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Chapter 1: Introduction 
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1.1. Introduction 

Fermentation is an important biological process that plays a vital role in several industrial 

applications, for example in the food industry and beverage production. The fermentation 

processes is usually performed batch-wise in large bioreactors. Bacteria, yeast or fungi grow 

in a liquid culture medium containing a carbon, nitrogen, and phosphorus source and some 

other macro- and micro-nutrients depending on the nutritional requirements of the organism. 

In addition to that, most biological processes in bioreactors are monitored and controlled 

using one or multiple sensors. Most frequently, sensors for pH, dissolved oxygen, redox 

potential, and temperature are used for general fermentation process monitoring. If there is a 

need to optimize a particular fermentation process, ideally this would be performed in the 

same reactors as the reactors that will be used in the final production process. However, large 

volume of culture media, additional chemicals, and energy are necessary to maintain optimal 

process parameters like pH, dissolved oxygen, and temperature are required.  In this regard, 

downscaling of the reactor size is crucial for efficient and economical determination of the 

effect of variations in process parameters, media composition and organisms. Small-sized 

fermentors can be the basis for the development of a high throughput screening platform for 

optimal growth and production conditions. However, extensive validation need to be 

performed to ensure that the optimal fermentation conditions are the same optimal conditions 

in large scale reactors. Another challenge with mini-reactors is the necessity of small-sized 

sensors to monitor and control the process parameters. For an efficient and reasonable priced 

high throughput screening system, the sensors should be cheap, easy to maintain or replace, 

and are readout with simple electronics that can be easily multiplexed to avoid the use of 

expensive multichannel analog-to-digital converters.  The system should be simple to build 

with as little complexity as possible.  For instance every reactor contains at least a pH sensor, 

dissolved oxygen sensor, temperature sensor, a heating element, and some kind of biomass 
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sensor. With one ground and 5 signals, 6 electrical connections per fermentor are needed. In a 

96-reactor system this is 6 x 96= 564 electrical connections. The system becomes even more 

complicated if the liquid and gas connections are also taken into account. The reactors contain 

a feed-in, effluent out, base-in, acid-in, gas-in, and gas out resulting in 6 x 96 = 564 small 

tubes in and out of the reactor. So, more than 1000 connections to the screening platform need 

to be established. Wireless sensors (Bluetooth, Near Field Connections (NFC)), and/or Wi-Fi 

for the electrical signals reduces these complexities. Though it increases the prize of the 

sensor, the wireless sensing system creates the possibility to develop smart process control 

systems.        

For pH measurement glass electrode based electrochemical sensors are commonly used. It is 

very difficult to miniaturize the glass electrode due to its fragility of thin glass and reference 

electrode system. Because of this problem, other miniaturized pH sensors based on ISFET 

and fluorescence are used in miniaturized bioreactors. The ISFET and optical pH sensors also 

have some disadvantages. Long term stability of ISFET pH sensors is an issue due to drifting 

of the output signal and fluorescence-based optical pH sensors have a limited sensing range. 

Even though limitations exist, optical pH sensors are used in microtiter plate based mini 

bioreactors (Matrix-24, BioLector). In this thesis, we developed chemiresistive sensors for 

monitoring the pH and dissolved oxygen. We show that the sensors can be applied in an 

integrated sensing platform for microtiter plate based mini bioreactors potentially to be 

expanded into a high throughput fermentation screening platform.   

1.2. Bacterial fermentation Process 

Fermentation is a complex biological process that is dependent on the environment and also 

changes the environment. Fermentation is performed by the microorganism that belongs to all 

three kingdoms, Bacteria, Archaea and Eukarya.  Fermentation is defined as the process in 
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which the microorganisms generate their own electron acceptors if an external electron 

acceptor is not available or cannot be used by the microorganisms. The electron acceptors are 

reduced by the protons and electrons derived from the electron donor. Usually, the electron 

donor is the carbon source but hydrogen can also be used as the electron donor. The products 

are excreted e.g., short chain volatile fatty acids (acetate, propionate, butyrate), lactate, 

ethanol, butanol or methane. The excretion of these fermentation products led to a large 

number of food, feed, and energy applications by adding value, like taste, structure, and 

energy conversion to the source material. Nowadays, fermentations are an important 

application area in the industry.   Process control during the fermentation process is critical to 

obtain optimized growth and production conditions.  

 

 

 

 

 

 

 

 

Figure 1: Illustration of process parameters affecting the fermentation process 

There are several process parameters that influences the bacterial fermentation. Among them, 

pH, dissolved oxygen, biomass, redox potential, and temperature play a crucial role in 

determining the quality of the fermentation process. For lab and industrial scale bioreactors, 
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conventional electrochemical (pH, O2, and redox), optical (pH, O2, and biomass), and 

capacitance sensors (biomass) are normally used to the satisfaction of the process engineers. 

However, when bioreactor research follows the current trend of miniaturization and parallel 

processing, the traditional sensors are too big to fit into the small reactors and too expensive 

to apply in high throughput screening systems.  Besides the online sensors for continuous 

process monitoring, there are several analytical methods used to monitor and control the 

fermentation process. In the past, classical analytical techniques like liquid chromatography, 

gas chromatography and mass spectroscopy and other analytical devices were used off-line. 

The progress in automatization and robotics enable the researchers to integrate the analytical 

equipment into online monitoring tools of fermentation processes. 

1.2.1. Downscaling of Bioreactors 

Small scale bioreactors are excellent tools for the screening of optimal fermentation 

conditions. They also might be useful in the selection of suitable microorganisms for the 

development of a new fermentation process. They might even serve as production reactors in 

continuous flow systems analogues to continuous-flow parallel microreactors in the chemical 

industry. 

Miniaturization of cultivation systems has several effects on the physicochemical property of 

microorganisms and the operation of bioreactors [1]. Though the dimensional change of 

suspension of culture in a miniaturised reactor, compared to standard conical flask, has 

minimum effect on the physiology of the microorganism, there are other effects that 

dominates the culture in miniaturised reactors. A higher specific oxygen transfer rates (OTRs) 

is obtained in miniaturised culture systems due to high gas-liquid exchange area to the volume 

of the bulk liquid. Another important factor dominating the miniaturization effect is the 

surface tension of the culture medium. Microtiter plates have been successfully used as 
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miniaturised bioreactors and they become one of the important devices in the process of 

downscaling bioreactors because they are cheap, widely available in a variety of formats and 

construction material is sterile and compatible with a growing number of downstream 

analytical methods (Microtiterplate (MTP) readers, auto samplers, robotic liquid handling 

equipment, centrifuges, DNA extraction methods, etc.). The microtiter plates are increasingly 

being used instead of standard conical flask as a high throughput miniaturised reactor. 

1.2.2. Microtiter plate mini bioreactors: 

Microtiter plates have been used extensively as a high throughput screening platform for 

strain, gene library selection, or simple growth condition optimization as an alternative to 

multiple shaken flasks for screening large numbers of fermentative/bioconversion processes. 

However, screening experiments with concomitated monitoring and control of fermentation 

parameters (pH, DO, and biomass) in microtiterplates or multiple individual microreactors are 

limited [1-3]. Some advantages of using microtiterplates as a screening platform feature 

simultaneous investigation of different medium composition, effect of physiological 

conditions like pH and oxygen transfer rate, mixing and diffusion of reactants in the media. In 

addition to that, the standard microtiter plate is compatible with existing automated system 

and uses a small footprint [4-6]. Some newly designed mini bioreactors also are equipped 

with small magnetic stirring bars or gas-induced impellers to improve mass transfer to the 

culture. The growth of Escherichia coli in such mini-reactors was compared and it was found 

to be equivalent to that in larger scale (up to 3 L) bioreactors [7-8]. Pharmaceutical companies 

and research laboratories are looking closely at small-scale bioreactors to meet the needs of 

higher throughput controlled cell cultivation [5, 9-12] 
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Figure 2: Image of a standard 96-well microtiter plate 

To use microtiter plate as a high throughput screening platform with online monitoring and 

control of process parameters, the miniaturised pH, dissolved oxygen, biomass, and 

temperature sensors needs to be implemented within the microtiter plate. The real time online 

measurements of pH, dissolved oxygen and biomass provide overall quantitative 

measurement of medium composition and culture growth. The integrated sensor platform for 

microtiter plate is investigated in the past using conventional electrochemical sensing 

techniques, for example, amperometric dissolved oxygen sensor and ISFET pH sensor [13]. 

These conventional sensing methods use reference electrodes and need special equipment for 

signal readout. It makes this integrated sensing platform not viable for commercial MTP bio 

reactors.   

1.3. Chemiresistor based sensors 

Chemiresistor is a material that changes the resistance/conductivity to a large extent when the 

chemical environment changes. The chemiresistor consists of two electrodes separated by a 

distance. The electrodes are connected by chemiresistor material. The resistance or 

conductivity of the material is measured by applying a constant voltage between the two 
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electrodes and record the resulting current. The sensor response of the chemiresistor is 

obtained by measuring the change of the resistance or current of the chemiresistor material 

upon interaction with the analytes. The sensing mechanism of chemiresistor sensor can be 

explained by three phenomena which can occur synergistically or independently. The 

resistance or conductivity change of the chemiresistor device can occur due to a change of 

doping level, modulation of the Schottky barrier, or, modulation of the junction resistance 

between particles. When analytes interact with chemiresistor material, the doping level is 

changed due to change in the concentration of the charge carriers. The effect of doping 

depends on the nature of the semiconductor material. 

 

 

 

 

 

 

 

Figure 3: Schematic representation of a chemiresistor device 

The electron donating analytes, for example NH3 injects an electron and the resistance of the 

p-type semiconductor increases while the resistance of the n-type material decreases.  

Similarly, the resistance of the p-type material decreases and n-type material increases if the 

analytes are electron withdrawing groups. When analytes interact with the surface, the work 

function of material changes which results in the modification of the Schottky barrier between 
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the electrode-material contact. When analytes adsorb at the grain boundaries or particle 

junction the hopping distance increases due to an increase in the distance between the grain 

boundaries. A good chemiresistive sensor has features like fast response time, low drift, fast 

recovery, high sensitivity, and long term stability.  

Several materials are used as chemiresistor, mainly, for gas sensing applications. Carbon 

nanotubes (CNT) [14-16], graphene [16-17], metal nanoparticles [18-25] and conducting 

polymers [26-28] are widely studied as chemiresistive material in gas sensing applications. 

Recently, a CNT-conducting polymer composite and a gold nanoparticle film are used as 

chemiresistor material in sensors for applications in aqueous solution [29-31]. Only a few 

chemiresistor have been developed to detect analytes in aqueous solution. Hence, it is highly 

challenging and also important to develop chemiresistor devices for the detection of analytes 

dissolved in aqueous solutions. 

One of the significant advantages of Graphene is that its properties can be tuned by 

functionalization, giving modified graphene a considerable potential in sensing applications. 

Responsive molecules can be attached covalently or non-covalently onto the graphene surface 

using (electro-)chemical methods. In addition to these properties, the chemical stability of 

graphene is advantageous in chemically harsh environments.   

1.4. Graphene  

Graphene is a two-dimensional single atom layer that consists of an sp2-bonded carbon 

network. Graphene was discovered by A. K. Geim and K.S. Novesolo by mechanical 

exfoliation of graphite using the famous scotch tape method [32-33]. Graphene has excellent 

properties like high electron mobility, thermal conductivity and high mechanical strength 

[34]. Mechanical exfoliation of graphene is an easy way to prepare high quality graphene, 

however, the production of large quantities for commercial application is cumbersome . 
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Hence, there are several methods of graphene preparation in development. Chemical vapor 

deposition, reduction of graphene oxide, electrochemical exfoliation of graphite, thermal 

decomposition in the presence of volatile compounds are some of the methods that are 

explored for graphene synthesis at a  larger scale . Among them, production of graphene by 

chemical graphene oxide reduction (RGO) is a promising method to produce graphene on a 

larger scale.  

Graphene is produced chemically by reducing graphene oxide. Graphite oxide is a precursor 

for RGO preparation. Hummers and Offeman developed a method for graphite oxidation [35]. 

They used potassium permanganate and concentrated sulfuric acid as oxidizing agents. A 

similar approach was developed by L. Staudenmaier using a mixture of KClO3 and sulfuric 

acid to oxidize graphite [36]. 

Chemical production of graphene involves oxidation of graphite into graphite oxide, 

exfoliation of graphite oxide into graphene oxide, and the reduction of graphene oxide to 

graphene (RGO). There are several ways in which graphene oxide can be reduced to 

graphene. Graphene oxide can be reduced by various reduction methods among others 

chemical, thermal, electrochemical and photo catalytic reduction [37-60]. In the chemical 

approach, reducing agents such as hydrogen sulphide, hydrazine, or sodium borohydride  are 

used under hot alkaline conditions (pH 10 at 90 ºC) [44-51]. For thermal reduction, graphene 

oxide is heated to 200-300 °C for one hour. During this treatment,  the functional groups are 

removed by thermal decomposition, hence, hazardous gaseous species are liberated [52-54]. 

Electrochemical reduction of graphene oxide is considered as a much more green and 

environmental friendly reduction process. Graphene oxide is deposited on a conducting 

substrate. The reduction occurs around -0.8 V (Ag / AgCl) and the majority of the functional 

groups are removed by this method [55-57]. UV-assisted photocatalytic reduction is also used 

to reduce graphene oxide. In this process, reduction occurred by charge transfer reaction 
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between TiO2 and graphene oxide. During irradiation, the surface charge of TiO2 is increased 

which is used for reduction of functional groups that are present on the graphene oxide [58]. 

RGO is also prepared by a hydrothermal reduction method. A GO dispersion is placed in a 

Teflon lined autoclave and heated upto 120-180 °C. In this process super-heated water 

molecules are involved in the reduction of GO [59-60].  

Reduced graphene oxide contains defective sites due to the removal of oxygen containing 

functional groups and the reduction of GO is not always complete. This means that there are 

always some oxygen functional groups left on the RGO. The defects and left-over oxygen 

functional groups renders RGO as a high reactive material for further functionalization to 

make it useful in sensing applications [66-66]. Several, RGO based sensing devices are 

fabricated as gas and molecular sensors. RGO can be deposited as thin film, flakes, or rippon 

form on a e.g., interdigitated gold electrode. Chemiresistive sensing applications have been 

reported for NH3, NO2, O2 and volatile organic compounds but not for aqueous applications 

[67-70].  
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1.5. Contents of the thesis   

Chapter 1 introduces the objective of this thesis and explains the importance of downscaling 

the bioreactor and the role of a sensor platform in it. As the graphene is used as a sensor 

material, its properties and the available methods of synthesis also are introduced in this 

chapter.  

Chapter 2 describes the process parameters affecting the bacterial fermentation process and 

the fundamentals of the sensor used for process monitoring. An overview of micro sensors for 

the miniaturised micro titer plate bioreactor is presented in this chapter.  

In chapter 3, the fabrication of a polyaniline functionalized electrochemically reduced 

graphene oxide pH sensor is reported. Potentiometric and chemiresistive sensing of this 

material is explored and the results are discussed. The feasibility of this pH sensor to monitor 

the pH during the bacterial fermentation process is shown.  

In chapter 4, the pH sensing property of hydrothermally reduced graphene oxide is 

investigated. Potentiometric and chemiresistive pH sensing of hydrothermally reduced 

graphene oxide is explored and results are discussed. Cyclic voltammetry is used to 

characterize the nature of functional groups present on the reduced graphene oxide.  

In chapter 5, a Chemiresistive dissolved oxygen sensor based on nitrogen and boron doped 

hydrothermally reduced graphene oxide is explored as a new approach towards dissolved 

oxygen sensing. Material preparation, characterization, amperometric and chemiresistive 

sensor properties results are presented and discussed in detail. Further, the sensor is tested in a 

bacterial fermentation process and the results are discussed in this chapter.   

Chapter 6 presents an integrated sensing platform for miniaturised microtiterplates based 

mini bioreactor. Feasibility of the chemiresistive pH and DO sensor in the miniaturised 
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bioreactor is explored and optical biomass sensor is developed to measure the optical density 

of the bacterial growth. The fabrication of integrated sensor lid containing chemiresistive pH, 

dissolved oxgyen and the fabrication of optical biomass sensor results are discussed. The 

miniaturized reactor with sensor housing lid is fabricated using 3D printing technology. The 

growth of bacteria in the 3D printed miniaturised bio reactor is investigated and the results are 

discussed in this section.    

In Chapter 7, the complete thesis work is summarized and the future direction to improve the 

sensor properties are discussed. 
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