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Every day millions of patients are intubated. The insertion of an endotracheal tube in the 

trachea, the stomach, or the nasal tract can lead to several complications. Bacteria adhere to most 

of the implanted medical devices or damaged tissues and in the case of a patient affected by a 

lung disease, intubation usually leads to bacteria colonization of main airways.  Our objective is 

to better understand bacterial adhesion of the tracheal tract and the endotracheal tubes. For that 

purpose, we have built a flow system device to simulate the human tracheal environment, 

composed of mucus and air flows. The aim of this cylindrical flow chamber is to test 

endotracheal tubes in a diseased environment. Natural tracheal mucus is used to create a model 

closer to the reality. An experimental design has also been developed for assessing the role and 

influence of various parameters on the adhesion of bacteria on endotracheal tubes under 

physiological conditions.  This new experimental setup could lead not only to a better 

understanding of bacteria adhesion, but also to the design of novel and more efficient 

endotracheal tubes.
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CHAPTER 1 
INTRODUCTION 

Approximately 25.8 million disposable endotracheal tubes (ETT) were sold in the United-

States in 2002 (source: Frost and Sullivan 2003). Intubations are required not only for patients 

admitted to Intensive Cares Units (ICU) but also in any kind of operations that require 

anesthesia. 

In the case of patients affected by lungs diseases such as cystic Fibrosis or Pneumonia, the 

intubation is required for several months. Therefore, the use of the endotracheal tubes represents 

a main risk factor for those immuno-compromised patients. The ETT is inserted down the 

trachea; bacteria colonize, adhere to its surface and can freely move into the body. A patient 

affected by pneumonia can develop ventilator-associated pneumonia (VAP) after only 48 hours. 

Pseudomonas is an opportunistic organism that adheres to most of the foreign body surface and 

injured tissues. It is a bacterium hard to eradicate as it grows in biofilms, and one in ten hospital-

acquired infections are from them. Twenty-eight percent of patients receiving mechanical 

ventilation will continue to have complication of VAP. The mortality ranges are from 28 to 70% 

(Rumbak 2002). VAP cost approximately $40,000 per case, and there are 300,000 new cases 

annually in the United States. It is important to work on a treatment of this pathology and to 

prevent severe infections and contaminations. The length of stay on mechanical ventilation 

increases the colonization of the upper airways and this is the reason why intubation is 

considered as a major risk factor. The ventilator tubing is an important source of contamination. 

As Pseudomonas aeruginosa are hard to eradicate by antibiotic mean, a way to reduce those 

infections would be to minimize the bacterial adhesion on the endotracheal tube. To minimize 

bacteria adhesion on those tubes it is important to identify and control the key parameters 

affecting bacteria adhesion. Because of the complexity of the problem, a tracheal model of 
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diseased patients is needed in order to assess the role of various factors, like temperature, 

humidity, mucus properties etc. This knowledge will lead to a better understanding of the 

adhesion process. 
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CHAPTER 2 
OBJECTIVES 

Introduction 

Understanding bacteria adhesion in a diseased tracheal environment composed of mucus 

and airflow is critical in order to improve medical devices and minimize hospital contaminations. 

Most of the experiments to assess bacteria adhesion on endotracheal tubes have been done in 

vivo. However, the infection of the patient, his age, secretion rate, and many other parameters 

affect the bacterial adhesion and cannot be controlled in vivo. Some devices have been created to 

mimic the trachea but they only present one type of flow (usually the airflow).  

Rationale 

 Around 58,564 people died from pneumonia each year in the United States (NCHS 

(National Center for Health Statistics 2004). Infections of more frequently involved organs such 

as urinary tract have a low rate of mortality. Contrary to this type of common infections, VAP 

has a mortality ranges from 24 to 50% and can reach 76% in some cases or when lung infection 

is caused by high-risk pathogens. Staphylococcus aureus, Pseudomonas aeruginosa, and 

Enterobacteriaceae are predominant organisms that lead to critical infections. Most of the 

patients admitted into intensive care units (ICU) develop VAP. VAP represents 47% of total 

infection acquired in the intensive care units (5 to 10 VAP cases per 1000 hospital admissions 

and 9 to 27% of intubated patients develop VAP with an attributable mortality of 33%).   

To carry out experiments on endotracheal tubes with a good repeatability and a control of 

affecting parameters, a flow chamber needs to be designed. As the environment influences the 

bacteria adhesion process, it is important to combine the mucus flow and the air flow in order to 

mimic the trachea. This device provides a model representing the two complex flows that 

transport bacteria. This mimics an environment closer to the tracheal one contrary to previous 
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experiments that only represent the airflow. Even though several experiments have been done in 

vivo, this device allows to repeat experiments and to assess the importance of different 

parameters. This will lead us to several conclusions about the important factors that will modify 

and minimize bacteria adhesion on endotracheal tubes. 

Objectives 

The first objective of the project was to make a model of a tracheal environment in the case 

of a diseased intubated patient. The study focused on the model of a diseased patients affected by 

a lung disease. As immuno-deficient patients require a long stay intubation they are the most 

exposed population to any kind of infection. The second objective was to design and 

manufacture a device that would mimic this diseased tracheal model to test endotracheal tube 

bacteria adhesion. The specific aim of the design aspect was to mimic a trachea as close as 

possible to the physiology. For that reason, both air and mucus flows had to be considered. The 

device also was designed to test endotracheal tube bacteria adhesion.  The bacteria adhesion 

process being sensitive to the geometry and the material surfaces, the geometry was chosen to be 

close to the real environment and materials had to have a minimum influence on it. The device 

had to be designed to be able to be disassembled at every experiment, every part had to be able to 

be cleaned and taken apart. The bacteria adhesion experiment procedure had to be thought in 

order to specify the features of the device. The design of this device had to be thought in terms of 

every mechanical specification but also in its biological aspects. The final goal of this study was 

to set up the protocol of the experiments that would allow the assessment of the number of 

adherent bacteria on the tubes. The global objective of this thesis was to combine engineering 

with biological knowledge to mechanically mimic a diseased tracheal environment. 
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CHAPTER 3 
BACKGROUND 

Trachea Description 

The trachea is a tube with a length of 10 to 16 cm and an inner diameter from 20 to 25 mm. 

This windpipe allows the passage of air to the lungs. It is composed of 15 to 20 incomplete  

C-shaped cartilaginous rings that allow maintaining the airway open or collapse during the food 

passage.  The tracheal environment is complex and involves two types of flow: the mucus flow 

and the airflow. The mucosae goblet cells are responsible for the mucus secretion. The mucus 

layer is thin and covers the endotracheal tract. The mucus acts as a filter to exogenous particles 

and its flow, its chemistry, its viscosity, its thickness are important parameters for a good 

functioning. In a normal and healthy case, the mucus captures bacteria and thanks to a complex 

mechanism involving, hydration, ion transport, secretions and mucociliary transport, the fluid is 

brought to the larynx then, the pharynx and clearance can be done either by coughing or 

swallowing. If the mucus clearance is affected and no longer works properly, the bacteria or the 

viruses are trapped in the mucus and the person cannot expel those (Wanner 1977). 

Consequently, the health status of a patient modifies the airflow, the mucus properties and its 

transport so that the functioning of clearance and self-protection against foreign particles are 

affected. 

Mucus Description  

The Mucus is a viscous secretion that covers most of the membranes of the endotracheal 

tract. It is a viscous colloid and its antiseptic enzymes (such as lysozyme) and immunoglobulins 

help to trap bacteria in its layer. Its pH in the throat is normally around 7.4. 

The mucus is a non-Newtonian fluid. It develops at the same time the solid and fluid 

rheological behaviors. This viscoelastic fluid exhibits a characteristic relaxation phenomenon: it 
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first stores the energy as an elastic solid and dissipates it as the material flows as a viscous fluid. 

The properties of the mucus depend on many factors. This fluid is shear stress dependent. The 

storage modulus (G’) is about 201 dyne/cm2, and the loss modulus (G’’) 81 dyne/cm2 at 1rad/sec 

whereas at 100rad/sec, G’ is around 275dyne/cm2 and G’’ 1,674dyne/cm2. The mechanical 

properties of the mucus also depend on the health status of a person. In the case of a patient 

affected by Cystic Fibrosis, G’ is about 916 dyne/cm2 and G’’ 551dyne/cm2 at 1rad/sec and those 

values increase at higher rotation speed (G’ equals to 1,643dyne/cm2 and G” to 3,148dyne/cm2 

at 100rad/s) (Shah 2005). The viscoelastic behavior of tracheobronchial secretions appears to be 

due to glycoprotein molecules (Kieser-Nielsen 1953). The properties of the mucus are influenced 

by the temperature and by this proteins concentration. As the elasticity is directly related to this 

constituent Autoclave and storage of mucus affect its properties (Tippe et al. 1998). The 

tracheobronchial secretions are very shear sensitive which makes the establishment of a model 

very complicated (if the shear rates increase a reduction of viscosity occurs). The viscosity of the 

sputum of a patient affected by Cystic Fibrosis varies from 10,000 Poise at 10 dyne/cm2 to 0.1 at 

1,000 dyne/cm2 (Shah et al. 2005) 

 The thicknesses of the mucus layer have only been estimated, not quantified but the 

movement of the mucus varying from one species to another and it is known that its speed can be 

static or as fast as 35 mm/min (Tomkiewicz et al. 1995) depending on the health status of the 

person (gender, age, etc.). Studies have been done to imitate its movement and suggest that the 

mucus does not flow evenly but preferentially concentrates along troughs or grooves (Agarwal et 

al. 1994). Sims et al. (1997) established that the thickness of the mucus coating the trachea was 

not homogeneous.  
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The mucus is generally clear and thin but its color can change while the body is infected as 

a result of trapped bacteria or reaction to a viral infection. In the case of infected patients a 

dysfunctioning of the mucus clearance process is a serious problem and leads to recurrent chest 

infections (Afzelius and Mossberg 1980) 

Lung Diseases, Intubation and Effects on the Tracheal Environment and the Secretions 

In normal airways, the surface epithelium is covered by a thin mucous layer that acts as a 

filter and permits to trap exogenous particles as explained above. Active antibacterial secretory 

proteins present in respiratory mucus usually maintain the sterility of the airways. The mucus 

clearance is the collective term for epithelial water and ion transport, mucin secretion, cilia 

action and cough. The functioning of those parameters is disturbed when a patient is affected by 

a lung disease leading to several complications. 

Pneumonia is an inflammatory illness of the lungs and can be caused by an infection due to 

bacteria, viruses, fungi or parasites. Cystic Fibrosis (CF) is an inherited disease that mainly 

affects the lungs and causes progressive disabilities and for some even early death (Hoiby 1982). 

The lungs of patients affected by CF, pneumonia, or other bronchiectasis are usually colonized 

by Pseudomonas aeruginosa (P. aeruginosa). Intact respiratory epithelium does not bind 

bacteria whereas injured respiratory epithelium is highly susceptible to them. Pseudomonas 

aeruginosa is a type species of the genus Pseudomonas. It is a gram-negative bacterium with 

unipolar mobility. It is an opportunistic organism which frequently colonizes the respiratory tract 

of immuno-deficient patients (de Bentzmann et al. 1996). It is also the most frequent colonizer of 

medical devices such as catheters. Pseudomonas and especially P. aeruginosa can in some cases 

induce community acquired pneumonias, or VAP. The virulence factor of this bacterium is the 

Pyocyanin that contributes to the mucus transport failure (Wilson et al. 1987, 1996). P. 

aeruginosa is the most common bacteria that colonize the lungs of patients affected by 
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pneumonia. It is known that VAP caused by these bacteria has been associated with the higher 

fatality rates than those caused by other bacteria (Crouch Brewer et al. 1996). P.  aeruginosa not 

only affect patient with CF or Pneumonia but also sever immunocompromised patients. The 

colonization of the airways by these bacteria is highly favored when the patient host response 

decreases or when his epithelial is injured (de Bentzmann et al. 1996). 

 In the United-States, one in 3900 children is born with CF [1]. A patient affected by 

pneumonia also has difficulties to breath, and for elderly people it can lead to death. When 

artificial ventilation is required the patient is intubated and airflow with a certain pressure and 

humidity is created to assist or replace the spontaneous breathing. In the case of chronic diseases, 

the patient may have to be intubated for a long period of time. When it is the case, several 

difficulties occur such as VAP (it can occur only 48h after the intubation). The endotracheal tube 

opens a free passage to bacteria into the lower parts of the lungs. Cook et al. (1998) studied 

1,200 patients and assess the time-dependent risk factors for ventilator-associated pneumonia and 

determine the impact of a long intubation on ICU patients. One-hundred and eighty-six of those 

patients were first excluded for different reasons: 85 were discharged, 71 died, and 30 had 

pneumonia in the first 48 hours. The results showed that 17.5% of the 1014 patients left who 

were free of pneumonia at the beginning developed ventilator-associated pneumonia after 9.0 ± 

5.9 days. 
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Figure 3-1. Prevalence of VAP related to the number of days on mechanical ventilation (De 
Queiroz Guimarães and Rocco 2006) 

When a patient is intubated, he is usually sedated or even paralyzed and cannot cough. 

This leads to aspiration of infected oropharyngeal contents through the open vocal cords.  The 

secretions pool accumulates above the inflated endotracheal tube cuff and as the patient is 

mechanically ventilated the pressure of the cuff changes. It deforms and allows secretions to be 

transported around the cuff by capillary action (Rumbak, 2002). Also, when the cuff is deflated 

after several weeks, to allow correct positioning for tracheotomy the pooled secretions and 

bacteria can disseminate through the lungs. The shear forces of the gas flow which can be as high 

as 200mL/s depending on the ventilation mode also affect the accretions on the luminal surface 

(Koerner 1996). Tracheal intubation is then recognized as a major risk factor for pneumonia 

(Adair et al. 1999). Drugs are administered to ICU patients. They prevent the mucus from its 

normal motion and lead to a deficiency of mucus clearance. The only parameters that act on the 

mucus layer are the gravity and the airflow that comes up from the tip of the cuff tube. The 

mucus flows at 1.4 ± 2.4 mm/min compared to 10.2 ± 4.4 mm/min for healthy persons (average 

calculated for 50 healthy patients and 45 patients affected by a chronic obstructive pulmonary 

disease, Morgan et al. 2004). 
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The mucus viscosity and elasticity increase when a patient is affected by a lung disease. It 

induces a problem of cleaning of the airways. Under pathological conditions, the mucus is over 

secreted and inflammation occurs; this will favor the colonization by Pseudomonas aeruginosa.  

CF leads to an abnormally production of thick, sticky mucus, due to the faulty transport of 

sodium and chloride (salt) within cells lining the lungs. The submucosal glands contain serous 

tubules and acini that secrete salt, water, and various antimicrobial proteins. The serous 

secretions pass through mucous tubules, where viscous glycoproteins are added, and then into a 

collecting duct and onto the airway surface. Active salt and water secretion by serous epithelial 

cells is believed to involve Cl- transport by the cystic fibrosis transmembrane conductance 

regulator protein driving water transport. Submucosal gland secretions are important for the 

generation of a thin mucus layer and for the creation of an environment that inhibits bacterial 

colonization. Abnormalities in submucosal gland secretions have been proposed to contribute to 

the airway pathophysiology in CF. CF transmembrane conductance is expressed in serous 

epithelial cells of submucosal glands more strongly than in other tissues of the airways and lung. 

It was postulated by Jayaraman et al. (2001) that the salt content and viscosity of submucosal 

glandular secretions in CF are abnormal and lead patients to several complications. Over 

secretion of mucus in the airways leads to congestion and an increased susceptibility to lung 

infections which are the major cause of morbidity and mortality among people with CF. Chronic 

bacterial infections of airways can also be caused by mucus adhesion, formation of mucus 

plaques and ultimately mucus plugs. When the airway surface becomes severely dehydrated, the 

viscous, adhesive mucus layer can interact with cell surface mucin resulting in adhesion of the 

mucus and decrease of the clearance, and ultimately the formation of plaques and plugs of 

concentrated mucus (Scott et al. 2006). 
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Bacteria and Adhesion 

Pseudomonas aeruginosa is gram-negative, aerobic, rod-shaped bacterium (Ryan and Ray 

2004). Its high mobility is due to its rod-shape and its flagella that it uses to swim. The speed of 

the bacterium between tumbling can vary from 1 to 10µm/s depending on the media (viscosity, 

temperature, pH...). In the case of the mucus, as the shear rate modifies its viscosity, the flow rate 

is an important parameter in terms of how it can modify its mechanical properties. The mobility 

of a bacterium depends on the media properties and is then influenced by the flow rate of the 

mucus or any kind of media. 

Engelmann (1881) showed that the bacteria do not usually move randomly thanks to 

chemotaxis. Bacteria are able to change their movement in response to the gradient of certain 

chemicals and also by communicating with others. Bacteria are cooperative and self-organized. 

One type of bacterial cell-cell communication is referred to as “quorum sensing” (Golding et al. 

1998), and occurs only if bacteria are at high density. Bacteria move in a certain direction 

following different parameters they are able to feel. They move for instance toward a region 

where there are more nutritive substances.  

Bacteria grow in biofilms that offer adhering protection against antibiotics and other 

environment attacks (Duguid et al. 1992).  The bacterial adhesion is a complex mechanism that 

can be described by a two-phase process: one is initial, instantaneous and physically reversible, 

the other is a time-dependent and irreversible molecular and cellular phase (Marshall et al. 1985). 

The first phase can be called the physicochemical interactions between bacteria and material 

surface. Bacteria move towards the surfaces thanks to different forces: long-range interactions 

(non-specific, distances < 150 nm) which are functions of the distance and free energy, and 

short-range interactions (< 3 nm effective when the bacteria and the surface come into contact). 

Those two types of interactions allow the first step of adhesion, an initial attachment between the 
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surface and the bacteria. The second phase can be called: the molecular and cellular interactions 

between bacteria and material surfaces (An. and Fridman 1998) The environment characteristics 

such as the temperature, the time of exposure, the bacterial concentration, the flow conditions, 

the chemical treatment or the presence of antibiotics affect bacteria adhesion. The flow 

conditions also influence the number of attached bacteria (Duddridge et al. 1982, Dickinson and 

Cooper 1995) but also the biofilm structure and performances (Stoodley et al. 1999, Klapper et 

al. 2002). 

Surface Chemical Compositions Influencing Adhesion 

Different parameters related to the surface composition influence bacterial adhesion and 

proliferation. The surface roughness affects the adhesion. Indeed, irregularities of polymeric 

surfaces promote bacterial adhesion and biofilm deposition (Katsikogianni and Missirlis 2004). 

Bacteria adhere and colonize on porous surfaces and grooved and braided material 

preferentially. The surface configuration is also an important parameter in the adhesion 

mechanism. 

Finally, the surface hydrophobicity or wettability seems to affect the process of adhesion. 

The hydrophobicity of a material surface is mainly measured by contact angle measurement. It 

was shown that hydrophilic materials are more resistant to bacterial adhesion than hydrophobic 

material. The chemical properties of both surfaces: bacteria and material have an impact on the 

adhesion process (Van Loosdrecht et al. 1989).The surface charge influences the adhesion 

(Taboada-Serrano et al. 2005). The surface characteristics are one of the main parameters to 

control and to diminish the bacteria growth, hence the research of a topography preventing 

bacteria adhesion (Koerner 1996). 
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Bacterial Properties Influencing Adhesion 

The bacterial hydrophobicity can be obtained by contact angle measurement. Bacteria with 

hydrophobic properties generally prefer to adhere to hydrophobic material surfaces.  

The bacterial surface charge is also an important data to assess to understand the adhesion 

process of each type of bacteria. Most particles acquire a surface electric charge in aqueous 

suspension due to the ionization of their surface groups. The surface charge of bacteria varies 

according to their species and is influenced by the growth medium, the pH and the ionic strength 

of the suspending buffer, bacterial age, and bacterial surface structure. The surface charge 

attracts ions of opposite charge in the medium and results in the formation of an electric double 

layer. The surface charge is usually characterized by the isoelectric point, the electrokinetic 

potential (or ζ potential), or electrophoretic mobility (Cerca et al. 2004, Vadillo–Rodriguez and 

Logan 2006) 

Biofilms 

The formation of biofilms can contaminate every kind of surfaces from the food to patients 

under medical treatments or catheters and the consequences can be severe. Biofilms are a 

community of bacteria embedded in a polymeric matrix that adheres to the surface (Carpentier 

and Cerf 1993, Costerton et al. 1987). Extracellular polymeric matrix contributes to the biofilms 

stability and adhesion (Bellon-Fontaine and Briander 2000). Micro-organisms usually build 

biofilms and most of the materials in contact with a natural fluid are rapidly covered by bacteria. 

Despite the fact that the first scientific studies carried out on biofilms were done in 1943, this is 

only in the 70s that it was realized that biofilms were abundant in natural medium (Costerton et 

al. 1987). Bacteria in biofilms can get different chemical and physical properties from their 

homologs present in aqueous solutions. It has been proved that bacteria growing in biofilms 
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acquire more resistance to different stresses such as dehydration, lack of food, or antibiotics than 

isolated bacteria in solution (Morton et al.1998).  

Bacteria biofilms start their formation once some individual bacteria attached to the 

surface. The environmental factors as described in the previous paragraph (pH, nutrient, 

viscosity of the environment) but also genetic factors (the presence of genes encoding motility 

functions, environment sensors, adhesins…) are relevant in terms of ability to attach or not to a 

surface. The bacteria properties such as hydrophobicity and compatibility with the surface are 

important factors in this first adhesion step. Once the first adhesion stage is reached the bacteria 

grow in a monolayer and form microcolonies. During the biofilm growth, bacteria properties 

evolve and undergo several changes that later allow them to be more resistant to any kind of 

environmental attacks. One of these changes is the exopolysaccharide matrix production. 

Biofilm Formation 

The biofilm formation follows several different steps before reaching its mature 

architecture. The first step is the motion and transport of micro-organisms. The bacteria can 

swim in the medium thanks to their flagella. The medium properties then affect its ability to 

move. Thus, non-swimming bacteria have a reduced capability of growing in biofilm. One 

percent of the genome is devoted to the flagellar function for most of the gram-negative bacteria. 

The second step is the initial adhesion to the surface. Once the first bacteria adhere to the 

surface, the synthesis of extracellular substances such as exopolysaccharide matures the biofilm. 

Allison and al. (1987) showed that a bacteria or a mutant that are unable to synthesize 

exopolymeric substances cannot adhere to any support whereas one single bacteria producing 

exopolymers is capable of forming microcolonies. The last stage is the colonization of the 

surface by multiplication of the adherent bacteria. Thereby, the biofilm can keep growing and 

spread into uninfected areas and even some of the bacteria can detach to colonize other regions 
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(Figure 3-2. Kraigsley and al.). Thus, the colonization of surfaces particularly depends on the 

motion of bacteria toward the support. This transport is not only based on the bacteria self ability 

of motion but also on physical and microbiologic factors such as the Brownian motion, gravity 

(Bryers 1987), hydrodynamic characteristics of the fluid (static, laminar or Turbulent) (Korber et 

al. 1995). Studies have shown that mutants of P. aeruginosa non-mobile are unable to form 

biofilm on PVC contrary to mobile P. aeruginosa.  

 
Figure 3-2. Biofilm formation and growth (O’Toole et al., 2000) 

Forces Governing the First Step of Adhesion 

Once bacteria are close to the surface they can adhere by a process of physical and 

chemical interactions (Electrostatic interactions, electrodynamics interactions or Lifshitz-Van der 

Waals, interactions donor/receptor of electrons or Lewis law on base/acid, interactions due to the 

Brownian motion of particles). 

Interaction and Complementarities between Bacteria  

As it was mentioned before, bacteria communicate with each other and cooperate. When a 

micro-organism develops, grows it changes the environment properties. Indeed, a micro-

organism modifies its environment by consuming nutrients, producing wastes that can be 

appropriated for the growth and development of other type of micro-organisms. Siebel et al. 

(1991) showed that a single species biofilm thickness was much smaller than the thickness of a 

biofilm composed of several species. (K. Pneumonia and P. aeruginosa isolated show a biofilm 
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thickness of 15 and 30 micrometers respectively whereas the thickness of a biofilm containing 

both species could reach 40 micrometers). 

Pseudomonas Biofilms and Antibiotics Resistance  

As it was explained above, the growth of biofilm is favored by the production of 

extracellular polymers. A significant number of Pseudomonas produce exopolysaccharides and 

then are able to build a mature biofilm. The exopolysaccharide prevent Pseudomonas from being 

phagocytosed by mammalian white blood cells. Pseudomonas can adapt to different types of 

environments as they are able to metabolize various kind of nutrients. Then they can thrive in 

every unexpected place even in very harsh conditions (Lambert and Drenkard 2002). 

P.aeruginosa has a great resistance to antibiotic. First, the growth in biofilm makes them 

harder to eradicate thanks to penicillin or major antibiotics. To struggle against antibiotics attack 

they use the efflux pumps (Stewart and Costerton 2001) called ABC transporters which expel the 

antibiotics before they can start acting. Not only intrinsically resistant they also undergo 

mutations of their genes to improve their resistance.  

Adhesion Tests 

Different techniques exist to characterize the bacterial adhesion and can be separated in 

two groups: the static and the dynamic methods.  

Static Adherence Method  

Three methods to assess the number of adherent bacteria under static conditions are 

described here; several adaptations of those methods exist. A piece of substratum such as a 

catheter is immersed in a microbial suspension and a batch adhesion process is allowed to occur. 

After exposure, the substratum is washed for removal of non-adherent bacteria and then adhering 

bacteria can be enumerated. There are different methods to count the bacteria, the most common 

might be the image analysis method using a phase contrast microscope coupled to a 3CCD video 
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camera that acquires images with a specific resolution and that uses automated enumeration 

software to count the cells (Cerca et al. 2004). The adhered bacteria can also be enumerated 

using a fluorescence microscope by counting 10 different fields colored by acridine orange (the 

random surface of the field chosen for the observation  has to be determined) (Vadillo-

Rodriaguez and Logan 2006) 

Another method consists of using squares of the studied material, places them in plates 

containing cell suspension at an optimal concentration in saline solution. Initial adhesion to each 

substratum is allowed to occur during an optimal adhesion time at 37°C, in a shaker at a certain 

shaking speed (rpm) (Cerca et al. 2004) 

The last method described is the method that assesses the rate of adhesion by measuring 

the decrease of OD660 (Optical density at 660 nm wavelength). Prior to the adhesion 

experiment, the linear relationship between cell number and optical density at 660 nm 

wavelength is confirmed under all experimental conditions. Then, a certain amount of cell 

suspension prepared as described by Terada et al. (2006), was added to a beaker. The 

concentration of the cell suspension is set. Sheets of the material studied are cut into 0.025 cm². 

Each sheet is immersed in a beaker containing a cell suspension.  

The assessment of the rate of adhesion is measured by the decrease of OD660 of each cell 

suspension. The observation of bacterial adhesion is done by scanning electron microscopy 

(SEM). 

The relevant parameters of those static methods are: the adhesion time (time of exposure), 

the velocity (rpm) of the shaker, the container size, the solution volume, the counting method and 

the washing method (immersion back and forward a certain amount of times, or by dipping the 

samples, rinsing solution (dematerialized water, PBS...). The results obtained by static method 
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are the amount of cells adherent. However, the washing method, the velocity of the shaker and 

the adhesion time are three parameters very influent on the results of the adhesion tests and that 

is the reason why a dynamic method under flow conditions seems to be more relevant. 

Dynamic Method  

Parallel-plate flow chamber and image analysis: images taken from the center of the 

bottom of the plates with a 3CCD video camera mounted on a phase-constant inverted 

microscope equipped 40x ultra long working distance objective. 

All tubes and the flow chamber are filled with a saline solution. The saline solution 

circulates until the stationary conditions are obtained (the choice of the regime determines 

Reynolds Number). The flow is established by the hydrostatic pressure and a peristaltic roller 

pump is used to make circulate the suspension. During the time of circulation of the bacterial 

suspension images are captured. After the enumeration of adhering bacteria an air-liquid 

interface passes through the device so that the amount of cells removed is determined (Roosjen 

et al. 2003). 

The parameters of the dynamic methods are: the time of circulation, the temperature of the 

room or of the flow chamber, the time interval between two captured images the Reynolds 

number (regime of the flow). This type of experiment provides the number of adherent bacteria 

at a stationary end-point and the initial deposition rate can be assessed during the first minutes of 

adhesion test. 

Comparison of the Static and Dynamic Methods 

The major inconvenient of this static analysis is the lack of accuracy. Indeed, every static 

method provides a qualitative approach. Only the amount of cells adherent at the end of the essay 

can be assessed and the experiment depends on too many parameters. The adhesion time (time of 

exposure), the velocity of the shaker if a shaker is used and the way the sample is washed are the 
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most important parameters that contribute to the technicality of comparing different static 

adhesion tests. For those reasons, an experiment using flow conditions (closer to the reality in 

most of the cases) can provide a quantitative approach of bacterial adhesion. The experiment 

under flow conditions consist usually of using a parallel-plate flow chamber. This is the most 

common configuration as it is simple to make and several flow conditions can be set up.  

Tracheal Models 

Different mechanical tracheal models have been developed to test the properties of the 

endotracheal tubes. Most of them are simple and are usually composed of a clear rigid, plastic 

tube that mimics the trachea connected to a mechanical lungs 

 

Figure 3-3. Horizontal tracheal model (Weiss et al. 2007) 

The studies using a tracheal model and an endotracheal tube can have different purposes 

from determining if inspiratory pressure from intermittent positive pressure ventilation may be 

sufficient to inflate the cuff (Guyton et al. 1991), or showing that there is a leak of fluid past the 

tracheal tube cuff (Dullenkopf et al. 2003, Young et al. 1997). To test the bacterial adhesion the 

experiments carried out are usually on animal or comparisons between intubated patients in the 

hospital. (Inglis et al.1989, 1998, Adair et al. 1999, George et al.1998)  
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During the intubation, the cuff does not prevent infection and bacterial colonization of the 

lower trachea. A certain amount of patients in hospital are examined to get data on biofilms 

growth adhering endotracheal tube and how different parameters influence the adhesion. For that 

purpose, several experiments are carried out on ETT collected from intensive care patients that 

are under different type of ventilation, humidity system and heat and moisture exchanger-

microbiological filters. The results usually show that quantitative culture of biofilm showed 

viable counts of up to 106 CFU/cm of tube length and P. Aeruginosa has the highest viable 

count. Most of the studies reveal that the growing biofilms accumulate on the inner surfaces of 

the ETT and some contaminated particles attached to this layer can be spread out during the 

mechanical ventilation. The inside part of the tube also seems to be contaminated (about 50% of 

the surface can be contaminated depending on how long the patient is intubated). Consequently, 

many parameters affect the biofilm growth: time of intubation, the amount and the viscosity of 

secretions (the more the patients secrete tracheal mucus the more he gets infected apparently), 

the humidification, the pH... The qualitative approach consists of removing the ETT from the 

ICU patients. Each tube is sampled with cotton swabs (different parts of the tube (tip and cuff) 

and specimens are plated on 5% horse blood agar. After an overnight incubation standard 

bacteria identification is done. The quantitative method consists of collecting biofilm at the level 

of the cuff. Biofilm are homogenized in 2% N-acetylcysteine (in 0.15 M saline, pH 7). The 

samples are diluted and spread on agar plates. The viable colonies can be counted by automated 

colony counter. The amount of biofilm in tracheal tubes can also be assessed. Inglis et al. (1989) 

have found that 30 out of 40 tubes examined have a dry weight of biofilm greater than 50mg. 

Those studies also show that P. Aeruginosa account for the highest viable counted colony 

isolated from the tube. Bacteria adhesion on ETT was assessed directly on patients under the 
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same type of ventilation. The mucus properties changing different factors will influence the 

adhesion process. Models of trachea have been created using a horizontal model with airflow. 

The mucus is not mimic, only a fluid is used to characterize the leak around the cuff. 

Consequently, a model combining both flows seems to be relevant. 
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CHAPTER 4 
DESIGN OF A TRACHEAL MODEL 

The design of this tracheal flow model has to be thought in terms of physiology, 

mechanics, feasibility and the practical aspect of the device. It has to complete several 

specifications: the parameters relative to the tracheal environment (geometry of a trachea, 

creation of two flows (mucus and air) of a diseased patient, model of lungs), to the bacteria 

adhesion test (material compatibility, special assembly), mechanical design (the way of 

manufacturing, designing the parts and assembling them). 

Specifications  

The geometry of the device has to be as close as possible to the reality. The main shape has 

to be cylindrical in order to represent the windpipe of the trachea. The mucus flow has to be 

transported by gravity action. The created mucus flow has to be in a thin layer (around 200 to 

300 microns) covering the inner part of the trachea. When a patient is intubated and needs 

intensive respiratory cares, he is not laid on his bed but inclined in order to help the mucus 

clearance (gravity effect). To reproduce this flow, the easiest way is to let the gravity act 

naturally. The mucus flow rate is around 1mm/min but depending on the person’s health, the 

type of infection this rate can change a lot. In the case of intubated patients, as the mucus is 

getting thicker and thicker with the infection, it is important to use a natural pool of subglottic 

secretions in order to get the right visco-elastic properties and reach similar flow conditions as in 

vivo. The mucus has to flow naturally in a pipe and cannot be sucked out of the device (the flow 

naturally goes in the lungs and is not sucked out). Once it has flowed on the wall, it has to be 

stored in a reservoir to prevent too much spread of bacteria in the air. 

The airflow created has to be as close as possible to the one used in intensive care units. 

The device used has to simulate a spontaneously breathing patient. As the cuff of the 
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endotracheal tube is not a perfect seal with the trachea, air have to come up and be able to be 

released in the atmosphere as it is in reality. At the bottom of the device, the lungs have to be 

modeled.  

The created device must have no leak in the mucus reservoir to prevent the spread of 

infected mucus. Not having mucus leakage is an important factor but also the bottom part of the 

device has to be airtight in order not to let the air coming out (lungs are air tight). 

The temperature has to be maintained at 37°C and the materials chosen has to be 

autoclavable and non-cytotoxic. 

Design of the Tracheal Model and Method 

General Principle of Functioning 

The tracheal model of a diseased patient that we chose is composed of a mucus layer 

covering the wall of a lexan tube, the endotracheal tube inside the trachea and the airflow 

plugged to the ETT to mimic the conditions of the intensive care units. 

 

Figure 4-1. Schematic of the diseased patient tracheal model 
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The trachea is mimicked by a lexan tube of inner diameter of 1 inch (25.40mm) and outer 

diameter of 1.25 inch. Those dimensions are chosen from a mechanical and a physiological point 

of view. The advantages of such a tube are that the dimensions are standard and the material is 

biocompatible. It is a little higher in diameter than the mean diameter of a trachea (25.40mm 

compared to a real diameter of a trachea from 22mm to 25mm) but it was chosen in term of 

feasibility and standards. In this device metric and British units are mixed in order to get 

standard parts. 

The airflow was created by an appropriate air flow device found in the industry. The air 

went through the endotracheal tube and filled a balloon (Breathing bag, 0.5 Liter) that mimics 

the lungs. As the cuff does not create a perfect seal with the lexan tube, to allow the air to escape, 

a hole is added in the top part of the lexan tube. This hole acts as the leak that naturally exits in 

the throat when a patient is intubated (not the whole air goes down the lungs). This hole is also 

used to pull out the tube from the inflated cuff balloon. 

The mucus flow is generated by a Harvard Apparatus Syringe Pump model ‘33’. It fills a 

mucus tank that has a cylindrical shape with a conical shape inside. Once the cone is full of 

mucus it overflows in the 300 micrometers groove (gap between the lexan tube and the mucus 

tank). The syringe pushes at the beginning to get over the surface tension that exists between the 

fluid and the wall and then the gravity acts on the thin layer. The mucus flows on the lexan tube 

wall. Thanks to the cone-shape of the top mucus tank, the flow is more homogeneous. At the 

bottom of the lexan tube the mucus flows through two oblong grooves and enters the main 

mucus reservoir. The main mucus reservoir dimensions are designed considering the worst 

conditions. The mucus is assumed to be a Newtonian fluid, and the flow has a linear distribution 

(linear model) with a no-slip conditions at the walls.  
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Calculations of the Dimensions 

The mucus is considered as a Newtonian fluid for the assessment of the flow conditions. 

The mucus viscosity is considered to be 6.5Pa.sec and the density 1000kg/m3. The geometry of 

the trachea model is showed Figure 4-2. The radius of the mucus reservoir is chosen equal to 

37.5 mm. The mucus starts to fill the cylindrical bottom part and then flows inside the mucus 

reservoir through the two grooves. The maximum height of the mucus is 10mm in order not to 

fill the balloon. For a radius of 37.5mm of the mucus reservoir, the capacity is equal to 32.6mL 

(Figure 4-3).  

The mucus tank on the top has a volume of 4.9mL, knowing that the shape is conical. As 

the gap between the lexan tube and the mucus conical tank is 300 micrometers it is assumed that 

the mucus layer flowing has the same thickness (in reality this is not the case). The area of 

mucus called A1 is equal to 1.189x 10-5 m2. Considering the following fluid mechanics model of 

linear profile the wall shear stress and the maximum flow rate of mucus are assessed under those 

particular assumptions. 

 

 

Figure 4-2. Tracheal model 
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Figure 4-3. Mucus reservoir geometry (unit: millimeter) 

The wall area of a thin layer of mucus in m2 is equal to 0.1596 x dz where dz is the height 

of this layer (Figure 4-4). It was considered that z equals one meter to simplify the calculus. The 

mucus layer weight is calculated assuming that the density of the fluid is 1000 kg/m3 and is 

equal to 0.1167 N.  

 

Figure 4-4. Wall shear stress 
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Where A1 is the mucus area, Rtube is equal to 0.5 inches, g is the acceleration of the 

gravity, and Rho is the mucus density. Assuming a linear and fully developed profile of the 

mucus flow (Figure 4-5), the velocity has the following expression:  
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.u a y b= +   (4-2) 

The boundary conditions give the expression of the velocity u (no-slip condition at the 

wall). Knowing the shear stress, the maximum velocity can be assessed. 

u
y

τ η ∂
=

∂
  (4-3) 

The maximum velocity was equal to 6.75x10-5 meter per second and the mean flow rate 

0.40 micro liters per second. To fill the reservoir it took approximately one day. In order to run 

the experiment longer, the mucus storage could be empty out thanks to the valve under the plate. 

 

Figure 4-5. Shear stress on the mucus layer (Wikipedia) 

Description of the Different Parts 

Base 

The base is designed so that the breathing bag can be connected under it. Four tapped holes 

are connected to adjustable feet McMaster-Carr 3/8”-16, Part # 23015T66. Two grooves are 

manufactured to insert o-rings with AINSI dimensions. This provides the no mucus leakage in 

the reservoir. The ¼-28 hole is used to connect a manifold. When the experiment is finished the 

reservoir can be empty out easily by opening this valve or simply remove the screw. 

Lexan tube wall
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Cylindrical Bottom 

The mucus flows in the cylindrical bottom first and thanks to the two grooves enters the 

bigger reservoir (Figure 4-6). 

 

Figure 4-6. Cylindrical bottom 

Mucus Tank  

The mucus tank is designed to play the role of a small reservoir. Once it is filled up (the 

angle of 45° makes the shape of the reservoir) it overflows and as the gap between the lexan tube 

and the conical tank is approximately 300 µm, the mucus is pushed between the walls. The 

complete drawings of the device that were used to manufacture this tracheal flow chamber are 

available appendix C (the assembly method is described appendix E) and an exploded view 

(Figure 4-8) shows the device. 
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Figure 4-7. Mucus tank and top cover
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Figure 4-8. Exploded view of the device
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Mucus and Air Tightness of the Device 

The top of the device should not have any mucus leakage. The top mucus tank is filled and 

the syringe pump has to apply a higher pressure to overcome the wall friction and surface tension 

between the mucus and the small gap between the lexan tube. In order not to have leaks it was 

important to put o-rings between every part. 

 
 

 
Figure 4-9. O-rings position 
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The mucus storage also had to be without leak of air and mucus in order to keep a constant 

pressure in the breathing bag connected to the bottom of the device. 

Modifications 

In order to make the experiments repeatable the lexan tube has to be replaced each time. 

The design is modified to have lexan tubes disposable and press fit in the device. Two parts are 

designed to fulfill this requirement. Also, future modifications would be the design of different 

sizes of drilled screws to test other endotracheal tubes size. The part Diam 14 airflow inlet can be 

easily manufactured with different diameters. This part would adapt the device to other type of 

endotracheal tubes. 

 

Figure 4-10. Adjustable endotracheal fitting 
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CHAPTER 5 
CHARACTERIZATION OF THE FLOW 

The device has to be able to create a flow of mucus that covers the wall of the lexan tube. 

The concept of the device is to mimic a trachea with a mucus layer that covers the inside of the 

tube as it covers all the tracheal tract membranes in reality. The objective of this chapter is to 

validate the concept of the tank with a conical shape that overflows to cover the wall of a mucus 

layer. 

Materials 

To mimic the mucus, dextran produced by Leuconostoc mesenteroides (Strain No. B-512, 

Industrial Grade, Average Molecular Weight 5,000,000 to 40,000,000 Daltons from Sigma Co.) 

has been diluted in water. Dextran is a complex, branched polysaccharide made of many glucose 

molecules joined into chains of varying lengths. The solution used is composed of 25g of dextran 

for 100ml of water. The viscosity is measured thanks to a Brookfield Viscometer (Fig. 5-1), with 

a cone at 3° CP52 and a sample of 0.5ml. 30ml syringe of this solution provides the flow to the 

device using a Syringe Pump Harvard Apparatus model 33’. 

 

 

Figure 5-1. Brookfield viscometer 

http://en.wikipedia.org/wiki/Polysaccharide�
http://en.wikipedia.org/wiki/Glucose�
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Methods 

Once the dextran solution is characterized (range of viscosity), the solution is separated in 

two beakers. One beaker is used to coat the lexan tube the other to characterize the flow. Food 

coloring are added in each beaker to make the difference between the flow coming from the top 

tank and the coating. The flow rate is first set at 1ml/min so that the solution can rapidly fill the 

tubes. Once the surface tension between the top tank and the lexan tube is overcome the flow rate 

can be diminished and set following the different results given in the appendix-d.  

Results 

Dextran Solution 

The dextran solution used for the primarily results is a 25% concentration. The behavior of 

this solution seems to be close to the mucus one: elasticity and viscosity. Dextran solutions at 

high concentration do not present a Newtonian behavior. 

 

Figure 5-2. Dextran solution 
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The dynamic viscosity of the solution was assessed using the Brookfield viscometer. As 

the solution does not present a Newtonian behavior the viscosity is shear dependent. A mean of 

different experiments has been done. It was shown that over 10 rpm strings appear and the 

viscometer cannot stabilize. Figure 5-3 shows the mean behavior of this solution. 
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Figure 5-3. Mean dynamic viscosity of 25% dextran solution 

Following the study of A.Tippe et al. (1998) done on the viscoelastic properties of canine 

tracheal mucus, the mucus range is from 1600cP to 84000cP (for an angular velocity going from 

1rad/sec to 10rad/sec). The dextran solution seems to mimic well the mucus properties and this is 

the reason why it was used for those experiments. 

Homogeneity and Characterization of the Flow  

The flow rate was first set at 1ml/min, the lexan tube was coated with the dextran solution 

and green food coloring was added to it. The red flow characterizes the flow coming from the top 
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tank (the one that will later contain bacteria and that will mimic a real intubated patient trachea) 

(Figure 5-4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4. Experiment showing the beginning of the flow 
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Figure 5-5. Flow around the cuff tube 

The flow is covering the wall of the lexan tube as it was expected and depending on the 

cuff pressure the flow leak around. This fact will be interested later to characterize the rate of 

adhesion around the cuff (the most sensitive area of the ETT to bacteria adhesion).  

 

Figure 5-6. Mucus reservoir flow 
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 Once the lexan tube is covered by the layer of dextran solution it flows in the mucus 

reservoir through the two grooves that were designed in the cylindrical bottom part. 

The flow rate set at 1ml/min or 500ml/min is too high to be relevant in term of physiology but it 

makes the flow visible. Experiments carried out with lower flow rate, close to the real one 

(20µL/min) provide a thin layer of mucus on the wall as show fig. 5-6. 

 

Figure 5-7. Aspect of the coating for different flow rates 
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CHAPTER 6 
BACTERIA ADHESION TEST 

Materials 

The experiments were carried out using a syringe pump Kd Scientific (KDS 100 Single-

Syringe Infusion Pump) that provided the mucus flow. A 30mL syringe was connected to a stop 

cock. The stop cock manifold is composed of one input and three output connections plugged to 

3 tubes (OD 1/16”) that can be inserted in the drilled screw holes on the top cover. A Kimberly-

Clark Microcuff Endotracheal tube (ID 8.0mm, OD 10.7mm) was used for this preliminary 

experiment. The endotracheal tube was connected to the hose of an Air Cadet Vacuum Pressure 

Station (Cole-Parmer) to mimic the air flow. In order to control the pressure of the cuff, the valve 

at the end of the cuff tube should be connected to a Pressure easy Cuff (PressureEasy, Cuff 

Pressure Monitor, Medex Inc.). However, this device was not available for this experiment, 

therefore the syringe connected to the valve was used to keep a constant pressure. The bottom of 

the device was connected to a breathing bag 0.5 Liter fitting 22mm (Breathing bags A-M 

Systems, Inc). A more in depth explanation is given in Appendix E which explains the details of 

the experimental protocol. 

  



 

54 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 6-1. Experimental set-up 
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Methods 

Egg white was used as a mucus simulant and culture media. In future studies, a pool of 

subglottic secretions would be collected directly from patients and sterilized by gamma radiation. 

To overcome surface tensions at the beginning of the experiment, the lexan tube and its 

connector are coated with egg whites. Half of the egg whites collected were used for the coating 

(100mL) and the other half for the culture media.  

 The device was sterilized by autoclave and by dipping parts in 70% ethanol and later air 

dried. The device was assembled in sterile conditions under a biological hood as explained 

Appendix E. Twenty four hours prior to the experiment, a crystal of Pseudomonas aeruginosa 

was placed in 5mL triptic soy broth (TSB) media in a 18x150 mm sterile culture tube with screw 

cap. The culture tube was placed in a waterbath/shaker at 37°C and 150 rpm for overnight 

growth. 

The bacteria were counted using optical density spectrophotometry method following the 

growth curve of Pseudomonas aeruginosa. The cultivation process took place in the incubator at 

body temperature of 37°C. The air flow rate was 14.1L/min provided by the Air-Cadet Cole-

Parmer. The air flow rate was imposed by the device we used; however, it is higher than the 

respiratory minute volume (5 to 8 L/min for a normal person (Wikipedia)).The mucus flow rate 

was set at 20µL/min. The optical density of the solution of TSB and Pseudomonas aeruginosa 

used was 0.175. Five milliliters of this media were mixed with 30mL of egg white in a sterile 

conical tube, and then 30mL of this solution were introduced in a sterile syringe for the 

experiment. 

Bacteria Count 

After 24 hours of incubation, the tracheal flow chamber was removed from the incubator 

and placed under the hood. Wearing sterile gloves, the top cover was slowly disconnected from 
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the lexan tube avoiding contact with the endotracheal tube. Six 1 cm-rings of the endotracheal 

tube were cut (two at the cuff level, two above and another at the tip) and placed in sterile 

conical tubes containing 15mL of PBS. The biofilm was homogenized by vortex mixing 1-cm 

rings of tubing in 10mL of biofilm surfactant solution (Medtronic Xomed Inc.). Viable counts 

were made by serial dilution-agar plate technique after overnight incubation in air at 37°C. 

Results and Discussion 

The experiment was carried out for 24 hours. The biofilm of P. aeruginosa grew in the 

device with increased expression around the cuff balloon as it is in vivo. The tracheal model 

therefore resembles physiological conditions. The air coming upward from the balloon and 

leaking around the cuff produced a shear stress around the cuff; this seemed to increase the 

adhesion. The airflow dried the egg white and in the case of intubated patient, the air flow in ICU 

would also dry the tracheal tract and leads to severe dehydration. Hence, the model seems to be 

physiologically relevant. 

 

Figure 6-2. Dried egg white in the tracheal flow chamber 
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As a last step, 100µL of the contaminated egg white contained in the syringe were plated 

and showed the growth of the bacteria and the green aspect of the biofilm on the agar plates 

(Figure 6-3). Dilutions of the solution contained in the syringe allowed counting the number of 

bacteria that were inserted in the device. It showed that P. aeruginosa grew in the egg white 

media. 

 

Figure 6-3. Agar plates with P. aeruginosa isolated from the egg white contained in the syringe 

The ETT was cut in six 1cm-rings, the first ETT segment was cut at the tip, segments 2 

and 3 were cut at the cuff level, segments 4, 5 and 6 were cut above the cuff. The aspect of the 

biofilm surfactant solution that fixed the biofilm changed depending on the segment observed. 

The tip seemed to have less biofilm than the other segments. The solution containing segment 3 

of the cuff looked more flocculant (Figure 6-4). The adherence of the egg white was more 

important around the cuff (flocculant aspect due to the proteins). The egg white flowed from the 

top of the device and coved the wall of the lexan tube. The cuff balloon was in contact with the 

lexan tube and more susceptible to be contaminated. On the other hand, the tip was not directly 

in contact with the egg white as the cuff blocked the flow off (few leaks). 
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Dilution 
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Dilution 
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Figure 6-4. Aspect of the biofilm surfactant solution containing ETT segments 

The dilutions of those solutions containing the ETT segments on agar plates did not yield 

any results. The bacteria did not grow as much as expected. Bacteria count was only possible on 

the agar plates that were inoculated without any dilution of the biosurfactant solution. 

  

 

Figure 6-5. Agar plate showing the bacteria growth for each ETT segment 
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The number of adherent bacteria was maximum on the segment 2. This segment was 

located around the cuff balloon in contact with the lexan tube. This result was expected however, 

the segment 3 should have also showed a significant bacteria growth. The segment 3 presented a 

lower growth that could be attributed to the cutting method. It is crucial to not alter the biofilm 

and the manipulation of the ETT needs more practice to be accurate. 

 Overall, the bacteria growth was not as prominent as expected. This can be attributed to 

the temperature and humidity of the airflow. The Air Cadet vacuum pressure station was placed 

outside the incubator and the air blowing in the device was cold and could not be successfully 

humidified. The egg white might have dried at an increased rate and did not properly transport 

the bacteria on the wall of the lexan tube. The air flow should be produced by a breathing 

simulation module and the tube should go through a water bath to humidify the air before it 

enters the device. 

Despite of these issues, due to a lack of time, it is clear that the device performs as 

intended. The device along with the developed experimental protocol provides a means for 

assessing endotracheal bacteria adhesion under physiological conditions. The preliminary 

adhesion data are promising but require additional work.
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CHAPTER 7 
FUTURE WORK AND CONCLUSION 

Type of Experiments 

Real mucus will be used for future experiments. If it is sterilized by gamma radiation, only 

one kind of bacteria can be injected in it (i.e. P. Aeruginosa). Experiments may also be run with 

the natural subglottic pool of secretions containing several types of bacteria coming from 

different patients. The biofilm thickness when several types of colonies are present is higher than 

the thickness of monomicrobian colonies (Siebel et al. 1991) biofilms. Therefore experiments 

with the mucus containing different type of bacteria would be relevant. The data provided could 

be compared with the previous experiments run at the same bacteria concentration. Several 

parameters can influence the bacteria adhesion and will be modified to characterize their effect 

(Temperature, time of exposure, viscosity of the flow, flow rates ...). The mucus viscosity should 

be assessed for each experiment using magnetic rheometry. The pressure of the cuff balloon is an 

important factor that should be characterized. The protocol previously mentioned could be 

modified and the dry weight of biofilm could also be quantified. SEM analysis would be 

interesting in order to characterize the biofilm structure. Moreover, as the surface of the 

endotracheal tube influences the bacteria adhesion, future work could be done improving the 

topographies of this surface. 

Topographies of the Endotracheal Tube 

The endotracheal tube surface is a parameter that will be important in terms of bacteria 

adhesion. It has been showed by Chung et al. (2007) that different micro topographies based on 

the skin of sharks, Sharklet AFTM, can affect and decrease biofilm formation. For this study, 

Poly(dimethyl siloxane) elastomer was used to create different surface topographies (Figure 7-1). 
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Manufacturing different endotracheal tubes with different patterns and ran under the same 

condition will be relevant to diminish the adhesion. 

 

Figure 7-1. Micro-topographies fabricated in PDMSe from silicon wafer templates 
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Conclusion 

The device that has been designed mimics both flows. The novelty of this device was to 

create a mucus flow that covered the wall of the artificial trachea. This objective was complete as 

it was proved with the experiments described chapter 5. The protocol for testing endotracheal 

tube bacteria adhesion was set up so that future experiments will allow a better understanding of 

the adhesion process. The egg white experiment has shown that the bacteria built biofilm in the 

artificial trachea. The air dried the egg white as the mucus dries in the trachea of diseased 

patients. The bacteria growth was low compared to the growth that usually occurs in a diseased 

trachea because of the air flow system used. The model of trachea designed mimics 

physiologically the conditions of a diseased patient. Several experiments could be carried out 

using this tracheal flow chamber. The bacteria and microbioal adhesion fields are wide and still 

needs experiments to better understand the process of adherence. The final objective will be to 

diminish the biofilm growth and minimize the infections in hospitals. As million of people are 

intubated every day, the improvement of the surface of endotracheal tubes will represent a real 

break-through in the medical and microbiology fields. 
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APPENDIX A 
INTUBATION, DISEASED ENVIRONMENT AND BACTERIA 

Pseudomonas Aeruginosa 

 

 

Figure A-1. Schematic of bacteria 

 
Figure A-2. Pseudomonas aeruginosa infection of human respiratory mucosa in an organ culture 

caused patchy epithelial damage after 8 h. P. aeruginosa adhered to mucus and 
damaged epithelium, but not to normal epithelium. (Scale bar = 2.67μm). (Wilson et 
al. 1987) 
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Intubation 

• Twenty-eight percent of patients receiving mechanical ventilation will continue to have 
complication of ventilator-associated pneumonia (VAP) 

• Mortality ranges : 28% to 70% 

• The ventilator tubing is an important source of contamination 

• As Pseudomonas Aeruginosa are hard to eradicate by antibiotic mean the solution would 
be to minimize the bacterial adhesion on the endotracheal tube. 

 

Figure A-3. Endotracheal tube after being placed through the vocal cords and keeping them 
open.  
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APPENDIX B 
FLOW CHAMBER DESIGN 

The parallel plate flow chamber is one of the most common designs in terms of adhesion 

test under flow conditions (Figure B-1). More accurate than any other static method this design 

provides several advantages. Indeed, it is convenient in terms of assessing the bacteria adhesion 

rate under a flow. This design allows the microscope observation and can test different material. 

Different patterns of Sharklet can be tested in mucus environment or an airflow environment. 

This device is particularly useful if one wants to understand more about the adhesion process, 

following the evolution of the biofilm growth over several days and bacteria properties such as 

zeta potential. 

 

Figure B-1. Design of a parallel-plate flow chamber  
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Mucus Flow 

Let’s calculate the maximum flow rate of the mucus, knowing that the minimum flow rate 

is close to zero µL/s (quasi-static). We can assess the maximum flow rate if we think of the 

problem in its higher conditions. We will then consider that the diameter of the trachea is 2.5 cm 

and that the mucus thickness is maximum (273µm). We adopted for the calculus the cylinder-

shaped model of the trachea (Figure B-2). 

 
 
 
 
 
 
 
 
 
 
  
 
Figure B-2. Cylinder-shaped model of the trachea 

Reynolds Number  

The Reynolds number can be easily calculated knowing the flow rate the fluid 

characteristic and the main dimension of the flow chamber. 

Re mucus = (ρ.Qpp )/ (h0.η) (B-1) 

• ρ : fluid density (kg per cubic meter) 
• Qpp: the volumetric flow rate (in cubic meters per second) 
• h0: the distance between the parallel plates (meters) 
• η: the absolute viscosity 
 
Let’s consider a flow chamber with the following dimensions (Figure B-3) 
 
• w0 = 20 mm 
• h0  = 1 mm 
• L0 = 30 mm 

Trachea 

Mucus layer 
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Figure B-3. Dimensions of the flow chamber (l0, w0 and h0) and distances in the different 

directions (l, w, h) 

Calculus of the Mucus Flow Characteristics 

The trachea diameter is considered as equal to 2.5 centimeters and the mucus thickness of 

273 micrometers. 

π/4.(Dt²)- π/4.(Dt-Lm)² = 1.0662151 e-5 m² (B-2) 

The maximum flow rate of the mucus will be assessed for the maximum speed, which 

means, Vmax = 35mm/min in the case of a healthy person. 

Qmax mucus = 6.21959 µL/s (B-3) 

Re mucus = (ρ.Qmax mucus )/ (Lm.η) (B-4) 

The design of the experiment will have larger dimensions so let’s use the concept of the 

Similitudes to assess the flow rate in our flow chamber. 

The dimensions of the parallel-plates flow chamber are 1 x 20 x 30 mm (ho x wo x Lo). 

Knowing that the developed profile is established when the laminar regime is set up: for a 

rectangular channel this length is equal to 0.09.Re.h = Le.  
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Size a Parallel-Plate Flow Chamber 

The section of the channel has been chosen rectangular as the sample has to be placed in 

the cell. The channel could also be cylindrical but it leads to optical difficulties later on if a 

microscope observation is required (the image would be distorted). 

The first important parameters to design a flow chamber are the hydrodynamic constraints. 

In order to get a laminar flow (Re < 2000) the Reynolds number has to be chosen inferior to 100. 

As the mucus flow is naturally laminar this will be the case. On the other hand if the sample has 

to be tested under airflow conditions the regime being turbulent this design might affect the 

results. In a laminar flow the observation has to be done at the point where the profile is fully 

developed which means where L > Le, where Le is the length where the developed profile is 

fully established. Moreover, all calculations considering a rectangular section assume that the 

height is much smaller than the width. This condition is set by the following equation: 2h/w<0.1 

where h is the height of the channel and w its width. 

Similitudes  

The similitudes keep the Reynolds number constant. 

Re mucus real  = Re flow chamber  model  (B-5) 

Considering that the properties of the mucus are close to the mucus simulant we will use in 

our model, we will consider that the density and the viscosity are equals. 

Then the equation above can be written  

Qmax mucus / Lm = Qmax model  / ho (B-6) 

The maximum flow rate in the flow chamber can be determined. 

Qmax model  = ho/Lm. (Qmax mucus) (B-7) 

Qmax model = 22.7 µL/s  (B-8)  
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This maximum flow rate represents the flow rate in the flow chamber that will be used if a 

healthy environment is modelled. In the case of an intubated patient, the flow rate will be much 

smaller. As the bacteria adhesion is directly affected by shear forces a flow chamber experiment 

gives more data on the rate of biofilm growth under laminar flow conditions. It is an interesting 

experiment in terms of testing surface samples showing different topologies. The tracheal model 

chosen is closer to the real environment. However, it will give information after a certain time of 

incubation where this process allows following the evolution over the time the experiment is 

carried out. The flow chamber could then be a complementary experiment in order to understand 

better the adhesion process of the tested bacteria.  
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APPENDIX C 
JOURNAL OF DRAWINGS 
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APPENDIX D 
FLOW CHARACTERIZATION 

 

 
Figure D-1. Initial flow: Time 0:00 to 5:30 
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Figure D-2. Flow evolution: Time 7:00 to 14:00 

 



 

85 

 

 
Figure D-3. Final flow covering the entire surface of the lexan tube: Time 15:00 to 25:00 
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APPENDIX E 
EXPERIMENTAL PROTOCOL FOR BACTERIA ADHESION TESTS 

Objective 

To assess the bacterial growth on endotracheal tube Kimberly-Clark adult size in the 

tracheal flow chamber that was designed. 

Material List 

• Tracheal flow chamber and tubings 
• One air filter 
• Microcuff endotracheal tube Kimberly-Clark, oral/nasal Magill, Murphy Eye 
• Air Cadet Cole-Parmer pressure-vacuum station 
• Two 200ml beakers 
• One 300mL beaker 
• Four small glass cups 
• Two glass cups 
• Two Allen wrenches 3/32, 5/32 
• One pair of scissors 
• One hemostat 
• Three 30mL syringes 
• Organism: Pseudomonas Aeruginosa 
• Egg white to mimic the mucus 
• Tryptic soy broth 
• 18x150 mm sterile culture tubes with screw caps 
• 500mL sterile baffled flask 
• Self-incubated (waterbath) rotary shaker (New Brunswick Scientific Model C-76) 
• Sterile Pasteur pipettes and a vacuum aspirating 
• Unico 1100 Spectrophotometer for optical absorbance measurements 
• 70% ethanol sterile wipers 
• Sterile gloves 

Disassembly of the Tracheal Flow Chamber 

The connectors and the tubes have to be disconnected of the syringe and the device. 

 
Figure E-1. Tubings and connector, mucus entrance 
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Figure E-2. Tracheal flow chamber and the corresponding part numbers 

The parts 5 and 8 are not manufactured yet. The lexan tube (part 7) is directly connected to 

the top cover (part 3) and the cylindrical bottom (part 10). 

• Unscrew the lexan tube (part 7) from the top cover (part 3) and the cylindrical bottom (part 
10). 

• Unscrew the mucus top tank (part 4) from the top cover (part 3). 
• Remove the 3 drilled screws (part 1). 
• Unscrew part 2. 
• Remove the o-rings from the top cover (part 3) and the mucus tank (part 4). 
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Figure E-3. Parts 1, 2, 3, 4 disassembled 

• Remove the cover from the mucus reservoir (part 9). 
• Unscrew the reservoir (part 11) from the base (part 14). 

 
Figure E-4. Mucus reservoir disassembled (parts 9 and 11) 

• Unscrew the feet from the base (part 14). 
• Remove the larger o-ring from its groove. 

 
Figure E-5. Feet disassembled 

• On the bottom of the base (part 14) unscrew the cylindrical bottom (part 10).  
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• Unscrew the fitting balloon (part 13) from the cylindrical bottom (part 10). 
  
 

 
Figure E-6. Cylindrical bottom (part 10) and fitting balloon (part 13)  

 
Figure E-7. Device disassembled 
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Autoclave Procedure 

Autoclaves use pressurized steam to destroy microorganisms, and are the most dependable 

systems available for the decontamination of laboratory waste and the sterilization of laboratory 

glassware, media, and reagents.  

Material Preparation 

• Wear closed toed shoes. 
• Wrap parts 9, 10, 11, 14 in aluminum foils. 
• Put parts 3, 4 and 10 in autoclave bags. 
• Wrap two 200mL beakers, one 300mL beaker, 4 small and 2 big cups with aluminum foils.  
• Put every part on the tray. 
• Put autoclave tape on every part. 
• Put the tray on the table; bring heat-insulating gloves to the autoclave room. 
Loading Autoclave 

• Check that the chamber pressure is zero or that the cycle is complete. 
• Stand behind door and slowly open it. 
• Put the tray inside it. 
• When closing the door, pull it toward you and then push to close it in order not to let the 

steam go out. 
Operating Autoclave 

• Push twice the button “Change values”. 
• In the option menu, change cycle number 1 to a gravity cycle. 
• Choose 15min (STER) as the duration of the cycle. 
• Choose TEMP=250°F as the temperature. 
• Choose the drying method: DRY=30min. 
• Save the values. 
• Choose program 1 (program just set up), then push it a second time to start the autoclave 

cycle. 
• Stay in the room to check that the door was properly closed and no steam comes out. 
• Fill the autoclave book. 
Unloading Autoclave 

• Wear heat-insulating gloves and closed toed shoes. 
• Make sure the cycle is complete. 
• Stand back from the door as a precaution and open it slowly. 
• Remove the tray from autoclave and put it on the table. 
• Check if every part has been correctly autoclaved (the autoclave tape and the autoclave 

bags must have changed aspect). 
• Keep gloves on until the table is brought back to the lab. 
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• Place hot items in area that clearly indicates the items are hot until they cool down to room 
temperature. 

 
Figure E-8. Autoclave parts 

Sterilization and Preparation of the Material 

The biological hood is cleaned with sterile ethanol wipes before starting. The hemostat 

(part 18), the Allen wrenches 3/32 and 5/32 in (parts 16 and 17), and scissors are bleached then 

rinsed with 70% ethanol and air dried under the hood. 

The o-rings are made of buna and cannot withstand such high temperature (up to 

120°C/248°F). Since the autoclave is done at 250°F it is safer to not autoclave them. The screws, 

the fitting balloon (part 13), the airflow entrance screw (part 2), the 3 drilled screws (part 1) are 

put in a cup filled of 70% ethanol for 10 min and later stirred. The parts are removed with the 

hemostat and place them in a sterile cup to air dry them under the hood. 

The tubings are rinsed out with bleach then with 70% ethanol (later sterile tubes will be 

used for the experiment). When the adaptive parts are available (parts 5 and 8), the lexan tube 

could be autoclaved or disposed. For this first experiment it is bleached, rinsed with 70% ethanol 

and air dried under the hood.  

The balloon is filled with bleach and rinsed with 70% ethanol and air dried. The outside of 

the air filter is cleaned with 70% ethanol and air dried. 
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Marks with a Sharpie pen are made on the endotracheal tube to cut 1 centimeter rings at 

the end of the experiment. The segments are 1 centimeter length and 5 millimeters apart (Figure 

E-9). A tube is attached to the endotracheal tube and allows the cuff balloon to be inflated. At the 

extremity of this tube, the valve is cut and replaced by a plastic luer (glue it). The endotracheal 

tube is rinsed with 70% ethanol and air dried under the hood. 

 

Figure E-9. Endotracheal tube segments marks 

Assembly of the Tracheal Flow Chamber under the Biological Hood 

The device has to be assembled under the biological hood wearing sterile gloves.  

• Start assembling the lower part (parts 9 to 14). 
• Do not connect the lexan tube (part 7) to the lower part. 
• Assemble parts 1,2,3,4.  
• Insert the endotracheal tube (part 6). 
• Connect the lexan tube to the top cover (part 3).  
• Pull out the tube and plastic luer used to inflate the cuff balloon through the hole on the top 

of the lexan tube. For that purpose use the hemostat. 
Egg Whites Preparation 

The eggs should not be older than a week and should be kept refrigerated at 5°C.The eggs 

are rinsed under tap water and air dried. The eggs are prepared following the method below: 

• Wear sterile gloves under the hood. 
• Wrap eggs with sterile ethanol wipes. 
• Crack 6 eggs in a sterile small glass cup and separate the yolk (put the yolk in another cup 

with the shells). 
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Figure E-10. Egg white separation 

• Pour the cup in a sterile 200mL beaker (this is the coating). 
• Crack 6 eggs in the cup and pour the content in another 200mL beaker (this is the culture 

media). 
Culture Preparation 

 Twenty four hours prior to the experiment, place one isolate Pseudomonas Aeruginosa in 

5mL triptic soy broth (TSB) media in a 18x150 mm sterile culture tube with screw cap. The 

culture tube is placed in a waterbath/shaker at 37°C and 150 rpm for overnight growth. 

• Remove the tube prepared previously from the waterbath/shaker. 
• Pipette 0.5mL of TSB solution containing P. Aeruginosa in 100mL of TSB media into a 

500mL sterile baffled flask. 
• Place the 500mL baffled flask containing the bacterial suspension in a waterbath/shaker at 

37°C and 150rpm. 
• Check the optical absorbance with the Unico 1100 spectrophotometer at 30 minutes 

intervals until the reading can be related to 106 CFU/mL by the two equations relating 
optical density to growth curves of P. Aeruginosa. 

• 10mL of the bacterial suspension are inserted in the 30mL syringe. 
• 20mL of egg white are inserted in the same syringe. 
• The syringe is placed in the waterbath/shaker at 37°C and 150 rpm to homogenize the 

content. 
Coating Method 

As it was shown chapter 5, to obtain a better homogeneous flow the lexan tube has to be 

coated following the procedure below. 

• Fill a 30mL syringe with egg white. 
• Connect the tubes to the syringe and the 3 drilled screws (part 1). 
• Place the assembly composed of the lexan tube, the endotracheal tube and the parts 1, 2, 3 

and 4 above the 300mL beaker. 
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• Insert 15mL of the syringe in the lexan tube. 
• The other extremity of the lexan tube is opened. Plug the hole on the side with your finger. 

Place the lexan tube upside down and pour directly the content of the beaker into it (about 
half of the lexan tube is filled). Homogenize the coating.  

• Put the lexan tube in the 300mL beaker to let the coating flow down. 

 
Figure E-11. Coating operation 

• Put the 200mL beaker with the rest of egg white used for the coating, under the device 
(between the 4 feet). 

• Connect the lexan tube to the lower part of the device. 
• When there is no leakage through the fitting balloon (part 13), remove the beaker and plug 

the balloon. 
• Clean the outside of the device with ethanol wipes. 
• Insert the air filter at the top of the endotracheal tube. 

Operating Procedure 

The flow chamber has been assembled under the hood in a sterile way. The syringe pump 

is in the incubator, and the flow rate has to be set at 20µL/min. 

• Set the temperature of the incubator at 37°C (body temperature). 
• Connect the tube and syringe to the luer and inflate the cuff (15mL of air). 
• Tape the syringe to keep a constant pressure in the balloon. 
• Set up the syringe containing the egg white and the bacteria on the syringe pump. 
• Place the flow chamber in the incubator. 

Hole on the lexan 
tube to plug  

Extremity where the 
content of the beaker 

is poured directly 
30mL syringe filled 

with egg white 

200 mL beaker with 
6 egg whites used for 

the coating 
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• Connect the tube from the Air Cadet Cole Parmer Pressure Vacuum Station to the filter. 
• Disconnect the sterile syringe containing the coating and connect the syringe containing 

bacteria. 
• Press start on the Air Cadet and make sure the balloon (breathing bag) does not burst or is 

properly connected. 
• Press start on the syringe pump. 
• The experiment is run for 24 hours. 

 
Figure E-12. Experimental set up 

Bacteria Count 

After 24 hours of incubation, the tracheal flow chamber is removed from the incubator and 

placed under the hood. Wearing sterile gloves, the top cover (part 3) is slowly disconnected from 

the lexan tube without touching the endotracheal tube. Holding the endotracheal tube with the 

hemostat and the top cover with the left hand the endotracheal tube is pulled out of the stainless 

steel parts (Figure E-13). 
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Figure E-13. Extraction of the endotracheal tube 

Six 1 cm-rings of the endotracheal tube are cut (two at the cuff level, three above and 

another at the tip). The endotracheal tube is hold at the extremity with the hemostat and segments 

are cut with scissors (Figure E-14) without altering the biofilm (the scissors is cleaned with a 

sterile 70% ethanol wipe after each cut). 

 

Figure E-14. Cutting method 

The ETT segments are rinsed in PBS. The biofilm is homogenized by vortex mixing 1-cm 

rings of tubing or cuff material in a biofilm surfactant solution (Medtronic Xomed Inc.). Samples 

(100 µL) of 6-fold dilutions of homogenized biofilm are each spread on two 5% horse blood agar 

plates. Viable counts are made by serial dilution-agar plate technique (Figure E-15) after 

overnight incubation in air at 37°C. 
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Figure E-15. The standard plate count technique to determine the total number of 
microorganisms in a sample (Aneja 2005) 
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