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1 Introduction 

Formation of different types of fouling in food processing equipment is a problem for the food 

industry particularly due to the risk of the food product contamination and the resulting 

equipment downtime. Thus, the mechanism of the formation and the detection of non-

microbiologically-induced fouling (mineral and organic fouling) and microbiologically-

induced fouling (biofouling and biofilm) should be investigated in more detail in order to lower 

the risk of the contamination in food processing equipment.  

According to literature, the presence of fouling on food processing contact surfaces can lead to 

food spoilage, shortened time between cleaning, contamination of product by non-starter 

cultures, metal corrosion in pipelines and tanks (Cappitelli et al. 2014; 

Chmielewski  and  Frank  2003). In addition, biofilms can become resistant to the effects of 

cleaning agents due to extracellular polymeric substance (EPS) formation. Due to the EPS, it 

is difficult to remove biofilms from food processing surfaces and environments. In addition, 

biofilm formation increases the risk of corrosion and clogging of pipelines in food processing 

plants as well as it reduces the heat transfer efficiency, resulting in increased operational costs 

(Chmielewski and Frank 2003). Therefore, real-time fouling detection on different food contact 

surfaces becomes the focus of attention in food industry.  

Several publications have appeared documenting critical parts in food equipment regarding 

fouling, particularly biofilm formation. For example, the parts containing non-metal material 

such as open equipment (conveyer belts) and closed equipment (containers, gaskets, 

membranes, or cutting boards) as well as the equipment containing crevices or dead spaces 

were considered to be sources of the contamination (Marchand et al. 2012; 

Chmielewski  and  Frank  2003). One of the proposed strategies to avoid fouling formation is 

the application of sensors to monitor fouling formation and cleaning processes in real time. 

Several approaches for the real-time fouling detection has been applied by using different 

sensor types. Depending on sensor type, the change of the oxygen content, impedance, 

temperature, mass, thickness, pressure, or light absorption were recorded and their correlation 

with the actual fouling formation was investigated. However, many critical parts in food 

processing equipment are difficult to access. Moreover, in closed systems it is a significant 

effort to detect different types of fouling and to distinguish between them.  

Due to the current lack of early warning systems, the presence of fouling is often still assumed 

when poor process performance and decreased product quality are observed after production. 

Moreover, according to literature there is a lack of a reliable monitoring and detecting sensor 
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system that allows to monitor fouling development and cleaning processes in food processing 

equipment (Cappitelli  et  al.  2014; Marchand et al. 2012; Simões et al. 2010). Therefore, new 

approaches to control fouling and cleaning processes in the food processing equipment should 

be introduced.  
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1.1 Fouling 

1.1.1 Fouling in processing equipment  

Different types of deposits can be found on surfaces of industrial processing equipment. The 

presence of deposits can lead to the decrease of the equipment’s performance and to the 

contamination of manufactured products. The general definition and classification of deposits 

was originally adapted from the field of heat exchanger technology (Epstein 1981) and can also 

be used to classify different deposit types in the food processing equipment. These deposits are 

generally called fouling. Fouling is an unwanted deposit on the industrial surfaces. According 

to Epstein  1981, the fouling can be classified into the following fouling types: 

(1) Mineral fouling − deposition of inorganic materials precipitating on a surface; 

(2) Particle fouling − deposition of silica, clay or other substances; 

(3) Organic fouling − deposition of organic substances; 

(4) Biofouling − adhesion of microorganisms to surfaces and biofilm development. 

For the types 1 to 3 (mineral, particle, and organic fouling), fouling layers are formed from 

deposited abiotic accumulations. Abiotic accumulation originates from the transport of 

material from liquid phase to the surface. This process can be handled by eliminating these 

accumulations from the liquid phase (Flemming 2002). The formation of the abiotic type of 

fouling differs from the formation process of biofouling. In biofouling, the accumulations are 

microorganisms, which can grow using nutritive substances from the liquid phase. The 

nutritive substances are converted into metabolic products and biomass 

(Flemming  and  Ridgway  2009).  

In literature, microbiologically-induced fouling is often named not only biofouling but also 

biofilm (Lewandowski and Beyenal 2013). The term biofilm stands for a large variety of 

microbial aggregates. If the formation of biofilms is unwanted, microbial aggregates are 

addressed then as biofouling (Flemming  and Ridgway 2009). Biofouling formation is 

prevalent in food or pharmaceutical processing equipment due to the favourable temperature 

range for microbial growth and wet surfaces. The development of microbiologically-induced 

fouling, known as biofilm or biofouling, has been found on surfaces of various parts in food 

processing equipment, e.g., storage tanks, filling units, pipelines (Marchand  et  al.  2012; 

Chmielewski  and Frank 2003; Storgards et al. 1999).  
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The definition of fouling types proposed by Epstein 1981 is originally limited to the heat 

exchanger technology. An extended comparison of different fouling types in the food 

processing equipment has been summarized by Wallhäuser et al. 2012 and is shown in Table  1. 

Table 1 

Comparison of most common fouling types in the food processing equipment (adapted 

from Wallhäuser  et  al. 2012). 

Fouling type Short description Example of occurrence Example 

(1) Chemical 

reaction 

Decomposition/polymerisation 

of proteins, hydrocarbons on 

heat transfer surfaces 

Heat exchangers in dairy, 

food processing industry, 

crude oil industry  

Dairy fouling type A 

(protein fouling), 

crude oil fouling 

(2) Precipitation Precipitation/crystallisation of 

salts, oxides 

Heat exchangers in dairy 

industry, water treatment, 

desalination 

Dairy fouling type B 

(mineral fouling), 

calcium, other salts 

(3) Biofilm 

(biofouling) 

Growth of algae, bacteria Water treatment Bacterial growth on 

membranes 

(4) Particulate / 

sedimentation 

Deposition/accumulation of 

particles on surfaces 

Combustion systems, food 

processing industry 

Colloids, dust 

 

Table 1 summarizes different types of fouling in the food industry and water treatment. From 

Table 1 it is evident that dairy industry is a sector of the food industry with a high risk of fouling 

formation (Wallhäußer et al. 2012). The mechanisms of fouling (abiotic accumulations) and 

biofouling (microbiologically-induced accumulation) formation in the dairy processing 

equipment are different. In fact, fouling is often a precursor for biofouling due to the 

equipment’s heat exchanging capability loss (Al-Haj 2012). Prior to the attachment of 

microorganisms, the primary step in dairy fouling formation is the adsorption of a protein 

monolayer onto the contact surface. Thus, the concentration of nutrients in the liquid closer to 

the solid surface is higher, as compared to the liquid phase. In addition, the fouling layer can 

change physical properties of the food contact surfaces, leading to the increase of the bacterial 

attachment and subsequently to the formation of the biofouling (Fratamico et al. 2009). 

Biofouling increases the risk for the microbial contamination that can lead to a shorter shelf 

life of processed foods as well as biofouling can be a reason for the limitation of continuous 

production time in manufacturing plants (Bhushan 2016; Brooks and Flint 2008; 

Chmielewski  and Frank 2003).  
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1.1.2 Major fouling types in dairy processing equipment 

Fouling formation has become a major concern for the dairy industry due to the current trend 

to extended production runs and the use of more complex processing equipment 

(Mogha  et  al.  2014). It is important to note that fouling does not only occur on heated 

surfaces. A monolayer of protein can be adsorbed at room temperature. This mechanism of the 

monolayer formation is often linked with the surface conditioning (Rosmaninho et al. 2007). 

Once the temperature rises above 65 °C, the fouling formation in dairy processing equipment 

is enhanced because dairy proteins become thermally unstable above this temperature as they 

start to denature and to aggregate (Kessler 2006). This leads to a faster adherence, as compared 

to the native proteins. The components that are mainly responsible for the fouling formation in 

dairy processing equipment are calcium phosphate and whey proteins, particularly β-

1actoglobulin (β-LG) (Visser and Jeurnink 1997). According to Kessler  2006, there are two 

types of fouling on heated surfaces in the industrial dairy equipment, which he classifies as 

Type A and Type B. Type A is relatively soft and bulky and it is formed at temperatures 

between 70−90 °C and consists of about 60% proteins and 40% minerals. Type  B is formed at 

temperatures between 110−140 °C and consists of less than 20% proteins and up to 80% 

minerals, of which more than 80% is calcium phosphate (Kessler 2006). At temperatures 

between 110-140 °C the fouling layer can be divided in two sublayers, a protein rich outer layer 

and a calcium and phosphorus rich layer near the solid surface (Fratamico  et  al.  2009). 

1.1.3 Biofouling formation 

As described in Subchapter 1.1.1, biofouling can also be called biofilm. Biofilm is a term for 

many microbiologically-induced deposits (Flemming 2011). There are two ways, in which 

microorganisms exist: (1) planktonic bacteria, existing freely in the bulk solution or (2) bacteria 

attached to a surface or within the confines of a biofilm (Garrett et al. 2008). Almost all of the 

bacteria found on the earth are in various stages of biofilms (Costerton  et  al.  1987). According 

to the IUPAC definition, “biofilms are an aggregate of microorganisms in which cells that are 

frequently embedded within a self-produced matrix of extracellular polymeric substances 

(EPS) adhere to each other and/or to a surface” (Vert  et  al.  2012). Typically, a biofilm matrix 

has a heterogeneous structure and consists mainly of water (up to 97% of matrix), cells 

(2 – 5  % of matrix), polysaccharides (1 – 2 % of matrix), protein (1 – 2 % of matrix), and DNA 

and RNA (1 – 2 % of matrix). Extracellular polymeric substance (EPS) is produced by bacteria 

and contains bound water, polysaccharides, proteins, or extracellular DNA 
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(Derlon  et  al.  2016). EPS is of microbial origin and provides functional and structural 

cohesion of the biofilm matrix. The architecture and composition of a biofilm is defined by 

environmental and surface properties as well as by the bacterial gene and the components, 

which are embedded into the biofilm matrix (Marchand  et  al.  2012). 

The biofilm development shows a characteristic development sequence. There are usually five 

stages from the first attachment of microorganisms to the releasing of microorganisms from a 

fully developed biofilm: (1) the reversible attachment, (2) the irreversible attachment, (3) the 

microcolony formation, (4) the maturation and (5) the dispersion (Sauer et al. 2007). 

Figure 1 shows the steps from the first attachment to a fully developed biofilm. 

  

Figure 1 Five steps of the biofilm development: (1) reversible attachment, (2) irreversible 

attachment, (3) microcolony formation, (4) maturation and (5) dispersion (adapted from 

Stoodley et al. 2002). 

(1) Reversible attachment 

The biofilm formation starts with the attachment of single cells. Microorganisms are floating 

towards a surface either actively via chemotaxis and motility or passively via fluid dynamics. 

If a microorganism reaches a specific vicinity, the microorganism can attach to the surface 

depending on the net sum of attractive and repulsive forces between the microorganism and 

the surface. These forces are electrostatic forces and hydrophobic interactions 

(Fratamico  et  al. 2009). In addition, the initial attachment of microorganism to a surface is 

favoured by van der Waal’s attractions. This attachment is unstable and can be reversible 

(O'Toole  et  al. 2000). 
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(2) Irreversible attachment 

The forces leading to the irreversible attachment are dipole, ionic, hydrogen, and hydrophobic 

interactions. The attachment is assisted by bacterial surface structures like flagella or pili. When 

the attachment to the surface is completed, the production of EPS is induced by genotypic and 

phenotypic changes (Fratamico et al. 2009). These changes can also lead to the increased 

resistance to antibiotics and to UV light, as well as to the increased formation of secondary 

metabolites (O'Toole  et  al. 2000).  

(3) Microcolony formation 

Irreversibly attached microorganisms start to multiply while communicating with other cells 

through chemical signals called quorum sensing. Water-filled channels within the structure 

allow delivering nutrients to the cells (Wilson and Devine 2003; Wilking et al. 2013).  

(4) Maturation 

The maturation of biofilms starts when the microcolonies of microorganisms are formed. In 

the maturation stage, the cell density rises. If the availability of nutrients in the immediate 

environment is limited, the biofilm development is inhibited. The biofilm reaches its dynamic 

equilibrium and the outermost layers start to generate planktonic cells (Dunne 2002). 

(5) Dispersion 

In order to colonize new surfaces and to survive, microorganisms are detached and dispersed 

from the biofilm. The main driving force for the detachment are fluid dynamics and shear 

effects. Other factors that affect the detachment of microorganisms include EPS-degrading 

enzymes, generated gas bubbles, activation of lytic bacteriophages and quorum-sensing signals 

(Fratamico et al. 2009).  

1.1.4 Factors influencing biofouling formation in food processing equipment 

There are several main factors that can affect biofouling formation in the industrial food 

processing environment: (1) wide temperature range in many production units, (2) different 

types of food contact material, (3) hydrodynamics and mass transport, (4) bacterial species, 

and (5) properties of the manufactured product (Chmielewski and Frank 2003). 

(1) Temperature 

Dairy products are exposed to a broad scale of different temperatures during the production 

processes. The temperature can range from 5 °C to 140 °C (Teh  et al. 2015). Therefore, 
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different units of the processing equipment can provide optimum growth conditions for 

psychrophiles (optimum temperature range 0 °C – 25 °C), psychrotrophic bacteria 

(0 °C – 40 °C), mesophiles (10 °C – 45 °C), and thermophiles (40 °C – 70 °C). Pasteurized 

milk can be spoiled by Gram-positive spore-forming bacteria and by Gram-negative 

psychrotrophic bacteria. Gram-positive spore-forming bacteria can survive the pasteurization 

process. Gram-negative psychrotrophic bacteria are inactivated during the pasteurization but 

can recontaminate the dairy-processing equipment during the automatic filling of the retail 

packages (Eneroth  et  al.  2000a; Eneroth et al. 2000b; Cousin 1982). Psychotrophic bacteria 

should be also considered in the quality concern and the shelf life of dairy products, as they 

can grow rapidly under low temperatures and therefore can grow in the consumer milk 

packages in retail (Eneroth et al. 2000a; Fratamico et al. 2009). Microorganisms that can 

shorten the shelf life of milk at around 4 °C are Pseudomonas ssp., among others P. fragi and 

P. lundensis. As an example, P. fragi and P.  lundensis produce heat-stable extracellular 

lipases, proteases, and lecithinases that cause the milk spoilage (Mogha et al. 2014). 

(2) Properties of food contact material  

Food contact materials have different properties that can facilitate the attachment of 

microorganisms to surfaces. Food grade stainless steel is a contact material usually used for 

pipelines and tanks in food processing equipment (Chmielewski and Frank 2003; 

EHEDG  2004). In addition, polymeric materials such as PTFE are often used for processing 

lining or for gaskets (Hauser 2009; EHEDG 2004). In the literature, it was reported that 

hydrophobicity and specific roughness profile of the surface could affect the fouling formation. 

Hydrophobic interactions have long been seen as the reason for cell attachment. Some studies 

have reported that higher numbers of bacteria attach to hydrophobic surfaces such as PTFE 

rather than to hydrophilic surfaces such as metals (Pasmore et al. 2010; Teixeira  et  al.  2005). 

However, there are conflicting views as only a small part of microbial cells is hydrophobic as 

for example pili, fimbriae and flagella, while most of the surface of a microbial cell is 

hydrophilic (Teh  et  al.  2015; Lewandowski and Beyenal 2013).  

Another important factor is the surface finish, e.g., the roughness, which affects the adhesion 

of particles. The relation of adhesion surface area and surface roughness regarding particle 

attachment is depicted in Figure 2. 
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Figure 2 The influence of the adhesion surface on adhesive force: a) contact types between 

particles and adhesion surface; b) the change of the adhesive force depending on the 

adhesion surface and the surface roughness (adapted from Hauser 2008). 

 

The amount of contact sites for particles and microorganisms depends on the roughness profile 

as well as on the structure and the shape of the particle. There are different modifications how 

particles can be arranged on the surface, which can lead to a decrease or increase of adhesion 

area (Hauser 2008). 

(3) Hydrodynamics and mass transport 

Hydrodynamics and mass transport have been shown to have an influence on the architecture, 

mass, and density of biofilms (Stoodley et al. 2002; Pereira et al. 2002; O'Toole et al. 2000). 

The availability and distribution of nutrients is an important factor for the biofilm structure, 

composition and formation (Chmielewski and Frank 2003). Water channels run through the 

biofilm structure, which enables the distribution and exchange of nutrients and metabolites 

(O'Toole et al. 2000; Chmielewski  and  Frank  2003; Bryers 1987).  

The biofilm structure can be different depending on various factors such as flow conditions, 

surface topology, or nutrients availability (Fig. 3). The structure of matured biofilms can be 

divided in three general types: (a) Dense biofilm, (b) Mushroom-like biofilm, (c) Ciliate-like 

biofilm. 
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Figure 3 Types of biofilm structure: (a) Dense biofilm, (b) Mushroom-like biofilm, 

(c)  Ciliate-like biofilm (adapted from Roßteuscher 2009). 

According to Fig. 3, a dense biofilm (a) is stratified and compact. Dense biofilms are usually 

formed under high shear stress conditions. Roßteuscher 2009 described the dense biofilm 

structure for nutrient-rich environments with high shear stress. Biofilms grown under turbulent 

conditions also exhibit streamlined and oscillating ripples (Stoodley et al. 2002). 

Mushroom- like biofilms (b) are formed in areas of moderate nutrient supply and 

hydrodynamic conditions. In regions with restricted nutrient supply and low shear stress, 

biofilms exhibits ciliates-like biofilm structure (c) to increase the surface area for optimized 

nutrient uptake. Laminar flow conditions induce biofilm formation with a patchy structure, 

consisting of round shaped cell aggregates (Roßteuscher  2009).  

(4) Bacterial species  

The differences in the ability of biofilm formation can be observed for different types of 

bacterial species. The presence of cell appendages like fimbriae, pili and flagella can increase 

the cell attachment and adherence to the surface by overcoming electrostatic repulsion forces 

(Parizzi et al. 2004; Bonsaglia et al. 2014; Barnes et al. 1999). Species which are relevant in 

concern of biofilm formation in food processing equipment and which have the ability to attach 

on food contact surfaces are for example Listeria monocytogenes, Salmonella spp., 

Escherichia  coli, Pseudomonas spp., Paenibacillus spp., Bacillus spp. (Djordjevic et al. 2002; 

Doijad  et  al.  2015; Drenkard and Ausubel 2002; Marchand  et al. 2012; Gopal et al. 2015). 

Psychrotrophic bacteria, Pseudomonas spp., decrease the shelf life of dairy products due to the 

ability to form biofilms below 10 °C (Hood and Zottola 1997; Sørhaug and Stepaniak 1997). 

Pseudomonas  spp. can produce a large amount of EPS and have shown the ability to attach to 

stainless steel in various studies as well as to produce attachment fimbriae at different 

temperatures (Stone  and Zottola 1985; Barnes et al. 1999). Furthermore, Pseudomonas spp. 

a) a) b) c) 
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can coexist in a biofilm with Listeria, Salmonella, and other pathogenic microorganisms 

(Chmielewski  and  Frank 2003).  

(5) Properties of product 

Product properties as pH, salt concentration, and organic compounds can affect the biofilm 

formation as these factors determine the growth of the microorganisms in the media 

(Parizzi  et  al. 2004). Furthermore, the different components of the manufactured product can 

influence the initial attachment of the microorganisms by the formation of a conditioning layer 

on the food contact surface. Some products promote the bacterial adherence on surfaces as for 

example skim milk, butter milk, and butter serum (Dat  et  al.  2010; Barnes  et  al. 1999). For 

example, it was reported that casein in dairy products decreases the attachment of 

microorganisms while whey protein increases the attachment (Fletcher  1976; 

Speers  and  Gilmour 1985; Barnes et al. 1999).  
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1.2 Fouling control and detection 

1.2.1 CIP cleaning and enzymatic cleaning  

It is necessary to perform proper cleaning procedures to ensure that processing equipment 

retains its original functionality and maintains quality and safety of the food products 

(Kelly  2004). A typical cleaning method for industrial food processing is called Cleaning-in-

Place (CIP). According to the IUPAC definition, CIP is defined as “cleaning of complete items 

of plant or pipeline circuits without dismantling or opening of the equipment and with little or 

no manual involvement on the part of the operator. The process involves the jetting or spraying 

of surfaces or circulation of cleaning solutions through the plant under conditions of increased 

turbulence and flow velocity” (Romney 1990). The CIP cleaning of dairy processing equipment 

includes the following steps (Table 2). 

Table 2 

An example of Cleaning-in-Place (CIP) program in dairy processing equipment (adapted 

from Bylund 1995). 

CIP cleaning steps for circuits with pasteurizers and other equipment with 

heated surfaces 

1 Rinsing with warm water about 10 min 

2 Circulation of alkaline detergent solution (0.5 − 1.0 %) for about 30 min 

at T = 75 ºC 

3 Rinsing out alkaline detergent with warm water for about 5 min 

4 Circulation of acid detergent (0.5 − 1.0 %) for about 20 min at T = 70 ºC 

5 Postrinsing with cold water 

6 Gradual cooling with cold water for about 8 min 

 

The CIP cleaning is performed with alkaline/acid detergent in combination with several steam 

and heating phases depending on the produced food products. The choice of chemicals for the 

cleaning depends on the equipment, material, including the elastomers used as seals and gaskets 

as well as it depends on the type of fouling. The main purpose of CIP systems is to accomplish 

a reproducible cleaning performance while minimizing the cleaning time, effort, and costs. 

Hygienic design requirements of processing equipment support the cleaning efficiency and 

shall avoid the accumulation of deposits. The efficiency of a CIP procedure is defined by the 

combination of the following factors: cleaning time, temperature, detergent type, mechanical 
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force (degree of turbulence), and surface characteristics (Fratamico  et  al. 2009). In addition, 

depending on structure and composition of the fouling, the CIP cleaning program may differ 

to achieve the highest cleaning effectiveness.  

A biofilm control strategy is to clean and to disinfect before bacteria irreversibly attach to the 

food contact surfaces (Simões et al. 2010). Due to the fact that traditional CIP procedures are 

ineffective against the maturation of biofilms, there is a growing demand on more effective 

CIP procedures against biofilms (Liu et al. 2014). One of the strategies to solve this problem 

is an implementation of an additional cleaning step in the CIP cleaning process, using proteases 

and other enzymes to actively degrade the EPS and to improve the removal of biofilms during 

the CIP procedure. This step is called enzymatic cleaning (Simões et al. 2010; 

Srey  et  al.  2013). A right combination of enzymes targeting several components of EPS could 

be a good alternative to chemical cleaning agents (Marchand  et  al.  2012). However, the 

structural composition of EPS can also vary among bacteria of the same species. Therefore, the 

enzyme combination for the biofilm degradation should be adapted to the specific composition 

of biofilms (Srey et al. 2013).  

1.2.2 State of the art for fouling detection and strategies for fouling control 

It is important to monitor the fouling formation and to evaluate the cleaning success in real-

time in order to improve the effectiveness of strategies for better hygiene control. The reported 

monitoring methods for fouling control are based on the time-dependent changes of process 

performance, product quality and quantity (Flemming 2011). 

According to Flemming 2011, monitoring devices for the detection of fouling-relevant 

parameters can be classified into three levels by information provided by these devices. 

Level  1 monitoring methods provide information about the kinetics of deposition formation 

and changes of thickness, but cannot differentiate between microorganisms and abiotic deposit 

components. The advantages of such devices are an online, in situ and continuous monitoring 

of deposit formation. Level 2 monitoring methods can distinguish between biotic and abiotic 

components of a deposit. Level 3 monitoring methods provide detailed information about the 

chemical composition of the deposit. Table 3 gives a short overview of selected Level 1, 

Level 2, and Level 3 monitoring methods.  
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Table 3 

Selected methods of Level 1, Level 2 and Level 3 monitoring methods (adapted from 

Flemming 2011). 

Method  Principle 

Level 1 Friction resistance 

measurement 

Determination of pressure drop due to deposit 

roughness 

Heat transfer resistance 

measurement 

Measurement of heat transfer coefficient and thermal 

resistance due to deposit formation 

Acoustic fouling 

detection 

Acoustic backscattering parameters by deposit, 

frequency change and energy dissipation are measured 

Quartz crystal 

microbalance (QCM) 

Quenching frequency of quartz crystals by deposited 

material  

Surface acoustic waves Determination of difference between speed of acoustic 

waves with and without deposit 

Differential turbidity 

measurement (DTM) 

Determination of difference between two turbidity 

measurement devices caused by surface deposit  

Level 2 Autofluorescence Use of autofluorescence of biomolecules such as amino 

acids, for example, tryptophane or other biomolecules 

 FTIR-ATR-

spectroscopy 

Use of FTIR-ATR-spectroscopy specific for amide 

bands 

 Microscopical 

observation 

Microscopical observation of biofilm formation in a 

bypass flow chamber and morphological identification 

of microorganisms 

Level 3 FTIR-ATR-

spectroscopy in a flow-

through cell 

Use of FTIR-ATR-spectroscopy not only for the 

specific amide bands but also for the entire spectrum of 

medium.  

 NMR imaging of 

deposits in pipes or 

porous media 

Use of NMR imaging to provide information about the 

extent and spatial distribution of the deposit and 

information about the chemical nature of certain 

components. 

 

In contrast to Level 1, Level 2 and Level 3 monitoring devices are able to differentiate between 

biotic and abiotic substances as well as give an information about the chemical composition of 

fouling or adherent microorganisms, respectively (Flemming  2011). It is important to note that 

in real industrial processes only a few monitoring techniques listed in Table 3 are implemented 
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in daily operations. Most used Level 1 monitoring techniques for industrial purposes are heat 

transfer and pressure drop monitoring. 

In case of heat transfer monitoring, if the fouling is present on the surface, the heat transfer 

resistance is rising due to the fact that the fouling layers have a similar effect as an insulation. 

If the heat flux, the wall temperatures and the fluid temperatures are known, the additional 

resistance can be assessed and thus it is possible to assess the deposit thickness 

(Janknecht  and  Melo 2003). 

In case of friction resistance measurement, the detection is based on an increased roughness of 

the surface that is caused by the build-up of a fouling layer. By connecting a differential 

pressure sensor to the inlet and outlet of the equipment, the rise of the pressure drop can be 

monitored. A rising pressure drop over time indicates the build-up of a fouling.  

However, a major drawback of both methods is a lack of information on the extent and location 

of fouling. Hence, the common analytical techniques for on-line process monitoring 

optimization are challenging due to several limitations. These techniques cannot differentiate 

between fouling and biofouling. This is a major issue since these two different types of deposit 

require different treatments. Although these techniques provide fast information on biofouling 

formation without sampling, these methods are not suitable for the detection of biofouling at 

the early stages of formation. According to Characklis  et  al.  1990, there are only significant 

changes in the friction factor when the biofouling reaches a critical thickness of about 35 µm. 

To overcome the limitations of friction resistance and heat transfer resistance monitoring 

methods, the development of other methods for detection of fouling and biofouling formation 

in food processing equipment is needed.  

Different strategies for the fouling control using sensors and CIP cleaning monitoring have 

been reported in the last decades. For example, Meyer 2003 proposed three different strategies 

to control the biofilms in processing equipment: (1) disinfection “in time”, before biofilm 

develops, (2) disinfection of biofilms using disinfectants, after the biofilm develops, and (3) 

reduce of attachment of bacteria by modification of surface materials. However, these 

strategies do not propose that a right combination of sensors can monitor both the biofilm 

formation and the CIP cleaning process. Biofilm prevention is particularly important in respect 

of the increased mechanical resistance of matured biofilms. The extent of cleaning procedures 

is often based on the experience because of the lack of industrial monitoring systems that are 

able to detect and to differentiate between fouling and biofouling, particularly at early stages 

of its development.   
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1.3 Nuclear magnetic resonance (NMR) 

1.3.1 Short physical background of NMR 

According to the literature, Nuclear Magnetic Resonance (NMR) is a physical phenomenon 

based on the principle of exciting nuclear spins with radiofrequency pulses, the frequency of 

which matches the Larmor frequency of the nuclear spins (Oligschläger et al. 2014). NMR can 

be used in different fields, e.g., medicine, material science, and structure analysis 

(Oligschläger  et  al. 2014). Various applications of NMR in food research and manufacturing 

have also been proven. Recent applications of NMR include chemical analysis and structural 

identification of components, detection of food authentication and optimization of food 

processing (Todt  et  al. 2006; Marcone et al. 2013).  

A full treatment of the physical background of this method is beyond the scope of this chapter. 

A short physical background of NMR can be given as follows. The angular momentum or spin 

is a property of all atomic nuclei having an uneven number of protons or neutrons. As atomic 

nuclei are charged, the spinning motion causes a magnetic dipole in the direction of the spin 

axis. The intrinsic magnitude of the dipole is a nuclear magnetic moment, μ 

(Wolter  and  Krus  2005). 

 

 

Figure 4 Alignment of protons due to an external magnetic field: a) randomly oriented 

nuclear magnetic fields; b) when placed in an external magnetic field, B0, the alignment 

of nuclear magnetic field along or oppose the external magnetic field. 

Fig. 4(a) shows that normally the nuclear magnetic fields are randomly oriented. However, 

when placed in an external magnetic field, B0, the nuclear magnetic field can either be aligned 

with the external magnetic or oppose the external magnetic field (Fig. 4(b)).  

When placed in a static magnetic field of strength B0, a particle with a net spin can absorb a 

photon from an additionally applied electromagnetic field, preferably at a resonance frequency 

a b 
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called the Larmor frequency ω0. The frequency ω0 depends on the gyromagnetic ratio γ of 

NMR active nuclei (Equation 1). 

ω0 = γ B0                                                                (1) 

The proportional constant γ is called the gyromagnetic ratio (42.58 MHz/T for 1H) (Table 4).  

Table 4 

Gyromagnetic ratio of NMR active nuclei (adapted from Foster 1984). 

Nuclei Unpaired 

proton  

Unpaired 

neutrons 

Abundance 

[%] 

Net 

spin 

γ 

[MHz/T] 

1H 1 0 99.98 1/2 42.58 

2H 1 1 0.016 1 6.54 

13C 0 1 1.1 1/2 10.71 

31P 1 0 100 1/2 17.25 

14N 1 1 99.63 1 3.08 

 

Hydrogen nuclei (1H) possess the strongest magnetic moment and they are in high abundance 

in moist material resulting in a high NMR sensitivity. 1H nuclei are present in almost all 

biological molecules (Wolter and Krus 2005).  

1.3.2 Low-field NMR  

The development of on-line techniques has increased the value of NMR as a non-invasive 

method for the process development applications. Small low-field NMR systems equipped with 

permanent magnets are available for the quantitative analysis in quality control as well as for 

online instruments in production environments. The advantage of low-field NMR compared to 

high resolution NMR is based on lower requirements regarding environment parameters, staff, 

maintenance, and investment costs (Dalitz 2012).  

Chemical and physical changes in a sample of interest can lead to changes in NMR frequency 

shifts, spin-lattice (T1) relaxation time, spin-spin (T2) relaxation time. Spin-lattice (T1) 

relaxation and spin-spin (T2) relaxation both provide information about the local physical and 

chemical environment. Both NMR relaxation times can be affected by pore size distributions, 

fluid viscosity, and chemical properties of the bulk fluid (Callaghan  1991). 

The spin-lattice (T1) relaxation time can be explained as follows. At equilibrium, the net 

magnetization vector lies along the direction of the applied magnetic field Bo. This state is the 
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equilibrium magnetization Mo. The Z component of magnetization MZ equals Mo in this 

configuration. MZ is referred to as the longitudinal magnetization (Kotwaliwale et al. 2010). 

By exposing the nuclear spin system to an energy of a frequency equal to the energy difference 

between the spin states, the net magnetization will be changed. The spin-lattice relaxation time 

(T1) characterises the time it takes the system to reach thermal equilibrium, i.e. for the net 

magnetisation vector (MZ) to reach MZ,0 after the sample is placed within a magnetic field B0 

(Foster 1984; Pendlebury 1979). 

After changing the external magnetic field, the bulk magnetization of the sample varies with 

time according to the following equation (Equation 2):  

𝑀𝑍 = 𝑀𝑍,0(1 − 𝑒−𝑡/𝑇1)                                                  (2) 

where MZ is the magnitude of the magnetization along the direction (Z) of the net magnetic 

field vector, MZ,0 is the magnetization at time zero, T1 is spin-lattice relaxation time and t is 

time.  

The spin-spin (T2) relaxation time can be explained as follows. The spin–spin relaxation time 

(T2) characterises the loss of signal phase coherence, the time it takes the NMR signal in the 

transverse plane (X–Y) to decay towards zero, following radio frequency excitation 

(Kotwaliwale et al. 2010). It is described by the equation (Equation 3): 

𝑀𝑥,𝑦 = 𝑀𝑥,𝑦,0𝑒−𝑡/𝑇2                                                               (3) 

where Mx,y is the magnitude of the magnetization along the transverse plane (X–Y) relative to 

the longitudinal direction (Z) of the net magnetic field vector, Mx,y,0 is the magnetization at time 

zero, T2 is spin-spin relaxation time and t is time. The spin-spin (T2) relaxation is based on the 

dipolar spin-spin interactions and provides information about the rotational mobility of the 

NMR-active nuclei in fluid-pore environments (Fridjonsson et al. 2015).  

1.3.3 The use of low-field NMR for fouling detection and dairy research 

As reported in literature, low-field NMR technique provides a cost-efficient and small size 

alternative for non-invasive real-time monitoring of biofilm formation in natural 

unconsolidated porous media (Sanderlin  et  al. 2013; Kirkland et al. 2015; 

Kirkland  and  Codd  2018). The longitudinal (T1) and transverse (T2) NMR relaxation time 

values of proximal water hydrogen atoms can be affected by the fouling formation. The 

physicochemical properties of the sample influence the amplitude and the duration of the signal 

response (Fridjonsson et al. 2015). Hoskins  et  al.  1999 recorded T1 and T2 weighted images 
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of a biofilm formed by Escherichia  coli on a large glass plate and showed that biofilm 

distributions by NMR and optical imaging generally agree. 

In addition, a number of NMR applications in food technology have also been reported owing 

to the fact that many foods are proton-rich, with protons originating from fat, carbohydrates, 

proteins, and water (Marcone et al. 2003). NMR studies report various applications from 

investigations focused on specific molecules to study the physical properties of dairy products. 

More specifically, low-field NMR was used for the study of dairy products 

(Maher  and  Rochfort 2014) and compounds to characterize fat and water in cheese 

(Mariette  2018), as well as to investigate the solid fat content in anhydrous milk fat blends 

(Marcone et al. 2003). Also, the application of low-field NMR in the detection of fouling was 

successfully shown in the literature (Vogt et al. 2000; Fridjonsson et al. 2015; 

Kirkland  et  at.  2015).  

  



INTRODUCTION 

20 
 

1.4 Electrochemistry 

1.4.1 Fundamental principles of electrochemistry  

According to literature, electrochemistry is a part of physical chemistry that deals with the 

study of chemical changes caused by the passage of an electric current and the production of 

electrical energy by chemical reactions (Bard and Faulkner 2001). The field of 

electrochemistry is concerned with electron transfer at the solution/electrode interface. A 

general form of a redox reaction occurring at the electrode surface is given as follows: 

𝑂 + 𝑛𝑒−

𝑘𝑓
←

𝑘𝑏

→
𝑅                                                    (4) 

in which O represents the oxidized component, R the reduced component, n is the number of 

electrons e exchanged between O and R, kf and kb are the forward and backward heterogeneous 

rate constants (Bagotsky 2005). 

In order to obtain information about the target analyte and its concentration, controlled-

potential electroanalytical experiments can be used. The current I is equal to the change in 

charge Q with time t (Wang 2006; Zoski 2007) and is defined as follows: 

 

𝐼 =  
𝑑𝑄

𝑑𝑡
                                                              (5) 

The correspondence of a current to the reduction and oxidation of chemical substances is called 

faradaic current (Wang 2006; Zoski 2007). Furthermore, the reaction rate and the resulting 

current are influenced by four major factors:  

• mass transfer to the electrode surface, 

• kinetics of electron transfer, 

• preceding and ensuing reactions, 

• surface reactions (adsorption). 

The processes involved in an electron transfer are depicted in Fig. 5.  
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Figure 5 Pathway of an electron transfer at an electrode surface. O represents the 

oxidized form and R the reduced form of a redox couple (adapted from 

Bard  and  Faulkner  2001). 

 

In Fig. 5, the sequence of steps is depicted in which the reactant migrates to the electrode 

surface region, reactions that occur at the electrode surface and the final products migrate from 

the electrode surface into the bulk solution (Bard and Faulkner 2001).  

 

1.4.2 Electrochemical activity of biofouling  
 

Electron transfer is an important process for the cell metabolism (Xiao and Zhao 2017). 

Electron transfer reactions are performed between a living cell and an extracellular electron 

donor or acceptor (Pinck 2017). Some microorganisms can enable efficient electron transfer 

between microorganisms and extracellular solid materials, as part of their metabolism. It is 

called extracellular electron transfer (EET). Extracellular electron transfer processes are used 

by microorganisms for the communication with other cells or for interaction with the external 

environment (Xiao and Zhao 2017). Redox molecules, proteins, or substances are able to act 

as electron shuttles between the bacteria and the terminal electron donor or acceptor 

(Pinck  2017). Although a commonly accepted mechanism of EET does not exist, it is evident 

that microorganisms are able to accelerate the rate of electron transfer (Faimali  et  al.  2010). 

The EET pathways are generally classified as direct EET and indirect (mediated) EET. 

The  EET pathways of electroactive microorganism are depicted in Fig. 6. 
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Figure 6 Direct and indirect EET mechanisms of microorganisms. ETM – electron 

transfer mediators (adapted from  Xiao  and  Zhao  2017). 

In the direct EET pathway, microorganisms usually use redox proteins in the outer membrane 

or nanowires to transport electrons directly to extracellular acceptors. In the indirect EET 

pathway, microorganisms usually transport electrons indirectly to the external acceptors using 

self-secreted or exogenetic electron shuttles (Xiao and Zhao 2017; Pinck 2017). Redox 

molecules such as flavin, riboflavin, and phenazine were reported to conduct EET according 

to the indirect EET pathway. Membrane-bound cytochrome c is a group of redox proteins that 

also contributes to the electron transfer and plays a key role in the EET processes (Pinck 2017). 

In addition, Xiao and Zhao 2017 have also highlighted that extracellular polymeric substances 

(EPS) are important for the EET mechanisms. An EPS layer is not a solid layer separating cells 

and external electron donors/acceptors. The redox molecules can diffuse in the EPS and 

contribute to the electron transfer between cells and electron donors/acceptors 

(Xiao  and  Zhao  2017). 

1.4.3 Classification of electrochemical sensors  

According to the IUPAC classification, electrochemical devices belong to the second group of 

chemical sensors. A chemical sensor is defined as follows, "a chemical sensor is 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 [...] may originate from a chemical reaction of the analyte or from a physical 

property of the system investigated." (Hulanicki et al. 1991). 
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The chemical sensor is part of an analyser, which has the tasks of sampling a signal, sample 

transport, signal processing, and data processing. The chemical sensor comprises a receptor- 

and transducer-part as two basic functional units. Chemical information is transformed into a 

form of energy in the receptor-part of the chemical sensor. The transducer-part measures this 

energy and transforms it into an appropriate analytical signal (Hulanicki et al. 1991). 

According to IUPAC classification (Hulanicki et al. 1991), electrochemical devices transform 

the effect of an electrochemical interaction between analyte and electrode into a signal, which 

can be subdivided into following categories: 

a) voltammetric sensors (including amperometric devices) measuring the current, 

b) potentiometric sensors measuring the potential of the indicator electrode, 

c) chemically sensitized field effect transistor (CHEMFET), 

d) potentiometric solid electrolyte gas sensors,  

e) impedance sensors. 

The electrochemical part of this work is focused on (a) voltammetric sensors. In most 

electrochemical experiments, a three-electrode configuration of voltammetric sensors is chosen 

(Fig. 7).  

 

Figure 7 Three-electrode system (adapted from Bard and Faulkner 2001). 

In this configuration, the electrochemical cell comprises a working electrode, coupled with an 

electrode of known potential (reference electrode) and a counter or auxiliary electrode (Fig.  7). 

Current passes through the working and counter electrodes. The electrochemical properties of 

the counter electrode do not affect the behaviour of the working electrode 

(Bard  and  Faulkner  2001). 
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1.4.4 Voltammetry  

Voltammetric techniques involve the variation of the potential at a working electrode via a 

reference electrode while measuring the corresponding current (Armstrong et al. 2000). The 

electrode, where the oxidation takes place is called anode while the cathode is the electrode, 

where the reduction takes place. Anodic reactions generate electrons, while in cathodic 

reactions, electrons are received (Bagotsky 2005; Zoski 2007). In a voltammogram, the current 

is depicted over the potential, in which the potential is varied either continuously or stepwise 

(Gründler 2007). Most used voltammetric techniques that were reported for biofouling 

detection are linear sweep voltammetry, cyclic voltammetry, square wave voltammetry, and 

differential pulse voltammetry (Giao et al. 2003; Harnisch  and  Freguia 2012; Kang et al. 2012; 

Becerro et al. 2016; Molina et al. 2009). 

1.4.4.1 Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)  

Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) are potential sweep methods 

that were first described in 1948 by Randles and Sevcik (Randles 1948; Ševcík 1948). LSV 

and CV methods have become the most used voltammetric methods to obtain the information 

about electrochemical reactions (Bard and Faulkner 2001; Ozkan et al. 2015; Wang 2006).  

 
Figure 8 Linear potential sweep (a) and the resulting current-potential curve (b) (adapted 

from Bard and Faulkner 2001). 

A typical potential sweep in linear sweep voltammetry and the resulting current-potential curve 

are shown in Figs. 8(a) and 8(b). When the electrode potential reaches the vicinity of E0’ the 

reduction begins and current starts to flow (Fig. 8(b)). 

a b 
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Figure 9 Cyclic potential sweep (a) and the resulting current-potential curve (b) (adapted 

from Bard and Faulkner 2001). 

Fig. 9(a) shows a typical potential-time diagram in cyclic voltammetry with a triangularly 

shaped waveform. The difference between linear sweep voltammetry and cyclic voltammetry 

methods is that in linear sweep voltammetry a single potential sweep is applied, while in cyclic 

voltammetry the potential sweep is cycled over time. The potential cycling enables the 

visualization of the forward and backward reactions. A potential sweep starts at an initial 

potential and then the potential varies linearly with time, at a certain scan rate (Fig. 9(b)). 

A  faster scan rate gives a higher peak current, because the diffusion layer has less time to 

develop at fast scan rates. Thus, the flux to the electrode is higher compared to slow scan rates. 

Initial potential is selected at a level, which does not initially oxidize or reduce the chemical 

species under investigation (Ozkan  et  al.  2015).  

1.4.4.2 Square wave voltammetry (SWV) 

Square wave voltammetry (SWV) was invented by Ramaley and Krause 

(Krause  and  Ramaley  1969; Ramaley and Krause 1969; Ramaley and Surette 1977) and has 

been mostly developed by the Osteryoungs and their coworkers (Christie et al. 1977; 

Wong  and  Osteryoung 1987; Yarnitzky et al.1980; Feder and Yarnitzky 1984; 

Osteryoung  and Osteryoung 2012). SWV is a pulse technique in which symmetrical square 

pulses of progressively increasing potentials are applied to an electrochemical system. A square 

wave is superimposed on a staircase ramp (Bard and Faulkner 2001; Ozkan et al. 2015). 

A  typical potential time progression with its major parameters is illustrated in Fig. 10. SWV 

begins at an initial potential Ei, which is applied for a delay time t0. A typical parameter is the 

pulse height ΔEp with a corresponding pulse width tp.  

 

a b 
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Figure 10 Potential waveform of square wave voltammetry (adapted from 

Bard  and  Faulkner  2001). 

A forward and reverse scan is completed in one cycle. The staircase shift at the beginning of 

each cycle is denoted as ΔEs (Bard and Faulkner 2001). The current is sampled twice to 

suppress the residual currents and to achieve a high sensitivity to surface-confined electrode 

reactions (Moretto and Kalcher 2014; Scholz et al. 2010; Mirceski et al. 2013). 

1.4.5 Electrochemical microelectrodes and techniques for biofouling 

detection 

The general principle of biofouling detection using electrochemical sensors is based on a 

comparison of electrochemical reactions before and after adhesion of microorganisms on a 

conductive surface (Ahmed et al. 2016). As opposed to other methods, electrochemical 

detection in combination with electrochemical microelectrodes has several advantages: data 

can be processed rapidly, relatively simple, and inexpensive instrumentation may be used 

(Kang  et  al.  2012; Ahmed  et al. 2014).  

During the first steps of adhesion, microorganisms can exchange electrons with conductive 

surfaces like electrodes, resulting in a change of electrochemical reactions. Several articles 

have been published that describe the use of voltammetric methods for biofouling 

characterization. Table 5 summarizes the studies on biofouling using voltammetric techniques, 

cyclic voltammetry and square wave voltammetry. 
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Table 5 Biofilm detection by means of voltammetric measurements. 

Method Bacteria References 

Cyclic Voltammetry Geobacter sulfurreducens  Katuri et al. 2010; Marsili et al. 2008 

 Pseudomonas aeruginosa  Kang et al. 2012 

 Pseudomonas fluorescens  Giao et al. 2003; Vieira et al. 2003 

 Saccharomyces cerevisiae  Matsunaga and Namba 1984 

 Shewanella loihica  Jain et al. 2013 

 Staphylococcus epidermidis  Becerro et al. 2016 

Square Wave Pseudomonas aeruginosa  Webster et al. 2014 

Voltammetry Shewanella oneidensis MR-1  Nguyen et al. 2012 

 Marine biofilm  Xu et al. 1998 

 

Reduction in size of electrodes is a current trend in electrochemistry. An example for 

miniaturized electrodes are thin film microelectrodes (Becerro et al. 2016). Thin film 

microelectrodes provide a minimal invasive technique to study biofilm- relevant parameters 

(Babauta  et  al.  2012). Thin film microelectrodes can be designed in various shapes, e.g., 

interdigitated or stiletto shaped arrays. The microelectrodes are produced by depositing a thin 

film of inorganic material onto a supporting body by vacuum or by sputter deposition. A thin 

film pattern can be an interdigitated design (Fig. 11(a)). 

 

Figure 11 (a) Example of an interdigitated structure of a microelectrode (adapted 

from  Gründler  2007); (b) Diffusion layer overlapping at closely spaced interdigitated 

microelectrodes (δ is the diffusion layer thickness; W is the total width; ψ is the angle that 

represents the degree of overlap) (adapted from  Stulik  et  al.  2000). 

 

a b 



INTRODUCTION 

28 
 

The response time of microelectrodes is much shorter compared to the classical electrodes. 

Microelectrodes are not sensitive to convection from external sources and only need a low 

supporting electrolyte content (Gründler 2007). An overlapping of diffusion layers of thin film 

interdigitated microelectrodes is shown in Fig. 11(b). According to IUPAC (Stulik et al. 2000), 

three scenarios have to be distinguished with interdigitated microelectrodes: 

• δ < W/2: The gaps between the electrodes are wider than the diffusion layer thickness. The 

diffusion layers of the electodes will not overlap. Thus, the electrodes cannot affect other 

electrodes. Therefore, the total current is the sum of the currents passing through the individual 

electrodes. 

• δ > W/2: Partial overlapping of the individual electrodes A and B. The total current is smaller 

than the sum of the currents passing through the electrodes. 

• δ >> W/2: Total overlapping of diffusion layers of electrodes A and B, the array behaves like 

a continuous electrode. The surface area equals that of the whole array. The signal-to-noise 

ratio of interdigitated microelectrodes is improved because the signal is proportional to the 

surface area of the whole array and the noise is proportional only to the area of the electrodes 

(Stulik et al. 2000). 
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1.5 Motivation and objective of the thesis  

The formation of fouling deposits on the food contact surfaces of food processing equipment 

leads to the high risk of the contamination of food products. The composition and structure of 

fouling are often associated with the type of food processing and the industrial environment. 

The fouling deposits that are associated with the food processing industry can be classified as 

either microbiologically-induced deposit, e.g., biofilm and biofouling, or 

non- microbiologically-induced deposit, e.g., mineral fouling, particle fouling, and organic 

fouling (Kessler 2006; Srey et al. 2013; Lewandowski and Beyenal 2014; Epstein 1981; 

Marchand  et  al. 2012; Cappitelli et al. 2014). 

Several techniques for detecting of fouling deposits have been reported (Chapter 1.2.2) 

(Kim  et  al. 2012; Reyes-Romero et al. 2014; Kwak et al. 2014; Crattelet et al. 2013; Janknecht 

and Melo 2003; Wallhäußer et al. 2012). Some sensors have been already invented to monitor 

the biofouling development on surfaces and to enable the control of biofouling at early stages 

of development (Denkhaus  et  al.  2007). Although available industrial techniques for fouling 

detection provide information on fouling formation without sampling, these methods are not 

suitable for the detection of fouling at the early stage of formation. Moreover, these approaches 

still fail to provide a detailed and fast information about complex deposits by non-invasive 

measurements. Also, available sensors for fouling detection cannot distinguish between 

microbiologically-induced and non-microbiologically-induced deposits. 

Real-time detection and monitoring of different types of fouling in dairy industry would ensure 

better quality control of food products during processing. In addition to this, the monitoring of 

the cleaning processes of processing equipment would be advantageous for the development 

of intelligent and effective cleaning processes on demand. 

Thus, the objective of this work was to explore two techniques for the real-time detection of 

the microbiologically-induced and non-microbiologically-induced dairy fouling and to 

systematically analyse factors influencing fouling formation. The main subgoals of the work 

are given as follows:  

1. Development of microbiologically-induced and non-microbiologically-induced dairy 

fouling models, analysis of factors for dairy fouling formation and evaluation of methods for 

fouling characterization under laboratory conditions (Section 1 in Chapter 2. Results, 

Publications 1 and 2);  

2. Detection of microbiologically-induced and non-microbiologically-induced fouling and of 

cleaning media using low-field NMR (Section 2 in Chapter 2. Results, Publications 3 and 4); 
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3. Detection of microbiologically-induced and non-microbiologically-induced fouling and of 

cleaning media using electrochemical techniques, cyclic voltammetry and square wave 

voltammetry in combination with microelectrodes (Section 3 in Chapter 2. Results, 

Publications 5, 6 and 7). 

 

In the Section 1 in Chapter 2. Results, microbiologically-induced and non-microbiologically-

induced dairy fouling models that were used for the evaluation of low-field NMR and 

electrochemistry to detect the fouling models are described. Also, the results of the study on 

properties of different food-related fouling depositions and on factors that affect the fouling 

formation are described. In addition, different characterization techniques (microbiological, 

biochemical, physical and visual methods) are compared and discussed. 

 

In the Section 2 in Chapter 2. Results, the low-field 1H NMR applicability as a non-destructive 

technique for the fouling and CIP cleaning media detection is described and discussed. The 

results of transverse relaxation time determination give an insight into relaxation behaviour of 

microbiologically-induced and non-microbiologically-induced fouling models. Discussions 

and recommendations on practical implication of low-field NMR sensor in food processing 

equipment are also given. 

 

In the Section 3 in Chapter 2. Results, the studies on electrochemical interdigitated platinum 

microelectrodes in combination with electrochemical techniques are presented and discussed. 

The usability of electrochemical techniques, namely cyclic voltammetry and square wave 

voltammetry, to detect and to distinguish between microbiologically-induced and non-

microbiologically-induced fouling models as well as CIP cleaning media is described. 

Discussions and recommendations on practical implication of thin-film electrochemical sensor 

in food processing equipment are also given. 

 



RESULTS                                                                                                       PUBLICATION 1 

31 
 

2 Results 

2.1 Section 1 Fouling in food processing environments  

2.1.1 Publication 1 Formation of dairy fouling deposits on food contact 

surfaces 

This article deals with microbiological, biochemical, and physical methods to characterize 

different types of dairy fouling deposits. The background of the study is that literature about 

formation of different dairy fouling deposits on food contact surfaces at low temperatures 

remains lacking. Regarding these aspects, the aim of this study was to investigate the influence 

of temperature and type of contact material for microbiologically- and 

non- microbiologically- induced dairy fouling on food contact surfaces. The selected 

microorganism was Pseudomonas  fragi, which can cause spoilage of dairy products and is 

often present in dairy processing equipment. Different types of fouling were cultivated on 

material sheets (PTFE and stainless steel 1.4404), with incubation temperatures (4 °C and 

20 °C) and inoculation periods (24 h, 48 h and 72 h). Also, the correlation between 

microbiological (viable cell count), biochemical (ATP-bioluminescence assay), and physical 

(dry matter) methods was conducted in order prove any correlations for microbiologically- and 

non-microbiologically-induced dairy fouling. 

The results published in the article show that non-microbiologically-induced dairy fouling and 

microbiological dairy fouling exhibit different adhesion behaviour on selected food contact 

surfaces. The highest positive correlation coefficient is found between biochemical and 

microbiological methods (0.932) obtained at the incubation temperatures after 24 h and 48 h. 

The results of the dry matter measurements show no correlations to ATP-bioluminescence 

assays and viable cell counts. Based on the results of this study, it can be conducted that by 

knowing the type of deposit expected according to the product being processed, suitable 

methods for detection of the dairy equipment should be applied. In addition, this study provides 

a good knowledge basis on microbiologically- and non-microbiologically-induced dairy 

fouling models and methods for the dairy fouling characterization that were used in further 

studies within the scope of this work. 
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Author contributions 

Fysun, O., Wilke, B., Langowski, H.-C. devised the project, the main conceptual ideas and 

proof outline. Fysun, O., Kern, H. worked out the experiments and technical details, collected 

the data and performed the analysis for the suggested experiments. Fysun, O. wrote the 

manuscript. All authors discussed the results and commented on the manuscript. 

Langowski, H.-C. contributed to the final version of the manuscript.  

Permission for the re-use of the article granted by John Wiley & Sons, Ltd. 
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2.1.2 Publication 2 Evaluation of factors influencing dairy biofilm formation 

in filling hoses of food-processing equipment 

In different literature sources it was reported that biofilms could be found in various parts of 

dairy-processing equipment. Particularly, filling units are often a source of contamination of 

dairy products during manufacturing processes. Considering this fact, this article reports the 

influence of factors that can affect biofilm formation in a dairy-filling hose as well as it shows 

a comparison between selected characterization methods. Several factors were evaluated at a 

constant temperature of 5.5 ± 0.5 ºC. Bacterial composition (monoculture P. fragi and 

polyculture), fat content of milk (1.5% and 3.5%), flow (laminar and turbulent), and food 

contact material (PTFE, stainless steel 1.4404) were considered as possible factors influencing 

biofilm formation in dairy processing equipment. Also, correlation coefficients between 

microbiological (viable-cell counting), biochemical (ATP-bioluminescence testing), and visual 

(biomass quantification) methods for biofilm characterization in dairy filling hoses were 

examined. Furthermore, enzymatic cleaning was applied after each experimental run and 

results of ATP-bioluminescence testing were recorded.  

The obtained results show that bacterial composition, material type, and fat content 

significantly affect the number of viable cells. Flow and material type, both have significant 

impacts upon biomass quantification. For ATP-bioluminescence, however, no clear influence 

of the selected factors could be observed, particularly due to the wide distribution of the 

interquartile ranges. The highest positive Pearson correlation is found between the ATP-

bioluminescence and biomass methods (0.550), while the lowest correlation is obtained 

between viable-cell counting and biomass quantification (0.345). When comparing data 

obtained from the experiments conducted in this study, the results of data analysis confirm that 

a biofilm development is of concern in filling units of dairy-processing equipment also at low 

temperature of 5.5 ± 0.5 ºC. In addition, the enzymatic treatment showed a good result for the 

cleaning of the PTFE-hose liner in the dairy-filling hose. In addition, this study provides a 

knowledge basis on methods for the dairy fouling used in further studies on sensors within the 

scope of this work. 

Author contributions 

Fysun, O. designed the study. Wilke, B., Langowski, H.-C. were involved in planning and 

supervised the work. Fysun, O., Kern, H. carried out the experiments, collected the data and 
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performed the analysis for the data. Fysun, O. wrote the manuscript. All authors discussed the 

results and commented on the manuscript. Langowski, H.-C. contributed to the final version of 

the manuscript.  

Permission for the re-use of the article granted by Elsevier B.V.. 
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2.2 Section 2 Fouling detection using low-field NMR 

2.2.1 Publication 3 Biofilm and dairy fouling detection in flexible tubing 

using low-field NMR 

The control of production processes in dairy industry is challenged by fouling formation. It is 

known that it is difficult to detect fouling deposits in closed systems non-invasively such as 

flexible tubing in food processing equipment. One of the established non-invasive techniques 

for the process monitoring is low-field NMR. However, despite extensive low-field NMR 

studies on process monitoring, the detection of dairy biofouling and fouling in flexible tubing 

by low-field NMR has not been reported before.  

This article describes the use of low-field 1H NMR for the detection of differently structured 

deposits inside a flexible silicone tubing. The transverse relaxation time of biofilms formed 

using Paenibacillus polymyxa, dairy biofouling, and dairy fouling was obtained and analysed. 

The results demonstrate that low-field 1H NMR can be used to distinguish between biofilm, 

dairy biofouling and dairy fouling due to the differences in the relaxation behaviour. In 

addition, low-field 1H NMR offers the possibility of non-invasive detection of these deposits 

on inner surface inside the tubing. The comparison between the tested deposits, tubing, and 

liquid phase in the tubing showed characteristic relaxation behaviour of each component. Based 

on the results, low-field 1H NMR can be recommended for the monitoring of food related 

deposit formation in situ and in real time. In addition, this article gives an insight into practical 

implication of low-field 1H NMR in food processing equipment and gives some 

recommendations for further studies.   

Author contributions 

Fysun, O., Anzmann, T., Gschwind, P. designed the study. Rauschnabel, J., Kohlus, R. were 

involved in planning and supervised the work. Fysun, O. contributed to sample preparation and 

performed the analysis for the NMR data. Anzmann, T. carried out the experiments, collected 

the data and performed the analysis for the NMR data. Fysun, O. wrote the manuscript. All 

authors discussed the results and commented on the manuscript. Langowski, H.-C. contributed 

to the final version of the manuscript.  

 

Permission for the re-use of the article granted by Springer Nature AG & Co. KGaA. 
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2.2.2 Publication 4 Detection of P. polymyxa biofilm, dairy biofouling and 

CIP-cleaning agents using low-field NMR 

Biofouling in food-processing equipment may cause significant production downtime, food 

contamination and can as well add to expenses for cleaning agents. The standard CIP procedure 

is limited due to the insufficient cleaning of biofouling in food processing equipment. Thus, to 

ensure better quality control, the implementation of advanced techniques for process 

monitoring is required. Low-field NMR can be proposed as a non-invasive technique for the 

manufacturing process and cleaning process monitoring in food processing equipment. Non-

invasive detection of biofouling in flexible tubing as a multi-component system and CIP-

cleaning agents would be beneficial for the better process control.  

This study demonstrates the results for the detection of biofilm and biofouling inside a flexible 

silicone tubing as well as for the detection of CIP-cleaning agents using low-field 1H NMR. 

The transverse relaxation time and diffusion coefficients of the samples were obtained and 

compared. The obtained results showed characteristic relaxation behaviour of flexible tubing, 

differently structured deposits, and liquid phases. The results revealed that biofouling on the 

inner tubing surface by assigning a specific relaxation time of each component could be also 

detected. Moreover, with increasing biofouling thickness, transverse relaxation time shifts 

toward slower relaxation rates. In addition, significant differences in the diffusion behaviour 

of water were obtained for both the deposit models and the CIP-cleaning agents. The diffusion 

coefficient of water in dairy biofouling and in microbial biofilm matrix corresponded to 

approximately 65% and 75% of the value in pure water, respectively. This article shows that 

low-field 1H NMR can be used to enhance the understanding of biofouling accumulation and 

its cleaning. The obtained results could be applied for the development of non-invasive real-

time monitoring systems based on low-field 1H NMR. 

Author contributions 

Fysun, O., Anzmann, T., Gschwind, P. designed the study. Rauschnabel, J., Kohlus, R. were 

involved in planning and supervised the work. Kleesattel, A. contributed to sample preparation 

carried out the experiments, collected the NMR data. Fysun, O. performed the analysis for the 

NMR data and wrote the manuscript. All authors discussed the results and commented on the 

manuscript. Langowski, H.-C. contributed to the final version of the manuscript.  

Permission for the re-use of the article granted by Springer Nature AG & Co. KGaA. 
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2.3 Section 3 Fouling detection using electrochemical methods  

2.3.1 Publication 5 Electrochemical detection of food-spoiling bacteria using 

interdigitated platinum microelectrodes  

Real-time detection of biofilms is an important issue for medicine, food safety, and public 

health. Therefore, the fast detection of bacterial attachment may be an effective strategy to 

control the biofilm formation. Electrochemical sensors have been reported for detection of 

bacterial attachment on the surface of microelectrodes. However, biofilm-forming bacteria 

Bacillus subtilis ssp. subtilis, Paenibacillus polymyxa, and Pseudomonas fragi that are also 

known to cause dairy spoilage, have not yet been studied by electrochemical methods. This 

article describes the study of the cyclic voltammetry method on Bacillus subtilis ssp. subtilis, 

Paenibacillus  polymyxa, and Pseudomonas fragi attachment onto the surface on interdigitated 

platinum microelectrodes. The differences in the current responses between the uncolonized 

microelectrodes and the microelectrodes after bacterial attachment were determined. In 

addition, the surface coverage of microelectrodes was visualized using microscopy techniques. 

The results of this study indicate that the electrochemical detection of 

Bacillus  subtilis  ssp.  subtilis, Paenibacillus polymyxa, and Pseudomonas fragi on surfaces 

with interdigitated ring array platinum microelectrodes is possible. All bacterial suspensions 

demonstrated higher current values compared to the reference medium. It might be explained 

by the enhanced electron transfer between the microorganisms and the electrode surface. Also, 

the results obtained at the scan rates of 50, 100, 250 and 350 mV s−1 depict that a current change 

is observed after bacterial attachment and biofilm formation on the microelectrode surfaces. 

Considering the results of this study, it can be suggested that electrochemical sensors without 

a biorecognition element (like enzymes, nucleic acids, aptamers, antibodies, organelles, 

membranes, cells) can be potentially implemented into processing equipment for the 

monitoring of biofilms. 

Author contributions 

Fysun, O., Rauschnabel, J., Langowski, H.-C. devised the project, the main conceptual ideas 

and proof outline. Fysun, O. worked out the experiments and technical details of the 

electrochemical sensors. Schmitt, A., Auernhammer, P. T. collected the data and performed the 

analysis for the data. Fysun, O. wrote the manuscript. All authors discussed the results and 
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commented on the manuscript. Langowski, H.-C. contributed to the final version of the 

manuscript.  

Permission for the re-use of the article granted by Elsevier B.V.. 
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2.3.2 Publication 6 Electrochemical detection of a P. polymyxa biofilm and 

CIP cleaning solutions by voltammetric microsensors 

Thin-film interdigitated electrochemical microelectrodes have gained new relevance in the 

real-time detection and monitoring of biofilms at early stage of its development. 

This article describes the investigation of P. polymyxa biofilm and CIP cleaning solutions by 

using interdigitated microelectrodes combined with two electrochemical voltammetric 

methods, cyclic voltammetry and square wave voltammetry. The differences between the 

responses of the uncolonized sterile microelectrodes, the microelectrodes after P. polymyxa 

bacterial attachment for 18 h and of CIP cleaning solutions were reported in the article.  

The results described in this article indicate that cyclic voltammetry and square wave 

voltammetry measurements with interdigitated microelectrodes can be used for the detection 

of biofilm and of CIP cleaning solutions. First, cyclic voltammetry showed the possibility to 

detect P. polymyxa biofilms at scan rates of 50, 100 and 250 mV s−1. Secondly, square wave 

voltammetry can be recommended for the detection of the CIP cleaning solutions at lower 

frequencies. It was observed that for a P. polymyxa bacterial suspension the peak currents 

increased after incubation, while for a P. polymyxa biofilm the peak currents decreased. 

Therefore, it has been suggested that there may be two behaviours in opposite direction that 

affect the current change with the bacterial attachment. On the one hand, the current increases 

due to the enhanced electrochemical interaction, by the electron transfer between the bacterial 

surface-associated molecules and the electrode surface, and on the other hand, the current 

decreases due to the surface-covering by the fully developed biofilm, which diminish the 

available area for the electrochemical interaction.  

Author contributions 

Fysun, O., Rauschnabel, J., Langowski, H.-C. devised the project, the main conceptual ideas 

and proof outline. Fysun, O. designed the experiments and technical details. Khorshid, S. 

collected the data and performed the analysis for the data. Fysun, O. wrote the manuscript. All 

authors discussed the results and commented on the manuscript. Langowski, H.-C. contributed 

to the final version of the manuscript.  

Permission for the re-use of the article granted by Elsevier B.V.. 
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2.3.3 Publication 7 Electrochemical detection of dairy fouling by cyclic 

voltammetry and square wave voltammetry 

Industrial processing equipment is challenged by fouling formation on the inner surface of 

dairy equipment during manufacturing processes. Fouling deposits can change the physical 

properties of the food contact surface, leading to the increased risk of the bacterial attachment 

and subsequently to the formation of biofouling. 

This article describes a study about the usability of two electrochemical techniques, cyclic 

voltammetry and square wave voltammetry, in combination with interdigitated platinum 

microelectrodes to detect dairy fouling. The differences between the current responses of the 

clean microelectrodes and the microelectrodes after the dairy fouling formation were shown in 

this study. In addition, the surface coverage of the microelectrodes by the fouling attachment 

visualized by microscopy was also presented. 

The results shown in this article demonstrated that the dairy fouling formation on the 

microelectrode surface leads to change of current responses compared to the clean 

microelectrodes. Dairy fouling led to the decrease in the current in cyclic voltammograms. This 

behaviour can be explained by the additional insulated layer on the microelectrodes that 

extenuates the current response. Both methods, cyclic voltammetry and square wave 

voltammetry can potentially be used for the fouling detection. Cyclic voltammetry 

demonstrated good results for the fouling detection and for the differentiation between the dairy 

emulsion and the dairy fouling at scan rates 50, 100 and 250 mV s−1. Square wave voltammetry 

can be recommended for the fouling detection at low frequencies. 

Author contributions 

Fysun, O., Rauschnabel, J., Langowski, H.-C. devised the project, the main conceptual ideas 

and proof outline. Fysun, O. worked out the experiments and technical details of the 

electrochemical sensors. Khorshid S. collected the data and performed the analysis for the data. 

Fysun, O. wrote the manuscript. All authors discussed the results and commented on the 

manuscript. Langowski, H.-C. contributed to the final version of the manuscript.  
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ABSTRACT 

Fouling in food processing environment can cause the increase of production 

costs due to additional cleaning steps and risk of contamination of food products. There 

is a demand to introduce advanced techniques to detect fouling in food processing 

equipment. Cyclic voltammetry (CV) and square wave voltammetry (SWV) were probed 

in this work to detect the dairy fouling and the reconstructed dairy emulsion by platinum-

based interdigitated microelectrodes. The results demonstrated that both methods can 

potentially be used for the fouling detection, since the attachment of fouling to the 

microelectrode surface leads to lower current responses compared to the clean 

microelectrodes. 

Keywords: Dairy fouling, Electrochemistry, Cyclic voltammetry, Square wave voltammetry, 

Microelectrodes 

1. Introduction 

Industrial food processing equipment is highly challenged by fouling formation on the inner 

wall of equipment during operation. The presence of fouling leads to the significant decrease of the 

equipment’s performance. In industrial processing equipment, different types of fouling can be found 

(Groysman 2017; Kazi 2012), which can be classified according to the type of equipment undergoing 

fouling; to the type of fluid causing the fouling; or to the key chemical/physical mechanism giving rise 

to the fouling. According to Groysman 2017, fouling types can be divided into the following categories 

according to the mechanisms: crystallization fouling, particulate fouling, chemical reaction fouling, 

corrosion fouling and biofouling. In these categories (except for biofouling), the fouling layer is formed 

from deposited accumulations of non-microbiological origin. In biofouling, the accumulations refer to 

the attachment of microorganisms to the surfaces, which can grow when nutrients are available 

(Bhushan 2016). In the literature, such attachments of microorganisms are also called a biofilm. 

The mechanisms of fouling and biofouling attachment are different. In fact, fouling is often a 

precursor for biofouling due to the reduced heat transfer rate (Al-Haj 2012). Prior to bacterial adhesion, 

organic and inorganic molecules from milk can adsorb to surfaces and form a first fouling layer. Thus, 

the concentration of nutrients closer to the surface is higher than that of the liquid phase. In addition, 

the fouling layer can change the physical properties of the food contact surface, leading to the increase 

of the bacterial attachment and subsequently to the formation of biofouling (Fratamico et al. 2009). 

Biofouling increases the risk for microbial contamination and can be a reason for limiting the run length 

in manufacturing plants (Bhushan 2016; Brooks and Flint 2008; Chmielewski and Frank, 2003). 

Therefore, it is important to detect fouling on different surfaces in order to decrease the risk of 

microbiological contamination of processed products due to possible biofouling formation. 
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Fouling formation in the food processing equipment involves the deposition from liquids and 

suspension of liquid in liquids or solids in liquids. In the dairy processing equipment, particularly in 

manufacturing processes at lower temperatures, the fouling chemical reaction can be found most often. 

Conversely, at higher temperatures, crystallization fouling is most prevalent. Components that are 

mainly responsible for fouling in dairy processing equipment are calcium phosphate and whey proteins, 

particularly β-1actoglobulin (β-LG) (Visser and Jeurnink 1997). According to the literature (Kessler 

2006), there are two types of dairy fouling: Type A and Type B. Fouling formation caused by thermally 

unstable proteins is dominant at lower temperatures (70–90 ºC) and consists of about 60% protein and 

40% minerals (Type A). Fouling due to the precipitation of calcium phosphate is dominant at high 

temperatures (> 110 ºC) and consists of less than 20% protein and up to 80% minerals, of which more 

than 80% is calcium phosphate (Type B).  

It was described that the first step in dairy fouling formation is the adsorption of a monolayer 

of proteins onto the surface that occurs already at room temperature. The formation of macroscopic 

layers of fouling follows in a next step by particle formation (whey protein aggregates and calcium 

phosphate) in the bulk of the liquid being processed at higher temperatures. Many studies to explore the 

process of fouling have been reported by many researchers. However, a complete understanding of 

fouling mechanisms remains elusive due to the complexity of the dairy systems (Visser and Jeurnink 

1997).  

Monitoring devices for the detection of fouling-relevant parameters are classified into three 

levels of information provided by these devices (Flemming 2011). Level  1 monitoring methods, e.g., 

friction resistance measurement, heat transfer resistance measurement, quartz crystal microbalance, 

surface acoustic waves, differential turbidity measurement, provide information about the kinetics of 

deposition formation and changes of thickness, but cannot differentiate between microorganisms and 

abiotic deposit components. Level 2 monitoring methods, e.g., FTIR-ATR-spectroscopy, microscopical 

observation, can distinguish between biotic and abiotic components of a deposit. Level 3 monitoring 

methods, e.g., FTIR-ATR-spectroscopy in a flow-through cell, NMR imaging of deposits in pipes or 

porous media, provide detailed information about the chemical composition of the deposit 

(Flemming  2011). It is important to note that in real industrial processes not all monitoring techniques 

are implemented in daily operations. On the one hand, there are a few commercial methods to detect 

fouling formation in industrial equipment. For example, heat transfer changes or increase of the 

frictional pressure drop can be measured (Lee et al. 1998; Characklis et al. 1990). On the other hand, a 

major drawback of both methods is a lack of information on the extent and location of fouling. Although 

these techniques provide fast information on fouling formation without sampling, these methods are not 

suitable for the detection of fouling at the early stages of formation. According to 

Characklis  et  al.  1990, there are only significant changes in the friction factor when the biofouling 

reaches a critical thickness of about 35 µm. There are also other methods that provide a higher 



RESULTS                                                                                                       PUBLICATION 7 

108 
 

sensitivity of fouling detection, but they are less common in industrial equipment. For example, optical 

sensors analyze the relation between emission, transmission and absorption of different light sources. 

Fouling can be detected with optical sensors, since it can act as an additional refractor (Fischer et al. 

2015). Also, mass sensitive sensors such as quartz crystal microbalance (QCM) devices were used in 

real-time biofilm monitoring and showed promising results (Olsson et al. 2015; Tam et al. 2007). The 

resonance frequency of the quartz depends on the adsorbed mass upon it and thus, the mass variation 

per unit can be measured. However, QCM devices cannot differentiate between different fouling types 

(mineral fouling, particle fouling, organic fouling, biofouling (Epstein  1981)). 

Lastly, some studies about electrochemical devices have been published to explore the fouling 

detection in industrial equipment (Kang et al. 2012; Muthukumaran et al. 2016; Pavanello et al. 2011). 

According to the IUPAC definition, electrochemical devices transform the effect of an electrochemical 

interaction between analyte and electrode into a useful signal, which can be subdivided into 

voltammetric sensors, potentiometric sensors, chemically sensitized field effect transistor (CHEMFET), 

potentiometric solid electrolyte gas sensors and impedance sensors as well (Hulanicki et al. 1991). For 

example, voltammetric sensors are the most prevalent in biofilm detection (Ahmed et al. 2014). In 

voltammetry, information about an analyte is obtained by measuring the current as a function of the 

varied potential. This technique is based on the measurement of the current resulting from the 

electrochemical oxidation or reduction of an electroactive species. The resulting current is directly 

correlated to the bulk concentration of the electroactive species or its production or consumption rate 

within the adjacent biocatalytic layer (Thévenot et al. 2001). Cyclic voltammetry (CV) is a quantitative 

electrochemical method used to study oxidation or reduction peaks, which are proportional to the 

concentration of a chemical species that oxidizes or reduces the electrode. In CV, the potential sweep 

is cycled over time. The potential cycling enables the visualization of the forward and backward 

reactions (Bard and Faulkner 2001). CV can be used to identify the potentials at which active redox 

couples are oxidized and reduced and is an electrochemical technique capable of monitoring redox 

reactions (Lewandowski and Beyenal 2013). Square wave voltammetry (SWV) is a pulse technique in 

which symmetrical square pulses at progressively increasing potentials are applied to an 

electrochemical system. A square wave is superimposed on a staircase ramp (Bard and Faulkner 2001; 

Ozkan et al. 2015). 

In order to conduct electrochemical measurements, the electrochemical sensor is placed in an 

electrochemical cell, which involves the presence of a faradaic current. The electrode where the 

oxidation takes place is named anode and the cathode is the electrode where the reduction takes place, 

respectively. Anodic reactions generate electrons, whereas electrons are accepted in cathodic reactions 

(Bagotsky 2005; Bard and Faulkner 2001; Bard et al. 2012).  

A clear trend in the decrease of the size of electrochemical electrodes can be observed in recent 

decades. An example is the reduction of the thickness of electrochemical electrodes to the nanosize 
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range. The response time of such electrodes is shorter compared to classical electrodes (Gründler 2007). 

Electrochemical interdigitated microelectrode have been used for glucose (Huang et al. 2014) and 

biofilm detection (Becerro et al. 2015; Strycharz-Glaven et al. 2014; Tubia et al. 2018). Interdigitated 

microelectrode arrays consist of a series of parallel microband electrodes in which alternating 

microbands are connected together (Varshney and Li 2009). Also, interdigitated microelectrodes have 

an improved and increased signal-to-noise ratio (Min and Baeumner 2004). According to IUPAC, 

microelectrode arrays can be prepared by dispersing sufficiently small particles of a conductive material 

in an insulator or by photolithography (Stulik et al. 2000).  

Many studies describe the electrochemical detection of a microbiologically cased deposit, 

called biofouling or biofilm, particularly due to the extracellular electron transfer of microorganisms. 

In the dairy industry, however, fouling of non-microbiological origin can be a precursor of 

microbiological contamination of the processing equipment. Thus, dairy fouling should be detected at 

an early stage of adhesion. However, very few publication can be found in literature that discuss the 

detection of dairy fouling using electrochemical techniques by interdigitated microelectrodes. Thus, this 

study aimed to prove the usability of electrochemical techniques, namely cyclic voltammetry (CV) and 

square wave voltammetry (SWV), to detect dairy fouling. The changes in current between the clean 

microelectrodes and the microelectrodes with attachment dairy fouling were determined. Surface of the 

microelectrodes after the fouling attachment was shown using microscopy. 

2. Materials and methods 

2.1 Chemicals  

Potassium ferrocyanide 1% was obtained from Clin-Tech (Guildford, United Kingdom). 

Potassium chloride 3 mol L−1 and crystal violet solution 1% were supplied by Merck (Darmstadt, 

Germany). Ethanol 70% and meet extract were obtained from VWR (Darmstadt, Germany). Powdered 

skimmed milk was purchased from Nestlé Deutschland AG (Frankfurt, Germany).  

2.2 Sample preparation 

A reconstituted dairy emulsion was used for the formation of dairy fouling. The dairy emulsion 

was reconstituted by diluting 2.5 g powdered skimmed milk in 100 mL demineralized water at 22.5 ± 

0.5 ºC. Water activity (aw) of powdered skimmed milk was 0.243 ± 0.032. The dairy emulsion was 

stirred for 5 min at approx. 120 rpm to achieve homogeneous dilution. The prepared dairy emulsion 

contained 0.023 g 100 mL−1 of fat, 1.3 g 100 mL−1 of carbohydrates, 0.9 g 100 mL−1 of proteins, and 

0.028 g 100 mL−1 of salt. For incubation, the 6-well plates were used (Greiner Bio-One GmbH, 

Frickenhausen, Germany). After cleaning and activation, the microelectrodes were immersed into wells. 

Than 5 mL of the prepared dairy emulsion was added to each well. The 6-well plates with 

microelectrodes and dairy emulsion were incubated for 18 h at 30 °C in the climate chamber. After 18 

h incubation, the microelectrodes were removed from wells. Then, the microelectrode was used for 

electrochemical measurements. Both the dairy fouling that was formed of the microelectrode surface 
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and dairy emulsions were measured and compared with the reference, the non-incubated dairy 

emulsion. Three types of samples were measured: (1) the reconstituted dairy emulsion after 18 h of 

incubation, (2) the dairy fouling covering the microelectrode immersed in the reconstituted dairy 

emulsion after 18 h of incubation, and (3) the non-incubated reconstituted dairy emulsion as the 

reference. Before each measurement, 5 µL of either the non-incubated reconstituted dairy emulsion or 

the reconstituted dairy emulsion after 18 h of incubation were pipetted onto the surface of the 

microelectrodes. 

2.3 Electrochemical setup  

For the experiments a drop-cell and interdigitated microelectrodes (MicruX Fluidic, Oviedo, 

Spain) with four electrodes (one auxiliary, one reference electrode, two working electrodes) were used. 

The working electrode has 120 feet pairs, which are 10 µm wide, with a 10 µm gap between each foot. 

The diameter of the electrochemical cell is 2.0 mm. A PalmSens BV bipotentiostat (Houten, The 

Netherlands) was used to run measurements. The measurements were performed at temperature 22.5 ± 

0.5 ºC. 

Before each use, the microelectrodes were cleaned using demineralized water and  ethanol 70%. 

Then, the microelectrodes were activated electrochemically with 10 µL of 0.1 M potassium chloride by 

cyclic voltammetry (12 cycles between −1.5 and 1.5 V, scan rate 100 mV s−1). After activation, the 

microelectrodes were cleaned using sterile demineralized water. 

2.4 Voltammetric methods 

In this work, cyclic voltammetry and square wave voltammetry were probed. In cyclic 

voltammetry, three cycles were applied to each microelectrode with the following parameters: Ebegin = 

−0.5 V, Evtx1 = −0.5 V, Evtx2 = 1.0 V, scan rate = 0.050, 0.100, and 0.250 V s−1 with overall duration of 

255, 135, and 63 s, respectively. The square wave voltammetry, the following settings were selected: 

Ebegin = −0.5 V, Eend = 0.05 V, Eamplitude = 0.024 V, frequency = 25, 50, and 100 Hz with overall duration 

of 54, 35, and 25 s, respectively. In SWV measurements, anodic current was measured. The 

measurements done in triplicate. Three scans were conducted during one measurement. A detailed 

description of the measurement methodology is shown in Supplementary material.  

2.5 ATP bioluminescence  

The quantitative detection of the intra- and extracellular Adenosine Triphosphates (ATP) as 

well as Adenosine Monophosphate (AMP) was performed using an ATP bioluminescence method. The 

ATP bioluminescence method is a widespread biochemical technique to detect organic residues, like 

bacteria or food residues on surfaces and in liquids (Bottari et al. 2015). The method can be used to 

rapidly evaluate food and microbial residues on product contact surfaces. The energy stored within the 

ATP molecule is released as light by splitting of ATP to AMP (Adenosine Monophosphate). The light 

can be measured quantitatively and corresponds with the ATP level. The reaction uses the enzyme 
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luciferase. The ATP bioluminescence test was carried out using the ATP + AMP Hygiene Monitoring 

test kit. The test kit was obtained from Kikkoman Corporation and included the LumitesterTM PD-30 & 

LuciPacTM Pen. For liquid samples, the swab stick was removed from its casing and soaked in 

reconstructed dairy emulsion. For microelectrode surfaces, the wetted swab stick of the LuciPacTM pen 

was wiped over the surface. Then, the stick was returned to the casing. The test tubing was shaken until 

the powdery luminescent reagent was dissolved completely. After this step, the swab stick was inserted 

in the device and the measurement was carried out within 10 s. The results are expressed in relative 

light units (RLU). 

2.6 Microscopy 

A digital microscope (VHX 100, Keyence, Japan) with bright-field illumination was used to 

obtain microscopy images. Before taken images, the microelectrodes were dried for 2−3 min at room 

temperature. To improve the visibility of dairy fouling, 5 µL of crystal violet solution (0.01 g 

100 mL−1) was used for staining.  

 

3. Results  

3.1 Cyclic voltammetry 

The cyclic voltammograms at scan rates of 50 mV s−1, 100 mV s−1, and 250 mV s−1 of (1) the 

reconstituted dairy emulsion after 18 h of incubation, (2) the dairy fouling covering the microelectrode 

with the reconstituted dairy emulsion after 18 h of incubation, and (3) the non-incubated reconstituted 

dairy emulsion as the reference, are depicted in Figs. 1 A, 1 B and 1 C, respectively. 
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 Figure 1. The changes in cyclic voltammogams obtained for (1) reconstituted dairy 

emulsion after incubation for 18 h (Reference 18 h), (2) dairy fouling after incubation for 18 h 

(Fouling) and (3) non-incubated reconstituted dairy emulsion (Reference 0 h) at scan rates of (A) 

50 mV s−1, (B) 100 mV s−1 and (C) 250 mV s−1 with the respective standard errors of the mean 

(SE) (AI, BI, CI) (i = 3, n = 9). 

The cyclic voltammograms shown in the curves of Fig. 1 illustrate that the current signals of 

anodic (oxidation) and cathodic (reduction) curves increase with an increasing scan rate for all samples. 

The reconstituted dairy emulsion after 18 h of incubation illustrates the highest current response in the 

anodic (oxidation) curve, followed by a non-incubated reconstituted dairy emulsion, and finally by dairy 

fouling. This succession remains at all three scan rates. The differences between the samples are less 

pronounced for the cathodic curves that for the anodic curves. 
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It can be seen that the errors from the dairy fouling and the incubated reconstituted dairy 

emulsion are higher than the errors from the reference at scan rates of 100 mV s−1 and 250 mV s−1 (Figs. 

1 BI, 1 CI). This behaviour can be explained by the non-homogeneous surface coverage of fouling of 

the working electrode (Fig. 4 B) and to the structural changes of the dairy emulsion during the 

incubation time. The highest standard error of the mean is found at the potentials where  the anodic and 

the cathodic curves have a peak (Figs. 1 A, 1 B, 1 C). The highest standard error of the mean is obtained 

for the dairy fouling measured at the scan rate of 250 mV s−1.  

Table 1 summarizes the anodic and cathodic peak currents as well as the peak potentials for the 

investigated samples. From the dairy fouling voltammograms, an anodic peak at potentials of 0.38 V 

and 0.88 V is recorded at scan rates of 100 mV s−1 and 250 mV s−1, respectively. A cathodic peak is 

found for the dairy fouling at –0.38 V and –0.36 V at a scan rates of 100 mV s−1 and 250 mV s−1, 

respectively (Fig. 1 and Table 1). The vertical distance between forward and reverse scans increases at 

higher scan rates. With increasing scan rate, the curve shapes appear wider and more distinctive. 

Notable differences between the reconstituted dairy emulsion 18 h and dairy fouling are found in the 

anodic curve in the potential window 0.7-1.0 V while in the cathodic curve from –0.2 to –0.5 V (Fig. 

1). 

Table 1. Anodic (oxidation) and cathodic (reduction) peak currents (μA) and peak potentials (V) 

of the (1) reconstituted dairy emulsion after incubation for 18 h, (2) dairy fouling and (3) non-

incubated reconstituted dairy emulsion obtained from the cyclic voltammetry results (i = 3, n = 9). 

Scan rate 

(mV s−1) 

IpA, IpC (μA) 

EpA, EpC (V) 

Non-incubated 

reconstituted 

dairy emulsion 

Dairy fouling Reconstituted 

dairy emulsion 

18 h 

50 IpA 0.10 ± 0.07 0.03 ± 0.00 none 

EpA 0.45 ± 0.01 0.54 ± 0.01 none 

IpC −0.04* none none 

EpC −0.43* none none 

100 IpA 0.06 ± 0.00 0.06 ± 0.02 0.03 ± 0.00 

EpA 0.42 ± 0.01 0.58 ± 0.04 0.38 ± 0.05 

IpC −0.18* −0.68* −0.21 ± 0.14 

EpC −0.43 −0.49* −0.38 ± 0.08 

250 IpA 0.13 ± 0.01 0.07 ± 0.04 0.07 ± 0.01 

EpA 0.44 ± 0.00 0.56 ± 0.05 0.88 ± 0.02 

IpC none −0.13 ± 0.08 −0.07 ± 0.01 

EpC none −0.47 ± 0.01 −0.36 ± 0.02 

                   *Only an average of one sample could be evaluated (1 sample - 3 scans) 

Table 1 illustrates that the current at anodic peaks increases for the dairy fouling with enhanced 

scan rate. The potential of the anodic and cathodic peaks for the dairy fouling moves towards positive 

potentials with enhanced scan rate. The result assumes that an irreversible process takes place in the 
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electrochemical cell. For both reconstituted dairy emulsions, no considerable differences in peak 

potential are observed with increasing scan rate.  

Fig. 1 CI shows the highest values of the standard error of the mean for the dairy fouling at scan 

rate of 250 mV s−1. It can be explained that the fouling could be detached from the surface of the 

microelectrode after each measurement, which could have led to the increase in fouling on the surface 

of the working electrode. As an example, the cyclic voltammogams with three consecutive scans, of the 

dairy fouling and the reconstituted dairy emulsion after 18 h of incubation at scan rate of 250 mV s−1, 

are shown in Figs. 2 A and 2 B, respectively. The results of the dairy fouling measurements illustrate 

the differences between scans (Fig. 2 A). On the contrary, the measurements of the reconstituted dairy 

emulsion after 18 h do not show differences between three consecutive scans (Fig. 2 B).  

Figure 2. Cyclic voltammogams (3 scans) obtained for dairy fouling 18 h (A) and reconstituted 

dairy emulsion 18 h (B) at scan rates of 250 mV s−1.  

From Fig. 2 B shows that the current of both the anodic (oxidation) and cathodic (reduction) 

peaks for the incubated dairy emulsion does not change after a few consecutive scans. On the contrary, 

in Fig. 2 A the changes in the cathodic (reduction) and anodic (oxidation) curves for the dairy fouling 

are evident. It was published that for a P. fluorescens aggregation on electrodes, the pattern of the 

voltammograms obtained after 1, 2, 5, 10 and 100 scans approximated the voltammogram obtained for 

a surface without biofilm (Vieira et al. 2003). The reported finding was similar to results observed in 

the study of Vieira et al. 2003, as shown in Fig. 2 B. According to Vieira et al. 2003, the distance 

between the deposited bacteria and the surface is very short that, according to DLVO theory, is caused 

due to an interaction on the primary minimum of energy (Hori and Matsumoto 2010)). It means that the 

redox reactions cannot take place on specific places of the electrode. Once the potential is applied the 

distance between the bacterial aggregations and the surface may enlarge. Then, redox reactions may 

occur on the electrode surface that was covered by deposited bacteria. In this case, a voltammogram 
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similar to the voltammogram of a surface without deposit is obtained. It suggests that similar behavior 

may be also observed for the dairy fouling.   

Table 2 shows the total sum of the standard error of the mean (SSE) and the sum of the variances 

(SV) for (1) the reconstituted dairy emulsion before incubation, (2) the dairy fouling, and (3) the 

reconstituted dairy emulsion after 18 h of incubation at scan rates of 50 mV s−1, 100 mV s−1 and 

250 mV  s−1. 

Table 2. The sum of the standard error of the mean (SSE) and the sum of the variances (SV) for 

the tested samples using cyclic voltammetry at scan rates of 50 mV s−1, 100 mV s−1 and of 250 mV 

s−1 (p < 0.05). 

Scan rate 

(mV s−1) 

 Non-incubated 

reconstituted 

dairy emulsion 

Dairy fouling Reconstituted 

dairy emulsion 

18 h 

50 SSE 0.315 0.754 0.646 

 SV 0.011 0.036 0.032 

100 SSE 0.551 1.375 0.799 

 SV 0.031 0.136 0.077 

250 SSE 1.165 10.132 2.162 

 SV 0.127 8.231 0.313 

As expected, the reconstituted dairy emulsion before and after incubation shows the lowest sum 

of the standard error of the mean and the sum of the variances. On contrary, the dairy fouling has the 

highest sum of the standard error of the mean and the sum of the variances. It can be attributed to the 

non-homogeneous biofouling attachment to the surface of the microelectrodes (Fig. 4 B). For all the 

samples, a clear relation between the scan rates and the sum of the standard error of the mean or the 

sum of the variances is found.  The lowest errors are obtained at a scan rate of 50 mV s−1, while the 

highest are obtained at a scan rate of 250 mV s−1.  

 

3.2 Square wave voltammetry 

The voltammograms of SWV measurements obtained at frequencies of 25 Hz, and 50 Hz for 

(1) the reconstituted dairy emulsion after 18 h incubation, (2) the dairy fouling covering the 

microelectrode with the reconstituted dairy emulsion after 18 h incubation, and (3) the non-incubated 

reconstituted dairy emulsion as the reference are plotted in Fig. 3. 



RESULTS                                                                                                       PUBLICATION 7 

116 
 

Figure 3. Square wave voltammograms (forward scan) for (1) reconstituted dairy emulsion after 

incubation for 18 h (Reference 18 h), (2) dairy fouling 18 h (Fouling) and (3) non-incubated 

reconstituted dairy emulsion (Reference 0 h) at frequencies of 25 Hz (A), and 50 Hz (B) with the 

respective standard errors of the mean (SE) (AI, BI) (i = 3, n = 9).  

The curves in Fig. 3, show that, similarly to the results of cyclic voltammetry, the current 

increases with increasing frequency. The highest currents are found for the reconstituted dairy 

emulsions before and after incubation, followed by the dairy fouling. It can be assumed that an 

additional fouling layer on the working electrode may cause a resistance that lowers the current 

responce. The standard error of the mean for the dairy fouling is much higher compared to the errors 

obtained for the incubated and non-incubated dairy emulsions. Moreover, the standard errors of the 

dairy fouling mean increased with the increasing scan rate. The measurements were also conducted at 

frequency of 100 Hz. However, it was not possible to conduct the evaluation of the obtained data due 

to the high noise level.  

Table 3 shows the total sum of the standard error for (1) the reconstituted dairy emulsion before 

incubation, (2) the dairy fouling covering the microelectrode with the reconstituted dairy emulsion after 

18 h incubation, and (3) the reconstituted dairy emulsion after 0 h incubation at frequencies of 25 Hz, 

and 50 Hz. 
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Table 3. The sum of the standard error of the mean and the sum of variances for samples tested 

using SWV at frequencies of 25 Hz, and 50 Hz. 

Frequency 

(Hz) 

 Non-incubated 

reconstituted 

dairy emulsion 

Dairy 

fouling 

Reconstituted 

dairy 

emulsion 18 h 

25 SSE 0.310 2.742 1.131 

 SV 0.001 0.100 0.016 

50 SSE 1.621 7.330 1.596 

 SV 0.031 0.759 0.028 

Table 3 shows that the sum of the standard error of the mean and the sum of the variances 

increased for all samples with increasing frequency. The highest sum of the standard error of the mean 

and the sum of the variances among were found for the dairy fouling. Analogical results were also found 

for the results of cyclic voltammetry measurements (Table 2). 

3.3 ATP bioluminescence measurement  

The mean value of the ATP bioluminescence test for the non-incubated reconstituted dairy 

emulsion was 6396 ± 851 RLU (n = 9). After 18 h incubation, the RLU value slightly increased to 7386 

± 159 RLU (n = 9). The RLU value of clean electrode surface without dairy fouling was 14 ± 6 RLU 

(n = 9). The RLU value of the electrode surface increased to 193 ± 60 RLU after 18 h of incubation in 

the reconstituted dairy emulsion. In dairy industry, the method detects food/organic residues and offer 

proactive cleanliness management. Since the ATP bioluminescence test can detect all organic matter 

on food-contact surfaces (Costa et al. 2006), the obtained results confirm that initial whey protein 

adhesion to microelectrode occurred.  

3.4 Microscopy 

Figs. 4 A and B show the clean microelectrode and the dairy fouling on the microelectrode 

surface stained with crystal violet solution (0.01 g/100 mL). 
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Figure 4. Micrographs of the clean interdigitated microelectrode (A), the interdigitated 

microelectrode surface with attached dairy fouling (18 h incubation at 30 °C) (B). All the samples 

were recorded with a digital microscope (VHX 100 Microscope, Keyence, Japan) at 500× 

magnification. 

Fig. 4 B indicates that the fouling attachment on the microelectrode surface was not 

homogeneous with thicker and thinner clusters. It is assumed that non-homogeneous distribution of the 

dairy fouling (Figs. 1 and 2) may lead to the large standard deviations. 

 

4. Discussion  

Cyclic voltammetry and square wave voltammetry were used to determine dairy fouling on 

interdigitated ring array microelectrodes.  

When discussing the attachment of fouling to the contact surfaces, the initial composition of 

fouling has to be considered. Since there are different components involved in fouling formation, the 

first question is what will attach first to the contact surface: proteins or minerals. According to literature, 

whey protein denaturation and aggregation as well as calcium phosphate particle formation are two 
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different processes and both processes follow different kinetics. Belmar-Beiny and Fryer 1993 reported 

that, for a solution of a whey protein concentrate, the first layer of the deposit contains mainly proteins. 

This indicates that the first layer adsorbed at room temperature will always be proteinaceous. The 

deposition of aggregates, calcium phosphate and whey protein particles, will occur at higher 

temperatures after the surface has been covered by a protein monolayer (Visser and Jeurnink 1997).  

Indeed, β-lactoglobulin (β-LG) and ɑ-lactalbumin (ɑ-LA), which are responsible for initial 

fouling formation, are of a globular nature and both proteins are act on heat. β-lactoglobulin is the 

dominant protein and also more heat sensitive than ɑ-lactalbumin. In literature it was shown that the 

initial binding of β-LG to a metal surface is due to a chemical linkage (Visser and Jeurnink 1997). The 

electrochemical study of Roscoe et al. 1993 showed that at pH = 7.0 and 26 °C, β-LG adsorbs onto a 

platinum surface as a monolayer by binding its carboxyl groups to a platinum surface OH group under 

decarboxylation. It was reported that the first layer of fouling can be formed at room temperature. 

However, the first layer formed at room temperature cannot cause a further growth of protein fouling 

due to the fact that bulk fouling starts at temperatures above 72 °C (Roscoe et al. 1993). 

The cyclic voltammetry measurements of each sample showed that the current responses and 

the peak current magnitude increased with an increasing scan rate. Interdigitated ring array 

microelectrodes covered by dairy fouling showed the lowest current responses, when compared with 

the incubated and non-incubated dairy emulsions. This observation indicates that fouling on the working 

electrode represents an additional resistance, which extenuates the current response (Becerro et al. 

2015). It was reported that the adsorption of β-lactoglobulin (β-LG) and ɑ-lactalbumin (ɑ-LA) to the 

surface enhanced the decrease of the current (Roscoe et al. 1993). This agrees with literature reporting 

that the surface coverage of the working electrode affects the current response (Bard and Zoski 2000). 

In the study of Rana et al. 2018, it was found that with increasing concentrations of Zn acetate in milk, 

the current decreased. The authors of the study (Rana et al. 2018) suggested that these metal ions can 

be attached to the active sites of proteins and reduce the flow of electrons onto the working surface of 

the electrode, thus decreasing the peak current.  

The study of Rouhana et al. 1997, investigated the adsorption of ɑ-lactalbumin and bovine 

serum albumin using cyclic voltammetry. The interfacial behavior of proteins was studied on a platinum 

electrode over a temperature range from 0 to 90 ºC. It was reported that both proteins adsorbed strongly 

on the metal surface with increasing temperature. Mixtures of the two proteins showed substantial 

increase in the surface charge density at the higher temperatures of 80 and 90 ºC. The authors suggested 

that this may be caused by intermolecular interaction which, in more concentrated solutions, provides 

a strong gel network. The interactions between protein and a metal surface, resulting in adsorption, can 

be affected by the protein properties, including other parameters such as pH, concentration, and 

temperature (Kiss 1993).  
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In square wave voltammetry, the current responses and the peak current magnitude of the 

voltammograms increased with the increasing frequency. As obtained in CV, microelectrodes covered 

by the dairy fouling showed the lowest current responses within their substance groups. Similarly to 

CV results, the adsorption of proteins to the surface can lead to the current’s decrease. However, SWV 

was a less suitable method for the purpose of distinguishing dairy fouling from their corresponding 

substances with the chosen parametric setup. No oxidation peak currents could be detected. Only the 

current signal height could be used for the comparison between samples. This can be explained by the 

fact that SWV is better for quantitative analysis and therefore more sensitive in detecting specific 

analytes (Mirceski et al. 2013). SWV usually provides less distortion, which makes fitting of data to 

theoretical models more accurate. According to the literature, SWV is more suitable for the detection 

of low concentrations of electrochemically active species, which cannot be detectable by other 

voltammetric techniques. SWV can be recommended for analytical purposes, however, for which 

frequencies of 100 Hz might be too high (Mirceski et al. 2007). Similar result was also obtained in this 

work. At lower frequencies, the duration of the measurement is much longer and this can lead to 

structural changes of the tested sample. This result agrees with the study (Nguyen et al. 2012), where, 

as the frequency was increased from 1 Hz to 40 Hz, the flavin redox peak centered around −425 mV 

Ag/AgCl increases. Moreover, when the frequency was greater than 20 Hz, the noise level became 

significant, a reproducible effect across multiple flavin microelectrodes; thus, 20 Hz was chosen as the 

optimum frequency. Therefore, it is doubtful whether SWV is suitable for industrial implementations. 

Also, emulsion, e.g., dairy emulsions as measured in this work, are of importance and cyclic 

voltammetry allows them to be investigated. Through electrochemical investigations, the complex 

structure of dairy emulsions as mixture of immiscible liquids should be considered. According to 

Bagotsky 2005, processes that may need to be considered in these multi-phase liquids are (1) 

partitioning of solutes, (2) electro-dissolution of one phase into the other, (3) the electrochemical 

conversion of a solute in phase to another redox level accompanied by ion exchange, and (4) processes 

involving material adsorbed at the interface between the two phases. In voltammetrical studies of 

stabilized microemulsions, processes monitored were shown to be consistent with reactions in which 

the reactant diffused from the emulsion droplet towards the electrode surface (Bagotsky 2005). Also, 

the adsorption of milk proteins at interfaces provides information on the properties of dairy emulsions 

(Dickinson 1989). 

The presence of fouling is often assumed when poor process performance and decreased 

product quality are observed after production. Moreover, according to literature there is a lack of a 

reliable monitoring and detecting sensor system that allows to monitor both the fouling development 

and the cleaning processes in food processing equipment (Marchand et al. 2012). Real-time detection 

and monitoring of fouling would ensure better quality control of dairy products during processing in 

dairy industry. In addition, the monitoring of the cleaning processes would be advantageous for the 
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development of intelligent cleaning processes. The use of electrochemical interdigitated 

microelectrodes for the detection of biofilms and CIP cleaning solutions has been already reported in 

the previous study (Fysun et al. 2019). However, when working with electrochemical microelectrodes, 

it also should be taken into account that electrochemical microelectrodes require a direct contact with a 

target analyte, e.g., dairy products being manufactured. Therefore, an implementation of 

electrochemical microelectrodes into food processing equipment must be retained regarding hygienic 

design standards of food processing equipment. 

5. Conclusion 

The results showed that cyclic voltammetry and square wave voltammetry measurements combined 

with interdigitated microelectrodes can potentially be used for the detection of dairy fouling. Cyclic 

voltammetry demonstrated good results for the fouling detection and for the differentiation between the 

dairy emulsion and the dairy fouling at different scan rates. The attachment of dairy proteins leads to 

the decrease in the current in cyclic voltammograms, which can be explained by the additional insulated 

layer on the microelectrodes that extenuates the current response. Square wave voltammetry can be 

recommended for the fouling detection at low frequencies. In future, electrochemical investigations 

under flow conditions should be performed. Moreover, the microelectrode integration into specific 

high-risk parts of industrial dairy equipment have to be studied. 
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3 DISCUSSION AND CONCLUSION 

The main aim of this work was to explore new techniques for the real-time detection of the 

microbiologically-induced and non-microbiologically-induced dairy fouling and to 

systematically analyse factors influencing fouling formation. In addition, the techniques for the 

fouling detection that were considered in this work were used to detect alkaline and acid 

cleaning agents. Also, the possibility to implement these techniques in food processing 

equipment as a small sensor was discussed. Based on the approach presented in the Chapter 

1.5 Motivation and objective of the thesis, the main subgoals of the work are given as follows: 

1. Development of microbiologically-induced and non-microbiologically-induced dairy 

fouling models, analysis of factors for dairy fouling formation, and evaluation of methods for 

fouling characterization under laboratory conditions;  

2. Detection of microbiologically-induced and non-microbiologically-induced fouling and of 

cleaning media using low-field NMR; 

3. Detection of microbiologically-induced and non-microbiologically-induced fouling and of 

cleaning media using the two electrochemical techniques, cyclic voltammetry and square wave 

voltammetry in combination with microelectrodes. 

 

3.1 Development of microbiologically-induced and non-microbiologically-

induced dairy fouling models, analysis of factors for dairy fouling formation, 

and evaluation of methods for fouling characterization under laboratory 

conditions 

In order to compare microbiologically and non-microbiologically-induced fouling formation 

in flow and in non-flow states, different experimental set-ups were constructed to investigate 

the selected factors (temperature, incubation time, bacterial composition, fat content of milk, 

food contact material, and flow) for fouling formation on food contact surfaces (Section 1 in 

the Chapter 2.  Results).  

The first study on fouling formation in non-flow state shows the evaluation of two temperatures 

(4 ºC and 20 ºC) and three incubation times (24 h, 48 h, 72 h) on different dairy fouling types 

(non-microbiologically induced dairy fouling, microbiologically-induced polyculture and 

monoculture (P. fragi) dairy fouling) formed on PTFE and stainless steel surfaces. Three 

methods were used for the fouling characterization: a microbiological method (viable cell 

count), a biochemical method (ATP-bioluminescence assay), and a physical method (dry 
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matter determination). The results demonstrated that non-microbiologically-induced and 

microbiologically-induced dairy fouling exhibited different adhesion behaviour on both food 

contact surfaces, namely PTFE and stainless steel. When comparing the correlation of methods 

(P ≤ 0.05), the highest positive correlation coefficient is found between ATP-bioluminescence 

assays and viable cell count (0.932) for the fouling samples obtained after 24 h and 48 h at 

incubation temperatures of 4 ºC and 20 ºC. Dry matter determination shows no correlation to 

ATP-bioluminescence assay and no correlation to the viable cell count. Based on the results, it 

can be concluded that suitable detection and characterization methods should be applied for 

every specific fouling type, which is expected to be found in processing equipment according 

to the product being processed. In addition, it is confirmed that microbiologically-induced dairy 

fouling (monoculture Pseudomonas fragi) can be also formed on food contact surfaces at low 

temperature of 4 ºC. The results obtained in the study and the results reported in literature 

confirm that, although non-microbiologically-induced fouling does not necessarily 

microbiologically contaminate the processed product during production, food processing 

equipment should be regularly cleaned (Srey et al. 2013). The non-microbiological fouling can 

increase in size over time, what can lead to the lower efficiency of heat transfer. It can be a 

reason for the formation of microbiologically-induced dairy fouling (biofilm) and the 

recontamination of product (Marchand et al. 2012). In addition, this study documented a 

preparation methodology of microbiologically- and non-microbiologically-induced dairy 

fouling models and methods for the dairy fouling characterization that was used in the further 

studies on techniques for the fouling detection. 

The second study on fouling formation in flow state shows the influence of factors affecting 

biofilm formation onset in a dairy-filling hose. Bacterial composition (monoculture 

Pseudomonas fragi, polyculture), fat content of milk (1.5%, 3.5%), flow condition (laminar, 

turbulent), and contact material (PTFE, stainless steel 1.4404) were evaluated as factors at a 

temperature of 5.5ºC. In addition, the obtained fouling models were analysed by a 

microbiological method (viable cell count), a biochemical method (ATP-bioluminescence 

assay), and a staining method for biomass quantification. The result showed that the bacterial 

composition, material type, and fat content significantly affect the number of viable-cell 

(p ≤ 0.05). Flow conditions and material type both have significant influence upon biomass 

(p  ≤ 0.001). The highest positive correlation is obtained between the ATP-bioluminescence 

and biomass methods (0.550), followed by the ATP-bioluminescence and viable-cell-counting 

correlation (0.539), while the lowest correlation is found between viable-cell-counting and 

biomass quantification (0.345). The highest correlation between the ATP-bioluminescence and 
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biomass-measurement method can be explained by the fact that both methods can detect the 

food residuals, also called deposits, whereas viable-cell counting, by definition, only detects 

viable cells. Enzymatic treatment shows a good result for the cleaning of the PTFE-hose liner 

in the dairy-filling hose. The obtained results show that biofilm is of concern in filling units of 

dairy-processing equipment even at low temperature of 5.5 ºC. In addition, an experimental 

set-up is documented in the study that was used for the further experiments on sensors for the 

fouling detection. Also, a preparation methodology of different fouling models in flow state is 

described to achieve a good reproducibility of fouling formation for the sensor characterization.  

3.2. Detection of microbiologically-induced and non-microbiologically-

induced fouling and of cleaning media using low-field NMR 

Within the scope of this work, different fouling types and cleaning media were investigated by 

low-field 1H NMR to obtain a basic knowledge whether low-field 1H NMR could be used as a 

tool for the in-line detection. In total, two studies on low-field 1H NMR detection have been 

conducted (Section 2 in the Chapter 2. Results).  

In the first study, three fouling models, (1) Paenibacillus polymyxa biofilm, (2) dairy 

biofouling, and (3) dairy fouling were investigated by low-field 1H NMR. The results showed 

that the transverse relaxation time obtained by low-field 1H NMR differs between the tubing 

and each deposit type. Characteristic relaxation behaviour was obtained for tubing, each 

deposit model, and liquid phase. The data indicates the transversal relaxation time T2 at around 

5 – 10 ms for silicone tubing. For the P. polymyxa biofilm, longer relaxation times T2 of about 

100 ms were detected, while relaxation times T2 for dairy biofouling and dairy fouling were in 

range of 50 – 60 ms. The longest transverse relaxation time is obtained for liquid phases 

(nutrient medium and milk) due to the high mobility of water. The obtained results are in 

accordance with literature reporting that the faster relaxation rates can be found in solid-like 

materials and gels (Belton 1997). Solid materials and gels have shorter relaxation time than 

liquids due to low rotational mobility enhancing dipolar coupling (Kirkland et al. 2015). In 

gels, shorter relaxation time is attributed to the water protons and macromolecule exchangeable 

protons trapped in the gel (Belton 1997). The possibility of fouling detection by low-field 1H 

NMR can be explained by the fact that transverse relaxation time of water contained in fouling 

is shorter than that of free water. Low-field NMR has been reported to be employed as a 

non- invasive technique in the study of biofilms due to changes in the relaxation behaviour 

during biofilm formation (Vogt et al. 2000; Fridjonsson et al. 2015). Biofilm is composed of 

bacterial cells in a hydrated gel matrix (EPS) and contributes a polymer gel-like phase 
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(Kirkland et al. 2015). Shorter relaxation time compared to relaxation time of free water can 

be assigned to the biofilm, since the biofilm consists of bound water and is located near the 

tubing walls (Hoskins et al. 1999; Manz et al.  2003). Based on the results, it can be concluded 

that low-field NMR can be used for the non-invasive detection of deposit formation in 

industrial processing equipment.  

The second NMR study provides additional measurements for the detection of different fouling 

types and of CIP cleaning agents using low-field 1H NMR as well as determination of diffusion 

coefficients. The transverse relaxation time and diffusion coefficient of sample groups (1) 

P.  polymyxa biofilm, (2) dairy biofouling, and (3) CIP-cleaning agents are obtained and 

compared. The transverse relaxation times T2 was obtained by inverse Laplace transform. 

Similar to the first NMR study, the obtained results reveal a characteristic relaxation behaviour 

of differently structured samples. Moreover, with increasing biofouling thickness, transverse 

relaxation time shifts towards slower relaxation rates. In addition, significant differences in the 

diffusion behaviour of water are noted for both the fouling models and for CIP-cleaning agents. 

The diffusion coefficient of water in dairy biofouling and in P. polymyxa biofilm corresponds 

to approximately 65% and 75% of the value of pure water, respectively. Water mobility in 

dairy biofouling may be reduced due to biofouling composition and structure. The components 

mainly responsible for dairy biofouling on the food-contact surfaces are calcium phosphate and 

proteins, particularly whey protein. Dairy biofouling formed at lower temperatures as studied 

in this study is composed mainly of proteins. The diffusion behaviour of water in biofilm can 

be explained by the fact that biofilm is composed of bacterial cells in a matrix of extracellular 

polymeric substances, which is a hydrated gel matrix. These findings are an important insight 

for the developments of further low-field 1H NMR monitoring sensor to monitor fouling 

formation in processing equipment and cleaning processes.  

Small low-field NMR systems equipped with permanent magnets are already available for 

quantitative analysis in quality control and as on-line instruments in production environments. 

The advantage of the low-field NMR compared to the high resolution NMR is the lower 

requirement regarding environment parameters, staff, maintenance and investment costs 

(Dalitz 2012). However, small low-field NMR systems for fouling monitoring are still lacking. 

Thus, the obtained results can be used for the development of real-time monitoring systems 

based on low-field 1H NMR.  
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3.3 Detection of microbiologically-induced and non-microbiologically-

induced fouling and of cleaning media using two electrochemical techniques, 

cyclic voltammetry and square wave voltammetry in combination with 

microelectrodes 

Apart from low-field NMR methods, also electrochemical methods have been reported for real-

time detection of bacterial attachment (Gião et at. 2003). Due to the electron transfer 

mechanisms (Nealson and Finkel 2011), electrochemical methods in combination with 

electrochemical microelectrodes have been investigated as a second technique for fouling 

detection in this work (Section 3 in the Chapter 2. Results).   

In the first study on electrochemical methods, the attachment of Bacillus subtilis ssp. subtilis, 

Paenibacillus polymyxa, and Pseudomonas fragi to the surface on interdigitated platinum 

microelectrodes was investigated using the voltammetric method cyclic voltammetry (CV). 

The differences between the responses of the uncolonized sterile microelectrodes and the 

microelectrodes after the bacterial attachment were recorded and compared. The results from 

cyclic voltammograms obtained at scan rates of 50, 100, 250 and 350 mV s−1 show that the 

current increase is observed after bacterial attachment to the microelectrode surfaces. It can be 

explained by the enhanced electron transfer between the microorganisms and the electrode 

surface. Also, the results obtained at all scan rates depicted that the current change was 

observed after bacterial attachment and biofilm formation on the microelectrode surface. 

Therefore, it has been suggested that there may be two behaviours in opposite direction that 

affect the current change with the bacterial attachment. On the one hand, the current increases 

due to the enhanced electrochemical interaction, electron transfer between the bacterial 

surface-associated molecules and the electrode surface, and on the other hand, the current 

decreases due to the surface-covering action to diminish the area available for the 

electrochemical interaction. In addition, these results gave a basis for optimization of cyclic 

voltammetry measurement parameters for a next study to enable better detection of bacterial 

attachment. The interdigitated microelectrode aproach used in this work could be an alternative 

to the conventional electrochemical sensors due to the reduction of the thickness of 

electrochemical electrodes to the nanosize range. The response time of such electrodes is much 

shorter compared to classical electrodes (Gründler 2007).  

In the second study on electrochemical methods, the results of the detection of two groups 

(P.  polymyxa  biofilm group and CIP cleaning solutions group) by using interdigitated 

platinum microelectrodes and the electrochemical voltammetric methods of cyclic 
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voltammetry and square wave voltammetry are reported. Cyclic voltammetry is conducted at 

three scan rates (50, 100 and 250 mV s−1), while square wave voltammetry is performed at 

three frequencies (25, 50, and 100 Hz). The differences between the responses of the 

uncolonized sterile microelectrodes and the microelectrodes after P. polymyxa bacterial 

attachment for 18 h were determined. The results of cyclic voltammetry measurements 

demonstrated the possibility for the biofilm detection and for the differentiation between 

P.  polymyxa in planktonic state (bacterial suspension) and P. polymyxa biofilm at the selected 

scan rates. P.  polymyxa in planktonic state induces an increase in the current in the cyclic 

voltammograms. This indicates that there is an enhanced electron transfer between the bacterial 

surface-associated molecules and the surface of the electrodes. According to the literature, the 

electron transfer can occur (1) directly to the acceptor via outer membrane proteins, or via a 

solid conductive matrix, such as pili or outer membrane extensions or (2) indirectly through 

electron mediators, e.g., redox mediator. Such mechanisms may vary depending on the strain 

of the microorganism and environmental conditions (Nealson  and  Finkel 2011). The exact 

mechanism of the electron transfer of microorganisms selected for this work was not aimed 

being investigated. The microelectrodes covered with a P. polymyxa biofilm showed 

extenuated current signals, what might result from the additional resistance. The resistance is 

caused by the final biofilm development and deposition on the surface of the microelectrodes. 

Square wave voltammetry can be recommended for the detection of the CIP cleaning solutions 

at lower frequencies, since each investigated cleaning solution showed a specific 

voltammogram shape. The results indicate that cyclic voltammetry and square wave 

voltammetry measurements with interdigitated microelectrodes without a biorecognition 

element can be used for the biofilm detection and the differentiation between CIP cleaning 

solutions. Biorecognition elements used as receptor are usually enzymes, nucleic acids, 

aptamers, antibodies, organelles, membranes, cells, tissues, or even whole organisms. 

However, although electrochemical sensors with biorecognition elements are more sensitive, 

due to the protein nature, biorecognition elements in biosensors are not stable at high 

temperatures (above 80 °C) or common pressures, or in the presence of steam and under typical 

machine cleaning conditions (acidic and basic solutions).  

In the last study on voltammetric methods, cyclic voltammetry and square wave voltammetry, 

were used to detect a non-microbiologically-induced dairy fouling and a reconstructed dairy 

emulsion by interdigitated platinum microelectrodes. The results obtained using cyclic 

voltammetry demonstrated the possiblity for the detection of non-microbiologically-induced 

fouling and for the differentiation between the dairy emulsion and the dairy fouling at scan 
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rates of 50,  100  and 250 mV s−1. The attachment of dairy proteins leads to the decrease in the 

current in cyclic voltammograms, which can be explained by the additional insulating layer on 

the microelectrodes that extenuates the current response. Also, square wave voltammetry can 

be recommended for the fouling detection at low frequencies of 25 Hz and 50 Hz. The 

explanation for the current decrease by the formation of dairy fouling can be explained by the 

fouling composition reported in literature. For example, Belmar-Beiny and Fryer, 1993 have 

shown that the initial layer of the deposit in the first seconds of processing consists mainly of 

protein. This means that the first layer adsorbed at room temperature will always be 

proteinaceous. Dairy proteins, β-lactoglobulin (β-LG) and ɑ-lactalbumin (ɑ-LA), which are 

responsible for initial fouling formation, are of a globular nature and sensitive to heat. In the 

study of Roscoe 1993, it was published that at pH = 7.0 and 26 °C, β-LG adsorbs onto a 

platinum surface as a monolayer by binding its carboxyl groups to a platinum surface OH group 

under decarboxylation. Thus, the results of this work and literature indicate that cyclic 

voltammetry and square wave voltammetry measurements combined with interdigitated 

microelectrodes can potentially be used for the detection of dairy fouling.  
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4 OUTLOOK 

Development of non-destructive real-time monitoring methods to detect different fouling types 

would be beneficial for the process control in food processing environments. Based on the 

results obtained within this work, the outlook for both techniques, low-field 1H NMR and 

electrochemistry in combination with thin film microsensors, can be recommended as follows.  

For low-field 1H NMR several questions remain to be resolved before the industrial scale 

introduction and production of sensor systems for food processing equipment. For further 

measurements, the NMR sensitivity has to be probed to obtain significant results for samples 

with very low amount of fouling. As additional step, the detection of fouling formation under 

real flow conditions is necessary to evaluate the suitability of low-field NMR for real-time 

fouling monitoring in dairy processing equipment. Real-time fouling detection with flowing 

liquid was not considered in this work and therefore, it is recommended for future studies. 

Real-time fouling detection in processing equipment would be advantageous for the low-field 

NMR sensor development, in which the conveying liquid is not stationary but flowing, as the 

transient protons in the conveying liquid would move out of the measurement region and would 

therefore not interfere with the characteristic NMR signal drop resulting from the stationary 

fouling formation on the tubing wall. From the perspective of food-processing technology, it 

is necessary to prove the possibility of NMR detection at different temperature ranges, such as 

the temperature of the filling process (5 – 20 ºC) or the temperature of the cleaning process 

(60 – 90 ºC). 

In case of electrochemical thin film microsensors, good results for the detection of 

microbiologically-induced and non-microbiologically-induced fouling and of CIP cleaning 

agents have been achieved with both electrochemical methods, cyclic voltammetry and square 

wave voltammetry. In addition, electrochemical measurements under flow conditions should 

be conducted. Also, cyclic voltammetry and square wave voltammetry measurements settings 

should be adapted to the measurements under real industrial flow conditions. The adaptation 

of the electrochemical microsensors to production conditions for real-time fouling detection 

should be investigated. Lastly, in future research, new solutions for the implementation of 

electrochemical microelectrodes into food processing equipment will be needed and several 

questions about area of application and incorporation of electrochemical microelectrode into 

industrial equipment have to be answered. 
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5 SUMMARY 

Fouling deposits on food contact surfaces in food processing equipment is a rising problem for 

the food industry due to more complex processing equipment and consequently due to the high 

risk of the cross-contamination. Thus, there is a demand on new monitoring sensor systems for 

the food processing equipment. The development of sensors for the real-time detection of 

microbiologically-induced and non-microbiologically-induced fouling as well as for the 

monitoring of cleaning processes would improve the process control in food processing 

equipment. 

The main goal of this work was to explore two techniques (low-field 1H NMR and 

electrochemistry in combination with thin film microsensors) for the real-time detection of the 

microbiologically-induced and non-microbiologically-induced dairy fouling as well as to 

systematically analyse different factors influencing fouling formation. In addition, the 

possibility to implement the selected techniques in food processing equipment as a small 

monitoring sensor system was discussed. The main results of this work are divided into three 

sections.  

In the first section, the properties of microbiologically-induced and non-microbiologically-

induced dairy fouling and factors that affect fouling formation under non-flow and flow 

conditions were investigated. Different experimental set-ups were constructed to investigate 

the selected factors (temperature, incubation time, bacterial composition, fat content of milk, 

food contact material, and flow) if the factors affect the fouling formation on food contact 

surfaces. Also, the correlation between a microbiological method (viable cell count), a 

biochemical method (ATP-bioluminescence assay), and a physical method (dry matter) applied 

to the selected fouling models was conducted. In the first study, the results obtained under non-

flow state showed that non-microbiologically-induced dairy fouling and microbiologically-

induced dairy fouling exhibited different adhesion behaviours. The results of the study 

confirmed that microbiologically-induced dairy fouling (monoculture Pseudomonas fragi) 

could be even formed on food contact surfaces at low temperature of 4 ºC. When comparing 

the correlation of the characterization methods, the highest positive correlation coefficient was 

found between ATP-bioluminescence assays and the viable cell counts for samples obtained 

after 24 h and 48 h at incubation temperatures of 4 ºC and 20 ºC. Dry matter measurement 

showed no correlations to ATP-bioluminescence assays and the viable cell counts. Also, a 

preparation methodology of microbiologically- and non-microbiologically-induced dairy 
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fouling models and methods for the dairy fouling characterization used in the further studies 

on techniques for the fouling detection was documented in this study. 

In the second study, the influence of factors affecting fouling formation on the surface of a 

dairy-filling test hose under flow state at temperature of 5.5 ± 0.5 ºC showed that bacterial 

composition, material type, and fat content significantly affected the measured results of the 

number of viable-cell. Flow conditions and material type both had significant impact upon 

accumulated biomass weight. For ATP-bioluminescence, however, no clear influence of the 

selected factors could be seen. The results also show that bacterial biofilms may be formed in 

filling units even at low temperatures. The results suggest that microbiologically-induced 

fouling (biofilm) is of concern in filling units of dairy-processing equipment at low 

temperature. From the results obtained in both studies, it can be concluded that by knowing the 

type of fouling expected according to the product being processed, suitable methods for 

detection in dairy equipment should be applied.  
 

In the second section, low-field 1H NMR as non-destructive technique for the 

microbiologically-induced and non-microbiologically-induced dairy fouling and CIP cleaning 

agents was evaluated in two studies. The obtained results show that low-field 1H NMR can 

potentially be used to detect and to differentiate between the different fouling types and the 

CIP-cleaning media. In addition, low-field 1H NMR provided a possibility of non-invasive 

detection of fouling depositions on the inner surface of the tubing. The characteristic relaxation 

behaviour and diffusion behaviour of water are found and reported for the selected fouling 

types and CIP-cleaning agents. Therefore, low-field 1H NMR can be recommended for the 

better understanding of food-related deposit formation and its cleaning in real time. In addition, 

the obtained results could be used as a basis for the development of real-time monitoring 

systems based on low-field 1H NMR. The results provide an important insight for the 

developments of further low-field NMR monitoring sensors to monitor fouling formation in 

processing equipment and cleaning processes. 
 

In the third section, the detection of the microbiologically-induced and non-microbiologically-

induced dairy fouling and CIP cleaning agents using electrochemical interdigitated 

microelectrodes was evaluated. First, Bacillus subtilis ssp. subtilis, Paenibacillus  polymyxa, 

and Pseudomonas fragi attachment to the surface on interdigitated platinum microelectrodes 

was detected using cyclic voltammetry. The surface coverage of microelectrodes after bacteria 

attachment was visualised and confirmed using microscopy techniques. The results from cyclic 

voltammograms obtained at scan rates of 50, 100, 250 and 350 mV s−1 show that the current 
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increase due to the extracellular electron transfer is observed after bacterial attachment to the 

interdigitated microelectrode surfaces. 

Secondly, further results demonstrate the usage of cyclic voltammetry and square wave 

voltammetry measurements with interdigitated microelectrodes for the detection of 

P. polymyxa biofilm and the differentiation between CIP cleaning solutions. Cyclic 

voltammetry showed the possibility for P. polymyxa biofilm detection already at early stage of 

formation at different scan rates, while square wave voltammetry can be recommended for the 

detection of the CIP cleaning solutions at lower frequencies, since each cleaning solution 

showed a specific voltammogram shape.  

Thirdly, the results show that cyclic voltammetry and square wave voltammetry measurements 

combined with interdigitated microelectrodes could potentially be used for the detection of 

dairy fouling. Cyclic voltammetry demonstrates the possibility for the fouling detection and 

for the differentiation between the dairy emulsion and the dairy fouling at different scan rates. 

Square wave voltammetry can be used for the non-microbiologically-induced dairy fouling 

detection at low frequencies of 25 Hz and 50 Hz. The attachment of dairy proteins leads to the 

decrease in the current, which can be explained by the additional insulating layer on the 

microelectrodes that extenuates the current response.  

When comparing low-field 1H NMR and electrochemistry, it has been demonstrated that both 

techniques are generally recommended for the detection of different food-related fouling types 

and CIP cleaning media. However, when working with NMR, it should be considered that an 

NMR sensor cannot detect fouling through metal surfaces. The advantage of an NMR sensor 

is the possibility of a non-destructive measurement. When working with electrochemical 

microelectrodes, it also should be taken into account that this is a technique, which requires a 

direct contact with a target analyte. Compared with an NMR sensor, an implementation of an 

electrochemical sensor into food processing equipment must be retained regarding hygienic 

design standards of food processing equipment. The advantage of the electrochemical 

microelectrodes is the small size and the possibility to incorporate the sensor into small parts 

of food processing equipment. 
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