculation of the suspension, the aliquot was 
extracted and removed to the wasting recipient 
(port 8). The cleaning process was composed of 
three steps. In the first stage, the 
electrochemical cell was cleaned with 3 mL of 
96 % ethanol (port 6) for 3 minutes under 
constant agitation to sterilize the 
electrochemical cell. After sterilization, the cell 
was cleaned twice with 3 mL of distilled water 
(port 4 and 5) for 8 and 15 minutes respectively. 
This process ensures the practically complete 
elimination of alcoholic traces from the 
electrochemical cell.  
 
2.7.1 Checking of the WE / CE chips 
 
The checking of the electrode in use was 
absolutely necessary to keep the real-time 
system in good working order. With time, the 
real bacteria concentration in the incubator may 
differ from that value obtained from EIS data as 
a consequence of the aging of the sensor 
(Munoz-Berbel et al., Accepted). For this 
reason, at the beginning and sometimes in the 
middle of a sequence of experiments, the 
magnitude of the interface Constant Phase 

element (CPEi) of the electrode in use was 
adjusted to ensure the correct correlation of EIS 
data with the real concentration values. The 
checking process consisted in adjusting the 
calibration curve to the capacitance values given 
by the electrode.  
Experimentally, 2 mL of culture medium 
without bacteria (port 2) were inoculated and 
measured in the electrochemical cell. After the 
cleaning process previously described, a stock 
suspension of 104 CFU mL-1 (port 3) was 
measured following the same experimental 
conditions and the normalized value for the 104 
CFU mL-1 sample, called ∆Ki(4), was next 
calculated. This value was compared with that 
introduced in the calibration curve and the curve 
was shifted and thus adjusted to the electrode in 
use.  
It has to be noted that this adjusting process 
could be made since, regarding previous works 
(Munoz-Berbel et al., Accepted), the sensitivity 
of the electrode (slope of the calibration curve) 
remained invariant despite of the aging of the 
sensor.  
 
2.8 Fluorescence microscopy 
 
The bacteria concentration in the incubator was 
monitored with time using fluorescence 
microscopy for correlation with impedance 
measurements. The cells of each aliquot were 
fixed with formaldehyde (CH2O, Sigma) and 
retained in 2 µm pore size GTBP filters 
(Millipore, Billerica, Massachusets, USA). 
Bacteria were stained with 20 µg mL-1 4'-6-
diamidino-2-phenylindole (DAPI) (Merk, 
Germany) for 5 minutes and then rinsed in 
phosphate buffer saline (PBS) immediately prior 
to imaging. An Olympus BH Fluorescence 
Microscope (Olympus, California, USA) was 
used. 
 
3. Results and discussion 
 
3.1 Fitting and interpretation of impedance data 
 
Z-View software was used to fit EIS data to the 
equivalent circuit shown in Fig. 5, containing 
the resistance of the solution (RS), the interface 
capacitance modelled as a Constant Phase 
Element (CPEi) and an extra capacitance 
associated to the reference electrode (Cref) 
which did not change with bacteria 
concentration. The CPE magnitude (Ki) from the 
fitting was normalized using Eq. 1. Ki(t) is the 
value of CPE at any time and Ki(m) is the value 
of CPE of the culture medium in absence of 
bacteria: 
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The obtained ∆Ki(t) was finally interpolated in 
the calibration curve shown in Fig. 5. It has to 
be noted that both experiments (calibration 
curves and bacteria growth) were comparable 
since both of them were made using the same 
bacteria, culture medium, equipment, 
experimental conditions and identical platinum 
electrodes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Equivalent circuit used for the fitting of the 
EIS data, which contains the capacitance associated 
to the reference electrode (Cref), the solution 
resistance (RS) and the CPEi. Also the representation 
of the ∆Ki with the suspended concentration of 
bacteria is shown. This calibration curve was used for 
converting capacitance values into bacteria 
concentrations. 
 
3.2 Comparison of bacteria concentration 
values obtained from impedance and 
epifluorescence microscopy measurements 
 
E. coli was grown under the experimental 
conditions exposed in section 2.2. The 
monitoring of the bacteria growth followed the 
experimental protocol detailed in section 2.7. 
Impedance and fluorescence microscopy 
measurements were made as described in 
sections 2.4 and 2.8, respectively. The front 
panel shows the sequence of the experimental 
protocol in use. The declared parameters could 
be changed by the user even when the 
experiment was running. However, these 

changes were not active in the experiment that 
was currently running but in next cycles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Representation of the bacterial growth 
curve obtained using impedance spectroscopy and 
fluorescence microscopy by E. coli aerobically 
growing at 37ºC with constant agitation.  
 
In Fig. 6, the bacteria concentration displayed 
by the real-time impedimetric system was 
compared with the real concentration of the 
culture obtained with time using fluorescence 
microscopy. The concentration values recorded 
by both strategies were found practically 
identical until 107 CFU mL-1.  
 
4. Conclusions 
 
We have developed new Virtual Instrumentation 
(VI) implemented in LabView environment for 
the real-time and automatic monitoring of 
bacterial growth using impedance spectroscopy 
and a Sequential Injection Analysis (SIA) 
system for the transport of samples, reagents 
and residues. The VI synchronized the SIA and 
the measurement system. In the front panel this 
application displayed the value of the bacteria 
concentration with time, after adjusting the 
calibration curve previously introduced in the 
software to the platinum electrode in use. The 
concentration values from impedance 
spectroscopy measurements showed 
concordance with those obtained using 
fluorescence microscopy until 107 CFU mL-1. 
 
5. Future work 
 
Future work includes the substitution of the 
commercial impedance analyzer for a home-
made impedance equipment of similar features 
but smaller in size. This new equipment favored 
the integration of the measurement and the SIA 
systems in a miniaturized and compacted 
device. 
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Abstract 
 
This work describes the resolution of binary mixtures of microorganism using electrochemical impedance 
spectroscopy (EIS) and artificial neural networks (ANNs) for the processing of data. Pseudomonas 
aeruginosa, Staphylococcus aureus and Saccharomyces cerevisiae were chosen as Gram-negative 
bacteria, Gram-positive bacteria and yeasts models, respectively. Best results were obtained by using 
backpropagation neural networks made up by two hidden layers. The optimal configuration of these 
layers respectively used the radbas and the logsig transfer functions with 4 or 6 neurons in the first 
hidden layer and 10 neurons in the second one. In all cases, good prediction ability was obtained with 
correlation coefficients better than 0.989 when comparing the predicted and the expected values for a set 
of 6 external test samples not used for training. 
 
Keywords: Microbial binary mixtures resolution, electrochemical impedance spectroscopy, artificial 
neural networks 
 
 
1. Introduction 
 
Microbiological communities that inhabit in 
natural microenvironments (soil, water or air) 
are commonly composed of mixtures of 
microorganism (e.g. bacteria, yeasts, fungi, 
etc.). Even though, it is not surprising to find 
some microorganism cohabiting together in 
biofilms (coopering or competing) [1-3]. The 
current microbiology pretends the development 
of new methods for the fast and simple 
discrimination, identification and quantification 
of microorganism from complex and 
heterogeneous populations.  
Quantification of microorganism in mixed 
populations has been attempted using 
differential plating, nucleic acid techniques 
including oligonucleotides probes and 
genotyping [4, 5] or enzymatic methods [6]. 
Techniques using synthetic rRNA-targeted 
hybridization probes are particularly promising 
for detection, enumeration and identification in 
situ or after differential plating since their 
specificity can be adjusted [5]. However, 
although highly specific, the majority of these 
methods still require considerable experience as 
well as time and they are therefore less suitable 
for use in a routine laboratory.  
The infrared spectroscopy, particularly after the 
development of the Fourier transform infrared 
spectroscopy (FTIR), has become one of the 

most widely used techniques for the 
identification, differentiation and classification 
of mixed microorganism samples [7-10]. With 
this method, the infrared spectrum of unknown 
species is compared with all spectra present in 
the spectral reference library and matched to the 
library strain whose spectrum is most similar 
[11]. Differences between spectra are generally 
not visible to the naked eye and powerful 
statistical methods, such as principal component 
analysis (PCA) [12], hierarchical cluster 
analysis (HCA) [13], discriminant analysis 
(DA) [14], discriminant function analysis 
(DFA) [15], canonical variate analysis (CVA) 
[16], K-nearest neighbour (KNN) [17], soft 
independent modelling of class analogy 
(SIMCA) [17], partial least square (PLC) [11] 
or artificial neural networks (ANNs) [18], have 
to be applied. Although the quantitative 
differentiation of individual species present in a 
mixed population has been attempted using 
FTIR spectroscopy, the results have not been as 
good as expected. The main drawback was the 
fact that the quality of the obtained results was 
found to be especially dependent on the 
characteristics of the microorganism involved in 
the quantification process [11]. 
ANNs are intelligent chemometric tools able to 
predict samples that have not been processed 
initially and then classify or quantify them, in 
much the same way as humans use the sense of 



taste [19]. An ANN is not based on an explicit 
algebraic model, but rather on a set of activation 
units, known as neurons or nodes, which are 
connected to each other in the form of a network 
[20]. Feedforward multilayer perceptron neural 
networks were used for modelling the sensors, 
which structure consists of an input layer (which 
feeds the input signals to the succeeding layer), 
a hidden layer (that receives, processes and 
sends the filtered signals to the next layer), and 
an output layer, which links the ANN to the 
outside world and supplies the processed 
information. The information is processed 
through a transfer function in each neuron. In 
the hidden layer the function is usually 
sigmoidal, such as log-sigmoidal (logsig) or tan-
sigmoidal (tansig), while in the input and output 
layers it is typically linear [21]. In order to train 
the ANN it is necessary to determine the 
magnitude of interaction (weights) between 
neurons, that is, to establish how changes 
among the weights of one layer lead to 
variations in those of the succeeding one. This is 
achieved using back-propagation techniques, 
which aim to find the weights that minimise the 
error function. The calculation can be performed 
using training algorithms, such as Gradient 
Descent with Momentum (GDM) or Levenberg-
Marquardt (LM). Further, chemometric tools, 
namely ANNs and PLC, were probed to be 
capable to resolve EIS data [22, 23]. 
This work describes the resolution of binary 
mixtures of microorganism (quantitative 
differentiation of individual microorganism in 
mixed samples), using electrochemical 
impedance spectroscopy (EIS) and ANNs. In 
this case, the binary combinations of 
Pseudomonas aeruginosa (P. aeruginosa, 
Gram-negative bacteria model), Staphylococcus 
aureus, (S. aureus, Gram-positive bacteria 
model) and Saccharomyces cerevisiae (S. 
cerevisiae, yeast model) were resolved. 
 
2. Experimental 
 
2.1. Electrodes 
 
A platinum disc working electrode (WE) with 
an area of 0.5 mm2 surrounded by a platinum 
counter electrode (CE) of 1.4 mm2 were 
integrated on a silicon nitride substrate using 
sputtering. Electrode production was carried out 
in-house at the IMB-CSIC Barcelona. The 
electrodes were 0.08 mm apart, ensuring near-
homogeneous polarization of the working 
electrode [24]. 
 
 
 

2.2 Preparation of the microbiological mixed 
suspensions 
 
Microorganism were grown in separate under 
the experimental conditions that favoured their 
proliferation and in specific culture media, 
namely ABMM for P. aeruginosa (CGSC 5073 
K12), LB medium for S. aureus (ATTC 6530) 
and the universal medium for yeasts DSMZ 186 
(DSMZ, Germany) for S. cerevisiae. Bacteria 
were grown overnight at 37 ºC but yeasts, with a 
longer duplication time, required at least 48 
hours growing under the same conditions to 
reach an initial concentration of around 109 
colony forming units per mL (CFU mL-1). Cells 
were then isolated and cleaned. 10 mL of 
culture medium were centrifuged for 15 min at 
1600 g. The supernatant liquid was removed 
and cells (the pellet) were resuspended in 5 x 
10-3 M KCl. The process was repeated twice in 
order to remove metabolic products, membrane 
fragments and cytoplasmatic proteins. The final 
pellet was resuspended in 10 mL of 5 x 10-3 M 
KCl and then counted using plating on agar 
containing LB medium. The suspension was 
then serially diluted down to 1 CFU mL-1 in 
decade steps. 
The mixed response to P. aeruginosa and S. 
aureus, to P. aeruginosa and S. cerevisiae and 
to S. aureus and S. cerevisiae was evaluated. A 
total amount of 22 mixed suspensions were 
manually prepared, with values selected 
randomly that completely covered the linear 
range of response of each microorganism. 
Before measurements, biological samples were 
stored in the fridge at 4 °C to slow growth. All 
of the manipulations were performed under 
sterile conditions. 
 
2.3 Impedance measurements 
 
An external Ag|AgCl electrode, 5240 (Crison, 
Barcelona, Spain), was used as a reference 
electrode in a 10 mL electrochemical cell 
together with the WE/CE chip. The electrode 
was connected to a potentiostat (Solartron 1287 
(Solartron Analytical, Hampshire, UK)) which 
itself was connected to an impedance analyzer 
(Solartron SI 1260A). EIS spectra were 
recorded using the Z-Plot software (Scribner 
Associates Inc., North Carolina, USA). A 25 
mV AC potential was applied at the cell open 
circuit potential (+0.26 ± 0.05 V vs. Ag|AgCl) 
over a frequency range between 100 kHz and 10 
Hz. 
Mixed suspensions were introduced in the 
electrochemical cell which was thermostatically 
kept at 20 ºC. Impedance measurements were 
made 50 seconds after introducing the mixed 
suspension in the electrochemical cell. 
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2.3 ANN Modelling 
 
ANNs were used to model the combined 
response of three binary mixtures of 
microorganism and the mixed response to these 
cells was modelled with 22 manually prepared 
mixed suspensions, whose values were selected 
randomly, as previously detailed. 22 samples 
were proved to be enough to model correctly the 
combined response of two species and 
considered sufficient examples of interactions 
among them [25].  
The whole impedance spectrum, recorded after 
50 seconds of attachment was treated with 
ANNs as a calibration tool. The total set of 
samples was randomly divided into two subsets: 
(1) the training set (75 % of impedance spectra), 
which served to determine the model’s 
parameters, and (2) the test set (25 % of 
impedance spectra), which enabled the model’s 
predictive ability to be evaluated [26].  
Calculations were made by developing the 
corresponding programs in MATLAB 
(MATLAB 6.1, Mathworks, USA) which 
employed its Neural Network Toolbox (Neural 
Network Toolbox 4.0.2, Mathworks, USA). In 
all cases, the ANNs used were feedforward 
networks and were trained using 
backpropagation algorithms, viz. Bayesian 
Regularization (BR), specially efficient with 
small data sets, given it does not employ an 
internal validation subset [27]. 
 
3. Results and Discussion 
 
3.1 Determination of individual calibration 
curves for each microorganism using EIS 
 
Impedance data for each individual 
microorganism in a range of concentrations 
from 101 to 109 CFU mL-1 were fitted using the 
Z-View software to the equivalent circuit shown 
in Figure 1. 
 
 
 
 
 
 
 
 
 
Fig. 1. Equivalent circuit used for the fitting of the 
impedance data, which contains the capacitor 
associated to the reference electrode (Cref), the 
solution resistance (RS) and the interface Constant 
Phase Element (CPEi). 
 
The CPE magnitude from the fitting was then 
normalized using Eq. 1. Ki is the value of CPE 
at any concentration and Ki(m) is the value of 

CPE of the culture medium in absence of 
bacteria. 
 

100
)(

)(
⋅

−
=∆

mK
mKK

K
i

ii
i   (1) 

 
Figure 2 shows the correlation of the normalized 
CPEi magnitude with the suspended 
concentration of each individual microorganism. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Representation of the normalized magnitude 
of the interface capacitance, ∆Ki, with the suspended 
concentration of S. aureus, P. aeruginosa and S. 
cerevisiae. This calibration curve was used for 
obtaining the linear range of response of each 
microorganism. 
 
All of these microorganism showed capacity to 
attach to the platinum electrode surface and thus 
modifying the structure of the electrode-solution 
interface [28, 29]. However, the magnitude of 
the response differed between microorganisms. 
EIS was found to be extremely sensitive to the 
changes produced in the interface structure by S. 
cerevisiae attachment in a vast range of 
concentrations, from 101 to 108 CFU mL-1. This 
may be associated to the fact that yeasts are 
much bigger than bacteria and may produce 
deeper changes in the interface structure when 
attaching. Regarding to bacteria, the 
impedimetric approach was more sensitive (in 
terms of slope of the calibration curve) to the 
changes caused by S. aureus than those caused 
by P. aeruginosa. An explanation of this fact 
could be obtained by considering the 
composition of the external membranes of these 
bacteria: the presence of teichoic acids, highly 
charged molecules, in the external layers of S. 
aureus may be though to cause deeper changes 
in the interface structure than the 
lipopolysaccharides that surround P. 
aeruginosa.  
Although experimental data showed differences 
between microorganisms, they were not visible 



Concentration values

ω / Hz

Z’
’

Input layer

Hidden layers

Output layer

Concentration values

ω / Hz

Z’
’

Input layer

Hidden layers

Output layer

to the naked eye and powerful statistical 
methods were applied, specifically ANNs. 
 
3.2 Building of the response models and 
interpretation of ANNs results  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Scheme of the approach used in the study. 
Each imaginary component (Z’’) of the impedance 
spectra was taken as input in the ANN. Appropriate 
training was made until the targets were reached 
within the established errors. 
 
As stated above, three sets of 22 mixed 
suspensions were prepared in order to build the 
response models. The concentration range was 
chosen to practically coincide with the linear 
response range of each microorganism to the 
method in use, avoiding the boundary values. 
Regarding the previous calibration curves, the 
ranges from 101 to 106 CFU mL-1, 102 to 106 
CFU mL-1 and 101 to 107 CFU mL-1 were 
respectively selected for S. aureus, P. 
aeruginosa and S cerevisiae. Each set of 
samples was then randomly subdivided into two 
different subsets, namely training and test, 
which comprised 16 and 6 points, respectively. 
It has to be noted that the extreme values were 
reserved for the training subset to avoid the 
adjusted ANN to extrapolate these points out of 
the obtained model. 
In the impedimetric approach here described, 
the interface capacitance, CPEi, was found to 
correlate with the concentration of 
microorganism, whereas resistive elements, 
such as the solution resistance, remained 
invariant. Thus, the imaginary component of the 
22 impedance spectra corresponding to each 
binary mixture of microorganism were 
considered as the input vectors in the ANN (a 
total of 30 values, corresponding to the 30 

scanned frequencies), being the corresponding 
concentrations the targets that the modelling 
should reach. Figure 3 shows the schematic way 
of action of the proposed ANN modelling. 
In order to choose the ANN that best fulfilled 
this purpose, different structures with 
supervised learning were considered. In all 
cases, some features of the structure were 
established in advance: 30 neurons in the input 
layer (one for each imaginary component of the 
impedance spectrum), two neurons in the output 
layer (one for each microorganism to be 
quantified in the binary mixture) and linear 
transfer functions in both input and output 
layers. The use of two hidden layers was found 
to be necessary when modelling EIS data [23]. 
Thus, the evaluated structures always had two 
hidden layers with a variable number of neurons 
(from 3 to 6 in the first hidden layer and from 3 
to 20 in the second one). Finally, all possible 
combinations of transfer functions (tansig, 
logsig and radbas) in both hidden layers were 
tested. 
 
Table 1 
Obtained RMSE values for different combinations of 
transfer functions in hidden layers and number of 
neurons in these layers. 
 
Neurons number 
(hidden layer 1-
hidden layer 2) 

Transfer function 
(hidden layer 1-
hidden layer 2) 

RMSE 
(log CFU 
mL-1) 

S. aureus – P. aeruginosa mixed samples 
4-10 radbas-logsig 0.8196 
5-10 radbas-tansig 1.1871 
3-15 radbas-logsig 1.1605 
6-20 logsig-tansig 2.2085 
S. aureus – S. cerevisiae mixed samples 
3-5 radbas-tansig 2.0050 
4-10 radbas-logsig 1.2530 
5-15 tansig-radbas 1.9926 
6-10 logsig-radbas 2.1557 
P. aeruginosa – S. cerevisiae mixed samples 
3-10 tansig-logsig 2.0553 
4-15 tansig-radbas 2.2239 
5-5 radbas-tansig- 1.7902 
6-10 radbas-logsig 1.4337 
 
The modelling capacity of the ANN was 
evaluated in terms of the root mean squared 
error (RMSE): 
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where n is the number of samples (2n, as many 
as two species were determined) and cij and ĉij 
are the expected concentration value and that 
provided by the ANN, respectively, for each



Table 2 
Correlation between obtained and expected values in training (n = 16) and external test (n = 6) sets employing the 
final ANN configuration. 
 
 Slope Intercept (log CFU mL-1) 
S. aureus – P. Aeruginosa mixed samples 

S. aureus, r = 0.996 0.96 ± 0.05 0.10 ± 0.15 Training 
P. Aeruginosa, r = 0.998 0.97 ± 0.03 0.12 ± 0.13 
S. aureus, r = 994 1.0 ± 0.2 -0.2 ± 0.5 Test 
P. Aeruginosa, r = 0.996 0.89 ± 0.11 0.1 ± 0.4 

S. aureus – S. cerevisiae mixed samples 
S. aureus, r = 0.999 0.996 ± 0.012 0.02 ± 0.05 Training 
S. cerevisiae, r = 0.999 0.998 ± 0.005 0.02 ± 0.02 
S. aureus, r = 977 1.0 ± 0.3 -0.2 ± 1.3 Test 
S. cerevisiae, r = 0.997 1.03 ± 0.11 -0.1 ± 0.5 

P. aeruginosa – S. Cerevisiae mixed samples 
P. Aeruginosa, r = 0.996 0.94 ± 0.06 0.2 ± 0.2 Training 
S. cerevisiae, r = 0.988 0.94 ± 0.10 0.2 ± 0.5 
P. Aeruginosa, r = 994 0.87 ± 0.14 0.3 ± 0.6 Test 
S. cerevisiae, r = 0.989 1.0 ± 0.2 -0.2 ± 0.8 

r is the correlation coefficient. Uncertainties calculated at 95% confidence level. 

compound, with i denoting samples and j 
species. 
Table 1 shows the magnitude of the RMSE for 
some relevant tested combinations. It has to be 
emphasized that, for each tested combination, 
the RMSE magnitude was an average from three 
reinitialisations of the ANN. Before 
reinitializing, the weight values were reset and 
fixed to random values. Thus, the ANN was 
retrained to see if the model converged in 
similar situations or whether it reached local 
minima. 
In all cases, low RMSEs were found when using 
the radbas and the logsig transfer functions for 
the first and the second hidden layers, 
respectively. However, the optimum number of 
neurons depended on the case, being 4 and 10 
for the first and second hidden layers when 
resolving binary mixtures containing S. aureus 
(S. aureus - P. aeruginosa or S. aureus - S. 
cerevisiae) or 6 and 10 by binary mixtures of P. 
aeruginosa and S. cerevisiae. 
The global behaviour of the modelling system 
for the external test set was also evaluated by 
plotting the predicted values (from the ANN) 
against the expected ones (from plating on 
agar). Good models should display comparative 
lines with high correlation, a slope equal to one 
with zero intercept. Best models were found to 
coincide with those that previously showed low 
RMSEs. 
The regression parameters of the comparative 
lines between predicted and expected values for 
the optimal ANN configurations are shown in 
Table 2. In all cases, very good correlation was 
obtained with comparison lines 
indistinguishable from the theoretical values. 
 
 
 

4 Conclusions 
 
In this work the combination of EIS and ANNs 
has been able to quantitatively solve three 
binary mixtures of microorganism, namely P. 
aeruginosa, S. aureus and S. cerevisiae. In all 
cases, best models have been found to be made 
up by two hidden layers, using the radbas 
transfer function in the first one and the logsig 
in the second one. Configurations with lowest 
RMSEs have been always found to use 10 
neurons in the second hidden layer. However, 
the optimal number of neurons in the first 
hidden layer has been shown to vary depending 
on the case: 4 when resolving binary mixtures 
containing S. aureus (S. aureus - P. aeruginosa 
or S. aureus - S. cerevisiae) or 6 by binary 
mixtures of P. aeruginosa and S. cerevisiae. 
Finally, the predictive ability of the final 
modelling system has been evaluated by 
comparing the predicted values (from the ANN) 
against the expected ones (from plating on 
agar). In this case, very good correlation has 
been obtained with comparison lines 
indistinguishable from the theoretical values 
(slope equal to one with zero intercept in the 
three cases under study). 
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