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ABSTRACT 
 

 
 

biofilm is like a cooperative form of planktonic bacteria that colonize to 

acquire more nutritious and become resistant to surroundings. The communal 

organization results from the connection of bacteria by polysaccharides, lipids, or the 

extracellular matrix, which can provide a protective environment for living cells and 

communicate between them or allow specific types of chemicals inside through the 

matrix. 60%-80% of the infections are known to be biofilm-related. acterial biofilms are 

more resistant to antibiotics, and treating them with the wrong antibiotics might result in 

a thicker biofilm. In order to overcome these difficulties and researching new treatments 

for biofilm inflammation understanding the formation process is essential.  

For this manner,  has potential 

uses in various fields such as biosensors, corrosion studies, healthcare owing to its facile 

operation and affordable devices to conduct electroanalysis.  the excitation 

voltage and current generated with the oscillating frequency. Developing impedimetric 

methods are gaining attention due to the operation being label-free. Considering its label-

the electrodynamics of living systems 

such as cell-matrix interaction, biofilm formation in vitro.  Detection of those is essential 

to prevent infections and to develop medical needs to cure them. The thesis focuses on 

understanding the electrodynamics of bacterial biofilm formation via electrochemical 

. After carrying out the experiments, time-dependent circuit models were 

built, and the data were extracted to demonstrate changes in the bacterial system. 
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1. CHAPTER 1 

 

INTRODUCTION 
 

1.1. Motivation  
 

Preventing infection is a massive obstacle for humankind, as we see a viral 

infection causing a worldwide pandemic in 2020. Likewise, viral infection is a pandemic 

we are facing today a bacterial pathogen causes a considerable number of infections, so 

the field of bacterial 

the cure, first, detecting the pathogen as quickly as possible, developing non-destructive 

and fast-responding methods is crucial while fighting diseases since a patient's health is 

at risk. Different forms of bacteria can cause infections, such as planktonic growth, known 

as single-cell growth, or cellular aggregates as biofilms. like an adherent 

neighbourhood of bacteria that can adapt to different systems and gain various physical 

and chemical properties like antibiotic resistance.1 

of events that begins with the attachment of bacteria to the surface. Then, cells produce 
2–4 

an emerging field in healthcare, pollution and filtration of drinking water, and many 

biocatalytic processes such as biofuel cells and biochemical synthesis.5–9 

Furthermore, they can be observed on both biotic and abiotic surfaces as known 

as solid surface-

aerobic, dynamic or static conditions, and solid-surface-associated biofilm forms at the 

bottom container or sediment. This formation at the air-liquid interface is an excellent 

access oxygen effortlessly while still using the liquid medium's nutrition. On the other 

hand, biofilms are mentioned with different names such as pellicles, “floating” biofilm, 

or air-liquid interface biofilm.10–14 The microbiological approach of analyzing biofilms 

involves colourimetric assays of toxic dyes, biofilm-specific markers, and antibodies to 

detect. hese techniques disrupt the biofilm structure and composition due 

to removing the sample from its habitat analysis must be completed in an offline system, 

so gathering instant feedback on the biofilm structure and formation dynamics is 
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convoluted. These drawbacks are slowing down the understanding of the process, which 

is crucial since bacteria can be antibiotic-resistant with biofilm formation. 15 

Although biofilms' microbial properties are well characterized, electrodynamics, 

electrochemical features, and mechanical properties of formation at the air-liquid 

interface are currently not well experimented with electrochemical methods. Moreover, a 

requirement for labour might increase the cost. Hence, an approach that focuses on new 

cost, energy, and time-efficient methods is much 

articles are present, which are described in the literature review section. However, these 

methods primarily focus on cell adhesion, biofouling or biosensing applications rather 

than specializing on biofilm itself, and proposed methodologies cannot differentiate 

regular cell adhesion from biofilm formation. 

Electrochemical methods are a promising candidate for bacterial detection or in 

situ monitoring since they meet the increasing point-of-care era's expectations with 

personalized medicine in healthcare with cheaper manufacturing processes and time-

efficient analysis. Main electrochemical methods are divided into subgroups depending 

on the analysis like potentiometric, colourimetric and impedimetric. Among the 

calculates the current-voltage ratio of a system with changing frequencies of an excitation 

voltage. Moreover without labelling the 

strain, making it suitable for online monitoring of biofilm, and quantitative analysis can 

be carried out with equivalent circuit modelling.  

In this thesis, Salmonella Enteritidis was used as a model system to study biofilm 

formation at the air-liquid interface with two different strains.  A wild-

3934 that can produce two principal components of biofilm, curli and cellulose, wt 

 mutant of the same species that cannot form biofilm and 

cannot produce curli and cellulose,  (cellulose-/curli-

strains with distinct microbiological characteristics, the evolution of biofilm formation 

from single-cell to multicellular level by employing electrochemical impedance 

spectroscopy and potentiometric electrochemistry for quantitative electrochemical 

properties of the formation and redox dynamics of biofilm structure. 
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1.2. The Structure and Scope of the Thesis 
 

The first chapter briefly introduces illness-causing bacteria, pathogens, biofilms 

needed?”. In the 2nd chapter, a comprehensive 
rd chapter, 

e 4th chapter discusses the 

experiments' results using time-dependent impedance models and potentiometric 
th chapter concludes the study. 

 

1.3.  State of Art: Time-dependent Equivalent Circuit Modelling 
 

 
Figure 1.1 
models 

T

were fitted according to those models to illuminate biofilm formation and 

electrodynamics of extracellular components. The experiments were conducted in the air-

liquid interface 

interface. In addition, bacteria samples were cultured on Luria-

experiments were conducted. Moreover, it is worth mentioning that the working electrode 

of the system was boron-doped- 2

is a durable electrode for extreme potentials and has a large scanning potential window, 
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little background signal, and low capacitive current. Electrode tubing was not used for 

direct analysis of biofilm formation in the interface. 

Experiments were operated in this order, so growing dynamics, formation 

mechanism, and regio-temporal redox characteristics could be analyzed quantitatively.  

 A strain with no biofilm  (cellulose-/curli-  

 A biofilm-forming strain  
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2. CHAPTER 2.  

 

LITERATURE REVIEW 

 
2.1. Biofilm 
 

The first mention of bacteria in the literature was by Antonie van Leeuwenhoek 

who analyzed bacteria on animal teeth. Then, the growth mechanism was thought to be 

floating single cells until Arthur T Henrici in the 1930s. He analyzed freshwater bacteria 

via microscopy and realized the bacterial community that grew on surfaces.16 The first 

article that came up with the “biofilm” analogy was published in 1961 by Rogovska et al. 

in Microbiology-  After these findings, medical experts examined bacterial 

biofilms in the human body in 1973, and they observed Pseudomonas aeruginosa 

biofilms in the lungs.17 Costerton did the first illumination of biofilm formation in 1978, 

and he described biofilms in 1999 as “a structured community of bacterial cells enclosed 

in a self-produced polymeric matrix, adherent to a surface.”.18,19  

Two types of bacterial growth are present -living planktonic mode or 

structured communal growth as biofilms. attached to a surface growing as a 

group of bacteria sticking to each other or existing as a free-floating matrix kept by an 

extracellular matrix. a highly recognized mechanism of bacterial 

growth. The biofilm composition varies but mainly contains adhesins, amyloid-forming 

 

This colonization is based on “survival of the fittest”, and they stick together to 

survive more since bacteria can become resistant to their surroundings when biofilm 

forms. These communes are a reason for severe infections, as seen in plants or animals, 

including humans and medical devices and implants. Analyzing biofilms has an essential 

role in biotechnology in various fields such as cleaning wastewater, filtration of drinking 

water, biochemical synthesis or microbial fuel cells known as biocatalytic processes.   
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Figure 2.1 Conceptualization of biofilm development and dynamic behaviours.  

Nature Reviews Microbiology. February 2004, pp 95– 20 

 

build on nearly any biotic or abiotic surface and are sometimes 

known as stable floor-related ria also develop in a liquid beneath neath 

aerobic and static conditions, and they could both shape a stable surface-related biofilm 

at the lowest of the field or sediment. However, a few bacteria take advantage of the air-

liquid interface to construct a floating community. 3,4 This shape has generally termed the 

pellicle, ‘floating’ biofilm, or air-liquid interface biofilm. The biofilm formation on the 

air-liquid interface is a favourable ecological area of interest as it offers entry to excessive

concentrations of oxygen originating from the air, similarly to the vitamin gift withinside 

the liquid.2 Although microbiological factors of biofilm are well-studied, surprisingly, 

little is thought about their electrodynamics, interfacial electrochemical functions, and 

region-particular structural companies on the air-liquid interface shortage of 

interdisciplinary processes that permit direct size and evaluation of massive assemblies 

of densely packed cells. 21–23 
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2.1.1. Detecting Pathogens 
  

 Pathogens are one of the critical enemies of humankind for ailments due to the 

fact that they are able to multiply fast, and the biofilm can purpose antibiotic resistance. 

illnesses 

inflicting bacteria cause 50,000 and 1,500 hospitalized/dead human beings in a year, 

respectively.24-25 In addition to that, about 1,000,000 people are inflamed through 

y Transferred bacterial illnesses each day that can purpose intense and 

persevering with health problems, from syphilis to congenital disabilities.26 Moreover, a 

hundred and fifty million humans suffer from and a pair of 

million sufferers were hospitalized. As bacterial evolution persists thru increasing 

infections, a few instances can display kind is broadly 

called gonorrhoea, quickly could be antibiotic-resistant.27  

 

 
 

Figure 2.2 

– 2014 

Antibiotic-

antibiotic-resistant pathogens.  

– 28 

Figure 2.2 illuminates that developing quick methods to analyze pathogens is 

vital. Microbiological approaches to study biofilms eliminate the analyte from its 

environment, disrupting its local structure and composition and complicated microscopic 

or biochemical analyses. The present techniques stumble on, consisting of fluorescent 

dyes that restrict their use to end-factor sizes because of their toxicity. 

 They are offline and heavily depend on in-depth labour processes. They fail to 

immediately provide remarks on biofilm organization and different essential functions 
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and electrochemical and mechanical properties. Therefore, microbiologists cover 

strategies that can provide real-time statistics for the detection of biofilm. 

 

 

 

Figure 2.3  

– 15 

  Figure 2.3 demonstrates the lack of suitable strategies for biofilm characterization. 

Although the analysis routines are achieved now, in clinical settings, they still have 

difficulties to solve.29–31 In general, infections due to biofilm stay in sites as seen in 

the biofilm effect is 

unknown, or subclinical infections for more extended periods, the infection symptoms 

are less pronounced than acute infections, solely revealing themselves once biofilm cells 

shed off, leading to bacteriemia.32 Typically, infections with foreign bodies until device 

removal, even with the biofilm's removal characterization, require extensive processes to 

have proof. Once biofilm grows, the sampling becomes tougher on a device inside the 

body since surgery is necessary. This surgery primarily prohibits the detection of 

commonplace microbiological strategies akin to microorganisms culturing on agar plates 

until functioning access.  

-growing bacteria might not form colonies 

beneath normal culturing conditions and might cause false adverse outcomes. The authors 

mentioned developing methods  in the last four years.15 
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2.1.2. Polymerase Chain Reaction 
 

or many analytes' specific seque PCR based systems is very 

powerful since the amount of the analyte is relatively small with a fast and selective 

response. In fact, the PCR can sense one microorganism cell. PCR has been wont to 

evaluate microorganism contamination in complex solutions. The literature suggests that 

finding different strains in a complicated water sample with small genetic information is 

possible.33 

different environments with a low detection limit. Although it is a fast and selective 

method, detecting multiple analytes requires additional work.  

 Moreover, this additional work brings multiplexed PCR, achieving that fast and 

selective method with multiple analytes. As mentioned by Kwon et al., analyzing various 

strains is possible with multiplexed PCR system.  In addition to multiplexed PCR, 

Reverse Transcriptase Polymerase Chain Reaction (rt-

a single strain of a kind, but when it comes to analyzing biofilms, PCR development is 

pricy and hard to control. 28,34–36 

Carla Renata Arciola et al. developed a method to observe biofilm formation 

mechanism by using a rapid detection method based on PCR for S. epidermidis and S. 

aureus by icaA and icaD genes. As they mention, S. epidermidis and S. aureus persist 

with icaA and icaD genes that help to produce extracellular polysaccharide slime. Congo 

Red agar was used as a control, and samples were taken from periprosthetic infections 

and healthy skin and mucosa. They proposed that the PCR method was reliable for slime-

-forming strains could be understood with PCR. 

Moreover, they presented an automatic sequence analyzing tool to determine the genes 

quickly. 33 
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Figure 2.4  
colonies of the non-slime-

-

red central zone at 48 hours, indicating the onset of a non-slime-producing phase variant.  
 

Diagnostic Mol. Pathol. 2001, 10 – 33 

2.1.3. Optotracing via Conjugated Oligothiophenes 
 

It has been developed previously by several groups optotracers are conjugated 

of thiophene chains designed for the desired polymeric 

substances. 37–39 The sensing mechanism of optotracers based on fluorescent type sensing. 

The absorbance/emission changes based on binding to the biorecognition element act as 

the polymeric substance of biofilms. Multivalent 

interactions of backbone and functional pendant groups in LCO. 

functionalized groups, detailed characterization like folding/unfolding of proteins can be 

carried out. 40–42 Choong et al. proposed real-time monitoring of biofilm formation by 

.43 

d 

to the bacterium, they have an emission analyzed by spectroscopic methods.  One of the 

benefits of optotracers is it is non-toxic to bacterial strains it can be used as an additional 

element in the matrix. The recordings showed that, via incubation of the microorganism, 
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optotracers showed unique peak emission for the specific component. Furthermore, this 

technique is incontestable for dynamic observation of biofilms since it is flexible and 

selective while the possibility to image biofilm formation in different mediums, even 

within the infected liver.  

 

 
Figure 2.5 LCO-based morphotyping of Salmonella biofilms from agar plates. (a

csgD bcsA csgA based on the drop assay on 
Congo red plates. (b zed spectra of h-FTAA mixed with re-suspended biofilm 

- llel 
for reference. (c
bacterium on Congo red plates monitored for three consecutive days. (d and e
h-FTAA mixed with harvested 3934 wt biofilm colonies at (d  and (e

 max for h-FTAA 
in the presence of various amounts of cellulose. n  b and d, n  e

f -FTAA-supplemented cultures of strain 3934 wt, 
bcsA csgA csgD 

detection. (g  f 
detection. Arrows indicate max csgA csgD mutant strains. (h

zed fluorescence spectra for cellulose  

  2016 –11 44 
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2.2. Electrochemical Methods 
 

Electrochemical biosensors are rapidly growing in technology as we pursue the 

point-of-care era and personalized healthcare. 

2.1.1, Electrochemical methods provide portable, easily handled, and cost-effective 

devices for detecting biofilms.45 , such as 

voltammetric, amperometric/potentiometric, and impedimetric approaches.  Herein, a 

brief discussion on the methods will be described. 

 

2.2.1. Voltammetric Methods 
 

One of the widely used methods in electrochemistry is voltammetry that analyzes 

voltage-dependent changes in current. The voltage swept enlightens oxidation/reduction 

potential, kinetics, and reaction mechanisms.46 It has fundamentally two paths. The most 

lower voltages linearly with a scan rate, which defines how fast the span is and the graph 

analyte binds to the receptor, oxidation-reduction peaks shift and increase or decrease. 

The second option is performing oxidation-reduction with either a bare electrode or 

functionalizing the electrode for the desired analyte. 
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Figure 2.6 Ei

switching potential described by the maximum (Ef

receptor- ies upon specific 

-catalyzed conversion on specifically functionalized 

 

 

Pathogens. Analyst –  46 

 

 Along with cyclic voltammetry, pulse voltammetry is a widely used method that 

provides lower detection limits and eliminates capacitive currents via applying ladder-

like voltages.  voltage is scanned through constant 

growth in every step  ainly involves applying a series of potential pulses formed 

from a potential staircase overlaid with a square wave pulse a forward and then reverse 

pulse occurring on each tread of the staircase.  the 

capacitive current is eliminated in pulse voltammetry due to a rapid decrease in charging 
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voltammetry. Also, square wave voltammetry is faster than any other with avoiding 

oxygen peaks generated among these methods. 

 
Figure 2.7 – –  

 

 
Pathogens. Analyst – 46 

 

2.2.2. Electrical Double-Layer 
 

One of the pioneers of electrochemistry, von Helmholtz, demonstrated that even 

without electrochemical reactions, the metal/electrolyte persists the interface, and he 

named that interface as Electrical Double L 45 This observed interface is acting 

as a capacitor and exists in the whole electrochemical system. After Helmholtz, Cole and 

Chapman developed his theory with experiments and mathematics in 1910 and 1915.47-48 

The DL fundamentally describes how charged or polarized systems will behave with an 

applied voltage to the electrode, as shown in Figure 2.8. 
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Figure 2.8  

 

2.2.3. Electrochemical Impedance Spectroscopy 
 

to -destructive methods become a promising tool. Even if it is 

a 

numerous fields such as the characterization of energy sources, planet surface analysis, 

semiconductors, and most importantly, in healthcare. Oliver Heaviside carried out the 

Howard carried out the first living cell experiments.49–51 Years after, Keese and Giaever 

started using this label-free approach  

Keese analyzed cell-substrate analysis. 52 

 The impedance is a complex matrix that depends on a frequency of excitation, 

voltage, can be shown as  or ( ).  As impedance refers to a voltage, admittance, which 

is a complex conductivity, persists along with the impedance and denoted as ‘1 ’or ‘ ’. 



  

16 

 
 

Figure 2.9 Linear Immittance measuring setup 

As complex identities should be, impedance and admittance have real and 

imaginary parts, and by using mathematics, impedance analysis becomes a valuable tool 

to clarify the characteristics of the system. In literature, the impedance or admittance 

functions are called “immittance” as a global term. These functions are sinusoidal in a 

single-frequency region if a sample is a linear one. The excitation voltage a time-

dependent quantity shown in equation-X, and the current response of that voltage 

sinusoidal in equation-Y. Herein, “  

quantity corresponds to phase shift due to excitation voltage. Therefore, the impedance 

that is based on Ohm’s Law will be equation-Z. 

 ( ) =  
       

 ( ) =  
 

       

 ( ) = ( )( ) = = | | = +  

 
 

  
  

Figure 2.9 shows the basic immittance measurement setup in theory. The linearity 

that was mentioned means that the excitation voltage applied should relate to the current 

observed. Equation 1 is time-dependent with frequency dependency, the excitation 

voltage’s harmonics can be expressed as a summation of ( )’s shown in equation-2. 

integration in equation 3. -linear systems such as 
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semiconductors by applying a large voltage to overcome the bandgap with a small-

oscillating excitation voltage.  

 ( ): ( )        ( ) = ( )( ) = ( ) ( )                                 (5

  

 

Figure 2.10 Plot describing the relationship between the input voltage, E(t
current, j(t 53 

 

2.2.4. Equivalent Circuit Modelling 
 

Equivalent circuit models are mathematical expressions that correspond to a 

circuit model built based on the experiments. , extracting the data 

from the graph becomes viable, and it lightens the characteristics of the sample. A 

diagram that explains the fundamentals of is shown in Figure 2.10. 

As mentioned in the diagram , either with 

exact mathematical expression or the equivalent circuit model that corresponds to that 

mathematical expression.54 The second way is easier since the modern software made it 

user friendly by adding elements on paper without dealing with the math. Also, modern 

ethod so that the reverse check 

could be carried out for the desired circuit.55 However, the user should be careful to pick 

equivalent circuit models to avoid misinterpretation or overfitting since the desired fitting 
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could be achieved with various proposed models. After selecting the proper circuit model, 

with the curve fitting the electrodynamics of the system, such as charge transfer 

behaviour, or double electrical layer, polarization resistance can be understood.  The 

impedance systems can be thought of with distribution in space, so the new elements like 

 

defined. Those elements are physically and mathematically defined to explain 

impedance-based difficulties. Double-layer capacitance is a term that defines the 

distribution of electroactive and charged species that cannot be defined with capacitors 

since distribution phenomena are not ideal in real-life experiments. For instance, the 

constant phase element is defined, which takes the phase angle into account. In addition 

to the constant phase element, the 

transmission or reflection of the electroactive species depending on the thickness of the 

diffusion layer.55,56  

 
 

Figure 2.11 General system characterization of electrochemical impedance spectroscopy. 

 Current Opinion in Electrochemistry –
54 
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 Figure 2.11 visually describes the analysis of the impedance systems. The data 

either be explained by equivalent circuit models or differential equation-based models 

and the distribution of timescales.  

 
Figure 2.12 . 

 ACS Biomaterials Science and Engineering
2021. 57 

 

Figure 2.12 shows the equivalent circuits in the literature depending on the system, 

and as seen here, all of the models correspond to a mathematical expression based on the 

added elements.  
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2.2.5. Applications of Electrochemical Impedance Spectroscopy
 

As mentioned in can be 

used with almost no labelling in various technologies such as surface coatings, fuel-cell, 

batteries, or even characterization of materials obtained from Mars’ surface but most 

notably in the biosensing area. One of the many adva real-time 

characterizing or in situ sensing. In this chapter, the applications of electrochemical 

impedance spectroscopy in the literature will be discussed. 

X. Munoz-  carried out the impedimetric characterization of electrode-

solution interface via bacterial attachments in 2007. In that work, a three-electrode system 

was prepared with a platinum disc electrode as a working electrode, Ag|AgCl reference 

electrode, and a sputtered  They conducted 

their experiments in 10 Hz to 100 kHz frequency region to detect the changes caused by 

E. coli. First, the growth medium was glucose-  then, 

they plated the b  (109 /mL  and diluted it ten times per 

dilution. The introduction of bacteria to the chips were at 4  C, and experiments were 

carried out right after the incubation and 40 minutes after the incubation. In order to check 

the formation, they used epifluorescence microscopy with staining bacteria with 4 -6-

diamidino-2-phenylindole (DAPI   54 

 
Figure 2.13 Admittance complex measurements carried out by Munoz et al. for E. coli 

 Electrochem. Commun. 2007 –2660. 54 
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In Figure 2.13 s is solution 

resistance, CPEi  (Ki is a constant phase element, Cref is for non-faradaic components due 

to external reference electrode and data were fitted by Z-

that Ki 

interface CPE value was decreased, as shown in Figure 2.11  

 
Figure 2.14 Concentration and Time Dependency of Ki 

       Electrochem. Commun. 2007 –2660 54 

 

 

According to Figure 2.14 CPE was changing due to changing the double layer 

with bacterial attachment.  the double layer is also 

persistent around them, so increasing the bacterial concentration will cause a lower Debye 

length due to increased charge. Another explanation from the article is the surface 
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coverage. The higher cell concentration will cause a higher attachment to the electrode, 

as shown in Figure 2.11b.  

 Moreover, Yoav et al. carried out biofilm experiments with a unique equivalent 

circuit model with indium tin oxide electrodes within the 100 mHz to 400 kHz range for 

E. coli. Their equivalent circuit model was proposed to understand the impedance of 

electrodes, the electrolyte and the electrode/biomaterial/electrolyte via fitting. They 

defined anomalous diffusion of bacteria towards the electrodes for biofilm formation 

since anything other than bacteria diffuses slower due to interaction between media and 

the strain. They carried out fluorescence microscopy to also explain the electrode 

coverage and visualize and demonstrate how bacteria diffuses. The article points out that 

the initial attachment is responsible for resistance and capacitance changes. The biofilm 

growth was found to be the reason for intrinsic capacitance and resistance. The bacteria 

were grown in Luria–  media, with 0,1 mg/mL ampicillin. 

the impedance experiments  and -

since the double-layer effect on bacteria changes with different voltages. They call out 

 that impact the measurements either with 

chemical interaction or electrostatic forces. 58 

 
 

Figure 2.15   

        –7786.  58 
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In Figure 2.15, The Rct, Rs and Rb are resistances for charge transfer and 

biomaterial, Cb is the capacitance for biomaterial, CPEi is a constant phase element for 

electrode/solution interaction, Zd is anomalous diffusion which 

described in 2001.59 They indicated that the capacitive effect resulting from cell growth 

and attachment increased with time, where the resistive effect decreased. Furthermore, 

they said that the optical coverage with microscopy results correlates cell attachment 

towards electrode depending on cell shape and concentration, adequate time constant 

b  Rb × Cb was calculated to prove that the 1D electrical model was not suitable for 

biofilm formation, so they built the model in Figure 2.12 and fitted the data with using 

 

 
 

Figure 2.16 E Coli biofilm 

      –7786.  58 

 

Figure 2.16 shows the capacitance and resistance of biomaterial that is calculated 

via fitting. As shown, bacterial growth and diffusion towards electrodes increase the 

coverage of the electrode. The resistive effect was inversely proportional to the 

 it decreased in the first 20h, but then it started increasing.  The inial bacterial 

adsorption on the electrode surface and growth covers the electrodes, but with the released 

extracellular components from bacteria, this capacitive behaviour decreases since the 

thickness of biofilm increases, unlike the resistive effect, which is behaving reciprocally. 

They conclude that the different stages of biofilm formation result in different porosity, 

thickness, and surface coverage on ITO electrodes, and this method is promising not only 

for prokaryotic cells but also for eukaryotic cells.  
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In addition to these articles, Liu et al. designed an impedimetric biosensor chip to 

characterize biofilm formation. Their chip consists of an interdigitated electrode that 

brings a low ohmic drop, faster steady state, rapid reaction kinetics, and improved signal-

to-noise ratio. In that article, they tried to characterize E. coli and Salmonella species at 

the same time. They carried out tage 

while having 3.5 mm, 2 mm, and 1 mm 

The results with different cavities show that increasing the cavity area decreases the 

impedance, so a 3.5 mm chip was used in all their experiments. As they call biofilm 

formation consists of reversible adhesion stage, irreversible adhesion stage,early-mature 

stage, mature stage and dispersal stage with impedance spectroscopy those stages were 

illuminated by the help of equivalent circuit modelling. 60 

 
 

Figure 2.17 Impedance analysis for the 
formation process including reversible adhesion stage, irreversible adhesion stage, 

impedance analysis of  and E. Coli biofilms. 

2018, 112, 86–92. 60 
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The growth of bacteria and biofilm's maturation stage increase cell adhesion on 

the electrode while the bacteria produce an extracellular matrix.  

The produced ECM increases the resistance, and the biofilm formation decreases 

the capacitance. They found out that two different impedimetric results were present with 

Salmonella and E. Coli. The capacitance of Salmonella changes with small fluctuations 

while the resistance is decreasing. After 30h, the capacitance decreased owing to biofilm 

formation, extracellular matrix and cellular communications. Their results revealed that 

Salmonella started forming biofilm around 24-48h, and they proposed that after 42h with 

the consumption of nutrients in the media, bacteria might escape the dense biofilm 

structure, which results in decreased resistance and increased capacitance. 

On the other hand, E. Coli shows a sharp decrease in capacitance and increase in 

resistance due to rapid biofilm formation between 0- -24h, with the 

rebinding of bacteria, capacitance and resistance changed with the same trend. 

 

 
 

Figure 2.18   andE. 
Coli  
Cb  biofilms 

 during  biofilms formation p
Trends of Rb during E. Coli biofilms formation process. 

     ron. 2018, 112, 86–92. 60 
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I Au, glassy carbon  

and reduced graphene oxide  modified glassy carbon electrodes. They mentioned 

that the Au electrode was unsatisfactory due to the small size and less interaction of 

bacterial cells. Hence, they prepared CE with in situ modification with rGO. The 

modification simply carried out by drop-casting chemically acquired GO 

this modified electrode, they analyzed three different bacterial strains, Streptococcus 

mutans (S. mutans , Actinomyces viscosus (A. viscosus , and Lactobacillus fermentum (L. 

fermentum  that are oral pathogens. Results stated that using rGO-CE showed higher 

impedance values than Au and bare CE electrodes, and the 

diffusion related impedance since GO is highly conductive with less charge transfer 

resistance. 

Figure 2.18 shows the phase angles and impedance values of biofilm formation 

with three different electrode setups. They used bare electrode values to extract biofilm 

impedance by subtracting from the total impedance with that they hypothesize that they 

calculated the biofilm impedance statistically. As seen in the Figure, bacteria strains 

showed different impedance and phase values at the same frequencies, but L. fermentum 

had a negative impedance change, so they stated that the Au electrode was not suitable 

for that strain. Furthermore, they found that the impedance value rose after 12h and 20h, 

suggesting bacterial attachment and biofilm growth started with those four frequencies of 

1.17, 5.47, 11.7, and 54.7 kHz. After calculating those phase changes, they stated that 
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They modified with rGO-CE showed greater impedance results, and it was more suitable 

for biofilm analysis than Au or unmodified CE.  

 
 

Figure 2.19 Impedance amplitude and phase spectrum of t

and rGO-
-CE interface. 61 
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Figure 2.20  S. mutans  A. viscosus 
and L. fermentum 
biofilm formation. The data represent the mean of five results ± standard deviation. The 

Z 61 
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3. CHAPTER 3.  

 

 

EXPERIMENTAL  
 

3.1. Methods 
 

3.1.1. Bacterial strain and growth conditions 
 

The bacterial strains of Salmonella Enteritidis 3934, containing GFP expressing 

mutants (curli- and cellulose-

 mutant strains, respectively. 

Luria- . In prepara

 to inoculate new 

shaking conditions, with optical density recorded at 600 nm. 

 

3.1.2. Electrochemical Measurements 
 

All electrochemical measurements, including square wave voltammetry, open-

circuit potential, and impedance spectroscopy, were performed using Gamry Reference 

600 potentiostat ( . The three-electrode cell with a boron-doped 

diamond rod-shaped electrode 2 

(  was 

with 10 Hz frequency were use .  
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3.1.3. Cleaning of Electrodes 
 

The working electrode was cleaned using a polishing cloth and 3, 1, 0.3, and 0.05 

μm alumina powder. First, alumina powder was dusted into the polishing cloth and wetted 

by deionized water. Then, the electrode was rubbed carefully on the cloth, and the surface 

was rinsed with water to clean out the residual alumina. Reference and counter electrodes 

were put into a cleaning detergent and washed with water. 

 

3.1.4. Equivalent Circuit Modelling 
   

the biofilm parameters, two different 

equivalent circuit models were built, and the fitting process was carried out using Gamry 

Echem Analyst software. For initial input parameters for designated circuit elements, the 

impedance value of various frequency regions was selected. The high-frequency region 

(104-105 the solution resistance. 

Then, Zmod at the low-frequency region (10-2-10-1

resistance. For the constant phase elements, the capacitance was calculated by following 

Equation 2.62 

Here,  corresponds to the capacitance taken from the mid-frequency region (10-

2 to 103  is the surface parameter and also includes the phase shift, which means 

62 After calculating the 

initial parameters, the fitting is conducted using the simplex algorithm on the software. 

Then with the fitted data, a preinstalled calculation script on the software was used to 

extract the impedance data for each time interval for both models. 

 

3.1.5.  Scanning Electron Microscopy and Sample Preparations 
 

Following impedance analysis, the biofilm samples were collected and placed in 

critical point drying, to remove glutaraldehyde from the system, samples were washed 

with deionized water. This process was followed three times, successively. Then, each 

sample was placed in 30%, 50%, 70%, 95% of ethanol solutions for 10 minutes.  
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After that, samples were kept in 99.5% ethanol for 15 minutes to achieve slow 

dehydration,  and the latest step was repeated two times. Following the dehydration 

process, the samples were applied to the automated critical point drying chamber at eight 

2 

for about 50 minutes. Then the system was gradually degassed, and samples were stored 

at 

about 150-200 Å with Platinum using a sputtering method to provide better contrast and 

-6 mm working distance at different magnifications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

32 

4. CHAPTER 4. 

 

RESULTS AND DISCUSSION 

 
4.1. Experiments in Bulk Solution 
 

 
Figure 4.1. General Description of Experimental setup 

 

Figure 4.1 shows the general schematic of the experimental setup. The biofilm 

wild-type ere filled in a three-

neck volumetric flask. To understand the biofilm characteristics, I conducted experiments 

in the interface and bulk with all three conditions  

Electrochemical measurements are carried out with sterilized electrodes and 

was used for both mutant 

strain and wild-type strain for all electrochemical experiments. First, the 

has been adjusted to the position where air-liquid biofilm forms and moved the counter 

and reference electrodes in bulk solution for bulk experiments, and all three electrodes 

were placed inside the medium.  

air-liquid interface and bulk as control experiments. Then, to gather biofilm information, 

a wild type and  mutant of the same species cannot form biofilm and cannot 

produce curli, and cellulose  (cellulose-/curli-  was used to perform the 

experiments.  
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The square-wave voltammetry was conducted as a pulsed voltammetric method 

that is sensitive while extracting capacitive current from the response and lowering 

with potential 

changes overlaid with a square wave pulse, with a forward and then reverse pulse 

e 

voltammetry was performed at -

were collected every 12h starting from 1min. 

First, I performed impedance analysis at the open-circuit voltage at a frequency 

range between 10-2 to 105 Hz for the wild-type strain. The proposed biofilm model and 

mod vs  and (Phase 

Angle (  vs s are proposed in this section. 

 models, the characteristics of a capacitor element at 

the model depend on the frequency, unlike the resistor by the following equations Z is the 

impedance,  is the frequency,  is the resistance, and  is the capacitance. Derived 

from 

the high frequency corresponds to the resistance.  

     = 1  =  = 1( )  

 

To fit the experimental data, I defined two different models in two different time 

intervals as 0-24h and 24-48h, based on our observation and experiments by both eQCM 

the surface in the time range between 18h-24h. I used the modified Randles circuit as a 

basic model for the first interval and modified it for biofilm modelling for the second 

interval of the whole incubation period.  
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For both models, I defined certain circuit elements such as solution resistance 

(Rsolution polarization resistance (Rpolarization CT

phase elements for the electrode (Qelectrode -layer capacitance (Qdl , as well 

as excessive capacitance (Cexcessive asic model was 

used to extract the principal solution parameters such as charge transfer resistance and 

double-

parameters, both charge-transfer resistance and double-layer capacitance increased 

gradually at the early stage of bacterial growth (0-12h These parameters were used to 

define electrochemical properties at the electrode- I also used 

the biofilm model to define biofilm contribution. In this model, two additional circuit 

components, capacitance (Cbiofilm biofilm , were introduced for the 36h 

and 48h of measurements since biofilm also causes extra resistivity and stores electrical 

charges on the electrode interface once it forms. To test the validity of the proposed 

biofilm model, I first applied the basic model (without Cbiofilm and Rbiofilm 

24h, 36h, 48h data, and the results showed very low goodness of fit with a high percentage 

of error. Therefore, I used the biofilm model, which involves biofilm-electrode and 

biofilm-solution interface, to define biofilm contribution to charge-transfer resistance 

(Rbiofilm -layer capacitance (Cbiofilm  

 

4.1.1. Square Wave Voltammetry 
 

as carried out in bulk solution for all three conditions starting with wild 

type strain throughout understanding biofilm formation's electrodynamics. Figure 4.2 

shows the square wave voltammogram of wild type strain and a 2  10 

 was swept between - , 

and the results show that formed biofilm at the air-liquid interface does not affect the bulk 

solution, as peaks denoted as Redox I and Redox II are present in the mutant strain and 

. Figure 4.2 shows the square wave voltammograms in three conditions. 
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Figure 4.2 

 

 

The formation of the biofilm occurs in the air-liquid interface. Two redox peaks 

the biofilm formation does not change the solution. 

, bacteria did not produce redox compounds that are released 

toward the growth medium. The occurred peaks might result from 

w/o salt since bacterial growth did not change the redox peaks. For further investigations, 

OCP experiments were conducted to analyze potential changes while the bacterial growth 

in the same experimental setup. OCP results will be explained in the next Chapter 4.1.2.  
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4.1.2. Open Circuit Potential 

 
Figure 4.3 

 

 

As Figure 4.3 and Figure 4.4 proposes,  in OCP of 

is 

were taken from the software, and Figure 4.3 shows the trend of changes in OCP with 

three conditions. The bacterial growth shifts  range, and biofilm 

formation does not significantly affect the resting potential between reference and 

working electrode, as demonstrated in Figure 4.4 
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Figure 4.4 OCP Changes of three conditions 

 

4.1.3. Electrochemical Impedance Spectroscopy  
 

To fit the experimental data, I defined two different models in two different time 

intervals as 0-24h and 24-48h, based on our observation and experiments by both eQCM 

the surface in the time range between 18h-24h. I used the Randles circuit as a basic model 

for the first interval and modified it for biofilm modelling for the second interval of the 

whole incubation period. For both models, I defined certain circuit elements such as 

solution resistance (Rsolution polarization

resistance (RCT electrode -

layer capacitance (Qdl excessive

circuit. The basic model was used to extract the principal solution parameters such as 

charge transfer resistance and double-

as shown in the goodness of fit with high percentage error, which indicated that data 

produced for mutant strain and growth media were not relevant for biofilm modelling.  
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Figure 4.5 Equivalent Circuit Models for Impedance data fitting biofilm model is on the 
left, and bulk model is on the right 

esides, I also performed impedance analysis for the mutant strain 

salt using the same experimental conditions for wild-type strains. I proposed Model I for 

and fitting parameters using the interface setup.  

As Figure 4.6 presents, the impedance measurements were carried out for wild 

type strain in the bulk solution, and the biofilm was formed at the air-liquid interface. The 

hypothesis that was questioned here was, “what is the effect of biofilm formation on the 

solution?” I carried out the experiments from 10-2 Hz to 105 Hz. Data were collected every 

12h  since the biofilm was formed at the interface, the equivalent circuit model does not 

contain biofilm components as no changes  

in Figure 4.4a were fitted according to the model shown in Figure 4.4b. The extracted 

results have been displayed in Figure 4.4c and 4.4d wo principal parameters were 

focused on here, double-layer capacitance and charge transfer resistance that is reasoned 

from solution-electrode, biofilm/bacteria-electrode, biofilm/bacteria-solution interfaces. 

The charge-transfer resistance and double-layer capacitance values extracted from 

impedance modelling based on the interactions of interfaces. The double-layer 

capacitance did not show any deviation since the software’s algorithm shows zero 

deviation using a constant phase element.   
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Figure 4.6 

-
layer capacitance 

 

In this case, the first 12h bacteria start to grow, and both  Rct and Cdl show a decline 
2 2 and from 0.134 μF/cm2 to 0.127 

μF/cm2 s together by fibrous cellulose and curli, the 

aggregates started after 22-  decreased to 1 2 and 

0.105 μF/cm2 due to electrode coverage. After that point, Rct shows a stable trend with a 
2 at 48h due to the slowed growth and biofilm 

formation. However, Cdl keeps decreasing until 36h to 0.121 μF/cm2, then increases to 

0.1056 μF/cm2. This phenomenon might result from the consumption of ECM 

components as nutrition so that bacteria can diffuse into solution by leaving the biofilm 

due to reduced force caused by fibrous cellulose and curli.  
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Figure 4.7 

-
layer capacitance 

 

On the other hand, the trend of Rct and Cdl was different for the mutant strain. 

mutant cannot form a biofilm. For the first 24h, the maturation increases the Rct from 1.84 

± 0.2 2 2, and it continues rising until 36h owing to 

bacterial assemble as clusters. For the 48h, Rct 
2. This 

change might be attributable to the small dispersion of bacteria inside the solution. As Rct 

increases, Cdl starts to decline from 0.185 μF/cm2 to 0.111 μF/cm2. As aggregation and 

the growth progress, lack of ECM components in the mutant strain, Cdl had small 

fluctuations, but compared to the wild-type results were minor, as shown in Figure 4.6. 
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Figure 4.8 
-

layer capacitance 

T t experiments fitting showed a stable trend with almost negligible 

changes than mutant and wild type for both Rct and Cdl illustrated in Figure 4.6b,c. For 

the bulk experiments, both Rct and Cdl 2 to 1.36 ± 

0.104 2 and from 0.0916 to 0.0811 μF/cm2, respectively. Those changes were 

almost negligible compared to wild-type or mutant strains since no bacteria exists inside 

the solution.  

4.2. Experiments at the Air-Liquid Interface 
 

-liquid interface with the same 

experimental procedure to understand the formation. This part of the thesis will 

demonstrate the results gathered from biofilm formation for wild type strain, mutant strain 

 w/o salt medium. 

 

 

 

 



  

42 

4.2.1. Square Wave Voltammetry 

 
Figure 4.9 -liquid interface 

 

The results show that the solution contains wild-type strain possesses two redox 

Figure 4.7. However, after 12h incubation, the current density of these peaks started to 

new redox 

lessened significantly after 12h. The elevation 

for 24h, 36h, and 48h of incubation. On the other hand, when the same experiment run 

throughout 48h incubation, and no new redox activity observed. The same redox peaks 

bserved for the bulk measurements 

of the wild-type Figure 4.3 and in both bulk and the interface setups of mutant strains and 

Figure 4.10. 

Peaks for the interface measurement of the wild-type strain occur at the high 

potential regio

proteins are expected to be actively reduced or oxidized. This observation might be 

possibly caused by the presence of different redox-active molecules secreted by a 

bacterium potentially used for inter or intracellular communications or regulating the 

biofilm formation process. However, identifying or isolating those molecules that cause 

redox activities is hard to achieve at this stage. 
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Figure 4.10  

 

As shown here in Figure 4.8 and Figure 4.9, mutant strain 

identical results with the bulk region Redox I and Redox II peaks are persistent 

throughout the experiment. at biofilm 

formation has unique redox properties, but the isolation process cannot be carried out 

with the current methodologies. 
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4.2.2. Open Circuit Potential

 
Figure 4.11 Open Circuit Potential measurements for three conditions in the air-liquid 

 

The results for the interface measurements show that wild-type strain has a more 

significant change in OCP (- -

-

4.11 and 4.12, respectively. These results indicate that biofilm formation changes the 

aggregates, and 

the bacteria stick together with the extracellular matrix components, unlike the mutant 

mutant strain behaves almost identical in the 

air-liquid interface and the solution. 
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Figure 4.12 OCP Changes of three conditions 

4.2.3. Electrochemical Impedance Spectroscopy 
 

 
Figure 4.13 the air-liquid interface 

after 24h 
-layer capacitance 
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Figure 4.13b -liquid 

interface for the wild type bacterial solution. Acquired data is used for fitting, the 

equivalent circuit model for the first 24h is shown. For the first 24h, the bulk model was 

was changed to gather resistivity and capacitance changes of biofilm formation  

4.13a was built. The added elements to the equivalent circuit model are pointed out. 

Although the capacitance was calculated instead of using a pure capacitor, the constant 

phase element was added to the model to factor in the surface roughness and small 

electrode resistance since it calculates the phase shift caused by those parameters. Figure 

4.13c-d shows the effect of bacterial maturation and the development of biofilm on the 

air-liquid interface. The growth of bacteria causes an increase at both Rct from 0.776 ± 
2 2 and Cdl 0.204 μF/cm2 to 0.211 μF/cm2 in the 

first 12h. Due to biofilm formation, Cdl showed a slight decrease until 48h from 0.126 μF/ 

cm2 to 0.0523 μF/cm2. Rct 2  to 1.874 ± 0.1807 
2  due to produced extracellular matrix components. Figure 4.13 indicates the 

changes in resistance and capacitance of added elements in the modified model for 

biofilm formation. The resistance and capacitance of ECM components decreased in the 

36- 2 to 0.152 ± 0.0622 2 and 19.55 μF/cm2 

to 1.62 μF/cm2, respectively. 

 

 

Figure 4.14 Extracted Cpoly and Rpoly values according to added circuit elements 

To show the electrochemical understanding of biofilm development at the air-

liquid interface, as mentioned before, a mutant strain that cannot form biofilm is used in 

5b. The fitting process was carried 

out with the model in Figure 4.15a. In Figure 4.15c-d, Rct and Cdl parameters are shown. 

Compared to wild-type changes in Rct and Cdl for the mutant strain, shifts were less 
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dramatic here since the extracellular matrix components of biofilm were not produced in 

the interface. Rct is increased from 2.607 ± 0.4512 2 to 2.93 ± 0.476 2 in 

the first 12h because of the bacterial maturation. After the growth, a decrease is observed 

until 24h to 2.654 ± 0.391 cm2  because of cellular dispersion. Then, it increases slightly 

to 2.93 ± 0.47 2 for the 48h when the cell aggregates form. The Cdl is increased 

1min to 12h from 0.136 μF/cm2 to 0.152 μF/cm2. After 12h, the Cdl followed a decrease 

until 36h to 0.131 μF/cm2 

dispersion of growth bacteria towards the solution. Finally, due to cellular aggregates and 

clusters of the mutant raised Cdl to 0.172 μF/cm2. 

 
Figure 4.15 mutant strain in the air-liquid interface 

extracted double-layer capacitance 
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Figure 4.16  in the air-liquid interface 

extracted double-layer capacitance 

A

was performed to measure the bulk circuit model. The results show that all solution 

parameters, including charge-transfer resistance double-layer capacitance, do not change 

more than 10% of their initial value during 48h of incubation for both interface and bulk 

measurements, as shown in Figure 4.16 

 

4.3. Scanning Electron Microscopy 

 
Figure 4.17  
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Figure 4.18 On the left Isolated biofilm after the experiment and on the right, re-
dispersion in deionized water 

Figure 4.18 shows biofilm taken from the air-liquid interface at the end of the 

experiment for scanning electron microscopy. Also, to observe the water effect, the 

biofilm was dispersed in deionized water. 

 
Figure 4.19 electron microscopy analysis of regiospecific organizational states 
o -liquid interface 
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surface features and helped us perform regio-specific morphological analysis through the 

surface-bound biofilm, as shown in 

the compositional distribution of the biofilm matrix. At lower magnifications, the 

bacterial structure seems densely packed structure as seen in 4.19a,b, but with the higher 

magnifications, those densely packed structures become porous and fibrous connections 

of extracellular matrix seen more clearly in Figure 4.20.  

 
Figure 4.20 electron microscopy analysis of regiospecific organizational states 

-liquid interface 
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5. CHAPTER 5. 

CONCLUSIONS 

 

 
In the thesis, in situ monitoring biofilm formation to understand electrodynamics of the 

formation was proposed with a wild type and mutant strain at the air-liquid interface and 

in the bulk solution. 

allowed working at higher potentials and lower frequencies. The experiments show 

that the biofilm formation at the air-liquid interface has new redox dynamics

revealed the resistive and capacitive effects of biofilm formation with time-dependent 

equivalent circuit fitting. As biofilm formation begins with cell growth and 

multiplication, changes in the first 12-20h can be dedicated to these steps. After 20h, the 

process has two mechanisms  extracellular matrix 

formation. The capacitance and resistance of the extracellular matrix were taken into 

account with the new equivalent circuit model. 

To illuminate the biofilm morphology of the biofilm, scanning electron microscopy were 

carried out. As seen in the images, ECM components connect the cells, while the biofilm 

also has a porous structure with dispersed cells. I believe that this method is beneficial 

for the monitoring of bacterial biofilm and for eukaryatic cells or other time-dependent 

mechanisms.  
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