
PhD Dissertation 

December 2010 

 
 

International Doctorate School in Information and 

Communication Technologies 

 

DIT - University of Trento 
 

 

 

 

 

MICRO ELECTROCHEMICAL SENSORS AND PCR SYSTEMS: 

CELLULAR AND MOLECULAR TOOLS FOR WINE YEAST 

ANALYSIS 

 

 

 
 

 

Cristina Ress 
 

 

 

 

 

 

 

 

 

 

Advisor: 

Dr. Leandro Lorenzelli 

Fondazione Bruno Kessler, Trento 



 

 



 

 

Abstract 
 

 

Nowadays, exciting bioanalytical microsystems are currently receiving increasing attention in 

biology since they can comply with the considerable demand for reliable, sensitive and low-cost 

analysis tools. Small reagents volumes, low power consumption, portability, fast analysis, high 

throughput and systems integration are the key aspects that make these systems more and more 

appealing within both the academic and industrial communities. In the last years, many microde-

vices were developed for a wide range of biological applications, particularly dedicated to cellu-

lar or molecular analysis. Many efforts were devoted to the realization of Cell-Based Biosensors 

(CBBs) to monitor the dynamic behaviour of cell cultures for pharmacological screening and ba-

sic research. Other researchers focused their interests in the development of so-called Lab-on-a-

Chip (LOC) systems for DNA analysis mostly applied to clinical diagnosis. 

This thesis deals with the investigation of two miniaturized devices – a cell-based biosensor and 

a DNA amplification system – for the cellular and molecular analysis of wine yeasts, respective-

ly. 

The first device consists of integrated electrochemical sensors – Ion-Sensitive Field-Effect Tran-

sistor (ISFET), impedimetric and temperature sensors – for the real time evaluation of pH and 

cell settling of yeasts under batch culture conditions. The assessment of yeast performance and 

robustness has been focused on ethanol tolerance, as it is one of the main stress factors acting in 

wine, and thus, one of the major causes of stuck fermentations. A good agreement between 

extracellular acidification and cell growth trends at different ethanol concentration has been 

demonstrated, significantly reducing the time of the traditional assays. Moreover, resistivity 

measurements have shown the possibility to follow progressive settling of the cell suspension. 

Concerning the second system, a Polymerase Chain Reaction (PCR) microdevice has been bio-

logically validated by successfully amplifying yeast genomic DNA fragments. Additionally, the 

outcome of PCR has been positively assessed with diluted samples and boiled yeast cultures, 

demonstrating the possibility to skip the time-consuming purification process for potential lab-

on-chip applications with very little or no pre-PCR sample manipulations.  

The encouraging results from both microsystems have demonstrated their suitability for wine 

yeast analysis, aimed at quality improvements of the winemaking process. 

 

Keywords 

 
Electrochemical sensors, Cell-based biosensors, PCR microsystems, DNA amplification, wine yeasts 

analysis 
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Chapter 1 

 

1 Introduction 
 

 

1.1 The Context 

 

Throughout history, yeast has proved to be of undisputed relevance to mankind since it has 

always been involved in baking, brewing, distiller's fermentations, and wine making.  

Nowadays, yeast is one of the most commonly used model organisms in modern cell 

biology because it combines the advantages of the eukaryotic expression system with those 

of fast-growing prokaryotes. The large number of scientific publications and the wide 

range of biotechnological applications (e.g. production of insulin, vaccines, antioxidants, 

vitamins, flavours, fuel ethanol, etc.) demonstrate the great academic and industrial 

interests towards this powerful and versatile microorganism. 

In particular, intensive research is currently focusing onto the role of yeast in winemaking 

in an attempt to improve the selection of high-yielding strains aimed at the development of 

atypical flavor profiles or at the improvement of microbial tolerance to alcohol and to other 

stress factors in wines. For the last issues, cell cultural procedures and molecular methods 

are among the main current tools that support microbiologists in quality assessment and 

yeast ecology of wine strains.  

The former are generally performed by cell growth monitoring in Petri dishes, direct mi-

croscopic counts, dry weight or by measuring the optical density of a cell suspension; the 

latter typically involve molecular assays based on nucleic acids amplification. 

 

Most of standard methods are time-consuming, labour-intensive, endpoint tests, and they 

are often carried out by benchtop instruments that are difficult to integrate in industrial 

processes and lack of fast response due to the large employed volumes.  

Therefore, the incorporation of new technologies for large-scale and low cost analysis is 

rapidly becoming of emerging interest and microsystems are grown to be a hot topic in to-

day’s scientific research by representing an exciting multidisciplinary field in which sen-

sors, actuators, biological and chemical tools are converging. Indeed, the implementation 

of miniaturized, portable, automated and even multifunctional systems entails true syner-

gized expertise to satisfy the pressing demand of fast, reliable and cost-effective biological 
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analysis. As it is well known, moving from the ―macro‖ to the ―micro‖ world does not 

simply mean the downscale of conventional and well-established bioanalytical instrumen-

tations (which is, indeed, itself a challenge), but involves the integration of several compo-

nents towards multiple and robust analysis systems. Furthermore, most microdevices must 

be user-friendly since they are often developed for on-field applications and they might be 

managed by untrained operators.  

The high level of systems integration and the low cost manufacturing of MEMS (Micro 

Electro Mechanical Systems) technologies have encouraged the development of many mi-

crodevices for a wide range of biological applications, particularly devoted to cellular or 

molecular analysis. 

 

In future, exciting prospects for the expansion of novel cell-based biosensors (CBBs) and 

lab-on-a-chip (LOC) are expected. In the years to come, these integrated analysis platforms 

will lead to a breakthrough in biology providing handheld and disposable systems able to 

fulfill a wide number of daily and routine laboratory practices.   

 

1.2 Thesis content and innovative aspects 

 

 

The goal of this thesis concerns the investigation of two miniaturized devices – a cell-

based biosensor and a DNA amplification system – for the cellular and molecular analysis 

of wine yeasts, respectively. 

 

1.2.1 Micro electrochemical sensors for yeast cell analysis 

 

The proposed cell-based biosensor consists of integrated electrochemical sensors – Ion-

Sensitive Field-Effect Transistor (ISFET), impedimetric and temperature sensors – dedi-

cated to the measurements of pH and settling of a yeast cell culture.  

The microsensors were investigated for wine yeast quality assessment by evaluating cell 

tolerance to ethanol, one of the main microbial growth inhibitors acting in wine, and thus 

one of the major causes of suboptimal fermentations. Ethanol tolerance is considered an 

important indicator of yeast industrial performance and robustness, and thereby, it 

represents a parameter of significant economic value for the wine industry.  
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To demonstrate the feasibility of the multiparametric system for wine yeast analysis, off-

line and on-line measurements were carried out by batch cultivation of three different S. 

cerevisiae wine strains in sterile Yeast Peptone Dextrose Broth at different ethanol concen-

trations [0-20% v/v]. A positive trend correlation between the extracellular acidification 

and cell growth was demonstrated, allowing the detection of the exponential growth phase 

within 5 hours after inoculum and significantly reducing the time of the traditional ethanol 

tolerance assays (i.e. 5 hours against 48-72 hours with agar plates).  

Impedimetric sensors were investigated in function of cell settling over time and prelimi-

nary measurements demonstrated to be sensitive to both different particles sizes and cell 

concentrations at the inoculum level.  

Both ISFET and impedimetric sensors were characterized for a completely new application 

with respect to data reported in literature. Moreover, impedimetric measurements were not 

focused onto monitoring of cell adhesion or medium conductivity changes, as typically 

shown in the state of the art of CBBs.  

Although at a preliminary level, encouraging results demonstrated its potential suitability 

for rapid oenological characterization, providing information about the dynamics of etha-

nol effects and of cell settling throughout a non-invasive and label-free approach. 

 

1.2.2 PCR microdevice for molecular analysis of yeast 

 

The second microsystem is a disposable miniaturized Polymerase Chain Reaction (PCR) 

module devoted to the DNA amplification of yeasts. PCR is an enzyme catalyzed amplifi-

cation technique that allows replication of specific fragments of DNA by means of re-

peated thermal cycles. Since its discovery - by which the biochemist Mullis won the Nobel 

Prize in 1993 - the PCR technique has become a key tool in modern molecular biology. In 

particular, the need for improved speed and portability of the PCR systems has encouraged 

many research groups to move away from benchtop thermocycler and investigate on mi-

crochip-based PCR, proposing different possible configurations and candidate materials for 

the realization of micro scale devices.  

In this work, the microchip architecture consists of a hybrid structure made of a silicon 

substrate with embedded heater and thermometers for the lower portion and a polydime-

thylsiloxane (PDMS) reactor chamber as disposable element. Silicon was chosen to exploit 

its thermal characteristics and perform the cycles faster, while polymers were used for the 

containment of the biological mixture since they are biocompatible, transparent and easily 
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moldable. The contact between the two parts was assured by a mechanical clamping, 

which in turn, prevented as a cap the PCR mix from evaporation during thermal cycles. In-

let and outlet of the polymeric chamber were optimized in such a way to avoid bubbles 

formation, facilitate fluidic handling and recovery of the sample. Then, the device was 

thermally characterized and validated by successfully amplifying genomic DNA targets of 

the three analyzed S. cerevisiae wine yeast strains in 10 µl of PCR mixture. Moreover, mi-

crodevice-PCR was also positively carried out on progressive diluted sample and even on 

boiled yeasts, demonstrating the possibility to skip the time-consuming purification 

process towards the considerable demand for fast, practical, automated analytical systems. 

The experimental session performed on the microdevice showed its capability to amplify 

DNA in different working conditions and without any static or dynamic passivation, in 

contrast to data reported in literature. This means that evaporation phenomena were pre-

vented through efficient inlet and outlet sealing and that a very good biocompatibility in-

side the microchamber was achieved.  

 

1.3 Structure of the thesis 

 

This thesis begins with the description of the main achievements in the development of 

cell-based biosensors and PCR microdevices in Chapter 2 “State of the Art”. At first, an 

introduction to yeast and to the most common fermentative stress factors is provided (Pa-

ragraph 2.1). In particular, the main effects of ethanol on yeast cell membrane and me-

tabolism are briefly summarized (Section 2.1.2). Then, conventional methods for yeasts 

monitoring are surveyed (Section 2.1.3), mainly focusing on metabolic measurements 

(extracellular acidification) and on molecular techniques (DNA amplification). In Para-

graph 2.2, an overview of the main advances of ISFETs (Section 2.2.1), impedance sensors 

(Section 2.2.2) and multiparametric platforms (Section 2.2.3) for biological applications is 

reported. Finally, in Paragraph 2.3, after a general description of the amplification proc-

ess, the state of the art in the development of new promising PCR microdevices is re-

viewed.  

 

In Chapter 3 “Micro Electrochemical sensors for wine yeast analysis”, a cell-based bio-

sensor is investigated for wine yeast quality assessment. Sensors microfabrication, packag-

ing and characterization are described in Paragraphs 3.1 and 3.2, while the experimental 

results are reported in Paragraph 3.3. A preliminary correlation study between extracellu-
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lar metabolic activity and cell growth is defined in Section 3.3.1. Then, extracellular acidi-

fication and cell growth are assessed in presence of critical ethanol concentrations (Section 

3.3.2) and on-line pH and impedance measurements are performed by cultivating yeast 

cells directly on sensors (Section 3.3.3). Finally, the obtained results are summarized and 

discussed in Paragraph 3.4. 

 

Chapter 4 “A PCR microdevice for yeast DNA amplification” describes the development 

and validation of a hybrid Silicon/PDMS PCR microdevice for yeast molecular analysis. In 

Paragraph 4.1, the main design constraints, microfabrication process and the realization of 

the electronic board are described. The experimental validation of the microsystems is de-

tailed in Paragraph 4.2, which reports the obtained results of the microdevice-PCR per-

formed with genomic DNA of one S. cerevisiae strain (Section 4.2.5), with genomic DNA 

of different S. cerevisiae strains (Section 4.2.6), with diluted sample (Section 4.2.8) and 

from boiled yeast cells (Section 4.2.9). Finally, the main achievements are surveyed and 

discussed in Paragraph 4.3. 

 

Chapter 6 “Conclusions and Future Outlook” reports the main results and proposes fu-

ture perspectives both in terms of improvements and potential applications.  

Acknowledgments, Bibliography and Annexes sections (Appendix A ―General principles 

of Ion-Sensitive Field Effect Transistors (ISFETs)”, Appendix B “Thermal improve-

ments of the PCR microdevice”, Appendix C ―List of related publications‖, Appendix D 

―Other relevant publications‖) complete this thesis. 



 INTRODUCTION 

  

 

 6 

 

 

 



STATE OF THE ART 

 

 7 

Chapter 2 

 

2 State of the Art 
 

      
In this chapter, an introduction to yeast and to the most common fermentative stress factors 

is provided. Then, the main achievements in the development of cell-based biosensors and 

on PCR microdevices are summarized. 

 

2.1 Introduction 

 

Yeast has been widely recognized as one of the most well studied model organisms 

and exploited biocatalysts over the years. In this paragraph, the power of yeast and 

the main inhibitors of the fermentation process are briefly summarized (sections 

2.1.1 and 2.1.2). Then, conventional methods for yeasts monitoring are surveyed 

(section 2.1.3), finally focusing on cell-based measurements (i.e. extracellular acidi-

fication) and on molecular techniques (i.e. DNA amplification). 

 

2.1.1 Yeast: a powerful microorganism in biotechnology and food industries 

 

Yeasts are egg-shaped cells and their dimensions range from 5 to 10 μm, with an 

average volume of 50 μm
3
 and an individual weight of 2x10

-10
g. They multiply as 

single cells that divide by budding (e.g. Saccharomyces) or direct division (fission, 

e.g. Schizosaccharomyces), or they may grow as simple irregular filaments 

(mycelium). 

Yeasts are chemoorganotrophs because they use organic compounds as a source of 

energy and do not require light to grow. The main source of carbon is obtained by 

hexose sugars such as glucose and fructose, or disaccharides such as sucrose and 

maltose. Some species can metabolize pentose sugars, alcohols, and organic acids. 

They grow over a temperature range of 10°-37°C, with optimum temperature in the 

range of 28°-37°C, depending on the species. Yeasts are typically cultivated as batch 

cultures: they are inoculated in a sterile medium with all the necessary nutrients 

without any further supply of other energy sources. Under these physiological 

conditions, four growth phases are mainly identified: lag phase (yeasts adapt 



 STATE OF THE ART 

  

 

 8 

themselves to the new environment and start to multiply the genetic arrangement for 

the next cell duplication), log phase (cells double exponentially increasing the overall 

biomass), stationary phase (all the nutrients are metabolized and cells stop to grow) 

and death phase (cells exhaust all the energy reserves and undergo to programmable 

death) (Fig. 2.1).  

 

Fig. 2.1 Typical growth curve [Crueger and Crueger, 1990] 

 

 

The short generation time (typically ~ 90÷120 minutes), the easy and inexpensive 

cultivation procedures combined with the well studied biochemical and molecular 

processes have given rise to a considerable exploitation over the years of this power-

ful eukaryotic organism for the production of several useful products such as vac-

cines [Garrison and Baker, 1991], insulin [Elliot et al., 1990], and more in general 

antioxidants, vitamins and flavours [Abbas, 2006; Boekhout and Robert, 2003; Fleet, 

2003]. 

The complete genome sequencing of Saccharomyces cerevisiae [Goffeau et al., 

1996; Johnston, 1996] has provided significant advances in systems biology through 

intensive genome-wide analysis [Mewes, 1997; Snyder and Kumar, 2002], proteo-

mics [Gavin et al., 2002; Bond 2006], bioinformatics [Ball 2001; Mewes 2002] to 

analyze structure-function relationships, and ―–omics‖ level studies, awarding the 

budding yeast as an excellent model organism for fundamental research, drug dis-

covery [Ishida et al., 2002; Simon and Bedalov, 2004; Parson et al., 2006; Ro et al., 

2006] and for unraveling and studying in great detail complex cellular processes. 

The power of yeast and its versatility for a wide range of biotechnological applica-

tions has attracted the academic community for many decades placing the eukaryotic 

microorganism at the forefront of scientific research. In particular, the role of yeast in 

fermentable beverages - especially in wine - it is still today of great interest both for 



STATE OF THE ART 

 

 9 

academy and industry due to its major impact on the quality of the end product 

[Fleet, 2007, Querol and Fleet, 2006].  

Therefore, many studies are focusing on the fermentation process both at cellular and 

molecular level in order to understand what are the main stress factors that affect 

yeast survival and investigate the key aspects that are involved in wine yeast perfor-

mance, as it is briefly surveyed in the next section. 

 

2.1.2 The alcoholic fermentation and the effects of ethanol on cells 

 

Yeast is used in winemaking because it converts the sugars present in grape juice or 

must into alcohol. The biological process by which sugars such as glucose, fructose, 

and sucrose, are converted into ethanol and carbon dioxide is called alcohol fermen-

tation and its chemical equation is shown below: 

 

C6H12O6 → 2 CH3CH2OH + 2 CO2 

 

Yeasts metabolize sugar both in aerobic and anaerobic conditions, but depending on 

the presence or absence of oxygen, they undergo into respiration process (by energy 

production) or alcohol fermentation (by ethanol production), respectively. 

Yeast is normally already present on the surface of grape berries, often visible as a 

powdery film on their skin. The fermentation can be carried out with this indigenous 

(wild) population, giving interesting and exclusive organoleptic properties to wine 

[Heard and Fleet, 1985, Mateo et al., 1991, Schutz and Gafner, 1993]. However, the 

indigenous microorganisms may give unpredictable results depending on the yeast 

species that are present on grapes. For this reason, a pure yeast culture is generally 

added to the must, which rapidly predominates the fermentation as it proceeds. This 

culture is employed as starter yeast because partially represses wild yeasts and 

ensures a reliable and predictable fermentation [Querol et al., 1992; Henschke, 

1997].
 

Most added wine yeasts are strains of Saccharomyces cerevisiae, with 

different physiological and fermentative properties but not always suitable for 

obtaining qualitative alcoholic beverages. Because of the direct impact of the 

selected yeast strain on the finished product, significant research has been undertaken 

into the screening of wine yeast strains able to develop different sensory properties 
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[Lambrechts and Pretorius, 2000], produce atypical flavour profiles [Romano et al., 

2003; Swiegers et al., 2005], or increase ethanol concentration in wines.  

As regards the latter issue, ethanol is the principal stress factor for yeasts and, 

therefore, one of the major causes of suboptimal (stuck and sluggish) fermentations 

[Alexandre and Charpentier, 1998; Ivorra et al., 1999] because it inhibits microbial 

growth and viability [Thomas and Rose, 1979; Ingram and Buttke, 1984; Piper, 

1995; Aguilera et al., 2006] and, as a consequence, adversely affects the fermentation 

process by stopping further ethanol production. 

Therefore, ethanol tolerance is considered an important indicator of yeast industrial 

performance and robustness [Zuzuarregui and de Olmo, 2004; Schmidt et al., 2006], 

and thereby, it represents a parameter of considerable economic value for the wine 

industry [Rose, 1980]. Additionally, each yeast strain imparts different characteris-

tics on wine and at the same time reacts to each stress factor of the fermentation 

process (e.g. alcohol concentration, temperature, osmotic pressure, starvation) in a 

different way [Bartowsky et al., 2007]. 

 

In the last three decades, many studies were carried out on the effects of ethanol on 

cells, mainly focusing on cell membrane as one of the principal targets of alcohol 

[Casey and Ingledew, 1986; D’Amore et al., 1990; Fleet, 2002]. 

It has been widely demonstrated that ethanol reduces microbial lifespan, cell growth 

and biomass accumulation [Medawar et al., 2003, Schmidt et al., 2006], principally 

by inhibiting the glucose transport system [Pascual et al., 1988; Leao and Van Uden, 

1982; Salmon et al., 1993] and increasing the rate of proton influx [Leao and Van 

Uden, 1984; Kilian et al., 1989]. On the other hand, yeast responds to increasingly 

toxic levels of ethanol in a dose-dependent manner throughout an adaptation mecha-

nism, by changing the lipid composition and fluidity of its membranes [Alexandre et 

al., 1994; D’Amore et al., 1990], delaying cell cycle [Kubota et al., 2004] and stimu-

lating the ATPase activity [Rosa and Sa-Correia 1991; Rosa and Sa-Correia 1992, 

Monteiro et al., 1994; Alexandre et al., 1994, Aguilera et al., 2006].  

As it is well known, the H
+
ATPase is essential for cell growth, in particular for nu-

trient uptake and homeostasis regulation [Kotyk, 1994]. Indeed, the plasma mem-

brane H
+
ATPase generates a proton electrochemical gradient which constitutes the 

driving force for nutrients [Serrano, 1988], whereby an increase of its proton-
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pumping activity is supposed to counteract the progressive cytoplasmatic acidifica-

tion induced by the influx of protons across the membrane (fig. 2.2). 

 

 

Fig. 2.2 Main effects of wine inhibitors on yeast cell membrane and metabolism [Alexandre and Charpen-

tier, 1998] 

 

These changes depend on the ethanol tolerance of each yeast strain and extensive 

studies have been carried out on the investigation of the genetic dissection of alcohol 

tolerance in order to identify which genes are involved in influencing this character 

and improve the selection of high ethanol yielding strains [Ismail and Ali, 1971; Pre-

torius and Bauer, 2002; Fujita et al., 2006; Hu et al., 2007; Kumar et al., 2008].  

As it is schematically illustrated in figure 2.2 [Alexandre and Charpentier, 1998], 

ethanol is not the only one toxic by-product of yeast: medium chain fatty acids 

(MCFAs) such as octanoic or decanoic acids constitute another type of fermentation 

inhibitors produced during alcoholic fermentation [Viegas et al., 1989; Lafon et al., 

1984]. These lipophilic acids act as antimicrobial components [Freese et al., 1973], 

and as seen for ethanol, lead to the reduction of cytosolic pH [Stevens and Hofemyer, 

1993]. In particular, MCFAs act as proton carriers across the yeast plasma mem-

brane, reducing the intracellular pH and disrupting the proton gradient. Among the 

other acid-stress effects, these events cause the acidification of cytoplasm and, as ob-

served for ethanol, trigger to the stimulation of plasma membrane H
+
- ATPase in or-

der to recover from acid stress and restore the pH homeostasis [Viegas and Sa-

Correia 1991, Viegas et al., 1998; Cabral et al., 2001].  

Moreover, as Correia pointed out [Correia, 1986], ethanol and these lipophilic acids 

may act in direct synergy by further slowing down the overall fermentation process. 
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Apart the high ethanol content and the presence of toxic fatty acids, there are many 

other factors that lead to stuck fermentation, such as low level of thiamine [Bataillon 

et al., 1996, Wang et al., 2005] or more in general nitrogen or vitamin deficiencies 

[Ingledew and Kunkee 1985, Ough et al., 1989], decrease in oxygen availability [Ar-

ies and Kirsop, 1978] or exposure to other inhibitory substances as sulphites and ace-

tic acid as reviewed by Alexandre and Charpentier [1998] and by Tanghe et al. 

[2006]. 

 

2.1.3 Survey of different methods for assessing yeast tolerance to fermentative stress 

factors 

 

As seen in the previous section (2.1.2), yeast strains differ in their ability to tolerate 

several stress factors present in the must; therefore, yeast quality assessment plays an 

important role in the prediction of the outcome of fermentation. 

Conventionally, yeast cell survival in presence of potential stress factors is evaluated 

by simple growth assays in Petri dishes, by direct microscopic counts, dry weight or 

spectrophotometric methods [Ohta et al., 1981; Nwachukwu et al., 2006]. Apart from 

the commonly known procedures, optimal cell functioning can be assessed in several 

ways, for example by monitoring the level of important cell constituents [Qain, 

1988], lipid composition [Mannazzu et al., 2008], activity of enzymes [Wellhoener 

and Geiger 2003, Cameron-Clarke et al., 2003], cell capacitance [Asami and Yo-

nezawa, 1995; Noble et al., 1999; Markx and Davey, 1999; Mishima et al., 1991; 

Mas et al., 2001], intracellular pH [Imai et al., 1994], cumulative acidity [Patino et 

al., 1993] and throughout the so-called ―acidification power (AP) test‖ [Opekarová 

and Sigler, 1982; Iserentant et al., 1996].  

At a molecular level, the main methodologies are based on genetic dissection of 

yeast tolerance to ethanol [Hu et al., 2007; Kumar et al., 2008] and more in general 

involve yeast ecology studies, as it will be briefly discussed below. 

 

o The AP test to assess the technological quality of microbial cultures 

 

The cumulative acidity and AP tests measure the ability of cells to regulate homeos-

tasis by actively pumping protons out from the cytosol. A number of authors have 

proven the correlation between cell growth and extracellular acidification (Roos and 
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Luckner 1984; Kotyk, 1989; Huth et al., 1990; Sigler and Hofer, 1991) and studies 

on cell metabolism and net proton production have been proposed over the years 

[Castrillo and Ugalde, 1994; Castrillo et al., 1995; Vicente et al., 1998; Srinivasan 

and Mahadevan, 2010].  

Nearly thirty years ago, several authors introduced extracellular acidification as a 

suitable assay to predict the vitality of industrial strains and prevent stuck fermenta-

tions. 

As widely reported in literature, pH downshift occurs as a result of 

3HCO  produc-

tion from 2CO , the action of H
+
-ATPase, H

+
/K

+
 exchange, secretion of organic acids 

and consumption of buffering compounds, and all these processes reflect very pre-

cisely the metabolic activity of cells [Sigler et al. 1981(a); Sigler et al. 1981(b)].  

In particular, the acidification power of a cell is given by the sum of two contribu-

tions: the spontaneous protons extrusion (driven by endogenous energy sources) and 

the substrate-induced protons extrusion (driven by both endogenous and exogenous 

energy reserves).  

The acidification power test was developed as a simple and rapid method for assess-

ing how technological stress factors affect the ability of yeasts to carry out the fer-

mentation process. Therefore, AP test can be defined as a ―sensitive indicator‖ of the 

physiological status of cells and more in general as a significant predictor of the fer-

mentative prowess of a given batch culture [Opekarova and Sigler, 1982; Kara et al., 

1988; Malfeito-Ferreira et al. 1990; Riis et al., 1995; Gabriel et al., 2008].  

 

o Molecular studies for typing of wine yeast strains 

 

Cultural procedures represent basic techniques for the analysis of yeast tolerance to 

fermentative stress factors. However, yeast characterization based on physiological 

properties could give ambiguous results [Tornai-Lehoczki and Dlauchy, 1996]. 

By contrast, molecular methods are making the study of yeast ecology more and 

more attractive and offer an important tool in solving industrial problems [Fleet 

2007; Beh et al., 2006; Fernandez-Espinar et al., 2006; Josepa et al., 2000].  

In winemaking, many ecological studies are focused on typing of wine yeast strains 

to study and discriminate the authenticity of commercial yeasts [Schuller et al., 

2004]. As reported by Vaudano [Vaudano and Garcia-Moruno, 2008], molecular stu-

dies can be performed to follow strain dynamics during fermentation, check the do-
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minance of inoculated strains over wild strains, control yeast quality and detect 

fraud. Among the molecular methodologies, polymerase chain reaction (PCR) profile 

analysis has a good discriminating power for analyzing yeast strains [Ness et al., 

1993] and therefore represents one of the most used techniques for wine yeast ecolo-

gy.  

 

Traditional systems are time-consuming, labour intensive or prone to errors, thus limiting 

parallelization and high throughput selection of the desirable yeast strains. Moreover, most 

of them are endpoint tests, and therefore, they seldom provide information about the dy-

namics and mechanisms of action of the chemicals on cells. The development of silicon 

technologies has contributed to the creation of alternative methods that could overcome the 

drawbacks of the conventional systems, as discussed in the next section. 

 

2.2 Cell-based biosensors (CBBs)  

 

In the last three decades, many studies have been focused on microbial metabolism due to 

the proven correlation between cell growth and either extracellular acidification or ionic 

conductivity change/biomass detection (section 2.1.3), enabling the development of micro-

electronic sensors for culture monitoring, especially based on Ion-sensitive field-effect 

transistors (ISFETs) sensors, Light-Addressable Potentiometric Sensor (LAPS) [Yoshi-

nobu et al., 2003] and impedance-based microdevices. Furthermore, more recently multi-

parametric chips have been proposed to carry out comprehensive studies about physiologi-

cal state and dynamic behavior of cell cultures for pharmacological screening, basic 

research in systems biology and lab-scale fermentation tests. The main advantage is that 

they allow online measurements during short and long periods without damaging and la-

belling cells. The status of living cells can be monitored continuously before, during, and 

after exposure, providing information on the kinetics of the cell response to chemicals and 

on the cellular metabolic pathways. In this section, the main advances of ISFETs (2.2.1), 

impedance sensors (2.2.2) and multiparametric platforms (2.2.3) for biological applications 

are reviewed. 
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2.2.1 ISFETs sensors 

  

ISFET is a special member of the family of potentiometric chemical sensors and was pro-

posed for the first time by Bergveld [1970; 1972] (the operational principle is briefly de-

scribed in appendix A). Since its discovery, it has been soon recognized as a powerful 

sensing element, as demonstrated by the intensive research and copious amount of pub-

lished works that have quickly followed with excitement. 

After the first patent on ISFET - granted in 1977 by the University of Utah [Johnson et al., 

1977] - many other patents were applied over the years and over the world, and later on, 

ISFETs became commercially available from several companies [Bergveld, 2003; Jimenez 

et al., 2006; Bratov et al., 2010].  

Nowadays, many commercial suppliers furnish ISFETs for agrofood applications as good 

candidates to replace traditional bulky glass electrodes. However, ISFETs are not directly 

expected to substitute the conventional glass pH meter since the last one still plays a key 

role in every day pH measurements thanks to its excellent electrode performances, internal 

reference system and long-term stability [Vonau and Guth, 2006]. Indeed, pH-sensitive 

FETs are rather meant for experimental conditions where glass electrodes could not be ap-

plied, such as measuring in particularly small sample volumes and with an extremely fast 

response. ISFETs have other benefits such as they can be dry stored, virtually unbreakable, 

non-invasive, good for dynamic and on-line measurements, eliminating the need for con-

tinuously sampling of the analyzed species [Yuqing et al., 2003]. They can cover both 

wide pH (typically from 2 to 12) and temperature (-45°C to 120°C) ranges [Schäpper et al., 

2009]. Moreover, one of the main advantages of a silicon pH-meter concerns its realization 

process, which benefits from miniaturization with current planar IC technology and on-

chip integration of sensor arrays. 

Miniaturization and systems integration have driven many research groups towards the de-

velopment of benchtop, portable or pocket instrumentations aimed at the measurement of 

in vivo physiological parameters [Bergveld 1985] or for food processing in wine industry 

[Artigas et al., 2003]. 

 

FET-based potentiometric sensors were studied for many biological applications ranging 

from affinity and enzyme biosensors such as EnFETs (enzyme-linked FETs) to whole cell-

based sensors as Cell-FETs hybrids [Shiono et al., 1992; Pohanka and Skladal 2008; Pog-

hossian et al., 2009]. 
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The former consists of enzyme-entrapping membranes on top of the ISFET-gate and can 

be employed for the detection of glucose [Dzyadevich et al., 1999; Park et al, 2002; Luo et 

al., 2004], penicillin [Poghossian et al., 2001], urea [Senillou et al., 1990; de Melo et al., 

2003] and other analytes as surveyed by Schöning and Poghossian [2006] and Khanna 

[2007]. The latter belongs to the wide family of cell-based biosensors (CBBs), that have 

been largely employed for extracellular potential measurements [Offenhäuser et al., 1997; 

Vassanelli and Fromherz, 1998; Martinoia and Massobrio, 2004; Imfeld et al., 2008] or for 

the detection of changes in the rate of proton extrusion caused by different external stimuli 

(i.e. by addition of drugs, toxic compounds or pollutants to the medium) [Offenhäuser and 

Knoll, 2001; Schöning and Poghossian, 2006; Guth et al., 2009].  

 
The extracellular acidification can be influenced by several mechanisms that occur in the 

cytoplasm and at the membrane level. As it is well known, glycolysis is one of the main 

metabolic pathways from which cells take their energy supply and it ends aerobically with 

acetyl-CoA and CO2 while anaerobically with lactic acid. As CO2 goes out the cytosol, it is 

hydrated to form H
+
 and 

3HCO . Apart from glucose metabolism, other mechanisms such 

as oxygen consumption (i.e. cell respiration), H
+ 

ATPase, ion exchange (e.g. Na
+
/K

+
 AT-

Pases) and nutrients uptake are involved in proton release outside the cell. Thus, the meta-

bolism of viable cells lead to the acidification of the extracellular environment and the aci-

dification rate is correlated to the physiological state of a cell. 

 

 

Fig. 2.3 Schematic representation of extracellular acidification process of a cell on an Ion-Sensitive FET 

[Schöning and Poghossian, 2006] 

 

Over the last two decades, many scientific publications were addressed to the development 

of ISFET-based sensors for on-line monitoring of in-vitro extracellular acidifications 

[Grattarola et al., 1993; Baumann et al., 1999; Martinoia et al., 2001]. 
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ISFET-arrays were developed to study the microenvironmental pH (pHM) and the role of 

glycolysis [Lehmann et al. 2000], distinguish between apical and basolateral acidification 

of adherent tumor cells [Lehmann and Baumann, 2005] and for in vitro toxicity screening 

applications by cell exposure to toxic agents [Lorenzelli et al., 2003]. 

The extracellular acidification rate (ECAR) was measured growing cells on sensor’s sur-

face [Lehmann et al. 2001; Brischwein et al., 2003], membranes of commercial wells 

(Transwell®) [Lorenzelli et al., 2003], autoclavable semipermeable barrier [Gerlach et al., 

2007], glass plate [Mohri et al., 2006], agarose gel [Bettaieb et al., 2007] or on continu-

ously stirred bacterial suspension [Castellarnau et al., 2008].  

 

2.2.2 Impedance sensors 

 

Impedance spectroscopy is currently receiving increasing attention in microbiology due to 

its sensitive, high automated and easy-to-use technique. However, ―Impedance microbiol-

ogy‖ is not a new approach in research field; it is necessary to go back to a meeting of the 

British Medical Association in 1898 where Stewart presented a paper, later to be published 

in The Journal of Experimental Medicine, entitled "The changes produced by the growth of 

bacteria in the molecular concentration and electrical conductivity of culture media" 

[Stewart, 1898]. The electrical response curves presented by the researcher followed the 

putrefaction of blood and serum and they were very similar to those obtained from cur-

rently available impedance systems. The significant difference between last century and 

today is that nowadays impedance can be considered as a rapid microbiological method, 

whereas Stewart was measuring changes in conductance over thirty days. 

Other works followed Stewart’s initial studies, but it was not before the mid seventies that 

the technique began to receive the attention it merited [Ur and Brown, 1975]. This coin-

cided with the introduction of dedicated impedance systems - such as Bactometer [Cady, 

1978; Gnan et al., 1982] or Malthus system [Neaves et al., 1988] - and a consequent in-

crease in published works [Firstenberg-Eden and Eden, 1984; Harris and Kell, 1983; 

Asami and Yonezawa, 1995; Silley and Forsythe, 1996].  

Today, impedance-based cell analysis is a well-established technique in biology but the 

macro-scale implementation suffers from low sensitivity and long assay times due to the 

employed large sample volumes. Therefore, many researchers tried to overcome these 

problems by shrinking down the whole impedance sensors dimension with the implemen-

tation of silicon microfabrication techniques.  
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Several impedimetric biosensors were developed over the years [Guan et al., 2004], re-

cording impedance of a cell suspension even in nanoliter-scale volume [Gomez et al., 

2002].   

In particular, by culturing cells over planar microelectrodes, impedance measurements 

were investigated as indicators of cell adhesion and spreading [Wegener et al., 2000; 

Morguet et al., 2007], motility and morphology [Giaever and Keese, 1993; Arndt et al. 

2004], and cytotoxicity [Ehret et al., 1997]. In 1997, Ehret and co-workers demonstrated 

how interdigitated electrodes (IDES) could be used to monitor biologically relevant signals 

as an alternative method to conventional toxicology tests. Since then, many other studies 

were carried out on adherent cells, demonstrating the possibility to use microelectrodes as 

a stable, non-invasive interface for monitoring impedance characteristics of cell popula-

tions over extended periods [Xiao and Luong, 2003; Solly et al., 2004; Yeon and Park, 

2005; Xiao and Luong, 2005; Guo et al., 2006; Campbell et al., 2007; Ceriotti et al., 

2007(b-c)]. 

If CBBs were widely investigated for adherent cells, few research works were published on 

microdevices devoted to the monitoring of suspended cells. Microfluidics biosensors were 

developed for bacterial cells [Gomez et al., 2002; Boehm et al., 2007] and different elec-

trodes configurations were studied for separately monitoring biomass and background me-

dium electrolytes [Krommenhoek et al. 2006; Spiller et al., 2006]. Microbial growth was 

also monitored by plating yeasts on agar surface in correspondence to the sensitive area 

(IDES) and measuring conductivity changes of cell medium brought about the metabolic 

activity [Ress et al., 2009]. 

For suspended cells, optical density (OD) represents still an alternative to impedance spec-

troscopy and it is already applied in microbioreactors [Schäpper et al., 2009]. However, air 

bubbles can interfere with the optical measurements and light-based probes detect even ag-

gregates, cell debris, and other particles that can collect during fermentation. 

Moreover, washing steps as well as medium changes can perturb the osmotic potential 

across the plasmatic membrane, causing instability in the refractive index and therefore in 

the solution turbidity [Hobson et al., 1996]. 
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2.2.3 Multiparametric microdevices for cell analysis 

 

The measurement of pH or impedance as single parameter was considered too restrictive 

for getting comprehensive understanding of dynamic cellular behaviour. Many efforts were 

devoted to the development of multiparametric chips combining several complementary 

sensors to get inside into the complex metabolic pathway network of cells.  

ISFETs offer the potential for on-chip circuit integration and the possibility of multichan-

nel sensing for lab-on-a-cell applications. These silicon-based microsensors typically form 

the bottom of a cell culture chamber and allow performing parallel measurements of mul-

tiple parameters for the interpretation of different effects on living cells.  

Therefore, several multisensors chips were realized for the monitoring of different parame-

ters such as extracellular acidification (with ISFETs), dissolved oxygen (with amperome-

tric sensors), cell adhesion or biomass (with impedance sensors), and temperature (with 

PN-diode or Pt 100) [Wiest et al., 2005; Ceriotti et al., 2007; Krommenhoek et al., 2008; 

Mohri et al., 2008; van Leeuwen et al., 2010]. Some of these sensors are autoclavable and 

therefore reusable, others are disposable such as the one-way physio-sensor [Vonau, 2007] 

that can also detect H2O2 through an enzyme covered electrode structure. 

Among the state-of-the-art of electrochemical CBBs, a screening system - Bionas
®
 2500 

analyzing system (Bionas GmbH, Germany)- is commercially available and it is well-

established both for immortalized and primary cells [Ceriotti et al., 2007(a); Thedinga et 

al., 2007; Mestres and Morguet, 2009]. Moreover, a multiparametric handheld and mobile 

device - intelligent mobile lab (IMOLA) - was developed for metabolic profiling with a 

fluidic system, sensor control, data management and software [Wiest et al., 2005]. A fur-

ther version of the mobile biosensor is the Micro-Lab (µLa) that would deliver, as a Point-

of-Care scenario, measurement data via the public cellular network [Schmidhuber et al., 

2009].  

 

2.3  DNA amplification on PCR microdevices 

 

In this section, a general description of the amplification process and the main reasons be-

hind miniaturization are presented. Then, the state of the art in the development of new 

promising micro devices is reviewed.  
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2.3.1 The PCR process and the benefits of miniaturization 

 

The polymerase chain reaction (PCR) is an enzyme catalyzed amplification technique that 

allows replication of specific fragments of DNA. Since its discovery [Mullis et al., 1986], 

by which the biochemist Kary Mullis won the Nobel Prize in 1993, the PCR technique has 

become a key tool in modern molecular biology. Thanks to its reliability, it is widely used 

every day in diagnostics, quality analysis of foodstuffs, forensic investigations, paternity 

testing, environmental monitoring, molecular archeology and in many other general bio-

medical and biotechnological applications.  

DNA amplification is carried out in vitro by cycling through three different temperature 

steps. Each PCR cycle consists of the separation of the double-stranded DNA helix (near 

95°C), annealing of the specific primers to their target nucleotide sequence (usually be-

tween 55°C and 65°C), and extension of these short molecules to synthesize the comple-

mentary strand of the template (about 72°C). This last step is catalyzed by a thermo stable 

DNA polymerase, called Taq polymerase, that restores the double-stranded nucleic acid by 

adding free deoxynucleoside triphosfates (dNTPs) to the sequence that must be amplified. 

Working in this way, the small amount of starting DNA is doubled in each cycle. After 20 

cycles, it reaches over one million copies of the original target (fig. 2.4). 

 
 

 
Fig. 2.4.  Schematic representation of the polymerase chain reaction (PCR) process 
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PCR is conventionally performed in benchtop instruments by using programmable thermo-

cycler with large volume sample (~25µl) confined in polypropylene tubes, and a complete 

assay requires a couple of hours or even more. This long reaction time is caused by the 

high thermal mass of the cyclers and the large reaction volume that entail slow heating and 

cooling rates.  

The lack of fast thermal cycles has given rise to alternative approaches in which MEMS 

technologies have been successfully employed. Thanks to the strong coupling between life 

science and technology, several miniaturized PCR chips have been developed in the last 

decade. By reducing the reaction time (from hours to several minutes), the reagents’ vol-

umes (typically in the order of microliters or even nanoliters) and the power consumption 

levels (in terms of few Watts), miniaturized PCR devices overcome the drawbacks of the 

conventional laboratory instrumentations. Moreover, by shrinking down the PCR module 

size, it is possible to achieve a high integration system made up of several analytical com-

ponents. Indeed, one of the main challenges in miniaturization of PCR is the integration of 

different functional sections in LOC platform in order to avoid, as far as possible, both 

manual operation and external macro machine tools. The need for improved speed and 

portability of the PCR systems has encouraged many research groups to investigate micro-

chip-based PCR, as will be discussed in the next section. 

 

2.3.2  PCR microdevices: State of the Art  

 

Since the 1990s, PCR micro devices have undergone widespread and rapid development 

[Zhang et al., 2006; Zhang and Xing, 2007]. Currently, PCR microfluidics can be mainly 

divided into two categories: chamber PCR and continuous flow PCR (CFPCR), (fig. 2.5).  

In the first configuration, presented initially by Northrup and co-workers [Northrup et al., 

1993], the reaction mix is kept stationary in a single chamber while the temperature is re-

peatedly cycled among the three different steps. This type of arrangement is the miniatur-

ized version of the traditional PCR instruments, and even though it can provide faster 

thermal cycling rate by taking advantages of the micro size, it still suffers from the slow 

overall alternation of rising and fall of the temperature cycles. As in the conventional 

macro systems, the total time required to carry out each thermal cycle is given by both the 

hold time (i.e. the time over which the reagent mixture uniformly attains the selected tem-

perature) and the ramping time (i.e. the time that depends on the effective heating and 

cooling rates).  However, this method does not need a complex microfluidics (inlet and 

outlet of sample) and, as a consequence, it has relatively easy fluid handling.  
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While the first configuration uses a static approach, the second configuration, CFPCR, can 

be considered a dynamic system because it is characterized by a continuous flow of the re-

action mixture through different thermostatic zones. As the sample flows through thin mi-

crochannels, it passes through different zones, each maintained at a constant value. With 

CFPCR, the temperature transition time is strongly reduced because it actually depends 

only on the mixture flow rate and the effective time to reach thermal equilibrium by fluids. 

This kind of micro PCR device was first introduced by Kopp et al. in 1998 [Kopp et al., 

1998]. Since then, CFPCR has undergone significant improvement.  

                    

 

                        a)                                                     b) 

Fig. 2.5. Examples of the two major PCR configurations: microchamber and CFPCR [Zhang et al., 2007] 

 

Although CFPCR seems to be the most advantageous approach when compared to cham-

ber PCR, it has one considerable limitation: CFPCR has a fixed number of cycles due to its 

channel layout. Thus, CFPCR lacks the flexibility to change some experimental parame-

ters. Chamber PCR, on the other hand, allows adjustments based on the initial amount of 

DNA. Additionally, CFPCR has other drawbacks that cannot be ignored, such as the gen-

eration of gas bubbles and progressive sample dispersion along the microchannels. Both of 

these problems reduce the efficiency of the biological process. For this reason, they must 

be carefully considered during the design of the overall microfluidic system. 

Lastly, CFPCR typically has a descending series of temperature zones, usually in the fol-

lowing order: denaturation temperature (95°C) - extension temperature (72°C) - annealing 

temperature (e.g. 55°C). This creates a temperature gradient throughout the device without 

a forced cooling process during the annealing step. However, this sequence does not match 

with the correct order of the PCR temperature steps and the single-stranded DNA is very 

likely to recombine with its complementary portion as it passes through the extension re-

gion. In order to circumvent this problem, a circular arrangement has been developed 

which keeps the right order of PCR steps and avoids the unwanted formation of DNA dou-

ble strands [Chen, 2006].  
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The complex microfluidics and fixed cycle number issues with CFPCR can be overcome 

using an oscillatory-flow PCR that is based on the principle of sample shuttling. The am-

plifying reaction is carried out inside a straight channel by providing both the quick transi-

tion temperature typical of the continuous-flow PCR and the cycling flexibility of the 

chamber-type device [Frey et al., 2007]. However, even if it is more advantageous with re-

spect to the previous methods, the temperature zones will still have the typical arrangement 

of the CFPCR instead following the real order of PCR reaction.  

Among the micro PCR devices developed in the last few years, there are also other original 

PCR chips that do not fit within these classifications [Krishnan et al., 2002; Guttenberg et 

al., 2005; Ottensen et al., 2006]. Most are still far from achieving either high throughput 

amplifications or high degree of integration. 

On the other hand, each specific layout has its own merits and limits affecting the final ef-

ficiency of the whole process. Moreover, the success of the reaction depends also on the 

chosen substrate materials and on the specific fluidic and temperature controls. Therefore, 

many research groups have tried to use different substrate materials, microfabrication tech-

nology and heating/cooling methods to achieve faster and better amplification perform-

ance.  

Regarding the chip substrates, almost all PCR microdevices are made of silicon [Felbel et 

al., 2004; Yan et al., 2005; Ke et al., 2007], glass [Gong et al., 2006; Crews et al., 2008] or 

of both of them [Schneegaβ et al., 2001; Erill et al., 2003; Cho et al., 2006]. 

There are several reasons why silicon and glass are often employed. First of all, the micro-

structures can be realized by well-established microfabrication technologies, such as the 

standard photolithography and chemical etching techniques. Further, metal film heaters 

and temperature sensors can be patterned on their surface providing a high level of integra-

tion. Silicon has the advantage of a superior thermal conductivity whereas glass is more 

biocompatible and allows visual inspection. However, many other promising materials can 

be used for PCR microfluidics that can also satisfy the needs of biocompatibility, low cost, 

ease fabrication and optical transparency. These materials are polymers such as polydi-

methylsiloxane (PDMS) [Prakash et al., 2006; House et al., 2010; Trung et al., 2010], SU-8 

[Christensen et al., 2008], polymethylmethacrylate (PMMA) [Yao et al., 2005; Hashimoto 

et al., 2006], polycarbonate (PC) [Chen, 2006; Wang et al., 2006], cyclic olefin copolymer 

(COC) [Koh et al., 2003; Münchow et al., 2005] or polyimide (PI) [Giordano et al., 2001]. 

They can be easily fabricated by replicate moulding or by direct fabrication methods and 

they can provide a good thermal isolation among the three temperature zones.  
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Concerning of the issue of biocompatibility, there is often a strong and deleterious interac-

tion between the inner surface of the reaction chamber/channel and the PCR mixture. All 

the mentioned materials can negatively affect the PCR performance and therefore many re-

search works are focused on various passivation techniques for optimizing the device sur-

face (static passivation) or the composition of the solution (dynamic passivation) [Chris-

tensen et al., 2007]. In particular, static passivation involves various coating procedures 

such as with silanizing agents [Consolandi et al., 2006] or by oxygen plasma activation of 

the chip surface [Kim et al., 2006] while dynamic passivation consists on the introduction 

of some additives that are known to improve the final amplification performance by a sta-

bilizing effect. Some of these enhancers are bovine serum albumin (BSA), polyethylene 

glycol (PEG), polyvinyl pyrrolidone (PVP), Tween-20 [Panaro et al. 2005]. Surfactants are 

very often employed to limit the critical issue of sample evaporation, especially when 

small-volume PCRs are performed. Many research groups strongly reduce sample volume 

from the conventional 25µl (typical volume loaded on the polypropylene tubes of the 

commercial thermal cycler) to 1µl [Cho et al., 2006, Neuzil et al., 2006], 40nl [Matsubara 

et al., 2005] and even to 0.45nl [Marcus et al., 2006]. Although nanoliter or picoliter PCR 

systems take advantage to the low thermal mass for pursuing high-speed DNA amplifica-

tion, they may be more exposed to absorption and evaporation phenomena, which can con-

siderable decrease the overall efficiency of the reaction. To prevent evaporation, mineral 

oil can be used as cover layer [Legendre et al., 2006; Neuzil et al., 2006] since its boiling 

point is far above the highest cycling temperature of PCR. Other tricks involve solid covers 

to increment the pressure inside the chamber or special external parylene coating as in the 

case of the oxygen permeable PDMS [Prakash et al., 2006]. 

Biocompatible materials play a key role also in the whole fluid handling such as in mi-

crovalves and micropumps, which can be in direct contact with the PCR solution. Exten-

sive studies are carried out in the field of fluid switching and driving in attempt to enhance 

biochemical compatibility, integration, reproducibility, response time and power consump-

tion towards the realization of automated and handheld microfluidic systems. Particularly, 

microvalves are being deeply investigated in the form of both active and passive mi-

crovalves employing mechanical [Münchow et al., 2005], non-mechanical [Liu et al., 

2004] moving parts and external systems [Prakash et al., 2006, Anderson et al., 2000]. At 

the same time, a broad variety of technologies have been exploited for pumping liquids by 

means of mechanical [Frey et al., 2007, Liu et al., 2004] and non-mechanical [Münchow et 

al., 2005; Liu et al., 2004] mechanisms. Although the remarkable developments in the in-
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tegration of such microfluidic elements, some limits are still raised by the whole thermal 

management. Indeed, recent efforts aimed at achieving faster and more efficient thermal 

cycling, are mainly focused into the development of off-chip or on-chip heating systems. 

The former usually employ external heating sources such as Peltier cell [Liu et al., 2004], 

infrared radiation [Giordano et al., 2001; Hashimoto et al., 2006] or halogen lamp [Ke et 

al., 2004], the latter include integrated microfabricated resistive heating element and tem-

perature sensors [Christensen et al., 2008]. 

However, even with many improvements in performance and integration of current PCR 

micro devices in terms of fluid handling, heating arrangements and suitable substrates, 

some shortcomings still exist. In particular, a problem arises when the amplification mod-

ule has to be coupled on-line with other modules such as the detection system. To date, 

several integrated genetic analysis microsystems have been realized by involving different 

downstream sample processes such as microchannel capillary electrophoresis (CE) [Easley 

et al., 2006] and DNA microarray hybridization [Liu et al., 2004; Anderson et al., 2000], or 

by monitoring instantaneously the amplification products through a real-time PCR [Cady 

et al., 2005; Cho et al., 2006; Lee et al., 2006; Frey et al., 2007; Fang et al., 2009; Kim et 

al., 2009].  

Despite of the most recent and exciting accomplishments, the integration of microchip-

based PCR and detection system depends still on florescence microscopy [Frey et al., 

2007; Christensen et al., 2008; Easley et al., 2006] or on the addition of external electro-

chemically-active indicators [Liu et al., 2004; Lee et al., 2003]. As reported by Lee and co-

workers [Lee et al., 2010] more research is needed to improve the reproducibility and sen-

sitivity of these real-time PCR devices and also new directions must be undertaken towards 

the realization of point of care DNA analyzers with online and label-free detection meth-

ods.  
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Chapter 3 

 

3 Micro Electrochemical sensors for wine yeast analysis 
 
 

In this work, cell-based electrochemical sensors are investigated, especially focused on 

yeast quality assessment for wine applications. The device consists of three integrated mi-

crosensors - SiO2/Si3N4 Ion-Sensitive Field-Effect Transistor (ISFET), Pt impedimetric 

sensor and a temperature sensor - able to monitor extracellular metabolism, cell settling 

and temperature, respectively.  

The device was developed at Fondazione Bruno Kessler (FBK –Trento, Italy) while the 

analyzed yeasts were kindly supplied by BioAnalisi Trentina s.r.l. (Rovereto, Italy). 

 

3.1 Materials & Methods 

 

3.1.1 Microfabrication of the electrochemical sensors 

 

The multiparametric sensors were realized with a non-standard fabrication process derived 

from a 4µm Al-gate p-well CMOS (Complementary Metal Oxide Semiconductor) technol-

ogy [Martinoia et al., 1999] in order to include the realization of double layer SiO2/Si3N4 

dielectric gate with Pt and Ag electrodes.  

Starting from n-type 4‖ silicon wafers, ISFETs were realized on p-well (boron implant and 

diffusion, final junction depth 4.7µm) in order to insulate the devices from the n-type sub-

strate (fig. 3.1). Source and drain n+ regions and substrate contacts were realized by diffu-

sion from phosphorus pre-deposition with a final junction depth of 750 nm. Ohmic con-

tacts to p-well were realized with BF2 implant. The pH sensitive layer - Si3N4 - was 

deposited by Low Pressure Chemical Vapour Deposition (LPCVD). 

 

 

Fig. 3.1 Schematic cross-section of the multiparametric sensor 
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The choice of the dielectric gate material plays a key role to get sensor performance as 

close as possible to the Nernst’s theoretical sensitivity (59 mV/pH at 300K) and with linear 

response over the measurement range. Although some materials (e.g. Ta2O5) could 

represent a better choice in terms of sensitivity and linearity (see Appendix A), stoichiome-

tric Si3N4, deposited by LPCVD, allows a good sensitivity and stability with a high compa-

tibility with CMOS technologies and without the need for a dedicated equipment. The IS-

FET sensor was realized with a W/L ratio of 67 with a meander configuration and long 

source/drain diffusions for better encapsulation (fig. 3.2 a).  

Electrical insulation was provided by a Low Temperature Oxide (LTO) layer with a thick-

ness of 600 nm. Electrical connections were provided with a single-level of multilayer 

(Al:1%Si/Ti/TiN) metal wiring (660 nm), while the further electrical insulation was im-

plemented with a Plasma-Enhanced Chemical Vapor Deposition (PECVD) Si3N4 layer 

(250 nm).  

The technological platform also allows the realization of Pt electrodes (205 nm) exposed to 

the solution, which can be used for implementing on-chip different electrochemical sensors 

(e.g. conductivity, voltammetric or chronoamperometric sensors). The conductivity sensor 

was implemented with a 2-terminals configuration with circular symmetry with a cell con-

stant around 4, which is a trade-off suitable for the selected measurement range (fig. 3.2 b). 

Electrical contacts to solid-state devices and Pt electrodes were implemented with low re-

sistance Al wires. A Ag/AgCl pseudo-reference electrode was also realized with an evapo-

rated Ag layer (150 nm) and a post-processing galvanic chlorination from KCl 1M solution 

saturated with Ag (fig. 3.2 d). Diode temperature sensor was obtained with n-diode implant 

on p-well (fig. 3.2 c). In table 3.3 are reported the cross-section of the device and the main 

details for a 4µm n-MNOS structure. 

 

Figure 3.2. (a) Microphotograph of the multiparametric probe, chip size 5 x 5 mm
2
. A) ISFET sensor, B) im-

pedance sensor, C) diode for temperature sensing, D) on-chip Ag/AgCl pseudo-reference electrode. 
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Table 3.3. Main details of 4µm n-MNOS structure 

 

3.1.2 Packaging of the microfabricated device 

 

The encapsulation of ISFET microdevice is a fundamental step that must guarantee the 

correct functionality of the device and it is often a challenge to sensor technology, as wide-

ly reported in literature [Oelßner et al., 2005; Velten et al., 2005]. Therefore, particular at-

tention was devoted to the chip encapsulation. First of all, the sensor chips were bondwired 

to a printed circuit board (PCB QFP32) and epoxy resin (UHU plus endfest 300) was used 

for packaging and protection of the bondwires and contact regions (fig. 3.4 left). Polysty-

rene wells were then glued with the same epoxy resin for the confinement of cell culture 

and medium solutions (fig. 3.4 right). The encapsulant glue satisfied the following re-

quirements: perfect sealing around the sensors area, good chemical and thermal stability, 

low absorption for the species to be measured, avoid swelling phenomena and good bio-

compatibility (no release of toxic chemicals on the growth medium). 

 

      

 

Fig. 3.4 (Left) Encapsulation of the multiparametric probe and (Right) final packaging of the device 
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3.2 Sensors characterization 

 

3.2.1 ISFET 

 

A preliminary cleaning with 2% HF followed by a conditioning phase of 12 hours with a 

neutral pH buffer solution were performed in order to respectively remove a thin surface 

layer of oxide exposed to the atmospheric environment and activate the reactive sites of the 

sensitive layer. 

Then, ISFET sensors were characterized by means of leakage current, input characteristics, 

pH response and drift measurements. 

The leakage current (IL) was measured to preliminary check the dielectric gate condition 

and its packaging, thus obtaining useful information about the correct function and elec-

trical insulation of the devices.  

The measurements were carried out by applying a linear voltage (typically -3V ÷ + 3V) be-

tween sensor terminals and a commercial reference Ag/AgCl electrode (InLab 423, Mett-

ler-Toledo GmbH, Giessen, Germany) with a semiconductor parameter analyzer (HP 

4156). 

The device is considered electrically isolated when the leakage current is lower than 1*10
-9

 

A, as reported in figure 3.5. 

 

Fig. 3.5.  A typical example of leakage current (IL) measurement 
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The characterization of Si3N4-gate ISFET sensitivity was performed by measuring the in-

put characteristics (IDS/VGS) at 0.5V VDS and with three different (4-7-10) pH buffer solu-

tions (Crison) (fig. 3.6 a).  

The threshold voltage Vth was then obtained by a graphical method [Tomaszewski et al., 

2007] and by plotting Vth in function of pH, it was possible to obtain the pH response of 

the device (Fig. 3.6) and in turn estimate the sensor sensitivity (Table 3.14). 

 

 

Fig. 3.6. (Left) Input characteristics (IDS/VGS, 0.5V VDS) in function of different pH buffer solutions; (Right) 

pH response of the device 

 

 

Sensitivity of Si3N4 ISFET was estimated at 56 mV/pH, a typical value for LPCVD stoi-

chiometric silicon nitride sensitive layer (see Appendix A) and relatively close to the 

Nernst’s theoretical sensitivity (i.e. 59 mV/pH).  

Long-term drift measurements were also carried out in such a way to detect the threshold 

voltage shift of the studied ISFETs. The causes of this phenomenon are still not completely 

unraveled but there are some models and theories that try to clarify the possible involved 

chemical and physical mechanisms (see Appendix A). 

Drift measurements were performed in a Faraday cage (light-protected) with a buffer solu-

tion (pH 7) and a commercial reference Ag/AgCl electrode (InLab 423, Mettler-Toledo 

GmbH, Giessen, Germany), and by using a DC current source (Keithley 6221),  multimeter 

acquisition system (Keithley 2700) and Labview
TM 

(National Instruments).  

Measurements were carried out for more than 24 hours to avoid the influence of transient 

events and to obtain a suitable valuation of drift phenomenon (fig. 3.7). 
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Fig. 3.7. An example of long-term drift measurements  

 

Typical drift values were around 0.3 mV/h (Table 3.14) and considering the average sensi-

tivity of the sensors (56±3 mV/pH), the pH measurement was influenced by a drift of 

0.005 pH/h. 

The usual way of coping with the effect of drift is to carry out calibrations at regular inter-

vals. The long-term drift rate can be determined prior to any long-term measurements and 

the obtained experimental data can be compensated for the transient response of the device.  

 

Up to 5 parallel pH measurements were performed by the bias board in such a way to in-

crement measures statistics (fig. 3.8).  

 

                            

Fig 3.8 Bias board 
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3.2.2 Impedance sensor 

 

The common calibration procedure involved successive immersions in three conductivity 

standard solutions: 11.2 mS cm
-1 

[10
-1

 M KCl]; 1413 µS cm
-1

 [10
-2

 M KCl]; 147 µS cm
-1

 

[10
-3

 M KCl], (Crison).  

The impedance measurements were carried out over a frequency range 10
-2

÷ 10
4
 KHz and 

by applying 0.5V to the two terminals (fig. 3.9) though a HP 4192A impedance analyzer 

(Hewlett-Packard). Data were acquired through Labview
TM 

(National Instruments). 

 

 

Fig. 3.9. Detail of the impedance sensor 

 

In figure 3.10 are shown the typical behaviour of impedance magnitude and phase curves 

plotted as a function of different standard conductivity solutions. 

 

Fig. 3.10. (Left) Impedance and (Right) phase characteristics over 10
-2 

÷ 10
4
 KHz as function of different 

conductivity solutions 

 

From the experimental impedance and phase measurements, a calibration curve of the con-

ductivity sensor was obtained (fig. 3.11).  
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Fig 3.11.  Example of impedance sensors calibration 

 

 

 

3.2.3 Diode 

 

PN diodes (fig. 3.12) can be used as thermometer as they vary forward voltage with 

temperature. The diode was characterized by applying forward bias with 10µA of current 

(fig. 3.13). The estimated sensitivity of the integrated diode was equal to 2.3 mV/°C. 

 

 

 
 

Fig 3.12.  Detail of the temperature sensor 
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Fig.3.13. (Left) I-V characteristics of forward bias of the PN diode as a function of temperature; (Right) Sen-

sor response with Id = 10µA. 

 

The main characteristics of the three integrated sensors (ISFET, impedance sensor, tem-

perature sensor) are summarized in Table 3.14.   

 

Table 3.14. Main specifications of the integrated sensors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sensor Parameter Value 

ISFET 

Sensitivity 56±3 mV/pH 

Drift < 0.3 mV/h 

Threshold Voltage 0.94 ± 0.05 V 

Conductivity 
Range 0.2 10

-3
 ÷ 0.1 S cm

-1
 

Cell constant 4.3 cm
-1

 

Temperature 
Sensitivity 2.3 mV/°C 

Tested range 25 ÷ 75°C 
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3.3 Experimental results 

 

3.3.1  Yeast cell growth and extracellular acidification 

 

A preliminary correlation study between extracellular metabolic activity and cell growth 

was performed in order to individuate the time window of interest during which cells mul-

tiply until reaching the stationary phase (chapter 2, section 2.1.1). Cells were cultivated in 

batch conditions (i.e. without any further addition of nutrients) and their evolution over 

time was characterized throughout off-line measurements by constantly sampling cell 

number and pH at regular intervals. 

For the investigation of this initial phase, a wine yeast strain of S. cerevisiae 300 (kindly 

provided by BioAnalisi Trentina s.r.l., Rovereto, Italy) - able to survive up to 12% (v/v) of 

ethanol - was employed (fig. 3.15).  

                                                  

                            Fig. 3.15. Picture of S. cerevisiae 300 (20x, Olympus IX50)  

 

In particular, yeast cells were grown in sterile Yeast Peptone Dextrose (2% Bacteriological 

peptone, 1% Yeast extract, 2% Glucose, w/v) Broth (Sigma-Aldrich
®
) and were incubated 

at 28°C overnight to yield a microbial concentration of about 10
7
 cells ml

-1
. Then, expo-

nentially growing cultures were inoculated in 1 ml of fresh YPD liquid medium at a con-

centration of about 1÷2 10
6
 cells ml

-1
. At regular intervals, cells were harvested by centri-

fugation (5.6 rpm, 1 min, 25°C), microscopically counted (fig. 3.16, a) and supernatants 

were employed to monitor the progressive acidification of the culture medium with both a 

commercial pH-meter (Crison GLP22) and integrated ISFET sensor (fig. 3.16, b).  

Viable cells were numbered by using a haemocytometer and methylene blue staining pro-

cedure. Living cells and metabolic activity were both monitored for more than 24 hours at 

a constant temperature of 25± 1°C. 
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a)

 

 b) 

Fig 3.16. (a) Semilogarithmic curve of viable cells over time; (b) pH drop measured by a commercial pH-

meter (Crison GLP22) and ISFET. 

 

In figure 3.16 (a) log phase, stationary and death phases can be easily detected. Lag phase 

is very short because cells were inoculated at exponentially growth phase in medium with 

the same nutrient composition. 

In particular, in the first four hours cells constantly double their biomass and consume su-

gars and aminoacids provided by the fresh medium. After 4 hours, there is a short statio-

nary phase (about 2 hours) that lends itself to a twofold interpretation: diauxie [Bell, 2009] 

or sporulation [Kassir and Simchen, 2004].  

The former generally occurs when cells preferentially metabolize the sugar on which they 

can grow faster (typically glucose) and as soon as that sugar is completely exhausted they 

switch their metabolism to the second. This process is called diauxic shift and it is charac-
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terized by a lag period in which cells adapt themselves to the new energy sources. Then, 

after the assembly of the required enzymes, cells start growing again until the total con-

sumption of the second sugar. 

The last interpretation, instead, considers full substrate metabolization after four hours and 

the subsequent growth (6÷8 hours) is attributed to sporulation events that occur in presence 

of nutrients deficiency or with not fermentable carbohydrates such as ethanol or acetate. 

At the same time intervals, the extracellular acidification was measured by both commer-

cial pH meter and integrated Ion-Sensitive FET. The main differences from these two in-

strumentations were mainly due to the calibration errors of the ISFET. pH quickly de-

creased from 5.9 to unstable values that ranged from 5.2 to 5. The electrochemical 

response of the ISFETs were measured using a source and drain follower circuit (fig. 3.17) 

with a constant drain-source voltage (VDS=500 mV) and constant drain current (IDS=100 

µA). The isothermal current for the analyzed ISFETs corresponded to a 100 µA. The oper-

ational conditions were chosen at the isothermal point in order to limit the effect of the 

temperature on the measurement (Appendix A)  Up to 5 microdevices were allocated to the 

bias board (Optoi Microelectronics, Italy) and the instrumentation was connected to the da-

ta acquisition board (National Instruments) to capture the signals from up to 5 ISFETs. The 

whole acquisition process was controlled by a user interface implemented with LAbVIEW 

(National Instruments).  

 

 

Fig. 3.17. Source and drain follower circuit of an ISFET bias with constant Ids 

  

The trends of growth curve and medium acidification were compared and they both 

showed a similar behaviour: a sharp variation up to 4÷8 hours, followed by stationary and 

death phases (fig. 3.18). In particular, taking into account the lag phase between 4÷6 hours 

(depletion of sugars) and in accordance with the two possible explanation theories men-

tioned above, the first 5-6 hours were considered the most interesting interval over which 

focus further measurements. 
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Fig. 3.18. Comparison between extracellular acidification and cell growth over time 

 

 

To study the influence of sugar uptake in the selected interval, yeasts were inoculated in 

sterile MilliQ water with 1% and 5% of glucose (w/v) and progressive acidification was 

monitored with a commercial pH meter (Crison GLP22). As can be seen in fig. 3.19, pH 

decreases as glucose concentration increases until the complete sugar consumption (within 

the 5 hours). The considerable measured pH drop (i.e. more than 2 units for 5% of glucose) 

was attributed to the absence of buffer compounds that are typically present in cellular 

growth medium. 

Indeed, the buffer capacity of the growth medium is not negligible since it influences the 

rate of pH change [Bousse and Parce, 1994] and the value for YPD broth was experimen-

tally measured to be equal to 3103  [mol/l pH].  
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Fig. 3.19. Extracellular acidification in function of different glucose concentrations (1% and 5% w/v) 

 

3.3.2 Extracellular acidification of yeasts at different ethanol concentrations 

 

After a preliminary study of extracellular acidification rate and cell growth, and once indi-

viduated a reasonable period for the experimental measurements, ethanol tolerance was 

monitored in order to detect both changes in yeast proliferation and pH medium in the 

presence of alcohol. 

Therefore, a second series of off-line measurements were performed by adding 12% (v/v) 

of ethanol, the previously tested (data not shown) critical alcohol concentration for the sur-

vival of the analyzed wine yeast. 

To perform this assay, the same experimental procedure was carried out by counting cells 

(fig. 3.20) and monitoring pH (fig. 3.21) every 30 minutes for 6 hours both in presence and 

in absence of ethanol.  
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Fig. 3.20.  Semilogarithmic cell growth curve in standard conditions (YPD broth) and in presence of ethanol 

(YPD broth + 12% v/v EtOH)  

 

Initial cell concentration was about 1.2 10
6
 cells ml

-1
 and in the first 30 minutes it remained 

almost constant for both cultures.  

Then, after a short common lag phase – estimated of 15 minutes –, yeasts cultivated in 

standard condition (i.e. in YPD broth without ethanol) went through a logarithmic prolife-

ration while most of cells that grew in 12% of alcohol did not duplicate and tried to adapt 

themselves and survive to this unfavorable condition. The stationary phase was reached 5-

6 hours after inoculation. 

The pH curves showed a similar trend from a sharp decrease to a steady value in concomit-

ance with the fast growing culture, while for cells cultivated in presence of ethanol pH in-

itially floated around a constant value and then slowly decreased (fig. 3.21).  

 

 

 

 

 

 

 

 

 

 

Fig. 3.21. Extracellular acidification in standard conditions (YPD broth) and in presence of ethanol (YPD 

broth + 12% v/v EtOH) measured with integrated sensor and pH-meter. 
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In absence of limitation growth factors, cell proton release shows an exponential trend, 

while in presence of ethanol, proton production has a linear trend (fig. 3.22). 

 

 

Fig. 3.22. Time course of proton production in absence of growth limitation factors (a) and in presence of 

12% v/v ethanol (b). 

 

By comparing the obtained results, the pH variation over time showed a good correlation 

with the trend of cell proliferation in both presence and absence of ethanol (Fig. 3.23) 

 

 

 

 

 

 

 

 

 

Fig. 3.23. Comparison of pH and cell concentration vs. time at 0% and 12% ethanol concentrations 

 

To deepen the relationship between cell growth and the extracellular acidification, these 

parameters were investigated on the same wine yeast strain (S. cerevisiae 300) at different 
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ethanol concentrations (0, 10, 12, 16 and 20% v/v). Yeast cell number and pH variations 

(measured with ISFET sensor) were normalized on the initial cell value in such a way to 

uniform as much as possible measurements performed in different days and limit the influ-

ence of experimental manual errors during the inoculation phases. 

As can be seen in figure 3.24, with increasing ethanol content both growth and acidifica-

tion decrease. At 12% of ethanol yeast stops replication - but it still survives – while at 16 

and 20% there is a reduction of viable cells due to the extreme culture conditions.  

 

  

Fig. 3.24. Variation of cell counts and pH both normalized on initial cell number, as a function of ethanol 

content  

Preliminary off-line measurements were required to adjust the experimental parameters 

(liquid volumes, time window of interest) and study the correlation between cell growth 

and extracellular acidification in function of different ethanol concentrations. 

These measurements demonstrated the suitability of the described method for testing etha-

nol tolerance in just few hours with respect to the conventional procedures (e.g. cell assays 

on agar plates) that typically take more than 48 hours (48-72 hours).  
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3.3.3 On-line pH and impedance measurements  

 

After a preliminary phase of off-line sample collections, a series of on-line measurements 

were performed by cultivating yeast cells directly on chip surface and by constantly moni-

toring their metabolic conditions.   

To test alcohol tolerance, three different yeast strains (S. cerevisiae 303, S. cerevisiae 500, 

S. cerevisiae 501, fig. 3.25) with higher ethanol resistance were conventionally characte-

rized and then grown on the electrochemical microdevice. 

 

 

 

Fig 3.25. (Left) Pictures of S. cerevisiae 303, S. cerevisiae 500, S. cerevisiae 501 grown on YPD agar plates, 

(Right) cell morphology, (100X Olympus IX 50). 
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3.3.3.1  Classical assay for testing ethanol tolerance of wine yeast strains 

 

A traditional assay was performed in order to check ethanol tolerance of the different yeast 

strains. 

Three S. cerevisiae (303, 500 and 501) wine strains were grown overnight in YPD broth 

(10
6
 CFU/ml), diluted in autoclaved MilliQ water (10

4
 CFU/ml) and then plated on sterile 

11 YPD Agar Plates (1.0% Yeast extract, 2.0% Bacteriological peptone, 2.0% Glucose, 

1.2% Agar, w/v): 1 culture dish was employed as control test and 10 culture dishes were 

used to attribute ethanol resistance to each yeast strain. These plates contained solid syn-

thetic medium with an increasing concentration of alcohol from 10 to 20% by volume [Vi-

cenzini et al., 2005]. Cells were then cultivated at 28°C and their growth was constantly 

monitored every 24 hours. After 4 days, cellular resistance to EtOH was verified and the 

best yeast strain was discriminated among the spots present on each plate (fig. 3.26). 

 

Fig. 3.26. Classical approach for yeast growth monitoring on different ethanol concentrations (0-20% v/v) 

 

As shown in Table 3.27, strains named 303 and 501 had a similar behavior (i.e. they 

survived up to 14% v/v) while S. cerevisiae 500 was the most resistant strains and showed 

a little grow up to 16% v/v of ethanol. 
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Table 3.27. Ethanol tolerance of three different strains (S. cerevisiae 303, S. cerevisiae 500, S. cerevisiae 

501) at different alcohol concentrations (0-20% v/v). Symbols specify cell growth conditions: (+++) cells 

grow very well, (++) well, (+) survive and slowly multiply, (+/-) show stunted growth, (-) do not survive. 

 

 

 

Before inoculation, cells were washed thrice by 5-min centrifugation (5,6 rpm at 25°C) 

with deionized water as reported by the optimized acidification power test [Sigler et al., 

2006], with some modifications. Protocols were adapted in terms of reduction of volumes, 

time of sample centrifugation, time of new growth medium supply. 

The washing steps are important because they remove the material adhering to cell surface 

and causes partial consumption of endogenous sources, increasing the overall AP value 

[Gabriel et al., 2008].  

pH values were measured on 10 ml of cell culture supernatants with a traditional pH meter 

(Crison GLP22). Experimental measurements were performed on samples at the same cell 

concentrations (~10
7
 cells/ml) and results are the average of several trials performed in dif-

ferent days in order to carry out a statistical examination. 

As it is shown in figure 3.28, progressive washing steps led to increasing pH values for all 

yeast strains due to the removal of acids compounds around the membrane surface.  

In particular, pH of overnight supernatants were different from each other (with the excep-

tion of S. bayanus 408 and S. cerevisiae 500 that have both a pH of 5), indicating that each 

strain had its own characteristic metabolic activity. Strain S. cerevisiae 303 had the highest 

pH value while strain S. cerevisiae 501 had the most acid waste culture medium.  

However, by increasing the number of washing steps these differences among strains de-

creased and at the third washing step all measures became comparable by reaching a simi-

lar value (~ 5.4).  
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 Fig. 3.28. Main pH value and standard deviation of different wine yeast strains in their waste culture me-

dium (W: waste, i.e. before washing steps) and after the first, second and third washing steps. 

 

3.3.3.2  Extracellular acidification of different wine strains 

 

After having characterized yeast strains on agar plates, their alcohol tolerance was assessed 

by directly cultivating cells on the microsensor. Cell cultures were prepared in accordance 

with the previously described method and microbial growth was carried out in batch condi-

tions, without further nutrient’s additions.  

Strain S. cerevisiae 500 – able to grow up to 16% of ethanol (Table 3.27) – was cultivated 

in parallel in four microdevices, each one at different alcohol concentrations (0-12-16-20% 

v/v). In the fifth position of the bias board was allocated the negative control, i.e. the 

growth medium without cells. The measurements showed that as ethanol raised up, the pH 

acidification was progressively reduced. At 16% of ethanol, there was a slight decrease 

caused by the maintenance of cell survival, according with the data obtained with the tradi-

tional agar plates. In presence of 20% of ethanol cells died and no metabolic activity was 

detected since there was a total overlapping with the curve of the negative control (fig. 

3.29). Observing the plot in figure 3.29, it can be noticed that the negative control is not 

stable and its ΔpH steadily decreases. This behavior was detected also by a resistivity de-

crease in the impedance measurements (fig. 3.33) and it was assumed that medium proteins 

could influence both pH and conductivity by progressively settling to the bottom surface of 

the sensors.  
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Fig. 3.29. On-line pH measurements of S. cerevisiae 500 at different ethanol concentrations (0, 12, 16, 20 % 

v/v) 

 

Then, a comparison between S. cerevisiae 303 and 501 was performed by monitoring the 

extracellular acidification in standard conditions, with the addition of 5% of glucose and 

with both 5% of glucose and 14% of ethanol. Ethanol concentration was chosen based on 

the results obtained by the agar plates and the extracellular acidification at 5 hours was 

plotted after subtraction of the negative controls (fig. 3.30) 
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Fig. 3.30.  Comparison between S. cerevisiae 303 and 501 in standard conditions (YPD), with 5% of glucose 

(YPD + Glu5%) and with both 5% of glucose and 14% of ethanol (YPD + Glu5% + EtOH14%)  
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Five hours later cell inoculum, the analyzed strains showed different acidification rates for 

the standard culture conditions. These differences were strain-specific and reflected the 

metabolic rates of the two wine yeasts. As expected, in presence of glucose the extracellu-

lar acidification of both strains increased due to the sugar’s uptake mechanism. When the 

critical concentration of alcohol was added to cells, both ethanol-stressed yeast cultures 

showed a similar behaviour with a little pH decrease for maintenance of cell survival, con-

firming the data obtained with the agar plates. 

 

3.3.3.3  On-line impedance measurements 

 

Impedance sensors were previously studied for online monitoring of yeast growth [Ress et 

al., 2009]. In particular, cells were plated on solid agar medium in the correspondence to 

the sensitive area of the microchip. A decrease in conductivity was detected in concomit-

ance with yeast cell growth as a change in chemical composition of the medium brought 

about by metabolic processes of wine yeast cells. Thus, the microchip was considered to be 

sensitive to cell proliferation not by monitoring biomass directly, but rather by measuring 

the alteration in medium composition, and therefore, through an indirect impedimetric as-

say. 

 

In this work, the impedance sensor was employed for cell settling measurements. As cells 

were inoculated into the electrochemical platform, they settled down onto the sensor’s sur-

face obstructing the current flow. 

At first, polystyrene micro particles (Fluka, Sigma Aldrich) of different sizes (5-7-10µm) - 

comparable to those of budding yeasts (~7µm, see chapter 2, section 2.1.1) - were used to 

simulate yeast cells behaviours. Cells (S. cerevisiae 303) and microbeads were separately 

resuspended into YPD growth medium at the same concentration (24x10
6
 beads or 

cells/ml) and as shown in figure 3.31, two different phases were identified for both cells 

and microbeads: a settling phase (in which particles settle by gravity to the bottom of the 

well) and a stationary phase (in which all particles are completely settled on the surface of 

the impedance sensor). These two phases were influenced by the particles sizes, and as ex-

pected, the greater is the volume, the higher are both the rates at which they settle and the 

measured resistivity. 
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Fig. 3.31. Time course of resistivity of micro particles (5-7-10µm) and cells (S. cerevisiae 303) at the same 

concentration (24x10
6 
particles/ml).  

 

Cells showed a similar behavior of 7µm-beads, in correspondence with the average value 

of the analyzed yeast strain size. Although they had a parallel settling phase, they diverged 

in the stabilization phase. These differences could be explained by mainly considering two 

hypotheses. The former attributes the increasing resistivity of the sample containing yeasts 

to cell replications (cell-doubling time is estimated to be around 120 minutes, see chapter 

2, and section 2.1.1). The latter considers the heterogeneity of cell sizes, and therefore, the 

different times of their sedimentation. It cannot be excluded that both options can cause to-

gether a constant increase of resistivity and other deeper studies will be carried out in order 

to confirm these preliminary assumptions. 

To analyze the repeatability of the measurements during the settling phase, microparticles 

were inoculated in growth medium and after reaching their stabilization time (specific for 

each particle size), they were vigorously mixed in order to obtain a homogeneous suspen-

sion and repeat again the detection of settling phase. In figure 3.32 is reported and example 

of mixing with 5µm-beads: after 300 minutes, beads were resuspended and the same rate 

of sedimentation was observed, demonstrating the reproducibility of these dynamic mea-

surements. 



MICRO ELECTROCHEMICAL SENSORS FOR WINE YEAST ANALYSIS 

 

 51 

                                                    

                                                    

                                                    

                                                    

                                                    

                                                    

                                                    

0 200 400 600 800 1000

600

700

800

900

1000


 [


 c
m

]

Time [min]

mixing

                                                    

                                                    

                                                    

                                                    

                                                    

                                                    

                                                    

0 200 400 600 800 1000

600

700

800

900

1000


 [


 c
m

]

Time [min]

mixing

 
Fig. 3.32. Example of mixing of 5µm-beads (arrow) after 5 hours. i.e. the time required for particles sedimen-

tation. 5 hours later, microbeads reached the stabilization phase with the same rate. 

 

The next impedance measurement was focused on the resistivity changes in function of 

different yeast cell concentrations (0÷24x10
6
cell/ml). Resistivity increases with cell con-

centration (fig. 3.33) and this means that in principle it is possible to obtain useful informa-

tion about the overall biomass that is inoculated into the microdevice and follow online the 

dynamic events. 
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Fig 3.33. Resistivity over time as a function of yeast cell concentrations (0÷24x10
6
cell/ml). 

 

As reported for ISFET measurements, the negative control was not stable over time and a 

constant slow decrease of resistivity was detected. It was assumed that this progressive de-
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crease was due to the settling of proteins and medium components above the sensors sur-

face. 

 

3.4 Discussions  

 

In this work, a cell-based multisensor device for wine yeast analysis is presented. The in-

vestigation and the feasibility study of this microsystem were especially focused on ISFET 

and Pt impedimetric sensors, for extracellular pH and cell settling detection.  

Wine yeast (S. cerevisiae 300) was batch cultivated in small YPD volume without any fur-

ther supply of fresh nutrients. At first, a preliminary trend correlation between growth and 

metabolism was examined in order to individuate the time interval over which address the 

experimental measurements.  

Medium acidification was periodically measured both with a commercial pH-meter and 

ISFET sensor and its trend was compared with the obtained cell growth curve. The most 

interesting interval was identified within the first 5÷6 hours that followed yeast inoculum.  

Then, cell growth and pH variation were investigated also in presence of different ethanol 

concentrations, demonstrating the validity of the approach for assessing alcohol tolerance 

of wine yeast strains. Afterwards, online measurements were carried out by on-chip culti-

vation of three S. cerevisiae wine strains (303, 500, 501) and by the evaluation of their re-

sistance to ethanol both with ISFET sensor and standard agar plates. 

The obtained results showed that ISFET measurements were in good agreement with con-

ventional methods and at the same time provided a strong reduction of time, from 48-72 

hours (with agar plates) to just 5 hours.  

On the other hand, impedance sensors provided interesting information related to biomass 

concentration at the inoculum level and to other important parameters such as particles siz-

es and settling time. However, the microsystem needs some improvements such as the in-

tegration of a reference electrode. The presence of an external bulky electrode interfere 

with the impedance measurements, therefore pH and resistivity were measured separately. 

Moreover, a controlled temperature will be required during the experimental session in or-

der to increment the reproducibility of the measurements. Thermal changes within the mi-

crosystem will be constantly monitored by using the integrated temperature sensor as in-

ternal reference.  

Nevertheless, the encouraging preliminary results have shown the system suitability for 

wine yeast analysis. Interestingly, impedance sensor has demonstrated great versatility and 
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could be employed also for the investigation of flocculation phenomena [Stratford, 1989], 

extremely interesting for wineries, breweries and more in general for industrial applica-

tions [Zhao and Bai, 2009].  
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Chapter 4 

 
 

4 A PCR microdevice for yeast DNA amplification 
 

This chapter describes the development and validation of a hybrid Silicon/PDMS PCR mi-

crodevice. The device was developed at Fondazione Bruno Kessler (FBK – Trento, Italy) 

while the biological validation was performed in collaboration with the Microbial Genom-

ics Lab (CIBIO - University of Trento). The analyzed yeasts were kindly supplied by Bio-

Analisi Trentina s.r.l. (Rovereto, Italy). 

 

4.1  Materials & Methods 

 

4.1.1 Microdevice design  

 

The amplification device consisted of a chamber-type-stationary chip in which the PCR 

mix was confined and subjected to the thermal cycling.  

A key step in microdevice design was the selection of the building materials. The evalua-

tion of proper substrates considers the main requirements of micro PCR devices such as 

good thermal conductivity for the temperature zones and good biocompatibility for chan-

nels and chambers walls. After an accurate literature research, the microdevice was real-

ized with a hybrid structure, i.e. composed of two different parts and materials: a silicon 

microchip with embedded heater and thermometers and a polydimethylsiloxane (PDMS) 

microchamber for containment of the biological mixture (fig. 4.1).  

Silicon can guarantee a constant heating region and can be easily patterned with the metal 

layer. The heating element is made of Platinum, due to its ideal temperature versus resis-

tance relationship, good chemical stability and its easy micromachining. On the other hand, 

PDMS shows a significant versatility as structural material and can be used as disposable 

element. Moreover, this soft elastomer can be obtained by inexpensive fabrication tech-

niques and it has a good biocompatibility. It is transparent and presents low autofluores-

cence under laser irradiation, making this material suitable for the coupling with optical de-

tection. 
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Fig. 4.1.  Cross section of the designed microdevice 

 

 

The microchamber was built with a polygonal shape, as this shape in contrast considered to 

a circular or a rectangular one, was described to be superior in preventing bubble formation 

[Cho et al., 2006; Niu et al., 2006]. In particular, this shape facilitates the liquid movement 

and avoids residuals at the edges.  

 

 

 

 

 

Fig. 4.2.  A first design of PCR chamber for stand-alone testing purpose made using commercial CAD software (L-Edit 

Tanner EDA Tools) 

 

 

The layout reported in figure 4.2 includes the reaction chamber, two channels and two 

inlet/outlet ports. The chamber is 7mm long, 3mm wide and 210µm deep with a volume 

capacity of 4.4µl.  

The total volume of the microchamber, including the inlet and outlet channels is 10µl. 

This volume is small enough to guarantee rapid thermal cycling and at the same time is 

sufficient to avoid evaporation of the reaction mix.  
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  Fig. 4.3.  a) Layout and b) 3D schematic sketch of the hybrid PDMS/Silicon PCR microdevice 

 

The platinum heater has a serpentine shape that is larger in the middle in order to make a 

uniform heat generation. Three thermometers are distributed along the chamber for the 

measurement of the temperature (fig. 4.3). 

 

4.1.2 Microfabrication process 

 

The fabrication process was divided in two steps: the microchamber was realized using 

soft-lithography techniques, while heater and thermometers were micromachined through 

conventional MEMS technologies.  

 

Soft lithography 

 

The master of the microchamber was obtained by spinning and patterning 210µm-layer of 

SU-8 3050 (MicroChem) on a silicon substrate (figures 4.4 and 4.5, right).  

 

a) 

b) 
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Fig. 4.4. SU-8 master for the microchambers 

 

PDMS, in ratio of 5:1 (5g of pre-polymer and 1g of curing agent), was then poured onto 

the master, let polymerize for 20 minutes at 80°C and peeled away (Figure 4.5, right). 

Holes for reagent loading and fluidic connections were punched to obtain inlet and outlet 

ports with a diameter of 1mm. 

In the meantime, a thin membrane (400µm) of PDMS (20:1) was obtained and pre-

polymerized 10 minutes at 80°C. The two layers were placed one on top of the other and 

permanently glued after the complete polymerization of the PDMS. 

 

Silicon-based components 

 

The microchip fabrication started with a 4-inch silicon wafer covered with a dielectric mul-

tilayer for a good insulation (300nm of Growth Silicon Dioxide, 100nm of LPCVD, 300nm 

of TEOS). Negative photoresist (AZ4562, MicroChemicals) was then spun on the wafer 

and patterned using photolithography technique in order to define the heater and ther-

mometers for the next lift-off step (figure 4.5, left). The wafer was inserted in e-gun evapo-

rator (ULVAC EBX-16C) to obtain a Titanium/Platinum (15/100nm) layer on the surface. 

The unexposed photoresist was removed using acetone in ultrasonic bath and the Ti/Pt was 

sintered at 500°C for 1 hour. Finally, 400nm of PECVD SiO2 was deposited on the wafer 

in order to passivate the heater and thermometers. The heater resistance is 175Ω, while the 

thermometers have a resistance of 680Ω at room temperature (table 4.6). The measured 

TCR for the thermometer is 2320 ppm/°C. The dimensions of the whole PCR device are 9 

mm x 4 mm x 3mm. The described device was bonded on a PCB designed for a Plastic 

Leaded Chip Carrier (PLCC). 
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Fig. 4.5. Microdevice fabrication process : (Left) Fabrication of the silicon layer with heater and thermome-

ters; (Middle) Picture of the fabricated heater serpentine (top) and PDMS microchambers (bottom); (Right) 

fabrication of the PDMS chambers. 

 

 

Table 4.6 Main values of heater and thermometers 

      

Parameter Value 

Heater Resistance 175 Ω 

Power 2.9 W 

Applied Voltage 22 V 

Thermometer Resistance 680Ω 

  

  

4.1.3 Electronic board 

 

A mechanical clamping system was employed to guarantee perfect contact between the 

microchip and the microchamber and seal inlet and outlet channels, thus avoiding potential 

evaporation or air bubbles formation within the reaction mix (fig. 4.7). 
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Fig. 4.7 Picture of the assembled PCR device inserted in the Plastic Leaded Chip Carrier (PLCC) 

 

An electronic board was designed and realized to control the embedded heater. The ther-

mal control is based on proportional-integral-derivative (PID) controller coupled to a Pulse 

Width Modulator (PWM) to regulate the input power. The PID received the actual tem-

perature value from the internal thermometer in a feedback configuration, as represented in 

figure 4.8.  

PID PWM Heater

ThermometerADC

+
-

Vref E(t)

Vmeas(t)

P(t) ∆T(t)

 

 

Fig. 4.8 Block diagram of the temperature control loop 

 

A microcontroller (ATMEL atmega16) was used to implement the PID, the PWM and the 

Analog to Digital Converter (ADC) for data visualization and storing. The electronic board 

was connected to a computer via a serial-USB interface (FTDI MM232), (fig. 4.9).  

Home-built software was used to provide to the microcontroller all the parameters for the 

PCR settings (i.e. number of cycles, temperature, duration, initial denaturation and final 
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extension) and visualize in real time the temperature read by the thermometers and the 

course of the thermal cycles.  This set-up was able to control the temperature with a preci-

sion of 0.5 °C. 

 

µcontroller

Voltage reference

PLCC for the PCR chip

Serial-USB interface

Power supply
µcontroller

Voltage reference

PLCC for the PCR chip

Serial-USB interface

Power supply

 

 

Fig. 4.9 Photograph of the electronic board 

  

4.2 Experimental results 

 

4.2.1 Yeast genomic DNA extraction and purification 

 

Yeasts were inoculated into 5 ml sterile YPD Broth (Yeast Extract, Peptone, Dextrose; 

Sigma Aldrich) and grown at 30°C, 200 rpm for 18-24 h. Then, cells were harvested by 

centrifugation (5 min at 1400 x g) and resuspended in 0.5ml 1M sorbital solution. The sus-

pension was transferred to a 1.5 ml microcentrifuge tube with 25 µl lyticase solution (5 

mg/ml) (4000 U/mg Sigma) and incubated at 37°C for 30 min. Then, the tube was micro-

centrifuged for 1 min and the supernatant was discarded. 

Cells were well resuspended in 0.5 ml TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.4) 

and 25 µl of 20% sodium dodecyl sulfate (SDS) were added to the solution.  

The samples were mixed by inverting the tube 10 times and where incubated at 65 °C for 

20 min. After this thermal incubation, 0.4 ml 5M potassium acetate were added to the solu-

tion, and the samples were mixed thoroughly by inverting the tube 10 times and setting on 

ice for 30 min. 
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Samples were centrifuged at 5000 rpm for 5 min, then 0.75 ml of the supernatant was 

transferred to a new microcentrifuge tube and 0.75 ml of isopropanol were added at room 

temperature. The solution was mixed and incubated for maximum 5 min at room tempera-

ture. After removal of the supernatant, the pellet was partially air-dried for 20-30 min. 

To obtain purified genomic DNA (gDNA), the pelleted DNA was resuspended in 300 µl of 

Tris-EDTA buffer and 30 µl 3M sodium acetate with 200 µl isopropanol were added to the 

solution. The microtube was inverted 5 times to mix the obtained solution and microcentri-

fuged for 5 min at room temperature. Finally, the supernatant was discarded and the puri-

fied pelleted DNA was air-dried for 30-60 min and resuspended in 50 µl TE buffer. 

The gDNA quantity and purity was measured with the Nanodrop ND-1000 Spectrophoto-

meter (NanoDrop Technologies, Inc) by exposure of the samples at 260nm (the absorption 

wavelength of nucleic acids), as shown in figure 4.10.  

gDNA concentration [ng/µl]

1774,81

4085,29

1667,74

S. cerevisiae # 303

S. cerevisiae # 500

S. cerevisiae # 501

 

Fig. 4.10 Genomic DNA concentrations [ng/µl] of different yeast strains (S. cerevisiae 501, 500, 303) as calculated with 

the Nanodrop ND-100 

The degree of purity was also assessed by examining samples at wavelenghts in which 

proteins (A=280nm) and polysaccharides (A=230nm) are known to have their maximum 

absorptions. It is generally accepted that for ―pure‖ DNA, A260/280 is ~1.8 and A260/230 is ~ 

2.2. If the ratio’s values are lower, aminoacids, phenols, sulphidryls or other contaminants 

could be present in the sample and further purification may be required. 

In the examined yeast strains, gDNA showed a good quality with A260/280 higher than 1.8 

and A260/230 close to 2.2 (fig. 4.11). 
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gDNA quality

2,05

1,98

1,94

2,18

2,14

2,2

S. cerevisiae # 303

S. cerevisiae # 500

S. cerevisiae # 501

 A 260/280 A 260/230 

 

Fig. 4.11 Genomic DNA purity of different yeast strains (S. cerevisiae 501, 500, 303) 

 

 

 

4.2.2 Target gene selection 

 

The chosen primers amplify a non-coding region called ―internal transcribed spacer‖ (ITS), 

localized inside the ribosomal DNA (rDNA) repeat unit. In S. cerevisiae, rDNA genes are 

grouped in repeat units and form a single cluster on chromosome XII. The rDNA encoding 

for 18S, 5.8S and 26S ribosomal subunits are known to display high identity among the 

species of the Saccharomyces sensu stricto group, while ITS regions have a high sequence 

variability within the group and can be commonly used for detection and differentiation 

between yeast species [Guillamon et al., 1998].As shown in figure 4.12, the 18S, 5.8S and 

26S rDNA genes are separated from each other by two internal transcribed spacers ITS1 

and ITS2.  In particular, the chosen primers - ITS3 and ITS4 - amplify a 420 bp DNA 

fragment located in the ITS2 region. 
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a) 

 

 

 

b) 

Fig. 4.12 a) Sketch of the yeast rDNA repeat unit and its organization; b) Primer pair sequences (White at al., 1990). 

 

4.2.3 PCR master mix set-up 

 

At first, 10µl PCR master mix (Table 4.13) was prepared and tested with the commercial 

DNA Engine (PTC-200) Peltier Thermal Cycler (Bio-Rad, Life Sciences) in order to set 

the proper experimental conditions (buffer concentration, Taq polymerase concentration, 

primer pairs, etc.). 

 
Table 4.13. 10µl-PCR master mix used for the commercial Peltier Thermal Cycler (PTC-200, Bio-Rad) and 

for the validation of microchip 

Component Volume (µl) 

PCR grade water GIBCO 4 

5X PCR Buffer solution with 1.5 mM MgCl2 2 

Primer forward (ITS3) 10µM  1 

Primer reverse (ITS4) 10µM 1 

dNTPs 10mM 0.5 

Template DNA  1 

Robust Hot Start Taq Polymerase 0.5 

 

Scaling down to the micro size, the surface-to-volume ratio increases and often causes un-

desirable adsorption of the biomolecules (especially of the enzyme) on the inner surface of 

the chamber/channel walls. Moreover, it is worth noting that amplification efficiency is 

also deeply influenced by magnesium salts, which are very likely to interact with the nega-

ITS3_fw 5'-GCATCGATGAAGAACGCAGC-3' 

ITS4_rv 5'-TCCTCCGCTTATTGATATGC-3' 

P T 

18S 5.8S 

P T 

18S 5.8S 26S 

ITS1 ITS2 

ITS3 

ITS4 
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tive charged surface of the device by subtracting important cofactors to the enzyme. There-

fore, a highly robust and versatile enzyme was chosen in order to avoid an eventual reduc-

tion of amplification efficiency. The selected Taq polymerase is called Robust HotStart 

(KAPA2G™, KAPA Biosystems), as it gets activated only after a 95°C initial step and it 

has a high performance even in the presence of PCR inhibitors. 

In particular, the chosen DNA polymerase could work with three different buffer solutions 

(A, B and GC), depending on the presence of sample contaminations, template conditions 

or nucleotides contents. All buffers contain MgCl2 (1.5mM MgCl2 at 1X final concentra-

tion). Buffer A is recommended for amplicons with GC content higher than 65%, buffer B 

for samples containing anionic inhibitors or crude samples (e.g. colony PCR), and buffer 

GC for GC-rich amplicons or for difficult templates with stable secondary structure.  

We defined the appropriate working conditions by running in parallel singleplex PCR of 

all three S. cerevisiae wine yeast strains with the three buffer solutions. The selection of 

hold times was carried out on the basis of the specific extension rate of DNA polymerase 

(30sec/kb) and on the sequence length of the amplicons (~420bp). The thermal cycling pa-

rameters for the Peltier thermal cycler (PTC-200, Bio-Rad) were an initial denaturation at 

95°C for 3 min, followed by 30 cycles of denaturation at 95°C for 10 sec, annealing at 

58°C for 10 sec, and extension at 72°C for 10 sec, with a final extension at 72°C for 3 min. 

The PCR outcome was assessed by EtBr-stained agarose gel electrophoresis, loading 2 µl 

of PCR products and running at 80V (52mA, 4W) for 40 minutes. The amplification reac-

tion was successfully only in the presence of buffer B, as shown in figure 4.14. 

 

 

Fig. 4.14 Electrophoretic patterns obtained with 1.2% TAE-agarose-EtBr gel of PTC200-PCR amplified rDNA region. 

Lane M corresponds to molecular size standards (GeneRulerTM 1kb DNA Ladder Plus, Fermentas Life Sciences)from 

left to right: 1st negative control (master mix without DNA template), S.cerevisiae #303, S.cerevisiae #500, S.cerevisiae 

#501 and 2nd negative control (master mix without Taq polymerase). The same order is repeated for A (Lanes 1-2-3-4-

5), GC (Lanes 6-7-8-9-10) and B (Lanes 11-12-13-14-15) buffer solutions.  

1 2 3 4 5 11 12 13 14 15 6 7 8 9 10 M 1 2 3 4 5 11 12 13 14 15 6 7 8 9 10 M 
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4.2.4 PCR-program set-up on the microdevice 

 

Thermal characterization 

 

The thin layer of PDMS physically separates the chemical reagents from the metal wires 

but at the same time acts as an insulating material due to its low thermal conductivity. This 

means that the temperature inside the chamber will be lower respect to that one measured 

by the silicon-embedded thermometers and the heating program has to be calibrated to 

achieve the desired temperature at the level of the PCR reaction mix. 

 

For the preliminary thermal calibration, a test PCR protocol was run on the microchip. It 

included a denaturation step at 95°C for 5 min followed by 30 cycles of denaturation (95°C 

for 60 sec), annealing (65°C for 60 sec), extension (72°C for 60 sec). At the end, the tem-

perature was kept at 72°C for 5 min. The program was launched from the software by ap-

plying voltage amplitude of 22V (2.9W). The temperature values measured by the ther-

mometer and by thermocouple (Type K) were plotted during the cycling against the set 

point (figure 4.14).  

 

Fig. 4.14. Temperature values with internal thermometer (black) and thermocouple (green) versus set point (red). 

 

As inferred from the graph, our microdevice needs 23 sec to decrease the temperature from 

95°C to 65°C (1.3°C/s) and 12 sec to increase the temperature form 72°C to 95°C 

(1.9°C/s).  
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After the thermometer thermal characterization, we also measured the effective tempera-

ture present inside the microchamber taking into account of the polymeric insulating layer 

above the silicon surface. Thus, a thermocouple was placed inside the microchamber just 

above the 400µm-PDMS membrane and temperature measured by both the embedded 

thermometer and the thermocouple was compared (fig. 4.15)  

 

 

 Fig. 4.15. Measured temperature on the top of the 400µm-PDMS membrane (blue) compared to the temperature read by 

the thermometer (red) and the set-point (green dashed lines). 

 

The presence of the PDMS membrane affected considerably the overall thermal profile in-

side the microchamber. Therefore, we compensated the PCR protocol by measuring the 

differences in thermal profiles and alter the temperature settings (i.e. heating/cooling tem-

peratures and cycling times), accordingly. 

Thermal protocols obtained with the commercial thermal cycler (section 4.2.3) were 

adapted to the microchip as follows: initial denaturation at 98°C for 5 min, followed by 30 

cycles of denaturation at 100°C for 30 sec, annealing at 53.5°C for 30 sec, and extension at 

74°C for 30 sec, with a final extension at 74°C for 5 min (Table 4.16).  
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Table 4.16 Real temperature values for the conventional thermocycler and the microdevice. For the micro-

chip, the temperatures were measured with a thermocouple inserted through the polymeric microchamber. 

 

PTC200-PCR Microchamber-PCR

Thermal steps
Temperature 

(°C)

Time 

(sec)

Temperature 

(°C)

Time 

(sec)

Initial denaturation 95 180 95 180

Denaturation 95 10 95±0.5 10

Annealing 58 10 58 ±0.5 16

Extension 72 10 72 ±0.5 9

Final Extension 72 180 72 ±0.5 300

PTC200-PCR Microchamber-PCR

Thermal steps
Temperature 

(°C)

Time 

(sec)

Temperature 

(°C)

Time 

(sec)

Initial denaturation 95 180 95 180

Denaturation 95 10 95±0.5 10

Annealing 58 10 58 ±0.5 16

Extension 72 10 72 ±0.5 9

Final Extension 72 180 72 ±0.5 300
 

 

 

The temperature profile detected by the thermocouple inside the microchamber is plotted 

in figure 4.17 and compared with the desired temperature (set in the standard PTC-200 

PCR machine) and the temperature detected by the silicon-embedded thermometer. 

 

Fig. 4.17 Temperature profiles measured by the silicon-embedded thermometer and by the thermocouple compared with 

the desired profile as defined in the commercial thermocycler.  
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Fig. 4.18 Detail of a thermal cycle  

 

The thermal calibration allowed to reduce the difference between the observed and ex-

pected temperature; however, temperature setting would require further optimization, es-

pecially for the hold times at each temperature step. In particular, considering a tempera-

ture range of 0.5°C around the desired value, the annealing phase takes a longer time while 

extension is shorter with respect to the desired value. The observed differences may affect 

the hybridization of the primers and elongation of the amplicons, reducing the overall PCR 

efficiency. 

4.2.5 1
st
 validation test: PCR with gDNA  

 

Once the thermal calibration was performed, the PCR amplification was run on the micro-

device introducing into the microchamber 10µl-PCR master mix (Table 4.13, buffer B, 

DNA template of S. cerevisiae 303) and applying the thermal protocol reported in Table 

4.16. Afterwards, the PCR product was recovered from the microchamber with a micropi-

pette and the volume was measured in order to check if evaporation events were occurred. 

Volume variation was undetectable and so all the available sample (8-9µl) was loaded on 

1.2% TAE-agarose-EtBr gel. As shown in figure 4.19 (a), the target region was successful-

ly amplified, giving an amplicon of ~ 420bp, as in the conventional PCR. The experiment 

was then repeated starting from the same master mix for standard PTC-200 PCR machine 

and microdevice and by loading on agarose gel only 2µl of amplified DNA. As can be seen 

in figure 4.19 (b), the loaded volume was sufficient for the detection of the gel bands and it 
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was set as optimal loading volume for the quantification procedure during the PCR effi-

ciency evaluation. 

 1Kb          X         1     X         2          X        3 1Kb          X         1     X         2          X        3 

1 2MM 1

a b

1Kb          X         1     X         2          X        3 1Kb          X         1     X         2          X        3 1Kb          X         1     X         2          X        3 1Kb          X         1     X         2          X        3 

1 2MM 1

a b

 

Fig. 4.19 a) First validation of the microdevice: the target region of S. cerevisiae 303 was successfully amplified, 8µl-

PCR product loaded; M: 1 kb Ladder (Fermentas) b) Microchip-PCR (Lane 1) and PCR performed with  Peltier thermal 

cycler Bio-Rad PTC-200 (Lane 2), 2 µl-PCR product loaded. 

 

4.2.6  2
nd

 validation test: PCR with gDNA from different S. cerevisiae strains 

 

Once verified that the rDNA gene of S. cerevisiae 303 was successfully amplified, micro-

chip-PCR was tested also with the other wine yeast strains (S. cerevisiae 500 and 501). 

PCR was run in parallel on Peltier thermal cycler PTC-200 and simultaneously on three 

microchips, each one connected to an electronic board. Then, 2 µl-PCR products were run 

on 1.2% TAE-agarose-EtBr gel and their relative quantities were assessed by comparing 

the obtained gel bands with that of the ladder (GeneRulerTM 1kb DNA Ladder Plus, Fer-

mentas Life Sciences) under UV light lamp, through the ChemiDoc XRS
 
Imaging System 

(Bio-Rad) and Image Lab software (Bio-Rad). 
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Fig 4.20. PCR amplifications of 420bp-DNA fragments of different S. cerevisiae (303, 500, 501) strains with Peltier 

Thermal Cycler PTC-200 (Lane: 1-2-3) and microdevice (Lane: 4-5-6); Lane M: 1kb Ladder (Fermentas). The values are 

relative to the 500bp band of the 1kb ladder, loaded on the first lane. 

 

As can be seen from the electrophoretic pattern of figure 4.20, PCR reaction was positively 

performed with all wine strains. In both microchip and PTC-200 PCR machine, the highest 

relative quantity was obtained for S. cerevisiae 303, and for this reason it was chosen as 

DNA template for the following validation experiments. 

 

4.2.7 3
rd

 validation test: comparison of PCR efficiency and reproducibility with 

gDNA 

 

To evaluate the efficiency and repeatability of the microchip-PCR, DNA amplification was 

performed in triplicate both within the microchamber and with the commercial Peltier 

thermal cycler (PTC-200, Bio-Rad) and the relative quantity was obtained through the 

ChemiDoc XRS
 
Imaging System (Bio-Rad) and Image Lab software (Bio-Rad). A unique 
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mastermix was prepared in order to limit as much as possible variations in chemicals con-

centration that could influence the overall performance of the reaction. 
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Fig. 4.21. Electrophoretic pattern and relative quantity assessment of PCR product from S. cerevisiae 303 performed with 

the commercial PTC200 thermal cycler (Lane 1-3) and with the microdevice (4-6). In Lanes 7 and 8 are loaded the nega-

tive controls (i.e. master mix with no DNA template) of PTC200-PCR and microdevice-PCR, respectively. 

 

The relative quantity showed some variability among indipendent PCR reactions for both 

the commercial system and the microdevice (fig. 4.21). We observed a reduced reproduci-

bility and efficiency in microdevice-PCR whit respect to PTC200-PCR. 
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Fig. 4.22 Average of the relative quantities for PTC200-PCR and microchip-PCR 
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These effects were mainly due to chip-to-chip variability (~2%) and to the different ther-

mal profiles of the two PCR systems. The negative controls (master mix without DNA 

template) were also loaded on EtBr-stained agarose gel in order to exclude the presence of 

false positive amplifications due to the presence of contaminants in the microchamber. As 

expected, no aspecific nucleic acids were detected (fig. 4.21, lane 8). 

 

4.2.8 4
th

 validation test: comparison of PCR efficiency and reproducibility with 

gDNA concentrations 

 

PCR reproducibility and efficiency were further defined using diluted gDNA sample (1:10, 

1:100, 1:1000) from S. cerevisiae 303 strain. Therefore, triplicate PTC200-PCR and mi-

crochip-PCR were carried out with 10-fold serial dilution ranging from 177ng (1:10) to 

1,77ng (1:1000) of purified genomic DNA. 

 

 

Fig. 4.23. DNA amplification of 10-fold serial dilution of yeast purified genomic DNA (a: 177ng, b: 17,7ng, 

c: 1,77ng) performed with commercial Peltier thermal cycler (Lanes: 1-3; 7-9; 13-15) and microdevice 

(Lanes: 4-6; 10-12; 16-18) 

 

As shown in figure 4.23, microchip-PCR was successful also with the most diluted tem-

plate sample. In particular, for DNA concentration ranging from 1777ng (fig. 4.21) to 

177ng the amplified product of the microdevice-PCR is higher than 50% compared to the 

commercial-PCR. At lower template concentrations, the performance of the microdevice-

PCR decrease to less than 25% compared to the commercial-PCR (fig. 4.24).  
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Fig.4.24. Amplification efficiency of microdevice-PCR with respect to the commercial-PCR in function of 

different gDNA concentration. 

 

4.2.9 5
th

 validation test: Colony-PCR 

 

As reported in section 4.2.1, DNA extraction and purification is a laborious process that 

should be avoided for the perspective of fast and especially portable analytical systems 

(e.g. LOC- lab on chip, POCT - point of care testing). Therefore, the possibility to amplify 

DNA directly from cells is considered an important step towards more integrated, rapid 

and easy to use technologies. For this reason, the microdevice was characterized also with 

PCR performed directly from yeast cells (colony-PCR).  

1-2 colonies were resuspended in 50 µl distilled water and incubated for 5 min at 95°C in 

the commercial Peltier Thermal Cycler (PTC-200). The boiled suspension was centrifuged 

for 2 min at 5000 rpm and the supernatant was used as template for the PCR reaction. 

Moreover, the performance of the microdevice was also tested with a 10-fold dilution in 

sterile water of the described sample. As can be seen by observing the electrophoretic pat-

tern of figure 4.25, an amplification product was observed with both commercial- and mi-

crodevice-PCR. Unfortunately, the PCR efficiency is extremely reduced (10%) using the 

microdevice in comparison to the PTC-200. 

With the diluted sample no DNA was amplified within the microchamber while a weak 

band is visible for the PCR performed by the PTC-200 thermal cycler. It is worth noting 

that even the conventional system is in trouble with difficult samples since DNA is not pu-

rified and many contaminants can counteract or disturb the mechanism of action of the en-

zyme or by introducing changes in the chemical equilibrium of the reaction mix. 
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Fig. 4.25. Colony PCR starting from boiled yeast cells (Lane 1: PTC200-PCR; Lane 2: microdevice-PCR) 

and from 1:10 dilution of the boiled yeast cells (Lane 3: PTC200-PCR; Lane 4: microdevice-PCR). 

 

4.3 Discussions 

 

In this work, the development and validation of a microdevice-PCR for wine yeast analysis 

is described. Its architecture consists of a chamber-type-stationary chip with a hybrid struc-

ture: a silicon chip for the heating system and temperature sensors, and a PDMS micro-

chamber for the containment of the reaction mix. The low fabrication costs of the poly-

meric chamber allows its usage as a disposable unit, thus avoiding sample-to-sample or 

run-to-run cross contaminations associated with cleaning and reusing PCR microchambers. 

To permit one-way use of the upper element, the double (PDMS-Silicon) structure is not 

glued and the contact between the two parts is assured by mechanical clamping, which in 

turn, ensures proper sealing of the inlet and outlet ports and prevents PCR mix from evapo-

ration during thermal cycles. Moreover, the plastic ceiling compresses the polymeric 

chamber in such a way to limit gas bubble generation when the temperature approaches to 

100°C during the dissociation of the DNA double strands. The unlikely occurrence of bub-
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bles can be online controlled by optical inspection thanks to the transparency of both the 

PDMS chamber and the external cap. The whole master mix (10 µl) is confined within the 

polymeric structure which contemporaneously prevents a direct contact of the solution 

with the metal tracks (i.e. avoids corrosion of platinum by chlorine) and also the aspecific 

absorption of reaction components on SiO2-surface.  

The microdevice was thermally characterized both on silicon and in presence of the PDMS 

chamber. The low thermal conductivity of the polymer negatively affects the thermal pro-

file and the reaction speed; thus, temperature settings of the PCR program were adjusted 

according to a temperature feedback control supplied by a thermocouple inserted within 

the polymeric chamber. No difficulties were encountered in retrieving samples from the 

outlet of the chamber and no detectable evaporation phenomena were observed. On-chip 

PCR was successfully performed on three purified genomic DNA templates, extracted 

from S. cerevisiae wine strains. Then, 10-fold serial dilutions of purified DNA were loaded 

onto the microdevice, demonstrating the possibility to amplify DNA even at low concen-

trations. The relative efficiency of the microchip-PCR was higher than 50% for DNA con-

centration starting from 1777 ng to 177 ng gDNA, while it decreased to 40% and 25% for 

17,7 ng and 1,77 ng, respectively. The microsystem was also capable to amplify DNA 

from boiled yeast cultures, avoiding the laborious process of DNA extraction and purifica-

tion. This represented an important achievement for future on-site integrated lab-on-a-chip 

applications with very little or no pre-PCR manipulations. 

Interstingly, in contrast to data reported in literature, nor static nor dynamic passivations 

were required to carry out on-chip PCR. PDMS showed a good biocompatibility and the 

evaporation was prevented with a plastic cover, without the necessity to introduce addi-

tives to increase the boiling point of the solution. Neither silanization of the internal walls 

nor external coating (e.g. with parylene) on the polymer surface were necessary for the 

success of PCR.  

The reduced efficiency of the microdevice-PCR with respect to the conventional benchtop 

instrumentation was due to the presence of the insulating PDMS layer and higher ramping 

times. Optimization of these aspects was achieved by etching the silicon membrane below 

Pt heater and by increasing PDMS thermal conductivity through the addition of different 

concentrations (1, 5, 10 w/w %) of carbon nano-powder (see Appendix B). 

However, the cooling rate remains the weakest point to be improved and the possibility to 

introduce a small cooling fan is under evaluation. The chip-to-chip variability is another 
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point that must be overcome through a better control of the mask resolution and the fabri-

cation process.  

Although some work is still needed to reduce assay times and improve PCR efficiency, this 

microsystem has successfully provided a miniaturized platform for DNA amplification of 

yeast strains. Future work will deal with the development of online detection module in or-

der to obtain a truly portable and integrated DNA analyzer, as discussed in chapter 5. 
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Chapter 5 

 

5 Conclusions and Future Outlook 
 

In the framework of miniaturized systems for yeast’s studies, two microsystems – a cell-

based biosensor and a PCR microdevice – were investigated for the cellular and molecu-

lar analyses of wine strains. 

 

 

With regard to the first device, a multiparametric system was investigated for wine yeast 

quality assessment. ISFET and impedimetric sensors were characterized in order to meas-

ure in real time pH and cell settling of yeasts under batch culture conditions.   

The evaluation of yeast performance and robustness was focused on ethanol tolerance, as it 

is one of the main stress factors acting in winemaking process, and thus, one of the major 

causes of stuck fermentations. 

Firstly, a positive trend correlation between yeast growth and extracellular acidification 

was demonstrated at several ethanol concentrations. Then, online pH measurements of dif-

ferent Saccharomyces cerevisiae wine strains were carried out by growing cells in function 

of critical alcohol concentrations. Interestingly, pH measurements were in good agreement 

with the experimental results obtained by conventional agar plates.  

Additionally, preliminary resistivity measurements demonstrated the possibility to follow 

in real-time progressive settling of the cell suspension and be sensitive to both different 

particles sizes and cell concentrations at the inoculum level.  

Although the validation of the two integrated sensors is still in an explorative phase, the 

encouraging preliminary results demonstrated the possibility to acquire online interesting 

physiological parameters without labelling and damaging cells and with a strong reduction 

of time (from 48-72 hours with agar plates to just 5 hours with the microdevice). The cul-

ture can be monitored before, during and after the exposure of chemical stress factors and 

cells can be recovered at any time for further experiments without enzymatic treatement 

(e.g. with trypsin) as typically required when adherent cells are employed. 

Future improvements will mainly be addressed to the realization of integrated reference 

electrodes and to experimental measurements under tightly controlled and stable tempera-

ture, using the integrated temperature sensor as internal reference. Moreover, other impe-
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dimetric sensors configurations and geometries will be evaluated in order to maximize the 

useful information that can be ―catched‖ during sedimentation of yeasts. 

In principle, impedance sensor showed great versatility and could be exploited for the in-

vestigation of flocculation phenomena, when yeast cells adhere to each other forming small 

aggregates or so called ―flocs‖. Many researchers proposed that yeast flocculation is strain-

specific and is induced by nutrients starvation and other stress conditions. This process is 

considered extremely interesting for wineries, breweries and more in general for industrial 

applications but its control is very complicated and challengeable. 

Futhermore, next experimental sessions with ISFET sensors could deal with the screening 

of both commercial and wild yeasts strains and with the investigation of yeast tolerance to 

other fermentative stress factors such as medium fatty acids, sulphites and acetic acid or 

nutrients deplition (e.g. with low level of thiamine). Finally, yeast performance could be 

tested in liquid medium with a chemical composition similar to must, come very close to 

the real winemaking conditions. 

Other future perspectives regard the realization of an array of CBBs in order to realize a 

smart platform for the high throughput screening of cells, increasing the test points and 

reducing the experimental variable conditions (e.g. temperature effects, cell status, etc.).  

Moreover, the possibility to integrate other sensors such as oxygen sensors could be very 

interesting to measure the transition from aerobic to anaerobic conditions. Enzymatic 

sensors could be also investigated for the online monitoring of specific cellular products in 

order to detect multiple chemical and biotechnological parameters within the same 

technological platform. Finally, an underlying microfluidics could be developed for 

chemical gradient generations (e.g. to deliver automatically different ethanol 

concentrations and avoid manual steps), making the platform potentially suitable for fast, 

quantitative and automated oenological characterization for the quality improvements of 

the winemaking process. 

 

Concerning the second system, a PCR microdevice was biologically validated by success-

fully amplifying genomic DNA fragments extracted and purified from the same Saccha-

romyces cerevisiae wine strains tested with the multiparametric sensor. Serial diluted sam-

ples were positively amplified (even with 1,77 ng of gDNA) and the relative efficiency of 

the microdevice-PCR was compared to that obtained with the commercial thermal cycler. 

Finally, the outcome of PCR was successfully assessed also from boiled yeast cultures, in-

dicating the possibility to overcome the laborious process of DNA extraction and purifica-
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tion. This represented an important achievement for potential lab-on-chip applications with 

very little or no pre-PCR sample manipulations.  

Future improvements will deal with the optimization of heating and cooling systems in or-

der to achieve better amplification performance and faster PCR process. 

The detection module is currently an open issue and optical or more likely electrochemical 

methods will be investigated towards the realization of a truly integrated system. At the 

same time, proper microfluidics (i.e. micropumps and microvalves) will be introduced for 

the liquid handling from the amplification to the detection module. 

Other future plans could regard the simultaneous amplification of many DNA targets of in-

terest (i.e. multiplex PCR), that could be performed by using different yeast species within 

the same PCR master mix. 

Enzymatic digestion of amplified DNA could be another interesting sample-processing step 

to implement on the final platform. This would allow deeper analysis for yeast ecology 

studies such as typing of wine yeast strains and more in general yeast quality control (e.g. 

commercial and wild strains discrimination and fraud detection). 

Ambitious future works could be addressed to PCR performed on droplets of wine in such 

a way to evaluate the integration of the microdevice-PCR into industrial and automated 

quality control systems. Thus, the microdevice-PCR could follow strain dynamics during 

fermentation such as for example to check the dominance of inoculated commercial strains 

over indigenous microrganisms present on the surface of the grape berries. 

 

Athough the two microsystems were developed separately, it cannot be excluded in future 

that they could be further investigated in such a way to couple them and obtain an unique 

integrated platform for both cellular and molecular analyses.  

Finally, even though they were both characterized for yeast analysis, in principle they 

could work also with other microorganisms such as pathological bacteria in order to ex-

tend these systems also to important medical applications. 
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Appendix A: General principles of Ion-Sensitive Field Effect 

Transistors (ISFETs) 
 

The working principle of an ISFET is generally explained by comparing it with its elec-

tronic analogue, the MOSFET (Metal Oxide Semiconductor Field-Effect Transistor).  

ISFET can be considered as a MOSFET, in which the gate metalization is replaced by an 

external reference electrode exposed to the aqueous solution, which in turn is in contact 

with the dielectric gate that composes the sensitive part of the sensor (fig. 1A). 

 

 

 

Fig. 1A. Schematic representation of a) MOSFET, b) ISFET and c) common electronic diagram. Both devic-

es have the same electrical equivalent circuit [Bergveld, 2003] 

 

If we consider n-channel MOSFET, we have a p-type substrate in which there are two n
+
 

regions: source and drain. 

The region between source and drain is influenced by the gate electrode. If we apply a high 

positive voltage, the silicon surface can be inverted and the conductivity between drain and 

source can be modulated by changing the gate voltage. The reference electrode of an IS-

FET has the same function of the gate electrode of a MOSFET, it polarizes the dielectric 

interface (Fig. 2A). 
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Fig. 2A ISFET structure  

 

In the linear region (i.e. VDS < VGS – VTh) (fig 3A), the general equation for the drain cur-

rent of a MOSFET is given by: 

 

IDS=ß (VGS – VTh – ½ VDS) VDS           (1) 

 

where IDS is the drain-source current, VDS is the drain-source voltage, VGS the gate voltage 

and VTh the threshold voltage. ß is the current gain and it is a design constant because it 

depends on the geometrical features of the sensor: 

 

ß= μ CoxW/L     (2) 

 

where μ is the electron mobility in the channel (assuming n-channel transistor), Cox is the 

gate insulator capacitance per unit area, and W/L is the geometrical factor, given by the ra-

tio between width and length of the channel. 

 

The equation 1 is valid for both ISFET and MOSFET for the triode (linear) mode; as re-

garding the saturation region, the equation that models IDS is different but it is not reported 

in this section because it is not relevant for the understanding of the operational principle 

of the Ion-Sensitive FETs. 

 

 



APPENDIX A: GENERAL PRINCIPLES OF ION-SENSITIVE FIELD EFFECT TRANSISTORS 

(ISFETS) 

 

 117 

 

 

Fig. 3A MOSFET drain current vs. drain-to-source voltage; the boundary between linear and saturation 

regions is indicated by a dashed parabola.  

 

 

The threshold voltage VTh  is given by: 

  

VTh = = (ΦM-ΦSi)/ q  - (Qss + Q ox + QB)/ Cox  + 2ΦF (3) 

 

where ΦM and ΦSi are the working function of the metal gate and of silicon respectively, 

Qss is the surface state density at the silicon interface, Qox the fixed oxide charge and QB is 

the deplition charge in the silicon. The last term ΦF is the Fermi-potential. 

From the equation (3) it can be seen that VTh of a MOSFET is determined by the material 

properties that are expressed by the working function Φ and charge accumulation. 

 

Additionally, in the case of an ISFET, Vth contains two other terms, which reflect the con-

stant potential of the reference electrode (Eref), and the interfacial potential Ψ + X
sol 

at the 

solution/oxide interface [Bergveld, 2003]. Therefore, if we take into account these contri-

butions, the threshold voltage equation becomes 

 

F

ox

BoxssSi
solrefTh

C

QQQ

q
XEV 





 2       (4) 

 

Eref includes ΦM whereas X
sol

 is the surface dipole potential. All terms are constant, except 

Ψ, which results from a chemical reaction, usually governed by the dissociation of oxide 

surface groups. This term makes the ISFET sensitive to the electrolyte pH, as can be sim-

plified 
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Ψ=f (pH) 

 

 

As Bergveld explained very well, ISFET is electronically identical to a MOSFET and can 

be seen as an electronic device with one additional feature: the possibility to chemically 

modify the threshold voltage via the interfacial potential at the electrolyte/oxide interface. 

 

Hence, the working mechanism of ISFET is based on the generation by the dielectric layer 

of an interfacial potential at the electrolyte/oxide interface that depends on the H3O
+
 ion 

concentration present in the solution. The change of the surface charge modifies VTh and 

therefore IDS current. Since the most common polarization process works with constant 

VDS and IDS, the sensor response to pH changes is translated by changes in VGS. 

In this condition, working with low VDS values with respect to VGS- VTh, IDS modeled in 

equation 1 becomes: 

 

IDS=ß VDS (V GS – VTh)  (5) 

 

where 

VGS = IDS/ ß VDS + VTh  (6) 

 

 

Now, by replacing VTh with the equation 5, VGS  is given by  

 

  F

sol

OX

BOXSSSi
ref

DS

DS
GS X

C

QQQ

q
E

V

I
V 
















 2

1


  (7) 

 

and by considering the constant terms, the equation 7 can be easily simplified as 

 

VGS = Ψ (pH) + const.   (8) 

 

This equation (8) demonstrates that changes of pH solution correspond to linear changes of 

VGS. 

As can be observed in picture (4A), changes in pH can be detected as IDS – VGS translation.  
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Fig. 4A. Structure and typical response of an ISFET [Schoning and Poghossian, 2006] 

 

 

 

 Theoretical hints on the oxide-electrolyte interface 

 

 

The mechanism responsible for the oxide surface charge can be described by the site-

binding model, which describes the equilibrium between the so-called amphoteric SiOH 

surface sites and  H30
+
 ions that are present in the bulk solution [Yates et al., 1974] 

From this interaction, there is a surface charge distribution due to the entrapped ions to the 

reactive sites of the dielectric substrate and this generates the Inner Helmoltz Plane (IHP). 

The charge that is now present on the surface of the sensor attracts new opposite charges, 

causing the generation of an another layer, the Outer Helmoltz Plane (OHP) [Bard and 

Faulkner, 1980]. 

Therefore, an electrical double layer (fig. 4A) is built up at the solid/liquid interface and it 

is associated with the surface potential Ψ (pH). 

 

 

 

Fig. 5A a) Charge distribution and b) potential profile at the dielectric-electrolyte interface [Fung et al., 1986] 
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The surface of any metal oxide always contains hydroxyl groups, and if we consider the 

gate made of a silicon dioxide insulating layer, SiOH groups. These groups may donate or 

accept protons from the solution, leaving a negatively or positively charged surface group 

respectively, as illustrated in fig. 6A 

 

 

 

Fig. 6A. Schematic representation of the site-binding model [Bergveld, 2003] 

 

According to the site dissociation model, SiOH groups can be protonated/deprotonated as 

 

SiOH
+

2  



k

  SiOH + H
+

B 

SiOH     



k

  SiO
-
 + H

+
B 

 

with H
+

B representing the protons in the bulk of the solution. 

The two constants for the chemical equilibrium at the interface (not for the bulk reaction) 

are [Bousse et al., 1983]: 

 

 

  
 



 
2SiOH

HSiOH
k S  
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  
 SiOH

HSiO
k S



                      (9) 

 

where [H
+
]S is the proton concentration at the solid/electrolyte interface, that is related to 

the [H
+
]B by the Boltzmann equation: 

 

[H
+
]S = [H

+
]B exp (- qΨ/ KT)   (10) 

 

then, by considering the pH definition (pH=-log[H
+
]B) and the eqns (9) it is possible to obtain 

the dependence of the surface potential Ψ with the pH of the solution: 

 

2.303 (pH pzc – pH) = (qΨ/ KT ) + sinh
-1

 ( qΨ/ β KT) (11) 

 

 

where pHpzc is the value of the pH for which the oxide surface is electrically neutral (it de-

pends on the insulating material, e.g.  SiO2 pHpzc = 2, Al2O3 pHpzc = 6.8, Si3N4 pHpzc = 8.5, 

Ta2O5 pHpzc = 3 [Bousse et al., 1991; Massobrio et al., 1994; Martinoia et al., 2005] ) and β 

determines the final sensitivity 

 

β =  
d

s

KTC

kkNq  
22

   (12) 

As it can be noticed from the equation 12, β depends on the equilibrium constants K+ and 

K- and on two other terms, NS and Cd, that are the number of surface site per unit aerea 

(NS= SiOH
+

2 + SiOH + SiO
-
) and the double layer capacitance per unit aerea, respectively. 

 

For relative large values of β (β > qΨ/ KT), the resulting equation for the surface potential 

Ψ is  

 

)(
1

303.2)( pHpH
q

KT
pH pzc 







 (13) 

 

Hence, the relation between the surface potential Ψ and pH can be highlighted by the gen-

eral expression for the pH sensitivity of an ISFET: 
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ΔΨ/ΔpHB = - 2.303 α KT/q (14) 

 

 

with 

1
303.2

1

int
2









q

KTCdif

 (15) 

 

 

The term α is a dimensionless sensitivity parameter that varies between 0 and 1, depending 

on the intrinsic buffer capacity of the oxide surface (βint) –  that can be seen as the ability 

of the dielectric surface to deliver or take up protons – and the differential double-layer ca-

pacitance Cdif . 

If α = 1, the ISFET has the so-called Nernstian sensitivity of 59.2 mV/pH (at 298 K), that 

is the maximum achievable sensitivity. For oxides with α < 1, a sub-Nernstian response 

can be expected.  

In particular, βint of SiO2 does not reach high values and the pH sensitivity for this specific 

dielectric layer is about 20-40 mV/pH, depending also on the electrolyte concentration via 

Cdif. The sensor response is lower than Nernstian value and it has not a linear behaviour 

[Goepel et al, 1991]. 

Therefore, other inorganic layers have been investigated as gate materials such as Si3N4, 

Al2O3 and Ta2O5 with higher values of βint. In particular, Ta2O5 has the largest surface buf-

fer capacity (fig. 7A[a] ) if compared with the other dielectric layers and βint is so high that 

the value of the double layer capacity has no influence (fig. 7[b]), showing a pH sensitivity 

up to 58 mV/pH over a pH range from 1 to 12. 
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Fig. 7A. ISFET responses of four typical inorganic gate materials (SiO2, Si3N4, Al2O3 and Ta2O5) (a) to dif-

ferent pH values and (b) to different electrolyte concentrations at constant pH [Bergveld, 2003] 

  

The selectivity and actual chemical sensitivity of the ISFET are completely controlled by 

the properties of the electrolyte/insulator interface.  Thus, the choice of of the proper gate 

insulator plays a key role since it determines the fundamental parameters of the device. 

If we consider a multilayer made of Si3N4/SiO2, it is possible to achieve a sensitivity of 

45÷50 mV/pH [Matsuo and Esashi, 1991]. However, this sensitivity decreases over time 

due to the slow oxidation of Si3N4 when it is immersed in aqueous solutions. 

To overcome this problem, the thin layer of oxide is removed by a short HF treatment. This 

allows to achieve an higher sensitivity, that can be more than 55 mV/pH.  

 

 Drift 

 

One of the major problems of ISFET is the transient behaviour, generally referred to as 

drift that is characterized by a threshold voltage shift. This phenomenon limits its applica-

tion for long-term monitoring measurements. To date, the exact cause of ISFET drift is not 

completely clear. 
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There are different interpretations and equations that try to model some typical aspects of 

drift, but there is not a general theory able to describe and deeply explain all the physi-

cal/chemical mechanisms that are involved.  

Here are reported the two most well known models that refers on n-channel FETs with 

Si3N4 deposited on SiO2 as gate insulator. 

According to Jamasb et al., ISFET drift mainly depends on the hydratation of the oxide 

surface. When immersed to a liquid solution, the top layer of the gate oxide gets hydra-

tated. This chemical modification of the surface of the oxide layer changes its dielectric 

constant and therefore the overall gate capacitance. The thickness of the modified surface 

changes over time, by causing a drift of the electrical characteristics of the ion sensor. As 

the hydratation process goes on, the number of free sites for the ion conduction decreases 

[Jamasb et al., 1998]. The mathematical model proposed by Jamasb et al. considers an ex-

ponential decrease of the ion diffusion up to the achievement of a constant value, which 

corresponds to a zero drift. Thus, the equation matches the experimental conditions only up 

to 10-20 hours and then it goes far from the long-term measurements. 

 

Another possible model is reported by Harame et al., that takes into account buried sites of 

NH underneath the dielectric surface. It is assumed that these groups react with hydrogen 

ions in the electrolyte, as the surface groups do acording to the site-binding model. The 

reactivity of these internal sites may produce the ISFET drift by causing a response delay 

of the potentiometric sensor [Harame et al., 1987]. 

The models proposed by Jamasb and Harame are just two possible interpretations to justify 

the phenomenon. Many others works in literature reported other factors that might influ-

ence the drift behaviour, such as the presence of traps and charges inside the dielectric 

layer [Masson et al., 2002] or possible contaminations of the gate insulator by the interac-

tion with the external environment. 

However, the drift can be seen as a sum of different factors and working and/or technolo-

gical conditions. The presence of impurities in the gate insulator or of buried reactive sites 

depends on the microfabrication process, in particular on the chosen deposition technique. 

For example, if we deposite Si3N4 with LPCVD we can reduce the concentration of hydro-

gen ions in the bulk of the dielectic layer.  
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Therefore, some possible tricks during the fabrication of the device (from the choice of the 

dielectric layer to the deposition techniques), may limit this phenomenon for long-time 

measurements. 

The usual way of coping with the effect of drift in chemical sensors is to carry out calibra-

tions at regular intervals. The long-term drift rate of ISFETs is very constant and reproduc-

ible under constant temperature and around constant pH. Therefore, this rate can be deter-

mined prior to any long-term measurement and the measurement itself can be compensated 

for the transient response of the device on-line.  

 

 Temperature effects on the ISFET behaviour 

 

The temperature may have several effects on the ISFET response by acting in different 

ways: it might influence the behavior of the semiconductor, modify the surface potential at 

the liquid/solid interface and change the reactivity of the gate surface sites. 

In the fig.8A is represented the dependence of the ISFET behaviour from the temperature 

and it can be noticed that by working at the isothermal point the temperature influence can 

be minimized. Thus, the ion sensor is generally polarized at this point in order to limit the 

effect of the temperature on the measurement [Martinoia et al., 1998]. 

 

 

 

Fig. 8A. Simulated input curves (Ids –Vgs) of the Si3N4-gate ISFET over a wide range of temperatures (T= 5–80°C). The inset shows 

the linear regression of the threshold voltage variations obtained from the input curves [Martinoia et al., 1998]. 
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Appendix B: Thermal improvements of the PCR microdevice 
 

To improve the thermal profile of on-chip PCR, both the silicon and PDMS chamber were 

modified. As regarding the bottom part, a 90µm-silicon membrane was realized to get 

faster heating and cooling rates (fig. 1B). 

 

 

 

Fig. 1B. Cross section of the TMAH wet etched silicon membrane 

 

The design of the device was supported by analytical and finite elements simulations in 

such a way to evaluate the thermal requirements. A coupled thermal electric simulation 

was performed using commercial software (Ansys
®

). Two different elements were used for 

modelling: the thermo-electric element SOLID69 for the heater and the thermal element 

SOLID70 for the other components. The simulated structure was a stack of different mate-

rials: the PCB on the bottom, the silicon bulk with 90µm thick membrane, the platinum 

heater and the PDMS chamber filled with the PCR mix (Table 2B). 

 

TABLE 2B. Material properties 

 

Material Resistivity 

Ω/square 

Thermal conductivity 

(W/mK) 

Heat capacitance 

(J/KgK) 

Platinum 0.96 71.6 192 

PDMS - 0.15 1460 

Silicon - 150 700 

PCB - 0.2 2000 

  

 

A voltage of 22V (2.9W) was applied to the heater and a boundary condition of convection 

was applied to the external walls. Simulations showed that in this condition good tempera-

ture uniformity was achieved in the PCR chamber. The silicon surface reached the 95°C 

from 65°C with a rate of 10°C/s and cools down from 95°C to 65°C with a rate of 1.7°C/s.  
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As negative aspect, simulation showed that with 400µm of PDMS membrane the tempera-

ture in the chamber after 30s simulation is 8°C lower than the temperature on the surface of 

the silicon due to the low thermal conductivity of the PDMS. Therefore, the etching of the 

bulk silicon is not sufficient and the conductivity of the chamber needs to be improved. 

 
Temperature contour plot

PCB

Silicon

PDMS

PCR mix

Heater

Voltage distribution on the heater

  

 

FIG. 3.B: (Left and middle) Simulated temperature distribution in the PCR device; (right) simulated voltage distribution 

on the heater (performed by Elisa Morganti) 

 

By TMAH wet etching, two 90µm silicon membranes were realized. The difference be-

tween the two kinds of membrane is that the long membrane was etched throughout the 

whole length of the chip thus creating a channel below the heater; instead, the short mem-

brane is etched just below the heater forming a tub. As shown in Figure 4B, with the long 

membrane the cooling time is about 15s (2°C/s) and the heating time from 72°C to 95°C is 

1.5s (11.5°C/s). The short membrane shows the highest heating rate (from 1.9°C/s of the 

bulk silicon to 11.5°C/s of the silicon membrane) while for the cooling process no great 

variations are detected from the short and long membranes. 

 

 

 

FIGURE 4B: Heating (left) and cooling (right) of the silicon surface with different silicon membrane configurations: no 

membrane (red), short membrane (green), long membrane (blue). 
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Beside the improvements on the silicon chip, the polymeric chamber was modified in order 

to increment its thermal conductivity. In particular, carbon nano-powder was mixed with 

PDMS curing agent before adding the pre-polymer in a ratio 20:1. Three different concen-

trations of carbon powder versus curing agent were used: 1, 5, and 10 (w/w %). The meas-

urements reported in figure 5B show that in the case of 10% carbon, the temperature is 

much closer to the set point, thus increasing the temperature control accuracy. 

 

FIGURE 5B: Comparison among the temperatures measured on the top of the PDMS membrane using different concentra-

tions of the carbon nano-powder in the PDMS curing agent.  

 

As can be deduced by observing fig 4B and 5B, the cooling rate still represents the weak 

point of the device. However, the coupling of short silicon membrane and the PDMS car-

bon nano-powder will improve the overall thermal profiles and lead to a better temperature 

control that, in turn, can be translated as real opportunities to get higher PCR efficiency. 
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