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Abstract 
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In an industrial scenario where rapid microbiological methods are becoming essential 

tools for quality control in the biotechnological area such as food, pharmaceutical and 

biochemical; the objective of the work presented in this doctoral thesis is to develop a 

rapid microorganism inspection technique based on ultrasounds. It is proposed that the 

combination of an ultrasonic measuring device with a specially designed liquid medium, 

able to produce and trap bubbles could constitute the basis of a sensitive and rapid 

detection method for microbial contaminations.  

The proposed technique is effective on catalase positive microorganisms. Well-known 

catalase induced hydrogen peroxide hydrolysis is the fundamental of the developed 

method. The physical consequence of the catalase induced hydrogen peroxide hydrolysis 

is an increasingly bubbly liquid medium. Such medium has been studied and modeled 

from the point of view of ultrasonic propagation. Properties deduced from enzyme 

kinematics analysis have been extrapolated to investigate the method as a microbial 

inspection technique. In this thesis, theoretical and experimental aspects of the hydrogen 

peroxide hydrolysis were analyzed in order to quantitatively describe and understand the 

catalase positive microorganism detection by means of ultrasonic measurements.  

More concretely, experiments performed show how the produced oxygen in form of 

bubbles is trapped using the new gel medium based on agar, which was specially designed 

for this application. Ultrasonic attenuation and backscattering is measured in this medium 

using a pulse-echo technique along the hydrogen peroxide hydrolysis process. Catalase 

enzymatic activity was detected down to 0.001 units/ml. Moreover, this study shows that 

by means of the proposed method, microbial detection can be achieved down to 105 

cells/ml in a short time period of the order of few minutes. These results suppose a 

significant improvement of three orders of magnitude compared to other ultrasonic 

detection methods for microorganisms. In addition, the sensitivity reached is competitive 

with modern rapid microbiological methods such as ATP detection by bioluminescence. 

But above all, this work points out a way to proceed for developing new rapid microbial 

detection techniques based on ultrasound. 

Keywords: Bubbly medium, catalase activity, rapid microorganism detection, 

ultrasonic, attenuation, backscattering. 
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Los métodos de detección rápida de microorganismos se están convirtiendo en una 

herramienta esencial para el control de calidad en el área de la biotecnología, como es el 

caso de las industrias de alimentos y productos farmacéuticos y bioquímicos. En este 

escenario, el objetivo de esta tesis doctoral es desarrollar una técnica de inspección rápida 

de microoganismos basada en ultrasonidos. La hipótesis propuesta es que la combinación 

de un dispositivo ultrasónico de medida y un medio líquido diseñado específicamente para 

producir y atrapar burbujas, pueden constituir la base de un método sensible y rápido de 

detección de contaminaciones microbianas.  

La técnica presentada es efectiva para bacterias catalasa-positivas y se basa en la hidrólisis 

del peróxido de hidrógeno inducida por la catalasa. El resultado de esta reacción es un 

medio con una creciente concentración de burbujas. Tal medio ha sido estudiado y 

modelado desde el punto de vista de la propagación ultrasónica. Las propiedades 

deducidas a partir del análisis cinemático de la enzima se han utilizado para evaluar el 

método como técnica de inspección microbiana. En esta tesis, se han investigado aspectos 

teóricos y experimentales de la hidrólisis del peróxido de hidrógeno. Ello ha permitido 

describir cuantitativamente y comprender el fenómeno de la detección de 

microorganismos catalasa-positivos mediante la medida de parámetros ultrasónicos.  

Más concretamente, los experimentos realizados muestran cómo el oxígeno que aparece 

en forma de burbujas queda atrapado mediante el uso de un gel sobre base de agar. Este 

gel fue diseñado y preparado especialmente para esta aplicación. A lo largo del proceso de 

hidrólisis del peróxido de hidrógeno, se midió la atenuación de la onda y el 

“backscattering” producidos por las burbujas, utilizando una técnica de pulso-eco. Ha sido 

posible detectar una actividad de la catalasa de hasta 0.001 unidades/ml. Por otra parte, 

este estudio muestra que por medio del método propuesto, se puede lograr una detección 

microbiana para concentraciones de 105 células/ml en un periodo de tiempo corto, del 

orden de unos pocos minutos. Estos resultados suponen una mejora significativa de tres 

órdenes de magnitud en comparación con otros métodos de detección por ultrasonidos. 

Además, la sensibilidad es competitiva con modernos y rápidos métodos microbiológicos 

como la detección de ATP por bioluminiscencia. Pero sobre todo, este trabajo muestra una 

metodología para el desarrollo de nuevas técnicas de detección rápida de bacterias 

basadas en ultrasonidos.  

Keywords: burbujas, catalasa, actividad enzimática, detección rápida de 

microorganismos, ultrasonidos, atenuación, “backscattering”. 
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𝑎 Particle size 
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𝐁 Vector velocity potential    
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𝑐𝑓 , 𝑐𝑝 Sound speed in fluid and particle 

𝑐𝑠(0) Suspension equilibrium isentropic sound 

speed  

𝑐𝑤 Wood’s  sound speed 

c  Change in sound speed 

𝑐𝑣𝑓 , 𝑐𝑣𝑝 Specific heat at constant volume of fluid 

and particle. 

𝑐𝑠𝑓 , 𝑐𝑠𝑝 Isentropic sound speed in fluid and particle  

𝑐𝑇𝑓 , 𝑐𝑇𝑝 Isothermal sound speed in fluid and 

particle  

𝑐𝑝𝑓 , 𝑐𝑝𝑝 Specific heat at constant pressure of fluid 

and particle. 

𝑐𝑧 Shape factor 

D Instantaneous diameter 

𝐷0 Initial diameter 

𝑒 Exponent value for bubble phase growth 

𝐸 Enzyme 

𝐸𝑆 Enzyme substrate complex 

𝐸𝑃 Enzyme product complex 

[𝐸] Enzyme concentration 

[𝐸𝑇] Total enzyme concentration 

[𝐸𝑆] Enzyme substrate complex concentration 

∆𝐺⧱ Enzyme activation energy 

𝐺 Nucleation growth constant 

ℎ Heat capacity ratio 

ℏ Plank constant 
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𝐼0 Incident wave intensity 

𝐽𝑁 Nucleation rate 
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𝐾𝑠(𝜔) Suspension frequency dependent adiabatic 

compressibility 

𝐾𝑠𝑓 Isentropic compressibility of fluid phase 

𝐾𝑠(0) Suspensions equilibrium adiabatic 

compressibility 

L Measured axial length 

𝑚 Gradient 
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𝑁𝑠 Ratio of internal to external isentropic 

compressibility 

𝑁𝑎  Concentration of nucleation active centers 
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𝑝𝑠𝑐𝑎𝑡 Scattered pressure wave 

𝑃𝑖𝑛𝑐 Incident pressure amplitude 

𝑃𝑡𝑜𝑡 Total pressure wave 

𝑝𝑓 Fluid thermodynamic pressure 

[𝑃] Product concentration 

[𝑃𝑜2
] Produced oxygen concentration 

𝑞 = (1 + 𝑖)𝑧 Complex frequency variable 

𝑟 Radial distance 

𝑅 Ideal gas constant 
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𝑅𝑝 Reflection coefficients of perfect reflector 

𝑆 Substrate 

[𝑆] Substrate concentration 

[𝑆𝐻2𝑜2
] Hydrogen peroxide substrate 

concentration 

𝑠0, 𝑠𝑡 Initial (at time 𝑡 = 0) and instantaneous 

(time 𝑡) substrate concentrations 

𝑠 Entropy of the system 

𝑇 Absolute temperature 

𝑡 Time 

𝛥𝑇 Sampling Time 

𝑢𝑓 , 𝑢𝑝 Velocity of fluid and particulate phases 

𝒖 (𝒖𝟏, 𝒖𝟐, 𝒖𝟑) Propagating wave velocity and its 

components 

𝑈𝑖𝑟 . 𝑈𝑙𝑟(𝑎), 𝑈𝜎𝑟   Radial components of velocities 

𝑣𝑐 Reaction rate 

𝑣𝑐𝑚𝑎𝑥 Maximum reaction rate 

𝑦 = √𝜔𝑎2

2𝑣𝑓
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Ratio of particle radius to fluid viscous 

penetration depth 

𝑧 = √𝜔𝑎2

2𝑘𝑓
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Ratio of particle radius to fluid thermal 

penetration depth  

𝑧𝑝 = √𝜔𝑎2

2𝑘𝑝
⁄  

Ratio of particle radius to particle thermal 

penetration depth  

𝑍 Acoustic impedance 

𝑁𝑠 Ratio of internal to external isentropic 

compressibility 

𝑉 Particle to fluid complex velocity ratio 

𝑉𝑒𝑓𝑓 Effective volume 

𝑉𝑠 Sample volume 

�̂� Non-dimensional attenuation coefficient 

�̂�𝑎𝑐 Non-dimensional acoustical radiation 

attenuation coefficient 

�̂�𝑡𝑟 Non-dimensional translational attenuation 

coefficient 

�̂�𝑡ℎ Non-dimensional thermal attenuation 

coefficient 
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𝛽𝑓 , 𝛽𝑝 Coefficient of thermal expansion 

�̂� Non-dimensional dispersion coefficient 
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coefficient 
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𝛿 Material density ratio 
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Φ  Scalar velocity potential 

  Azimuthal angle 

  Super saturation integral function 

  Lateral angle 

  Backscattering coefficient 

 Scattering length 

scat  Scattered power 

  Complex pressure ratio 

  Bubble growth constant 

λ Thermal conductivity 

  Complex temperature ratio 

'
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p  Fluid and particle temperature 

  Growth exponent of super nucleus 

0/ T    Non-dimensional frequency 

0T  Resonance frequency 
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𝜖 Logarithmic standard deviation 
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𝜐𝑓 Kinematic viscosity of fluid 

2  Laplace operator 

 F n  Discrete Fourier transform 

 F   Fourier transform 

 ssP f  Periodogram of the sample signal 

 sbP f  Periodogram of the blank signal 
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𝑠 (𝑡) Signal 
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signal 
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1  
Introduction 

1.1 Inspiration of the work and state of the art 

The presented work focuses on the development of rapid methods for microorganism 

detection. This is a matter of great importance for different industrial sectors (food, 

pharmaceutical, water, biotechnology…) dealing with products susceptible of being 

contaminated. Contaminations usually result on the spoilage of the product with obvious 

negative economical and environmental consequences. For this reason, reliable, simple 

and rapid detection methods are highly demanded by the industry. These techniques often 

play the main role in the quality control and decisively contribute to improve the 

production efficiency.  

Although traditional methods like pH measurements are still used for contamination 

detection in some industries, new technologies are changing the industrial microbiological 

quality control scenario. A great variety of new methods: electric impedance 
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measurements, ATP luminescence-based measurement, colorimetry, flow cytometry, 

epifluorescence, microcalorimetry, nucleic acid technologies… have been developed 

during the last decades (Fung D 2008; Pishawikar M S et al. 1992; Vanne L et al. 1996). 

The reason for such diversity is the wide range of specific requirements and the human 

and equipment resources available in each case. Different equipment will be used for 

microorganism quantification, identification or sterility control. The number of samples to 

analyze and the economic margins of the products will also have an impact on the 

technology employed. Therefore, different features like specificity, sensitivity, test 

rapidity, reliability or equipment and consumable costs, have to be taken into account to 

choose a suitable technique for making the quality control of a given production process 

(Kress-Rogers & Brimelow 2001). 

In this thesis, the suitability of using an ultrasound based technique as a rapid method for 

microbiological quality control is analyzed. The procedure proposed relies on the 

sensitivity amplification reached by bubble production, being these bubbles the result of 

an enzymatic process induced by microorganisms in the medium. Enzymes are catalysts of 

living organisms and, as a consequence, they play a determinant role in their physiology. 

In some diseases, especially in heritable genetic disorders, there may be deficiency or even 

a total absence of one or more enzymes. For other disease conditions, excessive activity of 

enzyme may be the cause. Measurement of the activity of enzyme in blood plasma, 

erythrocytes or tissue samples is important in diagnosing certain illnesses. 

The enzyme used throughout this work is catalase. It is a well-studied enzyme present in 

almost all aerobic living organisms. Catalase triggers the hydrolysis of hydrogen peroxide 

which is a powerful oxidizing agent and, eventually, the cause of cell damaging. For this 

reason, enzymatic hydrolysis induced by catalase facilitates to secure biological cells. 

Henceforth, as explained above, the enzyme characterization can be an important tool for 

diagnostic and treatment of several diseases associated with oxidative stress 

(inflammatory, tumor, diabetes, cardiovascular diseases, anemia and Wilson’s disease) as 

explained in Abdul Salam et al. 2000. For this purpose different characterizations 

techniques such as spectrophotometry (Beer R F & Sizer I W1952; Stern K G 1937; Li Y & 

Schellhorn E 2007), HPLC conjugate characterization (Böhmer 2011) and electron spin 

resonance (Nakamura et al. 2010) among others, are available. 
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1.1.1 Why ultrasound? 

The capacity of ultrasound as diagnostic tool was revealed as early as the late 1950s (Wild 

J J & Reid J M 1952; Satomura 1956) although it was used for industrial material 

evaluation much earlier. Nevertheless, there is a few background related to ultrasonic 

applications for the analysis of microbiological processes. The food industry is the pioneer, 

probably due to the increasing measurements using elastic waves in food quality control 

(McClements D J 1997; Povey M J W 1999). These assays are innocuous being this an 

important feature for the analysis of substances that can be degraded. 

 

Many years ago, ultrasonic techniques were used to obtain the composition of foodstuffs 

arising from the production chain, by taking a sample from them and putting this sample 

into a measurement cell (Fitgerald J W /Cheasepeake Inst. Corp. 1962 patent US 

3040562). With the aim of detecting microbial contaminations causing spoilage in dairy 

products Ahvenainen and co-workers used ultrasonic echography (Ahvenainen R et al. 

1989), although, it wasn’t a useful method due to its complexity and high price. Other 

authors used ultrasounds for detecting spoilage of packed products with a technique 

based in the Doppler effect. It was measured in the product (milk) pushed by acoustic 

streaming (Gestrelius H 1994). With a different concept, a patent from 1987 describes an 

ultrasonic through-transmission method for the quality control of bottled milk (Nagata M 

et al. 1987). Nevertheless it seemed to have a poor accuracy. Ten years after, a similar 

method was proposed (Hæggström E 1997) and better results were obtained using a 

suitable thermostating system for the samples. 

 

During last years, new works (Buckin V & Kudryashov E 2002; Buckin V et al. 2003) and 

devices (High Resolution Ultrasonic Spectrometer from Ultrasonic Scientific and ResoScan 

from TF Instruments) have begun to appear, although they were not specially designed for 

microbiological applications. These devices are based on ultrasonic spectroscopy and are 

commonly applied for monitoring biochemical processes, presenting good features for the 

study of enzymatic reactions, emulsions, etc. 

 

Besides these techniques, there were other ultrasonic methods used for microorganism 

detection. This was the case of the surface cell adhesion works (Gindre M et al. 2000; 

Haider L et al. 2002), the analysis of shear wave effects (Kudryashov E et al. 2000) or cell 

and microorganism micromanipulation (Hawkes J J et al. 1997) 
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Hence, as the knowledge on microbiological process monitoring increases, ultrasonic 

techniques begin to appear as an alternative procedure to existing methods. A deep 

research about this should be considered because: 

 It is well suited for opaque samples. 

 It is non-invasive and innocuous, which is an important feature when dealing with 

samples susceptible of contamination. 

 It is a measurement of magnitudes different to the conventional ones. This is an 

interesting aspect because there are many different variables playing a role during 

microbial growing (metabolism, culture media, microorganism varieties…) and 

therefore there is a great interest on having different tools for making the analysis, 

opening the door to the development of multisensorial detection systems. 

1.1.2 Author’s research group  

Since last decade, ultrasonic characterization of biomedical and biochemical processes is 

one of the main research topics of the author’s group. Microbiological and biochemical 

process analysis began with tests showing the continuous monitoring of bacterial growth in 

culture media with a diagnostic purpose (Montero de Espinosa F & Maestre J R 1999). After 

this, similar techniques were adapted to detect the growth of microorganisms in UHT milk, 

developing a quality control technique was introduced in Elvira L et al. 2005. The analysis of 

microbial growth was applied to the development of special measuring devices (Elvira L et 

al. 2007) and the application of such devices to microbiologic laboratory studies (Sierra C et 

al. 2009). 

In parallel, the work with dairy products was also extended to the study of other related 

processes: yoghurt and cheese gelation (Elvira L et al. 2002). At the same time, other 

microbial induced reactions such as the lactic and the alcoholic fermentations began to be 

investigated using ultrasounds with the purpose of obtaining the concentrations of the 

different substances, which change under the action of microorganisms (Resa P et al. 2004; 

Resa P et al. 2007). In relation with enzymatic processes, Resa introduced ultrasonic velocity 

assays for extracellular invertase in living yeasts (Resa P et al. 2009). 

This doctoral thesis encompasses an intense research activity being done by the group. In 

particular, the present work explores new strategies dealing with the modification of 

measuring media to improve the ultrasonic monitoring sensitivity of such biochemical and 

microbiological processes. This investigation was supported by funding from the CSIC, 

through the JAE Fellowship obtained by the author to carry out this research specifically, 
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and the CICYT projects DPI2007-61759 and DPI2010-17716 founded by the Spanish 

Public Administration. 

1.2 Concept of the thesis 

As it was said before, growth of microorganisms in a liquid medium causes change in this 

medium which can be detected non-invasively by ultrasonic techniques. This kind of non-

invasive detection opened a wide field of clinical and biotechnological applications, for the 

detection of contaminations.  

The technique is competitive because it takes advantage of large sample incubation stages 

which are sometimes required before resuming the quality control by means of a final test. 

This last measurement states definitely if a contamination grew during the incubation, but 

didn’t reached ultrasonic detection thresholds, and should be as sensitive and rapid as 

possible.  

In most of the rapid bacteria detection methods found in the industry, the sample which 

must be analyzed is previously prepared for the measurement. For example, in electric 

impedance methods, the sample is mixed with specific media and the electric impedance 

of these media change as an effect of the microbial metabolism. In the case of ATP based 

methods, the sample liquid is solved in a medium containing substances that react with 

ATP, producing light which is detected by an optic sensor. In a similar way, a specific 

media well suited for microorganism detection using ultrasound could be developed. This 

is one of the main targets of this thesis.  

 

The present work also explores the viability of reducing times and increasing sensitivity 

needed for microbial detection in liquid using ultrasonic techniques. Even being invasive 

(it works analyzing samples extracted from a pack or product) ultrasonic instrumentation 

has still attracting features from an industrial point of view: it is robust and can be easily 

scaled for multichannel devices. In addition, reagents used for the synthesis of the specific 

media designed (which constitutes the main economical waste in many quality evaluation 

techniques) could also be fairly cheap.  

Following the same strategies of some biosensors (Serra B et al. 2008) and impedance 

measuring devices (Yang L et al. 2008), the idea of taking advantage of an enzymatic 

reaction as a method for signal amplification is translated to an ultrasonic method. In this 

case, the production of bubbles is pursued. Bubbles can be easily detected with acoustic 
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methods because they give rise to an important change of the medium mechanical 

properties, as a result of the remarkable elastic differences between gases and liquids. 

Therefore, if a given media reacts producing bubbles when being in contact with 

microorganisms, an important increase of the sensitivity can be expected for an ultrasonic 

sensor.  

It is proposed that these bubbles will be released as a result of the catalase-positive 

microbial presence. If the catalase enzyme contacts with hydrogen peroxide molecules 

solved in the medium, hydrolysis may occur following the reaction: 

 
2 2 2 22 2CatalaseH O H O O     (1.1)  

As a consequence of this reaction, bubbles appear when the oxygen concentration reaches 

the solubility limit. In comparison with a conventional nutritive enriched medium such a 

medium presents the drawback of being lethal for microorganisms, avoiding them 

multiplying. Nevertheless, bubbles produced even at low microbial concentration would 

make a rapid ultrasonic detection possible. 

 

1.3 Aim and scope 

In this scenario, the specific targets of this work may be resumed as follows: 

 To develop a rapid and sensitive catalase-positive microbial detection technique 

using ultrasound. 

 To quantify the enzymatic activity of catalase using ultrasonic sensors. 

 To describe theoretically and experimentally the evolution of ultrasonic 

parameters during catalase induced hydrolysis. 

 

Catalase induced hydrogen peroxide hydrolysis is the main figure along this thesis and has 

been analyzed using an ultrasound based device. As described in equation 1, the final 

products of the hydrolysis are water and oxygen which appears in form of bubbles.  

 

The primary experimental task of the project is to develop a medium able to trap bubbles 

nucleated during hydrogen peroxide hydrolysis. Different media were analyzed and, 

among them, a medium based on agar gel was chosen. This medium was prepared to trap 

produced bubbles (Zell K et al. 2007; Shukla S K et al. 2012) and presents other important 

characteristics which will be explained in Chapter 3. 
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A pulse-echo ultrasonic measurement system was chosen to monitor the hydrogen 

peroxide hydrolysis. A 7 MHz wide band transducer was used to explore this chemical 

reaction experimentally obtaining ultrasonic parameters such as attenuation, time of flight 

and backscattering. Bubble suspension evolution was also analyzed through optical 

measurements performed with microscopy.  

 

Temkin’s (Temkin S 2000; Temkin S 1998; Temkin S 1992) propagation model and 

Anderson‘s model (Anderson 1949; Feuillade & Clay 1999) were used to analyze 

theoretically ultrasonic wave interaction with bubbles. Using nucleation (Kaschieve D 

1999) and bubble evolution theories (Sriven L 1959), the ultrasonic parameters evolution 

has been studied during enzymatic hydrolysis. Two acoustic parameters, attenuation and 

backscattering coefficient, are proposed as candidates for ultrasound based monitoring of 

the enzymatic process. Using both, catalase activity was characterized and theoretical and 

experimental values were compared.  

 

Experiments were carried out for microbial detection of catalase positive microorganisms  

, which is the principal objective of the proposed technique. The method performance is 

evaluated from two points of view. On one hand, the detection time and sensitivity 

reached is compared to previous ultrasonic microbiological methods, to determinate if 

sensitivity amplification was obtained. On the other hand, the performance of this new 

method was compared to a commercial microbial detection method based on ATP 

bioluminescence: a well-established rapid microbiological method which also works with 

extracted samples.  

 

1.4 Contents  

 

To face mentioned targets, this doctoral thesis is structured as follows; 

 Bubble generation and its influence on the ultrasound propagation are 

theoretically analyzed along Chapter 2. The enzymatic catalase reaction 

transforms the hydrogen peroxide solved in liquid medium into a bubble 

suspension. Furthermore, the volume concentration of gas increases with time 

until the reaction ends (the substrate is depleted or the enzymes are denatured). 

Chapter 2 sets the background of ultrasonic propagation theory in a bubbly liquid 

medium. The attenuation and sound speed of a wave in a bubble suspension 

following the Temkin’s formulation is described. The model was extended for 
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polydespersive suspensions. To analyze backscattering waves, Anderson’s theory 

is described. Enzymatic theory fundamentals are also reviewed to calculate the 

rate of gas production. In order to understand bubble forming issues, bubble 

nucleation and evolution theories are also presented. Finally, all these approaches 

are merged providing a dynamic model to describe the time evolution of the 

ultrasonic parameters as a function of the enzymatic process taking place. 

 Chapter 3 describes the materials, the experimental techniques and the ultrasonic 

signal treatment used throughout this work. The first section is dedicated to 

media, reagents and microbiological and biochemical experimental issues. The 

medium based on agar gel which was developed to trap nucleated bubbles during 

enzymatic hydrolysis is presented. Enzymatic reactions, microorganism strains 

and related manipulation procedures have been explained. Ultrasonic 

experimental techniques are also described in this section. A pulse-echo 

experimental method is used for the ultrasonic measurements, with a single 

transducer working as an emitter and receiver. Signal algorithm and its treatment 

are detailed too. The end of the chapter is dedicated to optical measurement 

methods used to analyze the evolution of single bubble and bubble distributions 

during the hydrolysis processes. 

 In chapter 4, the use of ultrasonic methods to monitor hydrogen peroxide 

hydrolysis induced by catalase is experimentally analyzed. A comprehensive 

optical study of the bubble suspension produced by this enzymatic reaction is 

performed including the evaluation of oxygen bubble distributions, the number of 

bubbles per unit volume appearing and the bubble growth as a function of time. 

This information is required as input for the ultrasonic theoretical models. In the 

following, attenuation and backscattering ultrasonic measurements are used to 

monitor the enzymatic reaction. Theoretical Temkin’s and Anderson’s model 

predictions are compared to the experimental attenuation and backscattering 

respectively. Finally the use of ultrasonic techniques to analyze the catalase 

enzymatic activity is discussed. 

 Chapter 5 deals with the application of enzymatic processes to increase the 

sensitivity of microbial detection using ultrasound. First of all, the detection 

thresholds for ultrasonic based system when microorganisms grow in 

conventional nutritive media are revised. Then, ATP detection by bioluminescence 

is applied to the same microorganisms for detection and threshold evaluation. 

These thresholds are used as target for the ultrasonic pulse-echo detection 

technique developed in the present work. Both attenuation and backscattering 
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coefficient are measured and related to microbial concentration and microbial 

catalase characterization, using the methodology explained in chapter 4.  

 Eventually, in chapter 6 the conclusions of the work has been drawn. The novelties 

which resulted from this thesis are highlighted, and finally, the possibilities of 

future work regarding this investigation have been discussed. 
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2  
Theory of ultrasonic propagation through 

bubble suspensions generated by enzymatic 
reactions 

The enzymatic catalase reaction transforms the hydrogen peroxide mixed liquid medium into 

a bubble suspension. Furthermore, the volume concentration of gas increases with time until 

the reaction ends (the substrate is depleted or the enzymes are denatured). Bubble 

generation and its influence on the ultrasound propagation are theoretically analyzed along 

this chapter. Section 2.1 sets the background of ultrasonic propagation theory in a bubbly 

liquid medium. The attenuation and sound speed of a wave in a bubble suspension following 

Temkin’s formulation is described in section 2.1.1. The model was extended for 

polydespersive suspensions in Section 2.1.2. Anderson’s backscattering theory is described in 

2.1.3 and this model was modified also for polydespersive suspensions. Enzymatic theory is 

required to calculate the rate of gas production and it is explained in sections 2.2 Section 2.3 

analyzes the nucleation and evolution of bubbles in the liquid medium. Finally all these 

theories are merged providing a method to describe the time evolution of the ultrasonic 

parameters as a function of the enzymatic process taking place.  
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2.1 Ultrasonic wave propagation in a bubbly medium 

In an ideal homogeneous lossless medium, an acoustic plane wave propagates indefinitely 

at constant sound speed and amplitude. In real, bubbly gel medium neither density nor 

compressibility are constant. Besides that, there are field fluctuations due to the 

microscopic material structure (Temkin S 1999). All these effects make the wave change 

its sound speed and amplitude.  

Sound wave propagation in suspensions has been a matter of study since 19th century 

(Tyndall J 1875; Rayleigh L 1896). In addition to the influence of concentration, there are 

many effects such as viscosity, compressibility, heat conductivity, as well as particle and 

fluid inertia playing an important role in the propagation of ultrasonic waves. Moreover, it 

is found that both the attenuation and the sound speed are frequency dependent. 

There are different ways to handle the medium in-homogeneity. There are methods 

describing mathematically the complex medium as an effective one obtained as a 

composition of the properties of all the phases. This is the case of Wood’s approach (Wood 

A B 1941) for sound speed or the Harker & Temple model (Harker & Temple 1988) which 

was specially developed for concentrate suspensions.  

The effective-medium sound propagation theory of Wood analyzed the dispersion 

problem. Later on, Temkin (Temin S 1992) showed that Wood’s theory was only 

applicable for low frequencies waves in isothermal suspensions. Other existing theories 

study the sound propagation for specific kind of suspensions or limited frequency regions 

as the attenuation theory of Epstein and Carhart (Epstein & Carhart 1953) which is valid 

only at the low frequency range (less than 2 kHz, for 10m diameter water droplets in air). 

On the other hand, Cartensen and Foldy (Cartensen & Foldy 1947) and Commander and 

Properetti (Commander & Properetti 1988), mainly considered the resonance of particles. 

Some other general theoretical appraisals were proposed such as those developed by 

Allegra and Hawley (Allegra & Hawley 1971) and Temkin (Temin S 2000). Among them, 

Temkin’s wave propagation model was chosen in this work for its clarity. It considers 

contributions of different physical mechanisms: translational, thermal and pulsational 

interactions between particles and fluid in a simple way. The sound dispersion and 

attenuation of the medium are evaluated by means of Kramer-Kronig relations (Temkin S 

1990), being valid over a wide frequency range. This wide range allows choosing an 
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advantageous frequency to achieve the objectives of the thesis in terms of enzyme 

characterization and microbial contamination detection.  

In most theoretical approaches; homogeneous wave equations are supposed to be valid 

both inside and outside the suspensions or obstacles. The solutions are obtained by 

matching boundary conditions on the surface of the bubbles. The method is widely used 

when the precise particle dimensions, geometry and the characteristics of the suspensions 

are known. Morse & Ingard (Morse P M & Ingard K U ‘Theoretical Acoustics’ Princeton 

University Press 1968), Faran (Faran J J 1951), Temkin (Temin S 1999) and Anderson 

(Anderson V C 1950) used this approach and obtained scattering and sound propagation 

solutions for solid spheres, bubbles, cylinders, etc. 

Some literature work has been published which includes not only wave-particle 

interactions but also particle-particle interaction (Cartensen & Foldy 1947; Waterman & 

Truell R 1961; Twersky V 1962). The Green’s function approach was applied for more 

complicated problems (Thomas R H 2007), for which an alternative wave equation that 

relates to the presence of arbitrary inhomogeneities is developed. The solutions of this 

kind of problems has a homogeneous wave term plus a delta function source term arising 

after integrating Green’s function over the inhomogeneities represented by the source. 

Nevertheless Sangani (A S Sangani 1991) showed that inclusion of particle-particle 

interaction does not improve the agreement between results and experiments. 

All the works mentioned consider the suspension as a static medium with in-

homogeneities of a given size and concentration. Nevertheless, the chemical kinetics of 

enzymatic hydrolysis and bubble phase growth are time dependent processes. In order to 

characterize this process using acoustical methods, time dependent acoustical parameters 

evolution might be included in the analysis. This dynamical behavior will be considered at 

the end of the chapter 

2.1.1. Temkin’s model for attenuation and sound speed modeling 

The theoretical model developed by Temkin is applicable to dilute suspensions of 

spherical constant mass particles. Although the enzymatic process which needs to be 

modeled may progress to concentrate bubble suspensions, the principal interest is the 

characterization of the process at early stages, which provides enough information about 

the enzymatic activity. The model is based on the definition of isentropic 
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compressibility 𝜅𝑠 = −
1

𝑉𝑠
(

𝜕𝑉𝑠

𝜕𝑝
)

𝑠
. If the compressibility and density of fluid are known then 

sound velocity of the medium can be computed. 

Compressibility at equilibrium 

It was shown (Temin S 1992) that at thermodynamic equilibrium (low frequency limit) 

the non-dimensional sound speed can be expressed as: 
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  is the ratio of particle to fluid isentropic compressibilities, 𝜌𝑓and 

𝜌𝑝 are fluid and particle densities respectively, κf and κp are fluid and particle isentropic 

compressibility respectively, 𝛾𝑓 and 𝛾𝑝 are specific heat ratios of the fluid and particle 

respectively, 𝛽𝑓  and 𝛽𝑝  are thermal expansion coefficients of fluid and particle 

respectively, 𝑐𝑝𝑓 and 𝑐𝑝𝑝 are specific heats of fluid and particle at constant pressure 
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If the 𝛾𝑓 = 𝛾𝑝 = 1 then equation 2.1 becomes Wood’s equation of sound speed for 

isothermal suspensions (Wood A B ‘Textbook of Sound’ 1930).  
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If 𝜌 is the homogeneous suspension density: 
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From equation 2.1 and 2.3, and
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equilibrium compressibility of 

suspensions can be expressed as: 
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The main highlight of the theory is the way of calculating non-equilibrium compressibility. 

It has been assumed that the changes produced from the equilibrium state due to the 

different mechanisms contribute separately. The frequency dependent total non-

dimensional compressibility can be defined as (Temkin S 2000): 
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Here, subscript ‘tr’ and ‘pul’ is used for translational and pulsational motion of the particles 

in the fluid respectively. The attenuation and sound speed can be calculated using 

Kramers-Kronig relations (Temkin S 1988). 
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where �̂� = 𝛼𝑐𝑠(0)/𝜔 is a non-dimensional attenuation coefficient and 𝛼 is the attenuation 

coefficient. By splitting this equation into real ℜ, and imaginary 𝔍, parts 
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From equations 2.7 and 2.8 non-dimensional attenuation and speed of sound can be 

represented as: 
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Total compressibility, sound speed and attenuation for bubble suspensions.  

From appendix A, the total compressibility can be written as (Temkin S 2000) an addition 

of different contributions: 
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The imaginary part of the total compressibility gives the total non-dimensional 

attenuation coefficient �̂� = 𝛼𝑐𝑠𝑓/𝜔   and the real part gives the non-dimensional 

dispersion coefficient. 

In Temkin 2000 the translational and pulsational attenuation coefficients were obtained 

separately.  
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If non-rigid particles are considered and the pulsational term is split into thermal and 

acoustic contributions: 
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where, ˆ
tr ,and ˆ

pul  are non-dimensional translational and pulsational attenuation 

coefficients respectively, while ˆ
th  and ˆ

ac  are thermal and acoustical non-dimensional 

attenuation coefficients for non-rigid particles. V represents particle to fluid complex 

velocity ratio (Temkin & Leung 1976).  and  are complex temperature and pressure 

ratios respectively( Temkin 1998; Temkin 2000). 

Figure 2.1 represents the variation in non-dimensional translational, acoustical and 

thermal coefficients for 100m oxygen bubbles in agar gel as a function of non-

dimensional frequency ( 0/ T   ) where 0 3 /
Tp

T

C

a
  . 

 

Figure 2.1 Temkin’s model: translational (Eq. 2.12), acoustic (Eq. 2.15) and thermal (Eq. 

2.14) attenuation coefficients for 10-6 volume fraction of 100𝜇m oxygen bubbles in agar gel. 

Total attenuation can be obtained as the addition of all these contributions, although the 

separation of terms provides information about the mechanisms playing an important role 

at a given frequency or for a given combination of particles and fluid.  
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In a similar fashion non-dimensional dispersion coefficients for agar and oxygen bubble 

suspensions were computed. Defining
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Figure 2.2 shows the different contributions to the ultrasonic dispersion near bubble 

resonance. From this figure, it is clear that in our case total change in phase velocity is due 

mainly to pulsational effects. 

 

Figure 2.2 Temkin’s model: translational (Eq. 2.16), pulsational (Eq. 2.17) and dispersion 
coefficients for 10-6 volume fraction of 100 m oxygen bubbles in agar gel. 

Impact of volume fraction and bubble size upon attenuation and sound speed 

Total attenuation coefficient increases due to the increase in bubble volume fraction. This 

effect is shown in figure 2.3. Nevertheless, this change is not constant for different 
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frequencies. For frequencies just above resonance, the attenuation coefficient is more 

sensitive to volume fraction. 

 

Figure 2.3 Attenuation coefficient from Temkin’s model for 100𝜇m oxygen bubbles in 
agar gel medium at different volume fractions.  

 

 

Figure 2.4 Phase velocity from Temkin’s model for 100𝜇m oxygen bubbles in agar gel 
medium at different volume fractions. 
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Simulated analytical curves for phase velocities (figure 2.4) over different oxygen bubble 

volume fractions indicate that the velocities in the low frequency range (<0.75 in non-

dimensional frequency units) for the more diluted suspensions have higher values. The 

resonance band becomes sharper as the concentration decreases. 

Figure 2.5 shows the theoretical attenuation for various bubble radiuses. The shape of the 

curve is almost repeated but shifted in frequency except just before the resonance where a 

local minimum appears when the bubble size increases. For lower frequencies, 

attenuation coefficient of bigger size bubble suspensions increases with a sharper gradient 

than smaller ones. After the resonance peak (> 1MHz) this effect is reversed and 

attenuation coefficients for the small size bubble suspensions have higher values than for 

the bigger one. 

 

Figure 2.5 Attenuation coefficient from Temkin’s model for different oxygen bubble 
sizes in agar gel where volume fraction is 10-6. 

In the case of phase velocity (figure 2.6), the resonance band shifts towards the higher 

frequency range for the smaller size as it was found for attenuation. Besides these band 

frequency shifts there is no remarkable change appearing in the curves due to the bubble 

size.  
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Figure 2.6 Phase velocity from Temkin’s model for different oxygen bubble sizes in agar 
gel where volume fraction is 10-6. 

2.1.2. Extension of the model to a polydispersive distribution of particles  

Temkin’s model was developed for monodispersive suspensions, that is, for particles 

having the same size. Nevertheless, real suspensions contain particles with a certain size 

distribution. In this section the formulation shown above is extended to model such 

suspensions. 

As said, equation 2.5 assumes that total compressibility is obtained as the sum of different 

effects. Taking into account that no interaction between particles is considered (dilute 

range), the contribution of the effects arising from particles having a given size can be 

added in a similar way to the effect produced by the particles of the other sizes.  

Using an integral formulation, the total compressibility equation 2.11 can be represented 

as: 
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where  vф a is the volume fraction occupied by particles of radius 𝑎 and it can be denoted 

as: 

   34

3
vф a a n a                                                                                       (2.19) 

It is proposed here that ′𝑛(𝑎)′ can be described as a logarithmic distributed function: 
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where 𝑛𝑡𝑜𝑡 is the total number of bubbles per unit volume, 𝑎0 is the mean radius, and 𝜖 is 

the logarithmic distribution deviation. Such distribution can be used to describe typical 

mono-modal suspensions (Valentine L et al. 1999). In figure 2.7, distributions for 𝜖 = 0.2, 

and  𝜖 = 0.05 are shown. The same approach can be used for more complex particle 

distributions replacing 2.20 by the corresponding function. 

From 2.19 and 2.20, all the terms in the integral of equation 2.18 can be obtained. It is 

straightforward that the compressibility for zero frequency can be obtained from the same 

equations used by Temkin, because at the zero frequency limit, all particles are considered 

punctual compared to the wavelength. In such case, the volume concentration is the total 

volume concentration of particles: 

34

3
T p tV V a n                                                           (2.21) 

here 𝑛𝑡  is total number of suspensions particle. 

Integral of equation 2.18 is quite complex to be solved analytically. Nevertheless, it can be 

substituted by a discrete expression: 
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In this case,  vф a  is the volume fraction occupied by particles with radius comprised 

between 𝑎 − ∆𝑎/2 and 𝑎 + ∆𝑎/2. Using this formulation, the total volume concentration

 vtotф a , can be obtained as: 
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                                     (2.23) 

 

Figure 2.7 Logarithmic distributions (equation 2.20) where red and blue curves have 
mean radius of 100𝜇m and logarithmic deviations of 0.2 and 0.05 respectively.  

Figure 2.8 shows the theoretical non-dimensional attenuation coefficient for different 

bubble distributions. It can be clearly seen that when the logarithmic deviation value is 

small, the attenuation coefficient approaches that predicted by the Temkin’s model. An 

increasing polydispersion makes the attenuation coefficient at the resonance peak become 

smoother. Important attenuation differences appear for frequencies slightly before the 

peak, which are related to the influence of bubbles with volumes higher than the medium 

volume. Far from the resonance, the influence of the polydispersion is small. 
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In a similar way, the phase velocity plot (figure 2.9) reveals the analytical phase velocities 

for different lognormal statistical deviations. As before, it can be clearly seen that when 

the logarithmic deviation value is small, the phase velocity solution approaches that 

obtained from Temkin’s model. An increase in polydispersion gives a smoother resonance 

peak. Important phase velocity differences appear for frequencies slightly before the peak, 

which are related to the influence of particles with volumes higher than the medium 

volume. One more time, far from the resonance, the influence of the polydispersion is 

small. 

It is clear from the polydispersive modification of Temkin’s model that, for frequencies 

above the bubble resonance, acoustical parameters such as attenuation and phase velocity 

do not differ from Temkin’s theory. Nevertheless, for frequencies just below the 

resonance, the monodispersive model will underestimate the attenuation significantly if 

the standard deviation of the distribution is important. Differences in phase velocity also 

appear, although considerable impact is found only in a narrow band. 

 

Figure 2.8 Attenuation coefficient as a function of frequency for two different 
values of the standard deviation and comparison to the monodispersive 
Temkin’s theory. Oxygen bubbles in agar are considered where the mean size 
and the volume fraction are 100 𝜇m and 10-2 respectively.  



2. Theory of ultrasonic propagation through bubble suspensions generated by enzymatic 
reactions 

 

25 

 

 
Figure 2.9 Phase velocity as a function of frequency for two different values of 
the standard deviation and comparison to the monodispersive Temkin’s 
theory. Oxygen bubbles in agar are considered where the mean size and the 
volume fraction are 100 𝜇m and 10-2 respectively. 

2.1.3. Backscattering theory 

When an ultrasonic plane wave collides on any kind of obstacle, the wave energy is 

scattered in different directions (figure 2.10). The scattered wave contains information 

from incident wave but also from the obstacle. This scattered energy is related to the 

acoustic effects mentioned in the previous section and marked with the “ac” sub-index. 

The backscattering wave refers to the energy reflected backwards from the obstacle. 

Let’s suppose on the following spherical scattering objects (bubbles). For an adequate 

quantification of the wave scattered in different directions, to choose a coordinate system 

with its origin at the center of the sphere is convenient. As it is shown in figure 2.11, the 

fluid surrounding the sphere has density 𝜌𝑓, sound speed  𝑐𝑓, and propagation wave 

number k, where 𝝎 is the frequency of incident field. Bubble has density 𝜌𝑝 , sound 

speed  𝑐𝑝 , and wave number 𝑘𝑖. The ratios of these parameters are defined as (Anderson 

1950): 
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Figure 2.10 Plane wave interactions with the fluid sphere, where (𝜅𝑓 , 𝜌𝑓 , 𝑐𝑓) are infinite 

fluid medium characteristics while(𝜅𝑝 , 𝜌𝑝 , 𝑐𝑝) are the particle fluid characteristics. 

For simplicity, no transversal waves (diffusion wave) will be taken into account. It will be 

more convenient to choose spherical coordinates ( , , )r    rather than Cartesian ( , , )x y z . 

Let us consider a symmetrical interaction around the z axis. This means that the 

interaction will be independent of the azimuthal angle . The Laplacian operator in 

spherical polar coordinates can be expressed as: 
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Using Helmholtz’s equation of acoustic propagation: 
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As pressure wave is independent on , henceforth: 
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The solution of equation can be obtained using the separation variable method (Temkin S 

1981). The incident wave travelling in z- direction can be given as:  

 i kz t

inc incp P e


                                                         (2.28) 

ϑ 

𝒑𝒊𝒏𝒄 = 𝑷𝒊𝒏𝒄𝒆𝒊(𝒌𝒛−𝝎𝒕)
 

𝜿𝒑 , 𝝆𝒑 , 𝒄𝒑 

𝜿𝒇 , 𝝆𝒇 , 𝒄𝒇 



2. Theory of ultrasonic propagation through bubble suspensions generated by enzymatic 
reactions 

 

27 

     
0

2 1m i t

inc inc m m

m

p P i m P j kr e 






                                      (2.29) 

The pressure field inside (𝑟 ≤ 𝑎) the sphere is: 
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                                           (2.30) 

where 𝜇=cosϑ , 𝑃𝑚 and 𝑗𝑚 are the Legendre and  spherical Bessel functions respectively. 

The scattered pressure (𝑟 > 𝑎) can be denoted as: 

     
0

[ ] i t

scat m m m m

m

p A P j kr n kr e 






                                   (2.31) 

 where  𝐴𝑚, 𝐵𝑚 are coefficients, which can be calculated using boundary conditions: 

 2 1m

m inc mA P i m D                                                              (2.32) 

 2 1m

m inc mB P i m E                                                               (2.33) 

Here 𝐷𝑚 and 𝐸𝑚 are given as: 
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where      m m mh kr j kr n kr   is the spherical Henkel’s function. 

Substituting 𝐵𝑚, and 𝐴𝑚 in equations 2.30 and 2.31: 
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The total acoustic field outside from sphere: 

tot inc scatp pp                                                        (2.38) 
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                         (2.39) 

If 𝑟 → ∞ using Morse’s approximation (‘Vibration of sound’, Morse P M 1981), for larger 

acoustic radius 𝑘𝑟, the mathematical functions (Bessel, Neumann, and Hankel) can be 

written as: 
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By substitution of this expressions in equations 2.37, 2.40, and 2.41 𝑝𝑠𝑐𝑎𝑡 can be obtained 

for large acoustic radius: 

 1 i kr t

scat incp P e
r


                                               (2.43) 

where ℒ is acoustic scattering length denoted as: 
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                                               (2.44) 

here 𝑀 ≥ 𝑘𝑎 + 3. 

Assuming 𝑓 = 7𝑀𝐻𝑧, which is the frequency used in the experimental work of this thesis 

and a bubble radius of 100m, 𝑘𝑎 = 2.936. 

Figure 2.11 (a) shows simulated angular variation of scattered energy(equation 2.37), for 

𝑘𝑎 = 2.936. 2D color plots on figure 2.11 (b) and (c)  show scattered and total pressure 

field respectively. Presented pressure field has been computed using MATLAB software. 
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The generated function computes the scattered pressure upto the 500 degree of the 

Legendre’s polynomial. It is assumed that the pressure field inside the fluid sphere is zero 

(Feuillade & Clay 1999). 

 

Figure 2.11 Scattered energy using Anderson’s revisited model (C.Feuillade & C. S. Clay 
1999). Figure(a); obtained scattered energy from a single oxygen bubble of size 100 𝜇m in 
agar gel as a function of the polar angle for larger ‘r’ values where acoustical radius 
ka=2.965. Figure (b); 2D plot of the scattered field amplitude, the x and y axis in the plot 
denote distance from the center of the sphere, scaled in radii. Figure(c); total scattered field 
amplitude. 

Using Anderson’s revisited model, backscattered (𝜃 = 𝜋)  and forward scattered 

pressure(𝜃 = 0) field amplitudes were calculated in respect to the incidence pressure 

amplitude (figure 2.12). Displayed pressure field amplitudes as a function of the 

normalized axial distance (𝑟/𝑎) were calculated for a fixed acoustical radius of 2.965. 

Figure 2.13 shows the scattered pressure field variation as a function of particle size, 

where wave vector is 2.965×104m-1.  
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Figure 2.12 Simulated scattered pressure fields using Anderson’s 
revisited model (Feuillade C &  Clay C S 1999), for a single oxygen 
bubble of size 100 𝜇m in agar gel and acoustical radius, ka=2.965.  
 
 

 

Figure 2.13 Backscattered pressure amplitude from oxygen bubbles in 
agar gel using Anderson’s revisited model, as a function of particle size, 
where the wave vector k=2.965×104m-1 and radial distance (𝑟) on z axis 
10.1 mm (experimental case). 
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The differential scattering cross section 𝜎𝑑 is defined as the scattered power per unit solid 

angle relative to the incident intensity. 
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here   2 / 2scat scatd p r d z
 

    is the scattered power, 
2/d ds r , solid angle, ds  is 
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If no interaction between particles is considered (single scattering) the backscattering 

coefficient η, provides a measure of the power scattered by all the particles per unit 

volume by making an integration of this power: 

     ,dn a a     da                                                      (2.47) 

For a monodispersive suspension, this equation reduces to 

   0,tot dn a                                                                (2.48) 

where  𝑛𝑡𝑜𝑡 is the number of bubbles per unit volume.  

The influence of polydispersion for 7MHz waves is analyzed in the following. Analytical 

solutions for backscattering coefficient have been displayed in figure 2.14. Using equations 

2.23 and 2.47, backscattering coefficients were calculated for 0.05 and 0.2 standard 

deviations. They are plotted with the monodisperse solution obtained from equation 2.48. 

It can be seen that polydispersion only modifies the backscattering coefficient for the 

higher standard deviation and the larger particle sizes (approximately higher than 

200µm), where a decreasing was found. Nevertheless it will be shown in Chapter 4 that 

there is no need to monitor evolution of bubble sizes higher than 200 µm. For both 

catalase characterization and microbial detection, the process can be analyzed with 

ultrasound at initial stages when the bubble sizes are smaller than 200 µm. 
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Figure 2.14 Backscattering coefficient as a function of bubble radius for oxygen 
bubbles in agar gel, where the wave vector k=2.965×104m-1, and 
ntot=1.99x1010bubbles/m3 Different curves correspond to the mono and polydesperse 
cases (standard deviations of 0.05 and 0.2). 

Therefore, for modeling backscattering coefficient evolution during hydrogen peroxide 

hydrolysis, the monodispersive Anderson’s approach can be used.  

2.2. Enzyme kinematics: Michaelis-Menten approach. 

The influence of bubbles on the propagation of ultrasonic waves was analyzed in previous 

sections. In the following, the processes which generate the appearance of this gaseous 

phase in the medium are investigated. The increment of oxygen molecules in the medium 

is driven by the enzymatic reaction of the catalase. 

A simple enzymatic action can be described by the reaction: 

        EnzymeE S ES EP E P                                              (2.49) 

where 𝐸, 𝑆, and  𝑃 represent enzyme, substrate and product, respectively; 𝐸𝑆, 𝐸𝑃 are 

transient intermediate complexes. The catalyst does not affect the chemical equilibrium. It 

provides an active site, increasing the reaction velocity. The active site bounds the 

substrate molecules, S, to form an intermediate chemical substance, ES, where the reaction 



2. Theory of ultrasonic propagation through bubble suspensions generated by enzymatic 
reactions 

 

33 

takes place to produce EP, giving rise to the final product, P, and the enzyme molecule 

separation. After this, the enzyme is free again to catalyze another reaction. This process is 

represented in figure 2.15. 

 

Figure 2.15 Enzymatic action mechanism; Substrate molecules are stuck with 
active sides of the enzymes, transformed into the product and finally, released 
to the medium to keep the enzyme free for catalyzing another transformation. 

There is a great interest to explore enzyme catalyzed biochemical reactions, determining 

the rate of reaction along the process and the transformation efficiency. This approach is 

called ‘enzyme kinetics’.  

The reaction rate of a chemical equation 𝑆 → 𝑃 can be defined as: 

 
 c c

d P
v k S

dt
                                                              (2.50) 

where from the transition state theory 𝑘𝑐 =
𝐤𝑇

2𝜋ℏ
𝑒−∆𝐺⧱/𝑅𝑇 is the reaction rate constant, ∆𝐺⧱ 

is for enzymatic reactions, the enzyme activation energy, 𝐤 is Boltzmann constant, ℏ is the 

Plank constant, 𝑅 is the ideal gas constant, 𝑇 is the absolute temperature and 𝑣𝑐 is the 

reaction rate.  
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Michaelis & Menten postulated that enzyme catalysis action can be simplified to a two-

step process. First, enzyme 𝐸 combines with substrate 𝑆 and form enzyme-substrate 

complex 𝐸𝑆. 

1

1

    
k

k
E S ES



                                                      (2.51) 

Second, 𝐸𝑆 complex breaks into free enzyme 𝐸 and reaction product 𝑃.  
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                                                      (2.52) 

At the beginning of the process, it can be assumed that the reverse reaction in equation 

2.52 is negligible, because of the small amount of product at this stage.  
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                                           (2.53) 

It is also assumed that the initial rate of reaction reflects a steady state in which the rate of 

formation of ES is equal to the rate of breakdown, and then 
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from this,  
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where 1 2
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   is Michaelis-Menten constant. The total enzyme concentration can 

be expressed as: 

     TE E ES                                                             (2.56) 

From equations (2.55) and (2.56) 
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From 2.50, it can be said that at the beginning of the reaction (𝑣𝑐 = 𝑣0) 
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                                               (2.58) 

The maximum rate will be obtained when the concentration of substrate [𝑆] ≫ [𝐸𝑇] , 

hence 𝑣𝑐𝑚𝑎𝑥 = 𝑘2[𝐸𝑇], and equation 2.58 become   
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                                                                     (2.59) 

This is the Michaelis-Menten equation, which relates the initial reaction velocity with the 

amount of substrate. The increasing amount of product can also be obtained from this as: 
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                                                    (2.60) 

and, on integrating along time, it is obtained that 
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where so is [𝑆]𝑡=0 

If 𝑘𝑚 ≫ [𝑃]; the term 
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where 0s and cmax

m

v

k
 are constants. If, term 

 

m

P

k
  can’t be negligible, hence from equation 

2.61 on applying logarithmic expansion: 
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Or  
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Solution of the equation (2.64) is: 
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where 
2

0 0(1/ 1/ )mA s s k   and 
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02 cmax

m

s v
B

k
  are constants. This equation provides the 

rate of product formation. 

In our particular case, the enzymatic hydrolysis of hydrogen peroxide follows the equation 

(2.66): 

2 2 2 22 2CatalaseH O H O O           (Chapter 1 equation 1.1) 

Then 

2 2 2
1

2

O H Od P d S
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                                                        (2.66) 

Therefore, product [𝑃] might be replaced by:  
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                                                                 (2.67) 

From 2.65 and 2.68, at the first stages of the enzymatic process there is a linear relation 

between disappearing substrate and time. This linear relation is known as enzymatic 

activity 𝒜. The enzymatic activity is measured in units/ml which represents the amount of 
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at initial stages of the hydrogen peroxide hydrolysis: 

 S t                                                                         (2.68) 

2.3. Bubble nucleation and evolution. 

Previous section provided the expressions describing the rate of molecular transformation 

along the enzymatic reaction process. Nevertheless, bubble production implies a phase 

transition, that is, gaseous molecules generated in the solvent (liquid state) form a bubble 

(gaseous state) or enter into a previous existing bubble, making it grow. 

The first process (bubble formation) is called nucleation. There can be two mechanisms 

involved regarding to oxygen bubble nucleation during the catalase induced peroxide 

hydrolysis.  

The first of them, the new phase formation, is based on the phase transitions theory. 

According to this theory, a supersaturated old phase transits into a new phase. First order 

phase transitions leads to the formation of nanoscopical (1-100 nm) structures with a 

density close to the new phase. Then, these clusters, called super nuclei, are separated 

from the old phase by a phase boundary (Figure 2.16), having the ability for irreversible 

overgrowth up to microscopic sizes (Nucleation: Basic theory with Applications, Kaschieve 

D 1999). 

 

Figure 2.16 Cluster formations of new phase molecules in nucleation theory 
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The second mechanism is known as non-classical nucleation (Jones S F et al. 1999). The 

term non-classical nucleation refers to bubble proliferation due to pre-existing gas cavities 

in the bulk liquid. As a matter of fact, both nucleation mechanisms may be present during 

the enzymatic hydrolysis of hydrogen peroxide.   

Assuming that cluster formation theory predominates, an estimation of the total number 

of bubbles can be made. D. Kaschieve (Nucleation: Basic theory with Applications, 

Kaschieve D 1999) suggests that maximum number of super nuclei depends on nucleation 

rate.  
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                     (2.69) 

where 𝑁𝑎  is the concentration of nucleation active centers, 𝑐𝑧 is the shape factor for 

growth (for spherical shape, 𝑐𝑧 =
4

3
𝜋), 𝐺 is the growth constant of nucleation, 𝑉𝑠 is the 

volume of the system, 𝜈 is the growth exponent of super nucleus, and 𝐽𝑁 is the nucleation 

rate. 

Following equation 2.59, the hydrolysis reaction rate is proportional to the enzyme 

concentration through 𝑣𝑐𝑚𝑎𝑥 . In the same way, nucleation rate 𝐽𝑁 will be affected by the 

appearance of the O2 (reaction rate) and, through this magnitude, nucleation rate depends 

on the catalase concentration. Hence, it can be said that in the enzymatic hydrolysis the 

nucleation rate will be influenced by the enzymatic activity, that is: 

 N NJ J                                                                  (2.70) 

Therefore, for nucleation in enzymatic hydrolysis and making use of Eq. 2.69, the total 

number of nucleated bubble per unit volume can be expressed as a function of the 

enzymatic hydrolysis in a simple relation as: 
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                                                              (2.71) 

here 𝑚1, 𝑚2, and 𝑚3 are constants. 
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The second mechanism of bubble nucleation which is based on pre-existing cavities does 

not depend on the enzymatic activity. 

Once each bubble nucleates, it begins to grow. The process is governed principally by 

diffusion of mass and heat (Scriven L 1959). This process is influenced by several factors 

such as the rate of molecular diffusion through the interface of the bubble, liquid inertia, 

viscosity, surface tension and heat diffusion. Regarding to the enzymatic hydrolysis 

bubbles grow due to the mass transfer process. It will be shown in chapter 3 that the 

experimental setup will be stable at a temperature of 30oC. Therefore, after cancelling the 

temperature transport, bubble growth would be limited by inertia or momentum transfer 

between oxygen bubbles and the liquid phase.  

In figure 2.17 the physical model of bubble growth due to the momentum exchange is 

represented. The instantaneous radius and fluid-oxygen bubble interface velocity at time 𝑡 

are 𝑎(𝑡) and
 da t

dt
, respectively. For an incompressible, radial symmetric in-viscid flow, 

the continuity equation in spherical coordinates is  

 2

2

1
0

r u

r r





                                                          (2.72) 
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O2 bubble

Fluid

 

Figure 2.17 Physical model of bubble growth based on momentum transfer. 

where 𝑢 represents the radial velocity in the liquid phase.  
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The surface of bubble moves with velocity
da

dt
 , while the fluid moves with instantaneous 

radial velocity  𝑢(𝑎, 𝑡) ; the net velocity accounts for a mass flow, which might be equal to 

the rate of transferred mass into the new phase (oxygen bubble) of the system.  

 3 24
4 ,

3
fp

d da
a a u a t

dt dt
   

   
       

                                        (2.73) 

The integration of the equation 2.72 is; 

 2ur f t                                                                       (2.74) 

Density of the oxygen bubble would remain constant while the volume would increase 

during the growth. Hence, it can be assumed that the density of the oxygen bubble is 

independent of the time. The equation for the radius 𝑎 motion in the fluid can be 

represented as (Plesset & Zwick 1954); 
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                                    (2.75) 

where Pl is the pressure in the fluid. The solution of this differential equation gives the 

time dependent growth of bubble. Many authors found that bubble growth follow the 

relation 𝑎~𝑡𝑒 (Jones S Fet al. 1999). The exponent 𝑒 depends on several other factors such 

as Laplace pressure, inertial and viscous forces controlling the growth (Jones S F et al. 

1999). 

In the past, many experiments and theoretical work was done to calculate the values of 𝑒. 

Saddy and Jameson (Saddy M & G J Jameson 1971) obtained a value of 0.75, but other 

authors such as Buehl & Westwater 1966, Burman J E 1974 obtained a square root 

dependency (𝑒 = 1/2). Probably, one of the most complete analyses of the problem was 

provided by Scriven (Scriven L 1959) who included radial convection on spherical 

symmetric phase growth controlled by diffusion. Scriven joined the authors group 

reaching a value for the exponent e of ½, stating that: 

R t                                                                          (2.76) 
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where  the growth constant. Scriven introduced a super-saturation integral function

 ,    ; 
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                                                                          (2.78) 

where  𝜌𝐺  and 𝜌𝐿 are densities of gas and liquid, respectively, 𝐶0 and 𝐶𝑠𝑎𝑡 are mass based 

concentrations of the bulk and equilibrium concentrations of the gas in the liquid. 

Nevertheless, some other literature work reached a different conclusion for the ′𝑒′ value. 

For example, Strenge (Strenge et al. 1961) reported that ′𝑒′ varies from 0.312 to 0.512 for 

boiling pentane, while Manley (Manley 1959) introduced that the growth of bubble 

diameter follow the relation: 
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                                                              (2.79) 

where 𝐷 and 𝐷0 are bubble’s diameter at time t and initial, respectively, 𝑐𝑖and 𝑐𝑠 initial and 

saturated gas concentration, p is the density of air in bubble, and 𝑘𝑓 is diffusivity. 

Although, ′𝑒′ seems to be comprised between 0.25 and 0.75, there is not a general 

agreement about its exact value. In this work, the 0.5 value suggested by the most of the 

literature was adopted. 

 2.4 Dynamical model 

As it was shown in section 2.1., acoustic propagation theory provides equations for 

parameters such as attenuation, sound dispersion and backscattering coefficient as a 

function of frequency. On the other hand, enzymatic and bubble growth theories give us 

information about time dependent evolution of oxygen bubbles. To analyze time 

dependent enzymatic hydrolysis experiments by using acoustical parameters, a 

harmonization between all these theoretical approaches is required. Therefore time 

dependent evolution of acoustical parameters (attenuation, dispersion, backscattering 
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coefficient), might be obtained in terms of enzymatic activity which characterizes the 

reaction dynamics. 

An enzymatic process may change the acoustic properties of the medium both by addition 

of new molecules in solution or appearance of new phases. In the case of the hydrogen 

peroxide hydrolysis induced by catalase, reaction products are water and oxygen. The 

water may dilute the agar gel, but this effect is almost negligible for small hydrogen 

peroxide concentrations. On the other side, the oxygen forms a new gaseous phase, which 

has a great influence on the acoustic properties of the medium. Therefore, the acoustic 

changes during the enzymatic process are due to the change of size of oxygen bubbles and 

the increasing of their volume concentration. 

Typically, acoustic models of suspensions provide attenuation and dispersion coefficients 

as a function of frequency, volume fraction and particle size. 

   , ,                 , ,v vф a ф a                                           (2.80) 

Using enzymatic and bubble growth theories developed on previous Section 2.2 and 2.3, ɸ 

and  𝑎 can be written as a function of 𝑡. These parameters also depend on the enzymatic 

activity.  

 ,                 ( , )v vф ф t a a t                                                 (2.81) 

Using equation 2.80 and 2.81 attenuation coefficient 𝛼   and dispersion 𝛽  can be 

represented as a function of time: 

   , ,                 , ,t t                                                 (2.82) 

On keeping fix value of 𝜔, attenuation coefficient and dispersion can be calculated as a 

function of time and the enzymatic activity. Using the same prescript, backscattering 

coefficient can be calculated as a function of time.   

 , , t                                                                          (2.83) 

Inversely, from the evolution of the acoustic parameters, it is possible to get information 

about the enzymatic activity of a given sample. 
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3  
Materials and Methods 

This chapter describes the materials, the experimental techniques and the ultrasonic signal 

treatment used throughout this work. Section 3.1 is dedicated to media, reagents and 

microbiological and biochemical experimental issues. In 3.1.1, the medium based on agar gel 

which was developed to trap nucleated bubbles during enzymatic hydrolysis is presented. 

Sections 3.1.2 and 3.1.4 deal with enzymatic reactions, microorganism strains and related 

manipulation procedures. In Section 3.2, ultrasonic experimental techniques are described. A 

pulse-echo experimental method is used for the ultrasonic measurements (Section 3.2.1), 

with a single transducer working as an emitter and receiver. The field emitted by this 

ultrasonic transducer was measured, being described in section 3.2.2 In Section 3.3, signal 

treatment used to obtain attenuation (3.3.1) and backscattering coefficient (3.3.2) is 

explained. Finally, Section 3.4 talks about the optical measurement methods used to analyze 

the evolution of single bubble and bubble distributions during the hydrolysis processes under 

study. 
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3.1 Biochemical and microbiological materials and methods  

3.1.1 New measurement media based on agar gel for microbial detection using 

ultrasound 

The proposed measuring method for detecting microorganisms is based on the high 

reflectivity and absorption of ultrasonic waves by bubble suspensions. Therefore, bubble 

escaping from a liquid by buoyancy should be avoided. A gel medium was designed which 

allows not only trapping bubbles but also their growth. This medium must fulfill three 

main features. 

 Bubble production is based on enzymatic hydrolysis of hydrogen peroxide 

solution, being this a highly reactive molecule. Therefore, selected medium should 

be stable in the presence of hydrogen peroxide solution.  

 Medium should allow an efficient mixing of hydrogen peroxide solution and 

sample solution. 

 Gel medium should be viscous enough to trap bubbles. 

The characteristics mentioned above are accomplished by agar gel. Agar is a very well-

known medium in the field of microbiology. It is used to provide a solid surface where a 

nutritive medium (for example: Luria Bertani) is often added to enable the growth of 

bacteria and fungi. Agar is a mixture of polysaccharides, obtained from red algae. Agar’s 

chemical composition consists of two fractions; ‘Agarose’ and ‘Agaropectin’. Agarose 

component is responsible for gel behavior of agar. Agar gel melts at 85oC and gets solid 

from 32-40oC. Gel stability occurs at a wide range of temperature. Most of microbiological 

events take place at 37oC. Gel stability over this wide temperature range provides an 

appropriate solidifying agent for microbiological stuff (Zell K et al. 2007). 

The preparation of the agar gel was as follows; a 1% w/w suspension of American 

bacteriological agar powder (cat. 1802.00; CONDA) was dissolved using a magnetic stirrer 

in water distilled with the Elga Pure lab UHQ-11-MK3 equipment (Fig. 3.1.a) at room 

temperature. After that, the medium was sterilized at 120o C (Fig. 3.1.b) using a J P Selecta 

“mediclave” autoclave during 30 minutes until the solution becomes transparent and 

viscous (Zell K et al. 2007). Then, it was cooled down to room temperature inside a Cruma 

670 FL laminar flow chamber with ultraviolet light to preserve the medium from being 

contaminated.  
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Figure 3.1 Agar gel preparation process; (a) magnetic stirrer, (b) autoclave, (c) laminar flow 
chamber with ultraviolet light. 

For sample characterization, 1 ml of this medium is mixed with the 1ml of the sample in a 

3ml plastic cuvette. Then 100µl of 10M hydrogen peroxide aqueous solution made from 

50% hydrogen peroxide (516813, Sigma Aldrich) is added and shaken vigorously to 

ensure good homogenization of the mixture. This cuvette is immediately analyzed by 

ultrasound as it is explained in section 3.2. 

3.1.2 Enzymatic hydrogen peroxide hydrolysis 

The enzymatic reaction induced by microorganisms in the agar mixture described is the 

basis of the detection method proposed in this thesis. Enzymes are very large and complex 

organic molecules which are synthesized by cells to perform very specific functions in 

nature. Cells have a large amount of different enzymes and some of these enzymes are 

found on a wide variety of cells. As it was explained before, the presented ultrasonic 

inspection technique is applicable on catalase-positive microbial contaminations. Catalase-

positive microorganisms are those able to produce the catalase enzyme. The enzyme 

catalase induces the hydrogen peroxide hydrolysis following the reaction: 

2 2 2 22 2CatalaseH O H O O                                          (3.1) 

That’s why the agar medium was mixed with the hydrogen peroxide solution as explained 

in the previous section. The products of the reaction are water and oxygen. Once the 

amount of oxygen produced grows up beyond the solubility limit in the medium, bubble 

formation takes place. These bubbles are the target of the ultrasound measurement. 

Catalase molecule is a tetramer of four polypeptide chains. Each chain is composed of 

more than 500 amino acids molecules. Located within this tetramer are four porphyrin 

heme groups that are very much like the familiar hemoglobins, cytochromes, chlorophylls 
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and nitrogen-fixing enzymes in legumes. The heme groups are responsible for catalase 

enzymatic activity (Bravo J et al. Structure of Catalases. 2009). 

The mechanism of catalase action is not completely known. Nevertheless, its chemical 

kinematics follows the Michaelis-Menten’s theory (Gordan G. H Enzyme Catalysis and 

Regulation, Academic press. 1982) explained in chapter 2. Besides that, there are several 

theoretical appraisals (Jones & Suggett 1968; Nichollos 1964) describing the catalase 

action. A simple mechanism is explained by ‘peroxidatic theory’ of catalase action (Chance 

et al. 1952). This is the mutual oxidation and reduction of hydrogen peroxide in catalatic 

action. It is a two electrons equivalent redox process in which a catalase-peroxide 

compound is formed. Then, this catalase-peroxide compound oxidizes a second hydrogen 

peroxide molecule to oxygen. ‘Peroxidatic’ oxidations occur via a competition between 

hydrogen peroxide and other oxidizable species for this oxidizing compound.  

In the following, different factors that influence the catalase activity are discussed 

Substrate concentration 

At low substrate concentrations, an increment of this variable results in a linear increasing 

of the reaction rate (equation 2.50). For higher concentrations this rate begins to level off. 

Eventually the maximum rate for that reaction will be achieved and further increases in 

substrate concentration will have no effect or even inhibit the reaction. In this work 

hydrogen peroxide concentrations from 0.002M were tested and a final 0.5M substrate 

concentration was chosen as optimum which is somewhat higher than 0.2M obtained by 

Vasudevan et al. (Vasudevan et al. 1990), for immobilized bovine liver catalase in a citrate 

phosphate buffer solution of pH 7 at 25ºC. Used 0.5M concentration fulfills the Michaelis-

Menten’s condition  [𝐸] ≪ [𝑆] (section 2.2) for all the experiments performed along this 

thesis. 

Temperature 

In general, chemical reactions speed up as the temperature is raised. When the 

temperature increases, more of the reacting molecules have the kinetic energy required to 

undergo the reaction. Enzyme catalyzed reactions also tend to go faster with increasing 

temperature until an optimum is reached. Above this value, the conformation of the 

enzyme molecule is disrupted. Normally, temperatures above 40-50°C denature many 

enzymes (Yumoto I et al. 2000). Figure 3.2 shows experimental results of catalase activity 

obtained during this work by spectrophotometry. In the temperature range analyzed, the 
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activity follows a linear dependence. The procedure and media used for these experiments 

are described in section 3.1.3. 

 

Figure 3.2 Experimental catalase activity vs. temperature; experimental data have been 

obtained using a spectrophotometric assay. 

pH 

As the pH drops into the acidic range the enzyme tends to gain hydrogen ions from the 

solution; on the contrary, when the pH moves into the basic range hydrogen ions are lost 

by the enzyme to the solution. In both cases changes produced in the chemical bonds of 

the enzyme molecule result in a change in conformation that decreases the enzyme 

activity. Yumoto (Yumoto I et al. 2000) showed that optimal pH range occur between 6 

and 10 pH values. The medium developed has a pH value of 7.0. 

Salt Concentration  

Every enzyme has an optimal salt concentration in which it can catalyze reactions. Too 

high or too low a salt concentration will denature the enzyme. J. K. Lanyi & J. Stevenson 

(Lanyi J K & Stevenson J 1969) revealed that different salts have different optimal 

concentration values to obtain peak activity in catalase solution. For the medium used, 

ions are provided by the potassium phosphate buffer solution according to (Li Y & 

Schellhorn E 2007) for an efficient catalase performance. 
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3.1.3 Measurement of the catalase activity 

The enzyme activity is a measurement of the amount of active enzyme available in the 

medium. As explained in chapter 2, one unit of enzymatic activity is the amount of enzyme 

able to induce the transformation of one micromole of substrate in a minute. A 

spectrophotometric assay was performed to measure the catalase enzyme activity. A UV-

mini 1240 Spectrophotometer (Shimadzu) was used for this purpose (figure 3.5). 

 

Figure 3.3 UV-mini 1240 Spectrophotometer (Shimadzu). 

A catalase solution (Sigma, C1345 from bovine liver) was prepared in a potassium 

phosphate buffer (pH 7) with a concentration of 0.025 gl−1. Another solution of 0.036% 

w/w hydrogen peroxide (50% hydrogen peroxide solution in water, 516813, Sigma 

Aldrich) was also prepared using the same buffer as a solvent. By mixing them in a 3 ml 

spectrophotometric cuvette, a 34.5% v/v concentration of the previously prepared 

catalase solution in the hydrogen peroxide solution is obtained. 

The evolution of the hydrolysis is monitored by measuring continuously the optical 

absorbance at 240 nm.  The measurement process is computer controlled using a software 

application programmed in Labview (figure 3.4). 

Figure3: Enzymatic hydrolysis of peroxide solution 
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Figure 3.4 Software interface used for the spectrophotometeric catalase activity 

evaluation. 

The initial decrease rate of the absorbance characterizes the enzymatic activity as it is 

shown in figure 3.5. 
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Following the suppliers’ recommendations (Beer RF Jr & Sizer 1952), the formula used to 

calculate the activity is (Beer RF & Sizer 1952 ; Stern K G 1937). 

1 34.5
( . )Enzyme unit ml

t

                                                      (3.2) 

where 𝑡 is the time in minutes required for the absorbance at 240 nm to decrease from 

0.45 to 0.40 units which corresponds to a change in concentration from 10.3 to 9.2 mM. 

Nevertheless, for such rapid reaction, the experimental method accuracy improves when 

the data are fitted to an exponential-decay function using data from the beginning of the 

reaction. The slope is obtained after the first reaction minute to avoid deviation coming 

from reagent mixing. From this slope,  𝑚 (absorbance units min−1), the activity can be 

obtained as: 

1 34.5
( . ) . 690.

0.05
Enzyme unit ml m m                                               (3.3) 

This equation, which is equivalent to equation (3.2), can also be used to characterize the 

catalase present in microbiological samples. 

 

 

Figure 3.5 Spectrophotometric absorbance variation with respect to time. Experimental 

data were obtained at 30oC. The  decreasing slope from 0.45 to 0.40 absorbance gives the 

enzyme activity 
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3.1.4 Microorganism culture characterization. 

Strains culture and inoculation. 

Three catalase-positive microorganisms Escherichia coli, Bacillus amyloliquefaciens, and 

Pseudomona putida were selected for this study. The Environmental Microbiology Group 

(Centro de Investigaciones Biológicas, CSIC) gave us support and advice in many aspects 

related to the microbiological work. The DH5α strain of E. coli was provided by 

‘Invitrogen’ USA (Sambrook J & Russell 2001). The other strains ‘ATCC 23842’ (Priest et al. 

1987) and ‘KT2442’ (Bagdasarian et al. 1981) were supplied by the Spanish Type Culture 

Collection (CECT) and the University of Valencia, respectively. 

For short term maintenance of the bacterial strains, sterilized Petri plates containing 1% 

w/w agar in LB nutritive medium was used (Sambrook & Russell 2001). Quadrant 

streaking method was used for spreading bacteria over the agar gel, to obtain different 

colony concentrations in one plate (figure 3.6). Plates were kept inside the Labnet 311DS 

orbital incubator’ (figure 3.7) at 37oC for 1 day to get the growth of bacterial colonies. 

Then, plates were stored in refrigerator at 4o C for a period of less than one month. 

 

Figure 3.6 Petri plates containing nutritive medium with E-coli DH5α colonies. 

With the help of a sterile metal wire, a single colony of bacterial strain was transferred 

from a Petri plate to a 100 ml LB broth inside a conical flask (Cohen et al. 1972). Bacterial 
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cells were grown overnight inside the incubator at 37oC with a vigorous shaking (120 

rpm). This culture procedure was used for the different tests presented throughout this 

thesis. 

 

Figure 3.7 Labnet 311DS Orbital incubator used for bacterial growth. 

Microbial concentration measurement 

The concentration of bacterial cells in microbiological samples was determined by 

spectrophotometric measurements. It is assumed that 1 unit of optical density (OD600 nm) 

corresponds to approximately 8.1×108cells ml−1 (Sambrook & Russell 2001).  

The culture was diluted using LB broth to obtain the relation between the concentration 

referred to the initial culture (dilution equal to 1), prepared as explained previously, and 

the optical absorbance measured in arbitrary units (figure 3.8)  
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Figure 3.8 Spectrophotometric optical density tests for different 

microorganisms. 

It can be seen that the value of optical absorbance at 600nm is linear with respect to 

microorganism dilution between 1 and 0.03 arbitrary units of absorbance for the three 

microorganisms used. This absorbance range might be reached for bacterial quantification 

in the initial culture, making dilutions of this culture if necessary. 

Different concentrations of microorganisms tested, ranging from 108 to 105 cells ml−1 were 

obtained by dilution with saline solution (sodium chloride, 0.99% w/w, S3014; Sigma) for 

the ultrasonic tests. In the case of the ATP tests, which will be explained later, dilutions 

were made with LB broth to avoid optical interferences. 

Measurement of the concentration detection threshold for microbiological samples 

in conventional nutritive media using ultrasound 

In order to measure concentration detection thresholds in conventional nutritive LB 

media) media, the ultrasonic measurement system Milisound (Elvira et al. 2007) designed 

for long lasting tests, was used. Microorganism growing tests were performed to 

determine the bacterial concentration needed to achieve detection using ultrasound. In 

this case, time of flight was used as the measuring parameter, for being the most sensitive, 

which varies due to the changes produced during microorganism growth. The 
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concentration levels obtained are used as reference to analyze the improvements achieved 

by the new ultrasonic method proposed in this thesis. 

Measurement of the concentration detection threshold for microbiological samples 

using ATP- Bioluminescence 

 Bioluminescence induced by ATP is becoming one of the most important commercial 

methods for microbial detection in the food industry due to the combination of sensitivity 

and low prize. Equipments are made which requires no personal specialization, which is 

also a welcome feature of this method from the point of view of production quality control. 

The characterization of the bacterial cultures using ATP- Bioluminescence was carried out 

using the Promilite III (Promicol) device in collaboration with the company BC 

Aplicaciones Analíticas. The Promilite provides detection results in less than 2 minutes. 

These measurements will be useful to assess the commercial potential of the technique 

developed in this work. 

3.2 Ultrasonic measuring method 

3.2.1 Ultrasonic measurement setup 

A simple and robust ultrasonic measurement technique is presented based on a ‘pulse-

echo’ configuration, which is widely used for non-destructive evaluation and 

characterization of materials. Ultrasonic pulses are emitted into the sample and once 

being reflected at the container wall, the waves impinge on the transducer. The transducer 

works as an emitting–receiving element. This method can be easily implemented on a 

cheap and simple measuring instrument. 

The laboratory arrangement is shown in figure 3.9. The transducer is mounted 

horizontally in a partially water-filled parallelepiped container, with 60mm x 60mm x 

50mm dimensions. The water allows rapid thermal stabilization of samples. 3 ml plastic 

commercial cuvettes (which are commonly used for spectrophotometric measurements) 

are placed inside this chamber and play the role of disposable sample containers (figure 

3.10). 
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Figure 3.9 The ultrasonic experimental set-up used for pulse-echo media 
characterization 

Julabo FP45 water bath was used to obtain a good temperature control (stability ±0.01ºC). 

The container was kept inside the water bath where the ‘Eheim Serial 08052’ pump 

enhances water circulation. There are three holes in the container wall (figure 3.10 c) to 

stabilize water level inside the container. 

A Doppler Electronics 10K5N-E wideband transducer is driven by a Panametrics 5052UA 

ultrasonic pulser/receiver that emits 300 V spikes with a 5 kHz repetition rate and also 

detects the incoming signal. A Tektronix TDS2014 oscilloscope having 8bit resolution (256 

quantization level) with 1Gs/s sampling rate has been used for data acquisition. The 

measurement process is computer-controlled using a software application programmed in 

‘MATLAB’. It captures the traces acquired by the oscilloscope via a GPIB connection, 

performs the signal processing, displays the results in real time and stores them. Pulses 

obtained are centered at 7MHz frequency and have 2.7 MHz bandwidth. 
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Figure 3.10 The ultrasonic experimental setup; (a) chamber with the inlet tube for 

circulation water and thermal bath, (b) container with sample cuvette, (c) container wall 

with circular holes for flow of excess water, (d) digital oscilloscope with wave generator, (e) 

water thermal bath for temperature control, (f) water pump which provides circulation of 

water and (g) ultrasonic transducer. 

3.2.2 Transducer acoustic field  

Used ultrasonic transducer as mentioned in section 3.2.1 was mounted in a 3D PC 

controlled scanner to perform a 2D scan of its emission pattern. The transducer was 

placed in contact with the upper surface of a water container. A needle hydrophone – 

Dapco- with 0.5 mm diameter active surface was used, scanning the ZY plane with 0.2 mm 

resolution. The scanned surface started at Z=2 mm depth. The transducer was driven 

using the same configuration of the ultrasonic pulse generator as used to perform the 

scattering measurements as described in section 3.2.1.  

The ultrasonic field amplitude measured by the hydrophone is shown in Figure 3.12. The 

figure color scale is 1 dB and the surface scanned is 10mm in Y and 45 mm in Z. The 

transducer has an apparent active diameter of 3mm.  The field lobe at 10 mm from the 

transducer face has a 3dB width of 3 mm. This is the distance at which the scattering 

measurements were made.  
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Figure 3.12  XY plot of tranducer sound pressure level (7MHz). Each color change 

corresponds to 1dB drop. 
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3.3 Signal treatment and acoustical parameter calculation  

 

Figure 3.13 Echoes acquired by the ultrasonic measuring device; the window from 10µs to 16µs 
has reflection responses of bubble suspensions while the window from 16µs to 17µs has back 
wall echo.  

To analyze echo signals, different parts of the temporal trace were considered separately. 

As shown in figure 3.13, the start-up of the signal (at time axis 0-8µs) is affected by the 

pulse excitation noise and front-wall echoes. This region was ignored for signal analysis.  

Backscattering reflections of bubbles were picked out between 10µs and 16µs. In the agar 

medium it corresponds to a 4.5mm long analysis region. Small echoes appearing in this 

temporal interval correspond to the energy reflected from medium scatterers. Finally, the 

‘back-wall echo’ provides information about wave attenuation and time of flight, when 

passing through the medium. 

3.3.1 Attenuation 

The sound is often quantified as the Sound Pressure Level (SPL). If a sound wave 

propagates through a medium it loses energy continuously. 

 dP P dx                                                                    (3.5) 

After integrating with respect to 𝑥 

    x

incP x P e                                                                 (3.6) 
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As 𝑃(𝑥 = 0)  = 𝑃𝑖𝑛𝑐  is initial pressure of propagating wave, α is attenuation coefficient in 

Np.m-1. 

On taking natural logarithm of both sides: 
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and if the attenuation is expressed in dB.m-1: 
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Sets of successive acoustic echoes were recorded for each sample at approximately 3s 

intervals. The acoustic responses were stored on a personal computer and all data were 

post processed using MATLAB.  

The figure 3.14 represents the captured signal and corresponding Fourier transform 𝐹(𝜔). 

The spectral amplitude and phase are absolute value and argument of 𝐹 (𝜔) respectively  
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The maximum of amplitude spectrum along time was calculated and taken as a 

measurement of the wave amplitude response. The first recorded signal of the 

corresponding sample is used as reference. By putting obtained amplitude values in 

equation 3.8, attenuation is calculated experimentally. 

From the spectrum phase, the relative change in time of flight can be calculated as well. 

Ultrasonic velocity is very sensitive to temperature changes and therefore, in order to 

measure velocity, a good temperature control measurement system is needed. 

Nevertheless, some minutes are needed to reach temperature stability of samples. For 

rapid enzymatic reactions (like the catalase induced hydrogen peroxide reaction) this 

stabilization time overlaps with changes coming from the composition variation due to the 
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reaction. For this reason, this parameter was discarded as a method to characterize 

properly a rapid enzymatic process with the proposed device. 

 

(a) 

 

 

(b) 

 

Figure 3.14 Back-wall reflection of ultrasonic probe in time (a) and frequency (b) 

domain. The maximum of the absolute value of the spectrum is used to calculate 

the attenuation coefficient. 
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Before calculating Fourier Transform (FT) some numerical treatments were applied for 

optimizing ultrasonic measurements. Original signal was subtracted from its mean value, 

to eliminate the influence of the DC component. This way, maximum spectral energy of the 

wave acquired by the transducer would be found around the actual resonance frequency. 

The Fourier Transform (FT) algorithm used was the MATLAB FFT function which is a 

Discrete Fourier Transformation (DFT). This is the equivalent of a continuous Fourier 

transform for signal known only at N instants separated by sample times ∆𝑇. Being s (t) 

the continuous signal, the Fourier transform of the signal would be: 

    j tF s t e dt






                                                                      (3.11) 

But acquired signals using an oscilloscope are not continuous but discrete. If 𝑠(𝑡𝑘) is such 

a signal, then integral exists only at the sample points: 
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It can be written as 
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Discrete Fourier Transformation (DFT) of 𝑠 (𝑡) is: 
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where 𝑛 =  (0: 𝑁 − 1) and  
 0 : 1N

f
N T





                                                        

It is necessary that ‘𝑁’ should be the power of 2 for optimizing the algorithm of Fast 

Fourier transformation.  
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3.3.2 Backscattering 

In the following, the signal treatment applied to evaluate the backscattering coefficient 

𝜂 (𝜔) from experimental measurements is explained. 

Energy spectral density 

An appropriate statistical method to characterize random signals is autocorrelation. Let us 

consider 𝑠(𝑡) is a finite signal, then, energy can be defined as:  

 
2

E s t dt





                                                       (3.15) 

Using equation 3.11 and from Parseval’s theorem:  
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                                               (3.16) 

The quantity |𝐹(𝑓)|2 represents distribution of energy in the frequency domain and it is 

called energy spectral density. 

   
2

ssS f F f                                                               (3.17) 

𝑆𝑠𝑠(𝑓) is the Fourier transform of a quantity 𝑅𝑠𝑠(𝜏) which can be represented as: 
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                                        (3.18) 

where 𝑅𝑠𝑠(𝜏)  is autocorrelation function. As said before, the sampled (discrete) version of 

𝑠(𝑡)  is  𝑠( kt ), where  0 < kt < (𝑁 − 1)  , and then, using DFT equation 3.14, the 

autocorrelation of the corresponding sampled signal is: 
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From Wiener-Khintchin’s theorem 
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Equations 3.17 and 3.20 suggest two approaches to calculate energy spectral density. One 

is the direct method which involves computing the Fourier transform of a continuous 

signal and the other is an indirect way which requires two steps; first, finding the discrete 

cross correlation function corresponding to the continuous signal and finally, the Fourier 

transform of the auto-correlated function gives the energy density of the signal. In this 

work, the direct method was followed. 

Windowing 

Spectral leakage is the result of an erroneous assumption in the discrete Fourier 

transformation that is ‘signal should be periodic in sampling interval of the time’. If the 

time record has a non-integer number of cycles, the assumption would be violated and 

spectral leakage occurs. Windows can be used to minimize the effect of performing a 

Fourier transform over a non-integer number of cycles. Windows such as Hanning, Flat 

Top, Hamming, Kaiser-Bessel, Gaussian, etc. (Figure 3.15) can be multiplied by the signals 

to filter non integer number of cycles. 

Windows also allows the selection of the sample zone for backscattering analysis. In 

random signal analysis, windows functions have huge impact on the averaging of energy 

density. These windows act as digital filters, the multiplication of window functions by the 

discrete signal is equivalent to the convolution of the signal with the corresponding 

window function in the frequency domain. Thus the convolution of the signal with the 

window function (frequency domain) yields the frequency response of the truncated 

signal. 

Hanning window showed the better performance for the signals analyzed. It is a special 

case of the Tukey window represented as: 
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Figure 3.15 Different windows in the time domain. 

If the value of m=1 is substituted in equation 3.21, Tukey window becomes Hanning 

window 
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Being 𝑠(𝑡𝑘) the signal in the time domain having 𝑁 sample points with ∆𝑇 sampling 

intervals and 𝑁𝑠 sampling points for window functions, then using Fourier transformation 

theory: 
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Energy spectral density can be represented by: 
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Figure 3.16  Effect of windowing; captured signal was filtered with a 1µs Hanning window 
centered at 14.5µs 
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Figure 3.16 represents the captured backscattering signal and the effect of windowing 

using the Hanning window.  

The statistical average of equation 3.24 represents the power spectral density of the 

signal.  
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If N is the number of sample points, then power spectral density 𝑃𝑠𝑠(𝑓) can be expressed 

as: 
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where 
1

N
 is used as a normalization factor. 

In the figure 3.17 the energy spectral densities of the reference and sample signal have 

been displayed as an example. The power spectral densities have been shown also. They 
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were calculated on taking 214 sample points. For power spectra ‘periodogram’ MATLAB 

function was used. The blue continuous curve represents the reference signal and the red 

one represents the sample signal (1 unit/ml at 0.2 minute) respectively. 

  

  

  

Figure 3.17 Energy and power spectral density of the acquired signals; (a) and (c) represent 

reference and sample signal respectively, while (b) and (d) show the calculated energy 

spectra of corresponding signals. 

Signal-to-noise ratio (SNR) 

SNR is defined as the ratio of the signal pressure energy to noise (Signal in blank solution) 

pressure energy. 
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In dB: 
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Where 𝑃𝑠𝑠(𝑓) and 𝑃𝑠𝑏(𝑓) are power spectral densities of sample and blank solutions 

respectively. The power spectral density is proportional to the energy spectral density. 

The SNR values as a function of frequency for above spectra were calculated from equation 

3.29. They are shown in figure 3.18: 

 

 

Calibration measurement for backscattering  

The transfer function of the transducer was calculated as it is explained in O’Donnell & 

Miller 1980. Using the experimental setup described in section 3.2.1 a nearly perfect 

reflecting piece of brass was used to measure the reference signal using agar gel medium 

(section 3.1.2). Energy spectral density as explained in equation 3.24 was calculated using 

214 sample points (figure 3.20).  

Figure 3.18 SNR spectrum; spectrum obtained as the ratio of the sample power 

spectral density over the blank solution spectral density as shown in figure 3.20. 
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Figure 3.19 A brass reflector glued to the plastic cuvette, used to calculate the 

reference reflected signal of the ultrasonic system. 

 

3.3.3 Experimental method to calculate Backscattering coefficient 𝜼  

There are different methods to obtain quantitative estimations of the backscattering 

coefficient (K K Shung et al. 1976; Shung K K 1985; Siglemann R A & Reid J M 1973; O’ 

Donnell & Miller 1980). O’ Donnell and Miller proposed a broadband backscatter 

technique to obtain the frequency dependence backscattering coefficient from in-

homogeneities, based on a pulse-echo setup.  This work was modified by Galaz B (Galaz B 

2009 “Relation entre la structure et les propriétés des angent de conntraste ultrasonores et 

leurutilisation comme vecteur de medica ments’’ Thèse doctorat UPMC).  

  

Figure 3.20  Echo from the brass reflector (a)  corresponds to the time domain signal and (b) is 

the energy spectral density 

Plastic cuvette 

Brass 

reflector 
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The acquired experimental signal can be represented as: 

   scatv t v t                                                                   (3.30) 

The electric noise appearing in the experimental setup plus the backscattering produced 

by the agar gel medium before bubble production, is considered as the blank solution 

signal: 

  ( )blankv t u t                                                                  (3.31) 

Signal to noise ratio can be expressed using equation 3.29, but it can be represented as: 
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Transfer function 𝑇(𝑓) is defined as: 
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where 𝑆𝑠𝑇(𝑓) is the energy spectral density of the echo coming from the nearly perfect 

reflecting material. 

 An attenuation function as defined in O’ Donnell & Miller 1980: 
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C                                        (3.34) 

where the 𝑧0 is the distance from the center of the sample to the cuvette wall, 𝐿 is the axial 

length which can be used for analysis and 𝑍0 is the distance from the transducer to the 

center of the cuvette (figure 3.21). 
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Figure 3.21 Experimental setup diagram; L is the analysis axial length, Z0 is the 

distance from the transducer to the center of the cuvette and z0 is the length from the 

center of the sample to the cuvette front wall 

Henceforth backscattering coefficient can be obtained as: 
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C                              (3.35) 

where 𝑅𝑝 is the reflection coefficient and 𝑉𝑒𝑓𝑓 is the effective analysis volume. 

SNR is directly proportional to the backscattering coefficient (Belfor Galaz et al. 2009) and 

sometimes SNR is denoted as the apparent backscattering coefficient. Acquired sets of 

signals were post processed using MATLAB software and backscattering analysis 

algorithms were implemented. 

A Hanning window of 2500 points with a sampling frequency of 5E8 Hz was selected. The 

multiplication of the Hanning window by the acquired signal gives the signal convolution 

in the frequency domain. Energy spectral density was calculated using 2500 sample 

points. The transfer function was calculated as explained in equation 3.33. Using the 
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attenuation measurement, the attenuation function (equation 3.34) was calculated and 

finally, equation 3.35 provides the backscattering coefficient. The same process was 

repeated for each acquired signal along the enzymatic process. The backscattering 

coefficient increases due to the radius growth and the increasing volume fraction of 

oxygen bubbles.  

3.4 Optical methods for bubble characterization 

It has been explained that as the reaction proceeds bubble nucleation takes place, as a 

consequence of the oxygen molecule phase transition. Acoustic parameters evolve due to 

the changes in bubble dimensions and gas volume fraction.  

There are two important factors which have to be taken into account to analyze the bubble 

influence over acoustic parameters. 

 Single bubble growth along time 

 Bubble size distribution and total volume fraction. 

Single bubble growth was monitored by taking photographs and videos of the samples 

during the enzymatic reaction. Optical microscope ‘Nikon Eclipse 50i0’ (Figure 3.22) was 

used in refraction mode. Photographs were captured by the digital camera ‘Nikon DS-Fi1’ 

using the software ‘NIS element D 3.2’ provided by ‘Nikon Instruments’.  
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Figure 3.22  Nikon Eclipse 50i0 microscope 

 

The objective Nikon ppdl x10 magnification was used. Calibration was done by using a 

glass blade (Figure 3.23) where a smallest square has the area of 2.5×10-9 m2. 

 

Figure 3.23 Calibration glass blade and calibration captured snap using x10 

magnification objective. 

200 𝜇m 



3. Materials and Methods 
 

73 

Statistical distributions were monitored using the same process but with ‘Olympus Tokyo 

327774’ binocular microscope (figure 3.24), to capture a larger area using an objective 

with x2 magnification. The room for the optic measurements was made thermally stable 

by using a heater and an exhaust fan. Images of bubble size growth and distribution were 

recorded for different enzyme concentrations. 

 

 

Figure 3.24 Olympus Tokyo 327774’ binocular microscope. 
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4  
Ultrasonic monitoring of the hydrogen 

peroxide hydrolysis induced by catalase 
The use of ultrasonic methods to monitor hydrogen peroxide hydrolysis induced by catalase 

is experimentally analyzed in this chapter. Section 4.1 is dedicated to optical evaluation of 

oxygen bubble distributions produced as a result of the enzymatic reaction, number of 

bubbles per unit volume and bubble growth as a function of time. This information is 

required as input for the ultrasonic theoretical models. In Section 4.2 attenuation and 

backscattering ultrasonic measurements are used to monitor the enzymatic reaction. 

Theoretical Temkin’s and Anderson’s model predictions are compared to the experimental 

attenuation and backscattering respectively. Finally the use of ultrasonic techniques to 

analyze the catalase enzymatic activity is discussed in section 4.3. 
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4. 1 Bubble Growth analysis  

Optical experiments were carried out to analyze the growth of suspensions during the 

enzymatic hydrolysis. For this purpose, the optical measurement systems described in 

section 3.4 were used. Bubble sizes are needed to analyze the accordance between 

ultrasonic theoretical models and experiments during the enzymatic reaction. Several 

tests were done using different optical magnification to characterize the concentration of 

bubbles, bubble size distribution and single bubble growth along time.  

4.1.1 Distribution of bubble suspensions  

  

  

  
 

Figure 4.1 Binocular microscopic images of bubble suspensions for 1 unit/ml enzyme 
activity. Photographs are taken at different times of the same enzymatic experiment.  

Statistical distribution of the bubble size was studied as a function of time. Samples 

prepared as explained in section 3.1 were monitored through the binocular microscope. 

Figures 4.1 and 4.4 show bubble evolution along the enzymatic tests performed with 

1unit/ml and 0.1 units/ml of catalase, respectively (x2 magnification objective). The 

(b) t=0.43 min 

(c) t=0.97 min 

 

(d) t=2.1 min 

(e) t=2.63 min (f) t=3.38 min 

(a) t= 0 min 
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lowest catalase concentrations used in the thesis (0.01 units/ml and 0.001 units/ml) don’t 

give enough bubbles for statistical analysis. The size of well-defined bubbles were 

evaluated and the lognormal distribution functions (equation 2.23) corresponding to these 

distribution were calculated. Figures 4.2 and 4.5 present the size distributions of captured 

images shown in figures 4.1 and 4.4, respectively. 

 
Figure 4.2 Lognormal distribution of bubbles for 1 unit/ml catalase activity at different 
hydrolysis time as shown in figure 4.1. 
 

Obtained standard deviation and mean radius are tabled below; 

Time 
(min) 

Logarithmic Standard 
deviation (ε) 

Mean radius (a 𝜇m) 

0 0 0 
0.4 0.198 35.9 
1.0 0.182 37.3 
2.1 0.212 48.4 
2.6 0.254 62.8 
3.4 0.238 76.7 

 

 

It can be figure out from the given table that for 1 unit/ml of enzyme, the standard 

deviation remains close to 0.2 throughout the enzymatic hydrolysis of the hydrogen 

peroxide solutions while the mean radius 𝑎 increases with the time. Figure 4.3 plots table 

4.1 data. 

Table 4.1 Experimental standard deviations and mean radius values for lognormal 

distribution along hydrolysis performed using 1 unit/ml.  
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Figure 4.3 Lognormal standard deviation and mean radius obtained for 1 unit/ml 
activity of catalase enzyme. 

In a similar way 10-1 units/ml enzyme concentration was tested. Captured images have 

been displayed in figure 4.4 and the lognormal distribution curves have been shown in 

figure 4.5, respectively. Evaluated experimental data are tabled below: 

Time (min) Logarithmic 
Standard deviation 

(ε) 

Mean radius (a 𝜇m) 

0 0 0 
4.8 0.194 51.4 
6.5 0.124 70.8 

10.0 0.090 86.5 
11.6 0.104 94.6 
12.4 0.107 98.5 
12.9 0.096 97.5 
14.6 0.107 108 
15.7 0.095 111 
17.9 0.092 133 

 

 

Microscopic bubble distribution analysis reveals that standard deviation ‘ε’ remained 

fairly constant throughout the hydrolysis evolution. For the case of the highest enzyme 

concentration (1 unit/ml) the mean standard deviation obtained, ε, is 0.2 with a 

distribution mean radius a=49.9. In the case of 0.1 unit/ml, ε decreases to approximately 

0.1, with distribution mean radius a=91.8. The highest enzyme concentration distribution 

is the most poly-dispersive distribution, although being mono-modal (one peak).  

Table 4.2 Experimental standard deviations and mean radius values for lognormal 

distribution along hydrolysis performed using 0.1 units/ml.  
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Figure 4.4 Binocular microscopic images of bubble suspensions for 10-1 units/ml enzyme 
activity. Photographs are taken at different times of the same enzymatic experiment. 

 

(a) t=0 min (b) t=4.8 min 

 

(c) t=6.5 min 

 

(d) t=10.0 min 

 

(e) t=11.6 min 

 

(f) t=12.4 min 

 

(g) t=12.9 min 

 

(h) t=14.6 min 

 

(i) t=15.7 min 

 

(j) t=17.9 min 
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Figure 4.5 Lognormal distribution of bubbles for 10-1 units/ml catalase activity at different 
hydrolysis time as shown in figure 4.4; green dots are measured data and red lines are fitted 
lognormal distribution. 

 

 

Figure 4.6: Obtained experimental values for lognormal standard deviation and mean radius 

for 0.1  units/ml activity of catalase enzyme 
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It can be concluded that bubble suspensions formed throughout the hydrogen peroxide 

hydrolysis show a mono-modal distribution with the standard deviation remaining 

constant during the reaction. This verifies that after completing nucleation process, no 

new bubble appears and the oxygen production is used to refill the existing bubbles. The 

result of the process is a single-peak distribution centered at a size that grows along time, 

but having a nearly constant standard deviation.  

4.1.2 Bubbles per unit volume 

In order to apply acoustic models over enzymatic characterization, it is also necessary to 

explore the bubble volume fraction produced. To calculate volume fraction, the number of 

bubbles per unit volume for different concentrations must be evaluated, once the size 

distribution is known. The sample container volume was reduced with the help of silicon 

supplements to have all the bubbles in focus for counting purposes. Then, a reduced 

12.46x10.81x3.95 mm3 agar volume was monitored through the binocular microscope 

with the lowest objective of x0.70. A Nikon 16Mx was attached to the eyepiece of the 

objective. Images were captured as shown in figure 4.7. The bubbles produced were 

counted using NIS-D elements software and are tabled below (table 4.3); 

    

Figure 4.7 Oxygen bubble formation at the end of the hydrolysis process for different 
enzyme activities (from 1unit/ml to 0.001units/ml). Images were captured using Nikon 
16Mx camera. 
 

Enzyme activity (units/ml) Bubbles per unit volume(m-3) 

1 4.8x108±3.6x107 

0.1 3.0x108±2.2x107 

0.01 8.8x107±2.3x107 

0.001 3.2x107±6.8x106 

Table 4.3 Number of bubbles per unit volume obtained for different enzyme activities. 

1mm 
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Catalase bubble nucleation theory has been briefly described in chapter 2. The nucleation 

theory (section 2.3) relates bubble counts and catalase concentration and equation 2.71 

describes this functional relationship:  

 
3

1

21
tot m

m
n

m





      From chapter 2 nucleation theory 

By fitting data of Table 4.3 to this function, the curve displayed in figure 4.8 is obtained, 

where  𝑚1 = 5.612 ∗ 108m−3 , 𝑚2 = 0.1676 (ml/unit)m
3 and 𝑚3 = −0.7346.  

 

Figure 4.8 Nucleation theory results; abscissa corresponds to catalase activity in 
units/ml and ordinate represents the number of bubbles per unit volume. 

4.1.3 Single bubble volume evolution  

It has been shown that all nucleated bubbles grow almost simultaneously. Later on, in the 

previous section 4.1.2, the relation between the number of bubbles per unit volume and 

the enzyme concentration was analyzed. From all this, if the time dependence of the 

bubble size is known, then the volume fraction of produced oxygen bubbles can be 

calculated with respect to the time. In this way, a more precise suspension evolution can 

be obtained by monitoring single bubble growth along time for different catalase 

concentrations. 

In figures 4.9 to 4.12 microscopic images (x10 magnification objectives) showing bubble 

evolution are exhibited. It is clear that for higher enzyme concentration the bubble growth 

is faster than for lower concentrations.  
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Figure 4.9 Single bubble evolution during enzymatic hydrolysis where the concentration of 
the enzyme is 1 unit/ml. 

 

 

 

 

Figure 4.10 Single bubble evolution during enzymatic hydrolysis where the 
concentration of the enzyme is 10-1 units/ml. 

t=0 min t=1.53 min t=1.92 min 

t=2.38 min t=3.97 min t=5.46 min 

t=6.4 min 

t= 0 min t=2.82 min t=3.40 min 

t=4.33 min t=5.88 min t=7.82 min 

t=10.03 min t=11.0 min t=15.41 min 
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Figure 4.11 Single bubble evolution during enzymatic hydrolysis where the 
concentration of the enzyme is 10-2 units/ml. 
 

 

 

 

 

 

 

 

 

 

t=0 min t= 4.20 min t= 5.95 min 

t= 7.45 min t= 9.21  min t=11.05 min  

t=12.72 min  t=15.75 min  t= 17.63 min 

t=21.38 min  t=30.23 min t=30.97 min 
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From section 2.3, radius evolution could be fitted to the function described by equation 

2.76. Results are shown in fig. 4.13. Four experiments were performed for each 

concentration and from their average, growth constant ‘Λ’ was evaluated. The growth 

constants ‘Λ’ for different enzymatic concentrations are listed in table 4.2; 

Enzyme activity 

(units/ml) 

Growth constant ‘Λ’ 

m/s0.5 

1 (1.2±0.1)×10-5 

0.1 (4.4±0.4)×10-6 

0.01 (3.7±0.2)×10-6 

0.001 (2.7±0.3)×10-6 

 

 

Figure 4.12 Single bubble evolution during enzymatic hydrolysis where the 
concentration of the enzyme is 10-3  units/ml 

Table 4.4 Growth constants obtained for different catalase activities 

t=0 min 

 

t=9.83 min 

 

t=13.45 min 

 

t=14.21 min 

 

t=15.97 min 

 

t= 17.73 min 

 

t=18.85 min 

 

t=20.42 min 

 

t=22.12 min 

 

t=25.52 min 

 

t=29.7 min 

 

t=33.3 min 
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Figure 4.13: Evolution of a single bubble during the enzymatic hydrolysis. Different 
enzymatic activity measurements from 1 to 0.001 units/ml have been shown with 
their corresponding evolution fitting curves. 

To relate growth constants obtained from the single bubble growth analysis to enzymatic 

activity, a linear fitting was made, 

1 2y m x m                                                                   (4.1) 

where the polynomial coefficients are found to be 
6

1 8.66 10m    m sec-1/2 unit-1 ml, 

and 
6

2 3.29 10m    m sec-1/2.  

Experimental data and fitting are plotted in figure 4.14. From this expression and 

nucleation results shown previously, volume fraction of oxygen bubbles can be computed 

(equation 4.2) as a function of time which is needed to evaluate attenuation and 

backscattering coefficients. 

3 34 4
( )

3 3
v tot totф a n t n                                                 (4.2) 
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Figure 4.14  Growth constant obtained as a function of enzymatic activity from single 

bubble measurements and polynomial fitting 

4.2 Ultrasonic characterization of catalase activity 

Two different physical effects, sound attenuation and backscattering, were chosen as 

candidates for the acoustic characterization of the bubble forming process during the 

enzymatic reaction. Results are presented in the following. 

4.2.1 Attenuation measurement 

Attenuation evaluation from amplitude measurement 

In chapter 3, it has been mentioned that attenuation of medium is caused by medium 

absorption and in-homogeneities scattering. Nevertheless, there are other factors such as 

transmission losses through the plastic cuvette or ultrasonic diffraction which might 

influence the amplitude of ultrasonic waves.  

Transmission losses through the plastic cuvette 

As explained in chapter 3 the experimental setup is based on a pulse-echo technique. The 

propagating wave passes through the front plastic cuvette wall (medium 1), enters into 

sample medium (medium 2) and, after being reflected through the back wall, it returns to 
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the receiving element by crossing the medium 2 to interface 1 again. Assuming plane 

wave, from transmission equations, which depend on material impedances, the received 

amplitude would be 

Transmitted 

wave

T12 R21

T21

1 2 1

dx

Received wave

 

Figure 4.15 Transmission phenomena; multilayer transmission model for normal 
incidence through the ultrasonic experimental setup. For the attenuation coefficient 
measurement of the back wall reflections were monitored. 
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Following (‘Fundamental of acoustics’ E. Kinsler et al. 1982) transmission and reflection 

coefficients  𝑇12, 𝑅21 , 𝑇21 were calculated by equation (4.4) 
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                                           (4.4) 

where 𝑍 = 𝜌𝑐  is mechanical impedance of the medium and 𝑖 and 𝑗  are suffix 

corresponding to the used media, plastic and agar. The higher change in impedance along 

the enzymatic process occurs for the higher enzyme concentration (1 unit/ml). Density 

and sound speed are shown in table 4.3 for this case. 
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Physical parameters Medium 1 (Plastic cuvette) 

 

Medium 2 

Initial Final 

Density (𝜌) kg/m3 1200 1037.1 1034.6 

Velocity (c) m/s 2200 1512 1509 

 

Maximum final change in amplitude due to differences in the transmission and reflection 

coefficients was calculated and a value of 0.7% was obtained. As it will be shown, this loss 

is negligible in comparison to the experimental error related to other factors. In 

conclusion, it can be said that transmission phenomena through the cuvette doesn’t have a 

significant impact on the experimental determination of the attenuation coefficient. 

Ultrasonic diffraction effect 

In Chapter 3, transducer characteristics have been described briefly. The ultrasonic field 

image shows that the acoustic energy is not spread at notable mark and within the 

distances involved in the experiments. In addition, the wavelength change (<0.2%) caused 

by sound speed changes in the medium (Table 4.5) won’t be able to produce any 

detectable change on the field diffraction at this near-field region. 

Henceforth, any change in amplitude higher than 0.7% should be attributed to sound 

attenuation in the agar medium, and can be evaluated by equation 3.9.  

Amplitude stability  

The experimental stability was checked using distilled water. Temperature changes may 

influence this stability. The oscilloscope has an amplitude precision of 8 bits allowing 

relative changes of less than 1% to be detected. Assuming as a general case that the wave 

amplitude reaches half the maximum scale, the precision almost reaches this 1%. Figure 

3.14 (Chapter 3) shows the wave reflected at the back wall in the time domain (a) and 

frequency domain (b). Then normalized amplitude was obtained by dividing the 

amplitudes of successive acquisitions (one each 4s) by the amplitude measured at the 

beginning of the experiment. 

Figure 4.18 shows the ultrasonic wave amplitude evolution for water. The measurement 

presents a good stability in the range of the 1% accuracy expected.  

Table 4.5 Densities and velocities for cuvettes and sample respectively 
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Figure 4.18 Ultrasonic wave amplitude evolution in distilled water with its shaded 
error-bar. 

Effect of the enzymatic hydrolysis on the ultrasonic amplitude 

After mixing catalase solution of known concentration with agar gel, hydrogen peroxide 

solution was added as explained in chapter 3 and from this time, the evolution of the 

attenuation coefficient was evaluated. Due to the presence of catalase, and depending on 

its concentration, the attenuation increases as a result of the bubble production. For each 

enzyme concentration, experiments were repeated four times and an average 

experimental behavior for each concentration was obtained. Figure 4.19 shows the 

experimental evolution of attenuation coefficients obtained for different enzyme activities 

from 1 to 10-3units ml-1. The blank behavior (no enzyme) is also shown. 

Blank medium attenuation raises a limit of catalase detection. Thus, no catalase activity 

can be detected if amplitude changes occur under the range of changes of blank samples. 

Error bars are calculated as the average deviation of the four experiments performed for 

each enzymatic activity. Average attenuation coefficients were evaluated for each catalase 

enzyme concentration. 
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Figure 4.19 Obtained experimental attenuation coefficients during catalase induced 
hydrolysis of the hydrogen peroxide solution. Figures represent the evolution of 
attenuation coefficients for descending enzyme concentrations (from 1 unit/ml down to 
0.001 units/ml). Error bars show obtained experimental deviation. Blank medium 
represents change in attenuation coefficient in agar based reference medium sample 
(without enzyme). 

 

Figure 4.20 displays the mean experimental attenuation coefficient results. It can be seen 

that for the highest enzyme concentration tested the attenuation coefficient increase up to 

50 m-1 within two minutes as a result of the higher amount of oxygen bubbles rapidly 

produced. As the enzyme concentration descends, attenuation coefficients decrease also. 
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Figure 4.20 Average evolution of attenuation coefficient during catalase induced 
hydrolysis of hydrogen peroxide solution for different enzyme activities (from 1unit/ml 
down to 0.001units/ml). Semi logarithmic plots of the experimental data have been 
displayed with their linear fittings.  

As explained, experimental results are affected by attenuation variations due to the change 

of the reference medium (agar gel, buffer, hydrogen peroxide) which is not related to 

bubble formation. To compare results with theoretical models, these effects might be 

subtracted. Figure 4.20 shows the semi logarithmic plot of experimental data with their 

corresponding linear fitted curve. The slopes obtained once the blank medium slope 

(0.2±0.04 m-1/min) is subtracted are shown in table 4.6.  

Enzyme concentrations 

(units/ml) 

Slope (m-1/min) 

1 28.4±7.5 

10-1 2.3±0.6 

10-2 0.7±0.3 

10-3 0.4±0.3 

 

Theoretical modeling of the attenuation coefficient 

As it was explained for a specific suspension in a physical medium, Temkin’s model has 

dependencies on wave frequency (𝜔), particle sizes (𝑎) and suspension volume fraction

( )vф . 

Table 4.6 Obtained experimental slopes for various enzyme activities with their error 

range. 
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It was shown that the radius evolution of a single bubble can be described by the equation 

2.75 (chapter 2) 𝑎 = 𝛬𝑡0.5, where 𝛬 is a growth constant depending on the enzymatic 

concentration and was obtained from the optical experiments (section 4.1.3). The 

evolution of the volume fraction of oxygen bubbles can be obtained from equation (4.2). 

As the enzymatic hydrolysis proceeds, the increasing volume fraction of oxygen bubbles 

enhances the attenuation of the medium. On the contrary, the effect of a continuous radius 

growth at this frequency would be a lower attenuation. Figure 4.21 shows that relation 

between attenuation coefficient and changes in volume fraction and radius. If the particle 

size is doubled, the attenuation coefficient decreases down to approximately one half the 

previous value, while it increases linearly with the volume fraction.  

 

Figure 4.21 Analytical Temkin’s model simulation; effect of changing bubble size and 

volume fraction at 7MHz.  

Experimentally, an increasing trend has been found in the attenuation measurement along 

the enzymatic hydrolysis process. Hence, it can be concluded that the volume fraction 

effect dominates over the radius effect, giving an overall attenuation increment with time. 

These results are shown in figure 4.22.  
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Figure 4.22 Analytical Temkin’s model simulation of the attenuation coefficient as a 
function of time for different enzyme activities (from 1unit/ml down to 0.001units/ml). 

Analytically, a continuous growth of attenuation is predicted as a result of the continuous 

increasing of the bubble concentration. Nevertheless, in real experiments, saturation is 

reached after some time as a result of enzyme degradation or substrate depletion. 

Therefore, the model could only be valid before these effects are significant. 

Experimental data and theoretical solutions for attenuation coefficient obtained for 

different enzyme activities are shown in figure 4.23. Experimental data have been 

introduced with their expected experimental error deviation range. Theoretical error-

bounds have been shown as well. These theoretical errors come from the uncertainty in 

the bubble sizes obtained experimentally from the optical experiments. 

For the highest enzyme concentrations, Temkin’s model shows good agreement with 

experimental results. In case of lower concentrations experimental data reach higher 

values than predicted analytical solutions. Nevertheless experimental deviation range 

increases when the enzyme concentration decreases, and uncertainties of experiments 

and theoretical predictions overlap each other.  
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Figure 4.23 Attenuation coefficient for different enzymatic activities (from 1unit/ml 

down to 0.001units/ml). Experimental data has been displayed by green circles with 

their error bars. Red continuous lines show theoretical predictions while the light green 

dotted lines mark the theoretical bounds. 

In relation to the experimental deviations obtained, the random mixing of samples to start 

the hydrolysis may not have significant impact in higher enzyme concentrations where the 

hydrogen peroxide solution is decomposed faster than in the lower enzyme activity case. 

In addition to random agitation, agar gel presents in-homogeneities which may enhance 

experimental attenuation of the medium combined with bubbles. This effect will be in 

agreement with the fact that, in relative terms, the theory underestimate the attenuation 

especially for low bubble concentrations, were the contribution of the attenuation coming 

from in-homogeneities would be more significant related to bubble attenuation.  

4.2.2 Backscattering measurement 

As explained in section 3.3.3, backscattering measurements were done for different 

enzyme concentrations. Figure 4.24, shows the experimental field of scattered energy 

density in the frequency domain obtained at different times along the enzymatic process. 

As expected, the higher scattered energy comes from higher enzyme concentrations. The 

field is centered on the transducer excitation frequency band. Ordinate of the image 

represents measurement time in minutes. As hydrolysis time increases, the energy field 

increases as well as result of the bubble concentration increasing. 
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Figure 4.24 Evolution of the scattered field in the frequency domain obtained for 
different enzyme activities. Figures represent 1unit/ml to 10-3  units/ml.  

The function ℭ(𝛼(𝑓), 𝑧0, 𝐿) of equation 3.34 depends on attenuation coefficients, which 

were taken from the values obtained in the previous section (4.2.2). Figure 4.25 shows the 

average behavior of the attenuation function, which varies with time for different enzyme 

activities. 
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Figure 4.25 Function ℭ(𝛼(𝑓), 𝑧0, 𝐿) evolution for different enzyme activities (from 
1unit/ml down to 0.001units/ml). 

These results were used to calculate backscattering coefficients as expressed in equation 

3.35. 

In the figure 4.26 the backscattering (BSC) for different enzyme concentrations is 

displayed with error bars obtained. In general, backscattering measurement data are very 

noisy. The small amplitude of backscattered waves (usually in the range of mV) makes 

them very sensitive to external noise coming from electronic devices and medium in-

homogeneities, hence the BSC coefficient experimental values have more deviation 

compared to attenuation measurements. The plot represents smoothed data of the 

obtained experimental values.  

 



Rapid microbiological detection method based on ultrasonic instrumentation 

98 

 

Figure 4.26 Experimental average of the backscattering coefficient obtained during 
catalase induced hydrolysis of hydrogen peroxide solution for different enzyme activities 
(from 1unit/ml down to 0.001units/ml). 

The scattered energy due to the blank measurement was also considered. Using the same 

procedure as in attenuation measurement, in figure 4.27 a linear fitting curve was 

obtained which was used to subtract the blank medium effect. As mentioned, there is also 

some energy coming from electrical noise and other noise sources. Reduction of these 

noises was done by subtracting the first mean value of each run (before bubble 

production) from experimental data. 
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Figure 4.27 Experimental backscattering coefficient for blank medium (green dots) and 
linear fitting (red line).  
 

Figure 4.28 displays the backscattering coefficients after subtracting the blank sample 

influence. 

 

Figure 4.28 Experimental backscattering coefficient obtained for different enzyme 
activities (from 1unit/ml down to 0.001units/ml).  
 

Backscattering coefficient increases with time and finally it’s saturated when the 

enzymatic reaction stops and oxygen is no longer produced. 
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Theoretical modeling of backscattering coefficient 

Using Anderson’s revisited model explained in chapter 2, the scattered pressure were 

calculated as a function of time. Again, volume concentration and size of bubbles were 

taken from the optical experiments. Using equation 2.48 backscattering coefficients were 

calculated. Figure 4.29 displays theoretical evolution of backscattering coefficients with 

the time.   

 
Figure 4.29 Backscattering coefficient evolution from Anderson’s revisited model and 
different enzyme activities (from 1unit/ml down to 0.001units/ml). 

The error source of theoretical simulations is the bubble size uncertainty, as in case of 

attenuation measurements. Backscattering coefficients obtained from experimental 

results and linear fittings are displayed in figure 4.30. Gradients calculated from these 

fittings for different enzyme activities are shown in table 4.7, once the blank contribution, 

(4.40±0.83) ×10-3 m-1 min-1, is subtracted. 

Enzyme activity 

(units/ml) 

Gradient m-1 min-1 

1 11.5±3.2 

1E-1 (7.0±5.0)×10-1 

1E-2 (11.0±7.0)×10-2 

1E-3 (3.3±2.0)×10-2 

Table 4.7 Obtained experimental backscattering coefficient slopes for respective 

enzyme concentrations. 
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Figure 4.30 Experimental backscattering coefficient for different enzymatic activities (1 
unit/ml down to 0.001 units/ml). Red lines are linear fittings and green dots are 
measurement data.  

Figure 4.31 displays the evolution of backscattering coefficient for different enzyme 

activities. Experimental and theoretical results with error bars are plotted. The agreement 

is better for the case of higher enzyme activity range, as it was obtained for the 

attenuation coefficient analysis. In this case, medium in-homogeneities reduce the 

backscattering energy giving a theoretical overestimation of backscattering coefficients. In 

the case of the highest enzyme concentration, 1 unit/ml, a theoretical increment of the 

slope is obtained which was also observed during the experiments. This behavior is not 

followed by the linear fitting which is valid only for the first stage of the hydrolysis. 
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Figure 4.31 Backscattering coefficient for different enzymatic activities (from 1unit/ml 
down to 0.001units/ml). Experimental data has been displayed by green circles with 
their error bars. Red continuous lines show theoretical predictions while the light green 
dotted lines mark the theoretical bounds 
 

4.3 Evaluation of the enzymatic activity using ultrasound 

In the previous section acoustic attenuation and backscattering were determined 

experimentally and also theoretically with the help of analytical models. Along that 

section, the enzymatic activity, the size and the concentration of bubbles along time were 

used as input data for the models. Inversely, it would be worthwhile being able to obtain 

information about the enzymatic activity of a given sample from the measurement of 

ultrasonic parameters. 

Any enzymatic assay depends on the volume of substrate conversion due to catalysis in 

the associated chemical reactions. Oxygen bubbles proliferated along the enzymatic 

hydrolysis with concentrations correlated directly to the initial enzyme concentrations 

(section 4.2).  

Michaelis–Menten approach explained in chapter 2, gives information about product 

volume fraction evolution. This quantity can be written as explained in equation 2.65: 

[𝑃] ≈
2𝐵

𝐴
𝑡 
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In relation with the oxygen produced, this volume fraction corresponds to both molecular 

oxygen solved in agar and oxygen in form of bubbles. Therefore, this equation cannot be 

used in our case because the ultrasonic and optical microscopic devices provide 

information only about the gaseous phase oxygen, which is dynamically controlled by 

mass diffusion as explained in section 2.3 and was verified in section 4.1.3. 

4.3.1 Enzyme characterization using ultrasonic models 

Using section 4.1.2 and 4.1.3 both the number of bubbles per unit volume and growth 

constant for single bubble can be evaluated as a function of catalase activity. Once the 

evolve volume fraction is known, using ultrasonic theoretical models, the attenuation and 

backscattering coefficient slopes can be determined. Therefore, each enzymatic activity 

value gives rise to a unique attenuation and backscattering gradient. Inversely, from the 

gradient of attenuation and backscattering, the activity of a given sample could be 

obtained. 

It was shown in section 4.2 that obtained experimental data fitted to linear curves. For 

every measured enzyme activity a linear curve gives a gradient. Analytically, using 

nucleation theory and bubble growth theory, attenuation coefficient can be obtained using 

Temkin’s theory as a function of catalase activity. Taking into account approximately the 

first 15 minutes of the analytical solution (linear region) the gradients of the attenuation 

curves corresponding to the each enzyme activity were calculated.  

In a similar way, analytical Anderson’s revisited model has been applied for backscattering 

coefficient. For the highest enzymatic activity, slope has been evaluated up to the 4 first 

minutes of hydrolysis time approximately, because of the backscattering nonlinear 

behavior beyond that time. For tested concentrations analytical results has been shown in 

table 4.8. 

Enzyme activity 

(units/ml) 

Theoretical gradient 

(m-1min-1) 

Attenuation Backscattering 

1 28.1 11.6 

1E-1 1.9 1.7 

1E-2 0.41 0.45 

1E-3 0.073 0.093 

 
Table 4.8 Theoretical gradient evaluated from Temkin’s and Anderson’s theory at first stages 

of hydrolysis 
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Figure 4.32 Catalase enzyme activity characterization using theoretical gradients. 
 

Figure 4.32 shows the behavior of catalase activity as a function of the obtained theoretical 

gradients using Temkin’s and Anderson’s models. It can be stated from the figure that 

experimental data follow the trend of the obtained theoretical solutions. Nevertheless, 

they don’t agree exactly. It seems that only activities higher than 0.1units/ml can be 

evaluated using attenuation measurement. For higher enzyme concentrations 

(>1unit/ml), there would be a high proliferation of bubbles, which can be a hindrance for 

measuring attenuation (the amplitude drops rapidly to zero). This is not an important 

drawback because, in such case, a diluted concentration could be taken out from the 

mother solution for activity assessment, and then the activity value of the initial sample 

can be extrapolated. 

As explained before, theoretical models are able to explain the general behavior of the 

system but they are too idealistic for modeling the in-homogeneous media used in the 

work. 

To analyze the accuracy in activity evaluation, if an unknown concentration is tested, the 

source of deviation depends on the gradient evaluation error (Table 4.6). Hence, obtained 

experimental deviations do not allow catalase enzyme activity evaluation using analytical 

models, while obtained evaluation range (≥0.1units/ml) is not comparable with existing 

commercial methods mentioned in chapter 1. 
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4.3.2 Alternative approach for ultrasonic enzyme characterization 

Therefore, if enzymatic activity wants to be obtained from ultrasonic experiments, an 

alternative approach should be used. It is proposed that once the attenuation and 

backscattering slopes are experimentally obtained from catalase solutions, these 

ultrasonic parameters can be fitted to a certain function. With the help of this calibration 

curve, the measured ultrasonic parameters of any unknown sample can be translated into 

enzymatic activity.  

The Hill function (equation 4.5) has been chosen because it follows approximately the 

behavior of experimental data: 

 
   

1.5

1

1.5 1.5

2

y
xm

m x




                                                        (4.5)                                              

here 𝑚1, and 𝑚2 are the fitting coefficients.   

 

Figure 4.33 Fitted Hill functions to the obtained experimental ultrasonic coefficient 

gradients. 

Fitted Hill function is displayed in Figure 4.33. The experimental gradient patterns 

(attenuation gradient and backscattering gradient) with respect to tested activity suit well 

to this function. Backscattering coefficient gradient representation is clearly improved 
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compared to the theoretical approach. The attenuation effect is also improved, although 

there are still significant deviations for the lowest enzymatic activities. 

Obtained constant values have been listed in table 4.9.  

Gradient 

(m-1min-1) 

𝒎𝟏 

(units/ml) 

𝒎𝟐 

(m-1min-1) 

Attenuation 1.3 12.1 

Backscattering 1.2 3.4 

 

 

With such curves the activity of a given sample could be obtained by measuring the 

attenuation and backscattering gradients (abscissa) and reading the value given by these 

function for the enzymatic activity.   

The result shows that attenuation and backscattering measurement can be used for the 

characterization of catalase activity down to the 0.001 units/ml, which is competitive with 

available technique (Li Y & Schellhorn E 2007) as mentioned in chapter 1. Nevertheless to 

achieve an accurate characterization for enzyme activities below 0.1 units/ml a decreasing 

of measurement dispersion would be desirable. 

 

Table 4.9 Coefficients of the Hill function obtained by fitting to experimental 

ultrasonic gradients. 
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5  
 

Enzymatic amplification for ultrasound based 
microbial detection 

This chapter deals with the application of enzymatic processes generating bubbles to 

increase the sensitivity of microbial detection using ultrasound. Section 5.1 is dedicated to 

the analysis of microbial detection thresholds for ultrasound based systems when 

microorganisms grow in conventional nutritive media. In Section 5.2, ATP detection by 

bioluminescence was also used for microorganism detection and threshold determination. 

These thresholds set references to evaluate the advantage of using the catalase reaction as 

an amplification method for ultrasonic pulse-echo systems. The performance of this 

technique as a rapid method for microbial detection is discussed in Section 5.3. Both 

attenuation and backscattering coefficient are measured and related to microbial 

concentration and microbial catalase characterization using the methodology explained in 

chapter 4.   
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5.1 Ultrasonic detection thresholds for conventional nutritive 

media 

Ultrasonic techniques have been used to detect the presence of microorganisms in liquid 

media by measuring continuously the changes produced in the medium by these 

microorganisms (L. Elvira et al 2005 & E. Hæaegström 1997). This technique requires 

measuring the growth from the beginning, when a small concentration of microorganisms 

is present and the medium is still unaffected by them. The continuous monitoring provides 

an accurate evaluation of small changes which can be related to microbial growth. Thus, 

using this method, microbial growth is detected when the ultrasonic parameters deviate 

from the steady state beyond experimental noise.  

In this section, the concentration of bacteria reached in the medium when ultrasonic 

detection was achieved is studied. A conventional nutritive medium was used for the 

monitoring tests. Concentrations obtained with this conventional medium constitute a 

reference to evaluate, in the following sections, the performance of the new medium and 

procedure proposed for analysis in this thesis.  

  

Figure 5.1  Milisound equipment for continuous monitoring of microbial cultures 

The growth of selected strains in rich LB medium was monitored by ultrasound using the 

aforementioned Milisound equipment (Elvira et al. 2007) at a 37OC incubation 

temperature (Figure 5.1). A sample of overnight cultured bacteria in LB broth was diluted 

in LB to obtain a 105 cells/ml concentration. 1 ml of this medium for each strain was 

inoculated in stirred closed bottles containing 100 ml of the same culture medium. The 

initial concentration of bacteria after this inoculation was 103cells/ml. Figure 5.2 shows 

the time of flight (TOF) registered during the microbial growth. The decrease in TOF 

during the first 4 to 5 hour period is due to thermal instability of the medium. This decay 
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in TOF ends when the cultures reach the equilibrium temperature set and a “plateau” 

follows in the TOF. In microbiological terms, this plateau might correspond, first, to the 

latency stage of microorganisms while they are still adapting to the medium conditions, 

and afterwards, to the beginning of the growing phase where the bacterial growth still 

does not result in any detectable change using the ultrasonic measurement. Taking into 

account that the inoculums were prepared in the same medium where they are placed for 

the growing detection tests, the latency stage will be short. It can be seen that the three 

strains produce a change in TOF decay after this plateau. This change is detectable first in 

E. coli, and last in P. putida. 

 

Figure 5.2 TOF changes during the growth of different bacteria using a conventional LB 

medium at 37 ºC. 

After the latency stage, a TOF drop from the plateau greater than 1 ns is taken as an 

indication of bacterial growth. The spectrophotometric measurement from a sample taken 

at this point reveals the bacterial concentration threshold for the ultrasonic technique in 

LB medium. The required times to achieve threshold concentrations for tested bacterial 

strains E.coli, B. amyloliquefaciens and P.putida are 8.5, 14.8 and 19.9 hours, respectively. 

Results are shown in table 5.1. An average value of about 108cells/ml was obtained for the 

selected strains.  
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Microorganism Detection time (h) Concentration (cells/ml) 

E. coli 8.5 3x108 

P. putida 19.9 8x107 

B. amyloliquefaciens 14.8 7x107 

 

These values are in the same order of those given in Elvira et al 2005, for microorganism 

detection in milk. From the point of view of an industrial method for microbial detection, 

this ultrasonic technique has the following features: 

 It’s applicable to media inside commercial packs, without taking out any sample 

for analysis. It is a non-destructive evaluation method. 

 Microbial detection can be achieved at least after steady state of sample is reached, 

which means not less than 4 hours in our laboratory setting and more than 7 hours 

in industrial prototypes (Elvira et al 2005). 

 Microbial detection depends on the microbial metabolism and it is achieved 

generally when concentrations reach the order of 108 cells/ml. 

 Microbial detection is possible even when just one viable microorganism is inside 

the medium at the beginning of the experiment, if enough incubation time elapses 

to let it grow. 

 No consumables are needed. 

The method proposed in this work follows a different procedure. It deals with small 

volume samples which can be taken out of the product, but tries to decrease detection 

times and concentration thresholds. Therefore, if signal amplification could be successfully 

applied, detection thresholds should be diminished from 108cells/ml and detection times 

should be decreased from 4 hours, which is the minimum stabilization time required. 

 

 

 

Table 5.1 Concentration thresholds for different microorganisms using a conventional 
ultrasonic monitoring technique. 
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5.2 ATP detection 

 

Figure 5.3 Detection of bacteria using ATP bioluminescence 

A commercial device to achieve ATP detection by luminescence was used as a model of the 

efficiency of present standard industrial methods for detecting microorganisms. It is 

considered a powerful method which combines good sensitivity, fast response and 

friendly operation. 

Experiments were carried out with the Promilite III device mentioned in section 3.1. Two 

different cultures of each of the three strains mentioned above were prepared as 

described in this chapter. Dilutions of the six cultures were done until undetectable 

bacterial ranges were reached. Blank tests of sterile LB broth were also done, and a 

medium value of 940 Arbitrary Units (A.U.) was obtained which was coherent with the 

values obtained in the most diluted bacterial samples. This blank-test reading takes into 

account free ATP present in LB. 50 µl samples of each dilution and blanks were put in a 96 

well micro-plate for the ATP analysis. Afterwards the luminescence reading was taken.  

Both cultures belonging to the same strains gave similar results and the average of them 

was calculated and shown in figure 5.3. It can be seen that for B. Amyloliquefaciens and E. 

coli, detection ranges of the order of 105cells/ml were reached and somewhat higher 

values, between 105 and 106 cells/ml, were obtained for P. putida tests. Measurement time 

is on the order of 2 minutes for these analyses. 
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This technique has the following features: 

 It’s applicable for samples taken out of package. It’s a destructive method. 

 Microbial detection test result is available in 2 minutes. 

 Microbial detection can be achieved for microbial concentrations in the order 105-

106 cells/ml for the strains tested. 

 It requires consumable wastes. 

Compared to the ultrasonic technique in conventional media, detection times and level 

thresholds are clearly lower although the bioluminescence sensing procedure requires 

sample destruction. In addition it is not able to detect microorganism presence below 

mentioned thresholds.  

5.3 Catalase-positive microbial contamination detection in agar 

gel medium with hydrogen peroxide by ultrasound 

5.3.1 Attenuation measurements  

Ultrasonic experiments were performed for the same catalase positive microorganisms 

analyzed in previous sections. Different microbial concentrations (105, 106, 107 and 108 

cells/ml) were inspected and blank measurements were performed as well.  

Changes in the attenuation of the medium were monitored as explained in pure enzymatic 

tests. Again, four experiments for each concentration were done. As displayed in figure 5.4, 

detection is achieved for all tested strains at all the concentrations analyzed (from 105 up 

to 108 cells ml-1). Nevertheless, measurement time needed depends on the microbial 

charge. It can be easily evaluated by their corresponding linear slopes. The same bubble 

forming process obtained using the pure enzyme appears in these experiments which 

induces the attenuation increasing. Attenuation coefficients vs. time slopes were evaluated 

for each concentration of the corresponding microorganisms, which have been shown in 

table 5.2 with their deviation error. Blank medium impact was extracted from the 

measured samples. Results are plotted in figure 5.5. 
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Figure 5.4 Experimental attenuation coefficient along time for different microorganisms and concentrations. 

 

Concentration 
(cells/ml) 

E. coli 
(m-1min-1) 

P. putida 
(m-1min-1) 

B. amyloliquefaciens 
(m-1min-1) 

105 0.083±0.055 0.190±0.065 0.0160±0.007 

106 0.32±0.20 0.37±0.25 0.140E-1±0.079 

107 2.6±1.1 2.9±1.1 1.10±0.13 

108 33±11 25.2±9.1E0 11.6±4.9 

 

 
Table 5.2 Experimental attenuation coefficient slopes for the microorganisms tested 
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Figure 5.5 Experimental attenuation coefficient slopes for different microorganisms as a 
function of concentration. 

Positive detection results 

Obtained reference medium slopes can be used as optimal boundary for microorganism 

detection. The detection of microorganisms can be achieved if: 

𝑚𝑟𝑒𝑓 + 𝛿𝑚𝑟𝑒𝑓 < 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛿𝑚𝑠𝑎𝑚𝑝𝑙𝑒                                           (5.1) 

here 𝑚𝑟𝑒𝑓 , 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 , 𝛿𝑚𝑟𝑒𝑓 , 𝛿𝑚𝑠𝑎𝑚𝑝𝑙𝑒 are the average reference medium slope, sample 

medium slope, deviation in reference medium slope and bounds error in sample linear 

fitting measurement, respectively. The equation 5.1 is the condition for positive 

microorganism detection and the detection time would be evaluated at that moment 

where the slope of the measuring sample fills the condition as mentioned in equation 5.1. 

For this purpose, the slope of the attenuation measurement is evaluated after 10 

measurement data for every sample.  

An example of P.putida detection test is described in Figure 5.6. The initial sample has a 

106 cells/ml microbial concentration. Lines fitting experimental data every ten points are 

shown. Average experimental reference slope obtained was 0.20±0.06 m-1 min-1. Hence, 

for detection of the microorganisms, the condition would be: 

0.2 + 0.06 < 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛿𝑚𝑠𝑎𝑚𝑝𝑙𝑒                                                (5.2) 
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The blue and cyan linear fitting slopes of figure 5.6 are clearly under this 0.26 limit. Next 

one (green line), although showing a 0.39 slope (𝑚𝑠𝑎𝑚𝑝𝑙𝑒), does not fulfill the detection 

condition yet because the fitting bound, 𝛿𝑚𝑠𝑎𝑚𝑝𝑙𝑒, decreases the value below 0.26. Finally, 

the red line presents a slope over the detection threshold. 

 

Figure5.6 Experimental attenuation data for P. putida, 106 cell/ml sample. 

For the same concentration, four different samples were tested following this procedure. 

The result is shown in table5.3: 

Concentration (106 

cells/ml) 

Detection Time (min) 

Sample 1 ✔ 3.0 

Sample 2 ✔ 1.9 

Sample 3 ✔ 1.1 

Sample 4 ✔ 1.9 

 

Following the same detection criteria, all microorganisms were checked. Evaluated mean 

and maximum times in respect to their concentrations have been displayed in table 5.4.  

Table5.3 P.putida, 106 cell/ml concentration; detection achieved and times required 
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The E. coli is the fastest detected microorganism, for the lowest concentration (105 

cells/ml) the achieved maximum detection time is 3.5 minutes, while for P. putida is 3.7 

minutes. The longest lasting positive test was obtained for B. amyloliquefaciens with 

approximately 21 minutes. 2 false negative results were obtained, which affected to the 

lowest concentrations. In case of 105 cells/ml E. coli and P. putida were not detected once 

among the four experiments performed. The result shows that microorganism detection is 

rapid enough to compete with existing fast methods. Mean detection times were all under 

6 minutes. 

Microorganism 

Concentration 

(cells/ml) 

Detection times (min) 

E.coli P.putida B. amyloliquefaciens 

 Mean Maximum Mean Maximum Mean Maximum 

105 2.0 3.5 4.2 3.7 6.0 20.4 

106 1.3 2.4 2.0 3.0 4.8 9.3 

107 0.4 0.4 0.7 1.0 0.8 1.8 

108 0.3 0.3 0.4 0.6 0.6 0.9 

 

Another important issue for discussion is the performance of the ultrasonic method as a 

procedure to quantify the amount of microorganism in the medium based on the 

enzymatic activity of such bacteria. For this quantification, the analysis time might be 

somewhat longer than the time needed for detection. From figure 5.4, it can be seen that 

this time will depend on the slope. Utmost slopes can be determined in 2-3 minutes while 

lowest slopes would require times in the order of half an hour. In all cases the microbial 

concentration evaluation accuracy is affected by high measurement dispersion. 

Nevertheless a clear relation between biomass concentration and ultrasonic measurement 

was found. In fact, this relation should be correlated specifically with the catalase activity 

of such microbial samples. This point will be analyzed with more detail in the following. 

Catalase activity of microbial samples using attenuation 

It is expected that attenuation slopes obtained are related to the enzymatic activity of  

microorganisms. Nevertheless, the possible influence of any other mechanism affecting the 

ultrasound attenuation coefficient evolution is analyzed by comparing the ultrasonic 

experiments made with pure catalase and positive catalase bacteria. It is clear that the 

Table 5.4 Detection times of analyzed microorganisms using attenuation measurements 
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trend of the curves in figure 4.32 and 5.5 is the same. To make a detailed quantitative 

analysis, the concentration of microorganisms would need to be translated to enzymatic 

activity. 

The characterization of the pure catalase activity was already analyzed in section 4.3. 

Following the conventional spectrophotometric method described in section 3.1.3 (figure 

3.5), the catalase activity of the strains was analyzed. A minimum catalase activity of 0.05 

units/ml could be measured using spectrophotometric methods (Li Y et al 2007) and for 

this reason only high concentrations of microorganisms (≥108 cells/ml) were used.  

This catalase detection limit was decreased to 0.001unit/ml in this work by using 

ultrasound. This means that, in spite of the high data dispersion, the ultrasonic method is 

better suited to characterize low enzymatic concentrations. Following the same reference 

(Li Y et al 2007) in terms of linearity, the spectrophotometric method seems to be 

advantageous when measuring catalase activity from E. coli. Nevertheless it is not 

completely linear, as it is shown in figure 5.7, especially for the case of the P. putida assays. 

 

Figure 5.7 Catalase activity for the different microbial strains analyzed as a function of the 
microorganism concentration using spectrophotometry. 

To take into account this nonlinearity, the activity of microbial solutions were fitted to a 

second order polynomial (see figure 5.7), where the independent term is set to zero 

because the lack of microorganisms must give a null activity. Extrapolating data, the 
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activity at low concentration microbial samples can be obtained. Then, the fitting 

polynomial is: 

2

1 2y m x m x                                                                       (5.3)
 

The values of coefficients m1 and m2 for different microorganisms are given in table 5.5.  

Microorganism m1 (units/cells) m2 (units.ml/cells2) 

E. coli 9.4x10-9 -1.1x10-18 

P. putida 5.5x10-9 -2.0x10-18 

B. amyloliquefaciens 2.8x10-9 4.9x10-19 

 

 

Once the relation between microbial concentration and activity is calculated, ultrasonic 

attenuation gradients from microbial solutions can be plotted (see figure 5.8). The red line 

represents the relation between enzymatic activity and attenuation gradient obtained in 

section 4.3.2 for pure catalase. The agreement obtained states the good correlation found 

using ultrasound for both the microbial and pure catalase activity. These results show that 

the effect of microorganism cultures upon attenuation is mainly driven by their active 

catalase content. Only in the case of P putida, a systematic overestimation of the enzymatic 

activity was detected. 

Table 5.5 Coefficients obtained from the second order fitting of the enzymatic activity 
vs. microbial concentration (Figure 5.7) measured using spectrophotometry. 
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Figure 5.8 Catalase activity as a function of attenuation coefficient slope for 
microorganisms and pure catalase in correlation with the Hill function obtained in chapter 
4. 

5.3.2 Backscattering measurements 

The same microorganism strains and concentrations were inspected through the 

backscattering parameter as explained in chapter 4. Figure 5.9 displays the evolution of 

this parameter along the measurement period. Each concentration was tested four times 

and the figure displayed represents the average value of all data obtained. 

As it was found for the attenuation measurement, backscattering data fitted to a linear 

curve also and gradients of the backscattering coefficient evolution were evaluated. Blank 

measurements were also fitted to lines and obtained slopes were used as reference for the 

other samples. Results are shown in table 5.6. 

These results are displayed in Fig 5.10, and a clear relationship between microbial 

concentration and backscattering coefficient slope is found. From the comparison of this 

plot with the Fig. 5.4 which was obtained for attenuation, it can be seen that there is a 

loose of linearity for low concentrations. This is probably due to the closer value of blank 

slopes. Nevertheless microbial presence was also detected for all concentrations. 



Rapid microbiological detection method based on ultrasonic instrumentation 

120 

 

Figure 5.9 Experimental backscattering coefficient along time for different microorganisms and 

concentrations. 

 

Concentration 
(cells/ml) 

E. coli 
(m-1min-1) 

P. putida 
(m-1min-1) 

B. amyloliquefaciens 
(m-1min-1) 

105 0.0140±0.0073 0.047E-2 ±0.023 0.016±0.010 

106 0.120±0.071 0.110±0.076 0.027±0.015 

107 0.70±0.48 2.0±1.2 0.16 ±0.11 

108 15.2±4.7 15.6±1.9 1.20±0.72 

 

 

Table 5.6 Experimental backscattering coefficient slopes for the microorganisms tested 
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Figure 5.10 Experimental backscattering coefficient slopes for different microorganisms as a 
function of concentration. 

Positive detection results 

To determine whether a contamination is present in the medium or not, the same 

procedure described in the previous section (Equation 5.1) was used. In order to reduce 

boundary error of linear fittings, more data values were used in comparison to the 

attenuation measurement. Backscattering slope was calculated after each 40 successive 

measurement data. Obtained maximum detection times have been listed in table 5.7.  

Results follow similar trends as those of table 5.4. In this case, the incidence of false 

negatives is somewhat higher than that found using the attenuation measurement. In two 

of the four P. putida and E.coli measurements for the lowest concentration, results were 

negative. 

Microorganism 

Concentration 

(cells/ml) 

Detection times (min) 

E.coli P.putida B. amyloliquefaciens 

 Mean Maximum Mean Maximum Mean Maximum 

105 2.7 5.1 6.5 8.1 11.1 19.1 

106 2.2 3.5 4.5 7.4 4.1 8.3 

107 1.8 2.8 2.2 3.0 3.6 6.2 

108 0.9 1.4 1.6 1.6 1.4 1.4 

Table 5.7 Detection times of analyzed microorganisms using backscattering measurements. 
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Respect to the time needed for detection, it can be clearly seen from tables 5.4 and 5.7, 

that using attenuation measurement, microorganism detection was achieved slightly 

faster than with backscattering measurement. Nevertheless, detection times in both cases 

are in the same order of magnitude.   

The similar logic was used as explained in attenuation measurement to inspect microbial 

concentrations. It can be seen from tables 5.2 and 5.6 that backscattering data are even 

more deviated than attenuation measurement data. In spite of this deviation, as before, 

this ultrasonic procedure is able to provide information about the order of magnitude of 

microbial concentration. 

Catalase activity of microbial samples using backscattering 

When catalase activities replace concentrations using spectrophotometric results (table 

5.5 & equation 5.3) as it was done with attenuation measurements, Figure 5.11 is 

obtained. The continuous curve is the fitting obtained in section 4.3.2 for the case of pure 

enzyme.  

 

Figure 5.11 Catalase activity as a function of backscattering coefficient gradient for 
microorganisms and pure catalase in correlation with the Hill function obtained in chapter 4. 

Experimental data follows the trend of the curve. Again, an overestimation on the catalase 

activity of P. putida samples is obtained. This overestimation is due to a disagreement 
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between the measured activities using ultrasonic or spectrophotometric methods. The 

origin of this disagreement is not clear. One explanation could be that P. putida reaction 

with hydrogen peroxide arises some kind of interference which increases the ultrasonic 

gradients. But also it might be possible that the interference in the P. Putida 

characterization affects the spectrophotometric measurement, producing an 

underestimation of the enzymatic activity with this procedure. This uncertainty reinforces 

the idea of the interest on multi-sensorial systems for process characterization, leading to 

a better and comprehensive understanding of them.   

5.4 Ultrasonic detection using enzymatic amplification as a rapid 

method for microbial detection 

Comparing measurements shown in tables 5.1, 5.4 and 5.7, microorganism concentration 

thresholds were improved by three orders of magnitude with the enzymatic method 

proposed, which is a significant result. The continuous measurement method described in 

section 5.1 is based on microbial growth and therefore it needs long-duration tests in 

order to achieve detectable levels. As said, minimum detection times of 4 hours were 

needed because sample thermal stabilization is mandatory. The method proposed in this 

work operates directly on the sample and no growth is required. The detection times 

obtained were also considerably reduced, and can be expressed in minutes (from less than 

1 minute for 108cells/ml to 21 minutes for 105cells /ml), instead of hours. 

In this first approach, results obtained by measuring attenuation were somewhat better 

than results given by backscattering in terms of data dispersion. Times needed for 

detection are also better for attenuation, although being in the same order. Nevertheless, 

using both measurements simultaneously could be advantageous for providing more 

information and making the measurement more reliable and robust against external noise 

sources. 

If detection thresholds are compared to an efficient and well-established method like ATP-

bioluminescence, similar levels of microbial concentrations are detected using both 

methods (105-106 cells/ml). Measurement times are also similar, just a few minutes, 

although slightly lower for low microbial concentrations with the ATP method. These good 

results open up the possibility of commercializing the proposed method as a rapid 

technique for microbial detection. Development of media and wave treatment techniques 

could probably further improve the sensitivity obtained throughout this work.  



Rapid microbiological detection method based on ultrasonic instrumentation 

124 

But from the commercial point of view, economic factors plays also an important role. The 

ATP detection by luminescence is based on the chemical reaction between the Luciferin-

Luciferase system and ATP molecules. ATP is quantified by measuring the light produced 

through its reaction with the naturally-occurring firefly enzyme Luciferase using a 

luminometer. Luciferase is a monomeric 61 kD enzyme that catalyses a two-step oxidation 

of Luciferin, which yields light at 560 nm. The first step involves the activation of the 

protein by ATP to produce a reactive mixed anhydride intermediate. In the second step, 

the active intermediate reacts with oxygen to create a transient dioxetane, which quickly 

breaks down to the oxidized product oxyluciferin and carbon dioxide along with a burst of 

light. When ATP is the limiting component, the intensity of light is proportional to the 

concentration of ATP (J.R. de Wet et al. 1985). Therefore, basic reagents for this technique 

must contain at least Luciferin and the enzyme Luciferase. By the other side the reagents 

used for ultrasonic detection (agar, buffer and hydrogen peroxide) are quite conventional 

and significantly cheaper than those used for the ATP detection method.  

Another important issue for a microbiological detection method is the general or specific 

character of the system, that is, the kind of microorganisms that may be detectable by it. 

The ultrasonic technique proposed in this thesis is applicable for catalase positive bacteria 

detection. Nevertheless, the purpose of the work was providing a method to proceed in 

order to characterize enzyme induced chemical reactions and/or improve microbial 

detection using these reactions. It was proved that bubble production rises up sensitivity 

for ultrasound sensing. From this point, two opposite research directions may be adopted: 

 If a technique is needed to detect any kind of bacterial contamination, a general 

biochemical reaction related to all kind of microorganism (like ATP reaction for 

luminometer) and producing bubbles might be used. 

 On the contrary, sometimes the interest is finding an identification method for 

particular microorganisms. In this case, the biochemical reaction would need to be 

related to the specific characteristics of such microorganisms.  

For both cases developing new reagents to amplify ultrasonic signals (that is, giving rise to 

bubbles and trapping them) may be required. 

To conclude, the main features of microbiological detection methods used in this chapter 

are resumed in table 5.8. Different items are evaluated qualitatively; among them, 

detection time and sensitivity obtained with the method proposed and shown along this 

thesis may be highlighted.  
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Feature ATP 

bioluminescence 

Ultrasound 

(conventional 

media) 

Ultrasound 

(special media 

with signal 

amplification) 

Sensitivity + - + 

Analysis time + - + 

Consumable costs - + + 

Generality + + - 

 

 

 

 

 

 

 

 

Table 5.8 Main features of microbiological detection methods used in this thesis 
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6  
 

Conclusions 
6.1 Core outcomes 

This thesis was born with the aim of improving the sensitivity of ultrasonic 

microbiological detection methods through bubble production and sensing. As explained 

in chapter 1, rapid microbiological methods are becoming essential tools for quality 

control in many industries. Results shown along this work prove that ultrasound based 

techniques may play a role in such kind of applications.  

It was proposed that the combination of an ultrasonic measuring device with a specially 

designed liquid medium, which were able to produce and trap bubbles, could constitute 

the basis of a sensitive and rapid detection method for microbial contaminations. The idea 

has been applied to the detection of catalase-positive microorganisms. They are 

characterized by having the enzyme catalase available in the cellular membrane to use it 

as a defense against environmental hydrogen peroxide.  
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The physical consequence of the catalase induced hydrogen peroxide hydrolysis is an 

increasingly bubbly liquid medium. Such medium has been studied and modeled from the 

point of view of ultrasonic propagation. Properties deduced from enzyme kinematics 

analysis have been extrapolated to investigate the method as a microbial inspection 

technique. In this thesis, theoretical and experimental aspects of the hydrogen peroxide 

hydrolysis were analyzed in order to quantitatively describe and understand the catalase 

positive microorganism detection by means of ultrasonic measurements. But above all, 

this work points out a way to proceed for developing new microbial detection techniques 

based on ultrasound. 

In chapter 2, the ultrasonic wave propagation theory supporting the wave behavior 

through the enzymatic hydrolysis was described. The Temkin’s theory (S. Temkin 1998, S. 

Tenkin 1999, & S. Temkin 1978) describes analytically the attenuation and dispersion of 

an acoustic wave propagating through an inhomogeneous media constituted by particles 

(solid or fluid) or bubbles in a fluid. The model was applied to the fluid-bubble system 

formed during the hydrogen peroxide hydrolysis induced by catalase. The mathematical 

approach, which assumes a given particle size, has been extended to polydisperse 

suspensions. For this purpose, single radius was replaced by the radius distribution 

function and the compressibility was integrated over particle size. Results given by the 

model for distributions with a small standard deviation are in complete accordance to 

single radius model results. When the standard deviation increases, significant changes 

appear which affect mainly to frequencies below bubble resonance and close to it. For 

higher frequencies (> 1MHz) and bubbles bigger than 10m, both models provide similar 

results.  

Theoretically, the scattered energy from a single bubble in a fluid has been studied 

through Anderson’s revisited model (C. Felluiade & Clay 1999). The total scattered field 

was displayed for the case under study. In parallel to Temkin’s model, scattering approach 

was also extended for taking into account particle polydispersity. The comparison shows 

that for moderated polydisperse suspensions (휀 ≤ 0.2)  and for the experimental 

frequency used, results are in agreement with the single radius Anderson’s model for 

small particle sizes(< 200µ𝑚). Enzyme kinematics Michelis-Menten’s theory was briefly 

explained. From this, the procedure to experimentally characterize the activity of an 

enzyme is defined. Bubble nucleation theory provides the knowledgement to relate the 

number of bubbles per unit volume in the fluid to the enzymatic activity. Then, the bubble 

growth theory describes the evolution of bubble sizes as a result of the catalase induced 

hydrogen peroxide hydrolysis. 
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Merging all these theories, a dynamic model for attenuation, dispersion and backscattering 

as a function of enzymatic activity was developed. The evolution of the ultrasonic 

parameters during hydrogen peroxide hydrolysis is obtained from this model. 

In Chapter 3 materials and measurement setups have been explained. A medium based on 

agar gel was developed to trap nucleated bubbles. Pure catalase enzyme and three catalase 

positive microorganisms (E.coli, P.putida, and B.amyliliquefaciens) were selected for the 

experimental exploration. A pulse-echo ultrasonic setup was developed to inspect and 

characterize different concentrations of selected enzyme and microorganisms. The 

transducer acoustic field was measured and signal processing, optimization and algorithm 

used to calculate acoustical parameters (attenuation and backscattering) were shown. 

Used optical apparatus and measurement techniques were explained. 

Ultrasonic monitoring of enzymatic hydrolysis was described in chapter 4. This chapter 

explores outcomes concerning to catalase induced hydrogen peroxide hydrolysis. Optical 

bubble growth analysis discloses various results related to bubble size distributions, 

bubble volume fractions and their evolution along the process. Nucleated bubbles follow 

mono-modal logarithmic distributions with almost constant standard deviations 

throughout the hydrogen peroxide hydrolysis, although the mean radius size increases 

with hydrolysis time. This result proves that all the bubbles nucleate more or less 

simultaneously and, after completing it, produced oxygen is used to fill-up existing 

cavities. The number of bubbles per unit volume was measured as a function of enzyme 

activity. It was shown that the functional relationship provided by the nucleation theory 

based on phase transition, fits reasonably well to experiments. Single bubble growth was 

also monitored for different catalase concentrations. Using phase growth theory, growth 

constant was presented as a function of catalase activity. Bubble suspensions with radius 

between 10 and 150m were optically analyzed, which correspond to the suspensions 

monitored using ultrasound. The relation between bubble size and working frequency sets 

the region were the theoretical models might be applied. It was obtained that 

monodisperse approaches for attenuation and backscattering can be used for analytical 

modeling. 

Ultrasonic measurements of catalase induced hydrolysis confirmed that catalase action 

can be detected using ultrasonic parameters (attenuation and backscattering). The lowest 

detected catalase activity was 10-3 units/ml which is competitive to available modern 

techniques. Theoretical dynamic models as explained in chapter 2 were analyzed and 

harmonized with experimental ultrasonic parameter evolution throughout the enzymatic 
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hydrolysis. Models showed a qualitative good agreement with experimental data and gives 

theoretical background for ultrasonic enzyme activity evaluation. Nevertheless, medium 

in-homogeneities and other experimental error sources reduce the accuracy of the method 

for enzyme activity characterization which requires better quantification. The fitting of 

experimentally obtained activities with a Hill function has shown to improve the 

performance of the method to characterize enzymatic activity.  

The main target of the work, the experimental microorganism detection, was studied in 

chapter 5. Detection thresholds for ultrasonic devices in conventional media were 

measured using the Milisound device (L. Elvira et al 2005). A modern commercial system 

based on ATP detection by bioluminescence was selected as reference for the proposed 

ultrasonic method and detection experiments were performed with this equipment. 

Results achieved with the new ultrasonic technique reach concentrations of 105 cells/ml 

and detection times between 20 seconds and 20 minutes. This means a drastic 

improvement over ultrasonic detection in conventional media and equals sensitivity levels 

of the ATP method. Correlation between microorganism concentration, enzymatic activity 

and ultrasonic measurements were also obtained for microbiological samples. 

The main novelties of this thesis are highlighted in the following: 

 This thesis proposes a new microorganism detection technique based on 

ultrasonic instrumentation and a specially designed liquid medium, which is able 

to produce and trap bubbles. 

 Temkin‘s propagation model was extended to the polydispersive particle 

distribution range, which enhances the efficiency and the applicability of the 

model.  

 In a similar way, Anderson’s model of backscattering was modified for 

polydispersive particle distribution, which increases the utility of the model. 

 Ultrasonic propagation theory was adapted to model the evolution of a bubbly-

liquid medium along the enzyme induced peroxide hydrolysis. The change of 

ultrasonic parameters was analyzed during the bubble growth in gel media. 

 An analysis medium based on agar gel and hydrogen peroxide was developed to 

trap nucleated bubbles produced when a sample contaminated with catalase-

positive microorganisms is mixed with it. 

 1 to 10-3 units/ml enzyme activities were detected using the ultrasonic method. 

 A procedure for enzyme activity evaluation was proposed based on ultrasound. 
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 108 to 105 cells/ml concentrations were rapidly detected with the new ultrasonic 

method which is competitive to other modern methods such as ATP detection by 

bioluminescence and improves in 3 orders of magnitude sensitivity levels and 

times reached by previous ultrasonic methods.   

 Correlation between microorganism concentration and enzyme activity was found 

using the ultrasonic measurement. 

6.2 Publications, patents and conference proceedings  

The work developed along this thesis gave rise to the following publications: - 

 Shukla S.K., Pablo Resa, Carlos Sierra, José Urréjola, Luis Elvira, 2012. ‘A new 

ultrasonic signal amplification method for detection of bacteria’.Measurement 

Science and Technology, 23, 105701.doi:10.1088/09570233/23/10/1057010957-

0233/23/10/1057. 

  Prodedimiento para detección rápida de microorganismos basado en la medida 

por ultrasonidos de reacciones enzimáticas. Inventores: Luis Elvira, Shukla S.K. 

Carlos Sierra, Pablo Resa, José Urréjola. Propiedad de la patente: CSIC, BC 

Aplicaciones Analíticas. Número de solicitud P201131248:  

 Shukla S.K., Pablo Resa, Carlos Sierra, Luis Elvira, ‘A new ultrasound based method 

for rapid microorganism detection ’AIP proceedings ICU 2011. 

 Shukla S.K, Carmen Durán, Luis Elvira ‘Rapid microbial contaminations evaluation 

by using ultrasonic parameters’ IOP proceedings UCIP 2012,Madrid. 

 Shukla S.K., Luis Elvira. “Detection and characterization of the catalase induced 

reaction using ultrasonic backscattering” In preparation. 

Conference Participation                  

 Shukla S.K., Pablo Resa, Carlos Sierra, Luis Elvira, ‘A new ultrasound based method 

for rapid microorganism detection’ International Congress on Ultrasonic (ICU 

2011, Gedánsk Poland).  

  Shukla S.K, Carmen Durán, Luis Elvira ‘Rapid microbial contaminations evaluation 

by using ultrasonic parameters’ International Symposium on Ultrasound in the 

Control of Industrial Processes (UCIP 2012, Madrid, Spain). 
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6.3 Future work  

A comprehensive analysis regarding to the ultrasonic catalase enzyme characterization 

and rapid microbial contamination inspection was presented. Nevertheless, new 

possibilities for future work and improvements were opened by this research, which are 

suggested below: 

6.3.1 Essentiality of a good ultrasonic reagent 

Further improvement of the medium to reduce experimental data deviations might be 

done. Not only it should fulfill this additional property, but also it accomplishes the 

conditions explained in chapter 3. A medium based on solid particle suspensions might be 

the upcoming alternatives to the agar gel. 

6.3.2 New bubble generating reactions 

This thesis points out a method for making ultrasonic devices sensitive respect to certain 

substances. In concrete, the experimental part of this thesis deals with the catalase 

induced hydrolysis which is used to enhance the detection of catalase-positive 

microorganisms. Nevertheless other bubble generating reactions might be identified for 

different applications. To follow with the work regarding to microbial detection, there are 

two possible strategies which were quoted in chapter 5. 

 Generalization of the method: “if a technique is needed to detect any kind of 

bacterial contamination, a general biochemical reaction related to all kind of 

microorganism (like ATP reaction for luminometrer) and producing bubbles might 

be used.” 

 Particularization of the method. “On the contrary, sometimes the interest is finding 

an identification method for particular microorganisms. In this case, the 

biochemical reaction would need to be related to the specific characteristics of 

such microorganism. “ 

For both cases, the reagent medium is fundamental and might fulfill the features 

mentioned previously. 
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6.3.3 Enzymatic-bubble growth theory 

A better link between the enzymatic theory and bubble growth theory explained in 

chapter 2 might be advantageous and was not included in the dynamical ultrasonic 

propagation model yet. Bubble growth theory assumes constant gas volume solved in the 

medium, but in fact, this volume is increasing during the hydrolysis process. A model to 

include this variation will link properly the Michaelis-Menten approach to bubble growth 

dynamics, improving the accuracy of the process mathematical description. As done in this 

thesis, this model will work as input for the ultrasonic models. 

6.3.4 Ultrasonic device and measurement conditions improvements 

The ultrasonic device used could also be improved in several ways. A lower frequency 

device would provide better results in terms of attenuation measurement (if bubble 

resonance is approached). On the contrary, a higher frequency may be advantageous for 

backscattering measurement. The study of other measuring conditions, like temperature 

or sample volume, which couldn’t be analyzed yet, may provide better ways to detect and 

monitor enzymatic processes. 

The geometry of the sample container could also be improved. Bubble production during 

peroxide hydrolysis in sample cuvette is random. This would not affect the measurement 

when the bubble number is high, but for the lowest enzyme activities or microorganism 

concentrations, the bubbles in front of the transducer aperture could change considerably 

from one test to another. This could be another reason for the experimental deviations 

obtained, especially when characterizing the lowest concentrations. A better fitting 

between the transducer aperture and the sample holder would improve this situation.  
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Appendix-A 

Bubble-fluid system in Temkin’s model 

The presented appendix explains the bubble fluid system and the background study of 

Temkin’s model. 

A.1 Single bubble in an infinite fluid medium 

Consider a single bubble of ‘fluid I’ in infinite uniform liquid medium of ‘fluid II’, as it was 

shown in figure A.1 where suffix ‘𝑓’ and ‘𝑝’ refers to fluid and particle respectively. The 

pressure inside the bubble 𝑃𝑖  has two active components. The pressure due to the gas and 

vapor will act radially in an outward direction. The liquid pressure 𝑃𝑙  will be active at the 

wall of bubble. Surface tension 𝑃𝜎 acts radially inwards the bubble. At equilibrium the 𝑃𝑖   

can be written as:  

i lP P P                                                                          (A.1) 

where P
a




  , σ  is the surface tension, ‘𝑎’ is the particle radius and, at equilibrium, 

𝑃𝑙 can be denoted as static atmospheric pressure 𝑃0. Henceforth, equation (A.1) can be 

written as: 
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                                                                     (A.2) 

 

 

 

 

 

Figure A.1 Bubble in infinite fluid. 

 

For a uniform irrotational fluid, u can be represented as: 

0         Φ  u   u                                                        (A.4) 

Φ is the scalar velocity potential and it satisfies wave equation as well; 

    Φ , Φ i tr t Re r e                                                    (A.5) 
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                                                            (A.6) 

Helmholtz’s equation will be: 

 2 2( )Φ 0r  k                                                     (A.7) 

In general 𝒖 (𝒖𝟏, 𝒖𝟐, 𝒖𝟑)  is defined as 𝒖 = 𝛁Φ + 𝛁 × 𝐁  where  𝛁 × 𝒖𝟏 = 𝟎 , 𝒖𝟏 = 𝛁Φ 

(irrotational) represents the longitudinal part and  𝒖𝟐 = 𝛁 × 𝐁  ,  𝛁. 𝒖𝟐 = 𝟎  is the 

transversal component of velocity. B is called vector potential, being represented also as 

(Temkin 1981): 
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Fluid II  (𝜿𝒔𝒇 , 𝝆𝒔𝒇 , 𝒄𝒔𝒇) Fluid I (𝜿𝒔𝒑 , 𝝆𝒔𝒑 , 𝒄𝒔𝒑) 
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B represents diffusive waves which occur due to the viscosity. The third component 𝒖𝟑 is 

defined as both solenoidal and irrotational (𝛁. 𝒖𝟑 = 𝟎, and𝛁 × 𝒖𝟑 = 𝟎).  

For monochromatic waves Φ and B would be: 

    Φ , Φ i tr t Re r e                                               (A.9) 

    , ψ i tr t Re r e B                                            (A.10) 

Henceforth, with help of Helmholtz’s equation this system can be reduced from the set of 

eight coupled equations to four Helmholtz’s equations.  

 2 2( )Φ 0r  k                                                    (A.11) 

 2 2( )ψ 0r  K                                                  (A.12) 

where, wave vectors 𝒌, 𝑲 are complex numbers as explained in ‘Elements of Acoustics’ 

Temkin 1981 and Temkin 1998. In a similar way, the same equations can be written for 

fluid II. In case of spherical particles in suspension, there would be motion along the radial 

direction in both fluids. Thus equations A.11 and A.12 would be: 

 2 2 2 2( )( )Φ 0r    k K                                           (A.13) 

 2 2 2 2( )( )Φ 0r    i ik K                                          (A.14) 

Suffix ‘I’ has been used for internal solutions of equations A.13 and A.14. Solutions for 

these potentials are obtained from boundary conditions at r=a. 

     liP a P a P a                                                          (A.15) 

     ir lr rU a U a U a                                                    (A.16) 

where 𝑈𝑖𝑟 . 𝑈𝑙𝑟(𝑎), 𝑈𝜎𝑟 are radial components of velocities. These solutions will be used to 

obtain pressure, velocity and thermal fluctuations, which are needed to calculate 

compressibility changes at non-equilibrium conditions. 

A.2 Non equilibrium compressibility contributions 
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The non-equilibrium compressibility is obtained from the separated contribution of 

different mechanisms. These are the expressions used for simulations in this thesis. Using 

equation 2.5 non-equilibrium compressibility can be defined as: 
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Translational compressibility  

Translational compressibility has been calculated in Temkin 1997. 
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Here, 𝐶𝑚  = 𝜎𝑝/𝜎𝑓 is the particle mass loading, 𝜎𝑝 𝜎𝑓 are densities of particle and fluid 

phases respectively. ‘𝑉’ is particle to fluid complex velocity ratio, which can be expressed 

as (Temkin & Leung 1976): 
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where 𝛿 = 𝜌𝑓0/𝜌𝑝0 are the material densities ratio, 
2

sf

a
b

c


  the non-dimensional wave 

number, 𝑎 and 𝑐𝑠𝑓  are the particle size and isentropic fluid velocity respectively. 𝐹, 𝐺 𝐻, 

and 𝐼 are real functions of the non-dimensional frequency variable 𝑦 = √𝜔𝑎2/2𝜐𝑓 
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Pulsational compressibility  

Using classical set of equations 2.4, 2.8, 2.9 and 2.10, and using equations 2.22 and 2.27 

complex pressure ratio and complex temperature ratio can be calculated (Temkin 1998, 

Temkin 2000).  
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Here,   and 𝛱 are complex temperature and pressure ratios which can be calculated as 

(Temkin 1998): 
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Where X, Y, U and V are real functions, and can be expressed as: 
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where  𝐽 = 𝑏𝑖
2𝐺(𝑏𝑖) , 𝛤𝐼 = 𝔍{𝐺(𝑞𝑖)}, and 𝛤𝑅 = ℜ{𝐺(𝑏𝑖)} . The function G can be denoted as: 
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where 𝑧𝑝 = √𝜔𝑎2/2𝑘𝑝 is the ratio of particle radius to particle thermal penetration depth, 

similarly 𝑧 = √𝜔𝑎2/2𝑘𝑓  is the ratio of particle radius to fluid thermal penetration depth  

and  𝑞 = (1 + 𝑖)𝑧  is the complex frequency variable.  

Using equations 2.1, 2.3, 2.4, 2.5, 2.6 and A.16, the 𝛱 complex pressure ratio can be 

expressed as: 
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Appendix B 

Physical parameter measurement of agar gel 

medium  

Several physical parameters of oxygen and agar gel are needed to apply theoretical 

models. Data for oxygen at 30oC are obtained from David R. Lide handbook of chemistry 

and physics 83rd ed.  CRC 2003, and have been shown on table B.1.  

Physical properties (SI unit) Values (SI unit) 

Specific heat ratio  1.395 

Density  1.3(kg/m3) 

Sound Speed  332(m/s) 

Specific heat Capacity (constant pressure)  9.2×102 Joule/kg K 

Thermal diffusivity 2.2×10-5 Joule/(m3 K) 

 

In the case of the agar gel mixture, density, sound velocity and kinematic viscosity were 

directly measured while other properties needed were evaluated from different 

measurement and theoretical equations (Otero L et al. 2009, Computational fluid 

Table B.1 Oxygen physical properties at 30oC 
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dynamics in food processing; Da Wen Sun series 2007), assuming that physical 

characteristics of mixtures can be evaluated from the physical properties of their 

components. For the case of this work, the agar gel mixture is an aqueous compound of a 

buffer solution, agar, which is a polymeric carbohydrate, and hydrogen peroxide.  

B.1 Density measurement 

An Antonpaar DMA 4110 density meter was used to measure the density of the agar gel 

mixture as explained in section 3.2.2. 2ml. of the prepared gel mixture was injected into 

the density meter vessel at 30oC. A value of 1037.1kg/m3 was obtained. 

 

Figure B.1 An Antonpaar DMA 4110 density meter 

B.2 Velocity measurement  

The agar gel sound velocity was measured using the same ultrasonic experimental set up 

shown in section 3.2.1 On fixing the cuvette, the back wall echo was acquired for agar gel 

mixture and water (reference medium) as shown in figure B.2. The cross–correlation 

function was calculated to find change in time of flight and absolute velocity was 

calculated using equation B.1. 

2

0c
c t

L
                                                                 (B.1) 

0c c c                                                                   (B.2) 
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The obtained sound speed was 1512.6 m/s. 

 

  

Figure B.2 (a) Acquired back-wall-echoes for agar gel medium and water. (b) Cross-correlation of 

acquired signals. 

B.3 Viscosity measurement 

Viscosity of the agar gel medium was measured using a quartz crystal microbalance (QCM) 

following Resa et el. (Resa P et al. 2011). It is based on the measurement of the resonance 

of a thickness-shear piezoelectric resonator. Viscosities and densities of 1-butanol and 

distilled water were used as references. Using Resa et el. the equation for agar viscosity 

can be represented as: 
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                                (B.3) 

where 
LAgar agar viscosity, ∆𝑓1  and ∆𝑓2  are the change in resonance frequency when the 

reference medium was replaced by the sample medium (agar) and butanol in one side of 

the QCM resonator, respectively. 
bZ and 

wZ are the complex mechanical shear 

impedances of butanol and water respectively. 
LAgar

 is the agar medium density.  

B.4 Heat capacities measurement 

Using thermodynamic relations; 
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From both equations, it can be stated that; 
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The thermal expansion of the mixture was measured by using the density meter. Densities 

were monitored for two successive changes of 1oC. The thermal expansion can be 

evaluated using the formula 

1

T






 


                                                                             (B.6) 

where 
T




 is the density gradient with respect to temperature. 

Using density and velocity measurement the agar gel medium isentropic compressibility 

s can be calculated. 

Following L.Otero et al, 2009, the 𝐶𝑝 of the agar gel medium can be computed using 

i

i 1

mp i piC ф C


                                                                       (B.7) 

Two components agar gel and buffer solution, are considered. imф  denote the mass 

fractions, 0.481 for agar and 0.519 for the buffer solution. The heat capacity of agar can be 

computed (Da Wen 2007) from: 

2 3 4

  3.991225 4 423.1844 1.879953 0.00371639 2.761713 6pagar gelC E T T T E T     

(B.8) 

The heat capacity of the buffer solution at 30oC is 3.712×103 (Mostafa et al 2010). Finally, 

using both values, the agar gel heat capacity at constant pressure was evaluated as 3.1×103 

Joule/kg K. Using equation (B.5) and (B.4) T  and 𝛾 can be computed. 
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B.5 Thermal diffusivity 

Thermal diffusivity of the material can be evaluated in terms of thermal conductivity. 

     /   f pk C                                                                            (B.9) 

𝜆 of the agar gel medium can be computed (Otero L et al. 2009) using 

i

i 1

mi iф 


                                                                      (B.10) 

Thermal conductivity of agar can be obtained (Da Wen 2007) as: 

2

  0.7316528 0.007321898 9.492 6agar gel T E T                             (B.11) 

The thermal conductivity of the buffer solution at 30oC is 0.6120 (Mostafa et al. 2010). 

From all these expressions, the thermal conductivity and diffusivity are obtained.   

All these parameters obtained for the agar gel medium are shown in table B.2. 

Physical property Experimental value (SI unit) 

Density (𝝆) 1037.1 kg/m3 

Sound velocity (𝒄) 1512.6 m/s 

Kinematic viscosity (𝝊𝒇) 1.1×10-6 Ps 

Heat capacity (constant pressure)𝑪𝒑 3.1×103 J/kg K 

Heat capacity (constant volume)𝑪𝒗 2.7×103 J/kg K 

Thermal conductivity (𝛌) 0.6 W/m K 

Thermal diffusivity 𝑫𝒕  1.9×10-7 J/(m3 K) 

 

 

 

 

Table B.2 Agar gel medium physical properties at 30º C 
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