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Abstract 
 

Brettanomyces yeast is considered one of the most relevant spoilage yeasts 

in the production of alcoholic beverages, especially in wine and cider. 

During beverages fermentation and later storage, this yeast can produce 

volatile phenols that affect the organoleptic properties (aroma and taste) of 

the beverages. The appearance of Brettanomyces causes a decrease in the 

quality of the final products, and consequently, important economic losses 

for companies.  

Nowadays, there are several direct and indirect detection methods for this 

spoilage yeast. Regarding direct methods, plating and molecular techniques 

are the most employed techniques in wineries and cider-houses. Also, 

indirect methods such as gas chromatography-mass spectrometry are also 

implemented in the industries. Despite being widely used, they are liable to 

frequent false positives caused by fungal contamination and long culture 

times causing a late detection. Therefore, the companies are interested on 

implementing new detection methods for obtaining an early detection of 

this spoilage yeast. 

The current work presents a detection methodology based on impedance 

spectroscopy analysis using interdigitated microelectrode (IDE) based 

sensors for in situ spoilage yeasts detection, focusing on Brettanomyces 

bruxellensis. Spoilage yeasts are tested inside bioreactors to evaluate the 

growth and the sensitivity of the biosensors. In addition, microfluidic 

devices based on IDEs are also developed to provide an ex situ detection of 

Brettanomyces.  

To improve the specificity of the measurements, biofunctionalization 

processes are carried out onto the gold surface of the biosensors and the 



microfluidic devices. Results confirmed the good performance, improving 

the sensitivity and specificity for spoilage yeasts samples. 

These biodevices could be a promising method for monitoring the spoilage 

yeasts growth and biofilm formation, offering an efficient alternative to the 

laborious and expensive traditional methods. 

  



 

 

Resumen 
 

La levadura Brettanomyces es considerada como una de las levaduras 

contaminantes más importantes en la producción de bebidas alcohólicas, 

especialmente del vino y la sidra. Durante la fermentación y el posterior 

almacenamiento de las bebidas, estas levaduras pueden producir fenoles 

volátiles que afectarán a las propiedades organolépticas (aroma y sabor) de 

los productos. Por ello, la presencia de Brettanomyces causa una 

disminución en la calidad de los productos finales y, en consecuencia, una 

gran pérdida económica en las empresas  

Hoy en día, existen varios métodos para la detección de estas levaduras 

contaminantes. Los más empleados por las bodegas y sidrerías son los 

métodos directos, tales como el cultivo de levaduras o las técnicas 

moleculares. Además, también se han implementado métodos indirectos 

como la cromatografía de gases y la espectrometría de masas. Sin embargo, 

a pesar de que estos métodos tradicionales son los más empleados, no están 

exentos de problemas y para su empleo deberían de tenerse en cuenta una 

seria de desventajas como son los falsos positivos por la contaminación de 

muestras y el tiempo prolongado necesario para su cultivo, que pueden 

condicionar una detección tardía. Por lo tanto, las empresas del sector están 

interesadas en implementar nuevos métodos para lograr una detección 

precoz de estas levaduras contaminantes. 

El presente trabajo muestra un método de detección basado en el análisis 

de espectroscopia de impedancia utilizando biosensores con 

microelectrodos interdigitados (IDE) para la detección in situ de levaduras 

de contaminantes, especialmente para Brettanomyces bruxellensis. Se han 

empleado distintas especies de levaduras en el interior de biorreactores, 

donde se ha evaluado el crecimiento de éstas y la sensibilidad de los 



biosensores. Además, también se han desarrollado dispositivos 

microfluídicos basados en IDE para proporcionar una detección ex situ y 

rápida de Brettanomyces. 

Para mejorar la especificidad de las medidas, se han llevado a cabo 

procesos de biofuncionalización sobre la superficie de los biodispositivos. 

Los resultados confirman el buen desempeño de estos biosensores y 

dispositivos microfluídicos, mejorando la sensibilidad para las levaduras 

contaminantes. 

Estos biodispositivos podrían ser un método prometedor para monitorizar 

el crecimiento de las levaduras contaminantes y la formación de 

biopelículas, ofreciendo una alternativa más eficiente en comparación a los 

métodos tradicionales. 
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CHAPTER 1 

Introduction 
 

The production of alcoholic beverages involves many different steps 

throughout elaboration, from must extraction to storing or aging (Lustrato 

et al., 2003). Often, industries conducted their elaboration processes 

empirically, or based on experience and tradition. There are producers that 

have systems where they can monitor some parameters during the 

fermentation. For most producers, they are inaccessible or there is not yet 

a deep knowledge of all the parameters. In this context, usually temperature 

is the only parameter of the deposit that is measured and controlled during 

the elaboration to carry out the fermentation process (Blanco Gomis et al., 

2010; Nerantzis et al., 2007). In general, it is possible to say that it is a 

sector in which technology is not yet standardized, but there is a growing 

interest, or even a need, from companies to improve their elaboration and 

quality control. 

The main important step of alcoholic beverages elaboration consists of 

transforming the sugars found in must into alcohol and carbon dioxide by 

Saccharomyces cerevisiae yeast (primary fermentation) (Bernabéu et al., 

2008; Mills et al., 2008). This yeast is not the only microorganism present 

during the alcoholic beverages elaboration. It is possible to found other 

relevant microorganisms such as lactic bacteria (LAB), responsible for 

carrying out the malolactic (secondary) fermentation. And, there are more 

yeasts and bacteria, whose metabolism also contribute to the final taste and 

aroma of beverages. However, not all the contributions are positive because 
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there are some microorganisms that are considered as spoilage, depending 

on the culture and ethnic reasons (Fleet, 1992). 

In this sense, there is no agreement among industries to determine which 

microorganisms are harmful and which ones are not regarding the quality 

of their products. However, all the companies agree that there is an interest 

in detecting those yeasts and bacteria that they consider as spoilage (Wedral 

et al., 2010). In fact, numerous studies have been developed in relation to 

spoilage microorganisms caused by a growing interest of industries 

(Loureiro, 2000). 

1.1 Alcoholic beverages elaboration 

The most relevant aspects of the alcoholic beverages elaboration are 

explained in this section, focusing on wine and cider production. The 

different steps of the elaboration process are carried out by the 

microorganisms’ metabolisms. The beverage elaboration process (e.g., 

wine and cider) is divided in three main stages. 

Furthermore, along all the elaboration process, there are different 

microorganisms involved in the beverage that affect the organoleptic 

characteristics of the final product. 

1.1.1 Wine and cider elaboration process 

The fermentation of must is a complex biochemical process which involves 

the sequential evolution of different species of microorganisms, including 

yeasts and bacteria (Beech, 1972; Jackson, 2014).  

The elaboration of alcoholic beverages is composed of two fermentations: 

alcoholic and malolactic (Lea, 2015). The development of these two 

processes has a relevant role for the quality and characteristics of the final 

product. Also, post-fermentation stage (e.g., aging, storing) is important, 

where the appearance of spoilage microorganisms is one of the most 

important factors for the quality of the final products. 
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» Alcoholic fermentation 

The principal substrates of the grape and apple musts are sugars (e.g., 

glucose, fructose and sucrose) which are metabolized by microorganisms 

(Boulton et al., 2008). In the production of alcoholic beverages, yeasts are 

responsible of performing the conversion of sugars (principally, glucose) 

into ethanol and carbon dioxide (CO2) in absence of oxygen conditions 

(Holzberg et al., 1967). This anaerobic process is called alcoholic or 

primary fermentation and it is carried out by Saccharomyces cerevisiae 

yeast. Figure 1.1 shows the alcoholic fermentation process in beverages. It 

is divided in two main steps: glycolysis and fermentation process.  

The glycolysis is a biochemical process where the glucose is transformed 

into 2 pyruvates and energy (produced in ATP). It is necessary to have 

enough NAD+ quantity to perform this reaction. The NAD+ formation 

could be achieved by different ways; the principal is by the alcoholic 

fermentation done by yeasts after the glycolisis (Chambers and Pretorius, 

2010). 

 

Figure 1.1: Schema of the alcoholic fermentation process. 
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The alcoholic fermentation consists on converting the 2 pyruvates produced 

in the glycolysis into 2 carbon dioxide molecules and 2 molecules of 

ethanol (alcohol). Firstly, the pyruvate is decarboxylated into an 

acetaldehyde by enzymatic cofactor. In this reaction, a carbon dioxide 

molecule is produced. After this step, the acetaldehyde is reduced into an 

ethanol molecule. This process allows the regeneration of the consumed 

NAD+ in the glycolysis. 

» Malolactic fermentation 

The malolactic fermentation, also known as malolactic conversion, is 

carried out by lactic acid bacteria (LAB). Malolactic (secondary) 

fermentation is done after alcoholic (primary) fermentation. It is usually 

performed shortly after the end of the primary fermentation, but sometimes, 

it can be run concurrently with it. It is a natural process that commonly 

occurs spontaneously if the conditions are appropriate (Liu, 2002).  

 

Figure 1.2: Schema of the malolactic fermentation process. 
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There are thousands of different strains of LABs found in the fermentation 

process. The main species of LABs belong to the genera Oenococcus, 

Lactobacillus, Leuconostoc and Pediococcus. The effect of these bacteria 

depends on the genera, being some of them better than others for the 

organoleptic properties of the beverage. 

Figure 1.2 shows a schema of the malolactic fermentation process. The 

malolactic fermentation results in the decarboxylation of the malic acid to 

lactic acid. The loss of a carboxylic group (-COOH) generates a CO2 

molecule and a reduction of the acidity of the beverages. This process can 

last anywhere from a couple of weeks to months depending on the amount 

of malic acid available on the beverage, the culture and the environment 

conditions (Izquierdo-Cañas et al., 2016; Volschenk et al., 1997). 

» Post-fermentation 

In this stage, two different strategies could be applied depending on the 

alcoholic beverage. In the case of wine, an aging process is carried out in 

barrels or even in bottles, whereas in cider industries, cider is stored before 

bottling. 

Winemakers have different alternatives for aging, depending on the type of 

wine that they want to create. Wineries should select the duration (e.g., 

several months, several years), the material of the container (e.g., stainless 

steel, oak), the barrel’s oak state (new or used barrels), the type of oak (e.g., 

American, French) and the level of ‘toasted’ barrels (i.e., charred by fire) 

(Puckette and Hammack, 2015). Whereas in cider industry, usually, they 

bottled the cider, or in many cases, they stored in kupelas (wood barrels) 

for their consumption in the cider house.  

During the aging or storing period, the appearance of contamination caused 

by unwanted microorganisms is usual. This is one of the most significant 

challenges that industries face to preserve: the quality and the organoleptic 

characteristics of their beverages. 
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1.1.2 Microorganisms 

All the synthesis processes of cellular components such as proteins, lipids 

and polysaccharides, need an energy supply. During beverage elaboration, 

microorganisms obtain energy from the degradation of organic nutrients 

found in the media (Beech, 1972). Grape and apple musts contain the 

necessary nutrients (mainly sugars) for the elaboration of wine and cider, 

respectively. Therefore, all the energy produced in the catabolic process 

(nutrient consumption) is transferred to the anabolic (synthesis) process 

(Freer, 1991).  

Different yeasts and bacteria are found in alcoholic beverages. The 

microorganisms’ diversity and their metabolism result in complex 

ecological interactions that could be beneficial or harmful for the final 

organoleptic characteristics. 

1.1.2.1 Yeats 

Yeasts are eukaryotic, single-celled microorganisms classified in fungus 

kingdom that usually reproduce vegetatively by budding or fission. Most 

of the yeast species involved in fermentation processes belong to the 

phylum of Ascomycota.  

The main characteristics of the yeasts (morphology, reproduction and 

biological cycles, nutrition and growth, and factors that affect to the growth 

and development) are explained below. 

» Morphology 

Yeasts present a great diversity of shapes (e.g., circular, elliptical, bottle 

shaped) and sizes that depend on the specie and environment (Becze, 1955). 

Usually, yeasts are ellipsoidal with sizes ranging from 5 µm to 10 µm 

length and a width between 1 µm  and 7 µm (Wickerham, 1953).  

They are formed by a rigid membrane (allowing to withstand the high 

extracellular osmotic pressure), periplasm and membrane. The cytosol 

contains numerous type of organelles and enzymes (e.g., the ones 
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responsible of the alcoholic fermentation in Saccharomyces cerevisiae 

specie). Figure 1.3 shows the most relevant organelles of a yeast. 

 

Figure 1.3: Structural characteristics of a yeast cell. 

» Reproduction and biological cycle 

Regarding the reproduction, yeasts could have asexual (vegetative) or 

sexual reproductive cycles (Walker and Dundee, 2009). Commonly, they 

reproduce in vegetative mode by budding. In this process, the new 

organism remains attached to the cell as it grows, separating from the parent 

organism only when it is mature. Figure 1.3 represents a bud developing 

from a parent cell.  

However, some yeast genera have sexual reproduction, in which two 

haploid cells of different sex are merged. The resulting cell of the union is 

a zygote, emerging from it four ascosporous by meiotic reproduction. 
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» Nutrition and growth 

Yeasts use organic compounds as energy source, principally, from hexose 

sugars (e.g., glucose, fructose) and disaccharides (e.g., sucrose, maltose) 

(Broach, 2012). They are facultative anaerobic organisms, able to live 

under aerobic or anaerobic environments. In anaerobic conditions, they 

obtain energy (with lower energy yield) from fermentation. For example, 

Saccharomyces cerevisiae yeast performs the alcoholic (primary) 

fermentation without oxygen (Lin et al., 2012). 

» Factors that affect yeast growth and development 

There are many factors that affect the growth and the development of yeasts 

in musts and alcoholic beverages, influencing on the number and diversity 

of species. The most important factors are: composition of the must, 

temperature and the use of additives. 

Firstly, composition of the must is a relevant factor that affects the alcoholic 

fermentation kinetics with a high repercussion on the final quality and 

organoleptic characteristics of the beverage. Sugar concentration, 

nitrogenous substances, vitamins and oxygen levels are the most important 

compounds of the must that affect to the yeasts. In addition to those factors, 

the metabolic products of some yeasts also affect the growth of other 

species (Lorenzo et al., 2017). For example, the metabolic products 

produced by Saccharomyces cerevisiae kill ethanol-sensitive non-

Saccharomyces yeasts as ethanol level increases during the fermentation 

(Toit and Pretorius, 2000). 

Regarding temperature, there is a direct relationship between the yeast 

metabolism and the temperature of the beverage. Each yeast specie has an 

optimal temperature and a range of temperatures in which can survive. 

Therefore, out of these ranges, their metabolism is inhibited. In this field, a 

high variation between different yeast species is found. Usually, they 

exhibit an optimal growth between 20 ºC and 30 ºC, but the upper and lower 

limits are not well defined. There are few species that are able to growth 

from 40 ºC to 45 ºC, and others between 2 ºC and 10 ºC (Betts et al., 1999). 
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In some cases, they can also grow at temperatures less than 0 ºC (Fleet, 

1992). In the case of Saccharomyces cerevisiae, a drop in temperature has 

a direct impact on the fermentation, causing it to stop (Kundiyana et al., 

2010). The temperature not only affects the growth rate and metabolism, it 

also influences other physiological and biochemical properties, such as 

tolerance to ethanol, growth in a high concentration of sugar and salt, and 

resistance to additives (Deak, 2007; Papouskova and Sychrova, 2007).  

Also, there are some industries that employ chemical additives to control 

the spoilage microorganism growth and metabolism in their alcoholic 

beverages. The growth and metabolism kinetics of yeasts are related to the 

additive type and quantity employed (Zuehlke and Edwards, 2013). One of 

the most employed additives in wine is the SO2, inhibiting the metabolism 

of many spoilage yeasts during the post-fermentation stage. 

Finally, the pH is also important because it synergistically interacts with 

other factors that affect the yeasts growth (e.g., sugar and salt 

concentration, temperature and additives effectiveness) (Evans et al., 

2004). Most of the yeasts grow in neutral or acid pH media (pH range: 4.5 

- 7), as found in fermented beverages (e.g., wine: 2.9 - 4.2, and cider: 3.1 - 

4) (Fleet, 1992). Their capacity to develop under low pH, compared to other 

microorganisms, leads to their predominance during the elaboration of 

wine and cider. 

1.1.2.2 Bacteria 

Commonly, bacteria found in the alcoholic beverages are acidophilic. The 

musts and the final products consist of an acidic pH varying from 3 to 4. In 

addition to the pH, they also resist high ethanol levels (between 6 % and 15 

%) and sugar concentrations. Lactic and acetic bacteria are able to develop 

in these conditions (Khalisanni Khalid, 2011). 

Lactic bacteria (LAB) are the most common microorganisms in alcoholic 

beverages elaboration because they are the responsible of carrying out the 

malolactic (secondary) fermentation. There are many microorganisms that 

are included under the name of LAB, with a great morphological and 



10  Chapter 1 

physiological diversity (Osborne and Edwards, 2005). Figure 1.4 shows 

the structural characteristics of a lactic bacteria. Principally, they are Gram-

positive with rod (bacillus) or spherical (coccus) shape and aerotolerant 

anaerobes so they present a fermentative metabolism, producing lactic acid 

from the carbohydrates fermentation (Axelsson and Ahrné, 2000). For the 

correct development, LABs also need other nutritive factors such as 

vitamins and nitrogen bases. 

 

Figure 1.4: Structural characteristics of a lactic bacteria. 

Despite of having an important role in the elaboration of beverages, LAB 

bacteria could also present several negative consequences on the final 

products. They have the ability to alter the beverages’ quality and flavor by 

acetification and the bitterness production (Garai-Ibabe et al., 2008). 

In the same way, acetic acid bacteria (AAB) are ubiquitous microorganisms 

that can growth in sugar and ethanol environments. Comparing with the 

previous microorganisms, these bacteria are less desirable because of its 

metabolisms. They produce acetic acid from the oxidation of ethanol 

through acetaldehyde(Bartowsky and Henschke, 2008). 
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1.2 Spoilage yeasts in beverages 

As explained at the beginning, it is difficult to define which 

microorganisms are considered spoilage in fermented beverages. During 

beverage elaboration, metabolic products of all the yeasts and bacteria 

contribute to the flavors, odors and color of the final product. Therefore, 

depending on the industry or culture this activity can be considered as 

spoilage or beneficial (Fleet, 1992). 

There are three main stages at which spoilage microorganisms can actuate 

on the beverage elaboration and exert an effect on the quality of the final 

product. The first stage is related with the raw material. The 

microorganisms are affected by the variety, the state at harvest and the 

health of fruits (e.g., grapes, apples), as well as by other external factors 

such as temperature, rainfall, the use of insecticides and fungicides, etc. 

(Pretorius et al., 1999).  

The second stage of contamination may occur during the fermentation. A 

selective growth of microorganism is naturally carried out because of the 

environment conditions (i.e., high sugar, acid content and low pH). In this 

step, the sugar levels decrease, increasing the ethanol level, that actuates as 

inhibitor of many microorganisms. Only some yeasts species belonging to 

the genera Brettanomyces, Candida, Hanseniaspora, Kloeckera and Pichia 

can develop under these conditions (Fugelsang, 1997). In addition, some 

bacteria, as LAB or Acetic Acid bacteria (AAB), can also grow (Lafon 

Lafourcade et al., 1983).  

The third stage at which beverages can be contaminated is post-

fermentation. Spoilage may occur during storage (e.g., in oak barrel, 

stainless steel tank) or even in the bottle. Bad cellar sanitation protocols, 

the presence of oxygen or an incorrect dose of antimicrobial agents are 

some of the factors that aid to the increase of spoilage microorganisms in 

beverages. 
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Yeast species Metabolites Effects References 

Brettanomyces 

bruxellensis 

(Dekkera 

bruxellensis) 

4-ethylphenol 

4-ethylguaiacol 

Acetic acid 

Tetrahydropyridine 

Off-flavor 

Aroma 

Taste 

(Aguilar 

Uscanga et al., 

2003; Coulon et 

al., 2010) 

Pichia 

guilliermondii 
4-ethylphenol 

Off-flavor 

Aroma 

Taste 

(Loureiro and 

Malfeito-

Ferreira, 2003) 

Pichia anomala 

Ethyl acetate 

Acetaldehyde 

Esters 

Acetic acid 

Oxidation of 

ethanol 

(Fleet, 2003; 

Loureiro and 

Malfeito-

Ferreira, 2003) 

Debaryomices 

hansenii 
Monoterpenol 

Sensory effect 

(terpenol 

flavors) 

(Yanai and Sato, 

1999) 

Saccharomyces 

cerevisae 

Ethanol 

CO2 

Re-

fermentation of 

wine 

(Boulton et al., 

2008; Fleet, 

1992) 

Saccharomycodes 

ludwigii 
High acetoin level 

Flocculent 

sediment 

(Boulton et al., 

2008) 

Hanseniaspora 

uvarum 

(Kloeckera 

apiculate) 

Acetic acid 

Esters 

Toxins 

Aroma 

modification 

(Fleet, 1992; 

Fugelsang, 

1997) 

Candida spp. 

Volatile acids 

Acetaldehyde 

Esters 

Oxidation of 

ethanol 

(Fleet, 1992; 

Zoecklein et al., 

1999) 

Table 1.1: Some of the most common spoilage yeasts found in alcoholic fermentation. 

Table 1.1 shows the most relevant spoilage yeast species including the 

metabolized compounds and the effects observed in fermented beverages. 

Among all wine and cider spoilage microorganisms shown, Brettanomyces 

is one of the most relevant spoilage yeasts, which transforms phenolic acids 

into undesirable aromatic compounds such as 4-ethylphenol. Consequently, 
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a loss of fruit aromas and a general drying of the beverages is appreciated 

during its tasting. These changes are usually  known as “Brett character” 

(Wedral et al., 2010). This yeast, its metabolism and the effects on 

beverages are explained in detail in the state of the art (Chapter 3). 

1.3 Early detection in industry 

The wine and cider consumer are increasingly sensitive to search good 

quality products. However, the presence of different types of spoilage 

yeasts and bacteria develop unpleasant flavor and aromas. Therefore, 

beverages industries are interested in detecting and controlling spoilage 

microorganisms, especially Brettanomyces yeast. This problem affects 

winemakers from all over the world. 

There are no reliable statistics on the frequency of Brettanomyces 

appearance in wines or ciders because it is very difficult to quantify 

consistently. However, one study analyzed a large number of wine bottles 

on the market concluding that approximately one third of them are affected 

(Chatonnet et al., 1992). This value could not be applied to all the countries, 

beverages, industries and neither to bottles, because it is influenced by 

many external factors as explained before. In addition, in some wineries, 

the “Brett character” is not considered as spoilage. 

Brettanomyces can annihilate all the efforts of the producers, who consider 

them as contaminants, during the harvesting of the grape, the elaboration 

of beverages or the aging of their products. Spoilage should be studied and 

treated in a systematic way since it is known that the sources of 

contamination can be several in time and space. The different detection 

methodologies of Brettanomyces to date are laborious and not very precise, 

and their elimination is very complicated (Joseph et al., 2007). Therefore, 

it is a great opportunity to detect, in real time, the development of this yeast 

to prevent any sensorial defect of the wine and cider, increasing the product 

quality and also, ensuring their market value. 
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1.4 Trends in research 

Nowadays, spoilage yeast is an important topic in different research areas, 

especially in wine and cider industries. Table 1.2 shows the 14 most 

popular research areas for spoilage yeast since 1995 to 2017. As it is 

expected, the food science technology is the most popular area for this 

topic, followed by other areas such as microbiology, biotechnology, 

nutrition, toxicology, etc. In food industry, the efforts are directed towards 

the study of the fundamentals, methods, performance or developments of 

new applied methods. 

Research Areas Papers % of 2248 

Food Science Technology 2016 89.680 % 

Microbiology 1248 55.516 % 

Biotechnology Applied Microbiology 1153 51.290 % 

Nutrition Dietetics 1034 45.996 % 

Toxicology 991 44.084 % 

Biochemistry Molecular Biology 943 41.948 % 

Agriculture 861 38.301 % 

Mycology 748 33.274 % 

Plant Sciences 600 26.690 % 

Science Technology Other Topics 557 24.778 % 

Chemistry 548 24.377 % 

Environmental Sciences Ecology 481 21.397 % 

Pharmacology Pharmacy 449 19.973 % 

Infectious Diseases 434 19.306 % 

Table 1.2: Most popular research areas for spoilage yeast from 1995 to 2017. Source: ISI Web of 

Science 
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Figure 1.5: Number of publications in SCI Journals about (a) spoilage yeast and (b) Brettanomyces 

and their detection and control methods. 

The development of an early detection and treatment of spoilage yeasts not 

only will increase product quality; it will also ensure their market value. 

This is well supported by the research community and reflected in the 

growing academic interest in spoilage yeasts. Figure 1.5-a and Figure 1.5-

b compare the number of publications in SCI Journals for spoilage yeasts 

and Brettanomyces in different research areas such as detection and control. 

In the last years there has been a high tendency of studying different 

spoilage yeast (including Brettanomyces) in beverages to improve the 
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quality of their products. Due to the difficulty to detect this problem, the 

academic community has increased its focus on controlling the presence of 

spoilage yeasts rather than finding novel ways to detect it. 

Nowadays, despite the existence of direct and indirect methods, an early 

and rapid detection technique is not yet implemented in beverage 

industries. The development of novel detection platforms such as 

biosensors and microfluidic devices would accomplish the industrial 

demand (e.g., rapid response, high sensitivity and specificity, easy to 

integrate, cost-efficient and affordable). However, more research is needed 

because only the 0.67 % of the investigations are related to biosensors 

(Figure 1.6). 

 

Figure 1.6: Most popular detection techniques for Brettanomyces based on the number of 

publications in SCI Journals. 
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CHAPTER 2 

Objectives 
 

This chapter presents the principal objective of this work which is broken 

down in secondary objectives. These points are also used to mark the 

different stages of the research. Moreover, the action framework and the 

financing of different research projects are described.  

2.1 Objectives of the research project 

The main objective of the Ph.D. thesis project is the development spoilage 

yeasts detection biodevices by means of impedance spectroscopy 

analysis for alcoholic beverage industry. 

A series of steps or tasks are programmed for the development of this work 

based on the principal objective and experience in this field with previous 

projects in the Biodevices and MEMs group at Ceit-ik4. 

» Analysis of the most suitable biosensors’ design and measurement 

technique for the real time detection and growth monitoring of 

Brettanomyces spoilage yeast. 

» Study of different molecules’ affinity for their use as bioreceptor for 

B. bruxellensis and their biofunctionalization protocols and 

methods for improving the selectivity of the measurements. 
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» Characterization of the biofunctionalization process, including the 

union of the molecules to the biosensors, and previous reactions. 

» Validation of the biofunctionalized biosensors performance during 

B. bruxellensis growth inside bioreactor mimicking the real 

conditions. 

» Validation of biosensors’ specificity and sensitivity for B. 

bruxellensis detection using other yeasts species commonly found 

in wine and cider samples. 

» Analysis of other detection techniques for B. bruxellensis spoilage 

yeasts based on microfluidic devices and its biofunctionalization. 

» Study of the influence of temperature and pH variation during 

impedance monitoring and the validation of a correction equation 

for these effects. 

» Analysis of the alcoholic (primary) fermentation process 

monitoring methods and validation of an experimental setup using 

impedance spectroscopy based interdigitated microelectrodes (IDE) 

sensors. 

The set of these different partial objectives compose the necessary structure 

to reach the objective of the development of a biosensor based on 

impedance for B. bruxellensis detection. 

2.2 Action framework and financing 

This work has been framed in the context of 2 research projects: 

» VISIBRETT: this research project was financed by the Basque 

Government (Hazitek). The main objective was to develop an 

online analysis system for Brettanomyces yeasts in the alcoholic 

beverage elaboration process applied to wine and cider industries. 

For this proposal, a work team of different agents was formed: 

industries of the wine and cider sector, research centers and 
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companies. The tasks developed throughout the project phase were 

focused on the design, manufacture, biofunctionalization and 

implementation of an impedance monitoring system based on 

biosensors for the detection of Brettanomyces yeast. The 

experiments were carried out in laboratory and beverage industries. 

» FERMENTACIONES SIDRA: this research project was financed 

by Zapiain S.L. cider-house. This project was developed in the 

industry to measure the alcoholic fermentation (from apple juice to 

cider) during their elaboration process. The measurements were 

also based on impedance spectroscopy analysis. The principal tasks 

done during this project were focused on the design and fabrication 

of sensors, and the integration of an impedance and temperature 

monitoring system. 

It is necessary to point out that once the projects are completed, the 

continuity of this research line is financed by the Biodevices and MEMS 

group at Ceit-ik4. In addition, the development of this Ph.D. thesis is 

subsidized by the Basque Government pre-doctoral grant. 



 

 

 

 

CHAPTER 3 

State of the art 
 

The third chapter is a description of the most relevant aspects related to this 

research project. Also, a review of the current situation for the control and 

the detection of spoilage yeasts is done. In this analysis, the commercial 

and developing methods are explained. 

Firstly, the contamination of alcoholic beverages by spoilage yeasts, 

focusing on Brettanomyces specie is described. It is considered as the most 

damaging yeast due to its metabolism and its difficulty to be detected and 

eliminated.  

Next, the preventive and control methods for beverages will be introduced. 

The prevention of the spoilage yeasts is one of the most important 

challenges for industries to maintain the quality of their products. 

Thirdly, a bibliographic study of the current detection methods used in 

industries and their performance are studied. The advantages and 

disadvantages of these techniques are exhaustively analyzed for the 

implantation in large industries of the wine and cider. Current detection 

methods have few drawbacks that make not possible to be introduced in 

production stage. So, this makes interesting to research in the integration of 

new detection systems. 
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Finally, a novel or experimental detection methods are explained, focusing 

on biosensors and microfluidic devices for Brettanomyces and other 

spoilage microorganisms monitoring. 

3.1 Brettanomyces in alcoholic beverages   

Microorganisms are found naturally in wine yards, apple trees, and other 

harvesting fields. Even after thorough cleaning process of the raw material, 

microorganisms are still present and can be transferred to the must 

(Hernández and Barbero, 2007). These microbes will help to determine the 

fermentation process providing the unique footprint, the distinctive 

character of the beverage (Steensels et al., 2015). However, within this 

microbiota, there are harmful microorganisms that can eventually ruin fine 

beverages. Among all spoilage microorganisms found in wine and cider 

production, yeasts of the genus Brettanomyces or its teleomorph Dekkera, 

are probably the most relevant microorganisms in the quality of final 

beverages. More specifically Brettanomyces bruxellensis and 

Brettanomyces anomala are reported as the most predominant spoilage 

yeast (Cai et al., 1996; Hogg et al., 2005; Loureiro and Malfeito-Ferreira, 

2003).  

The presence and development of these kinds of yeasts cause the “Brett 

character,” a change of the organoleptic properties which occurs mostly in 

the red wines, but also, in other alcoholic drinks such as cider. 

Brettanomyces metabolism produces an undesirable variety of aromas and 

flavors defined by experts as cheesy, leathery, barnyard-like and smoky 

tastes, damaging all the desirable fruity and flowery aromas of great wine 

(Suárez et al., 2007; Wedral et al., 2010). The activity of Brettanomyces is 

related to the production of volatile phenols, acetic acid, and 

tetrahydropyridines, among others. This activity will render a loss of 

quality in the final product causing substantial economic loss to the 

producers. The uncontrollable natural environment of the raw products plus 

the unknown activation mechanisms of these spoilage microorganisms 

make this situation very challenging (Zuehlke et al., 2013). 
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3.1.1 Where is Brettanomyces found? 

Brettanomyces is a spoilage yeast reported in fermented products ranging 

from cheeses and fermented milk to various alcoholic beverages (e.g., wine, 

beer, cider, and tequila). It is also detected in lower quantities in other 

sources like bees, fruit-flies, olives and carbonated drinks (Barata et al., 

2008; Loureiro and Malfeito-Ferreira, 2003). Some publications have 

investigated the presence of Brettanomyces on grapes at harvest sites, but 

the detection frequency is very low (comprising of 0-3 % of the total yeast 

population present in the grapes) (Renouf et al., 2007).  

Brettanomyces propagates when beverage come into contact with 

contaminated areas. Examples of areas, that typically provide suitable 

niches for Brettanomyces, include must lines, dirty crush equipment, 

wooden cooperage, or any tank or transfer line which is cleaned 

ineffectively (Oelofse et al., 2008). The contamination of Brettanomyces 

does not come from a single cause, a phenomena set should be occurred. 

The early steps in the winemaking process create opportunities for spoilage 

yeast contamination.   First, the use of maceration practices and pectolytic 

or other enzyme preparations containing cinnamoyl esterase activity, can 

lead to increased levels of hydroxycinnamic acids. These acids are the 

precursors of the phenolic off-flavor synthetized by Brettanomyces (Freer, 

2002; Hogg et al., 2005). In the following steps, proper management of 

alcoholic and malolactic fermentation is critical. These are some of the 

most relevant factors that allow the development of Brettanomyces: stuck 

or sluggish fermentations, pHs above 3.6, high temperatures, 

microoxygenation techniques and insufficient sulfite treatments during 

aging. Particular attention should be paid to the aging stage because it is 

quite usual the appearance of spoilage yeasts. 

Barrels are the preferable ecological niche for Brettanomyces, where 

microporous allows the microoxygenation, facilitating the growth and 

metabolic activity of spoilage yeasts (Aguilar Uscanga et al., 2003; del 

Alamo-Sanza and Nevares, 2017). Figure 3.1-a shows a photograph of a 

wooden barrel’s inner surface and its cross section of an oak barrel.  Figure 
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3.1-b presents a Scanning Electron Microscopy (SEM) image of a piece of 

wood from a wine barrel, where Brettanomyces yeasts were grown in 

laboratory conditions. Spoilage yeasts growth between wood fibers, staying 

alive over time by generating biofilm structures. The biofilm is composed 

of microbial communities of surface-attached cells embedded in a self-

produced extracellular polymeric matrix. Moreover, the presence of this 

spoilage yeast has been detected in depths up to 8 mm in the wood barrel 

staves, corresponding to the maximum level of wine penetration (Barata et 

al., 2013). So, as a critical point in microbiological control, special attention 

should be taken during barrel cleaning and disinfection. 

 

Figure 3.1: (a) Microphotographs of the wood’s surface of a used wine barrel (inner surface and 

cross section) and (b) SEM of control and infected with Brettanomyces pieces of wood from a 

wine barrel. 
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3.1.2 Growth conditions 

During winemaking process, Brettanomyces has tough competitors in the 

fresh must such as numerous rapidly fermenting yeasts species and strains. 

Saccharomyces cerevisiae is the responsible for the alcoholic fermentation 

process and therefore, Brettanomyces has little chance to prevail. As the 

fermentation process terminates, the conditions shift towards favoring 

Brettanomyces over other microorganisms. The high ethanol levels and low 

sugar, pH, and oxygenation levels cause other yeast cells, such as 

Saccharomyces cerevisiae, to undergo autolysis. However, Brettanomyces 

has exceptional resistance to alcoholic conditions within a minimal nutrient 

environment and slow growth characteristics (Renouf et al., 2006). Also, 

when the wine is stored for aging in wooden barrels, the porous 

microstructure of the oak barrels allows the entrance of oxygen which 

promotes the growth of Brettanomyces (du Toit et al., 2006).  

The diversity of carbon sources that Brettanomyces can metabolize gives it 

the advantage to develop more easily than other yeasts during the latter 

stages of the fermentation process. Figure 3.2 shows the different carbon 

sources and the percentage of Brettanomyces strains that could metabolize 

them; and then, the most important metabolized products with a high effect 

in beverages. For instance, they can grow using low amounts of trehalose 

and cellobiose, sugar present in wine and cider, and not consumed by other 

yeast such as Saccharomyces cerevisiae. Also, Brettanomyces can grow in 

conditions with ethanol as the sole carbon source. In some cases, yeast’s 

autolysis after the alcoholic fermentation could be another nutrient source 

for their growth (Guilloux-Benatier et al., 2001; Oelofse et al., 2008). 

Moreover, Brettanomyces can use nitrates as a nitrogen source, giving it 

yet another advantage over its competitors (Conterno et al., 2006).  

The biofilm formation increases Brettanomyces resistance to chemical and 

physical treatments. However, compared to other spoilage and biofilm 

forming microorganisms, there are few published studies about 

Brettanomyces biofilms. Some authors have demonstrated the ability of 

Brettanomyces to form biofilms in wine and synthetic media with different 
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sugar concentrations (Joseph et al., 2007; Tristezza et al., 2010). So, it is 

important for detection platforms to sense biofilm growth.  

 

Figure 3.2: Carbon sources accessible by Brettanomyces and most important metabolic products 

(Freer, 2002). 

3.1.3 Effect of the Brettanomyces’ metabolism  

The Figure 3.2 shows the most relevant metabolic products generated by 

Brettanomyces during the alcoholic beverage fermentation process. Among 

all the metabolic products, the volatile phenols are the ones that mostly 

affect the quality of the wine and cider. The production of these compounds 

is carried out by the activity of two enzymes (hydroxycinnamate 

decarboxylase and vinylphenol reductase) which decarboxylate 

hydroxycinnamic acids into hydroxystyrenes, and then are reduced to ethyl 

derivatives. As shown in the Figure 3.3, Brettanomyces is able to use p-
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coumaric and ferulic acids found in the must, converting them into 4-

ethylphenol and 4-ethylguaiacol, respectively (Steensels et al., 2015; 

Suárez et al., 2007).  

 

Figure 3.3: Formation of 4-ethylphenol and 4-ethylguaiacol from their hydroxycinnamic acids. 

A high concentration of 4-ethylphenol in wine and cider is associated with 

undesirable odor usually described as leather, cheesy, horse sweat, etc. 

Some yeasts species can generate this effect: Brettanomyces bruxellensis, 

Brettanomyces anomala, Pichia guilliermondii, Candida versatilis, 

Candida halophile and Candida mannitofaciens (Blackburn, 2006). But, 

Brettanomyces is the only one capable of producing a high concentration 

of 4-ethylphenol and 4-ethylguaiacol under wine and cider conditions (i.e., 

low pH, high level of ethanol and low oxygenation level).  It is reported 

that 80% of Brettanomyces can produce these phenols and only the 50% in 

high levels (Conterno et al., 2006). The ratio between the 4-ethylphenol and 

4-ethylguaicol varies in each wine. Some studies reported variations 

between 3:1 to 40:1, without any convincing reason for these differences 

(Šućur et al., 2016). In addition, there are some studies showing different 
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phenol production depending on the Brettanomyces bruxellensis strain (Di 

Toro et al., 2015). 

 

Figure 3.4: Formation of isovaleric acid, 2-methylbutyric acid and isobutyric acid. 

Apart from volatile phenols, Brettanomyces is also able to produce other 

metabolic products with severe repercussions to the organoleptic properties 

of beverages (Figure 3.2). It can metabolize several volatile fatty acids, 

including acetic acid, isovaleric acid, 2-methylbutyric and isobutyric as 

shown in Figure 3.4 (Fugelsang, 1997; Harwood and Canale-Parola, 1981). 

These products are described as rancid or cheesy. The volatile fatty acids 

are considered as one of the leading contributors (together with the phenolic 

compounds) to undesirable flavor or aroma in wines and ciders barrels 

(Romano et al., 2009). 

Also, Brettanomyces is able to produce tetrahydropyridines compounds 

causing the mousy off-flavor in beverages such as 2-

acetyltetrahydropyridine (ATHP) and 2-ethyltetrahydropyridine (ETHP) 

(Craig and Heresztyn, 1984; Grbin and Henschke, 2000) as shown in 

Figure 3.5. The amino acid L-Lysine, ethanol and oxygen are essential for 

the formation of these molecules (Oelofse et al., 2008). 
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Figure 3.5: Tetrahydropyridines compounds produces by Brettanomyces yeasts. 

Moreover, Brettanomyces can change the color of the wine (Mansfield et 

al., 2002). Anthocyanin pigments, such as vitisins, pyrano-anthocyanin-

flavanols and vinylphenolic adducts, are largely responsible for the color 

of wine. 

  

Figure 3.6: Formation of vinylphenolic pyrano-anthocyanins during fermentation with yeasts. 
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Figure 3.6 shows how vinylphenols (4-vinylphenol and 4-vinylguaiacol), 

formed by different yeasts during the fermentation, combine with 

anthocyanins (malvidin-3-O-glucoside) found in grapes to generate 

vinylphenolic-pyrano-anthocyanins (malvidin-3-O-glucoside-4-

vinylphenol and malvidin-3-O-glucoside-4-vinylphenol) (Morata et al., 

2007). However, Brettanomyces can convert these vinylphenols to ethyl 

derivatives, altering the resultant color (Oelofse et al., 2008). 

3.2 Preventive and control methods 

As shown in the introduction, the preventive and control methods of 

beverages are the most studied topic related to the spoilage yeasts.  This is 

mainly due to two reasons: firstly, the lack of knowledge about the 

mechanisms of development and contamination of Brettanomyces yeast; 

and secondly, the low efficiency of the standard detection methods. 

Therefore, in the last years, industries have focused their efforts on the 

improvement and development of new methods for cleaning, disinfecting 

and preventing the contamination. 

3.2.1 Preventive methods 

The application of sanitation protocols is essential for reducing and 

preventing the spoilage microorganisms appearance in industrial 

processing (Fugelsang and Edwards, 2007). Good manufacturing practices 

and standard operating procedures consist on washing and sanitizing tanks, 

lines, pumps, and equipment between each production (Loureiro and 

Malfeito-Ferreira, 2003). These practices are also critical to reduce the 

formation of biofilms of spoilage yeasts inside the barrels and tanks. In the 

case of barrels, this is a difficult process because the microporous structure 

of the wood allows the penetration of the microorganisms making the 

cleaning and disinfection process very difficult. For a good maintenance of 

the wood barrels, it is necessary to carried out three steps: Rinse, cleaning 

and disinfection 
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» Rinse 

In this step, macroscopic spots that are poorly adhered to the surface of the 

wood are removed. For this purpose, rinsing tubes are employed at low or 

medium pressure (2 - 15 bars) with a flow rate between 10 L·min-1 and 35 

L·min-1 (Palacios et al., 2012). 

» Cleaning 

During the cleaning process, the adhered spots and germs are removed from 

the surface by using mechanical and chemical action of the detergents. Hot 

water (65 - 85 ºC), to accelerate and increase the efficacy of the cleaning 

process, and cleaning products at high pressure (100 - 120 bars) are 

employed as shown in Figure 3.7.  

 

Figure 3.7: Cleaning process schema by using hot water and cleaning products. 

Usually, it is also required the use of multidirectional rotatory heads and 

spray tubes for covering the whole surface of the barrel and minimizing the 

water consumption. Nowadays, many cleaning processes have been 

proposed, but in most of the cases, it is still not possible to penetrate more 

than 0,5 mm or 1,5 mm inside the wood (Palacios et al., 2012). A special 
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attention should be taken with the pressure because the risk of destroying 

de barrel is increased. Chemicals are also employed to improve the cleaning 

process of the micropores of the staves such as strong alkaline (e.g., sodium 

hydroxide), moderate alkaline (e.g., sodium carbonate), surfactants and 

chelating agents. It is important to avoid the deep penetration of this 

detergents into the wood since it would be impossible to eliminate them by 

the later rinsing process. 

» Disinfection 

The elimination of spoilage microorganisms could be done by chemical and 

physical actions. Different chemicals are usually employed in industries 

such as acidifying agents (e.g., sulfur dioxide), oxidizing agents (low use 

due to the alteration of the wood composition), peroxides (e.g., hydrogen 

peroxide, peroxide salts) (Chatonnet et al., 1990).  

Regarding physical methods, thermal methods, using hot water (80 ºC - 90 

ºC) or hot water vapor (105 ºC), are the most commonly employed. 

Nowadays, new methods have been developed to eliminate 

microorganisms from the inside of the micropores with a very promising 

results such as the use of ozone (Bar-Am et al., 2012). 

Ozone (O3) is a gas produced by an interaction between oxygen (O2) and a 

high-voltage electric field. Generally, it is generated by irradiation of an air 

stream with ultra-violet (UV) light (wavelength of 185 nm). Ozone is an 

unstable gas that easily reacts with organic substances. The antimicrobial 

effect of the ozone is caused by the oxidation reaction. Therefore, it 

interacts with different components of the cells such as the membrane, 

enzymes nucleic acids, lipids, etc. Once released all its oxidizing potential, 

the ozone returns to its initial state of oxygen. Thus, it does not leave any 

chemical residual (Kim et al., 2003). In food industry, it is usually 

employed for sanitation processes. 

Before 1997, ozone was only allowed for sanitation and purification of 

bottled drinking water in the U.S. In 1997, the Electric Power Research 

Institute (EPRI) declared ozone to be Generally Recognized As Safe 
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(GRAS) for use in food processing (Hampson, 2000). Since then, wine 

industries introduced the use of ozone for barrel and tank cleaning and 

sanitation processes. It is usually employed with water. Figure 3.8 shows 

the working principle of the ozone sanitation method in wood barrels. 

Its effectiveness has been proved with different yeasts, bacteria and viruses 

(Khadre et al., 2001). In addition, it also attacks biofilm structures, 

degrading as much as others employed polysaccharides. In wine industry, 

Hampson (2000) observed a decrease on the surface flora of 103 CFU 

(Colony Forming Units) for barrel and tank sanitation using ozone. 

 

Figure 3.8: Schematic installation of the ozone sanitation technique applied to a barrel. 

The most relevant drawback of the use of ozone for sanitation is the toxicity 

of the gas for human under being overexposed. Also, the high oxidative 

capacity makes difficult to handle it without deteriorating any equipment. 

Finally, ozone could not be stored, it must be electrically generated on-

demand (Guillen et al., 2010). Thus, special installation and trained 

personnel should be employed. 
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3.2.2 Control methods 

Despite of applying sanitation protocols, industries must also balance the 

use of antimicrobial technologies with maintaining the beverages quality 

and organoleptic characteristics. However, any change on the beverages 

would have a drastically impact on quality, style and sensory attributes. 

The appearance of spoilage yeasts, especially Brettanomyces, is a persistent 

problem for alcoholic beverage industries. Nowadays there is not a 

standard, fast and accurate detection method in wine and cider production. 

So many industries have focused their efforts on improving antimicrobial 

technologies. Several methods could be found: filtration, use of additives, 

employment of physical methods, variation of the physicochemical 

variables of the wine and the precursors, protein clarification and recently 

discovered biological and genetic engineering techniques. Often, 

winemakers must balance the implementation of control methods against 

maintaining their beverage quality and style.  

3.2.2.1 Filtration 

Filtration is usually employed to stabilize the commercial wines (reducing 

browning and removing colloids to minimize haziness) and physical 

retention of microorganisms from final beverages as shown in Figure 3.9. 

If wines are not filtered before bottling, there is a high probability to 

develop spoilage microorganism and to alter the flavor and aroma of final 

products. Thus, the selection of the membranes is a really important task 

for throughput, economy, and effectiveness at removing microorganisms 

(Zuehlke et al., 2013). 

Depending on the size of the pores, the sieving action is classified in 

microfiltration, ultrafiltration, reverse osmosis and dialysis (Jackson, 

2014). Microfiltration is employed principally to remove fine particles and 

microorganisms, and ultrafiltration is used to remove macromolecules and 

colloidal material. Microfiltration and ultrafiltration are differentiated on 

their pore size, varying from 0.1 µm to 1 µm and 0.2 µm to 0.005 µm in 

diameter, respectively. Whereas, reverse osmosis and dialysis are 
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employed to remove or concentrate low-molecular-weight molecules or 

ions. 

 

Figure 3.9: Schematic detail of the filtration method applied to Brettanomyces. 

This technique has some important drawbacks. Firstly, the employment of 

filter membranes with a pore size of 0.45 µm or less generates a loss of the 

color and aroma of the wine because of the deterioration of the colloidal 

structures and the reduction of the intensity of its color (Suárez et al., 2007). 

Secondly, dormant, elongated forms or even inhibited/treated with SO2 

(reducing their size) spoilage yeasts may be able to pass through a 0.45 µm 

filter. And finally, the use of this method can lead to the generation of 

blockages, being necessary the maintenance and replacement of the 

membranes (Šućur et al., 2016). 

3.2.2.2 Additives 

Additives are commonly employed in many beverage industries. These 

chemicals could be implemented in different stages of the fabrication 

process (e.g., pre-fermentation, post-fermentation, finished wine, during 

bottling). In this section, the most important additives are explained: 
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» Sulfites (SO2) 

SO2 is the most used additive in food and wine as an antioxidant and 

antimicrobial agent (Ough and Were, 2005), specially employed before 

and/or after the fermentation to inhibit the growth of Brettanomyces in 

beverages. The sulfur dioxide is a gas that is able to dissolve in water. Once 

the sulfur dioxide is dissolved in the beverage, it reacts with the water to 

form sulfites. In a solution with H2O (water), SO2 is called molecular sulfur 

dioxide (mSO2), HSO3
− is called bisulfite and 𝑆𝑂3

= is called sulfite. This 

reaction is shown in the Equation 3.1 

𝐻2𝑂 + 𝑆𝑂2  ↔  𝐻+ + 𝐻𝑆𝑂3
− ↔ 2𝐻+ +  𝑆𝑂3

=                  (3.1) 

The sulfur dioxide is able to enter inside the microorganisms disrupting the 

activity of the enzymes and proteins of the cell. The molecular form of the 

SO2 (mSO2) is believed to be the most killer compound in the yeasts and 

microorganisms control, since only the molecular form can enter through 

the cell membrane (Fugelsang and Edwards, 2007). The concentration of 

molecular sulfur dioxide will control the spoilage microorganisms and 

yeasts growth. The effect of the SO2 is related to the pH of the beverages 

(i.e. 30 mg·L-1 of free SO2 releases 0.4 mg·L-1 of molecular SO2 at pH 3.7, 

and 0.8 mg·L-1 at pH 3.4.) (Suárez et al., 2007). 

Brettanomyces spoilage yeast present a low resistance to SO2. Usually, 

concentrations of 0.2 mg·L-1 to 0.5 mg·L-1 of mSO2 inhibits its growth in 

wine barrels (Barata et al., 2008). However, this additive is not allowed to 

be used in all the countries, and in those that is legal, they have limits (Vally 

and Misso, 2012). For example, in the United States, the maximum legal 

limit of total SO2 in wine is 350 mg·L-1 (Code of Federal Regulations). 

» Dimethyl Dicarbonate (DMDC) 

Dimethyl Dicarbonate (DMDC) additive is usually added to fruit juice, 

must, and wine to inactivate spoilage microorganisms such as 

Brettanomyces (Delfini et al., 2002). Despite of being legal to add to grape 

must, DMDC is more commonly employed in finished wine, before being 
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bottled (Renouf et al., 2008). The antimicrobial activity of the DMDC, acts 

inhibiting the function of some glycolytic enzymes (e.g., alcohol-

dehydrogenase and glyceraldehyde-3-phosphate-dehydrogenase) in the 

glycolysis. The reactions of the chemical are provided by the following 

equations (Equation 3.2 - 3.5): 

𝐷𝑀𝐷𝐶 + 𝐻2𝑂 → 2𝐶𝐻3𝑂𝐻 + 2𝐶𝐻𝑂2                                 (3.2) 

𝐷𝑀𝐷𝐶 + 𝐸𝑡𝑎𝑛𝑜𝑙 → 𝐸𝑡ℎ𝑦𝑙 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒                               (3.3) 

𝐷𝑀𝐷𝐶 + 𝑁𝐻3 → 𝑀𝑒𝑡ℎ𝑦𝑙 𝑐𝑎𝑟𝑏𝑎𝑚𝑎𝑡𝑒                                (3.4) 

𝐷𝑀𝐷𝐶 + 𝐴𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑 → 𝐷𝑒𝑟𝑖𝑣𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑚𝑒𝑡ℎ𝑦𝑙          (3.5) 

The application of DMDC is useful when beverages needs to be sterilized 

but there is not possibility to apply other methods such as filtering, 

pasteurization or sulfites. Recent studies demonstrated that populations of 

Brettanomyces bruxellensis exceeding 104 cfu·mL-1 were eliminated from 

wine treated with 200 mg·L-1 of DMDC. In addition, population of less than 

500 cells·mL-1 were removed using only 100 mg·L-1 (Costa et al., 2008). 

The EU Scientific Committee on Food, the FDA in the United States and 

the JECFA of the World Health Organization (WHO) have confirmed the 

safe use in beverages. The FDA approved the use of DMDC in wines in 

1988, allowing the use of 200 mg·L-1 if the concentration of spoilage yeasts 

were higher than 500 cells·mL-1 (Center for Food Safety and Applied 

Nutrition, 2014).  

» Chitosan 

Chitosan is a cationic polysaccharide produced by the deacetylation of 

chitin, being highly basic and soluble in weak organic acid solution. In 

recent years, chitosan has been applied in wine and cider production due to 

its antimicrobial activity against bacteria and yeasts (Gülgör et al., 2015; 

Lea, 2015). It is an emerging method for microorganism prevention and 

elimination, usually applied in finished wines. Also, it has been employed 

to different sectors such as food and medical. 

https://en.wikipedia.org/wiki/Scientific_Committee_on_Food
https://en.wikipedia.org/wiki/Food_and_Drug_Administration_(United_States)
https://en.wikipedia.org/wiki/The_Joint_FAO/WHO_Expert_Committee_Report_on_Food_Additives
https://en.wikipedia.org/wiki/Food_and_Drug_Administration
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The antimicrobial effect is related to an interaction between the additive 

and the membranes of the microorganisms. This interaction causes the 

membrane leakage by the positive charges of the chitosan that interferes 

with the negatively charged residues of macromolecules on the cell surface 

(Aider, 2010) as shown in Figure 3.10  

 

Figure 3.10: Schema of the chitosan working principle. 

This additive presents some important advantages. Firstly, the chitosan 

presents a good inhibition of Brettanomyces growth and prevents the 

conditions that favor the formation of ethylphenols without affecting to S. 

cerevisae growth and its activity (Gómez-Rivas et al., 2004). Secondly, it 

is a natural antimicrobial additive that is recognized as safe by the FDA 

(Aider, 2010). Finally, it is short time biodegradable, biocompatible with 

human tissues and non-toxic. 

» Acids 

Acids have been widely employed for spoilage yeasts and bacteria 

elimination in different steps of the elaboration. Focusing on 

Brettanomyces inhibition and elimination, several acids have been 

employed over the years such as sorbic, benzoic, fumaric, ascorbic and 

erythorbic. Most of them are not authorized to be employed in wine by the 

US FDA, and those who are allowed, their use is really moderate in the 

industry (Bell et al., 1959). Therefore, some of them are still experimental 

solutions. 
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» Activated carbons 

Activated carbon is a good solution for removing small volatile phenols 

produced by Brettanomyces (Lisanti et al., 2008). Compared to previous 

solutions, this method does not inhibit or eliminate the spoilage yeasts. 

Activated carbon is a fining agent widely used in wineries, especially in 

grape must and white wine, as decolorizing and deodorant. The surface area 

of the activated carbons has a high number of pores with different 

dimensions. The efficiency of the activated carbons depend on the 

physicochemical characteristics: pore structure, magnitude, distribution 

and surface area (Karanfil, 2006). 

Nevertheless, more studies should be made before being a standard and 

employed method on beverage industries (e.g., to know the absorption 

efficiency). In addition, it is yet not well known the negative impact that 

could have on the wine phenolic and aroma compounds (Filipe-Ribeiro et 

al., 2017). 

3.2.2.3 Physical techniques 

Many industries have decided to change the traditional methods of filtering 

or additives by novel/experimental physical techniques. In most of the 

cases, these methods of control are not stabilized as a default. All of them 

are in an emerging or moderate use inside beverage industries (principally 

in wineries). The different physical techniques have been proposed are: 

Pulse Electric Field (PEF), Low Electric Current (LEC), High Hydrostatic 

Pressure (HHP), ultrasounds and ultraviolet radiation (UV). 

» Pulse Electric Field (PEF) 

The pulse electric field is an emerging physical technique for 

microorganism inhibition and/or sterilization applying (or without) 

temperature (Santos et al., 2012). This makes this technique a promising 

alternative to conventional thermal preservation process. Its antimicrobial 

activity has been tested for different fruits juice and beverages such as 

melon and watermelon juices (Mosqueda-Melgar et al., 2008), apple cider 
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(Mosqueda-Melgar et al., 2008) and grape juice (Marsellés-Fontanet et al., 

2009). For wine, it has been applied at different steps of the production 

process, generally after finishing the fermentation (Puértolas et al., 2009). 

Usually, the beverage is place between 2 electrodes and exposed to an 

electrical field of high voltage, ranging from 26 kV·cm-1 to 35 kV·cm-1, 

and very short pulses (1 µs to 4 µs).  

 

Figure 3.11: Schematic example of the application of PEF (a) before and (b) after applying the 

electric pulse. 

The application of pulse electric field for microbial inactivation in 

beverages has been tested by a high number of studies for different 

microorganisms and yeasts. The cells inactivation is caused by the change 

on the permeability of the membranes (Figure 3.11). The increase of the 

cytoplasmic and nuclear membranes permeability leads to cell lysis 

(Puértolas et al., 2010). For Brettanomyces bruxellensis, this technique has 

reached values of 99.99% of effectiveness in grape must and wine 

(Puértolas et al., 2009). Despite of being a fast treatment method without 

using high temperature, it presents some drawbacks: the cost of 

implementation is high, and not all the enzymes are inactivated, and even 

some cells are able to survive (Zuehlke and Edwards, 2013). 

» Low Electric Current (LEC) 

This technique employs a low-power and constant electric charge to 

prevent spoilage microorganisms and yeasts from the beverages 

(Palaniappan et al., 1990). For that purpose, a constant current, less than 
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200 mA, is applied to beverages during several days or even months 

(Lustrato et al., 2006). The application of this current generates an 

inactivation of the cells caused by the reduction of the lipid membrane 

integrity and the metabolic activity. There is a direct relationship between 

this phenomenon and the amount of current that is used (Lustrato et al., 

2003). 

This method could be applied at different steps of the beverages production 

such as alcoholic fermentation and/or to finished bulk wine to prevent and 

eliminate microorganisms. Studies concluded that applying 200 mA over 

60-days interval, the concentration of Brettanomyces was reduced in 106 

CFU (Lustrato et al., 2010). 

The main drawback of this technique is the repercussion on the sensory 

quality of the wine. Nakanishi et al. (1998) showed an appearance of 

several compounds such as acetaldehyde and acetic acid produced from 

ethanol by the electrode reaction in wine. In addition, the employment of 

this technique requires the integration of new high cost equipment and 

trained staff for use it.  

» High Hydrostatic Pressure (HHP) 

The High Hydrostatic Pressure (HHP) is a non-thermal method of control 

widely employed in industry. Food or beverages are exposed to a high level 

of hydrostatic pressure that varies from 100 MPa to 600 MPa (1000 bars to 

6000 bars) during some minutes (Milani and Silva, 2016). Nowadays, this 

technique can be found applied in meat products, sea foods and fruit juices, 

but not for wine (or other beverages such as beer). In wine industry is still 

in an experimental and research phase (Buzrul, 2012).  

HHP is able to reduce the microorganism and yeast concentration without 

changing food or beverages properties (e.g. nutritional, functional, 

organoleptic and aroma) (Puig et al., 2003). In wine, some studies probed 

that HHP improves some organoleptic properties without detrimental effect 

on their characteristic such as pH and color. The HHP eliminates spoilage 

yeasts and microorganisms by reducing their biological unit generating 
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structural alterations as shown in Figure 3.12. The main affected part under 

pressure is the membrane of the cells (Hoover et al., 1989; San Martín et 

al., 2002), but also, biomolecules and proteins (González-Arenzana et al., 

2016). 

 
Figure 3.12: Working principle of HHP method. 

The implementation of this promising method presents some significant 

disadvantages such as installation of expensive equipment in the industries, 

training of the staff and the impossibility to be applied to white wine (it 

causes negative sensorial effects) (van Wyk and Silva, 2016). 

» Ultrasounds 

In the last decade ultrasonic technique has emerged as an alternative to 

conventional thermal methods for pasteurization, sterilization and enzyme 

inactivation of different food products. Ultrasound is a form of vibrational 

energy in a frequency range of 20 Hz to 100 kHz with a sound energy from 

10 W·cm-2 to 1000 W·cm-2. For this purpose, a probe (ultrasonic 

transducer) is submerged in liquid which converts electrical or mechanical 

energy to sound energy (Figure 3.13) (O’Donnell et al., 2010). Cavitation 
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bubbles (microscopic bubbles) are generated by the pressure changes 

caused by the high-power ultrasonic propagation. Consequently, brief and 

highly localized region of temperature and pressure are created with a high 

shearing effect. Temperature and pressure in those areas can exceed 5000 

K and 60 MPa, respectively. 

Many studies have tested the effectiveness of ultrasonic for different fruit 

juices (Piyasena et al., 2003). In wineries, this technology is usually 

employed for tartrate deposits elimination inside barrels, and also, for 

spoilage microorganism and yeast inactivation. 

 

Figure 3.13: Ultrasonic working principle applied to spoilage yeast inactivation. 

Microorganisms and enzymes are inactivated by high temperature and 

stress on the localized regions. Many studies have suggested that the overall 

product temperature and the quality are not affected (Knorr et al., 2004). 

The main effects in the inactivation of the spoilage microorganisms are the 

breakdown of the membrane and the denaturalization of the proteins by the 

shear forces of the cavitation bubbles formation and by free radicals in 
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sonolysis of water molecules (𝐻2𝑂 → 𝑂𝐻− + 𝐻+) (Mason, 1996). Schmid 

et al. (2011) tested the effectiveness of this treatment for Brettanomyces, 

where results suggested that 10 minutes of treatment to contaminated 

barrels was enough to eliminate the entire population. 

» Ultraviolet (UV) radiation 

UV radiation is successfully used to inactivate contaminating 

microorganisms in liquid media, beverages, and on surfaces of various 

materials (Koutchma, 2008). In the last years, the interest in the application 

of this technique has increased. One of the main advantages of using this 

technique is that the US Food and Drug Administration (FDA) and the US 

Department of Agriculture (USDA) concluded in their studies that the use 

of UV irradiation is safe. The studies carried out in recent years on the 

application of ultraviolet light show that it is a viable and highly marketable 

option for the treatment of beverages.  

 

Figure 3.14: Schema of the working principle of the UV radiation treatment in drinks. 

This technology is cost effective with an efficient disinfection, and, without 

harmful effects on health. However, the amount of studies that exist today 

is limited (López-Díaz et al., 2012). Figure 3.14 shows the working 

principle of the UV treatment applied to beverages. 

Nowadays, it is a proven technique in water treatment and, slowly begin to 

appear for other types of drinks. For example, for cider, there are some 

commercial products (Cidersure, Headwater Foods, Inc.) that are able to 
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reduce the microbial quantity by 5 orders of magnitude and from 95 L·h-1 

to 2250 L·h-1 (Usaga et al., 2014).  

3.2.2.4 Physicochemical variables 

The control of the beverages’ contamination could be also done by 

changing different physicochemical variables such as temperature, pH, 

oxygen and alcohol. The control these variables could reduce the yeasts and 

microorganisms’ viability, and in some cases, inactivate them. These 

changes on the wine are usually done before or after the fermentation, 

depending on the variable (Suárez et al., 2007).  

The most general changes are the decrease on the temperature during aging, 

maintaining the pH level as low as possible after fermentation, the 

reduction of oxygen concentration before and after the fermentation and to 

reach high alcohol level after the fermentation. The difficulty in modifying 

these variables in wines makes this technique of moderate use. In many 

cases, they are incompatible with aging or they have a high impact on the 

quality, style and sensory attributes of beverages (Gerbeaux et al., 2000). 

Other possibility to prevent the contamination with Brettanomyces yeasts 

is to reduce the precursors of ethylphenols. Thus, it reduces the production 

of the undesirable and characteristic flavor and aromas generated by the 

metabolism of the yeasts. For that purpose, a low maceration temperature 

and the avoidance of pectolytic enzymes and enzymes with cinnamoyl 

esterase activity are proposed (Gerbaux et al., 2002). In this way, a 

prevention of the solubilization of hydroxycinnamic acids (precursor 

molecules of ethylphenols production) is achieved. 

3.2.2.5 Protein clarification 

This is a palliative solution that is usually applied before transferring the 

wine to the barrels. Fining the wine with protein can achieve a reduction of 

their spoilage yeast contamination in 40 to 2000 times their concentration 

(Murat and Dumeau, 2003). The more fining agent is employed, the greater 

the reduction of the spoilage yeast population. There are many fining agents 
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with different effectivity. The most employed agents for protein 

clarification are: gelatin, egg white, potassium caseinate and caseins (Vine 

et al., 2002). In addition to Brettanomyces concentration reduction by 

flocculation, some fining agents (e.g. casein and potassium caseinate) have 

the ability to reduce ethylphenol levels if these are not too high (Ruiz-

Hernandez, 2003). The current use is moderate, and usually rejected by 

many wineries because they reduce the color and the aroma. 

3.2.2.6 Biological and genetic engineering techniques 

The main objective of this type of methods is the biological control of 

contaminating yeasts and microorganisms by using antimicrobial agents, 

bacteriolytic enzymes, zymocines and yeasts strains with antimicrobial 

activity created by genetic engineering. Using these techniques would be 

possible to inhibit and/or prevent the growth and reduce the populations of 

spoilage yeasts (Pretorius, 2000). 

This category is still in an experimental phase, and therefore, it has not yet 

employed in wine and cider industry (in many cases is not allowed) 

(Comitini et al., 2004). However, some studies demonstrated that non-

Saccharomyces yeasts (e.g., K. wickerhamii, P. anomala and P. 

membranifaciens) produce killer toxins, antimicrobial proteinaceous 

compounds that inhibit susceptible yeasts such as Brettanomyces 

(Mehlomakulu et al., 2015). Also, the use of starter cultures for promoting 

the alcoholic and malolactic fermentations have shown that could avoid the 

development of B. bruxellensis and the volatile phenol formation (Berbegal 

et al., 2018). 

3.2.3 Comparison of control methods 

Table 3.1 shows the control methods for B. bruxellensis in wine and cider 

industries explained before. All the proposed control methods have a good 

response against the spoilage yeasts growth, but in some cases, they will 

have a repercussion in the sensory attributes of the beverages (e.g., aroma, 

flavor, color) (Zuehlke and Edwards, 2013). Therefore, winemakers must 
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also balance the application of control technologies with the repercussion 

in the style and quality.  

Treatment Results Drawbacks 

Filtration 

Membranes 

Ultrafiltration 

Spoilage yeasts and 

ethylphenol 

reduction 

Loss of color and aroma 

Additives 

SO2 

DMDC 

Chitosan 

Acids 

Activated carbons 

Inhibits the growth 

Prevent the phenol 

formation 

Ethylphenols 

reduction 

Some are experimental 

Negative quality impact  

Allergic reactions 

Preservative free 

products tendency 

Physical techniques 

PEF 

LEC 

HPP 

Ultrasounds 

UV radiation 

Ozone 

Inhibits the growth 

Reduction of the 

population 

High equipment cost 

Trained staff 

Possibility to change 

organoleptic properties 

Physicochemical variables 

Low aging temperature 

Low pH 

O2 reduction 

High alcohol levels 

Thermal inactivation 

Establishes physico-

chemical conditions 

that reduce viability 

and/or inactivates the 

Brettanomyces 

Difficult to modify 

Sometimes incompatible 

with aging 

Impact on quality, style 

and sensory attributes 

Protein clarification 

Gelatine 

Egg white 

Potassium caseinate 

Populations and 

ethylphenol 

reduction  

Loss of color and aroma 

(of wine) 

Biological and genetic engineering 

Bacteriologic enzymes 

Zymocins 

Yeast killer toxins 

Transgenic yeast 

Inhibits the growth 

Reduces the 

population 

Experimental stage or 

not allowed in industry 

Need of complementary 

techniques 

Table 3.1: Methods of control for Brettanomyces during beverages production 
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3.3 Standard detection techniques 

In addition to exploring new preventive methods, industries are also 

interested in detecting and quantifying spoilage yeast levels. Nowadays, 

traditional yeast detection methods are the most employed techniques due 

to its simplicity and relatively low cost. These methods can be direct or 

indirect, where the presence of these yeasts is precisely detected or is based 

on the recognition of some microbial metabolic products, respectively. 

Unfortunately, both types of methods present many drawbacks, such as 

required specialized testing staff, long incubation periods (two weeks or 

more), and inaccurate results. Therefore, industries are interested in more 

sensitive, rapid and cost-efficient detection techniques. 

3.3.1. Direct methods 

Direct analysis methods aim to identify microorganisms present in the 

beverages based on direct observation of yeast cells, analyzing different 

parameters such as morphology, growth kinetics, colony forming units, and 

biomarkers. In general, these techniques are highly sensitive and capable 

of detecting small concentrations of microorganisms, but could be time 

consuming, requiring up to two weeks for results (Millet and Lonvaud-

Funel, 2000). Thus, these tests are not compatible with wine and cider 

industrial needs. The most relevant direct methods for Brettanomyces are 

plating methods, microscopy, molecular detection and flow cytometry 

(Cocolin et al., 2004; Ibeas et al., 1996; Renouf and Lonvaud-Funel, 2007). 

3.3.1.1 Plating methods 

These methods use selective-differential culture plates, followed by some 

complementary biochemical and physiological analysis. These techniques 

could include morphology study under a microscope (Wedral et al., 2010). 

Usually, it is also possible to analyze the different morphology of colonies 

on the agar-plate. However, it is difficult to distinguish and identify them 

according to morphological and physiological characteristics, and often, 

gives false-positives. Furthermore, it is only implemented for quantifying 
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viable cells, since viable but non-cultivable cells (VBNC) will not grow, 

despite being present in the medium. Due to reliability and low cost, plate 

counting is still the predominant method for detecting spoilage yeast in 

beverages industries (Zuehlke et al., 2013). 

 

Figure 3.15: (a) employed reagents in culturing plates for Brettanomyces selective-differential 

growth. (b) DBDM culturing plate with Brettanomyces bruxellensis colonies from Guserbiot. 

The most common culture media used to detect Brettanomyces are 

composed of different chemicals and reagents (Figure 3.15-a). It usually 

contains sugars (e.g., glucose, fructose and sucrose), digested proteins as 

nitrogen source (e.g., peptone and tryptone), and complex supplements 

(e.g., yeast extract and malt extract). To minimize the contamination, 

different antibiotics such as cycloheximide (sometimes referred to as 

actidione) and chloramphenicol are employed (Morneau et al., 2011). 

Ethanol is also used as a selective agent due to its bactericidal properties 

(Couto et al., 2005; Rodrigues et al., 2001).  

Table 3.2 shows a comparative study of the developed culture media for 

Brettanomyces. The selective and differential factors for permitting the 

exclusive growth are described, and the main advantages and disadvantages 

in each case. Among all the culture media presented in Table 3.2, DBDM 

(Figure 3.15-b) is the one of the most used by different authors (Benito et 

al., 2009; Loureiro and Malfeito-Ferreira, 2003; Rodrigues et al., 2001). 
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This selective-differential medium allows the development of 

Brettanomyces because it employs the ethanol as a single carbon source 

(energy source) and presents resistant to high levels of the cycloheximide. 

Also, this medium contains p-coumaric acid, which is the precursor of 4-

ethylphenol production in Brettanomyces, being very easily detected by the 

smell. Finally, it also employs the bromocresol green as a pH indicator for 

the detection of the acids production. 

Media Reagents Advantages Disadvantages 

BSM 

Cycloheximide 

Chloramphenicol 

Chlortetracycline 

Gentamicin 

Relatively fast (4 to 

6 days) 

 

Not differential 

False positives 

Fungal growth 

DBDM 

Cycloheximide 

p-coumaric acid 

Bromocresol Green 

Ethanol  

No carbohydrates 

Very selective for 

Brettanomyces 

Slow for industrial 

use (> 15 days) 

DHSA 

Cycloheximide 

Penicillin 

Gentamicin 

Sorbic acid 

Bromocresol Green 

Ethanol  

Trehalose 

Saccharose 

Very selective for 

Brettanomyces 

Slow for industrial 

use (> 15 days) 

Complex 

preparation 

WLD 

WLN (Wallerstein 

Laboratory Nutrient) 

Cycloheximide 

Very selective for 

Brettanomyces 

Slow for industrial 

use (> 10 days) 

Table 3.2: Comparative study on selective and differential media for Brettanomyces. 

The main disadvantages of plating technique are the false positives caused 

by cycloheximide-resistant yeasts (e.g., Candida parapsilosis, Kloeckera 

apiculata, Schizosaccharomyces pombe, and Pichia guilliermondi), 

contamination by opportunistic fungi in solid media, and the development 

time of Brettanomyces. These drawbacks severely limit the usefulness of 

media-based detection methods in the beverage industry (Benito, 2012; 

Hayashi et al., 2007). Also, recent reports found that despite of being viable 
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and active, Brettanomyces may not grow in culture plates. This 

circumstance of the microorganisms is called viable but non-cultivable 

state (VBNC) (Kell et al., 1998; Salma et al., 2013). This state is induced 

as a response to environmental stress factors such as osmotic pressure, 

temperature and oxygen concentration. The VBNC variant cells can 

produce volatile phenols. Although the amount they produce is roughly half 

of that produced by viable cells (Du Toit et al., 2005), it is sufficient to be 

detected by the consumer (Agnolucci et al., 2010; Zuehlke and Edwards, 

2013). Therefore, VBNC state could lead to false negatives in culture plates 

when the wine is analyzed, and, consequently, better detection methods are 

necessary. This state is reversible by removing the stress factors; for 

example, increasing the pH of the medium, decreases the concentration of 

sulfites, allowing yeasts to resuscitate (Serpaggi et al., 2012). 

3.3.1.2 Microscopy 

The direct visualization of microorganisms through microscopy is a 

commonly used technique. Brettanomyces is indeed not easy to detect using 

classical microbiology techniques. The morphology and cell size of this 

yeast can vary immensely from one strain to another. Moreover, yeast 

exhibits variable cell morphology depending on age, culture medium and 

environmental stress. Classically, the vegetative cells are boat-shaped but 

elongated, spherical, ellipsoidal and cylindrical cells have also been 

reported (Figure 3.16). The development of pseudohyphal structures is also 

frequent (e.g., long, branching filamentous cells) (Louw et al., 2014). 

However, since as pseudohyphae development has been reported in other 

yeasts, such as Saccharomyces cerevisiae, the development of 

pseudohyphal structures is itself insufficient to identify Brettanomyces 

growth (Gancedo, 2001; Lo et al., 1997). 

New microscopy techniques based on in situ hybridization using peptide 

nucleic acid probes have been developed to provide faster and more 

accurate identification of Brettanomyces by using fluorescence 

microscopy. As an example of this method, Stender et al., (2001) developed 

a precise protocol for the identification of different spoilage yeast using 
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fluorescent probes. This technique uses a designed fluorescent marker to 

seek out a fragment on their 26S ribosomal RNA (RNA-FISH 

hybridization) (Stender et al., 2002). 

 

Figure 3.16: Microscopy image of Brettanomyces bruxellensis cells (x400) from Guserbiot. 

3.3.1.3 Molecular techniques 

These types of methods are based on the amplification of specific fragments 

of ribosomal DNA and RNA by the Polymerase Chain Reaction (PCR) to 

identify microorganisms. Molecular techniques are fast, sensitive and 

specific for detecting microorganisms (Oelofse et al., 2009). Compared to 

plating methods, it is also possible to detect VBNC Brettanomyces cells. 

Regarding the discrimination between viable and non-viable cells, to 

improve the limitation of the PCR technique,  Yaron and Matthews (2002) 

proposed the reverse transcriptase PCR (RT-PCR). This technique employs 

an enzyme able to synthesize single-stranded DNA from RNA in the 5’- 3’ 

direction. The RT-PCR is also a sensitive method without increasing the 

time-consuming respect the tradicional PCR. For this reason, it is a 

commonly employed molecular detection method (Arya et al., 2005; 

McKillip and Drake, 2004; Phister and Mills, 2003). 

Nested amplification technique (nested-PCR) is another molecular 

detection method employed for Brettanomyces. This technique uses two 

external and two internal primers, providing a unique direct detection 

method of Brettanomyces in beverages without strain isolation (Navascués 
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and Rasines, 2003). This technique can reduce non-specific binding in 

products due to the amplification of unexpected primer binding sites. 

Recently, a quantitative PCR by directly sampling (Cells-qPCR) has been 

adapted to detect and quantify total yeasts (e.g., Brettanomyces 

bruxellensis, Saccharomyces cerevisiae and Zygosaccharomyces  bailii) in 

grape must and wine samples (Soares-Santos et al., 2018). These authors 

proposed a cell wall disruption by mechanical and enzymatic methods, 

obtaining a good efficiency. Cells-qPCR with mechanical lysed cells 

provides a fast, direct, and sensitive technique to identify and quantify 

Brettanomyces bruxellensis yeast, with concentration of one cell per 

reaction. 

3.3.1.4 Flow cytometry 

Flow cytometry (FCM) is a powerful technique that allows the detection 

and enumeration of microbial populations in food and beverages 

fabrication process. This analytical method only uses physiological dyes, 

being very helpful for monitoring a process, but the absence of specificity 

undermines their usefulness in beverages industries. Figure 3.17 shows the 

working principle of the flow cytometry. The tiny stream of fluid leads to 

the spoilage yeasts to one by one by the laser light. Light scattered from the 

yeasts is detected as they pass through the laser beam. The flow cytometry 

can detect the fluorescence emitted from positively stained yeasts using 

different detectors. 

Recently, an immunocytometry test (“Bretta Test”, Amarok 

Biotechnologies) has been developed for the detection of Brettanomyces 

bruxellensis. This method is based on using anti-Brettanomyces polyclonal 

antibodies conjugated with a fluorochrome to distinguish and quantify this 

spoilage yeast. It can identify it in a synthetic media among other yeast 

species with significant efficiency. According to these authors, in less than 

two hours, this method can differentiate Brettanomyces from other species 

and assess its viability (Chaillet et al., 2014). 
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Figure 3.17: Schema of the flow cytometry working principle. 

Recently, molecular detection techniques have been implemented by 

combining with other techniques. For example, Serpaggi et al. (2010), 

developed a method combining flow cytometry (FCM) and fluorescence in 

situ hybridization (FISH) techniques, as a real alternative to RT-PCR. The 

combination of counting technique and the targeting of the 26S rRNA gene 

allow the identification and quantification of Brettanomyces at populations 

above 102 cfu·ml-1 in contaminated red wine samples. In addition, 

cellometer image cytometry using AO/PI fluorescent staining has been also 

implemented for an accurate and efficient Brettanomyces bruxellensis cell 

concentration, viability and budding percentages (Martyniak et al., 2017). 

3.3.2 Indirect method 

Indirect techniques analyze the metabolized molecules and changes in the 

chemical characteristics present in the wine or cider (and during their 

elaboration). Usually, these techniques are combined with direct methods 

to provide better analysis of the sample ensuring the obtained results. Once 

the metabolic products of the spoilage yeasts damage the wine quality, it is 

too late for any prevention action (Suárez et al., 2007). As a result, indirect 
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methods are used to analyze the quality of the product rather than the 

presence of contaminants. 

3.3.2.1 Gas Chromatography - Mass Spectroscopy 

The main employed technique for the identification of metabolites is the 

gas chromatography combined with mass spectrometry (GC-MS). The 

detection is typically based on the phenol quantification, 4-ethylphenol, and 

4-ethylguaiacol, that are two of the most relevant metabolic products of 

Brettanomyces bruxellensis. Despite being an accurate method for the 

detection of quantities of the phenol level in samples, it is difficult to know 

the concentration of yeasts that generate those products. Figure 3.18 shows 

the working principle of the GC-MS. 

 

Figure 3.18: Schema of the GC-MS working principle. 

Traditionally, liquid-liquid extraction methods of GC-MS technique were 

employed (Malfeito-Ferreira et al., 1997; Monje et al., 2002; Pollnitz et al., 

2000; Razes et al., 1992; Sancho et al., 2000). However, nowadays, more 

selective and straightforward extraction methods have been developed for 

Brettanomyces bruxellensis detection: solid-phase extraction (SPE) 

(Domínguez et al., 2002; López et al., 2002; Monje et al., 2002), solid-

phase microextraction (SPME) (Martorell et al., 2002; Monje et al., 2002) 

or stir bar sorptive (SBSA) (Díez et al., 2004). 
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One of the main drawbacks is that it has a high Brettanomyces detection 

threshold and cannot quantify the population. Once the metabolic products 

are detected, the beverages are contaminated by the spoilage yeast. 

Therefore, it is not a useful technique for fast and early detection of 

Brettanomyces contamination because current detection thresholds of 

phenols are high, 28 µg·L-1 and 44 µg·L-1 for 4-ethylphebnol and 4-

ethylguaiacol, respectively (Fariña et al., 2007). Moreover, this technique 

is expensive and requires highly trained staff, increasing the capital cost of 

production (Magan et al., 2001). 

3.3.3 Comparison between methods 

Technique Advantages Disadvantages 

Direct methods   

  Plating 

Reliability 

Low cost 

Easy 

Quantitative 

Development / incubation time 

False positives 

VBNC not detected 

  Microscopy 

VBNC detected 

Easy 

Quantitative 

Alive vs. death cells identification 

Variable morphology  

  Molecular detection 

Fast 

Sensitivity 

Reliability 

VBNC detected 

Alive vs. death cells identification 

Specialized staff 

Expensive 

  Flow cytometry 
Fast 

Sensitivity 

Low specificity 

Specialized staff 

Expensive 

Indirect methods   

  GC-MS 

 

Fast 

Sensitivity 

Low cost 

Easily integrated  

Late detection (after beverages 

contamination) 

Table 3.3: Comparison of the different detection methods employed for the Brettanomyces. 
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Finally, in this section the different standard direct and indirect methods for 

the detection of Brettanomyces bruxellensis yeasts are compared. As shown 

in Table 3.3, there are few advantages that make these methods to be the 

ones that are used nowadays in industries. But, regarding the disadvantages 

that they present, some new methods for the detection of spoilage yeasts, 

and specially B. bruxellensis, should be proposed. 

3.4 Novel detection methods 

Unfortunately, standard detection methods present many drawbacks: some 

of these techniques require long incubation periods (two weeks or more), 

the results are not reliably accurate, they require specialized staff, etc. 

Therefore, wine and cider industries are interested in more sensitive, rapid 

and cost-efficient detection techniques. 

As technology advances, new methods appear in the market in line with the 

developed technology. Nowadays, more rapid, simple, cost-efficient, 

precise and more selective techniques are sought for the detection of 

different pathogens, among which are the spoilage yeasts. One of the most 

used solutions are the biosensors, which allow, the selective detection of 

molecules of interest. In addition, these solutions can be found in a 

microfluidic platform, which allows using a smaller amount of sample and 

reagents, to achieve a lower cost method. 

3.4.1 Biosensors based methods 

The biosensors are analytical devices able to convert biological or chemical 

reactions or changes into measurable and quantifiable signals. The 

generated signals are proportional to the concentration of the analyte by 

using a bioreceptor (Scheller et al., 1985). The bioreceptor is associated or 

integrated within a physicochemical transducer or transducing 

microsystem. Different type of transducers could be found depending on 

the characteristics of the analyte and bioreceptor (Bhalla et al., 2016).  
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Figure 3.19: Schematic model of the working principle of the biosensors. 
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Figure 3.19 shows a schema of the working principle of a biosensor, 

including the most significant parts of a biosensor. Each part is described 

in detail below: 

» Analyte: It is a substance or chemical constituent of interest found 

in the sample, which wants to be detected by the biosensor. One of 

the most studied and developed examples is the glucose biosensor, 

which is designed to detect the glucose as analyte (Arslan et al., 

2011; Çolak et al., 2012). 

» Bioreceptor: It is a molecule that specifically recognizes the analyte 

that could be a biological (e.g., glucose, enzymes, antibodies, 

nucleic acids, organelles, etc.), a biological derived (e.g., 

recombinant antibodies, engineered proteins) or a biomimetic 

material (e.g., synthetic catalysts, combinatorial ligands and 

imprinted polymers). The interaction of the bioreceptor with the 

analyte is called bio-recognition, where the signal is generated (e.g., 

temperature increase, charge or mass change, light generation, etc.). 

» Transducer: In a biosensor, the transducer converts the bio-

recognition event into a measurable signal. This process, where 

there is an energy conversion, is termed as signalization. The 

produced signal is proportional to the concentration of analyte-

bioreceptor interactions (e.g., glucose - glucose oxidase enzyme). 

The most common transducers are: optical, electrochemical, 

thermometric, piezoelectric, magnetic and micromechanical. 

» Electronics: This part of the biosensor transducers and prepares the 

signal for displaying it. In this step, different performs for signal 

conditioning are carried out such as amplification and conversion 

of signals from analog to digital. The processed signals are then 

quantified by the display unit of the biosensor. In some cases, this 

part could be suppressed (e.g., paper-based biosensors). 

» Display: The last step of a biosensor system consists on the display 

of the measured signal. The values could be represented in different 
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ways such as numbers, images or curves selected by the user. 

Usually this part combines hardware and software in a user-friendly 

manner. As in the electronic part, this part is not always necessary. 

The biosensors are a promising tool for quality control and pathogen early 

detection in different areas such as clinical diagnosis, food analysis, 

bioprocess and environmental monitoring. One of their most important 

features is their capability to be integrated in situ under many different 

environments with high specificity and sensitivity (Ertl and Mikkelsen, 

2001).  

Two kinds of measurements could be developed in the biosensors: discrete 

(e.g., paper-based biosensors, microfluidic devices, etc.) or continuous 

(e.g., spoilage yeasts growth monitoring). Out of all biosensors, in this 

field, electrochemical-based biosensors are the most widely used (Heo and 

Hua, 2009). Principally, they are based on the current or potential changes 

due to the interactions occurring onto the sensing surface of the biosensor. 

These biosensors are classified according to the observed parameter for the 

detection: impedance (impedimetric), current (amperometric) or potential 

(potentiometric) (Bǎnicǎ, 2012).  

The impedance spectroscopy is an interesting method that analyses changes 

in the electrical characteristics of the medium caused by the presence of 

microorganisms. This technique has been applied for the detection of 

different pathogens, but not for Brettanomyces spoilage yeast (Paredes et 

al., 2014). 

Disposable amperometric immunosensor are developed for the detection of 

the B. bruxellensis (Borisova et al., 2017). The sensitive surface is 

fabricated with coating carbon screen printed electrodes with a gold 

nanoparticles-reduced graphene oxide hybrid nanomaterial. This layer is 

then modified with 3- mercaptopropionic acid (MPA) to link it to a specific 

antibody. The detection limit of this biosensor is 8 CFU·mL-1 in buffered 

solutions and 56 CFU·mL-1 in red wine samples. 
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Also, optical biosensors in microorganism detection are probably the most 

popular biosensors in bioanalysis, because of their selectivity and 

sensitivity (Lazcka et al., 2007). This kind of biosensors has been widely 

studied for different contaminants, drugs and pathogen detection. There are 

many optical biosensors such as Surface Plasmon Resonance (SPR)(Huang 

et al., 2014), monomode dielectric waveguides (Parra et al., 2006), 

ellipsometry (Swenson, 1993) and the resonant mirror (Watts et al., 1994). 

For spoilage yeast detection, concretely for Brettanomyces, the SPR optical 

biosensor has been employed. It transduces the small changes in the 

refractive index, caused by structural alterations in near a nanoscale noble 

metal surface, into a measurable wavelength shift. Recently, Manzano et 

al. (2016) developed a localized SPR (L-SPR) nanobiosensor for the 

detection of B. bruxellensis based on a nanostructured gold surface for the 

immobilization of a 5’ end thiol modified DNA probe. This method, due to 

the high sensitivity, can detect 0.1 ng·µL-1 Brett-DNA target (LSPR detects 

about ten yeast cells). Also, it was confirmed the high selectivity of the 

biosensors comparing with other species such as S. cerevisiae. L-SPR could 

be further developed into a portable high-throughput biosensor, compared 

to commercially available SPR (Jia et al., 2017, 2014). 

Chemiluminescent DNA optical fiber sensor is also developed for B. 

bruxellensis detection (Cecchini et al., 2012). In this work, DNA capture 

and secondary probes were designed to target the Internal Transcribed 

Sequence (ITS). Both, ITS1 and ITS2 were found for specific identification 

and adapted to construct an optical fiber genosensor. This approach 

reported a repeatable and fast response compared against traditional 

detection methods for Brettanomyces bruxellensis yeast. 

In the last decade, electronic sensing or e-sensing has undergone important 

role in the different industrial application. The development and 

implementation of electronic nose and tongue devices are prominent 

examples of sensor arrays and pattern recognition systems that measure and 

compare tastes, odors, and flavors (Gębicki and Szulczyński, 2018). In 

recent years, this kind of devices has been employed for wine quality and 
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aging control. They can predict the concentration of different compounds 

of interest in wine such as phenols, sugars and pH (De Saja et al., 2016). 

The electronic tongues could be considered as an analytical instrument that 

artificially replicates the human gustatory system, reproducing the five 

tastes sensation (sweet, salty, sour, bitter, and umami). Similarly, the 

electronic noses can recognize simple or complex odors, characterizing 

different gas mixtures as shown in Figure 3.20. These devices can obtain a 

qualitative and quantitative measurement of different species of the sample. 

The most widely deployed sensor arrays (e-sensors) are electrochemical 

(e.g., potentiometric, impedimetric, amperometric), optical and enzymatic 

sensors (Biniecka and Caroli, 2011). Compared to gas chromatography 

combined with mass spectrometry (GC-MS) methods, e-sensors are easy 

to build and could provide sensitive and selective analysis in real time. 

Most of the electronic tongues or noses developed for the wine industries 

scope are related to the quality control and discrimination of wines (Parra 

et al., 2006).  

 

Figure 3.20: e-sensing working principle compared to human. 
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This principle could be used to detect spoilage yeasts and microorganisms 

in wine and cider barrels. To analyze the spoilage of wine when it is in 

contact with air, researchers proposed a combination of an electronic nose 

and tongue system (Gil-Sánchez et al., 2011). This detection method can 

be more efficiently integrated into existing infrastructure than GC-MS. 

However, this method only detects metabolic products generated by 

spoilage yeasts. Thus, even if a problem is detected, the spoilage yeast will 

be well-established, and will limit industrial quality control efficacy. 

Table 3.4 compares the different novel platforms developed for the 

detection of Brettanomyces bruxellensis yeasts. 

Sensor type LOD Advantages Disadvantages 

Chemiluminescent 

DNA optical fiber 

genosensor 

(extracted DNA) 

102 CFU·mL-1 

Rapid response 

Specific 

Sensitive 

Semi-quantitative 

Sample 

preparation 

Not possible to 

integrate in 

barrels 

L-SPR genosensor 

(extracted DNA) 
0.1 ng·mL-1 

Specific 

Sensitive 

Rapid response 

Sample 

preparation 

Not possible to 

integrate in 

barrels 

Electrochemical 

immunosensor based on 

nanogold-reduced 

graphene oxide hybrid 

nanomaterial 

(direct yeast measure) 

101 CFU·mL-1 

Sensitive 

Selectivity 

Storage stability 

Semi-

quantitative 

(calibration is 

need) 

Tº influence 

Table 3.4: Most relevant novel platforms for Brettanomyces bruxellensis detection. 

3.4.2 Microfluidic devices-based methods 

Recently some detection platforms have been adapted for microfluidic 

devices (de Oliveira et al., 2018). Despite of being a promising tool for 

spoilage yeast detection in liquid samples, it has not been employed for 
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Brettanomyces bruxellensis. This type of platforms has principally been 

implemented for bacteria (e.g., Escherichia coli, Bacillus anthracis, 

Bacillus subtilis). This same technique could also be employed for 

Brettanomyces bruxellensis detection in a liquid sample. However, 

microfluidic devices require other detection tools to detect or quantify the 

number of microorganisms in the sample.  

Some researchers used impedance spectroscopy techniques in microfluidic 

devices for detecting different microorganisms. These tools are 

increasingly popular owing to their small reagent and sample requirements 

and versatility. Already, this kind of cost-effective devices has been 

employed in different fields (e.g., medical, academic and industrial) for 

bacterial detection and quantification (Gómez-Sjöberg et al., 2005; Gomez 

et al., 2001; Zhu et al., 2010). Figure 3.21 represent an example prototype 

of a handheld electronic reader of impedance variation of the integrated 

microelectrodes of the microfluidic device. Also, the figure shows a detail 

of the microfluidic chamber in which the detection is performed. This type 

of Lab-On-a-Chip (LOC) devices could offer a new solution for small and 

medium size beverage industries.  

 

Figure 3.21: An example prototype of a Lab-On-a-Chip (LOC) for the Brettanomyces bruxellensis 

detection based on microfluidics and electrochemical measurements. 
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Commonly used, molecular detection techniques have also been integrated 

into microfluidic devices for bacterial detection, such as PCR (Koh et al., 

2003). These thermoplastic-based (e.g., cyclic olefin copolymer) devices 

contain a PCR, valve system, electrophoresis platform, for bacterial 

detection and identification. Some authors proposed a microfluidic 

microarray assembly (MMA) device based on the detection of PCR 

products (with a minimum detection limit of 3 ng) of Botrytis cinerea and 

Didymella bryoniae yeasts (Wang et al., 2008). 

Another option proposed is the use of microscopy in microfluidic devices. 

For example, Sakamoto et al. (2007) proposed a microfluidic system by 

using epifluorescence microscopy, for Escherichia coli bacteria 

quantification in water with a high correlation (r2 = 0.99). 

Finally, based on flow cytometry method, Jha et al. (2011) suggested a 

microfluidic device for accurately monitoring bacteria levels in aqueous 

samples, which has the potential to be a low-cost rapid detection method 

using nanoliter samples and provides a rapid and  quantitative assay. Also, 

Inatomi et al. (2006) employed a microfluidic device using flow cytometry 

principles for counting Escherichia coli bacteria. 

In summary, the application of microtechnology has brought enormous 

advances to the field of biosensors (Becker et al., 2014). The use of 

microfluidic devices significantly reduces costs by decreasing the 

prerequisite materials, reagents, and samples. Moreover, microfluidic 

devices are flexible, easily interfacing with existing platforms, allowing 

researchers to perform a multivariable analysis for a given sample (Gervais 

et al., 2011).  
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CHAPTER 4 

Materials and methods 
 

This chapter describes the procedures that are used for the design, 

manufacture, characterization and validation of the biosensors and the 

microfluidic devices developed. Firstly, the design and the fabrication 

processes are described in detail. 

Then, the experimental protocols, chemical reagents and solutions, yeasts 

species, and culture media used during the performance of the experiments 

are shown.  

Biochemical protocols, including biosensors cleaning and 

biofunctionalization, are also described. Characterization protocols for the 

biosensors microfabrication and biofunctionalization are also included in 

this chapter. Immobilization protocols are validated by four different 

characterization techniques: Impedance Spectroscopy (IS), Fourier 

Transform Infrared Spectroscopy (FT-IR), Atomic Force Microscopy 

(AFM) and Quartz Crystal Microbalance (QCM).  

In this section, experimental setup, measurement parameters, quantification 

protocols and microscopy techniques for biosensors and microfluidic 

devices are explained. These experiments are carried out in the 

Bioengineering laboratory at Ceit-ik4 (Figure 4.1). 

In addition, the experiments carry out for the analysis of the influence of 

the biosensors’ design, temperature and pH effects on the impedance 
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measurements are described. A mathematical model of the impedance and 

a correction equation is proposed. 

Finally, impedance spectroscopy analysis is also applied to monitor 

alcoholic fermentation process measuring the CO2 produced by 

Saccharomyces cerevisiae during alcoholic beverages elaboration.  

 

Figure 4.1: Bioengineering laboratory at Ceit-ik4 employed during experimental process. 

4.1 Designs and fabrication processes 

Firstly, the characteristics of biodevices are explained, including the 

physiochemical parameters for the measurements and the geometry type of 

the designed devices. 

Fabricated samples for spoilage yeast detection are divided in two groups: 

biosensors and microfluidic devices. The biosensors are developed for in 

situ analysis of the samples, whereas the microfluidic devices for ex situ 

measurements.  
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Finally, the number of manufactured samples (biosensors and microfluidic 

devices) during this work are shown.  

4.1.1 Characteristics of the biodevices 

From all the detection techniques for the spoilage yeasts, the Impedance 

Spectroscopy (IS) based biosensors and microfluidic devices is selected. 

The electrical impedance is a widely employed working principle in the 

real time monitoring of microorganisms in different applications and 

sectors (e.g., biomedical and industrial) (Yang and Bashir, 2008). 

Interdigitated microelectrodes (IDE) geometry is selected for the designs. 

The most relevant characteristics of this type of geometry during the 

impedance measurements are (Varshney and Li, 2009): 

» Easy to design and connect 

» High signal-to-noise ratio (SNR) 

» Maximization of the sensitive surface area 

» Rapid response to conductivity changes 

4.1.2 Biosensors 

The developed IDE biosensor prototype is based on impedance 

spectroscopy analysis. Biosensors are fabricated onto 3” silicon wafers 

(substrate) under clean room conditions. The geometries, including IDE 

and connection paths, are made in gold with an adhesion layer of 

chromium. This is one of the most used fabrication methods for the 

fabrication of biosensors. The design and the different steps of the 

fabrication process are shown in the following sections. 

4.1.2.1 Geometry design 

The design of the biosensors is carried out using AutoCAD 2017 software. 

The photolithography masks for the definition of the geometries in the 

microfabrication process are patterned. The processing of the photomasks 

is done in an external company (Micro Lithography Services Ltd). 
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Figure 4.2 shows the design of a biosensor, in which the overall dimensions 

of the biosensor are 7 mm width and 14 mm length. The active sensitive 

surface is a circle of 6 mm in diameter. The microelectrodes have 20 µm 

width and 30 µm of separation between them. The thickness of the 

microelectrodes metallic deposition is set at 250 nm.  

 

Figure 4.2: Design of the biosensor with a detail of the IDEs. 

Currently, there is not a research that uses impedance for the detection of 

Brettanomyces. However, there are some that confirm the growth of this 

yeast forming biofilm (Joseph et al., 2007). So, it is assumed that, due to 

the size of the structures that form the yeast biofilms, interdigitated 

microelectrodes (IDE) biosensors will have a good performance. The 

geometry and the fabrication processes were optimized by the Biodevices 

and MEMS group at Ceit-ik4 in previous research projects with bacteria 

(Paredes et al., 2012). 
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4.1.2.2 Fabrication processes 

The different steps of the microfabrication in a sequential way are 

represented in Figure 4.3. Briefly, the biosensors are fabricated onto silicon 

wafers (substrate), which are oxidized on both sides. The geometries of the 

interdigitated microelectrodes are defined during the photolithography 

process using a photomask.  

The metallic thin film is deposited using the physical vapor deposition 

(PVD) technique. After the metallic deposition, the lift-off process is 

carried out for removing the photoresist and leaving only the desired gold 

film. In the last step, a thermal treatment is done to the fabricated silicon 

wafers. 

 

Figure 4.3: Schema of the fabrication process steps of the biosensors. 
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4.1.2.3 Fabrication parameters 

» Preparation of substrates 

Silicon wafers with an orientation of <1 0 0>, 450 μm thick, 3” in diameter 

and only polished on one side are employed. The microfabrication 

techniques employed during this work are optimized for silicon substrates. 

A cleaning protocol is applied to ensure that there are no remains of other 

materials onto the surface before performing each manufacturing process. 

The protocol consists of three steps in which the wafer is subjected to 

different chemicals in ultrasonic bath as shown in Table 4.1. 

Solvent Time Temperature 

Trichloroethylene 5 min 25 ºC 

Acetone 5 min 25 ºC 

Ethanol 5 min 25 ºC 

Table 4.1: Parameters of the cleaning step. 

» Thermal oxidation 

It is necessary to isolate electrically the surface of the wafer because the 

silicon is a semiconductor material. As a result, a minimization of the 

leakage currents effects, that occur through the substrate, is obtained. 

Step Temperature Time Atmosphere Flow 

Dry 
20 ºC to 1000 ºC 

1000 ºC 

15 min 

1 h 
Dry O2 2 L·min-1 

Wet 1000 ºC 20 h Wet O2 2 L·min-1 

Dry 
1000 ºC 

1000 ºC to 20 ºC 

2 h 

30 min 
Dry O2 2 L·min-1 

Table 4.2: Parameters of the oxidation steps. 
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Table 4.2 shows the parameters of the different stages of the process 

employed during the thermal oxidation process. The silicon wafers are 

introduced into a quartz tube of the furnace and oxidation is produced on 

both sides by forming a layer of silicon oxide (SiO2). An ATV PEO 601 

oven is employed for this process, including a bubbler to generate a humid 

environment inside. 

» Geometry pattern transference 

The geometry of the biosensors is defined during photolithography process. 

Table 4.3 shows the parameters selected for this process, in which a 

positive photoresist layer is coated onto the silicon wafer. A certain radial 

dispersion of the photoresist layer’s height is found since the deposit is 

made by spin coating. 

An EV Group EVG ® 620 insulator is employed for the definition of the 

mask geometries onto the coated photoresist (Microposit s1818 G2, ref: 

ES10277866, Chemplate Materials S.L.). Finally, the isolated areas are 

removed using a mixture of developer (Microposit developer, 

ref:ES10285581, Chemplate Materials S.L.) and deionized water. 

Step  Time Parameters 

Spin coating 
Spread 8 s 500 rpm 

Spin 30 s 3500 rpm 

Pre-Bake 3 min 95 ºC 

Insolation 18 s 175 mJ·cm-2 

Developing 40 s Developer : H2O (1:3) 

Table 4.3: Parameters of the photolithography process. 

» Thin film deposition by physical vapor deposition (PVD) 

Firstly, a thin chromium layer is deposited onto the wafer to improve the 

gold’s deposit (Figure 4.4). A DC cathode for the chromium and the RF 
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cathode for gold are used. This process is done using an ESM-100 Edwards 

sputter. Table 4.4 shows the values for each parameter of the process. 

Two additional steps, that are not included in the Table 4.4 since they are 

not part of the PVD, are performed before the deposition of the metals. 

Firstly, a degassing process, where the humidity present in the chamber is 

eliminated, by using a heater and raising the temperature to 30 ºC during 1 

h. Then, the gas purge process, that is used to obtain optimum conditions 

during the generation of the plasma.  

Step Parameters 

Sputter Clean 

Time 

Flow 

Pressure 

Power 

5 min 

4.5 sccm 

2.2·10-3 mbar 

100 W 

Pre-Sputter 

Material Chromium Gold 

Time 

Flow 

Pressure 

Power (RF) 

I/V (DC) 

5 min 

4.5 sccm 

2.2·10-3 mbar 

- 

0.1 A / 525 V  

5 min 

4,5 sccm 

2.2·10-3 mbar 

100 W 

- 

Sputter 

Material Chromium Gold 

Time 

Flow 

Pressure 

Power (RF) 

I/V (DC) 

3 min 

4.5 sccm 

2.2·10-3 mbar 

- 

0.1 A / 525 V 

20 min 

4,5 sccm 

2.2·10-3 mbar 

50 W 

- 

Table 4.4: Parameters of the metallic thin film deposition by PVD. 

Figure 4.4 shows an image of 5 silicon wafers of 3” covered by a gold layer 

(with a chromium adhesion layer) after the sputtering process. 



Materials and methods  93 

 

Figure 4.4: Image of the silicon wafers after the PVD process. 

» Lift-off 

Once the metallic thin film deposition is completed, all the wafers are 

covered by the chrome and gold layers. In lift-off process, the photoresist 

(under the metallic thin films) is removed using an ultrasonic bath with 

acetone. The excess material from the surface is dragged when the 

photoresist is eliminated, leaving only the final geometry of the biosensor. 

Table 4.5 shows the parameters used in this step. 

Solvent Time Temperature 

Acetone Until the resist is removed 25 ºC 

Acetone 5 min 25 ºC 

Ethanol 5 min 25 ºC 

Table 4.5: Parameters of the lift-off process. 

Figure 4.5 shows an image of the fabricated 3” silicon wafer with the 

geometries of the biosensors made in gold (with a chromium adhesion 

layer) after the lift-off process. 
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Figure 4.5: Image of the fabricated silicon wafer with the biosensors. 

» Thermal treatment 

A thermal treatment process is done after lift-off process of the wafer to 

improve the properties of the biosensors. In this step, the wafers are 

exposed to a high temperature during a determine period with a special 

atmosphere condition.  

 

Figure 4.6: Thermal treatment profile for temperature and formingas flow.  
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In this work, an ATV PEO 601 oven is employed with formingas 

(previously employed for this objective in the Biodevices and MEMs 

group). Figure 4.6 shows the temperature and gas flow profile during the 

thermal treatment. 

» Cutting process 

The silicon wafers are already finished at this point of the fabrication. In 

this process, the wafers are cut into individual sensor units for the 

measurement of the biological samples. Table 4.6 presents the values of 

the parameters for cutting the silicon wafers. 

Parameter Value 

Blade 
For silicon  

(0.051 mm of thickness) 

Feed rate 15 mm·s-1 

Spindle speed 35 rpm 

Table 4.6: Parameters of the cutting process. 

The Microace Series 3 (Load Point Ltd) machine located in the clean room 

of category 10000 is employed for cutting the silicon wafers with a specific 

blade for silicon wafers. 

 

Figure 4.7: Image of the processed biosensors. 
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» Assembly 

Once the sensors are fabricated and individually separated (Figure 4.7), 

they are cleaned with acetone and ethanol consecutively in an ultrasonic 

bath for 5 min. In this way it is possible to eliminate the possible residues 

that remains on the biosensor’s surface after carrying out previous 

processes. 

Then, wire connections are soldered to each contact path of the biosensors 

and an epoxy resin (ARALDIT Ceys) is applied over the wires to isolate 

the electrical connections. Finally, the complete system is sterilized at 121 

°C for 25 min before carrying out the measurements inside the culture 

media. Figure 4.8 shows the final assembly of the biosensors. 

 

Figure 4.8: Fabricated and assembled biosensor. 

4.1.3 Microfluidic devices 

The proposed microfluidic device for the detection of spoilage yeasts is also 

based on impedance spectroscopy analysis. The fabrication method for the 

microfluidic devices is based on standard manufacturing process in clean 

room conditions. The IDEs are developed onto a glass slide (substrate). The 
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IDEs and connection paths are made in gold with an adhesion layer of 

chromium. The microfluidic chamber and channels are fabricated in 

Polydimethylsiloxane (PDMS). The PDMS is attached to the top of the 

glass slide using oxygen plasma, leaving the IDEs exposed to the chamber. 

 

Figure 4.9: (a) Assembly of AUTOCAD designs of the different parts of the microfluidic device. 

(b) 3D design of the prototype developed with CREO Parametrics. 
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4.1.3.1 Geometry design 

All the pieces are designed using the AutoCAD 2017, including the 

sensitive area (based on IDEs) and the mold for the microfluidic chamber 

and channels. This program allows the design of the photolithographic 

masks used for the definition of the geometries in the fabrication process. 

The processing of the photomasks is carried out in an external company 

(Micro Lithography Services Ltd).  

Figure 4.9-a shows the design for the sensitive part of the device. The 

overall dimensions of the sensor are 24 mm width and 11.6 mm length. The 

active sensitive surface is 4.75 mm width and 11.6 mm length. The 

microelectrodes have 50 µm width and 100 µm of separation between them. 

Also, the design of the microfluidic chamber and channels is carried out for 

fabricating the mold (Figure 4.9-b). The chamber is 3 mm width and 10 

mm length. Inlet and outlet are 2 mm in diameter connected to channels of 

400 µm width and 4.5 mm length. 

4.1.3.2 Fabrication processes 

A schema of the different steps of the microfluidic device’s fabrication is 

shown in Figure 4.10. The fabrication process is divided in three main 

steps. Firstly, the geometries of the interdigitated microelectrodes are 

defined during the photolithography. Then, gold film is deposited onto the 

surface by sputtering technique. 

Secondly, the fabrication of the mold for the development of the 

microfluidic chamber and channels in PDMS is carried out. A master for 

the PDMS replica is done by photolithography process using a mask and 

photoresist. Once the master is developed, the PDMS is poured onto the 

master to obtain a mold of the microfluidic chamber and channels. 

Finally, the assembly of the microfluidic device is done. It is necessary to 

complete the first two fabrication processes before performing the 

assembly. In this step, the glass slide with the interdigitated 
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microelectrodes and the microfluidic chamber and channels are joined 

using an oxygen plasma treatment. 

 

Figure 4.10: Schema of the fabrication process steps of the microfluidic device: (a) fabrication of 

the IDEs, (b) microfluidic chamber of PDMS and (c) assembly of the microfluidic device. 

4.1.3.3 Fabrication parameters  

In this section the fabrication parameters of the 3 processes (fabrication of 

the interdigitated microelectrodes, fabrication of the microfluidic chamber 

and channels, and the assembly of the microfluidic device) described in 

Figure 4.10 are explained in detail.  
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Fabrication of the interdigitated microelectrodes 

» Geometry pattern transference 

A cleaning process of the glass slides (substrate) using different reagents is 

done before performing the photolithography process. This process allows 

to ensure that there are no remains of other materials onto the surface. The 

same protocol, using trichloroethylene, acetone and ethanol as for the 

silicon wafers (previous section), is applied. 

Table 4.7 shows the parameters for the fabrication of the interdigitated 

microelectrodes onto the glass slide. Firstly, a positive photoresist 

(Microposit s1818 G2, ref: ES10277866, Chemplate Materials S.L.) is 

coated onto the glass slide. Then, after the polymerization of the 

photoresist, a photolithography process (geometry definition) is done. 

Finally, the isolated areas are removed using a mixture of developer 

(Microposit developer, ref: ES10285581, Chemplate Materials S.L.) and 

deionized water. 

Step  Time Parameters 

Spin coating 
Spread 8 s 500 rpm 

Spin 30 s 3500 rpm 

Pre-Bake 3 min 95 ºC 

Insolation 18 s 175 mJ·cm-2 

Developing 40 s Developer : H2O (1:3) 

Table 4.7: Parameters of the photolithography process. 

» Thin film deposition by physical vapor deposition (PVD) 

A deposition of a metallic thin film by sputtering technique is done after 

the photolithography process. Gold interdigitated microelectrodes are 

fabricated with an adhesion layer of chromium. Chromium layer is 

deposited in DC and gold in RF. The chamber is exposed at 30 ºC during 1 

h before the PVD process to eliminate the humidity inside the chamber 
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before beginning the process.  Table 4.8 shows the parameters that are used 

for this process. 

Step Parameters 

Sputter Clean 

Time 

Flow 

Pressure 

Power 

5 min 

4.5 sccm 

2.2·10-3 mbar 

100 W 

Pre-Sputter 

Material Chromium Gold 

Time 

Flow 

Pressure 

Power (RF) 

I/V (DC) 

5 min 

4.5 sccm 

2.2·10-3 mbar 

- 

0.1 A / 525 V  

5 min 

4,5 sccm 

2.2·10-3 mbar 

100 W 

- 

Sputter 

Material Chromium Gold 

Time 

Flow 

Pressure 

Power (RF) 

I/V (DC) 

3 min 

4.5 sccm 

2.2·10-3 mbar 

- 

0.1 A / 525 V 

20 min 

4,5 sccm 

2.2·10-3 mbar 

50 W 

- 

Table 4.8: Parameters of the metallic thin film deposition by PVD. 

» Lift-off 

The coated photoresist with the desired geometry during the 

photolithography process, is removed in this step. Acetone and ultrasonic 

bath are employed until eliminating completely the resist using the same 

protocol as for biosensors (Table 4.5). Figure 4.11 shows a glass slide 

composed of two microfluidic sensitive surfaces after the lift-off process. 

The glass slides are cleaned with acetone and ethanol before storing until 

the assembly process. 
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Figure 4.11: Glass slide with gold deposit geometries. 

Fabrication of the microfluidic chamber and channels 

» Geometry pattern transference 

The microfluidic chamber and channels are fabricated using common 

PDMS replica molding process. For that purpose, a master mold is designed 

and fabricated at clean room conditions. Table 4.9 presents the parameters 

that are selected for the fabrication of the mold. A negative photoresist (SU-

8 2025, MicroChem Co.) is coated onto 4” silicon wafer (80 μm thickness). 

Once the photoresist is coated onto the surface and polymerized, a 

photolithography process is made. 

Step  Time Parameters 

Spin coating 
Spread 8 seconds 500 rpm 

Spin 30 seconds 1000 rpm 

Pre-Bake 3 min 65 ºC 

Insolation 18 seconds 215 mJ·cm-2 

Polymerization (Post-Bake) 3 min 95 ºC 

Developing 7 min SU-8 developer 

Polymerization (Hard-Bake) 5 min 200 ºC 

Table 4.9: Parameters of the photolithography process. 



Materials and methods  103 

The resulting silicon wafer is composed of 6 masters as shown in Figure 

4.12. This allows the manufacture of a total of 6 microfluidic devices molds 

in PDMS at the same time. 

 
Figure 4.12: SU-8 master for the microfluidic chamber and channels. 

» PDMS replica-molding 

In a second step, the mold’s structures, including channels and chamber are 

reproduced using the PDMS. Two-part mixture, 10:1 (base:curing agent) 

(Silastic T4 PDMS, Dow Corning) is prepared. Then, it is poured and cured 

at room temperature for 48 h. 

Assembly of the microfluidic device 

The replica of PDMS is disassembled from the master with the designed 

chambers and channels. In a final step, after cleaning, PDMS is bonded to 

the glass slide by means oxygen plasma using a Gemto Diener Electronic 

equipment. The parameters employed are presented in the Table 4.10. 

Parameter Value Parameter Value 

Power 100 W Time 1 min 

Flow rate 7.5 sccm Vacuum 0.3 mbar 

Table 4.10: Parameters of the assembly process. 



104  Chapter 4 

Figure 4.13 shows the developed microfluidic device. This picture includes 

the inlet and outlet tubes that are used to introduce the samples during the 

assays. The whole system also includes a peristaltic pump which flows the 

samples along the microfluidic channels until the sensitive surface. 

 

Figure 4.13: Final assembly of the microfluidic device, (a) inlet and channel connecting the 

chamber, and (b) the inlet and outlet tubes for passing the sample. 

4.1.4 Fabricated samples 

Approximately 20 fabrication processes in which about 80 silicon wafers 

and 30 glass slides, making a total of 2500 biosensors and 60 microfluidic 

devices are carried out. 

4.2 Experimental protocols 

This section explains the experimental protocols, including chemicals and 

reagents, yeasts species and culture medium. 
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4.2.1 Chemicals and reagents 

Reagents Formula/Description Reference 

Common   

Milli-Q ® Deionized water Merck-Millipore 

Ethanol  CH3CH2OH (l) 99.5% Panreac 

Acetone C3H6O (l) Panreac 

Methanol CH3OH (l) Panreac 

Acetic Acid glacial CH3CO2H (l) Panreac 

n-Butanol C4H10O (l) Panreac 

Crystal violet C25H30ClN3 (l) ACROS 

Culture Media   

Malt Extract Broth Nº1  Scharlab 

BactoTM Agar C12H18O9 (s) BD Biosciences 

DifcoTM Yeast Extract  BD Biosciences 

p-Hydroxycinnamic acid C9H8O3 (s) 98 % ACROS 

Cycloheximide C15H23NO4 (s) 95 % ACROS 

Bromocresol Green C21H14Br4O5S (s) 
Thermo Fisher 

Scientific 

Biofunctionalization   

Cellobiose C12H22O11 (s) Sigma-aldrich 

Sodium cyanoborohydride NaBH3CN (s) Sigma-aldrich 

Cysteamine hydrochloride C2H8ClNS (s) Sigma-aldrich 

Brett Antibody Anti-brett Lebruns Lab 

3-Mercaptopropionic acid 

(MPA) 
SH(CH2)2COOH (l)  99 % 

Thermo Fisher 

Scientific 

1-Ethyl-3-(3-

dimethylaminopropyl) 

carbodiimide (EDC)  

C8H17N3 (s) 98 % 
Thermo Fisher 

Scientific 

N-hidroxisuccinimida (NHS) C4H5NO (s) 97 % 
Thermo Fisher 

Scientific 

Table 4.11: Chemicals and reagents ((s) solid and (l) liquid) for carrying out this work.  
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4.2.2 Yeast species 

To evaluate the performance of the developed biosensors and microfluidic 

devices, yeasts that are usually found in wine and cider samples are 

employed: Brettanomyces bruxellensis, Pichia guilliermondii, 

Debaryomyces hansenii and Saccharomyces cerevisiae.  

 

Figure 4.14: SEM images of the biofilm formation of the different spoilage yeasts: (a) 

Brettanomyces bruxellensis, (b) Pichia guilliermondii and (c) Debaryomyces hansenii. 

All the species were provided and isolated by Guserbiot S.L. (Vitoria-

Gasteiz, Spain) from deposits and barrels of cider-house and winery. They 

are stored in a Cryoinstant® mixed vial (ref: 064-TA8276, Scharlau) at -80 

ºC for long preservation of the yeasts. For unfreezing the yeasts, they are 

grown in 15 mL of yeast media broth and maintained inside the incubator 

at 27 °C for 7-10 days. Once the yeasts are growth, they are incubated in 

yeast culture medium plates. 

Figure 4.14 shows Scanning Electron Microscopy (SEM) images of the 

biofilm formation by the spoilage yeast (Brettanomyces bruxellensis, 

Pichia guilliermondii and Debaryomyces hansenii ) onto a gold surface. 

4.2.3 Culture medium 

The culture medium broth is made-up for the spoilage yeasts growth (B. 

bruxellensis, P. guilliermondii and D. hansenii). It is prepared by using 

dehydrated reagents dissolved in Milli-Q water: Malt Extract Broth No. 1 

enriched with cycloheximide (20 mgr·l-1) and ethanol (6% v/v) as shown 
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in Table 4.12. Cycloheximide is employed to inhibit bacteria and other 

yeasts with less resistance to this reagent (Leach et al. 1947; Morneau et al. 

2011). Ethanol is also included as selective agent because its bactericidal 

power, and as carbon source for Brettanomyces. In the case of S. cerevisae, 

the culture medium is prepared without cycloheximide and ethanol because 

of the low resistance to these reagents. All the medias are sterilized at 121 

°C for 20 min. 

Chemicals and reagents Spoilage yeasts S. cerevisae 

Malt Extract Broth No. 1 20.5 g·L-1 20.5 g·L-1 

Cycloheximide 20 mg·L-1 - 

Ethanol 6 % (v/v) - 

Table 4.12: Chemicals and reagents employed for the culture media broth. 

In the culturing plates, 20 gr·L-1 of agar are added to solidify the broth. 

After sterilizing, 20 mL are deposited in each Petri dish. Once the culture 

medium is solidified, it is stored at 4 ºC until their use. 

4.3 Biochemical protocols 

In this section, the protocols for the cleaning process of the biosensors and 

microfluidic devices and the biofunctionalization of them are described. 

Two detection strategies are developed with different biofunctionalization 

process: antibody and cellobiose based biosensors. 

4.3.1 Cleaning process 

A cleaning process of the biosensors is carried out before the 

biofunctionalization process. In a first step, the sensors are exposed to 

acetone in an ultrasonic bath for 5 min at room temperature. Then, acetone 

is removed and a second ultrasonic bath using ethanol (99.5 %) is 

performed. Finally, a nitrogen (gas) flow is used to dry the sensors. 
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However, only ethanol (99.5 %) is used for cleaning the microfluidic 

devices. Ethanol is passed using a peristaltic pump through the chamber 

during 5 min with a 25 µL·min-1 flow at 25 ºC. 

4.3.2 Biofunctionalization protocols 

In the development and the application of new biosensors, 

biofunctionalization and selection of the bioreceptor element play an 

important role. Two biofunctionalization alternatives to detect 

Brettanomyces yeasts are studied in this work. On one hand, antibodies are 

implemented onto the surface of the biosensor to achieve a specific binding 

between the antibodies and the spoilage yeasts. On the other hand, 

biosensors with immobilized cellobiose molecules are developed because 

Brettanomyces is the only yeast able to metabolize it. The 

biofunctionalization process of both alternatives are explained in detail in 

the following sections. 

In microfluidic devices only biofunctionalization with antibodies is 

implemented. The aim of this strategy is to obtain an ex situ response of a 

sample.  

4.3.2.1 Antibody 

According to the objective of this work, anti-Brett antibody (Z9b-23A, 

Lebruns labs) is proposed for Brettanomyces detection. The procedure for 

the antibodies union to the IDEs consists of three steps: the Self-Assembled 

Monolayer (SAM) formation, the SAM activation and the immobilization 

of the antibodies (Figure 4.15). Each step is explained in detail below. 

» Self-Assembled Monolayer (SAM) formation 

The biofunctionalization is built onto the gold surface of the IDEs of the 

biosensors and microfluidic devices. A simple SAM is employed, in which 

a single molecule type is immobilized over the surface. In this work, an 

alkanethiol, mercaptopropionic acid (MPA), is used. 



Materials and methods  109 

 

Figure 4.15: SAM and antibody immobilization process onto the gold surface of the biosensors and 

microfluidic devices. 

» Self-Assembled Monolayer (SAM) activation 

An activation of the SAM is performed after its formation. The MPA 

attached to the gold surface is incubated with 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) (46mM) solution for 1 h 

(Figure 4.15-b). Then, the samples are also immersed in N-

hidroxisuccinimida (NHS) (46 mM) for 1 h (Figure 4.15-c).  The surfaces 

are cleaned with Milli-Q after each step of the activation. The concentration 

of the chemicals was optimized with a Quartz Crystal Microbalance (QCM) 

by the Biodevices and MEMS group at Ceit-ik4 in previous research 

projects (Ansorena et al., 2011). 
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Figure 4.16: Schematic detail of the biofunctionalized biosensor and microfluidic device. 

» Antibody immobilization 

The last step of the biofunctionalization is the immobilization of the 

antibodies. It is performed by incubating with a concentration of 1:1000 

and 1:500 overnight at 4 ºC (Figure 4.15-d). After the incubation, the 

sensors are cleaned with Milli-Q to eliminate unbounded antibodies. 

Finally, the biosensors are dried with nitrogen (gas) flow. Figure 4.16 

shows the biosensors and microfluidic devices after the 

biofunctionalization with antibodies. 

4.3.2.2 Cellobiose 

For this purpose, a two-steps procedure for the cellobiose union to the IDEs 

is developed: the cellobiose transformation and the SAM formation.  

» Cellobiose transformation 

The cellobiose molecules are transformed to introduce a thiol group that 

will be immobilized onto the gold surface as SAM. The reducing end group 

of the cellobiose is selectively modified with cysteamine. The cysteamine 

contains a thiol and an amine group on its ends. 
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A mixture of cellobiose (1 g, 2.92 mM), 23 mL of methanol, 2 mL of water 

and glacial acetic acid (catalytic amount), is placed in a 50 mL two-neckled 

round-bottom flask, provided with a reflux condenser, magnetic stirrer and 

heating system. The mixture is stirred and heated until reflux temperature, 

and then, cysteamine (0.337 g, 4.38 mM) and sodium cyanoborohydride 

(1.3 g, 20 mM) are rapidly added. The mixture is maintained, with vigorous 

stirring, at reflux temperature for 2 h. The process, a reductive amination, 

is show in Figure 4.17. 

 

Figure 4.17: Cellobiose and cysteamine reaction to obtain a transformed cellobiose molecule. 

The evolution of the reaction is followed by Thin-Layer Chromatography 

(TLC) (eluent: n-Butanol, 10 mL/2-propanol, 5mL/water 4 mL). As the 
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reaction progresses, the mixture is become as a colorless and transparent 

homogenous solution. 

The solvents are evaporated by vacuum, and the residue is suspended in 

absolute ethanol (2 mL).  The mixture is centrifuged, and then, the solid 

residue is isolated and re-suspended in ethanol twice. The final product is 

dried to eliminate any solvent trace. 

» Self-Assembled Monolayer (SAM) formation 

Once the cellobiose is successfully functionalized, the resultant cellobiose-

cysteamine derivative (CCD) is fixed on the gold surface via a covalent S-

Au bond. This process is performed by incubating the biosensors in a 

cellobiose-cysteamine and Milli-Q solution (from 1 mM, 10 mM and 100 

mM) for different incubation duration (1 h, 2h, 4 h and 24 h) to ensure the 

correct union between them as shown in Figure 4.18. Processed biosensors 

are cleaned with Milli-Q to eliminate unbounded CCD, and then, they are 

dried using a nitrogen (gas) flow. 

 

Figure 4.18: SAM of the cellobiose-cysteamine molecules onto the gold surface of the biosensors. 
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This approach provides a unique biointerface containing carbohydrates 

whose bioactive non-reducing end are exposed (direct contact) with the 

spoilage yeasts. 

4.4 Characterization of the samples 

The characterization of the microfabrication processes of the biosensors 

and the biofunctionalization with antibody and cellobiose are explained in 

this section.  

4.4.1 Fabrication characterization: profilometry 

The measurements are done by using a KLA-Tencor profilometer in 2D. 

The Table 4.13 shows the parameters for the characterization of the 

depositions. 

Parameter Value 

Type 2D 

Velocity 10 µm·s-1 

Force 200 mg 

Sampling frequency 50 Hz 

Table 4.13: Parameters of the profilometry measurements. 

4.4.2 Biofunctionalization characterization 

To probe that the molecules are immobilized onto the gold IDEs surface, 

different techniques are employed including Impedance Spectroscopy (IS), 

Fourier Transform Infrared spectroscopy (FT-IR), Atomic Force 

Microscopy (AFM) and Quartz Crystal Microbalance (QCM) techniques. 
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4.4.2.1 Impedance Spectroscopy (IS) 

The impedance spectroscopy is the working principle of the biosensors and 

microfluidic devices proposed in this thesis. Impedance change measured 

during the biofunctionalization is caused by the immobilization of different 

reagents onto the surface of the biosensor. Different concentrations and 

incubation time of the antibody and cellobiose are tested.  

To evaluate the change of the electrical behavior during the immobilization, 

measurements are carried out by using a Hioki IM3570 impedance analyzer 

connected to a custom multiplexer system of 22 independent channels 

(Paredes et al., 2014). Table 4.14 shows the parameters employed for the 

impedance measurements for different steps of the process and 

concentrations. 

Parameter Value 

Amplitude 50 mV 

Frequency range 10 Hz - 1 MHz 

Points / Decade 10 points 

Sampling frequency 5 min 

Table 4.14: Parameters of measurement of impedance tests. 

4.4.2.2 Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR spectroscopy is employed to analyze the correct immobilization of 

the molecules onto the biosensors and the chemical reactions between 

them. In addition, samples with different incubation time and 

concentrations are tested to ensure the correct immobilization of the 

molecules. Samples are dried by using a nitrogen (gas) flow before 

measuring with FT-IR spectroscopy equipment. 

A PelkinElmer FT-IR equipment in a range of 4000 - 600 cm-1 is employed 

for the samples measurement. An Attenuated Total Reflectance (ATR), 
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Spectrum 1000 Series Universal ATR, is also used to avoid the sample 

preparation and to improve the reproducibility of them (Xu et al., 1998). 

4.4.2.3 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) is employed to evaluate the gold surface 

of the biosensors, before and after the immobilization of the antibody and 

cellobiose. The biosensors are well dried before measuring to avoid 

possible issues by using a nitrogen (gas) flow. The parameters for the 

measurements are shown in the Table 4.15. 

 Specifications Parameters 

Tip 

Cantilever of silicon for tapping 

Resonance frequency 

Force constant 

Tap 300 Al-G 

300 kHz 

40N·m-1 

Measurement 
Sweep frequency 

Measured area 

1 Hz 

1 µm2 

Controller 

Set-point 

Integral gain 

Proportional gain 

0.6 V - 0.7 V 

160 Hz 

0.048 

Table 4.15: Parameters for AFM measurements of the samples. 

AFM images of the height, amplitude and phase are obtained for the 

fabricated gold interdigitated microelectrodes using a JPK Nano Wizard 3 

BioScience AFM (JPK Instruments AG) equipment (Alessandrini and 

Facci, 2005). Then, images and topographic parameters are processed with 

JPK Data Processing software. 

4.4.2.4 Quartz Crystal Microbalance (QCM) 

A final characterization method based on Quartz Crystal Microbalance 

(QCM) is employed to confirm the presence of biofunctionalization 

molecules onto the gold surface. When the SAM is deposited onto the 

crystal surface, a reduction in the amplitude of the wave and a decrease in 
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its resonance frequency occurs. All the experiments are performed using 

the four channel QCM (Q-Sense E4) and QSX 310 Gold crystals. 

Table 4.16 shows the experimental protocol employed for the 

characterization with antibody in the QCM. Before and after each step a 

cleaning process is carried out to eliminate the unbounded molecules. 

Steps Reagent Concentration Time 

Baseline Milli-Q - 10 min 

Baseline Ethanol Absolute 10 min 

SAM MPA  1 mM 2 h 

Cleaning Ethanol Absolute 10 min 

Baseline Milli-Q - 10 min 

SAM activation EDC  46 mM 1 h 

Cleaning Milli-Q - 10 min 

Baseline Milli-Q - 10 min 

SAM activation NHS  46 mM 1 h 

Cleaning Milli-Q - 10 min 

Baseline Milli-Q - 10 min 

Antibody immobilization Antibody  1:500 and 1:1000 2 h 

Cleaning Milli-Q - 10 min 

Table 4.16: Experimental protocol employed during the characterization of the antibody. 

In the case of cellobiose, 3 steps are done for its characterization with 

different concentrations. Table 4.17 shows the employed protocol for the 

measurements with the QCM. 
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Steps Reagent Concentration Time 

Baseline Milli-Q - 10 min 

Cellobiose 

immobilization 

Cellobiose-

cysteamine 
1, 10 and 100 mM 4 h 

Cleaning Milli-Q - 10 min 

Table 4.17: Experimental protocol of the cellobiose-cysteamine characterization. 

4.5 Yeasts growth monitoring  

In this work, label-free, antibody and cellobiose based biosensors are used 

for the detection of spoilage yeasts. In addition, the behavior of the 

biosensors is evaluated by a quantification of the cells and microscopy 

images of the sensitive surface of the biosensors. 

 

Figure 4.19: Setup for the monitoring of yeasts growth simulating real conditions. 
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4.5.1 Experimental setup 

Reactor of 1 L is placed inside a temperature-controlled chamber for 

carrying out the experiments. The temperature is set to 18 ºC as storage 

conditions of wineries and cider-houses (Barata et al., 2008). Two different 

conditions, static and stirring (100 rpms), are tested to analyze the growth 

and metabolism of the yeasts and biosensors behavior. 

All the sensors are placed and distributed uniformly inside the bioreactors 

at a height of 4 cm from the bottom. Figure 4.19 shows the setup for yeasts 

monitoring, in which an impedance analyzer connected to a multiplexer is 

used for the biosensors. 

4.5.2 Selected parameters for the measurements 

Some configuration parameters should be defined for carrying out these 

experiments. 

Monitoring configuration parameters: 

» Number of channels: It allows to connect and measure at the same 

time many channels depending on their capacity by using the 

multiplexer system. 

» Duration of the experiments: The duration of the experiments 

depends on the conditions of the culture medium and yeasts species 

employed. 

» Sampling frequency: The duration between the measurements. This 

value depends on the speed of change of the impedance, since it is 

interesting to have the highest number of points. 

Electrical parameters of measurement configuration: 

» Frequency of measurement: The range in which the impedance is 

measured. The values are defined by the impedance analyzer capacity 

and the characteristics of the detection objective. 
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» Excitation amplitude: The amplitude of the alternative electric field 

between the interdigitated microelectrodes. The amplitude is defined 

taking into account the impedance analyzer characteristics and the 

signal-to-noise ratio (SNR). 

» Points per decade: The number of points for each decade is fixed 

based on the necessary resolution in frequency. 

Table 4.18 shows the values that are used in each parameter for monitoring 

the spoilage yeasts growth inside the reactors. These values are defined by 

the equipment characteristics and the experience with previous works in the 

Biodevices and MEMS group at Ceit-ik4 (Becerro et al., 2015; Paredes, 

2012). 

Parameters  Value 

Monitoring 

configuration 

Number of channels 16, 22 and 24 

Duration of experiments 8 - 16 days 

Sampling frequency 1 h 

Electrical 

configuration 

Frequency of measurement 10 Hz - 1 MHz 

Excitation amplitude 50 mV 

Points per decade 10 

Table 4.18: Parameters for impedance measurements. 

4.5.3 Yeast inoculum and quantification 

Yeast inoculum with a concentration of 102 CFU·mL-1 is checked using a 

Neubauer chamber. This inoculum is chosen according to the minimum 

level of Brettanomyces bruxellensis whose metabolism could cause an 

organoleptic repercussion in wine and cider quality. The yeast population 

must reach a minimum concentration (“critical population”) of 103 

CFU·mL-1 to release a relevant quantity of ethyl-phenols, in addition to 
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other metabolic products (Hernández and Barbero, 2007; Loureiro and 

Malfeito-Ferreira, 2006).  

The inoculum is also checked using culturing plates, obtaining results 

approximately 7 days after their incubation at 25 ºC. The reactor is infected 

24 h after the beginning of the experiment to ensure a stabilization of the 

measurements. 

During the experiments, cells are quantified inside the reactor. Plating 

count in specific culture medium and the Neubauer chamber are employed 

for the quantification. This step is necessary to evaluate the yeasts growth 

and its repercussion in the impedance measurements. 

4.5.4 Microscopy analysis 

Once the experiments are finished, the surface of the biosensors is 

visualized using microscopy techniques. Mainly, the growth of the yeasts 

forming biofilm onto the surface of label-free and biofunctionalized 

biosensors are evaluated to probe that the impedance changes are caused 

by the cells adhesion. Two different techniques are employed, including 

optical microscopy (Zeiss Observer D1) using EPI illumination and 

Scanning Electron Microscopy (SEM) (Phenom ProX). 

Biosensors are removed from their respective reactors, and then,  yeast cells 

attached to the biosensors are fixed to the surface with methanol until it 

evaporates completely (Stepanović et al., 2000). For the optical 

microscopy, the biosensors are immersed in crystal violet solution for 5 min 

following a widely used procedure. Finally, the excess of crystal violet is 

rinsed with water and dried with a stream of nitrogen. Moreover, for the 

SEM imaging, the biosensors are treated with sputtering for 90 seconds, 

covering the surface with palladium to visualize the yeasts. 

4.5.5 Equivalent circuits 

The evolution of the biosensors measurements during the spoilage yeast 

monitoring are also analyzed using equivalent circuit models, in which 
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every biological effect is modeled with different electrical components (Li 

et al., 2015; Varshney et al., 2007; Yang, 2008). For example, the effects 

of biofilm coating, chemical and ionic concentration variations, 

metabolism, etc. are isolated. It is important to know what kind of effect is 

dominating during the experiments for direct analyze. The equivalent 

circuit models will help to analyze the effects caused by the conditions of 

the culture media (static vs. stirring). 

In this work, the proposed model is shown in the Figure 4.23. An electrical 

model for label-free biosensor over a cross section unit of a pair of 

microelectrodes of the biosensor before and after the experiments is 

represented. Spoilage yeasts are drawn growing attached to the surface of 

the biosensor forming biofilm, and also, in suspension in the media. 

 

Figure 4.23: Electrical equivalent circuit model represented as the whole electric behavior of the 

culture system during the experiment. (a) initial, (b) after infecting with Brettanomyces and (c) 

during the biofilm formation. 

Four electrical components are selected to model the behavior of the 

biosensors: CDL is the double layer capacitance that represents the 

interaction of the ions of the media with the electrodes at the interface 

depending on the measurement frequency; RSOL is the resistance of the 

media (ionic concentration of the media and chemical composition, 

affected by metabolic activity of the yeasts); CB and RB are the capacitance 

and resistance associated to the biofilm formation attached to the surface of 
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biosensor respectively. The mathematical expression of the model is shown 

below (Equation 4.1): 

𝑍 =  
2

𝐶𝐷𝐿𝜔𝑗
+

𝑅𝑆𝑂𝐿(𝑅𝐵+
1

𝐶𝐵𝜔𝑗
)

𝑅𝑆𝑂𝐿+𝑅𝐵+
1

𝐶𝐵𝜔𝑗

                      (4.1) 

where Z is impedance values of the biosensors and ω (radians) is the 

frequency.  

The change of the impedance would be proportional to the growth of the 

spoilage yeast in the media. The cellular growth kinetics depends on 

different factors such as the nutrients, the yeast species and specie, 

temperature, flow conditions, etc. that are controlled in these experiments. 

The model is evaluated in the frequency domain performing a fitting over 

the experimental values obtained at different times of the experiment. The 

magnitude of the impedance is analyzed using the fitting toolbox of 

MATLAB R2014b with a non-linear least square method with Trust-

Region algorithm and a Bisquare robustness (R2 is 0.999 in all cases). 

4.6 Microfluidic devices for yeast detection 

Experimental setup and parameters for IS analysis using microfluidic 

devices are explained. In these experiments, a defined spoilage yeasts 

concentration is introduced inside the microfluidic chamber for measuring 

the impedance. As in the previous section, experimental setup, 

measurements parameters, yeasts inoculum, quantification and microscopy 

analysis are described. 

4.6.1 Experimental setup 

The microfluidic device is operated with a peristaltic pump (Ismatec, Reglo 

Digital MS-4/6) using tygon tubes (LMT-55, ID: 0.57 mm, wall: 0.91 mm) 

connected through metallic connectors (from syringe needles ICO plus 3, 

G23 x 1”) to the inlet and outlet. This system is used to get the reagents and 

samples flowing through the device. Figure 4.20 shows the setup set for 
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the experiments, representing the tubing system and the operation of the 

device. 

Impedance measurements are carried out using a Solartron 1260 

Impedance/Gain-phase Analyzer (Solartron Analytical) connected to an 

build-in-house multiplexer system (Paredes et al., 2014a). Wire 

connections are soldered in each of the contact pads of the microfluidic 

device and connected the analyzer. 

 

Figure 4.20: Experimental setup for the microfluidic device. 

4.6.2 Selected parameters for the measurements 

The impedance of each microfluidic device is measured every 10 min 

during the experiments. The detection procedure consists of the following 

steps: (1) recording of the impedance baseline before exposure to the 

sample as the reference for further measurements. This step analyzes only 

the impedance of the clean culture media for 1 hour. (2) B. bruxellensis is 

then introduced with culture media and let incubate for 2 hours. Impedance 

measurements are performed during this time to record the stabilization of 
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the readings. High relative changes are expected caused by the yeast 

presence onto the sensitive surface. (3) fresh clean media is flow through 

the device for 10 min (flow rate of 5 mL·h-1), to remove the non-attached 

yeasts. Impedance is measured for another hour, recording the changes 

caused only by the immobilized B. bruxellensis. Figure 4.21 shows a 

representation of the three steps previously described and illustrate the 

biosensor’s surface with the expected events. 

 

Figure 4.21: Diagram of the sequence employed during the experimental process. 

Table 4.19 shows the values that are used in each parameter for detection 

of the spoilage yeasts by using impedance based microfluidic devices.  

Parameters  Value 

Monitoring 

configuration 

Number of channels 4 

Duration of experiments 4 h 

Sampling frequency 10 min 

Electrical 

configuration 

Frequency of measurement 10 Hz - 1 MHz 

Excitation amplitude 50 mV 

Points per decade 10 

Table 4.19: Parameters for impedance measurements in the microfluidic devices. 
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4.6.3 Yeast inoculum and quantification 

Brettanomyces bruxellensis spoilage yeast is tested in the microfluidic 

device. To test the behavior under different concentrations, a control and 

yeast inoculums of 102 and 104 CFU·mL-1 are prepared using a Neubauer 

chamber. In addition to the Neubauer chamber, culturing plates are also 

employed to quantify them. Figure 4.22 shows the inoculum preparation 

for the experiments on the microfluidic devices. 

 

Figure 4.22: Schema of the yeast inoculum preparation during the experiments. 

4.6.4 Microscopy 

The microfluidic devices are placed onto a microscope during the 

experiments to monitor the cells loading to evaluate the correct inoculum 

of the yeasts inside the chamber. Also, it is important to ensure that there 

are not bubbles onto the interdigitated microelectrodes. The bubbles could 

change the values of the impedance spectroscopy. 
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4.7 Evaluation of temperature and pH effect 

In this section a new methodology for analyzing the effect of different 

parameters (sensor geometry, measurement frequency, temperature and 

pH) on impedance response are evaluated for different IDE sensors. It is 

well known that the conductivity or rather the electrical impedance of 

beverages, are heavily dependent on temperature. An increase on the 

temperature, will make the beverage more conductive (impedance 

decrease) (Hafs and Hartman, 2015; Torres et al., 2014). Similarly, pH also 

changes the impedance value in liquid samples (Bekker et al., 2016; 

Czibulya et al., 2015), increasing the conductivity when the pH decreases. 

These effects, will produce a change of impedance values, hiding it from 

other phenomena (e.g., spoilage yeasts detection, fermentation monitoring, 

etc.).  

For this purpose, a mathematical model is developed to quantify the effect 

of these parameters. Moreover, it will help to identify how these parameters 

affect each other and evaluate their significance. Also, the correction 

coefficients are estimated (based on previous experimental 

characterization) to eliminate the shift caused by the temperature and pH 

changes on the impedance monitoring. 

 
Figure 4.24: Interdigitated microelectrode biosensors of various geometries. 
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4.7.1 Experimental setup 

Biosensors of different geometries (Figure 4.24), sensitive area (a, mm2), 

microelectrode width (w, µm) and separation (s, µm), are used in the 

experimental section to characterize the effect of each parameter. These 

biosensors are taken to compare the influence of different geometrical 

designs from previous works of the Biodevices and MEMS group at Ceit-

ik4 (Paredes et al., 2013). 

 

Figure 4.25: Experimental setup of the sensors inside the Erlenmeyer flask with wine sample 

during the impedance monitoring. 

Figure 4.25 represents a schema of the setup for the experiments: a 500 mL 

of wine inside an Erlenmeyer flask is located on a magnetic stirrer (100 

rpms to ensure homogeneity of the sample). Twenty sensors (4 of each 

geometry) are placed uniformly distributed inside the flask at a height of 

approximately 4 cm from the bottom (Tubía et al., 2018). Also, temperature 

and pH sensors are introduced inside the flask for monitoring their values. 
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4.7.2 Selected parameters for the measurements 

The influence of the temperature variation on the impedance characteristic 

is measured in wine in the range of temperatures from 0 ºC to 25 ºC at a 

constant pH value of 3.5 (this value is measured at the beginning of the 

experiment). This range encompasses the usual parameters of alcoholic 

beverages production (approximately, from 4 °C to 20 °C). The influence 

of the pH is also studied from 2 to 4.5 by adding dropwise hydrochloric 

acid (HCl, 0.01 M) or sodium hydroxide (NaOH, 5 M) at a constant 

temperature of 24 °C. 

Parameters  Value 

Monitoring 

configuration 

Number of channels 20 

Duration of experiments 3 h - 11 h 

Sampling frequency 10 min 

Electrical 

configuration 

Frequency of measurement 10 Hz - 1 MHz 

Excitation amplitude 50 mV 

Points per decade 10 

Temperature 

Minimum value 0 ºC 

Maximum value 25 ºC 

Change velocity 0.05 ºC·min-1 

pH 

Minimum value 2 

Maximum value 4.5 

Change velocity 0.025·min-1 

Chemicals 
HCl (0.01 M) 

NaOH (5 M) 

Table 4.20: Parameters for impedance measurements. 

Temperature is measured using a DS18b20 digital sensor (maxim 

integrated) connected to an Arduino UNO (Arduino) with OneWire 
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communication protocol. Temperature values are recorded using an own-

developed Processing software (procesing.org). pH is measured with a pH 

meter (GLP 21+, Crison Instruments).  

Table 4.20 shows the values that are used in each parameter for the 

evaluation of the temperature, pH, measurements configuration and 

biosensors design. 

4.7.3 Mathematical modelling of the impedance 

The five biosensors with different geometries (Figure 4.24) are divided 

into two groups: training set (Sensor 1, 2, 4, and 5) and validation set 

(Sensor 3) as shown in Figure 4.26.  

 

Figure 4.26: Diagram of the mathematical model construction and validation. 
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The mathematical model is built using the training set exclusively. The 

resulting model is validated in the other dataset, the validation set (Altman 

and Krzywinski, 2016). Impedance measurements are modeled as a 

multiple linear regression of both geometric parameters (digit width, 

separation between microelectrodes, and sensitive area) and physical 

parameters (frequency, temperature and pH). The output of the model is the 

impedance value (Z) as a function of the variables previously described.  

The interaction between distinct parameters is also considered since, in 

principle, it might be reasonable that the intensity of the effect of some 

parameter changes with the value of another (i.e., the effect of the 

frequency with high temperatures could be more significant than with low 

ones). In total, 21 parameters are included in the model; 6 for the individual 

variables and 15 for the interactions. The model is compared with and 

without interactions to compare the accuracy significance of variables.  

Equation 4.2 and Equation 4.3 shows the mathematical expression that 

represents the described system.  

𝑍 = 𝑓(𝑑𝑤, 𝑠𝑤, 𝑎𝑟𝑒𝑎, 𝑓, 𝑇, 𝑝𝐻)                            (4.2) 

𝑍 = 𝛼 + 𝛽1𝑑𝑤 + 𝛽2𝑠𝑤 + ⋯ + 𝛽7 𝑑𝑤 ∗ 𝑠𝑤 + ⋯ + 𝛽21𝑇 ∗ 𝑝𝐻      (4.3) 

where Z is the impedance measurement, dw the digit width, sw the 

separation between microelectrodes (the sensitive area of the sensor), f the 

frequency of the measurement, T the temperature and the pH (Chen et al., 

2017; Pérez-Esteve et al., 2014; Yadav and Chandel, 2017).  

The model is implemented using R (the R Project for Statistical Computing 

(http://www.r-project.org/), version 3.4.1). β values of the formula and the 

significance values of each parameter are obtained with R stats package 

(Altman and Krzywinski, 2015; Krzywinski and Altman, 2015). The 

parameter’s coefficients are calculated from the training set, considering 

the interactions between parameters and the effects independently from one 

another. Each β coefficient is calculated based on the experimental values 

of the impedance (Z), by minimizing the error (ϵ) in the multiple linear 
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regression. In all cases, the coefficient of determination R2 is extended from 

0.69 to 0.73. Also, the data is normalized and scaled to allow the 

comparison between these β values. Statistical significance is assessed 

using analysis of variance technique (ANOVA) which assumes the null 

hypothesis as β coefficients are equal to zero.  

Finally, the mathematical model is validated by applying the model to a 

new dataset (validation set) and comparing the predicted impedance values 

against the real ones (Figure 4.26). Temperature and pH variations are 

included in determining the accuracy of the model.  

4.7.4 Temperature and pH correction 

The described mathematical model allows to determine in which situations 

it is possible to correct individual effects of parameters on the impedance 

response. It is possible to correct the influence of the temperature and pH 

for different geometries (that are within the studied range and not 

characterized) with the proposed model. In these cases, the expression for 

the correction of temperature and pH is shown in the Equation 4.4.  

𝑍′𝑖 =  𝑍𝑖 − 𝑚𝑇 · ∆𝑇 − 𝑚𝑝𝐻 · ∆𝑝𝐻                        (4.4) 

where Z’i is the corrected value of the impedance, Zi is the measured value 

of the impedance, mT and mpH are the slopes for the proposed mathematical 

model, and ΔT and ΔpH are the variation of these parameters from the 

initial values. The correction is tested with a sensor (Sensor 3), that is not 

included in the training dataset, to confirm this methodology. 

4.8 Alcoholic fermentation monitoring 

In addition to spoilage yeast detection, IDE based biosensor offers 

significant advantages over other types of sensors or methods in industrial 

applications (e.g., process monitoring and quality control). In this thesis, 

fermentation process is also selected as an example of the potential use of 

this methodology. 
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Impedance biosensors are employed to monitor the fermentation 

development and kinetics by analyzing the changes in the conductivity 

caused by the CO2 production (Pérez et al., 2009). However, to analyze 

only the effect of the fermentation, it is required to isolate the 

measurements from other effects that influence on the measurements (in 

this specific case the temperature and pH) (Ifie et al., 2017; Perestrelo et 

al., 2017).  

4.8.1 Experimental setup 

Fermentation process is carried out in 3 experimental tanks at Vivelys 

company and measured by the proposed system. The process is monitored 

for 11 days, until fermentation is considered completed. Figure 4.27 shows 

a schematic representation of the setup employed during the experiments. 

Each tank is measured by 3 sensors and 1 temperature sensor that are placed 

at mid height of the tank. Tanks are hermetically closed except by a 

chimney with a CO2 flow sensor. 

 

Figure 4.27: Setup employed during the experiments for the impedance and temperature 

measurements inside three tanks. 
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In these experiments, previously proposed interdigitated microelectrode 

(IDE) sensors are employed. A 250 nm-thick gold thin film with a 15 nm 

chromium adhesion layer. The overall dimensions of the sensors are 7.5 

mm width and 14 mm length. The active sensitive surface is a circle of 6 

mm in diameter. The microelectrodes have 20 µm width and the separation 

between them is 30 µm. Previous works showed a good performance of 

IDE sensor for measuring CO2 or other gases (Neethirajan et al., 2010; 

Tseng et al., 2012). 

Water resistant wires are soldered to each contact path and an epoxy resin 

(ARALDIT Ceys) is applied over the soldered part to isolate the electrical 

connections before being introduced inside the fermenters. 

4.8.2 Selected parameters for the measurements 

Impedance spectroscopy measurements are performed using a IM6 

Impedance/Gain-phase Analyzer connected to a multiplexer system of 16 

independent channels (Paredes et al., 2014b). Table 4.21 shows the 

employed parameters during the experiments.  

Parameters  Value 

Monitoring 

configuration 

Number of channels 9 

Duration of experiments 11 days 

Sampling frequency 30 min 

Electrical 

configuration 

Frequency of measurement 10 Hz - 100 kHz 

Excitation amplitude 50 mV 

Points per decade 10 

Table 4.21: Parameters for impedance measurements. 

Temperature is also measured by a ds18b20 digital sensor controlled with 

an Arduino UNO (Arduino) using OneWire communication protocol. The 

values of the temperature sensors are recorded using an own-developed 

Processing software (procesing.org). Temperature of the fermenters is 
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controlled and set to a constant of 18 ºC with a hot/cold water flow 

exchanger.  

Finally, CO2 is measured using a flow sensor located at the top of the sealed 

tank, using a Scalya® system (Vivelys). As previously described, these 

measurements are correlated with the activity of the yeast or the 

fermentation kinetics. 

4.9 Experimental design 

All the variables involved during this Ph.D. project are summarized in this 

last section of experimental procedure.  

 

Figure 4.28: Variables involved in the experimental design for the growth detection of spoilage 

yeasts during the experiments. 

The experimental design is proposed to accomplish the main objective: the 

detection of spoilage yeasts, specially Brettanomyces bruxellensis, in liquid 

samples by using impedance spectroscopy analysis-based biosensors. 
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Figure 4.28 shows in a quick and visual way of all the considerations for 

the development of this work. 
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CHAPTER 5 

Results and discussion 
 

In previous chapters, the objectives of this work are established as well as 

the fabrication and characterization processes, and experimental protocols 

necessary to carry them out. This chapter presents the results achieved at 

the different stages: the characterization of the platforms, and the 

monitoring of the spoilage yeasts and fermentation process. 

Firstly, the results of the characterization of the biosensors and microfluidic 

devices are analyzed. Mainly, two aspects are studied: the fabrication 

process (e.g., deposit rate, definition of geometries), and, the 

biofunctionalization with antibodies and cellobiose onto the sensitive 

surface of the biodevices. 

As it was already mentioned, the detection and monitoring of the spoilage 

yeasts growth, specifically of B. bruxellensis, is the main objective of this 

work. The impedance changes detected by the two developed technologies 

(biosensors and microfluidic devices) are analyzed over time under 

different experimental conditions, biofunctionalization protocols and yeast 

species. As a complement, optical analysis and plating methods are used to 

evaluate the spoilage yeasts growth and biofilm formation onto the 

sensitive surface. 

In addition to the experiments already mentioned, the effects caused by 

temperature and pH variations on the impedance measurements are also 

studied in this work. The proposed mathematical model of the impedance 



140  Chapter 5 

relates the external effects, including different biosensors’ designs and 

measurements parameters, with the sensors’ response. In this way, a 

correction equation for the temperature and pH effects is proposed and 

validated. Finally, the impedance sensors are also employed to monitor the 

alcoholic (primary) fermentation process, by measuring the changes of the 

electrical properties in the actual fermentation tanks of the winery. 

5.1 Characterization of the fabrication 

This section presents the results related to the characterization of the 

fabrication of the biosensors and microfluidic devices. To perform this 

characterization, a quantitative and qualitative analysis of the biodevices is 

done. On the one hand, the structural characterization, where the thickness 

of the metallic thin film and the dimensions of the microelectrodes are 

analyzed. And on the other hand, the definition of the interdigitated 

microelectrodes (IDE) geometry. 

 

Figure 5.1: Profilometry measurement of the gold deposition of a biosensor’s cross section. 

5.1.1 Structural characterization 

The structural characterization of the biosensors and microfluidic devices 

are carried out using a profilometer. The following figures present the 
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results of the surface analysis in which values of the deposited metallic thin 

film structures onto the silicon wafers (biosensors) and glass slides 

(microfluidic devices) are provided. In addition, these measurements allow 

to obtain a dispersion of the deposit rate after the sputtering (PVD) process, 

and the definition of geometrical parameters of the IDEs (Sigmund, 1987; 

Yang and Bashir, 2008). Figure 5.1 shows an image of the profile 

measurement from the height values of two microelectrodes from the 

biosensor’s interdigitated microelectrodes. 

5.1.1.1 Deposit rate 

Figure 5.2-a presents the results of the dispersion of the depositing rate, 

including a diagram of the distribution of the wafers on the sputter carrier 

(the glass slide for the microfluidic devices are located in similar positions 

as the silicon wafers). All the devices are fabricated using the same 

fabrication settings: 4 min and 20 min for the chromium (DC) and gold 

(RF) deposit, respectively. 

 

Figure 5.2: (a) Distribution of the silicon wafers onto the holder that is placed on the PVD 

equipment (carrier). (b) Distribution of the thin film layer deposition onto the carrier. 
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The graph of the deposit rate along the carrier (cross section AB), as a 

function of the distance from the center, is shown in Figure 5.2-b. The 

deposit is homogenous with a value of 250 nm up to 80 cm from the center. 

Then, the deposit rate begins to decrease until 80 nm approximately. The 

standard deviation is less than 8 nm in all the cases. 

Regarding the thickness distribution within the silicon wafer, Table 5.1 

shows the values of the metallic layer height and the standard deviation for 

different areas depending on the distance to the center of the carrier (short, 

middle and long). 

Distance Short (34 mm) Middle (80 mm) Long (114 mm) 

Height 250.71 nm 231.50 nm 153.90 nm 

Deposit rate 12.53 nm·min-1 11.57 nm·min-1 7.70 nm·min-1 

Dispersion 5.377 nm 7.285 nm 5.974 nm 

Table 5.1: Values of the deposition in different areas of a wafer depending on the distance from the 

center of the carrier. 

The results show that the deposit rate decreases with the distance to the 

center of the carrier. The dispersion is low with respect to the position 

within the wafer. Therefore, these deposit values are caused by the 

configuration of the sputter (namely the placement of the targets and the 

distance between the target and carrier) and its area of action throughout 

the process. The same deposit values are obtained for the microfluidic 

devices. 

5.1.1.2 Geometry definition 

A study of the geometric definition of biosensors and microfluidic devices’ 

microelectrodes are presented in this section. Figure 5.3 shows the average 

values of the digits’ width and the space between digits with their standard 

deviations. These measurements are also carried out using a profilometer. 
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The values of the biosensors’ digits and space width dimensions are 

accurate with the design made. The geometry of the microelectrodes is 20 

µm width and 30 µm separation between them. The measurements show 

that the average of the fabricated samples’ digits is 21.57 ± 0.86 µm. 

Regarding the space between digits, 29.70 ± 1.44 µm is measured. 

Therefore, a good definition of the biosensors’ geometry is obtained during 

the fabrication process. 

 

Figure 5.3: Width dimensions of the digits and space between digits. 

As shown in Figure 5.3, the measured values for the microfluidic device 

present also a good accuracy. The designed digits and space between digits 

are 50 µm and 100 µm, respectively. The fabricated samples present 48.05 

± 2.43 µm digit width and a space between digits of 104.23 ± 1.69 µm. The 

small variations between the designed and obtained geometries could be 

caused by the fabrication process, which is the same for both substrates. 

However, these results are good enough for the objective of this work. 

5.1.2 Geometric characterization 

The geometric characterization of the biodevices is done through a 

qualitative analysis of microscope images, as a complement of the 
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structural characterization performed using a profilometer. With this results 

the analysis of the fabrication processes is completed. 

Figure 5.4 shows images of the biosensors with the corresponding scale 

bars. These images also confirm the data obtained with the perfilometer, 

where the digits are well defined. As soon as the image is magnified, it is 

possible to observe that the contours of the digits are rougher. This is 

considered not significant for the impedance measurements. 

 

Figure 5.4: Microscopy images of the (a) biosensor detailing the interdigitated microelectrodes 

(IDE) geometry with a scale of (b) 200, (c) 100 and (d) 20 µm. 

Figure 5.5 shows the images of the developed microfluidic devices using 

bright-field microscope with 4x and 10x lenses. Similarly, to the 

biosensors’ geometry, it seems that the definition of microelectrodes is 

good for our purpose (digit width of 50 µm and space between digits of 100 
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µm approximately). In all the cases, the microfluidic devices are according 

to the designed geometry. 

 

Figure 5.5: Bright-field microscopy images of the microfluidic device detailing the interdigitated 

microelectrodes (IDE) geometry with a scale of 300 and 100 µm using (a) 4x and (b) 10x lenses. 

In both cases, these small imperfections are the result of small flaws during 

the fabrication process. In this work, the biodevices are manufactured using 

standard microtechnology processes with flexible acetate photomask. The 

mask type is one of the most important factors for the definition of the 

geometries. The quality of the mask could cause some width variations on 

the geometry. To improve the geometry definition (eliminating the 

roughness of the borders) rigid photomask could be employed.  However, 

the biosensors are good enough for the objective in this work, providing a 

similar geometry definition (low standard deviation, less than 2,5 µm) 

between them. 

The fabrication process of the biosensors was optimized by the Biodevices 

and MEMS group at Ceit-ik4 in previous PhD thesis and research works 

where label free biosensors for bacterial detection were developed (Becerro 

et al., 2015; Paredes et al., 2013). For the microfluidic devices, the same 

fabrication process is employed, obtaining similar fabrication results. 
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5.2 Biofunctionalization characterization 

In this section, the characterization results of the biofunctionalization 

processes are described. This study analyzes the bioreceptor union onto the 

gold surface. Anti-brett antibody and cellobiose sugar are selected as 

bioreceptors.  

Four characterization methods are used: Impedance Spectroscopy (IS), 

Fourier Transform Infrared Spectroscopy (FT-IR), Atomic Force 

Microscopy (AFM) and Quartz Crystal Microbalance (QCM). 

5.2.1 Antibody characterization 

As explained on the materials and methods chapter, the antibodies are 

bonded to the gold surface using a SAM (MPA as linker) in a two-step’s 

activation process (activation of the MPA with EDC and NHS). Previously, 

Pérez-Lorenzo et al. (2014) analyzed and optimized the parameters 

involved in the biofunctionalization of the biosensor using another 

antibody. In those results, it was determined that the optimum conditions 

for the formation of the SAM were an incubation with MPA (1 mM) for 2 

h, and then, a two-steps activation with EDC and NHS (46 mM) for 1 h. 

This protocol was also employed in other investigations for instance for 

endotoxin detection using electrochemical techniques (Zuzuarregui et al., 

2014). Unlike the previous works, in this study an anti-brett antibody is 

added for the Brettanomyces detection in the last step of the 

biofunctionalization process.  

5.2.1.1 Impedance Spectroscopy (IS) 

Impedance Spectroscopy analysis is done to characterize the surface of the 

label free and antibody biosensors. Figure 5.6 shows the relative 

impedance variation of the biosensors after the immobilization of the 

antibodies with a concentration of 1:1000 and 1:500 at different frequencies 

(from 10 Hz to 100 kHz) (n = 6). The impedance of the biosensors is 

measured in a yeast culture medium.  
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Antibody biosensors show an increase of the relative impedance after the 

immobilization of the antibodies compared to label free biosensors. The 

higher the concentration of antibodies onto the surface of the biosensor, the 

greater the increase of the impedance. This effect is caused by the insulating 

behavior of the SAM and the antibodies onto the gold surface (Tlili et al., 

2004).  

 

Figure 5.6: Relative impedance variation for the biofunctionalization at different frequencies (10 

Hz – 100 kHz). 

Regarding the frequency, low frequencies (10 Hz - 100 Hz) show that the 

antibodies’ presence more sensitivity (i.e., higher relative impedance 

change), reaching values of 55 % approximately, compared to high 

frequencies (10 kHz - 100 kHz). (see supplementary material Figure S2.1 

for intermediate steps of the immobilization process with different 

molecules). This is principally caused by the interdigitated microelectrode 

based geometry of the biosensors and its capacitance behavior. Other 

authors also suggest that the low frequency range provided the highest 

sensitivity for the sample detection for interdigitated microelectrode based 

biosensors (Yang et al., 2004, 2003). 
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5.2.1.2 Fourier Transform Infrared Spectroscopy (FT-IR) 

The antibody union to the biosensor is also analyzed using the FT-IR 

technique. In this section, the intermolecular binds are analyzed by infrared 

spectroscopy (Figure 5.7). The biofunctionalization of the gold surface 

with the antibody is confirmed by the presence of peaks in the FT-IR 

spectrum from 3850 cm-1 to 650 cm-1 wavenumbers compared to the gold 

surface (absence of all the molecule’s characteristics peaks). 

 

Figure 5.7: FT-IR spectrum analysis of the gold and the biofunctionalized gold surface with 

antibody. 

New bands appears in the spectrum at 1654 cm-1 and 1534 cm-1, which are 

characteristics of amide I and amide II bonds (Sasidharan et al., 2013). The 

peak at 1330 cm-1 is characteristic of the O–H bending mode in an 

intermolecular hydrogen-bonding structure. The peak at 3416 cm-1 is due 

to O–H stretching (Oh et al., 2005). 2987 cm-1 and 2901 cm-1 peaks are 

assigned to C–H stretching of the alkyl groups of the alkanethiol and the 

peak at 1407 cm-1 to the C–H deformation of the alkyl group. Furthermore, 

a peak at 1394 cm-1 corresponding to O–H bending is observed. A peak at 

1067 cm-1, which corresponds to C–OH stretching of the alcohol terminated 

javascript:popupOBO('CHEBI:32988','C2BM00127F','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=32988')
javascript:popupOBO('CHEBI:32988','C2BM00127F','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=32988')
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groups, is also presented (see Materials and Methods chapter for the 

structures of the molecules).  

The Self-Assembled Monolayer (SAM) formation of a covalent gold-sulfur 

(Au-S) bond is proved by the presence of the large band in the range of 500 

cm-1 to 750 cm-1; in this case it can be found in 750 cm-1. These peaks are 

also reported by other authors (Baldrich et al., 2008; Di Pasqua et al., 2009; 

Larkin, 2011; Nakamoto, 2009; Tlili et al., 2004) (see supplementary 

material Figure S2.2 for intermediate steps). 

5.2.1.3 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) is also used to characterize the surface 

topography, providing information about the surface roughness and the 

distribution of the compounds. Images of the gold interdigitated surface of 

the biosensor before and after the immobilization of the antibody are 

examined. 

Figure 5.8 shows the height and phase images of 1 µm2 surface of the 

samples, and the height profile of its cross section. In both images the 

changes in the appearance could be appreciated. The gold grains before the 

immobilization presents a bigger size and sharp edges compared to SAM 

and antibody coated surface. In the height and phase images, the gold grains 

clear contour disappears when antibody is bonded to the surface. 

In addition, the graphs of the transversal heights of the gold surfaces also 

confirm the presence of the antibody: the surface is softer, blurring the gold 

grain shape. When the antibody is immobilized to the surface, the cross 

sections is approximately flat. In addition, previous works of the group 

observed the same phenomenon, where the samples surface were 

homogenous and continuous. There was no holes, nor defects or any 

perceptible morphological feature (Zuzuarregui et al., 2014). 
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Figure 5.8: Height and phase images, and height profile graph of a label free and antibody-based 

biosensors. 

5.2.1.4 Quartz Crystal Microbalance (QCM) 

Figure 5.9 shows the results of the experiments (n=3) done in the QCM for 

the immobilization of the antibodies using a SAM. An increase in the 

adsorption suggests that the antibodies are immobilized onto the 3-

Mercaptopropionic acid (MPA) molecules (previously immobilized onto 

the gold surface). As the antibody concentration increases, the adsorption 

concentration is higher. The adsorption average of the antibody 

concentration 1:1000 is 4.38 ng·cm-2 with a standard deviation of 1.24 



Results and discussion  151 

ng·cm-2, whereas for a dilution of 1:500, the mean value is 21.71 ng·cm-2 

with a standard deviation of 9.99 ng·cm-2. 

This characterization technique also confirmed that an increase in the 

antibody concentration (1:500) generates a higher adsorption onto the gold 

surface. In this way, a higher surface covering is obtained. The high 

standard deviation of the 1:500 concentration could be caused by the high 

sensitivity of the QCM employed. Similar variability was obtained in 

previous works of the group with the same equipment during the SAM 

formation with MPA and MUA (Ansorena et al., 2011) and also, in the 

activation (Pérez-Lorenzo et al., 2014). Although there is a significant 

standard deviation in 1:500 (Figure 5.9), it presents a higher adsorption 

level without overlapping with other concentrations (1:1000 and control). 

These results confirm an increase of the surface coating with the antibody 

dilution. 

 

Figure 5.9: QCM results of the adsorption of the antibody at different concentrations. 
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5.2.2 Cellobiose characterization 

Secondly, the other biofunctionalized detection strategy, based on 

cellobiose biosensors, is analyzed. In this case, IS, FT-IR, AFM and QCM 

techniques are also employed to study the correct immobilization of 

cellobiose-cysteamine derivate (CCD) onto the gold surface. In addition, 

the transformation of the cellobiose molecules to include a cysteamine 

molecule (for providing a -SH group) is also checked using FT-IR 

technique. 

 5.2.2.1 Impedance Spectroscopy (IS) 

Cellobiose immobilization onto the biosensors’ surface is characterized 

using impedance spectroscopy analysis. Figure 5.10 shows the absolute 

relative impedance module variation of 6 label-free biosensors and another 

6 cellobiose based biosensors for each concentration (1 mM, 10 mM and 

100 mM) (6 biosensors for each type) at different frequencies in yeast 

culture medium. This would allow to analyze if the concentration 

influences the variation of impedance, demonstrating a difference on the 

quantity immobilized. 

 

Figure 5.10: Absolut relative impedance variation for the biofunctionalization at different 

frequencies (10 Hz - 100 kHz). 



Results and discussion  153 

Figure 5.10 shows that cellobiose based biosensors present a higher 

absolute relative impedance variation compared to the label free 

biosensors. This variation is higher as concentration of CCD increases. 

According to the results obtained in the antibody biosensors, low frequency 

range (10 Hz and 100 Hz) presents more sensitivity than high frequencies 

(100 kHz). The values are 11 %, 13 % and 27 % for 1 mM, 10 mM and 100 

mM, respectively. These impedance variations are caused by the union of 

the CCD onto the gold’s surface of the biosensor. 

5.2.2.2 Fourier Transform Infrared Spectroscopy (FT-IR) 

Two analysis of the cellobiose are carried out with the FT-IR technique. On 

one hand, the transformation of the cellobiose with cysteamine to include a 

thiol group is studied (to allow the later covalent union to the gold surface). 

On the other hand, the immobilization of the CCD (cellobiose-cysteamine 

derivative) onto the gold surface of the biosensor is tested at different 

incubation times with 100 mM. This concentration is selected because it is 

the one that provides a higher surface covering based on impedance 

spectroscopy analysis. 

» Characterization of the cellobiose transformation 

Figure 5.11 shows the spectroscopic FT-IR data obtained for both 

cellobiose and CCD derivatives. As expected, both spectra present some 

peaks that are characteristics of cellobiose. Thus, the O-H vibrational 

stretching is shown in the region between 3650 cm-1 and 3010 cm-1. Then, 

the peaks at 2950 cm-1 and 2861 cm-1 are assigned to C–H stretching of 

cellobiose and the peak at 1403 cm-1 to the C–H deformation. The C=O 

stretching is usually found from 1849 cm-1 to 1634 cm-1, with a very low 

intensity due to the existing balance between the possible closed 

(hemiacetal) and open (free aldehyde terminal group) forms of the 

cellobiose. Also, a deformation of -CH and -OH is observed between 1362 

cm-1 to 1191 cm-1.  

Finally, the C-O and C-C stretching peak are shown in the region of 1191 

cm-1 and 995 cm-1, respectively. Meanwhile, the CCD structure is checked 
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by the disappearance of the aldehyde group from the cellobiose and the 

appearance of the characteristic N-H, C-N, C-S and S-H peaks as shown in 

Figure 5.11.  

 

Figure 5.11: FT-IR spectrum analysis of the cellobiose and, CCD molecules, where the aldehyde 

group from the cellobiose disappear and new bands of the characteristic N-H, C-N, C-S and S-H 

peaks appear. 

The correct functionalization of the cellobiose, obtaining the expected 

CCD, it is also checked by the presence of two new bands due to the S-H 

stretch at 2550 cm-1 approximately, and N-H bend at 1640 cm-1 to 1550 cm-

1 region. 

» Characterization of the cellobiose union to gold 

After confirming the formation of CCD, a characterization of its union to 

the gold is studied. The results suggest that there is not difference between 

the 4 employed incubation time (1, 2, 4 and 24 h). Figure 5.12 confirmed 
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the biofunctionalization of the gold surface with the cellobiose-cysteamine 

molecules by the presence of peaks in the FT-IR spectrum. 

 

Figure 5.12: FT-IR spectrum analysis of the gold and the biofunctionalized gold surface with 

cellobiose at different incubation times. 

As in the previous section, from 3850 cm-1 to 650 cm-1 wavenumbers are 

compared against the gold surface. The observed transmission value is low 

due to the low sample quantity immobilized onto the gold surface in the 

ATR crystal of the FT-IR equipment. As shown in the graph, for all the 

incubation times (1h, 2h, 4h and 24h) the good CCD immobilization onto 

the gold surface is confirmed.  

Although the results suggest that 1 hour seems to be enough time to allow 

the union of the molecules to the gold surface, 4 hours is implemented. 

There is not any research that employs the cysteamine and the cellobiose 

for biofunctionalizing the surface, therefore there is no comparison 

possible. This longer time is selected based on the experience of the 

research group, in which usually 1-4 hours are used to perform 

immobilization assays. In previous researches, 2h was selected as the 

optimum incubation time for the SAM formation using MPA (Pérez-
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Lorenzo et al., 2014). Other authors, for example, Ahmad et al. (2015) 

proposed a cysteamine monolayer by soaking a clean gold electrode in 18 

mM cysteamine aqueous solution for 4h at room temperature (not used with 

cellobiose). Regarding the cellobiose immobilization onto the gold surface, 

Kitaoka et al. (2013) employed a cellobiose based biofunctionalization. In 

this work, the cellobiose was modified using a Thiosemicarbazide (TSC) 

molecule to provide a thiol group at the end of the molecules. TSC was also 

used in more researches for immobilizing sugars and other molecules (e.g., 

methylcellulose, cellulose, Hyaluronic acid, etc.) onto the gold surface 

(Prats-Alfonso and Albericio, 2011; Tanaka et al., 2010; Yokota et al., 

2008, 2007). 

5.2.2.3 Atomic Force Microscopy (AFM) 

The CCD is also characterized by Atomic Force Microscopy (AFM) 

technique. This would provide complementary information about the 

surface roughness change caused by the immobilization of CCD molecules. 

As for the antibodies, a measurement of the gold surface of the biosensors 

is made before and after the cellobiose immobilization. 

Figure 5.13 shows the height and phase images of a 1 µm2 surface, and the 

height profile values of the samples’ cross section. In height and phase 

images, the changes of the immobilized molecules could be appreciated. In 

the images of label free, a clear separation can be observed between the 

grains of gold, whereas in the images of CCD, these separations are 

disappeared caused by the union of the molecules. 

The immobilization can also be appreciated comparing the cross section of 

both samples. In the gold sample, a decrease in the profile caused by the 

separation of both grains is clearly observed, while in the CCD, the profile 

is softer, with less abrupt decreases. These results agree with the previous 

ones (antibody biofunctionalization), where a flatter surface is caused to 

the formation of a SAM onto the gold surface. 
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Figure 5.13: Height and phase images, and height profile graph of a label free and CCD based 

biosensors. 

5.2.3.4 Quartz Crystal Microbalance (QCM) 

The results regarding the QCM characterization for the control and CCD 

with different concentrations (1 mM, 10 mM and 100 mM) after 4 h of 

incubation are shown in Figure 5.14. This incubation time is selected based 

on the results obtained from the previous characterization analysis in which 

the union appear to be completed. 

The adsorption values of the CCD are 7.74 ± 4.59 ng·cm-2, 13.45 ± 7.51 

ng·cm-2 and 23.49 ± 3.59 ng·cm-2 for 1 mM, 10 mM and 100 mM, 

respectively. In contrast, the control does not present an adsorption (-2.57 

± 2.19 ng·cm-2). As CCD concentration increases, the detected amount of 
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compound attached to the gold surface of the crystal is higher. Also, these 

results suggest that CCD is correctly immobilized onto to the gold surface 

of the biosensors by a covalent S-Au linkage. 

As in the characterization of antibody immobilization, a significant 

standard deviation is obtained for each concentration. This effect could be 

caused by the high sensitivity of QCM equipment as it was observed in 

previous researches of the group. However, these results demonstrate the 

linear increase of the surface coating with the concentration value. 

 

Figure 5.14: Analysis of the CCD-SAM formation at different concentrations quantified by QCM 

technique. 

Finally, among all the concentration that are tested (1 mM, 10 mM and 100 

mM), it is decided to employ a concentration of 100 mM during the 

spoilage yeast monitoring inside the bioreactors. The 3 characterization 

techniques demonstrate an increase of the CCD surface onto the biosensors 

with this concentration. In this way, it is expected to facilitate the spoilage 

yeasts growth onto the surface of the biosensor, and therefore, a higher 

sensitivity (impedance change). 
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5.3 Yeasts growth monitoring 

This section presents the measurements on the microbiological cultures to 

characterize the changes in the electrical characteristic of the impedance 

using interdigitated microelectrodes (IDE) biosensors. For this purpose, 

different parameters are tested in this work: the culture media conditions, 

yeasts species, frequency of the impedance measurements and bioreceptor. 

5.3.1 Analysis of the experimental conditions 

Firstly, the label free biosensors and experimental setup are analyzed to test 

the ability to monitor the growth of the spoilage yeasts inside a bioreactor. 

Culture media conditions (static, stirring) are also compared to select the 

best configuration for the experiments to grow yeasts. In addition, the 

equivalent circuit model is analyzed to evaluate the equivalent parameters 

during spoilage yeast growth for both conditions. 

5.3.1.1 Experimental results of static and stirring conditions 

The results obtained of the impedance spectroscopy, B. bruxellensis 

impedance monitoring, microscopy images and the frequency analysis are 

shown. 

» Impedance spectroscopy analysis 

Figure 5.15 presents the Bode plot of the magnitude and phase of the 

impedance response of one IDE sensor in the bioreactor. All biosensors, 

regardless of their culturing condition (static or stirring) or relative location 

inside the bioreactor, show a similar response in the frequency range set in 

this experiment. At low frequencies (<500 Hz), the capacitance behavior 

dominates the impedance response: the value of the phase tends to -90°. In 

contrast, at higher frequencies (>7 kHz), the value of the phase tends to be 

more resistive (phase tended to 0°), confirming the increase of contribution 

of the resistance. There is clearly a middle region in which both behaviors 

act and therefore these effects are balanced generating a plateau in the phase 

of approximately -65°, between 500 Hz and 7 kHz. Some authors 
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previously stated that this is the expected behavior of IDE sensors in culture 

media (Alexander et al., 2010; Bard et al., 1944; Rana et al., 2011; Yang, 

2008; Yang et al., 2004). Impedance magnitude values are in the range of 

15 kΩ and 100 Ω for 10 Hz - 1 MHz respectively.  

 

Figure 5.15: Bode plot of impedance measurement during B. bruxellensis growth, represented in 

magnitude and phase of IDE biosensor. 

» Brettanomyces growth monitoring using IDE biosensors 

As previously stated, the growth of B. bruxellensis causes a change on the 

impedance of the medium and it is proportional to the increase of yeasts. In 

this way, the content of the biological sample could be analyzed by the 

direct conversion of a biological event to and electronic signal (Grieshaber 

et al., 2008). To compare the label free biosensors behavior with the 

evolution of the medium, impedance and cells concentration is analyzed.  

Figure 5.16-a and -b shows the evolution of the concentration of yeasts 

and impedance magnitude at 10 Hz for the 4 bioreactors: control and 

infected reactors at static and stirring conditions. This frequency is the most 

sensitive for the detection of biofilm formation onto the surface of the 
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biosensors as it is shown in the frequency analysis section and in the 

supplementary materials. The curves present mean values of the relative 

impedance (∆𝑍𝑖 =
𝑍𝑖−𝑍0

𝑍0
· 100) of the biosensors including the standard 

deviation bars over each line. 

 

Figure 5.16: (a) B. bruxellensis concentration at static and stirring reactors during the experiments. 

(b) Relative variation of impedance magnitude at 10 Hz of a culture of B. bruxellensis under static 

and stirring conditions.  

The culture medium is infected at day 3, after the curves are stable (showing 

a plateau). Initial concentration in the bioreactors is set at 102 CFU·mL-1. 

As expected, the control of the static and stirring conditions show that the 

CFUs remained constant at zero during the 16 days of experimentation 
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(Figure 5.16-a). Then, the infected reactors (again for both conditions) 

suffered an increase on biomass during the experiments. Interestingly, the 

growth kinetics are different for each condition: stirring condition allows a 

fast proliferation and metabolism due to the nutrient diffusion in a 

homogeneous manner of the medium, compared to static conditions.  

For the stirring condition, the maximum concentration (CFU·mL-1) is 

found at day 8 with an exponential growth after the infection of the reactor. 

Under static conditions, the growth of the cells is slower than in stirring 

conditions before the exponential increase, reaching a maximum 

concentration on day 11. Both reactors, after the exponential growth, B. 

bruxellensis enter in a stationary phase, maintaining their maximum 

concentration approximately at 108 CFU·mL-1. 

Figure 5.16-b shows the relative changes of the impedance, again for both 

conditions (static and stirring) and their controls. The relative impedances 

of the controls are constant during the experiment, consistently with the 

lack of microorganisms. However, the infected conditions show notorious 

variations due to yeast development (metabolic activity and biofilm 

formation). The stirring condition presents a faster detection time (time 

elapse from infection until a change in the impedance curve occurs), 1 day 

after the infection, compared to the static condition that changes 3 days 

later. It took 9 days after infection to reach a 30 % of maximum impedance 

variation under stirring condition, whereas for static conditions the 

maximum impedance variation was 22 % after 12 days (Figure 5.16-b).  

For static condition, the relative impedance change stabilizes after 15 days; 

whereas the stirring condition presents an increase after arising to a 

maximum change. These impedance changes correspond with the 

evolution of the B. bruxellensis growth during the experiment inside the 

reactors as it has been described in Figure 5.16-a.  Comparing the 

experimental duration to previous works in the Biodevices and MEMS 

group at Ceit-ik4 with different microorganism, changes of 60% in 24 h 

were obtained for bacteria in similar culture conditions (Paredes, 2012). 

The difference in these values is due to the metabolic and biofilms 

formation capacity. 
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The biofilm formation and cellular attachment onto the surface of the 

sensors could be promoted by the shear stress of the stirring conditions 

onto the surface of the sensors.  In the case of the static conditions, yeast 

cells tend to deposit at the bottom of the reactor, and therefore, the biofilm 

is mainly formed away from the biosensors. In this context, the nutrient 

diffusion is limited and therefore, slower growth kinetics and the 

metabolism. Other authors also obtained similar impedance responses to 

microorganisms’ development. For example, according to Kim’s research, 

the contribution of attached microorganisms and biofilm is principally 

measured using impedance spectroscopy analysis (Kim et al., 2011).  

The trend of the curves shown in Figure 5.16-b are consistent with the 

findings in the bibliography, where an increase of biomass results in a 

decrease of the impedance magnitude due to the formation of biofilm over 

the surface of the sensors (Ben-Yoav et al., 2011; Kim et al., 2011; Lei, 

2014). Therefore, these results confirmed that B. bruxellensis growth could 

be measured in laboratory conditions (inside bioreactors) using an 

impedance spectroscopy analysis. 

 

Figure 5.17: Relative variation of phase at 10 Hz of a culture of B. bruxellensis under static and 

stirring conditions. 
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Finally, the phase values (the other component of the impedance) do not 

change more than 5 % as shown in Figure 5.17. One can conclude that 

there is not a change on the biosensor’s behavior during the experiments. 

This is caused by the action of the double layer capacitance that is mainly 

contributed by the yeast membrane capacitance as shown in the equivalent 

circuit model. 

» Characterization of yeast growth onto IDEs by microscopy 

A complementary study for impedance measurements is done using 

microscopy for visualizing the label free biosensors’ surface. Different 

biosensors extracted from the culture medium are visualized during the 

experimental trials of B. bruxellensis under static and stirring conditions. 

Figure 5.18 shows photographs of sensors at different days (upper row 

under static conditions and lower row under stirring conditions). An 

increase of yeast cells attached to the surface, creating biofilm structures 

can be observed. In the stirring case, the biofilm produced onto the surface 

of the sensors is bigger, which confirms both, the faster kinetics of biofilm 

formation due to the shear stress and the increase of the overall biomass. 

 

Figure 5.18: Microphotographs of biosensors with B. bruxellensis attached onto the 

microelectrodes acquired with a 40x lens with 102 CFU·mL-1 for (a, b and c) static and (d, e and f) 

stirring conditions at different moments during 16 days of assay (scale bar 30 µm). 
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In addition, a quantification of the B. bruxellensis cells adhered to the 

biosensor at the end of the experiments is completed. The cells are detached 

from the surface of the biosensors using a combination of vortex and 

ultrasonic bath (5 min in 3 mL of PBS). Then, the medium is cultured in 

yeast media for evaluating their concentration. In the static condition, the 

concentration is 5.4·101 CFU·cm-2; whereas, in stirring condition it is 

higher, reaching a concentration of 8.8·105 CFU·cm-2. According to 

previous analysis, the cells concentration attached to the biosensor 

confirms that the stirring condition promotes the biofilm formation. 

» Frequency analysis for static and stirring conditions 

Figure 5.19 presents a comparison of the maximum relative variation of 

the impedance magnitude (day 12 and 15 for stirring and static conditions, 

respectively). Different frequencies (from 10 Hz to 1 MHz) are analyzed 

for static and stirring conditions. In both scenarios the lower frequency 

range (10 Hz) provides higher sensitivity for B. bruxellensis detection. The 

sensitivity decreases when the frequency increases.  

 

Figure 5.19: Maximum relative impedance variation for different frequencies (10 Hz – 1 MHz) for 

static and stirring conditions during the B. bruxellensis growth. 
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Also, for all the frequencies, the stirring condition increased the relative 

variations because of a higher biofilm coverage favored by dynamic 

condition over the IDEs. Similar conclusions were previously reported by 

other authors (Yang et al., 2004). (see supplementary material for more 

detailed information about the impedance curves at different frequencies). 

5.3.1.2 Equivalent circuit analysis 

In this section, the fitting of the proposed model with the experimental data 

is shown. The model is developed for static and stirring condition with B. 

bruxellensis in yeast medium. 

 

Figure 5.20: Simulation of the impedance magnitude represented for the optimal proposed model 

under (a) static and (b) stirring conditions. 
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Figure 5.20-a and -b show the fitting results of the model and experimental 

data over the frequency range for both experimental conditions, static and 

stirring. In both cases, the proposed model presents a good fitting (R2 = 

0.99) throughout the whole frequency range for static and stirring 

condition. So, this model could be employed for label free biosensors. 

 

Figure 5.21: Values of the elements of the electrical model during 16 days of experiment in (a) 

static and (b) stirring conditions. 
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Figure 5.21 represents the evolution of the equivalent electrical 

components from the proposed model (RSOL, RB, CB and CDL). A fitting 

process is done at different times with the experimental data and then, the 

electrical components are calculated. 

In static condition (Figure 5.21-a), a low change on RB and CB is shown 

because the B. bruxellensis’ biofilm is less developed onto the biosensors 

compared to stirring condition. However, the RSOL is increased caused by 

the metabolic repercussion in the medium, until finally reaches a plateau. 

In contrast, for stirring conditions (Figure 5.21-b), the RB and CB are 

changed significantly. RB is continuously increasing, while the CB reaches 

a maximum (day 11) and slowly decreases, probably saturated by the high 

coverage of the microelectrodes. Similar results of these electric 

components were previously obtained by other authors (Liu et al., 2018). 

The RSOL is continuously increasing during the experiments. This effect is 

probably related to the growth kinetics due to nutrient availability. 

For both cases, a moderate increase of the CDL is observed over time. This 

may be due to the similar ionic behavior of the surface of the biosensor with 

the sample, and also, the biofilm formation.  

In stirring conditions, the biofilm formation increase is confirmed by the 

equivalent circuit model, making faster impedance changes compared to 

static conditions. As described in the previous section, stirring conditions 

are selected for the experimental evaluation of the biofunctionalized 

biosensors because the change is faster (reducing the experiments duration) 

caused by the biofilm formation is developed. For this reason, from now 

on, the tests are done under stirring conditions. 

Finally, this study also confirms the good sensitivity at low frequencies 

range (10-100 Hz), where the impedance change is mostly caused by the 

CDL. Indeed, in previous researches, authors concluded with their 

experiments that low frequency range is more sensitive caused by their 

capacitive behavior for the biofilm formation monitoring (Bayoudh et al., 

2008; Yang et al., 2004). 
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5.3.2 Analysis of biosensor type for yeast detection 

This section analyzes two biosensors: one functionalized with antibodies 

and the other with cellobiose. Both are tested against label free using 4 

yeasts species (B. bruxellensis, P. guilliermondii, D. hansenii and S. 

cerevisiae) and analyzed their selectivity capability. As demonstrate in the 

previous section, the experiments are carried out inside a bioreactor under 

stirring conditions (100 rpm). It is demonstrated that stirring conditions 

promote the biofilm formation onto the biosensors’ surface and also, a 

faster impedance response. 

5.3.2.1 Antibody-based biosensors 

Firstly, the performance of the antibody-based biosensors is analyzed 

compared to the label free biosensors. For this purpose, a control and 

different yeast species found in alcoholic beverages are cultured. 

» Yeasts growth monitoring 

Figure 5.22 shows 5 graphs of the evolution of the impedance magnitude 

and cells concentration for the control and the four proposed species for 8 

days of experiment (red color for antibody biosensors and blue for label 

free biosensors). The curves present the mean values of the label free and 

antibody biosensors including the standard deviation bars over each line for 

10 Hz frequency. As in the previous section , other authors suggested that 

low frequency are more sensitive for the biofilm formation onto impedance 

based biosensors (Liu et al., 2018).  Again, in these new experiments, the 

infection is performed after the curves showed a stabilization plateau, in 

this case, at day 1.  

Initial concentration in each bioreactor is set at 102 CFU·mL-1 of B. 

bruxellensis, P. guilliermondii, D. hansenii and S. cerevisiae. A higher 

sensitivity of the antibody biosensors to spoilage yeasts is observed when 

comparing the curves of these 5 graphs. Figure 5.22-a shows the control 

for label free and antibody biosensors. During the experiment, the 

impedance remains constant, suggesting that the antibodies are still 
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attached to the gold surface over this period. Figures 5.22-b, -c, -d and -e 

clearly show changes on impedance 1 day after the infection caused by the 

growth and metabolic activity of these cells. 

 

Figure 5.22: Relative variation of impedance magnitude for label free and antibody biosensors at 

10 Hz and the concentration of a culture of (a) control, (b) B. bruxellensis, (c) P. guilliermondii, 

(d) D. hansenii and (e) S. cerevisiae strains under stirring conditions. 

The metabolic activity and the biofilm formation onto the surface of the 

sensor are responsible of the decrease of the impedance of the culture 

medium for all the yeast strains. The impedance change is correlated to the 

exponential growth phase of the spoilage yeasts (B. bruxellensis, P. 
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guilliermondii and D. hansenii). This is shown in the graphs as the 

evolution of the concentrations (CFU·mL-1), where the most drastic 

changes occur in the culture medium. The results are corroborated with 

other published studies, where a decrease on impedance is related to 

microorganisms increase (Radke and Alocilja, 2005; Varshney et al., 

2007). 

In the experiment of B. bruxellensis strain (Figure 5.22-b), a variation of 

24 % are presented for label free sensors, whereas for antibody biosensors, 

the changes are of 40 % (16 % more than label free biosensors). As one 

could expect, the antibody could facilitate a greater adhesion of the yeast 

and the formation of biofilms. Therefore, a higher change on the measured 

impedance is obtained. Moreover, the stirring condition promotes a biofilm 

formation and cellular attachment due to the shear stress caused onto the 

surface of the sensors (Paredes et al., 2014b).   

Furthermore, the experiments with P. guilliermondii and D. hansenii, also 

present more significant impedance changes for biofunctionalized 

biosensors comparing to label free sensors. For the experiment with P. 

guilliermondii (Figure 5.22-c) the impedance changes on label free sensors 

are 6 %, whereas for antibody biosensors 26 % and for D. hansenii (Figure 

5.22-d), sensors show 4 % and 12 % of variations in impedance, 

respectively. Despite of being specific antibody for Brettanomyces, the 

antibody’s data sheet reports a moderate affinity to a few other non-

Saccharomyces yeasts known to produce spoilage in wine that could give 

a positive response. Issatchenkia orientalis, Zygosocchi ailii, Pichia Sp., 

Candida glabrata, Torulaspore pretoriensis, etc. are some of the possible 

strains. This information confirms the results presented before, where the 

impedance change is also higher for other spoilage yeasts, but not for S. 

cerevisiae. 

For the reactors with B. bruxellensis, P. guilliermondii and D. hansenii the 

curves show notorious variations due to yeast development (metabolic 

activity and biofilm formation). However, for S. cerevisiae (Figure 5.22-

e), the behavior of both types of sensors is similar. The label free sensors 
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and antibody biosensors present a decrease in impedance of 14 % and 12 

% respectively. The label free sensors show a 2 % greater change on the 

impedance. It could be caused by a lower binding of the yeasts to the 

antibody biosensors. The same results are also obtained in two repetitions 

(see supplementary material for more experimental results). With these 

results, it is proved that the impedance measurement is valid for the 

detection and monitoring of the biofilm formation for spoilage yeasts. 

» Characterization of yeasts growth onto IDEs by SEM 

To evaluate yeast attachment onto the surface of the biosensor, a SEM is 

employed. Figure 5.23 shows images of label free and antibody biosensors 

at the end of the experiment. According to impedance curves analysis of 

the previous section, an increase of yeast cells attached, and more 

developed biofilm structures are observed onto the surface of the biosensor 

compared to the label free sensors. In the case of S. cerevisiae, there is less 

attachment to antibody biosensors. This could be caused because there is 

no union with the antibodies. According to the specifications, this antibody 

does not present a sensitivity to S. cerevisiae yeasts. 

 

Figure 5.23: SEM images of label free and antibody biosensors with B. bruxellensis, P. 

guilliermondii, D. hansenii and S. cerevisiae attached onto the microelectrodes at the end of the 

experiment. 
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» Frequency analysis for both biosensors’ types and yeast species 

As previously explained in the label free biosensors, the effect of the 

frequency is analyzed to identify the frequency that provided higher 

variations in each case. In addition, in this section is employed to evaluate 

the fact of having antibodies onto the sensitive surface that modifies the 

behavior of the sensor. A comparison of the maximum relative variation of 

the impedance magnitude at different frequencies (from 10 Hz to 100 kHz) 

for the control and four yeast strains including the standard deviation bars 

over each frequency is presented in Figure 5.24.  

 

Figure 5.24: Relative variation of impedance magnitude at different frequencies (from 10 Hz to 

100 kHz) for control media, B. bruxellensis, P. guilliermondii, D. hansenii and S. cerevisiae. 
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The control is remained constant for all the frequencies because there is not 

change on the impedance during the experiment. In the rest of the cases, 

higher sensitivity is provided in low frequencies (10 Hz - 100 Hz) to yeast 

growth during the experiments. 

For low frequencies in B. bruxellensis, P. guilliermondii and D. hansenii 

experiments, a higher relative variation is provided by the antibody 

biosensors because of a greater biofilm coverage over the sensitive surface. 

Similar results are described by other authors, where the greatest change in 

impedance is observed at 10 Hz (Yang et al., 2004). This impedance change 

is principally caused by the increase of the double layer capacitance (only 

affected at low frequency range) as shown in the equivalent circuit analysis. 

In the case of S. cerevisiae, no difference between label free and antibody-

based biosensors is obtained, suggesting that there is not specific union 

between this yeast specie and the anti-brett antibody (as described in the 

antibody’s datasheet). 

» Comparison of the antibody biosensor with other biosensors 

In this research, interdigitated microelectrode (IDE) based biosensors are 

employed, offering a large sensitive area and an accurate response in a 

limited space (Couniot et al., 2013; Krommenhoek et al., 2006; Ma et al., 

2015). Previously, Gamella et al. (2009)  and Yang (2008) demonstrated 

that the metabolic activity, the microorganisms’ adherence and the growth 

onto the biosensor surface change can be measured with the impedance due 

to the insulating properties of the cell membrane 

Regarding the Brettanomyces specific detection, a disposable 

amperometric immunosensor for the detection of this spoilage yeast was 

developed by Borisova et al. In their proposed biosensor, they used a hybrid 

material composed of gold nanoparticles and reduced graphene oxide to 

detect the presence of Brettanomyces over carbon screen printed 

microelectrodes. MPA layer is also employed for the specific antibody 

immobilization to the surface as in this work. In the amperometric 

biosensor, the detection limit is stablished at 10 CFU·mL-1 (Borisova et al., 
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2017), higher compared to the proposed antibody biosensor (102 CFU·mL-

1). However, in this work, it is not employed for less than 102 CFU·mL-1 

because the critical Brettanomyces concentration is defined at 103 

CFU·mL-1 that is detected. The main advantages of the proposed biosensor 

are that the sample does not need preparation and the capacity to detect 

other beverage spoilage yeasts genera. 

Continuing with the comparative analysis, Cecchini et al., (2012) proposed 

a chemiluminescent DNA optical genosensor for B. bruxellensis detection 

(Cecchini et al., 2012). In this case, they present a similar detection 

sensitivity (102 CFU·mL-1). Despite of being rapid and specific the 

response of this device, the main drawback is that is a simple measurement 

(not a monitoring) with the need of the sample preparation and the difficulty 

or impossibility to integrate them inside wine or cider tanks/barrels. 

Therefore, in this sense, the proposed biosensor in this work could give a 

better performance for industrial application. 

Finally, a L-SPR genosensor is also proposed by Manzano et al. for the 

same purpose. This solution presents a high sensitivity (0.1 ng·mL-1) and 

specificity with a relative rapid response (Manzano et al., 2016). However, 

this biodevice is not integrable in tanks or barrels and needs sample 

preparation as in the previous case. 

Therefore, the proposed biosensor provides similar sensitivity and 

specificity to other published biodevices and methods. One of the main 

advantages compared to the other solutions is the possibility of 

implementing them inside wine and cider tanks and the sensitivity to other 

spoilage yeasts such as P. guilliermondii and D. hansenii. 

5.3.2.2 Cellobiose-based biosensors 

The cellobiose-based biosensors behavior is analyzed in this section. 

Similarly, to the antibody-based biosensors, the cellobiose-based 

biosensors are compared to label free biosensors under different conditions. 

Five reactors, one with no yeast (serving as negative control) and four yeast 

strains are evaluated for this biosensor. 
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» Yeasts growth monitoring 

The relative impedance variation with its standard deviation for the control 

and yeasts (B. bruxellensis, P. guilliermondii, D. hansenii and S. 

cerevisiae) for 8 days are presented in Figure 5.25. As it is suggested in 

previous sections, all graphs show the results obtained with a frequency of 

10 Hz. Each bioreactor is infected 1 day after the beginning of the 

experiments with a yeast’s concentration of 102 CFU·mL-1, to ensure that 

there is no contamination.  

 

Figure 5.25: (a) control, (b) B. bruxellensis, (c) P. guilliermondii, (d) D. hansenii and (e) S. 

cerevisiae impedance monitoring at 10 Hz and their concentration (CFU·mL-1). 
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Specifically, Figure 5.25-a shows the relative impedance of label free and 

cellobiose based biosensors in the control bioreactor. The impedance 

curves for both type of biosensors, label free and cellobiose, remain 

constant (without appreciable changes). This result suggests on the one 

hand, that there is no contamination from other microbes and on the other 

hand, that the cellobiose molecules remain attached to the gold surface of 

the biosensors via S-Au bond during the experiment duration. 

Figures 5.25-b, -c, -d and -e represent the impedance variation of label free 

and cellobiose based biosensors for different yeasts (namely, infected with 

B. bruxellensis, P. guilliermondii, D. hansenii and S. cerevisiae). In all 

these cases, the impedance starts changing 1 day after the inoculation with 

yeasts. For all the yeast species (B. bruxellensis, P. guilliermondii, D. 

hansenii and S. cerevisiae), label free and cellobiose biosensors show a 

similar performance (impedance variation between -5 % and -10 % for P. 

guilliermondii and D. hansenii and -5 % for S. cerevisiae) caused by the 

yeasts’ growth. 

No significant differences are obtained in the cellobiose based biosensors 

compared to the label free, for B. bruxellensis spoilage yeasts. There are 

several reasons that could explain the lack of specificity of the cellobiose 

(as described in state of art chapter, this sugar only can be consumed by B. 

bruxellensis) based biosensors. Firstly, it might be caused by yeast’s 

metabolism and the sugars present in the experiments. This culture medium 

is composed by several sugars and vitamins that could make B. bruxellensis 

to consume them before the attached cellobiose to the microelectrodes 

(Aguilar Uscanga et al., 2003; Conterno et al., 2006; Hernández and 

Barbero, 2007; Steensels et al., 2015; Van Der Aa Kühle et al., 1998). The 

second hypothesis that could explain the biosensors behavior is that the 

yeast uses glucose as the main substrate for its development, also known as 

the cluster effect. According to Rodriguez, et al. in the presence of oxygen 

(aerobic conditions) B. bruxellensis metabolism uses only glucose to 

transform it into ethanol and acetic acid. This effect is usually found in 

yeasts belonging to Dekkera/Brettanomyces genera. (Rodrigues et al., 

2001; Van Dijken et al., 1986; Wijsman et al., 1984). 
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In addition, it is possible that the cellobiose transformation during the 

derivative formation process, with the introduction of cysteamine, might 

have changed enough the molecule to diminish the ability of B. bruxellensis 

to metabolize it. Although there are no studies that confirm that the 

consumption of these transformed molecules can be made by these yeasts, 

it is already proven that B. bruxellensis is capable of growing with 

cellobiose as the only sugar source (Reis et al., 2014).  

Finally, the cellobiose is only localized on the biosensors’ surface, whereas 

the other carbohydrates are available all over the culture medium. This 

could also be a cause of the similar response by the label free and cellobiose 

based biosensors. 

» Characterization of biosensors by microscopy 

Figure 5.26 shows the SEM images of the label free and cellobiose 

biosensors after the experiment. The yeasts attachment and the biofilm 

formed onto the sensitive surface are evaluated at the end of the 

experiments using these images. For all the yeasts samples (B. bruxellensis, 

P. guilliermondii, D. hansenii and S. cerevisiae), there is not significant 

difference between the label free and cellobiose biosensor. These images 

are consistent with the results of the impedance monitoring.  

 

Figure 5.26: SEM images of label free and cellobiose biosensors with B. bruxellensis, P. 

guilliermondii, D. hansenii and S. cerevisiae attached at the end of the experiment. 
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5.4 Microfluidic devices for yeast detection 

This section presents the microfluidic devices developed for the specific 

detection of B. bruxellensis spoilage yeasts in liquid samples. Label free 

and antibody-based microfluidic platform using interdigitated 

microelectrodes (IDE) sensitive surface are evaluated. For this purpose, 

different concentrations of B. bruxellensis and the control are evaluated for 

ex situ and real time contamination detection. This biodevices could allow 

a specific detection of B. bruxellensis by removing the non-attached yeasts 

inside the chamber by a cleaning process.  

5.4.1 Yeast detection using microfluidic devices 

In this section, the impedance spectroscopy analysis and the B. bruxellensis 

detection are explained using label free and antibody based microfluidic 

devices. 

» Impedance spectroscopy analysis 

The same methodology, as described in the previous sections, is employed 

for the analysis of microfluidic devices. Figure 5.27 shows the Bode plot 

of the magnitude and phase of the impedance response for label free and 

antibody microfluidic devices. The reason to analyze the response in the 

frequency range is to understand the behavior, either capacitive or resistive, 

of the impedance and the magnitude. 

All the microfluidic devices present a similar impedimetric response in the 

frequency. Impedance magnitude values are approximately in the range of 

60 kΩ and 20 Ω for 10 Hz and 1 MHz, respectively. This measure is used 

as a quality control to know that the devices are similar to each other during 

the monitoring. At low frequencies, the impedance magnitude of the 

biofunctionalized microfluidic devices is higher caused by the insulator 

behavior of the SAM and antibodies onto the gold surface of the IDEs 

compared to label free devices. However, this behavior is different at high 

frequencies (50 kHz), where the antibody biosensors impedance magnitude 

is lower compared to low frequency range. According to Yang et al. (2004) 



180  Chapter 5 

research, double layer capacitances offer almost no impedance at 

frequencies higher than 1 kHz. They concluded that the only contribution 

to the total impedance is medium resistance. So, this effect could be caused 

by smalls variations on the culture medium such as remains of the 

antibody’s immobilization process. However, this should not cause any 

kind of repercussion in the measurements, since low frequency (10 Hz) is 

used for the detection of Brettanomyces. 

 

Figure 5.27: Bode plot of impedance measurement during B. bruxellensis growth, represented in 

magnitude and phase of label free and antibody biosensors. 

The same effect than in the biosensors is observed in this case. According 

to other authors, at low frequencies, less than 4 kHz, the impedance 

response is dominated by the capacitance behavior, where the values of the 

frequency tend to -90º in both cases. This behavior is caused by the IDE 

geometry design of the microfluidic devices. This also means that any 

changes at this range of the frequency will be associated with a capacitive 

change rather than resistance. On the contrary, at high frequency range (4 

kHz – 1 MHz) the value of the phase decreases and it tends to positive 

values, showing a resistive behavior (Paredes et al., 2014b; Rana et al., 
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2011; Yang et al., 2004). Similarly changes at these frequencies will be 

associated with changes in the resistance rather than the capacitance. 

» B. bruxellensis detection using microfluidic devices 

Label free and antibody biofunctionalized platforms are tested to detect the 

presence of spoilage yeasts in the culture medium (n=3). In this section, the 

results show the average of the relative impedance variation at the 3-time 

steps (before incubation, incubation and after incubation) of the experiment 

for the control, 102 and 104 CFU·mL-1, respectively.  

 

Figure 5.28: Relative impedance magnitude variation for label free and antibody based 

microfluidic devices at 10 Hz with control. 

The results of the control experiment (just culture medium) for both, label 

free and antibody-based microfluidic devices are shown in Figure 5.28. 

The mean values of the microfluidic devices at each step are represented 

with a bar (relative impedance variation compared to the initial step), 

including its standard deviation, for the control and B. bruxellensis at 10 

Hz frequency. As expected, not significant differences between the 

measurements, less than 1 % of variation, are obtained. Therefore, it is 

confirmed that there are no external variables affecting the behavior of the 

biodevices. Also, the same behavior of the biofunctionalized device respect 

to the label free device are obtained. Moreover, the results suggest that the 

antibody layer is stable, without variations during the measurements (since 
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a separation of the antibodies would cause a decrease in the impedance).  

In this case, despite exposing the antibodies to a flow, the values of the 

impedance remain constant throughout the experiments, assuming that they 

are well adhered. 

 

Figure 5.29: Relative impedance magnitude variation for label free and antibody based 

microfluidic devices at 10 Hz with a (a) 102 CFU·mL-1 and (b) 104 CFU·mL-1 B. bruxellensis 

concentrations 

Similarly, Figure 5.29 -a and -b show the variations of the impedance with 

the samples at two concentrations. There is an impedance change after 

introducing the samples mainly caused by the presence of yeasts in the 

medium, which are higher on the biofunctionalized device. Label free 
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microfluidic device shows a variation of -4 % for 102 CFU·mL-1 and -8 % 

for 104 CFU·mL-1, whereas, the antibody biofunctionalized platforms -11 

% and -14 %, respectively. This difference could be explained by the 

attraction of the yeast to the antibodies. Previously, Radke and Alocilja 

(2005) reported in their research using IDE biosensor that at low 

frequencies the difference in the microorganism concentration was linearly 

increased with the number of bacteria present in the medium. They 

suggested that this result is caused by the microorganisms’ immobilization 

to the antibody of the surface. As expected, the same interaction between 

B. bruxellensis and this antibody is described in the previous section for the 

biosensors, where a specific detection is obtained for this yeast. 

Finally, after an incubation time of 2 hours and, for confirming the 

attachment of B. bruxellensis to the antibodies immobilized onto the gold 

microelectrodes, a cleaning process of the chamber is performed. The bars 

on the right side of the charts (Figure 5.29-a and –b) show the final relative 

impedance after the flow of fresh medium (cleaning process). Only the 

biofunctionalized devices showed a variation (2.5 % and 3 % for 102 and 

104 CFU·mL-1, respectively), whereas the label free values returned to the 

baseline. These results confirmed the capacity of the antibodies in the 

microfluidic device, so without them there was no enough yeast left that 

could cause a significant impedance change. Moreover, the variation was 

proportional to the concentration of yeast; the higher the concentration, the 

greater the change in the measure.  

As it is stated, label free impedance spectroscopy-based biosensors are non-

specific, where different factors such as yeasts, bacteria, molecules, 

temperature variation, ionic changes, etc. could affect the impedance 

measurements. This antibody-specific device after the incubation and the 

cleaning process (to remove other non-immobilized yeast species), have 

demonstrated the potential for this tool in the real field. 
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» Microscopy analysis of the microfluidic devices 

Figure 5.30 shows phase-contrast microscopy photographs of a 

microfluidic device during the incubation step of 102 and 104 CFU·mL-1 

concentration of B. bruxellensis cells. 

These images show a correct incubation of B. bruxellensis yeasts inside the 

chamber for each concentration in both experimental conditions. In 

addition, the yeasts are distributed homogeneously throughout the entire 

microfluidic chamber, which would help to have a similar immobilization 

in the whole surface, and therefore, the signal will be maximum because 

the entire surface is used. 

 

Figure 5.30: B. bruxellensis yeast on the surface of the gold interdigitated electrodes of the 

microfluidic devices with (a) 10x and (b) 20x for 102 CFU·mL-1; and (c) 10x and (d) 20x for 104 

CFU·mL-1 (focus layer located on the electrodes). 
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» Frequency analysis for B. bruxellensis detection 

According to the methodology employed in previous sections, a frequency 

analysis is performed to identify which frequency (in the range of 10 Hz – 

1 MHz) provides the higher variation under the presence of B. bruxellensis 

(this analysis is done in parallel with the yeasts’ monitoring).  Figure 5.31 

shows the relative variation values of the impedance after washing out the 

sample with the yeasts in the biofunctionalized devices. The results of the 

three conditions, control, 102 and 104 CFU·mL-1, are shown in this figure.  

 

Figure 5.31: Relative impedance magnitude variation of the antibody microfluidic devices for 

different frequencies (10 Hz- 1 MHz) with a control, 102 and 104 CFU·mL-1 B. bruxellensis 

concentrations. 

As in the biosensors, low frequency range shows the highest relative 

impedance variation caused by the IDE geometry employed.  10 Hz is the 

most sensitive frequency to detect the presence of B. bruxellensis. Also, for 

most of the frequency ranges (not for high frequencies), the response of the 

device presents a linear tendency to the yeast concentration. According to 

the results shown in Figure 5.31, at higher frequencies, the concentration 

of yeasts does not affect the value of the relative variation, and therefore it 

is only possible to stablish its presence. Previous works also demonstrated 

that low frequencies provide the highest impedance variations caused by 
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the presence of bacteria using silicon-based microfluidic chip with culture 

medium (Gómez-Sjöberg et al., 2005).  

Experts in the oenology stablished that 103 CFU·mL-1 is the lower threshold 

for B. bruxellensis to start producing an appreciable damage to the beverage 

(Borisova et al., 2017; Hernández and Barbero, 2007). Therefore, 

according to these results, this device can detect concentrations below 103 

CFU·mL-1 and could provide an early detection of B. bruxellensis. The 

detection of low concentrations could allow producers to control in early 

contamination stages.  

In addition, one of the main challenges of biosensors (presented in this 

work) is the location inside the wine barrels and cider tanks to detect the 

growth of spoilage yeasts. Depending on the place selected, the sensitive 

surface of the biosensors could be covered by wine and cider sediments. 

Therefore, by introducing this kind of ex situ solutions (these microfluidic 

devices), a specific measurement of the spoilage yeasts could be obtained 

avoiding external effects (e.g. other microorganisms’ contamination, 

chemicals, temperature, etc.) from the impedance value. This method could 

reduce the costs by using fewer prerequisite materials for preparing the 

antibody union to the surface and samples with a high portability. 

Compared to antibody biosensors, this new technology could provide a 

specific detection of the spoilage yeasts. This characteristic is desirable for 

this disposable device to be translated to the market and to allow affordable 

and effective devices.  

5.5 Evaluation of temperature and pH effect 

In this section, an analysis of the influence of external factors in the 

biosensors’ performance is done. Principally these parameters are: the 

design and measurements parameters, pH and temperature. For this 

evaluation, the sensors present a digit width of 5, 10 and 20 µm, and a space 

between digits of 10, 20 and 30 µm (these geometries where previously 

employed in the group) (Paredes et al., 2014a). The impedance of these 

sensors is measured using a frequency range from 10 Hz to 1 MHz.  In 
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addition, temperature and pH are selected and analyzed from 0 ºC to 25 ºC 

and from 2 to 4.5, respectively. These parameters are also selected because 

they change during the beverages’ development and directly affect the 

impedance measurements. For the analysis of the influence of the 

parameters, a mathematical model of the impedance is developed using 4 

of the employed sensors. Then, the influence of all of them is evaluated 

using 1 of the sensors. Finally, an equation for the correction of temperature 

and pH effect is proposed and validated in a wine sample. 

5.5.1 Validation of the mathematical model 

As described in the materials and methods chapter, the following equation 

presents the measured impedance influenced by the studied parameters 

(geometry design, frequency, temperature and pH). This equation also 

shows the resolved β values for the impedance model. The explanatory 

variables must be replaced by their numerical values to apply this model 

(Equation 5.1).  

𝑍[𝛺] = 1.87 · 104 − 4.42 · 104 𝑑𝑤 (𝑚𝑚) + 1.88 · 104 𝑠𝑤 (𝑚𝑚) − 1.26 ·

101 𝑎𝑟𝑒𝑎 (𝑚𝑚2) − 1.73 · 10−2 𝑓 (𝐻𝑧) − 1.95 · 102 𝑇 (°𝐶) + 8.98 · 102 𝑝𝐻          (5.1) 

 

This model is validated by comparing the theoretical vs experimental 

values (sensor 3, dw:15 µm, sw: 15 µm and area: 14 mm2) of the sensor 

that is excluded from the training of the model (Matia-González et al., 

2015) as shown in Figure 5.32.  

 
Figure 5.32: Sensors employed during the experimental process. 
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Figure 5.33 shows the calculated and measured values from one sensor in 

the cases of temperature and pH variations (see supplementary material 

Figure S2.6 and Figure S2.7 for more frequencies of the calculated and 

measured values from the validation sensor). The graphs confirm that the 

model can predict the impedance values of sensors within the range limits 

of the studied parameters. As the temperature has a stronger effect on ∆Z, 

the experimental values are aligned on the calculated curve fitting. In the 

case of pH, the model values have also a reasonable fit with the 

experimental model. 

 

Figure 5.33: Correlation plot of predicted values versus experimental data of sensor 3 for (a) 

temperature and (b) pH experiments at 10 Hz. 
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5.5.2 Influence of the parameters 

This methodology also provides the normalized and scaled β values of the 

parameters of the study. Figure 5.34 presents the significance (dark color 

is significant, light color is not) of those coefficients of the model, for both, 

individual parameters and the interactions between them. In this way, the 

effect of each parameter could be analyzed individually and compared 

between them. 

 

Figure 5.34: Top β values of the different parameters studied during this work. The p-value is 

considered as significant with a threshold of 0.05.  

The results show that most individual parameters have a great influence in 

the impedance values (significant). Therefore, they need to be introduced 

in the impedance correction equation. Among them, the frequency is the 

most influential parameter in the impedance values. On the contrary, area 

or pH have very little or no effect on the impedance measurements. Also, 

this graph (Figure 5.34) helps to understand the direction of the effect of 
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each parameter, for example, an increase of the digit width decreases the 

impedance value. 

 

Figure 5.35: Relative impedance values and trend-lines for the four sensors (dw x sw (area)) types 

at different (a) temperatures (from 0 °C to 25 °C) and (b) pH (from 2 to 4.5) at a frequency of 10 

Hz. 

In the case of the interactions between the parameters, only the digit 

width:space width of microelectrodes and frequency:temperature show a 

significant p-value, so this needs to be considered before modifying any of 

those parameters. For example, if there is a necessary correction to 
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eliminate the effect of the temperature, the correction coefficient depends 

on the frequency.  

Figure 5.35 shows the evolution of the impedance magnitude at a 

frequency of 10 Hz for the four geometries of the model (sensor 1, 2, 4 and 

5) (see supplementary material Figure S2.8 and Figure S2.9 for 100 Hz, 

1kHz, 10 kHz and 100 kHz). The curves depict mean values of the relative 

impedance (∆𝑍𝑖 =
𝑍𝑖−𝑍0

𝑍0
· 100) of the sensors vs. the measured temperature 

in the Figure 5.35-a and pH in the Figure 5.35-b. 

The results show that an increase of the temperature causes a proportional 

(linear) decrease on the impedance values (Figure 5.35-a). The slope of 

this effect depends on both the frequency and the geometry, and it is 

different for each case. There is not a conclusive trend that can be drawn 

from this data in the range of geometries studied. This data serves as input 

for calculating the β coefficients of the impedance model. 

For the pH experiments, the four geometries are measured in wine 

performing a sweep frequency analysis while varying the pH (from 2 to 

4.5) at a controlled temperature of 24 ºC. Figure 5.35-b shows the effect 

of the pH variation on the impedance magnitude showing its relative 

variation vs the pH values. Similarly to the temperature, the impedance is 

also affected by pH in liquid samples (Bekker et al., 2016; Czibulya et al., 

2015). 

Unlike the effect of the temperature, pH changes have a negligible impact 

on the impedance of a wine sample. Perhaps at lower frequencies the effect 

can be considered slightly significant compared to the higher frequencies, 

but similarly, there is no a clear trend on these effects.  

Other authors studied the dependence of conductivity for pure water (low 

conductivity), but not for other liquid samples (especially with higher 

conductivities such as wine) (Barron and Ashton, 2007). Moreover, these 

models are based on linear behavior in a narrow temperature range, which 

does not cover many industrial applications. In the case of the pH influence 
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on the impedance characteristic, as there is a lack of knowledge in this 

matter, there is a need to investigate and develop new models to explain its 

behavior. This methodology could also be applied for other parameters or 

other industrial situations in which it would be interesting to know the 

effect external parameters’ influence on the measurements 

5.5.3 Temperature and pH correction 

This section presents the correction of impedance measurements in wine 

while varying temperature and pH. According to Figure 5.34, temperature 

and its interaction with the frequency might have a significant effect while 

the pH seems to have a low impact on the outcome.  

 

Figure 5.36: (a) Temperature values and; (b) measured, corrected and ideal relative impedance 

curves. 
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Figure 5.36 and Figure 5.37 shows the impedance correction for a sensor 

3 (sw: 15 µm; dw: 15 µm; area: 14 mm2) for temperature and pH effect, 

respectively. The values of the coefficients from equation 2 are calculated 

from the model values: mT=-1.09359 and mpH=2.01 for 10 Hz. In addition, 

this figure shows, on one hand the measured temperature and pH, varied in 

the range of study, and, on the other hand, the impedance values measured 

and corrected with the equation.  

 

Figure 5.37: (a) pH values and; (b) measured, corrected and ideal relative impedance curves. 

The results show that the correction of the temperature effect eliminates the 

impedance shifts (Figure 5.36). In the case of the pH effect, the measured 

impedance presents almost negligible variations, and therefore the 

correction has low effect on the impedance values (Figure 5.37).  
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Figure 5.36 and Figure 5.37 only show the results from 10 Hz, but 

analogous results are also obtained for the other frequency values (see 

supplementary material Figure S2.8 and Figure S2.9 for other 

frequencies). The correction equation shows a really good performance. 

This methodology could be applied in indifferent industrial processes that 

would like to measure the conductivity of their products with a temperature 

variation during the elaboration.  

5.6 Alcoholic fermentation monitoring 

In this section, the results obtained from the monitoring of wine 

fermentation using impedance sensors are presented. These tests aim to 

demonstrate the use of this technology to monitor, in situ and in real time, 

the fermentation of alcoholic beverages such as wine. To control the 

fermentation, it is usually measured by CO2 production by the S. cerevisiae 

yeasts. To contrast the results obtained, an analysis of the impedance and 

commercial CO2 sensors changes is done. 

5.6.1 Impedance spectroscopy 

As described in Chapter 4, a sweep frequency measurement is applied to 

each of the sensors distributed in 3 experimental tanks at Vivelys 

(Villeneuve-lès-Maguelone, France) every 30 min during the fermentation 

process. To identify at which parameters the impedance provides the higher 

variations, the response along the frequency is analyzed. Figure 5.38 shows 

the Bode plot of the magnitude and phase of the impedance response of one 

of the sensors inside the fermenter. Once more, all the sensors presented an 

equivalent response in the range of the frequency analyzed. Impedance 

magnitude values are approximately in the range of 22 kΩ and 45 Ω for 10 

Hz – 100 kHz respectively. 

At low frequencies, less than 600 Hz, the capacitance behavior dominates 

the impedance response (values of the frequency tend to -90º). At these 

frequencies, the measurements present higher noise, probably because of 

the long length of the wires (+5m) and the small voltage applied (50 mV). 
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On the contrary, at high frequencies, >10 kHz, the noise is negligible. Also, 

at this range the value of the phase decreases and tends to 0º, which is a 

resistive behavior. There is a middle region of the frequency (600 Hz – 10 

kHz) which presents a mixed behavior, as a RC system. It is shown as a 

plateau in the phase approximately at -55º. This behavior was previously 

described by other authors with similar sensors, indicating that the medium 

could be considered in this case non-faradaic (Paredes et al., 2014b; Rana 

et al., 2011; Yang et al., 2004).  

 

Figure 5.38: Bode plot of the impedance measurements during the alcoholic fermentation, 

representing the impedance magnitude and the phase. 

5.6.2 Frequency analysis of the impedance 

According to the stablished hypothesis, the impedance changes during the 

fermentation process caused by the CO2 and the ethanol increase 

proportional to the activity of S. cerevisiae. Figure 5.39 presents the 

relative variation of the impedance magnitude at different frequencies, 

from 10 Hz to 100 kHz of one of the sensors. The high frequency range (10 

kHz – 100 kHz) appears to be sensitive for the products generated during 
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the alcoholic fermentation. The resistive behavior of the sensors at these 

frequencies explains the higher sensitivity to the effect of both CO2 and 

ethanol, increasing the resistance of the media. Some authors also 

suggested that high frequencies had better performance under this same 

conditions (Pérez et al., 2009; Zamora et al., 2013). Therefore, 100 kHz 

frequency is selected for the monitoring analysis of the measurements. 

 

Figure 5.39: Relative impedance variations for different frequencies (10 Hz – 100 kHz) during the 

alcoholic fermentation. 

5.6.3 Impedance and CO2 measurements 

In this section the analysis of the impedance response is compared with the 

CO2 flow measurements in each fermenter. Figure 5.40 shows the 

evolution of the relative impedance magnitude at 100 kHz, CO2 flow and 

temperature in a fermentation tank. The impedance curves are the average 

values of three sensors calculated as the relative change (𝛥𝑍 =
𝑍𝑖−𝑍0

𝑍0
· 100). 

The curves include the standard deviation bars for each measurement point. 
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Figure 5.40: Relative impedance (at 100 kHz), CO2 flow and temperature measurements during the 

alcoholic fermentation of three fermenters. 

The graph shows different regions, similarly to the yeasts’ performance and 

CO2 production. Firstly, after adding yeasts to the tanks (at the beginning 

of the measurements), the number of cells increase until they reach a 

maximum concentration (this region is usually referred as tumultuous 

fermentation). At this stage, the concentration of yeast is the highest and 

they present a vigorous activity. From the beginning of their activity, yeast 

consume the sugars present in the must and produce CO2 and ethanol. CO2 

flow suddenly start recording from high values, approximately at the third 

day, to slowly decrease after this maximum until the readout stops (Figure 

5.40). But impedance starts to change before this point, suggesting that the 

activity of the yeast is recorded at an earlier stage. Impedance changes 
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reach a maximum value between 10 % and 16 %, depending on the tank, 

coinciding with the maximum CO2. Both, CO2 and impedance, slowly 

decrease after the 3rd day, but without recovering the initial values. These 

impedance changes are not caused by the temperature because it is constant 

at 18 ºC during all the fermentation process as shown in Figure 5.40. 

An increase of CO2 concentration leads into a higher impedance value read 

by the sensors. Pérez et al. (2009) proposed a wine fermentation monitoring 

system based on peristaltic pumps and impedance measurement cell. They 

suggested that the main effect on the impedance value was caused by gas 

bubbles, reducing the effective section of the liquid conductor. Therefore,  

an increase of the resistance across the microelectrodes of the IDE sensors 

is obtained during the experiments. 

Finally, after day 9th, the sensor of CO2 flow stops reading, as the 

production of this gas decrease to a minimum. However, impedance 

characteristic does not undergo the same response (Figure 5.40). This 

mismatch of behaviors could be caused by the fact that the dissolved CO2 

or small bubbles may still be affecting the impedance level but have 

negligible effect on the escaping flow. Also, the impedance characteristic 

is affected by other effects such as ethanol and other metabolic products, 

which have considerably less effect on the impedance readings (Zamora et 

al., 2013).  

Results obtained in wine fermenter shows that impedance monitoring could 

provide reliable results during fermentation, especially at the beginning of 

yeast activity. Other authors also concluded that the wine fermentation was 

possible to monitor using impedance (Pérez et al., 2009; Zamora et al., 

2013). 
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CHAPTER 6 

Conclusions and future lines 
 

The conclusions drawn from the results and the work developed within this 

Ph.D. thesis are shown in this last chapter. In addition, some ideas for future 

work are proposed that would give continuity and strength to this research 

line. 

6.1 Conclusions 

In this memory, a research work for the detection and monitoring of 

spoilage yeasts, especially Brettanomyces, growth and biofilm formation in 

in vitro experimentation system is presented. Two different detection 

strategies are proposed: (1) based on biosensors and (2) based on 

microfluidic devices by means of impedance spectroscopy analysis for 

spoilage yeasts in beverages. To improve the selectivity and sensitivity of 

the detection, biofunctionalization processes are developed using 

antibodies and cellobiose molecules.  

To eliminate the effect of temperature and pH variation during the 

beverages elaboration on impedance measurements, a correction equation 

is proposed and evaluated using different interdigitated microelectrodes 

(IDE) biosensors.  

Also, the impedance sensors are proposed for the monitoring of alcoholic 

fermentation process.  



206  Chapter 6 

The following conclusions could be drawn from the general considerations 

explained before: 

Regarding the biofunctionalization of the biosensors to improve the 

selectivity of the measurements: 

» An analysis of the most relevant biorecognition elements for B. 

bruxellensis has been done. From this study, the use of a specific 

antibody and cellobiose have been selected to improve the 

selectivity of the biosensors and microfluidic devices, providing 

immunological reactions and metabolism-based measurements. 

o Anti-brett antibody has been selected due to its high 

specificity. The antibody has been immobilized using MPA 

(1 mM) for 2 h and activated with EDC (46 mM) and NHS 

(46 mM) for 1 h. 

o Cellobiose (sugar that can only be metabolized by B. 

bruxellensis) has been bounded onto the gold surface of the 

biosensor. A modification of the cellobiose has been done 

to introduce a cysteamine molecule, proving a –SH group at 

its end, and enabling its bond to the gold. 

» The antibody and cellobiose have been correctly immobilized onto 

the gold surface. Impedance Spectroscopy (IS), Fourier Transform 

Infrared spectroscopy (FT-IR), Atomic Force Microscopy (AFM) 

and Quartz Crystal Microbalance (QCM) techniques have been 

employed to characterize its bond. 

Regarding the developed biosensors: 

» An interdigitated microelectrodes (IDE) based impedance 

biosensors have been designed and fabricated. The proposed design 

provides the best characteristics for this application as demonstrated 

in previous works of the Biodevices and MEMS group at Ceit-ik4. 
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» Biofilm growth monitoring of different yeast species (B. 

bruxellensis, P. guilliermondii, D. hansenii and S. cerevisiae) has 

been carried out for the 3 proposed biosensors (label free, antibody 

and cellobiose). 

» Stirring condition has shown a faster and higher impedance 

response compared to static conditions due to both, the favorable 

conditions to promote biofilm formation on the surface of the 

biosensors, and changes in the media by spoilage yeasts’ 

metabolism. 

» The analysis of equivalent electrical parameters has also confirmed 

that stirring conditions promoted the formation of biofilm onto the 

surface of the biosensors, whereas the impedance variation during 

static conditions is caused by the metabolic activity. 

» In all the cases, the low frequency range (10 Hz – 100 Hz) has been 

identified as the best range for monitoring yeasts biofilm growth 

onto the biosensor surface. 

» Antibody biosensors have demonstrated a higher sensitivity 

compared to label free biosensors for B. bruxellensis, P. 

guilliermondii and D. hansenii (the antibody presents also an 

affinity for other spoilage yeast species). The specific union of the 

antibody promoted the biofilm formation onto the surface of the 

biosensor. 

» Initial experiments have been carried out using cellobiose 

biosensor. Although there no significant differences between label-

free and cellobiose biosensores, this approach could have a lot of 

potential. More experiments should be done before obtaining clear 

conclusions related to their performance. 
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Regarding the fabricated microfluidic devices: 

» Microfluidic devices based on IDE sensitive surface have been 

designed and fabricated in glass and PDMS under clean room 

conditions for the ex situ detection of spoilage yeasts. 

» The dimensions selected for the device are 10 mm width and 30 mm 

length. The active sensitive surface is an ellipsoid of 11.6 mm long 

and 4.75 mm width. The digits of the interdigitated microelectrodes 

area have a 50 µm width and the separation between them is 100 

µm with a deposition of 250 nm of gold. The microfluidic platform 

has been made of PDMS with a chamber of 10 mm long, 3 mm 

width and 80 µm high. 

» This novel device for B. bruxellensis detection has been 

successfully fabricated, biofunctionalized and tested. Anti-brett 

antibodies have been employed for the selective detection. 

» Again the low frequency range, especially 10 Hz, has demonstrate 

the highest sensitivity to detect the presence of B. bruxellensis onto 

the sensitive surface of the microfluidic device. 

» During incubation period, label free and antibody biosensors have 

shown a significant impedance variation proportional to the cells 

concentration. Especially, antibody microfluidic device has higher 

changes caused by the immunological binding. Furthermore, after 

“cleaning” the chamber, only the attached spoilage yeasts are 

measured in these devices, presenting significant variation. 

Regarding the temperature and pH effect on impedance measurements: 

» A new methodology to isolate the impedance measurements for 

temperature and pH variations based on mathematical modeling of 

IDE sensors has been developed. 

» The analysis of all the variables has confirmed that the geometry of 

the microelectrodes, the measurements frequency and the 
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temperature are the most significant parameters during the 

impedance spectroscopy analysis. 

» Temperature and pH variations have been successfully corrected 

from the impedance curves during the experimental period using the 

proposed mathematical model and equations. 

Regarding the alcoholic monitoring in real field application: 

» The monitoring of the fermentation process has been carried out, 

obtaining satisfactory results. The highest impedance variations 

have been recorded at high frequencies (100 kHz), where the 

changes are mainly caused by the production of CO2 (S. cerevisiae 

yeasts metabolism). 

The results obtained in this Ph.D. thesis have been disseminated through 

the presentation of scientific papers, book chapters and conferences. Four 

peer-reviewed papers have been published in international scientific 

journals (all of them in the first quartile), 1 article is under second review 

and 3 more articles are in writing process. Also, a book chapter has been 

published. Finally, 2 posters have been presented in international 

conferences and 1 oral communication in a national congress. 

6.2 Future lines 

Some specific aspects have been detected throughout the development of 

this project that may be of interest as future lines of this field. 

» Firstly, the need to carry out an exhaustive study of the biosensors’ 

performance inside wine and cider barrels and fermenters for longer 

periods has been detected, since the growth of these yeasts under 

real conditions is very slow (more than 6 months). 

» In a complementary way, it would be very interesting to evaluate 

the sensitivity and selectivity of the biosensors (label free, antibody, 
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cellobiose) with a mixture of microorganisms in the same culture, 

simulating what happens during winemaking. 

» A validation of the cellobiose biosensor should be done to evaluate 

its performance based on the B. bruxellensis spoilage yeast’s 

metabolism. 

» The implementation of 2-in-1 biosensors for real time detection, 

where a label free biosensor and a specific (antibody or cellobiose) 

biosensor could be employed. In this way, the difference between 

both impedance measures would be caused by the specific detection 

of spoilage yeasts and not by impedance changes of the media or 

other microorganisms. 

» In the case of microfluidic devices, more studies using different 

yeasts species and concentrations should be done to evaluate and 

compare the performance reported in this thesis with B. 

bruxellensis. 

» Also, an optimization of both, cellobiose and antibody, 

biofunctionalization protocols should be done to get the best 

recovery biosensors’ gold surface. 

» Alternative biofunctionalization methods such as electrospinning, 

encapsulating cellobiose in the nanofibers could be developed (See 

supplementary material 3 for initial proof of concept results). 

» It would be interesting to carry out a deep study of the wine and 

cider biochemical changes during their elaboration for correcting 

more parameters from the impedance measurements (as done for 

temperature and pH). These are some of the detected parameters 

that would have a repercussion on the impedance of the media: 

ethanol, phenols, glucose, acetic acid, lactic acid, malolactic acid, 

etc.  
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» According to the previous point, the performance of a multi-

parametric measurements inside the bioreactors would allow to 

obtain a complete set of data to make a more accurate and reliable 

system. In this way, all the additional effects would be corrected, 

isolating the presence of the spoilage yeasts. 

» Finally, considering all the ideas described previously, the 

development of an intelligent fermenter is proposed. This would 

allow a real time and in situ control of biochemical variables (e.g., 

glucose, temperature, pH, malic or lactic acid levels), and therefore, 

the elaboration process. In addition to the biochemical variables, the 

complete system would be able to measure the level of spoilage 

microorganisms and adopt the necessary actions. 
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SUPPLEMENTARY MATERIAL 1 

Fabrication and characterization 
 

This section explains the fabrication and characterization techniques 

employed during the development of this work. The biosensors and 

microfluidic devices fabrication processes and parameters based on thin 

film deposition are explained. They are fabricated in the clean rooms of the 

Ceit-ik4 technological center1.  

Also, the characterization techniques employed for the validation of the 

biosensors’ fabrication, biofunctionalization and immunological reactions 

are described. 

S1.1 Fabrication techniques 

The definition of the geometry and the thin film deposition of the 

biosensors are fabricated under clean room conditions (Figure S1.1). 

Usually, microfabrication techniques based on silicon wafer as substrate 

are used for biosensors developed. In this chapter, the fabrication steps used 

during this work are explained. 

                                                 
1 Five clean rooms are available, categorized in different levels (from 100 to 10000), where 

temperature, humidity and number of particles are controlled. 
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Figure S1.1: Clean room of category 1000 at Ceit-ik4. 

S1.1.1 Thermal oxidation 

At the starting point of the manufacturing step, it is necessary to perform a 

thermal oxidation of the silicon wafers (semiconductor), generating SiO2 

layers on both sides of the wafer. After applying a thermal oxidation, the 

surface of the silicon wafers is electrically isolated minimizing possible 

short-circuits and eliminating the occurrence of leakage currents (Hopper, 

1975).  

This process consists on the exposure of the silicon wafers to a high 

temperature (T = 1000 ºC) over three steps, where the atmosphere 

conditions are changed (Massoud et al., 1985). Firstly, a dry oxide over the 

surface of the silicon wafer is obtained using a dry atmosphere. Secondly, 

a bubbler is used to generate wet oxide layer over the previous layer. 

Finally, dry condition atmosphere is employed again to obtain a dry oxide 

layer.  

High quality of the SiO2 layer (thinner and less porous) is obtained in dry 

oxide comparing to the wet oxide, where longer fabrication time is needed 

(Deal and Grove, 1965). Figure S1.2 shows a schematic detail of the 

oxidation layers of a wafer’s cross section. 
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Figure S1.2: Schematic detail of the different layers after the thermal oxidation. 

The next reactions represent the chemical reactions that occur onto the 

surface of the silicon wafer during the dry and wet oxidation. 

𝑆𝑖 + 𝑂2 → 𝑆𝑖𝑂2                                              (S1.1) 

𝑆𝑖 + 2𝐻2𝑂 → 𝑆𝑖𝑂2 +  2𝐻2                             (S1.2) 

Figure S1.3 shows an ATV PEO 601 oven that is employed with a bubbler 

to generate a humid environment inside. 

 

Figure S1.3: ATV PEO 601 oven for thermal oxidation process. 
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S1.1.2 Photolithography 

The photolithography is commonly used for the definition of the 

microelectrodes pattern into a silicon wafer. Photolithography, photoresist 

(positive or negative) and photolithography equipment are necessary to 

carry out this process. The geometries of the biosensors and microfluidic 

devices of the mask are designed to be transparent on those areas that want 

to be irradiated by ultraviolet light. This type of design are used for positive 

photoresist, that becomes soluble after being exposed to ultraviolet light 

(Stevenson and Gundlach, 1986). 

 

Figure S1.4: Schema of the spin coating process. 

Firstly, the substrate (e.g., silicon wafer, glass) is covered with a photoresist 

using the spin coating method. A small amount of coating material is placed 

on the center of the substrate, and then, the coating material is spread by 

centrifugal force (Figure S1.4) (Thompson and Bowden, 1983a). This 

procedure deposits uniformly a thin film of photoresist onto the substrate 

(Meyerhofer, 1978). The photoresist thickness is controlled by varying the 

Revolutions Per Minute (RPM) and the duration. Usually, 2 µm thickness 

is employed. 

After coating the substrate with photoresist, it is prebaked at 95 ºC for 3 

minutes on a hot plate to drive off the excess of photoresist solvent. In the 

last step of the photolithography, the photoresist is exposed using a mask, 

with the designed biosensors geometries, to a pattern of intense UV light 
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(Thompson and Bowden, 1983b). As a result, chemical changes are 

generated on the resist which is removed by using a special solution 

(developer).  

Figure S1.5 shows the insulator equipment during the mask placement, and 

after exposing the silicon wafer with the photoresist to an UV light. 

 

Figure S1.5: EV Group EVG ® 620 equipment during photolithography stage. (a) Mask placement 

for the geometry definition and (b) silicon wafer after being irradiated. 

S1.1.3 Thin film deposition by physical vapor deposition  

The metallic thin film deposition is done by using physical vapor deposition 

(PVD) technique, also called sputtering. It is a standard process in the 

manufacture of microtechnologies (Thompson, 1968).  The process is 

based on the use of a metal as a cathode to form a metallic thin film onto 

the surface of the substrates. An inert gas, usually Argon, is introduced 

inside the chamber where the deposition is carried out, and it is ionized 

under high vacuum, forming plasma (Sigmund, 1987). The target (metal) 

is bombarded during the deposition process by the positive ions of the inert 

gas, generated in the plasma, and directed to the substrate thanks to the 

action of an electric field (Schenkel et al., 1997; Sporn et al., 1997). Figure 

S1.6 shows a schematic detail of the principle of operation of the sputtering 

process. 
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Figure S1.6: Schematic detail of the physical vapor deposition operating principle. 

Figure S1.7 shows an ESM-100 Edwards Physical Vapor Deposition 

(PVD) equipment. This equipment is a flat magnetron type and it has a total 

of three cathodes of 3” in diameter: two of DC and one of RF. 
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Figure S1.7: ESM-100 Edwards Physical Vapor Deposition (PVD) equipment in clean room of 

category 1000 at Ceit-ik4. 

S1.1.4 Lift-off 

Lift-off process is carried out after the metallic thin film deposition by 

Physical Vapor Deposition (PVD).  In this step, the positive photoresist is 

removed from the substrate, and the upper metal layer (gold) is eliminated 

with it (Figure S1.8). Only those parts of the substrate free of photoresist 

are exposed to the deposit, obtaining the desired geometries (Cui, 2008; 

Lepore, 2001). 



222  Supplementary material 

 

Figure S1.8: Schematic detail of the lift-off process (before and after lift-off). 

A solvent, usually acetone, capable of removing the resin is employed for 

this process. An ultrasonic bath is used to make the process faster, as shown 

in Figure S1.9. 

 

Figure S1.9: (a) Silicon wafer after sputtering in acetone. (b) Lift-off process, where the substrates 

are with acetone under ultrasonic bath. 
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S1.1.5 Thermal treatment 

Before cutting the silicon wafer into individual chips, a thermal treatment 

is performed using formingas. The objective of this stage is to obtain a 

reordering of atoms by alternating some microstructural properties of the 

biosensors: grain size, electrical properties (i.e., resistivity or thermal 

sensitivity) or mechanical behavior (i.e., internal stresses). 

Figure S1.10 shows an ATV PEO 601 oven, where the wafers are 

introduced into a quartz support and treated at temperatures ranging from 

300 to 700 degrees (depending on the material and the purpose of the 

treatment). 

 

Figure S1.10: (a) Introducing silicon wafers into thermal oven. (b) Detailed image of the wafers 

into the quartz support. 

S1.1.6 Cutting process 

Usually, the last step of the microfabrication is the cutting process. This 

step consists on separating all the chips in individual units for the proposed 

objective as it is shown in Figure S1.11. 



224  Supplementary material 

 

Figure S1.11: Schematic detail of the cutting process onto a silicon wafer. 

S1.1.7 PDMS soft-lithography 

Soft-lithography can be included as a complementary extension of a 

traditional photolithography, employed for the development of 

microfluidic devices. Thereby, the master of most of the microfluidic 

devices are based on negative photoresist (usually SU-8). Soft-lithography 

can process a wide range of mechanically soft materials (e.g., polymers, 

gels) comparing to photolithography. The polydimethylsiloxane (PDMS) 

is one of the most used materials for the application of this technique 

because of its useful properties (e.g., biocompatibility, low toxicity, 

flexibility, and durability). In this work, the fabrication process is divided 

in two different steps that consists on fabrication of the master (mold) and 

the PDMS casting (Shin et al., 2012). 

Firstly, the mold is fabricated by photolithography technique (explained in 

the section S1.1.2) by using a negative photoresist. In this step, the designed 

mold is transferred to a substrate by using a photolithography mask. The 

negative photoresist areas that are not irradiated with ultraviolet light 

become soluble with a developer (Hansen et al., 2015). A wafer with the 

desired structures onto the surface (master) is obtained as shown in Figure 

S1.12. 
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Figure S1.12: PDMS soft-lithography process schema. 

Secondly, the PDMS casting is done. The PDMS is mixed thoroughly with 

a curing agent (usually at 10:1). After mixing, the polymer is poured onto 

the master surface, covering all the mold. As a consequence of mixing, the 

preparation is filled with bubbles. It is necessary to remove them to avoid 

being trapped inside the microfluidic device. The bubbles are removed 

from the PDMS in a vacuum chamber (it takes 30 - 60 minutes). Then, the 

PDMS is baked, where the cross linkage takes around 24 - 48 hours to 

polymerize, depending on the type of PDMS. The temperature and the time 

of the baking inside an oven are an important parameter to get a solid 

polymer. Usually, this process lasts 2 hours at 60 ºC. Finally, the PDMS is 

peeled off from the mold. 
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S1.1.8 Oxygen-plasma activated bonding 

Commonly, a plasma bonding technique is carried out to make a union 

between two materials such as the PDMS or glass slides (Eddings et al., 

2008). Chemical properties of the substrate’s surface are modified for a 

period of time (not permanent) during this process. Both surfaces become 

hydrophilic, providing a good and stable union between them (Haubert et 

al., 2006; Tang et al., 2006).  

 

Figure S1.13: Detailed schema of the oxygen-plasma activated bonding for glass and PDMS. 

Figure S1.13 shows a detailed schema of the oxygen-plasma activated 

bonding between PDMS and glass. In this process the -CH3 radicals of the 

PDMS are transformed to -OH radicals, making hydrophilic both surfaces 

of the substrates. After treating both surfaces, a contact between surfaces is 

necessary for the chemical union (Dragoi et al., 2008). 
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Figure S1.14 shows an image of a Gemto Diener Electronic equipment, 

usually employed for bonding the PDMS onto a glass slide for the 

fabrication of microfluidic devices. 

 

Figure S1.14: Gemto Diener Electronic equipment at the clean room of category 10000. 

S1.2 Characterization techniques 

Biosensors are characterized by different techniques after their fabrication. 

The objective of this step consists on the characterization of the structures, 

the geometry and the functionality of the biosensors.  

S1.2.1 Profilometry 

Profilometry is a characterization technique used for measuring the profile 

of different surfaces. This method performs a superficial analysis, based on 

the vertical movement of a diamond stylus (with a radius between 20 nm 

and 50 µm) on a horizontal and linear sweep onto the sample, as shown in 

Figure S1.15. The tip of the stylus maintains a constant force and velocity 

in its movement, parameters that are configurable for each type of sample. 

It is able to measure small vertical features, in a range of microns. The 

height position of the stylus generates an analog signal, which is then 
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converted into a digital signal. Figure S1.15 shows a detailed schema of 

the working principle of the profilometry method. 

 

Figure S1.15: (a) Schema of the working principle of stylus profilometry and (b) the obtained 

graph of the characterization of the surface. 

Figure S1.16 shows a KLA-Tencor P6, located in the clean room of 

category 10000, that it is employed to characterize the thicknesses of the 

metal films deposition. 

 

Figure S1.16: (a) KLA-Tencor P6 equipment and (b) detail of the tip and silicon wafer during 

measurements. 
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S1.2.2 Atomic Force Microscopy (AFM) 

The Atomic Force Microscopy (AFM) is widely used as standard 

characterization method. A high resolution (from Angstroms to microns) 

images of the topography surface of the sample are obtained. It is necessary 

to make numerous measurements to obtain representative results 

throughout the sample for an extensive surface. 

The Figure S1.17 shows the working principle and the main components 

of an AFM equipment. It consists of a cantilever with a sharp tip (probe) at 

the end that it is used to scan the sample’s surface. The cantilever is 

typically made of silicon or silicon nitride. When the tip is brought into 

proximity of a sample surface, the forces between the tip and the sample 

led to a deflection of the cantilever according to Hook’s law. The deflection 

of the cantilever is measured using a laser beam pointing at the rear of the 

cantilever. The reflected laser is detected by a photodiode. According to the 

cantilever’s variations, the laser beam deflects and its position in the 

photodiode changes. These variations are caused by roughness of the 

sample. 

 

Figure S1.17: Scheme of the AFM working principle. 
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There are three operation modes in the AFM equipment according to the 

physical characteristics of the sample and the properties to be measured. 

Figure S1.18 shows the three modes: contact mode, non-contact mode and 

tapping mode. 

» Contact mode 

The topography of the sample is measured by sliding the tip onto the 

surface of the sample. Commonly, the distance is less than 0.5 nm with a 

force of 10-9 Newton (N). A light contact between the tip and the sample is 

considered. In these measurement conditions, there are repulsion forces 

between the tip and the sample. Depending on the sample and the tip of the 

cantilever, the deflection may vary. Two different methods can be 

employed for measurements: using the deflection of the cantilever directly 

or using the feedback signal required to keep the cantilever at a constant 

position (frequently used). The great resolution of the images and the high 

speed of sweeping are the main advantages of this mode. However, keeping 

the tip in contact with the surface may damage the sample along the sweep. 

» Non-contact mode 

In this mode, the tip of the cantilever is not in contact with the surface of 

the sample. The topography is measured according to the attractive Van der 

Walls forces between the surface of the sample and the tip. The forces are 

strongest from 1 nm to 10 nm above the surface. An external current is 

applied to the cantilever to visualize variations in the frequency, amplitude 

or phase of the oscillation to carry out these measurements. 

» Tapping mode 

Tapping mode is the most used in AFM. The topography of the sample is 

measured intermittently by touching the surface (performing oscillations). 

The sticking of the tip to the surface of the sample is prevented.  

In this mode, the cantilever is driven to oscillate at (or close to) its 

resonance frequency by using a small piezoelectric crystal. The amplitude 
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of the oscillation goes from several to 200 nm. The oscillation energy 

decreases when the tip touches the surface, and a decrease in amplitude is 

reflected. The system tends to vary the height position of the piezoelectric 

to recover the initial amplitude. This change on the height is employed for 

the characterization of the surface of the sample, generating the AFM 

image. 

 

Figure S1.18: Operation modes of the AFM. 

The main advantage of this mode is the possibility to perform 

measurements without making enough contact. Thus, it could be taken 

measures of samples that may be fragile to the contact. As inconvenience, 

the time duration of scanning is slightly higher compared to the previous 

two modes. 
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For each sample, different parameters are measured such as amplitude, 

height, phase, and roughness that help the topographic characterization 

analysis of the sample surface. 

» Amplitude  

Amplitude (mV) is measured during the piezoelectric crystal changes for 

maintaining constant the tapping movement of the cantilever over the 

sample surface. 

» Height  

This parameter, height (nm), represent the topographic surface of the 

selected sample surface. 

» Phase  

The phase measures the hardness of the sample surface. The resulting 

image shows the hardness change during the sample characterization. The 

phase is measured from the oscillation movement (º) of the tip to contact 

the surface. 

» Root Mean Square (RMS) roughness 

This parameter measures the standard deviation between the different 

values of height in an area of interest according to Equation S1.3, 

𝑅𝑅𝑀𝑆 =  √∑ (𝑍𝑖−𝑍𝑎𝑣𝑔)
2𝑁

𝑖=1

𝑁
                                  (S1.3) 

where Zavg is the average value of the heights of the interested area, Zi is 

the actual value of the height and N is the number of measured points inside 

the area of interest. 

Figure S1.19 shows a JPK Nano Wizard 3 BioScience AFM (JPK 

Instruments AG) equipment. Also, this equipment has an inverted optical 

microscope Zeiss (Axio Observer, AxioVert 200) that helps in the 

localization of the sample that is being analyzed. The AFM is located onto 
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an ant-vibrational platform Accurion to reduce the noise from the 

measurements. This equiptment is found in the clean room of category 

10000. 

 

Figure S1.19: AFM equipment at the clean room of category 10000. 

S1.2.3 Optical microscopy 

Optical microscopy is a widely used technique in many laboratories, that 

gives a magnified visualization of the samples. It is used to analyze and 

characterize samples of micrometric scale (from a few to hundreds of 

microns). 

Zeiss Observer D1 optical microscopy using EPI illumination is employed 

for the visualization of the surface of the biosensors as shown in Figure 

S1.20. It is an inverted microscope, suitable for the visualization of opaque 

samples. 
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Figure S1.20: Optical microscopy at the clean room of category 10000. 

S1.2.4 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is one type of electron microscope 

that obtains images by scanning the surface of the samples with a focused 

beam of electrons. Electrons interact with atoms of the sample’s surface, 

generating signals that contain information about the samples. It is 

necessary to accelerate the electrons in an electric field. This process is 

carried out in the column of the microscope using a potential difference 

from 50 V to 30000 V (Figure S1.21). The accelerated electrons leave the 

barrel, and then, they are focused, using lenses to obtain a small beam of 

electrons, to the sample.  

Many interactions are produced during the scanning between the sample 

and the beam of electrons. The energy that the electrons lose by colliding 

against the sample can generate other electrons to be dismissed, “secondary 

electrons”, and to produce other phenomena (e.g., X-rays and Auger 
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electrons). Finally, topographical images are created by scanning the 

sample and collecting the emitted secondary electrons using a specific 

detector. 

 

Figure S1.21: Scanning Electron Microscopy working principle. 

Phantom Pro Scanning Electron Microscopy is employed during this work 

(Figure S1.22-a). Before exposing the samples, a sputtering process is 

done to cover the sample’s surface with palladium to be visible inside the 

SEM. A SC7620 Mini Sputter Coater/Glow Discharge System equipment 

with Argon (as an inert gas) is used (Figure S1.22-b).  



236  Supplementary material 

 

Figure S1.22: (a) SEM and (b) mini sputter equipment. 

S1.2.5 Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR characterization technique is based on the infrared radiation (IR). 

This type of electromagnetic radiation is found between visible and 

microwaves wavelength from 0.75 µm to 1000 µm. IR region is divided 

into three stages: near, middle and far IR (Figure S1.23).  

 

Figure S1.23: Regions of the electromagnetic spectra, with IR detail.  
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This method uses IR region to measure vibrational frequencies of the 

molecular union, that are characteristics and specifics of each functional 

group (e.g., carboxyl groups, and hydroxyl groups). Samples can be 

measured in different states: liquid, solid or gas (Lin et al., 2015; Safarpour 

et al., 2017). 

 

Figure S1.24: Scheme of the inside of a FT-IR multiple reflection system. 

Figure S1.24 shows the working principle of the FT-IR equipment. The 

infrared beam is produced in an IR source and passes through a polarizer 

and mirrors before arriving to the sample. An Attenuated Total Reflection 

(ATR) crystal is used, that allows the non-preparation of the sample and an 

improvement in the reproducibility of the measurement of the spectra. The 

radiation impinges with a determined angle on the crystal (usually a 

diamond). The internal reflection creates an evanescent wave that extends 

beyond the surface of the crystal, introducing a few microns in the sample 

that is in contact with the diamond. Finally, the IR beam arrives to the 

detector. 
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The molecules can absorb the radiated energy during the measurements. In 

this moment, the radiated energy and the specific energy of vibration of the 

molecules are equal. Sample molecules transform absorbed infrared 

radiation into molecular vibration energy. The wavenumber (k, cm-1) is 

plotted against the percentage (%) of absorbance or transmittance, where 

the characteristic vibrational frequencies of several functional groups of the 

components are represented. 

 

Figure S1.25: Perkin Elmer Spectrum 100 equipment. 

The IR spectrums are formed by two different regions, divided in 1500 cm-

1 approximately. The region from 4000 cm-1 to 1500 cm-1 corresponds to 

the absorption bands of the isolated functional groups. Wavenumbers from 

1500 cm-1 to 550 cm-1 contains numerous bands that are characteristic of 

the molecule, usually called fingerprint region. 

The samples are measured with the Perkin Elmer Spectrum 100 equipment 

with an accessory Spectrum 100 Series Universal ATR in a range of 4000 

cm-1 and 600 cm-1 (Figure S1.25).   
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S1.2.6 Quartz Crystal Microbalance (QCM) 

Quartz Crystal Microbalance (QCM) is an equipment that measures the 

mass variation per unit of area by changes on the frequency of a quartz 

crystal resonator. Frequency changes are measured (in ng·cm-2) very 

accurately with the addition or removal of a mass from the surface of the 

acoustic resonator.   

 

Figure S1.26: (a) Quartz crystal schematic detail. (b) Working principle of the QCM, comparing 

the measured signal of initial state and after the substance binding. 

The QCM is used to characterize the (bio)functionalization of the surface 

and determine the affinity of molecules (e.g., proteins, enzymes, antibodies, 

virus, etc.), and the interaction between different molecules (Fuchiwaki et 

al., 2014). Also, it is used to measure the dissipation, obtaining information 

about the structural properties of the adsorbed layers. 

Oscillations are produced at resonance frequency by applying an 

alternating current (AC) to the quartz crystal of the QCM. These 

oscillations are caused by the piezoelectric properties of the material. The 

working principle is shown in Figure S1.26, where the frequency of these 

oscillations is proportional to the crystal thickness. As the thickness 

increases (with mass deposition), the resonance frequency decreases. 
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However, the dissipation varies inversely: when the molecules are 

deposited onto the crystal, the dissipation increases.  

Sauerbrey equation (Equation S1.4) is employed to measure the mass 

quantity deposited onto the surface of the crystal. This equation relates the 

oscillation frequency changes with the mass quantity deposited onto the 

surface (Sauerbrey, 1959), 

    𝛥𝑓 =  
−2𝑓0

2

𝐴√µ𝑞𝜌𝑞
∆𝑚                           (S1.4) 

where 𝛥𝑓 is the frequency change (Hz), 𝑓0 is the resonant frequency (Hz), 

∆𝑚 is the mass change (g), A is the piezo-electrically active crystal area 

(area between electrodes, cm2), 𝜌𝑞 is the density of the quartz (𝜌𝑞 = 2.648 

g·cm3) and µ𝑞 is the shear modulus of the quartz for AT-cut crystal (µ𝑞 = 

2.947·1011 g·cm-1·s-2). 

Figure S1.27 shows a four channels QCM equipment (QSense, E4) that is 

employed for the characterization of the samples (e.g., biofunctionalization 

with antibody and cellobiose) during this research work. 

 

Figure S1.27: Four channels of QSense QCM equipment. 
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S1.2.7 Impedance Spectroscopy (IS) 

Impedance spectroscopy (IS) is a versatile experimental technique that 

allows the analysis of impedance changes of a given sample at different 

frequencies. Impedance measures the opposition that a circuit presents to a 

current when a voltage is applied. Figure S1.28 shows the working 

principle of this technique for an interdigitated microelectrodes (IDE) 

biosensor (that is selected geometry and working principle in this work).  

In the last decades, the use of this technique has grown, applying to 

different scientific fields (e.g., microorganism detection, fuel cell testing, 

microstructural characterization, and biomolecular interaction) (Barsoukov 

and Macdonald, 2005).  

 

Figure S1.28: Schema of the impedance spectroscopy working principle. 

Impedance is used to measure variations onto the surface of the biosensors. 

For example, changes on the culture media caused by chemical reactions 

and yeasts’ metabolism, and also, for the detection of biofilm formation 

onto the sensitive surface. In addition, impedance is employed for the 

characterization of the biosensors during the biofunctionalization process. 

Solartron 1260 (Solartron Analytical), IM3570 (Hioki) and IM6 

(ZAHNER-elektrik) equipment are employed for the impedance 

measurements connected to a multiplexer of 24, 22 and 16 channels 

respectively. Build-in-house multiplexers are used for the Solartron 1260 

and IM3570 equipment (Paredes et al., 2012). 
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SUPPLEMENTARY MATERIAL 2 

Additional results 
 

S2.1 Biofunctionalization characterization 

S2.1.1 Impedance Spectroscopy (IS) 

 

Figure S2.1: Relative impedance variation after the SAM with Mercaptopropionic acid (MPA) at 

different frequencies. 
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S2.1.2 Fourier Transform Infrared Spectroscopy (FT-IR) 

 

Figure S2.2: FT-IR spectrum after the SAM with MPA. 
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S2.2 Yeast growth monitoring 

S2.2.1 Label free biosensors 

 

Figure S2.3: Relative variation of impedance magnitude of different experimental conditions: (a, 

b) static control; (c, d) stirring control; (e, f) infected with B. bruxellensis at static condition; and 

(g, h) infected with B. bruxellensis at stirring condition. 
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S2.2.2 Label free biosensors at different frequencies 

 

Figure S2.4: Relative variation of impedance magnitude at different frequencies of a culture of B. 

bruxellensis under (a) static and (b) stirring conditions. 
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S2.2.3 Antibody biosensors 

 

Figure S2.5: Relative variation of impedance magnitude at 10 Hz of a culture of (a) control, (b) B. 

bruxellensis, (c) P. guilliermondii, (d) D. hansenii and (e) S. cerevisiae strains under stirring 

conditions. 
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S2.3 Analysis of temperature and pH effect 

S2.3.1 Validation of the mathematical model 

 

Figure S2.6: Correlation plot of predicted values versus experimental data of a sensor for 

temperature experiments at different frequencies (100 Hz to 100 kHz). 
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Figure S2.7: Correlation plot of predicted values versus experimental data of a sensor for pH 

experiments at different frequencies (100 Hz to 100 kHz). 
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S2.3.2 Temperature and pH correction 

 

Figure S2.8: Measured and corrected relative impedance during temperature experiments. 



Additional results 253 

 

Figure S2.9: Measured and corrected relative impedance during pH experiments. 
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Real field monitoring 
 

As explained in the second chapter, this PhD thesis is focused on a research 

project for Brettanomyces detection in real field conditions (wine and cider 

samples). This project has been carried out in collaboration with a winery 

and a cider-house. So, the biosensors are also implemented in real field 

conditions inside wine barrels and cider tanks.  

For this purpose, the recording systems developed for the laboratory is 

adapted for industry requirements to measure label free biosensors during 

the beverages aging process. The biosensors are soldered to waterproof 

wires (RS Pro Power Cable, 2 cores, CPE sheath, ref: H07RN-F) and then, 

and coated with epoxy (ARALDIT Ceys).  The wires have from 2.5m to 

12m (according to experimental setup) to provide enough distance to the 

impedance analyzer. The impedance monitoring in wine barrels and cider 

tanks are described below. 

S3.1 Impedance monitoring of wine barrels 

S3.1.1 Materials and methods 

» Experimental setup 

The impedance analysis is carried out in 4 wine barrels at Campo Viejo 

winery (La Rioja, Spain). A total of 16 label free biosensors are introduced 
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inside the barrels. Each barrel is equipped with 4 biosensors as shown in 

the Figure S3.1. The label free biosensors are located at the half height 

introduced from the barrels’ stopper by making 4 holes. 

 

Figure S3.1: Images of the installation of impedance monitoring equipment in 4 wine barrels at 

Campo Viejo. 

In the experiment, 4 different barrels are tested: an old barrel with SO2, a 

new barrel without SO2, a new barrel with SO2 and an American barrel 

without SO2. These barrels are selected in order to analyze the 

Brettanomyces bruxellensis growth inside each barrel type. 

» Impedance measurements 

IM6 impedance analyzer is used connected to a multiplexer system of 16 

independent channels. For 54 days, the impedance of each label free 
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biosensor is measured with a sweep frequency of 10 Hz to 100 kHz with 

50 mV. 

S3.1.2 Results 

» Impedance monitoring 

Figure S3.2 shows the relative variation of the electrical impedance 

measurements of the one introduced biosensor in each wine barrel for a 

frequency of 10 Hz. As described during the results and discussion chapter, 

this is the most sensitive frequency. All the biosensors present a 

stabilization phase of approximately 1 day. This stabilization phase may be 

due to molecular adsorption phenomena on the biosensor surface, as well 

as sensor tempering, and adhesion of the medium on the sensor surface. 

 

Figure S3.2: Impedance relative variation for (a) old barrel without SO2, (b) American barrel 

without SO2, (c) new barrel with SO2 and (d) old barrel with SO2. 
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The general tendency of all the biosensors is stable and present a low 

relative variation during the experiment. The biosensors present a constant 

lowering that could be due to a slow adherence of different types of 

microorganisms already present in the barrels on the surface of the 

biosensor over time as shown in Figure S3.3 (see Materials and methods 

chapter for the biosensors’ preparation method). Also, these impedance 

changes could be caused by the proteins or other molecules adsorption 

caused by the electric charge onto the biosensors’ surface. All the 

biosensors present a similar SEM image of the sensitive surface after the 

experiment. 

 

Figure S3.3: SEM image of one of the biosensors employed during the experiment. 

In addition, it is expected that the impedance changes could also be 

correlated to other physicochemical parameters. These analyses are carried 

out by (Campo Viejo, La Rioja). Figure S3.4 shows the results of the 4-

ethylphenol concentration is constant during the monitoring. A constant 

value of the 4-ethylphenol means that there is not a contamination with B. 

bruxellensis (its metabolism produces high concentrations of this 

compound). 
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Figure S3.4: Evolution of the 4-Ethylphenol concentration inside the 4 wine barrels. 

S3.1.3 Conclusions and future lines 

These are some of the most relevant conclusions obtained of the real field 

monitoring of the impedance for B. bruxellensis detection in wine barrels: 

» No significant impedance changes are recorded during the 2 months 

of experiments. These results agree with physical-chemical and 

microbiological parameters (no significant changes on the 

microorganisms’ concentrations are detected). 

» A combination of antibody and label free biosensors should be 

employed for a specific detection of B. bruxellensis 

» The experiment duration should be increased according to the B. 

bruxellensis’ growth kinetics. 

» Temperature and pH control and correction equations should be 

employed to avoid external effects on the impedance 

measurements. 

» It would be necessary to carry out a study for the selection of the 

optimal location of the biosensors inside the barrels. 
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S3.2 Impedance monitoring of cider tanks 

S3.2.1 Materials and methods 

» Experimental setup 

The impedance analysis is carried out in cider tanks at Zapiain cider-house 

(Astigarraga, Spain). A total of 16 label free biosensors are introduced 

inside 2 tanks. Each fermenter is equipped with 8 biosensors as shown in 

the Figure S3.5. The 4 of label free biosensors are located at 2 meters from 

the top, and the other 4, at 6 meters. 

 

Figure S3.5: Images of the equipment installation in the cider industry (a) and the biosensors inside 

the cider tank (b).  

In addition, 2 temperature sensors (DS18B20) connected to an Arduino and 

processed with an own-developed software in Processing are also 

implanted. The temperature sensors are located at 2 and 6 meters from the 

top as shown in Figure S3.6. 
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Figure S3.6: GUI (Graphical user interface) of the two measured fermenters. 

» Impedance measurements 

As in the previous case, the same IM6 impedance analyzer is used 

connected to a multiplexer system of 16 independent channels. For 15 days 

(during the alcoholic fermentation), the impedance of each label free 

biosensor is measured with a sweep frequency of 10 Hz to 100 kHz with 

50 mV. 

S3.2.2 Results 

» Impedance monitoring 

Figure S3.7 shows the average relative variation of the electrical 

impedance measurements of 4 label free biosensors located at 2 and 6 

meters from the top for 10 Hz frequency. In this experiment a decrease on 

the impedance curves is appreciated for 4 days. According to elaboration 

process stage (alcoholic fermentation), these changes could be caused by 

the fermentation process, temperature and pH variation and yeasts adhesion 

to the sensitive surface of the biosensors. 
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After this step, a stabilization phase is observed. This phenomenon could 

be related with the end of the alcoholic fermentation and a stabilization of 

the temperature inside the fermenter. Finally, after the fermentation 

process, cider is usually refrigerated, in this case, the impedance also is 

affected by this parameter. 

 

Figure S3.7: Average relative impedance curves of label free biosensors (n=4) and temperature 

values (ºC) during the fermentation process of cider. 

Figure S3.8 shows SEM images of the sensitive surface of one of the 

employed label free biosensors during the experiment as an example. In all 

the cases, yeasts attached onto the surface are observed. They could be S. 

cerevisiae yeast because of their morphology. In addition, the impedance 

monitoring is carried out during the fermentation process, therefore, these 

are the most abundant yeast inside the beverage. 
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Figure S3.8: SEM image of one of the biosensors employed during the experiment. 

S3.1.3 Conclusions and future lines 

Below, the most relevant conclusions obtained during the B. bruxellensis 

detection inside the cider fermenters are shown: 

» Some impedance changes are recorded during the fermentation but 

there is not enough information for concluding that that cloud be 

caused by B. bruxellensis. 

» The principal impedance changes during the fermentation could be 

caused by the CO2 production by S. cerevisae. 

» A temperature effect is also appreciated in the impedance curves. 

» Additional physicochemical information of the fermenter should be 

recorded to correct those variations from the impedance curves. 

» It would be necessary to carry out a study for the selection of the 

optimal location of the biosensors inside the barrels.
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Alternative detection methods 

S4.1 Cellobiose nanofibers-based biosensors 

S4.1.1 Introduction 

During this work, alternative methods are proposed for the specific 

detection of Brettanomyces bruxellensis. Cellobiose is detected as the most 

interesting molecule for the specific detection of this spoilage yeast based 

on Brettanomyces’ metabolism. It is the only spoilage yeast able to 

metabolize this molecule in alcoholic beverages. Different 

biofunctionalization techniques such as adsorption, entrapment, covalent 

bond and immobilization using an interlayer are evaluated to obtain a 

cellobiose based biosensor. 

In this section, an alternative option to cellobiose-cysteamine derivate 

(CCD) is presented using a biofunctionalization with electrospun 

nanofibers encapsulating cellobiose. This technique seeks to optimize the 

detection of B. bruxellensis yeasts using impedance biosensors. 

S4.1.2 Materials and methods 

» Chemicals and reagents 

Polycaprolactone (PCL) (average Mn= 80,000) (Sigma-Aldrich) polymer 

is employed for the fabrication of the nanofibers. Different solvents are also 
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tested: distilled water (Milli-Q), anisole (Sigma Aldrich), chloroform 

(Emplura, Merck), ethanol (Sigma Aldrich), methanol (Sigma Aldrich) and 

PBS buffer (pH=6.8). 

» Biosensors fabrication 

The same biosensors as those described in the materials and methods 

chapter are used.  Before biofunctionalizing with cellobiose nanofibers, the 

biosensors are cleaned with acetone and ethanol consecutively in an 

ultrasonic bath for 5 min. Then, wire connections are soldered to each 

contact path and finally, an epoxy resin (ARALDIT Ceys) is applied over 

the wires to isolate the electrical connections.  

 

Figure S4.1: (a) Label free biosensors and (b) resultant biosensor covered by the nanofibers. 

» Electrospinning process 

The PCL (7 %) and cellobiose (7 %) are dissolved in chloroform and 

methanol (4:1). The electrospinning is carried out using a 0.75 mL·h-1 flow 

with 10 kV (DC) at 11 cm from the needle of the syringe (Ge et al., 2012; 

Huang et al., 2003; Park et al., 2010; Ren et al., 2006; Shenoy et al., 2005). 

Figure S4.1 shows a label free biosensor and a resultant biosensor of the 

biofunctionalization based on electrospinning technique. 

» Experimental setup 

Microbiological cultures are carried out in a 1 L reactor placed inside a 

temperature controller chamber set to 18 ºC. Yeast inoculum was prepared 

setting the concentration at approximately 102 CFU·mL-1. Three type of 
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biosensors are tested: label free, functionalized with PCL and 

functionalized with PCL with encapsulated cellobiose biosensors are 

employed for the experiments.  

» Impedance measurements 

Impedance spectroscopy (IS) monitoring are performed using a Solartron 

1260 Impedance/Gain-phase Analyzer (Solartron Analytical) connected to 

an own-developed multiplexer system of 24 independent channels. Over 7 

days, each biosensor´s impedance is measured hourly with a sweep 

frequency between 10 Hz and 100 kHz at a constant 50 mV amplitude 

without bias. 

S4.1.3 Results 

» Characterization of the nanofibers 

Firstly, a characterization of the cellobiose encapsulation in PCL 

nanofibers is carried out using the FT-IR technique. Figure S4.2 shows the 

FT-IR spectrum obtained of the cellobiose, the PCL and PCL with 

cellobiose. The curves suggest that the cellobiose is encapsulated inside the 

PCL nanofibers. 

 

Figure S4.2: IR spectrum of cellobiose (red); PCL electrospun nanofibers (blue); and PCL + 

cellobiose electrospun nanofibers (green). 
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» Brettanomyces bruxellensis growth monitoring 

Figure S4.3 shows the evolution of the impedance magnitude at 10 Hz 

inside the bioreactor at stirring conditions (100 rpm). This frequency is 

selected because it provides the maximum impedance changes as 

demonstrated in the results and discussion chapter. The curves present 

mean values of the relative impedance for 8 label free sensors, 8 PCL and 

8 PCL + cellobiose biofunctionalized biosensors, including the standard 

deviation bars over each line. The bioreactor is inoculated 2 days after the 

beginning of the experiment with B. bruxellensis using an initial 

concentration of 102 CFU·mL-1 as shown in Figure S4.3. 

 

Figure S4.3: Relative variation of impedance magnitude at 10Hz of a culture of B. bruxellensis 

over time. 

The three curves present a similar behavior during the experiment, 

changing the relative impedance value 2 days after the infection with B. 

bruxellensis. In this initial experiment, nanofibers-based sensors containing 

cellobiose do not provide a more reliable and stable measurement during 
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culture monitoring compared against label free or nanofibers without 

cellobiose based biosensors (impedance change between 5 % and 7 %).  

» Characterization of biosensors using SEM 

In addition, a SEM characterization of the cellobiose nanofibers-based 

biosensors at the end of the experiment is done as shown in Figure S4.4. 

This image presents a growth of B. bruxellensis spoilage yeasts onto the 

biosensors between the cellobiose nanofibers. These results suggest that the 

nanofibers could be a good choice to promote the yeasts growth and 

therefore, the formation of biofilm onto the sensitive surface of the 

biosensors. Therefore, a high covering of the sensitive surface of the 

biosensors would have a high decrease of the impedance curves. 

 

Figure S4.4: PCL+ cellobiose electrospun nanofibers onto the surface of a biosensor for (a) control 

and (b) B. bruxellensis yeasts. 

S4.1.4 Conclusions and future lines 

An alternative biofunctionalization method using cellobiose-based 

nanofibers for the detection of B. bruxellensis spoilage yeast which is still 

in the development phase is presented. 

These are some of the aspects identified as key to its continuity: 
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» A robust characterization should be done to ensure the correct 

encapsulation of the cellobiose within the polymers’ nanofibers. 

» Further experiments should be performed to optimize the 

biofunctionalization process, including the cellobiose encapsulation 

inside the nanofibers and the coating of the surface of the 

biosensors. 

» It would be interesting to analyze the spoilage yeasts’ growth onto 

the surface of the biosensors between the nanofibers to optimize this 

technique using a SEM technique. 

» Other operating principle that could be studied in the future is the 

development of conductive (by the polymer or by additives) 

nanofibers encapsulating cellobiose. In this way, the breaking of 

these fibers caused by the metabolism of B. bruxellensis would 

increase the impedance response. 

 

 

 



 

 

 

 

SUPPLEMENTARY MATERIAL 5 

Data processing software 
 

As detailed in the memory, the impedance measurements are made with 

three different equipment: Solartron 1260 (Solartron Analytical), IM3570 

(Hioki) and IM6 (ZAHNER-elektrik) connected to a multiplexer of 24, 22 

and 16 channels respectively. Depending on the equipment used during the 

experiments, the data are saved in different format and method.  

 

Figure S5.1: Initial graphical user interface (GUI) to select the experiment number and the 

equipment used for each experiment. 

To obtain in a fast and easy way the results from the experiments, a software 

is developed using MATLAB R2016a. On one hand, this software allows 
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the processing of all the files obtained from the measurements, and on the 

other hand, the post-processing of the data (e.g., filters, files format, 

selection of data, cut, rename files).  

Figure S5.1 shows the initial Graphical User Interface (GUI) developed for 

the data processing. In this GUI, the number of the experiment and the 

impedance analyzer employed are selected. 

Once selected the experiment, a new GUI is opened for each equipment. In 

this interface, some information is required before loading the data (e.g., 

date, frequency, channels employed). Then, some information for the 

output files are necessary such as the frequency to be displayed, filter, 

output data, etc. as shown in Figure S5.2. Similar software is developed 

for the three equipment used, adapting them to the multiplexer’s channel 

numbers. 

 

Figure S5.2: GUI for the Solartron 1260 equipment. 

Next, each of the different sections of the GUI are detailed: 

» Date: The date is entered to store on the computer the output file 

with this information. 
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» Frequency: Frequency employed during the measurements. 

Usually, the minimum value is 10 Hz and the maximum is 1 MHz. 

» Load data: It is used to load the data from the impedance monitoring 

experiments. The bar shows the percentage of loaded data. 

» Biosensors: Selection of the biosensors (or channels) employed in 

each experiment. It allows to eliminate those biosensors with some 

type of failure along the experiment. 

» Media: This section specifies the culture medium used to perform 

the impedance study of yeast growth. The output file is saved in 

specific folder. 

» Format: Selection of the output data’s format. 

» Data: The data that wants to be processed and saved are selected. 

Usually, the magnitude and the phase of the impedance are 

processed. 

» Values: Relative or absolute values of the impedance can be saved. 

» Frequency: This part allows the selection of the output frequency 

from all the measured frequencies. 

» Cut: This section is used to eliminate those initial values that are 

part of the stabilization period. 

» Filter size: A window filter of different sizes is proposed for post-

processing the data.  

» Stability: Selection of the type and stability time of the experiment. 

» Save: Finally, this button allows to store all the data.
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Scientific contributions 
 

This chapters shows all the scientific contributions, such as scientific 
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