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Abstract

At the moment bioreactor processes are time consuming and costly. A new approach that
has been looked over for a long period of time is to develop a micro bioreactors system
which spreads the risk of contamination, reduce cost and results in higher experimental
throughput. Upcoming manufacturing technologies have given new insights to design and
fabricate miniature bioreactors in the field of microbiology. The new approach makes use
of 3d printing to construct devices from 3D CAD designs. In this research photopolymer
3D printing is used to fabricate a bioreactor flask. The growth rates of Escherichia coli
(E.coli) in 3D printed shaking flasks are compared to glass shaking flasks in a laboratory
environment to determine if 3d printed material is biocompatible. The results show promising
bacterial growth rates for E.coli in a 3D printed shaking reactor. Furthermore long term
factors influencing the bacterial growth, such as bacterial adhesion have also been examined,
however due to a limited time the bacterial adhesion experiment is only designed and no
results are available yet. The designed experimental setup examines the bacterial adhesive
probability of general and coated 3D printed material slides in comparison to glass slides.
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Chapter 1

Introduction

Bioreactors are used for a variety of different goals in biotechnology. From laboratory

research to large scale industrial reactors for the production of e.g., antibiotics (penicillin),

proteins (amylase), or biomass (yeast). The size of the reactors range from 0.1- 10l in a

laboratory environment and from 10 - 100,000l at industrial scale.

Bioreactors are used to grow microorganism in a liquid media containing the chemical

components necessary for growth. During the consumption of these components the envi-

ronment the microorganism lives in will change, which in�uence the process in a negative

way. Proper process conditions and control of different parameters like temperature, pH,

oxygen concentration, viscosity, mixing can minimize these negative effects. To determine

the optimal reaction conditions a lot of bioreactor research has to be performed. The commer-

cially available bioreactors are reasonable large and expensive and only a few of them can

be operated in the laboratory. To fully optimize a biotechnological process in a bioreactor

a lot of conditions need to be tested. Preferably this is done in a high throughput manner.

With traditional bioreactors this requires a lot of lab space, a lot of personnel and a lot of

money. Another more ef�cient possibility is to downscale the reactors to approximately 10

ml volume and build them using cost effective materials.

Recently, new manufacturing technologies have become available to design and fabricate

a variety of devices. Additive manufacturing or 3D printing is an advanced technology to

construct devices from 3D-designs. 3D printed objects can be made from different kind

of materials like polylactic acid (PLA) or amino butadiene styrene (ABS). However, the

objects are constructed using a �lament that is layer by layer constructed until the object

is �nished. The layer are not perfectly attached to each other and e.g. a container is not

watertight. Another 3D printing technology uses photopolymers. These 3D printers use a

laser to polymerize a certain part of the liquid into solid material. In this research I want to

design small bioreactors using the photopolymer as a construction material



Chapter 2

Research Context

2.1 Introduction

This chapter gives an explanation of the research context in which this research is performed.

The Problem description, research goal and research questions will be given. At the end of

the chapter a plan of action describes how each research question will be obtained.

2.2 Problem description

A continuous micro bioreactor system consists out of multiple parts in order to perform

ideally. The micro bioreactor vessel is one of those parts. When scaling down the bioreactor,

three main aspects have to be taken into account. These aspects are: maintaining the process

sterility, maintain perfect mixing, several control systems for multiple parameters. These

three aspects have to all be reevaluated when designing a continuous micro bioreactor.

Currently large expensive bioreactors are used. If those bioreactors could be replaced by

cheaper smaller bioreactors, while still maintaining the same performance that would be ideal.

At the moment glass is mainly used as a material for bioreactors. However the disadvantage

of glass is that it is not really �exible, especially not if the aim is to scale down the system

to a micro level. On the other hand glass is inert, heat stable and biocompatible, which are

important material characteristics for bioreactors.
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2.3 Research goal

This problem description leads to the following main research objective:

To create a “cheap” continuous micro bioreactor that can replace the current “expensive”

larger bioreactor and still maintain at least 90% of the performance compared to the old

bioreactor.

2.4 Research questions

The analysis above leads to the following main research questions:

1. How can the performance of the bioreactor be expressed?

2. What factors have an in�uence on the performance of the bioreactor vessel and which of

these factors can be adjusted?

3. How can the factors be converted to measurable parameters?

4. How is the growth performance and bacterial yield of the 3D printed material compared to

the glass material?

5. How does bacterial adhesion in�uence the performance of the bioreactor vessel?

6. What characteristics in�uence the bacterial adhesion and how can these be converted

towards measurable parameters?

7. What techniques can be used to measure the bacterial adhesion?

8. How is the bacterial adhesion of the 3D printed material compared to the glass material?

The �rst three, 5th, 6th and 7th Research questions are answered by doing a literature

study. The result of the literature study shows which components are involved in the

performance of the bioreactor vessel. The overview of these components are shown in

a conceptual model. With research questions 4 and 8 the goal is to understand what the

relations are between the different parameters and how these parameters can be optimized in

order to optimize the performance. This research question cannot be answered theoretically.

Instead this should be approached practically, by doing lab experiments.

2.5 Plan of action

The �rst step is to �nd an alternative for the current used material, which is glass. Glass is

not that �exible that it can be easily scaled. 3D printed material could an alternative for fabri-

cating small scale bioreactor vessels. For this research the material used for the bioreactor
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vessel will be material used for 3D printing and is called Clear resin (RS-F2-GPCL-04). The

exact components for the material are known, however not the ratio of each component. This

material is obtained from the distributors of the 3D printer, which is Formlabs.

The second step is to construct the part needed for the micro bioreactor. Preferably these

are as few parts as possible, because more parts make the micro bioreactor less convenient to

work with. The parts are designed using a 3d product designing program. For this project

the program 360 fusion is used. The 3d sketches can be made roughly in 1 day depending

on the complexity. Also small adjustments in measurements of the micro bioreactor can be

performed in a time frame of a single day. After the product design is �nished it can be saved

as a stl �le. This STL �le is processed further in commands so that it can be read by the

3D printer. In this program several parameters for 3d printing process can be adjusted. On

average the printing process takes about 6 to 8 hours depending on the complexity.

The third step is the post processing of the miniature bioreactor �ask. For the �rst cycle

this will not be taken into account. The aim for this second step is to improve the design

by changing different parameters.For example: A change in the material characteristics by

adding a coating to the bioreactor �ask surface.

The fourth step is to perform experiments with the 3D printed �ask and compare the

result against the current glass �ask. The main directive of this step is to see if the 3D printed

material is biocompatible which is measured on the basis of the bacterial growth. Furthermore

to see if the surface within the bioreactor �ask remains the same quality. The experiments

with the bioreactor �ask are performed in a lab environment. The experiment is based on the

production of simple fast growing bacteria. The estimation is that one experiment will take

roughly 2 weeks. Afterwards results are collected and evaluations are done, which will be

the �nal step. this is to compare if the obtained results meets the expectations. Furthermore

adjustments are performed based on these evaluations. After adjustments are performed,

experiments are performed from the beginning. This cycle is repeated multiple times until

the desired results are achieved. However this research may not achieve these desired results,

due to a limited time of 3 to 4 months for experiments.

2.6 Research methodology

For this research the empirical cycle is used, because the goal is gather new knowledge and

add this to the knowledge base, instead of using existing knowledge for an application. The
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�rst step of the empirical cycle is to formulate the research problem. After formulating the

research problem, a literature research is performed, which should lead towards multiple

characteristics that can be captured in a conceptual framework. Each factor of the conceptual

model could lead towards a knowledge question. The second step is to design a plan of

action of how to answer each knowledge question. In this case this is done by doing multiple

lab experiments. The results of these experiments should say something about how each

characteristic acts on the miniature bioreactor. The third step is to validate the results. Here

the gathered data is compared to see if it matches the desired research goal. In case this is

not, an evaluation is done to �gure out why the results do not match the desired research

goal and maybe even perform new literature research. It is expected that the research is an

iterative process. Hence the empirical cycle is run through multiple times in order to reach

the desired research goal.



Chapter 3

Bioreactors

3.1 Introduction

In contrary to conventional chemical reactors, bioreactors must provide a higher degree of

control over process parameters and contaminations. These bioreactors are used in a complex

biologically active environment, like growing bacteria. Before newly found bacteria can

be used, the bacteria �rst needs to be screened to determine in under which environmental

circumstances the bacteria will perform optimally and how the bacteria will react to the

different situations they are presented to. The growth of bacteria is usually performed by

in�ux stream of medium and air to provide the bacteria with oxygen in cases of aerobic

bacterial growth.

3.1.1 Batch reactors

Batch reactor is a non-�ow vessel in which a liquid phase is stirred. Currently, a majority

of bioreactions are performed in batch-wise mode. Nevertheless, batch-wise processes are

discontinuous which is disadvantageous in the light of process control costs and labor time

where an idle time for processes such as cleaning, sterilizing, emptying and heating occurs

[1]. An important aspect of a batch reactor is that it is a closed system, which means there

no material added to the reactor (in�ux) and also no material removed from the system

(ef�ux). Furthermore, within the batch bioreactor, there is a constant density, which means

that neither volume nor mass is changed over time. This can only be achieved if it assumed

that perfect mixing occurs in the reactor tank. In other words, there are no gradients of

concentration and temperature. Despite the aforementioned features, batch reactors are faster

and cheaper on a short-term than continuous ones [2]. This makes batch reactors useful for

testing new processes. Moreover, batch reactors can be used for sequential mode so that
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multiple products are produced. An alternative type of batch system is the fed-batch reactor

where the bacteria in case of bioprocess get over time nutrients (feedstock) resulting in an

increased volume. The addition of nutrients is performed until a reactor reaches maximum

volume.When the maximum volume is reached the reactor is turned off and emptied.

3.1.2 Continuous stirred tank bioreactors

The alternative type of reaction system is the continuous reactor. It is a �ow reactor where a

�ow coming into the bioreactor (in�ux) and also a �ow going out of the bioreactor (ef�ux).

It is important that the volume of the in�ux is equal to the ef�ux to prevent the bioreactor

from over�owing or starvation phenomena Continuous Stirred Tank Reactor (CSTR) is a

common reactor system designed to be perfectly mixed. This implies that the temperature,

concentration, and reaction rate are spatially equal in the bioreactor and in the ef�ux. Hence

the continuous bioreactors are at steady state. In continuous mode, the molecules do not spend

the same time within the bioreactor which will affect the product distribution. Furthermore,

CSTRs are used in intense agitation reactions to maintain the uniform temperature in the

bioreactor and homogeneous mixture [3]. An additional aspect of the CSTRs is that process

can be optimized in comparison to their batch bioreactor counterpart, due to the fact that the

process is continuously controlled [2].

3.2 The bioreactor system

Bioreactors can also be used for the production of products, like bacteria, proteins, antibiotics,

�avors etc. For these kinds of processes batch reactors are used. The problem is that

these batch wise operated bioreactors take a long time to obtain large output of product

in comparison to continuous operated bioreactors which have small continuous output of

product. On the other hand continuous operated bioreactors have more risk involved, because

the impact of failure is higher. However if there is a way to reduce the impact of failure in

these types of bioreactors then this can replace the batch-wise operated bioreactor. Lowering

the impact of failure can be achieved by spreading the risk. This implies a system of many

continuous bioreactors operating independently. Hence, if a bioreactor gets contaminated it

can be shut down and all other bioreactors are still remaining there process.
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3.3 Bioreactor performance

Similar to chemical research in biochemical research the term reactor performance is often

used. During a quick scan in the literature it appears that bioreactor performance is a rather

known concept, however never fully explained [4, 5]. In practice, the performance of a

biochemical conversion process, i.e. the bioreactor performance, is essentially determined

by the bene�t/cost ratio [6]. For optimization purposes the criteria for a high volume/ low

value added product are usually different from criteria used for low volume/high value added

product. In the main case products belong to the �rst category. In this case the bene�t of the

bioreactor is either de�ned as the yield of the desired product on substrate (g product per

g substrate), the productivity (g product per L reactor volume per hour) or the �nal titer (g

product per L reactor volume) [7]. This bene�t is also usually connected to a certain market

price. On the other hand there are also costs involved in biochemical conversion processes.

The reduction of costs is often the main objective of biochemical engineering [6].

The bioreactor tank is the core part of the bioreactor system. Within the bioreactor

tank the solution is mixed to maintain a homogeneous solution, which effects the optimal

performance. Different mixing methods [8][9] are used to obtain the perfect mixing by

looking at the �uid �ow, mixing rate and mixing time as parameters. Furthermore the

cultivation process needs to be carefully controlled. Sensors for pH, temperature, oxygen

concentration are environmental factors that in�uence the bacterial growth.



Chapter 4

Miniature bioreactor fabrication

4.1 Introduction

Miniature bioreactor fabrication shows great promise in the �eld of microbiology with the

uprising 3D printers and biocompatible 3D printed materials. This chapter will the advantages

of miniaturization for bacterial growth and developments of miniature bioreactors used for

experiments. Furthermore this chapter will the describe the 3D printing techniques and 3D

printing materials.

4.2 Miniaturization

According to Latterman et al.[10] the design of a microbioreactor typically varies in shape,

material properties and instrumentation, which have a direct in�uence on the bioreactor

performance. The downscaling of bioreactors is a current trend and promising solution

for optimization studies in biotechnology (e.g., fermentation, anaerobic digestion) [11,

12]. Miniaturization aims at replacing pilot-scale bioreactors and ultimately bench-scale

bioreactors [13]. Unfortunately, the current lab-scale systems (e.g., shaken �ask systems) lack

automated feeding, pH and/or oxygen control, a fact that is unfavorable for the environment

wherein microbial communities grow [14, 15]. Thus, parallel running mini-bioreactors have

become a more attractive method as they provide early-stage process understanding during

process development [16]. Mini-bioreactors have the capability to mimic conditions that

microbial communities experience in larger vessels [17, 18]. Figure 1 depicts important

aspects have to be considered for the optimal bioreactor design. Reliability, cost ef�ciency,

and process performance are the outmost important aspects for optimization, following by the

after sustainable reengineering (reactor and process redesign) and product innovation sections.
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These sections should expand the current knowledge base by performing experiments after

which commercialization is assessed by a feasibility study.

Fig. 4.1 From small lab scale to large scale bioreactors.

The image depict above �gure 4.1 shows what the in�uence is on scaling bioreactors.

For larger bioreactors the advantage is to accurately monitor the bioreactor solution. Sensors

for temperature, pH etc. are more easily accessible. By scaling down the bioreactor the

process information seems to be more dif�cult to obtain, however the small size contributes

towards a bioreactor system in which multiple bioreactors can be screened for bacterial

growth experiments. Thus resulting in more experimental throughput.
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Table 4.1 Factorized miniature bioreactor systems and their main characteristics

Reactortype (vol-
ume)

Application Material Mixing sensoring ref.

mBR(150m) Microbial
fermenta-
tion

PMMA,
PDMS

magnetic pH, DO [19]

mBR(100m) Microbial
fermen-
tation
(E.coli)

PDMS peristalic
oxygenat-
ing mixer

pH, DO, [20]

mBR(8x 250m) Cell cultiva-
tion (E.coli)

Plastic unknown pH, DO,
dCO2

[21]

Mililiter scale
tank BR (10ml)

Mycelium
forming

PEEK Magnetic pH, DO [22]

Mililiter scale BR
(12ml)

Measuring
power con-
sumption/
energy
dissipation

Magnetic Torque, par-
ticle size

[23]

SimCellTM (1ml) Cell cultiva-
tion

Sparging pH, DO [24]

MBA (0,1-2,0ml controlling
cellular
microenvi-
ronments

PDMS Unknown �ow veloc-
ity

[25],[26]

ambrTM (15ml) Cell cultiva-
tion

Sparging pH, DO [27]

ambrTM (15ml) Cell cultiva-
tion

Sparging pH, DO [28]

Mini-Bioreactor
(30ml)

Mammalian
cell cultur-
ing

Angled disc
impeller

Temperature [29]

bioREACTOR48
(8-15ml)

parallel fer-
mentation
(E.coli)

Polystyrene auto in-
duction
impeller

pH, DO,
stirrer
speed

[30]
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4.3 Fabrication materials for miniature bioreactors

Materials employed may in�uence the applicability of a bioreactor system. The thermal

properties of the material e.g. thermal conductivity, thermal expansion as well as the melting

point, are important when the reactor vessel is exposed to high temperatures. Chemical

properties such as chemicals resistance, is also crucial for the operation procedure. As for

last, the physical properties of surfaces affect the reactor vessel performance as they are

related to bacterial adherence and bio�lm formation [31].

4.4 3D Printing

The prospect of fabricating objects with the use of 3D printing has seen improved interest in

recent years [32]. In spite the fact that the range of commercial products is still limited, 3D

printing has potential when taking into account design and fabrication. The potential from

3D printers explicate the interest of multiple research �elds on 3D printing applicability. To

date, 3D printing is mainly used for medical applications, but it has attracted the interest of

biotechnology-based researchers [33, 34]. 3D printing is an additive manufacturing technique,

which means that the object is fabricated layer-by-layer rather than through molding or

subtractive techniques. The variety of materials used in 3D printing (e.g., plastic, stainless

steel, ceramics, glass, paper, photopolymers, and even living cells) ensures opportunities for

multiple applications [35–40]. These materials are in the form of powders, �lament, liquids,

and sheets as a starting product. Furthermore, there are multiple techniques used in the 3D

printing and their advantages and drawbacks are outlined in Figure 4.3.
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Fig. 4.2 Fabrication and highlighted features for various microreactor materials[36, 37, 41–
48].

Besides the pros and cons, 3D printing, in general, has some great advantages over other

conventional constructional methods. The process of designing and fabricating an object

overtakes some traditional manufacturing steps including procurement of individual parts,

creation of parts using molds, machining to carve parts from blocks of material, welding metal

parts together, and assembly [32]. Another main advantage of 3D printing is the ef�ciency

in which it uses its material. In other words, 3D printing can not only fabricate internally

complex objects that are dif�cult or impossible to produce by traditional manufacturing

techniques, but it can also produce these objects with less wasted materials [32].On the

other hand, 3D printing has some serious limitations, which have been improved in the last

couple of years. These limitations consist of the relatively slow building speed, limited object

size and detail (resolution), high materials cost, and in some cases, limited object strength

(depending on which 3D printing technique) [32].
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Fig. 4.3 Advantages and limitations of 3D printing techniques. These techniques fabricate an
object one layer at a time and include fused deposition modeling (FDM), inkjet bioprinting,
stereolithography (SLA), laser sintering (SLS), and direct metal laser sintering (DMLS)
[49–55].

This research makes use of a Formlabs 2.0 3D printer, which uses stereolithography as a

3D printing technique. This 3D printer can make use of different types of polymer resins with

different material properties, which can be bought from the Formlabs company. The Clear

resin is used for further experimentation of bacterial growth. In stereolithography a laser or

other UV light source is aimed onto the surface of a pool of photopolymer (light-sensitive

resin). The laser draws a single layer on the liquid surface; the build platform then moves

down, and more �uid is released to draw the next layer.

4.5 Biocompatibility

Biocompatibility, a term that currently is almost exclusively used in tissue engineering. The

�rst description of biocompatibility was given by Williams et al. Biocompatibility is the abil-

ity of a material to perform with an appropriate host response in a speci�c application”[56].

Biocompatibility refers to the ability of a biomaterial to perform its desired function with

respect to a medical therapy, without eliciting any undesirable local or systemic effects in

the recipient or bene�ciary of that therapy, but generating the most appropriate bene�cial

cellular or tissue response in that speci�c situation, and optimizing the clinically relevant

performance of that therapy[57]. Black et al. replaced the de�nition of biocompatibility with

biological performance and separated biological performance into an host response and a
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material response[58]. All these descriptions imply that biocompatibility is not a material

property, but more used it the sense of the functionality for a speci�c application[59]. This

means that biocompatibility is not always the same for the same type of material, it depends

in which situation the biomaterial is used. However the de�ntion of biocompatibility is still

often related to a biomaterial-host system. Which implies that the human body is included in

that system. But should the term biocompatibilty not be rephrased for other research branches

that also make use of biomaterials and also want the biomaterial to perform a function for a

speci�c application.

In the microbial research upcoming 3D printing techniques show opportunities for bio-

materials to fabricate miniature bioreactors. Interactions between microbes and biomaterial

in�uence the functionality of the bioreactors in terms of microbial growth. For the majority

this description can be related to the de�nition of biocompatibility. Instead of having a

local host in the system, the system contains an inoculum or medium in which the microbes

interact with the material substrate surface. Now the question remains, is the general de�-

nition of biocompatibility limited to the medical point of view and should the de�nition be

overhauled or rephrased, or should another term be used to describe the interactions that

happen in microbial research. For this particularly research biocompatibility is described by

the following three requirements:

1) The material surface of the bioreactor vessel is inert.

2) The material surface of the bioreactor vessel is not biodegradable.

3) The material surface of the bioreactor vessel does not adhere bacteria.

All three requirements are important for research reproducibility and research integrity and

these requirements should be accurately tested and at all times kept in mind when doing

microbial experiments.



Chapter 5

Conceptual analysis

Fig. 5.1 Conceptual model of the bioreactor vessel system, showing all factors and relations
in�uencing the performance of the bioreactor vessel.
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5.1 Conceptual model

The conceptual model in �gure 5.1 shows the factors that in�uence the bioreactors vessel

performance. For this speci�c research the focus is mainly on the material properties. As

mentioned before the optical properties will be looked at as a process convenience factor.

For the thermal properties applies the same, however an experiment will be done to see if

the 3D printing material can autoclaved. The main focus of this research is based around

the physicochemical properties, due to the effect these properties have on bacterial adhesion

and bio�lm formation. The rest of the factors will also taken into account, mainly to remain

process stability and consistency.



Chapter 6

Bacterial growth

6.1 Introduction

The growth of a bacterium is de�ned as the increase in cells number rather than cell size.

There are certain requirements for bacterial growth and factors that in�uence the growth

process. The main factors in�uencing bacterial growth are temperature, pH, osmotic pres-

sure, mixing, and oxygen concentration. Besides these factors, there are also nutritional

requirements. The replication process is not through mitoses and meiosis but through a

process known as binary �ssion. The DNA of a singular bacterium will be replicated during

binary �ssion (Figure 6.1). Afterwards, the DNA will be divided and a transverse septum

will be formed by the cell wall and the membrane. The transverse septum will be completely

formed which will enable cells separation, thus, generating new bacterial cells. One pivotal

parameter in bacterial growth is the time interval required for the cell division, which is

known as generation time. The generation time can vary depending on the type of organism

and the environmental conditions. In the laboratory, the bacterium is isolated and placed into

a medium such as a petri dish.
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Fig. 6.1 This image displays process of binary �ssion. The parental cell divides into two
daughter cells, which will then again divide into two cells. At �rst the increasing cell number
is low and after a while the number will increase immensely. [60]

6.2 Bacterial growth curve

The bacterial growth consists of four growth phases: lag phase, log phase, stationary phase,

and decline phase and they are depicted in Figure 6.2. In the �rst phase, so-called lag phase,

the bacteria have to adapt physiologically to the culture conditions and growth begins after a

period of time. This may involve a time requirement for the induction of speci�c messenger

RNA (mRNA) and protein synthesis to meet new culture requirements. Another important

factor is the density in which the cells are distributed. Broadly, exoenzymes and nutrients

are shared in close proximity; however, if the density is low this could lead to a dilution of

these materials [60]. The latter results in slow cell growth and transition to the log phase.

Depending on the conditions, the lag phase may take only minutes or several hours. The time

length of the lag phase depends on the type of medium.

The lag phase is followed by the log or else exponential phase. In this phase, the cells

are in optimum growth state and perform binary �ssion. During the log phase, there is a

logarithmic increase in cell number. The gradient of this line is also known as bacterial

growth. The mathematical description of the bacterial growth in the log phase can be

described using the following equation:
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dN
dt

= mN (6.1)

where N is de�ned as the cell number, t as the time andmas the speci�c growth rate

constant (1/time).

This leads to the following expression for the number of present cells exponential growth),

which is given by:

N = N0emt (6.2)

where N0 is the number of cells at t=0.

The third phase is called the stationary phase. In this phase the bacterial growth slows

down until it reaches maximum growth and the logarithmic cell number remains stationary.

The mathematical expression of the stationary phase is expressed as:

dN
dt

= 0 (6.3)

In the stationary phase there is a balance between cell division and there is no actual

bacterial growth. This is caused by the depletion of critical nutrients or the accumulation

of waste product. Some of the cells can lyse nutrients from dead cells, which is called

endogenous metabolism. This process occurs throughout the whole growth cycle but in high

degree occurs in the stationary phase. The last phase is called the death or else decline phase

and accumulation of waste products or exposure to oxygen occurs. The death phase can be

mathematically expressed as:

dN
dt

= � kdN (6.4)

where kd is the speci�c death rate.
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Fig. 6.2 This graph shows the relation between time and the growth of bacteria in a laboratory
environment. The x-axis represents the time (t) and the y-axis the bacterial growth rate. The
graph is divided into four phases which together represent the bacterial growth curve. The
four phases are the lag, log, stationary and decline phase [61]. On the X-axis indicates time(t)
and the y-axis is the logarithm of the relative population size (Ln(N/N0))..

6.3 Factors in�uencing bacterial growth

The growth of the bacteria have to be under laboratory condition in order to achieve optimal

growth. There are certain requirements for better bacterial growth and factors that in�uence

the growth process. The main factors in�uencing bacterial growth are temperature, pH,

osmotic pressure and oxygen concentration. Besides these factors there are also nutritional

requirements. Also mixing is an important factor which can in�uence the bacterial growth

and will be further explained in section 6.4.

6.3.1 Temperature and bacterial growth

As mentioned before the optimal values regarding these factors differs allot depending on

which type of bacteria. The graph "Fig:5.3" shows the relation between growth rate and

temperature depending on certain types of bacteria.

Organism called psychrophiles are known to prefer cooler environments, also known as

"cool loving". The temperature for this type ranges between the -4°C and 25°C and optimum
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growth occurs at 10°C. These bacteria are found in natural environments and are responsible

for the spoilage of refrigerated food. The next organism is called a mesophile (20°C-45°C).

With optimal temperatures around 35°C, which is around the same temperature of the human

body (37°C). The third organism is called a thermophile (50°C-80°C). These bacteria prefer

hotter environments, also known as "heat loving". Thermophiles are widely distributed in hot

springs, geothermal soils, and man made environments such as garden compost piles where

the microbes break down kitchen scraps and vegetal material. In an even hotter environment

there are organisms called hyperthermophiles (80°C-110°C)[61].

The majority of bioreactors operate at mesophilic or thermophilic temperatures. Reaction

rate and load bearing capacity at thermophilic temperatures are higher compared to AD under

mesophilic conditions[62]. This results in higher productivity of microorganisms, however

thermophilic processes are harder to control and require more energy to remain at a constant

temperature[63]. Chea et al. studied the effect of temperature on the anaerobic digestion

of biomass from swine manure. He noticed that even small differences in temperature at

mesophilic conditions (25°C-35°C) resulted in 13%-17% more yield for higher temperatures

compared to 10°C lower temperatures[64]. Another study done by Ward et al. investigated

the methane yield for mesophilic and thermophilic temperature rates. He found out that the

retention time under thermophilic conditions are shorter compared to mesophilic conditions.

According to his data 95% of the methane yield was obtained after 11 days and 27 days for

thermophilic and mesophilic temperature conditions respectively[65].
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Fig. 6.3 The graph shows relation between temperature and growth: The x axis represents
the temperature ranging from -10°C till 105°C and the y axis represent the bacterial growth
rate. The four types represented are psychro, meso, thermo and superthermophiles.[61]

6.3.2 pH and bacterial growth

If the pH reaches values below 7 it is considered acidic and above it is considered basic.

Extreme pH affects the structure of all macromolecules[61]. Extreme pH values either effect

the hydrogen bonds holding strands of DNA together, effects lipids or effects the protein.

However the optimal growth pH depends on the type of bacteria. The graph "�g:5.4" shows

the bacterial growth rate as a function of the pH.

Bacteria that grow best in acidic environments are known as the acidophiles (0pH-

6pH), which are "acidic loving". Through increased negative surface charge shown by

the protein to stabilize at low pH values. This is only an example of how the acidophiles

adapt and survive to strong acidic environments. The majority of the bacteria are called

the neutralphiles (6pH-9pH), which only survive in a neutral pH environment. Bacteria

surviving at high pH value are called the alkaliphiles (>10pH). Extreme alkaliphiles have

adapted to their harsh environment through evolutionary modi�cation of lipid and protein

structure and compensatory mechanisms to maintain the proton motive force in an alkaline

environment[61].

Furthermore different bioreaction processes use different optimal pH values. In general

the optimal pH values for methanogenesis range between the 6.8pH-7.2pH[63]. According
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to Mosey et al. pH values below 6.6 show signi�cant reduction in growth rates[66]. However

for hydrolysis and acidogenesis processes the optimal pH values range between the 5.5pH-

6.5pH[67]. Therefore some designers prefer a two stage con�guration where they separate

methanogenesis/acetogenesis from hydrolysis/acidogenesis processes[65]. Moreover Latif

et al. investigated low pH AD in waste activated sludge. He concluded that the lowering

the pH resulted in lowerCH4 yields and the bacterial community is in�uenced by the lower

pH, however not the acetoclastic methanogens[68]. Zhang et al. has done AD experiments

on swine manure an maize stalk with different pH values (6.0, 6.5, 7.0, 7.5 and 8.0) and

he experienced that the pH values between 6.5-7.5 are best used for the optimal biogas

production[69].

Fig. 6.4 This graph shows the relation between pH and growth. The x-axis represents the pH
ranging from 0pH till 10.5pH and the y-axis representing the bacterial growth rate. The three
types represented are acido, neutro and akiliphiles

6.3.3 Osmotic pressure and bacterial growth

The cytoplasm of most organisms has in general higher solute concentrations then most

natural enivironments. Rigid cell walls protect the cells from bursting in a dilute environment.

Not much protection is available against high osmotic pressure. In this case, water, following

its concentration gradient, �ows out of the cell. This results in plasmolysis (the shrinking

of the protoplasm away from the intact cell wall) and cell death. Microorganisms depend
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on available water to grow. The term water activityaw is commonly used to measure the

available moisture. water activity is the ratio of the vapor pressure of the medium of interest to

the vapor pressure of pure distilled water; therefore, theaw of water is equal to 1.0. Bacteria

require highaw (0.97–0.99) in contrast to fungi, which can tolerate drier environments.

Decreasing the water content of foods by drying, as in jerky, or through freeze-drying or

by increasing osmotic pressure, as in brine and jams, are common methods of preventing

spoilage[61].

6.3.4 Oxygen and bacterial growth

Bacteria can be either anaerobic or aerobic or something in between, which can be separated

into four groups. The group that needs oxygen to survive are called obligate aerobes. Then

there is a group that can with or without oxygen, however grow better in an environment with

oxygen and these are called facultative anaerobes. The third group are called the aerotolerant

anaerobes, which grow equally with or without oxygen. The fourth group are bacteria that

can not survive in the presence of oxygen and are called obligated anaerobes. The �fth

group are called microaerophiles which only grow in speci�cly low oxygen concentrations

(2%-10%). In a study performed by Tsapekos et al. microaearation is used to increase

the methane yield obtain by wheat straws by 7.2% and decreased stability at high oxygen

loads[70]. Montalvo et al. also tested the in�uence of micro aeration effect on methane

prodcution in AD. AD processes which included micro aerated pretreatment showed 200%

more yield compared to the conventional anaerobic digesters[71]. The �nal group of bacteria

are called capnophiles, which grow in the presence of CO2[61]:

6.4 Mixing

Multiple studies have investigated the effect of mixing on growth rates. In general three

important control parameters are used to understand the in�uence of mixing[72–76]. These

parameters are the mixing intensity(rpm), organic loading rate (OLR) and hydraulic retention

time (HRT). These parameters will be explained more brie�y and how these in�uence

the anaerobic digestion and biogas production. Because anaerobic digestion and biogas

production have higher yields with better bacterial growth.

6.4.1 Mixing intensity

The mixing intensity is the rotation rate at which the mixing is performed. In general a high

mixing intensity is not preferred. At high mixing intensities reduces �oculation and results
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in lower yields in anaerobic digestion processes. The higher �uid shear stress rates break the

�oculation formations. Lindmark et al. experimented with different rotation rates (150rpm,

25rpm and minimal intermittently). His study showed that the production of biogas is highest

at a lower mixing intensity[77]. Kariyama et al. con�rms these �ndings and concluded that

high mixing intensities should be avoided[75]. Furthermore excessive mixing intensity can

increase the startup time due to process instabilities where the microorganisms need time to

adept to the environmental change and can overall lead to an unstable process[72].

6.4.2 Organic loading rate

The OLR is a measure of the amount of substrate/feed that is added to a continuous bioreactor

system per unit of volume a day. This factor is especially important for process stability.

Destabilization can be caused by sudden or high loads of feed added to the bioreactor

system. This factor is closely related to the optimal mixing intensity, because high OLR

results in lower viscosity, which then results in an higher mixing intensity to achieve the

same results[72]. According to Furguson et al. �uctuations in OLR can de used to produce

stability and increase performances in AD. He also mentions that OLR can be used to control

microbial community structure and dynamics[74]. Gou et al. studied the in�uence of OLR

and temperature on waste activated sludge and food waste in co-digestion. He concluded

1) CH4 yield decreased as OLR gradually increased. 2) A thermalphilic system has the

highest endurable OLR. 3) Mesophilic system showed highest process stability with low

OLR. Finally he also mentioned that according to his data temperature more of an in�uence

is on the microbial community than the OLR[78].

6.4.3 Hydraulic retention time

The HRT is a measure of the average retention time of a liquid or dissolved component inside

a reactor and is calculated as the tank volume divided by in�uent �ow rate[72]. Studies done

by Dareioti and Haryanto et al investigated the effect of HRT in biogas production. Both

of the studies show that the treatments with the highest HRT (25d) show the highest biogas

production rate and yield[79][80].
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Bio�lms

7.1 Introduction

Food, dairy, maritime, water systems, oil, paper, opticians, dentistry, hospitals and domes-

tic households. These are several examples of industries that are affected by the bio�lms

[81–90]. The occurrence of bio�lms lead to serious problems e.g., product spoilage, reduced

production ef�ciency, corrosion, unsightliness, infection, pipe blockages, and equipment

failure [91]. A bio�lm is de�ned as an organized aggregate of microorganisms living within

an extracellular polymeric matrix that they produce. This is irreversibly attached to either

a material surface or a living surface, which cannot be easily removed due to its complex

structure [92]. This complex layer of extracellular polymeric substances (EPS) protects

them from antibiotics, disinfectants, and dynamic environments [93, 94]. The intercellular

communication within the bio�lm rapidly stimulate the up and down- regulation of gene

expression. This property enables temporary adaptations such as phenotypic variation and

the ability to survive in nutrient de�cient conditions. These pitfalls and challenges create an

industrial interest for developing materials, methods, and tools that can prevent or remove

the formation of bio�lms.
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7.2 Bio�lm formation steps

The process of bio�lm formation can be summarized in four steps: initial attachment,

microcolony formation, maturation, and dispersion (Figure 7.1). The �rst step is the process

where planktonic bacteria get close to the material surface. This is caused by a combination of

physical forces (e.g attractive van der Waals and repulsive electrostatic forces) and chemical

forces (e.g. the cohesion between microbial cells) [31]. Once the bacteria come into contact

with the material surface the appendages (e.g. �mbriae, pili, and �agella) strengthen the

attachment between the bacterial cell and the surface [92]. Moreover, environmental factors

such as temperature and pH in�uence the bacterial adhesion. The hydrophobicity of the

material surface also reduces certain repulsion forces on between the bacteria and material

[31]. Di Ciccio et al. alluded that bacteria attach more likely to hydrophobic surfaces

(polystyrene) than hydrophilic surfaces (stainless steel) [95]. It is notable that the bacterial

attachment is still reversible, which makes it lucrative to look at for prevention of bio�lm

growth.

Fig. 7.1 Bio�lm formation steps[96].

Following the attachment stage, the process of multiplication and division of the bacteria

starts. This leads to the EPS originating as a layer protecting the bacteria and this stage is also

called irreversible attachment [97]. The complex structure of multiple different microcolonies

formed on the surface renders them more resistant to antibiotics and disinfectants. The amount

of antibiotic that is needed to remove can range between 100-1000 times more than free

swimming planktonic bacteria [93]. These micro-communities coordinate with one another

in multiple aspects. This coordination plays a crucial role in the exchange of substrate,

distribution of important metabolic products, and excretion of metabolic end products [31].

In this stage, certain molecules, the so-called autoinducers, are used as signaling molecules

to communicate from cell to cell [98]. The autoinducers make use of a technique called

quorum sensing. This communication mechanism between the microbial cells makes the EPS

matrix able to adapt to multiple situations. The protection of the complex EPS architecture
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gives the bacteria the freedom to grow into a mushroom-like structure [99]. Within the three

dimensional structure of EPS, channels are formed between the different forming colonies.

The channels function as a circulatory water system that allows nutrients to venture deep into

the bio�lm and prevent the bacterial growth termination [100].

In the last stage, an oversaturation of microbial cells is observed. Once the EPS tem-

porarily removes the protective layer at the top of the mushroom-like structure, bacteria will

disperse from the bio�lm into the liquid phase. The sessile cells are converted into motile

forms resulting in a dispersion of the microbial cells. Given the wide variety of agents and

conditions attributed to a cellular release from the bio�lm, one has to wonder whether the

nature of the “escape” from the attached biomass is indeed the same. This is particularly

important considering that there is more than one way for bacteria to leave the bio�lm. In

fact, there are at least three types of “escapes” or ways for bacteria to leave the bio�lm:

desorption, detachment, and dispersion [101].

7.3 Environmental factors

7.3.1 Effect of pH

The pH plays an important role in bacterial growth and optimal range (6.5-7.2) depends

highly on the type of bacteria [102]. Disinfectants and antibiotics are used to change the

preferred optimal bacterial growth by changing the pH of the solution[91]. If the pH deviates

from the optimal range may impede the bacterial growth resulting on bacterial death and the

formation of the bio�lm stops. However, this is only the case in the �rst stage of bio�lm

formation. After the initial attachment phase, bacteria become more acidic resistant, due to

the protection from the EPS matrix. While planktonic bacteria are more acidic sensitive, if the

bacteria form a bio�lm the bacteria become more resistant to a lower pH [103]. Furthermore,

the speed at which the pH of the solution changes affects the bio�lm development. According

to Li et al. [104], a gradual change in the acidity increases the chance of cell survival

compared to a sudden change in pH caused by adding HCl. This means that bio�lms are less

resistant towards large pH �uctuations compared to small pH differences. If this mechanism

that lets the bio�lm adapt is not fast enough due to sudden changes in their environment this

could lead to cell extermination [91].

7.3.2 Rheological and adhesive properties of bio�lms

Klapper at al. investigated the viscoelasticity of bio�lms of Pseudomonas aeruginosa and

observed dual behavior: an irreversible viscous deformation and viscoelastic response and
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recoil [105]. Characterization of the bio�lm internal structure requires an assessment of

physical properties on the micro scale as well as any structural features that exist within it

[106]. The matrix formed by EPS responds to stress by exhibiting: (1) elastic tension due to

a combination of polymeric entanglement, entropic, and weak hydrogen bonding forces, (2)

viscous damping due to polymeric friction and hydrogen bond breakage, and (3) alignment

of the polymers in the shear direction [91]. However, a recent study by Kundukad et al. has

shown that the rheological properties can be independent of the �ow rate, a fact that is not

documented to earlier observations [107]. They also stated that the size of the microcolonies

plays an important role in the surface rheology. The reasoning behind this is that the bio�lm

growth occurs at the periphery rather than within the bio�lm and shows that the periphery of

the microcolonies is dynamic compositionally and mechanically.

7.3.3 Effect of temperature

The nutrient metabolism of bacteria is directly associated and dependent on the presence

of enzymes, which means that the bio�lm formation depends on the reaction rates of the

enzymes. A large impact factor in the enzymatic reaction rate is the temperature and so

the temperature is correlated to formation of cells forming a bio�lm. [91]. Furthermore,

studies have shown that at low temperatures (10°C) the bacteria have an increased surface

area compared to higher temperatures (35°C) [108, 109]. Former study by Townsly and

Yildiz examined the temperature in�uence on the bio�lm formation in Vibrio cholerae [110].

They deduced that bio�lms formed at low temperatures (15°C and 25°C) exhibited increased

biomass and thickness and were more structured compared to those formed at 37°C. This is

ascribed to the number of appendages. The number of �agella from bacteria is dependent

on the temperature. At high temperatures (> 35°C) a bacteria seems to have only a single

�agellum and at lower temperature the number of �agella increases and, thus, increases the

surface area of the bacteria and the likelihood of bacterial adhesion in the initial attachment

stage [111]. In spite the fact that the effect of temperature on the development of bio�lms

especially in the �rst stage of bio�lm formation is extensively examined and reported, the

effect of temperature when the bio�lm is already established remain ambiguous standpoint

[91]. Even higher temperatures (80°C and 90°C) seem to have little impact on the removal

of bio�lms and even shows that the adherent nature of the bio�lm to the surface increases,

which is known as baking effects [112].
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Microbial adhesion

8.1 Introduction

This chapter will �rst describe how bacterial adhesion could effect the bacterial growth. After

that an the theoretical model behind phisicochemical interactions will be given. From the

theoretical model the characteristics in�uencing bacterial adhesion can be obtained.

8.2 Bacterial adhesion and bacterial growth

One of the challenges in the �eld of microbial research is the bacterial adhesion. Bacterial

adhesion has a negative in�uence on bacterial growth and mobilization. In order to grow,

microorganisms require right conditions and amount of nutrients. If bacteria adhere to the

material surface they obtain fewer resources, fact that subdues the bacterial growth. Addable

negative effect of bacterial adhesion is the creation of bio�lms layer to the material surface.

The bio�lm layer reinforces the adhesion phenomenon slowing the bacterial growth and

leading to a de�cit of the end-product. The bacterial adhesion can be expounded �rstly by

the physicochemical interactions between the bacteria and the surface and secondly by the

molecular and cellular interactions between the bacteria and the surface.

8.3 Theoretical models

8.3.1 DLVO theory

One of the theories used to describe the interactions between bacteria and the surface is

the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. This theory is widely applied to
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delineate interactions between colloidal particles or a colloidal particle with a surface. As

such the size of bacteria (0.5-2.0µm) corresponds to the size of a colloidal particles, this

theory has been used for the interactions between bacteria and the material surface [113].

Fig. 8.1 Total interaction energy between a bacterial cell and a surface depending on ionic
strength[113].

The total interactionsDGadh of bacteria with the material surface has been determined by

the balance between attractive van der waals forcesDGvdW and electrostatic repulsion forces

DGdl from the overlap between the electrical double layer of the cell and the substratum. The

classical DLVO is expressed as:

DGadh(d) = DGvdW(d)+ DGdl(d) (8.1)

This formula shows that both forces are dependent on the distance between the cell and

the substratum. If the bacterium is close to the surface, the van der Waals forces become more

dominant and the cell will adhere to the surface irreversibly. On the other hand, if the distance

between the cell and substratum becomes higher the van der Waals forces decrease drastically

and the Coulomb interactions become more dominant resulting in the cell repelling from

the surface [113]. In addition, the ionicity of the cell (Figure 8.1) plays an important role

in bacterial adhesion. If the ionic strength is high, the positively and negatively charged

particles will attract naturally towards each other. If the ionic strength is low by having the

same charge, the particles will naturally repel. However, if the bacterial cell approaches to the

surface due to its motility or Brownian motion a reversible adherence takes place. In this case,

the bacterial cell needs to overcome a certain energy barrier. Once the bacterial cell comes

close to the surface it can use its appendages like pili and �agella to attach to the surface.

These appendages can pierce the energy barrier and bacterial adhesion is facilitated [113].

For clarity sake, the DLVO theory describes the probability of an organism to overcome

any electrostatic barrier. However it does not describe the various molecular interactions
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that would come into play when polymers at the bacterial surface enter into contact with

molecular groups on the substratum as well as any conditioning �lm[31].Current research

shows that there is a relation between the ionic strength and bacterial adhesion, which is

consistent with the DLVO theory[114].

8.3.2 Thermodynamic theory

The thermodynamic is the physicochemical approach that has been used to delineate the

bacterial attachment to surfaces. This approach expresses the van der Waals, electrostatic

and dipole, in term of free energy, which is calculated using the following equation:

DGadh = gsm� gsl � gml (8.2)

wheregsm,gsl and gml are the solid- microorganism, solid-liquid and microorganism-

liquid free energies respectively. If the free energie is negative then the adhesion is favored.

On a more general note, the thermodynamic theory always assumes that the bacterial

interaction is reversible, which is not the case. According to the thermodynamic approach, the

distance between cell and surface is not important and this is in contrast to the conventional

DLVO theory. The thermodynamic theory does not explain or predict the behaviors observed

in bacterial systems. However, it explicates a common observation; namely the bacteria

with hydrophilic properties prefer hydrophilic surfaces to attach to. The same applies to

hydrophobic bacteria that prefer hydrophobic surfaces. Silva-Dias et al. insinuated that

hydrophobicity plays a momentous role in the bacterial adhesion and the agglomeration of

bacterial cells [115].

8.3.3 Extended DLVO theory

The hydrogen-bonding can be viewed as a more general electron-donor/electron-accepter

interactions, namely, Lewis acid-base interactions [116]. This acid-base interactions led to

the development in the extended DLVO theory, where the hydrophobic/hydrophilic as well as

the osmotic interactions where included in the model. Nevertheless, the osmotic interactions

in bacterial adhesion could be neglected, due to their low impact.

DGadh = DGvdW+ DGdl + DGab (8.3)
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whereDGvdW is the Lifshitz-van der Waals interaction,DGdl is the electric double layer

interaction, andDGab relates to acid–base interactions.

With the addition of hydrophobic and repulsive hydration effects the extended DLVO

theory predicts adhesion results better than the conventional DLVO theory most of the time.

Acid base interaction play an important role that lowers the energy barrier. However only at

a small distance (5nm) from the surface become the acid base interactions functional [117].

8.4 Physicochemical Properties

8.4.1 Surface Charge

One of the characteristics that can affect the binding forces between the bacteria and the

surface is the surface charge. Most of the bacterial cells are charged negatively, thus,

negatively charged surfaces are more resistant against bacterial adhesion [6]. However, there

are approaches that use positively charged surfaces. This approach aims at the elimination

of bacterial cells on contact. These contact-killing coatings are based on positively charged

polymers such as quaternary ammonium compounds (QAC); it has been proposed that

extremely high electrostatic forces disrupt bacterial cell membranes by yielding removal

of anionic lipids [102]. A disadvantage of this approach is that the dead cells form a layer

on the surface which reduces the surface charge, thereby other microbial cells can adhere

more easily to the surface [103]. Furthermore, there are types of bacteria that can modify the

surface charge. Rzhepishevska et al. seconded that Pseudomonas aeruginosa on a negatively

charged surface is an example of changing the surface charge to make it more convenient for

other bacterial cells to adhere to the surface [104]. Therefore he concluded that looking only

to the surface charge may not be suf�cient for some types of bacteria.

8.4.2 Hydrophobicity

The hydrophobicity is a major feature that in�uences the interactions between bacteria and

surface. Bacteria with a more hydrophobic cell surface preferentially colonize hydrophobic

materials and vice versa. Preceding reports contend that superhydrophobic (>150°) and

superhydrophilic (0°) surfaces seem to have an impact on the bacterial adhesion [118].

According to Huan Zhu et al., the method to translate the adhesion of superhydrophobic

surfaces can have two distinct perspectives [119]. The �rst is to control the chemical

composition and alter the surface geometric structure simultaneously, and the second is to

provide external stimulations to induce transitions, which is the most common method for
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obtaining switchable adhesion. Yuan et al. cited that on a superhydrophobic surface, the

solid area fraction was reduced due to the entrapped air, and the bacterial adhesion was

lowered. It is notable that self-cleaning ability of the surface against bacteria as well as the

subsequent washing applied lead to the the reduction of the bacterial adhesion [120]. Hizal et

al. claimed that the combination of superhydrophobic surfaces and �uid shear stress reduced

the adherence of Staphylococcus aureus and Escherichia coli, due to the slipperiness of

the superhydrophobic surface [121]. On the other hand, the superhydrophilic surfaces have

good non-fouling properties due to the formation of a dense layer of water molecules, which

weakens the interaction between the cell surface and substratum material and consequently

reduces cell adhesion [122]. It has been previously claimed that, zitterionic polymers, which

are neutral molecules with a positive and a negative electrical charge in close proximity, are

used to coat material surfaces to obtain superhydrophilicity and reduce fouling [123, 124].

8.4.3 Surface roughness

An intensi�ed surface roughness can directly be related to an increased bacterial adhesion

[125]. The surface roughness is related to an increase in surface area, which makes it easier

for the bacteria to attach. Furthermore, a rougher surface protects the bacterial cells from

�uid shear forces [122, 126]. Nevertheless, Renner et al. alleged that there is no such thing as

`one size �ts all' relationship between surface roughness and bacterial attachment, owing to

the variation of bacterial strains in size and shape as well as the effect from the environmental

conditions [127].

8.4.4 Surface topographical con�guration

The de�nition of roughness based on the average amplitude of peaks and valleys is not

suf�cient to describe the 3-dimensional features of a surface. Recent studies have manifested

that the way that peaks and valleys, otherwise known as topographical patterns, are distributed

along the surface also plays an important role in microbial bio�lm formation [122, 127]. The

surface typography around the same diameter of the bacterial cell may entrap bacteria on

a stainless steel surface [128]. Parameters like skewness and kurtosis need to be taken into

account to understand bacterial cell attachment based on the typography of the surface.

8.4.5 Bacterial characteristics

On the other hand the Bacterial characteristics play also an important role in bacterial

adhesion. Bacterial hydrophobicity and bacterial surface charge in�uence the possibility of
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bacteria adhering to the surface. Despite knowing that bacterial characteristics in�uence

bacterial adhesion it is hard to adapt the bacterial characteristics without in�uencing the

growth process. Therefore the focus is mainly on changing the material surface characteristics.

More research is needed on possible changes of bacterial characteristics in order to be a

viable point of focus[31].

8.5 Techniques used to observe and measure bacterial ad-

hesion

There are a lot of different techniques used to observe and measure the bacterial adhesion.

Azeredo et al. made an overview of the different techniques used and separated all the

techniques into four groups: chemical, physical, microscopy and biological [129]. He also

mentions the advantages and limitations for each technique which are displayed in �gure 8.2.
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Fig. 8.2 Bio�lm measuring techniques [129].



Chapter 9

Control of bacterial adhesion

9.1 Introduction

Many microorganisms in bio�lms or in a sessile condition express different physiological

phenotypes from those in the planktonic state. To obtain or effectively attain resistance

to antibiotics, infection, nutrition, and so on, microorganisms adhere to surfaces by every

possible means. In other words, they have evolved the mechanism for adhesion under various

environmental conditions. Therefore, inhibition of adhesion and/or bio�lm formation is

quite dif�cult against all microorganisms in environments even if possible against speci�c

target species. Nevertheless, effective methods for controlling bio�lm formation or microbial

adhesion have been developed recently. This section describes the advantages and limitations

of such control technologies.

9.2 Antibacterial agent release coatings

Utilization of antibacterial agents is an easy and frequently used way to control bio�lms.

However planktonic cells are more susceptible antibacterial materials than the microorganism

in bio�lms. Microorganisms in bio�lm are more protected due to the adaptability of the EPS

layer protecting the bacteria from antibiotics. In particular, resistance of pathogenic bacteria

in bio�lms to antibiotics is at the root of many persistent and chronic bacterial infections.

Release based coatings help to target bacterial infections locally.

Essentially a released based coating exerts antibacterial activity by leaching loaded an-

tibacterial compounds over time. The antibacterial compounds makes sure that both adherent

and adjacent planktonic bacteria are killed during the process. The release of incorporated

antibacterial agents is achieved by diffusion into the aqueous medium, erosion/degradation,
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or hydrolysis of covalent bonds[130]. The advantage of antibacterial agents is that the

elution from the material surface offers the possibility to deliver a high antibacterial agent

concentration locally, without exceeding systemic toxicity or ecotoxicity limits, compared to

traditional delivery methods for antibiotics [131]. It provides antibacterial activity only where

needed, thus minimizing the development of resistance and avoiding potentially harmful

systemic repercussions.

In a review done by Cloutier et al. several design strategies that are used with antibacterial

agent release coatings are described. These strategies can be separated into 3 groups: passive

approaches, active approaches, and bacteria triggered approaches[131] (see �gure 9.1).

Fig. 9.1 Design strategies for antibacterial coatings: Passive approach (A) Tuning coating
properties causes different release pro�les, which can be either rapid bursts (left) or release
is done linear (right). Active approach (B) External stimuli trigger the release of antibacterial
agents. Bacterial trigger approach (C) Releasing antibacterial agents locally when the bacteria
challenges the coating. [131]

The passive approach focuses on the different variables that have shown to be an in�uence

on release kinetics and do not have an active trigger when to release antibacterial agents.

This can be based on either the properties of the antibacterial agent, the carrier matrix, or the

overall micro/nanostructure of the antibacterial coating [132, 133].

On the other hand the active approach uses stimuli responsive materials. These types of

coatings require a trigger before releasing the antibacterial agents. Most commonly used

triggers are physical exogenous stimuli. According to Cloutier et al. these offer great signal

control and are not restricted by diffusion, which gives them potential for the use of bioactive

coatings. These bioactive coatings can produce antibacterial agents on demand. This also



40 Control of bacterial adhesion

leads to an improved useful longevity of the coating.The main challenges facing stimuli-

triggered coatings are to achieve release of meaningful doses over multiple cycles and to

minimize non-triggered background leaching from surfaces[131, 134].

Fig. 9.2 Bacteria triggered release approaches
and their release mechanisms[131]

Lastly bacteria triggered approaches ac-

tivate release pro�les of antibacterial agents

when the bacteria are in the vicinity or are

coming into contact with with the coating.

There are 2 ways of triggering the release of

antibacterial agents, these coatings are either

pH responsive or enzyme responsive (see �g-

ure 9.2). In the process of bacterial growth

metabolism takes place. In the metabolism

of bacteria the acidic acids like lactic acid or

acetic acids are produced. Zhuk et al. uses

poly-electrolyte multilayers (PEM) �lms as

a release mechanism [135]. In acidic con-

ditions, the coatings release bursts of antibi-

otics is determined by the degree of pH low-

ering. The driving force behind the release

was reported to be the charge balance within

the PEM �lms. In another research done by

Lu et al. self defensive layer-by-layer coatings with bacteria triggered antibiotic release is

used in the form of hydrogels [136]. Other mechanism make use of the cleavage of imine

bonds[137].

The bacteria triggered release enzyme responsive coatings have an advantage in com-

parison to the pH responsive coatings. These triggers have the possibility to target speci�c

bacteria, because enzymatic response coatings can differentiate between different bacteria

strains. However this approach is fairly new and not well known. Till now two distinct

ways of release have been reported, which are coating degradation and cleavage of chemical

bonds[138–140]

9.3 Contact killing coatings

Contact killing surface or also called contact active surface is created by immobilizing

antibacterial agents onto the surface platform. This is ussually done by covalent bonding.
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Advantages of contact killing coatings in comparison to release coatings is that they are

more sustainable. Furthermore contact killing coatings are harmless for the environment

meaning no pollution. However contact killing surfaces do not have any bacterial adhesive

resistance, instead contact killing as the name implies eliminates bacteria that come into

contact with the surface. This is done by either physical damage or by non oxidative stress

[141]. There are multple forms of contact killing coatings, which distinct themselves by the

type of antibacterial agent attached to the surface and the proposed mechanisms of action in

which the bacteria are eliminated.

9.3.1 Types of antibacterial agents

The most commonly reported contact active antibacterial agents include quaternary ammo-

nium compounds (QACs) such as alkyl pyridiniums and quaternized poly(2-(dimethylamino)ethyl

methacrylate), quaternary phosphoniums (QPs), and N-chloramines[141]. Green con�rms

that QACs are often used as AMA for contact killing coatings and makes a distinction

between QACs based on silanes (Si-QAC) and QAC based on polymers. Furthermore a wide

range of molecules have been tested as antibacterial agents, including guadines, enzymes,

chitosan, peptides, peptoids and other peptide mimetics [142].

9.3.2 Bacterial elimination mechanism

Fig. 9.3 Mechanism of contact-killing based on
polymeric spacer effect [143]

.

The �rst mechanism was examined by

Tiller et al. back in 2001. polymeric

spacer effect[144]. According to him the

long polymeric strings attached with the

microbial agents were able to penetrate

a hole in the membrane of a gram pos-

itive bacterium and with this eventually

kill of the cell. However recent discover-

ies examined that the length of the poly-

mer chain did not in�uence the antibacte-

rial impact of the coating. Therefore some

of the researchers question this spacer the-

ory.

The second mechanism was proposed by Kugler et al. According to him the exchanges

in ions was responsible for the bacterial killing [145]. The ion-exchange model states that
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exchange of divalent cations present on outer membrane of bacteria can occur with cations

present on the charged surface. This exchange of ions leads to destabilization and loss of

natural counterions of bacteria, leading to cell death.

Fig. 9.4 Mechanism of contact-killing based on
phospholipid sponge effect [143]

.

The most recent mechanism was pro-

posed by Bieser and Tiller et al, which is

called the phospholipid sponge effect [146].

which states that the antimicrobial action

occurs by the selective adhesion of nega-

tively charged phospholipids in the bacte-

rial cell membrane onto the cationic sur-

face. An recent study performed by Gao et

al. con�rmed the existence of the phospho-

lipid sponge effect[147]. Gao examined a

negative correlation between the �lm cross-

linking density and the absorption of a neg-

atively charged phospholipid was observed,

but no such correlations were observed with a neutral phospholipid, which strongly supported

the action of anionic phospholipid suction proposed in the lipid sponge effect.

The three mechanisms described above are all based on contact killing QACs coatings,

immobilizing either silanes or polymers as antibacterial agents. The last mechanism is only

based on N-chloramines coatings. This mechanism is believed to be revolved around the

active chlorine transfer.However, there is no experimental evidence for this proposal and

more work is needed to explore the antibacterial mechanisms of N-chloramine modi�ed

surfaces [141].

9.4 Anti-adhesion/ bacteria repelling coatings

In contrast to the other two forms of antibacterial coatings the anti adhesion coatings aim to

prevent the �rst step in bio�lm formation using non cytotoxic mechanisms. As recalled in

chapter 8 bacterial attachment to the surface occurs through several mechanisms and if not

prevented in the �rst stage, bio�lm formation can lead to serious infections. The control over

surface hydrophobicity, charge, roughness and topographical con�guration can drastically

reduce the attachment of bacteria.

The most commonly used anti adhesion coating is Poly ethylene glycol (PEG). PEG

chains are �exible and exhibit large steric repulsion forces, which may impede the approach
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of bacteria towards the surface [148]. PEG was �rst used for anti fouling coatings against

protein absorption and due to its preventative properties also commonly used for preventing

bacterial adhesion. In general, higher molecular weight PEGs exhibited greater resistance to

bacterial attachment than the lower molecular weight ones. However Ostuni et al. investigated

if the protein resistance and bacteria resistance correlate to an extend to each other [149]. In

the observation he made came that there was no correlation between the two and therefore

concluded that other parameters are required to prevent the attachment of bacteria, due to

the complexity of the of the mechanisms that result in bacterial attachment. Furthermore the

PEG was not sustainable for long term usage[150].

Other anti adhesion coatings make use of surfactants to prevent bacterial attachment.

Examples of these surfactant are hydroxypatite and chitosan or biological molecules such

as albumin and heparin [151]. In a recent study performed by Buzzacchera et al. polymer

brush functionalized chitosan are used as antifouling implant coatings to prevent bacterial

adhesion[152]. The coatings were hydrophilic and reached a thickness of up to 180 nm

within 30 min of polymerization. The functionalization of the surface with polymer brushes

signi�cantly reduced the fouling and eliminated platelet activation and leukocyte adhesion.

Another approach for anti adhesion coatings is based on the hydrophobicity, where super

hydrophobe or hydrophile coatings make the attachment for bacteria to the surface harder.

This is in more detail described in chapter 8.

A more recent study uses a repellent �lm based on �agellin [153]. In this study a novel

type of bacteria repellent layer made of the bacterial protein �agellin is demonstrated. These

demonstrations showed that the �agellin protein forms an oriented and dens layer on a

hydrophobic surface, which resulted into an effective bacterial cell repellent feature. The big

advantage of fabricating �agellin based coatings is that it is cost effective because the protein

can be rather easily produced in large amounts.

9.4.1 Multifunctional coatings

Because biological systems are inherently complex and hierarchically structured, coatings

with multiple functions are necessary to achieve better performance in their environments

and for speci�c applications. Recently, several multifunctional release-based antibacterial

coatings have been developed; these can generally be grouped into three categories: multi-

release, multi-approach, or multi-property [131].

As mentioned before there are different types of approaches with several release mecha-

nisms to control bacterial adhesion. The multi-release coatings are coatings that combine

different release mechanisms together, for example can both have material responsive and

bacterial responsive release triggers of antibacterial agents. Multi-approach coatings combine
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different approaches, for example a combination of release antibacterial agents, contact

killing, and anti adhesion coatings [154]. But for future prospect in the microbiology industry

coatings should focus on multi-property coatings. According to Variola et al. in these coat-

ings the properties of surfaces of materials can be modi�ed on a range of scales by various

techniques [155]. In this case, the coating should not only prevent bacterial adhesion, but at

the same time should have increased wear resistance, corrosion resistance, anticoagulation,

etc[156].



Chapter 10

Experiment: Bacterial growth

10.1 Introduction

This chapter contains a detailed description of the experimental setup to investigate the bacte-

rial growth in a 3D printed �ask. This chapter will contain a methods and materials section,

which will describe the preparations and the execution for the experiment. Furthermore data

is obtained from the experiments, which will be shown in the results section and from the

data conclusions are derived.

The main goal of the experiment is to investigate how the bacterial growth is in a 3D

printed �ask compared to a glass �ask. The expectations are that the bacterial growth rates

will be obtained for both types of material. However expectations are that growth rates for

the 3D printed material will be lower compared to the glass material. This expectation is

based on the material surface, which the 3D printed material has a higher roughness than that

of glass.

The second goal of the experiment is to see if the sterilization process is suf�cient. This

is mainly tested for process stability and reproducibility. The obtained data will tell if

the vessels are contaminated.The expectations regarding the sterilization are that thermal

sterilization is not a viable option for the 3D printed material. This expectation is derived

from the manufacturer which mentions that the material cannot withstand temperatures higher

then 100°C. The back-up is to do the sterilization process chemically. However because

chemical sterilization is not generally used and therefore it should be accurately monitored.
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10.2 Materials/ methods

Before the experiment can be executed, some preparations need to be done. The �rst step

is to prepare 100ml of medium for the growth of theE.coli or culture. BothE.coli L.lactis

are used because they are fast growing bacteria. Furthermore theE.coli is a gram negative

bacteria andL.lactis is a gram positive bacteria. For E.coli Lysogenic Broth (LB) is used as

a medium and consists out of 10g/l peptone, 5g/l yeast extract and 5g/l NaCl dissolved in

demiwater. forL.lactisM17 is used as a medium and consists of 38g/L M17 dissolved in

demiwater. Also make a buffer demiwater and glucose. Afterwards sterilize all solutions in

the autoclave. After sterilization is done add 50mmol glucose to the M17 medium.

The second step is to recreate the glass �ask with a 3d printer, with approximately the

same dimensions. In this case the dimensions are: a max. diameter (D) of 64mm, a min.

diameter (d) of 21mm and a height of 105mm. These erlenmeyers are created using the 3d

sketching program called fusion 360 and are displayed in �gure 10.1.

(a) (b)

Fig. 10.1 Image (a) displays a technical drawing of the 3D printed �ask made in 360Fusion
and image (b) displays the 3D printed �ask next to the glass �ask.
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