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ABSTRACT

The bacterial adhesion on surface is the initial step towards the biofilm
development. Biofilm can be beneficial in environmental technologies and bioprocess,
however, it can also be detrimental to human life and industrial processes, which can yield
costly disturbances. Therefore, it has become increasingly important among researchers to
gain better understandings of the interactions between microbial cells and substratum on
which they can form biofilms. In this thesis, three different methods have been used to
investigate the bacterial interaction with the substratum, i.e. atomic force microscopy

(AFM), spinning disc and micromanipulation.

Pseudomonas fluorescens NCIMB 9046 was chosen as a model microorganism to
study the biofilm morphology and the cell-substrate adhesion. Initially, the bacterial cells
were allowed to grow on the stainless steel substrate. Qualitatively, biofilm was found to
consist of a large number of bacterial cells that were embedded within an extensive
exopolymeric substances when they were allowed to grow for 4 days at a temperature of
25 °C, pH 7 and initial glucose concentration of 0.25 % (w/v). The adhesive forces were
then examined using atomic force microscopy (AFM). By having three different colloidal
particles: stainless steel (Grade 304), glass and cellulose, the force measurements were
performed by extending the modified cantilever towards Ps. fluorescens biofilm and
subsequently retracting from it. The force measurements were performed in growth
medium and ambient air. The results demonstrated that the adhesive forces were
influenced by the surface hydrophobicity, electrostatic, van der Waals and steric

interactions. In ambient air, the capillary force played an important role.



The effect of shear forces on the bacterial adhesion was further examined. Three
different types of substratum were used: stainless steel (Grade 304), glass and polyethylene
terephthalate (PET) to examine the cell removal from each substratum. By using an
apparatus of spinning disc, the cell removal was strongly influenced by the spinning time,
angular velocity and surface hydrophobicity. Additionally, the adhesive strength as
measured using the AFM technique was in qualitative agreement with the results of shear
forces that were generated to remove the cells by the spinning disc technique.
Quantitatively, the adhesive forces between the Ps. fluorescens biofilm and colloidal probe
measured by AFM were up to 100 times higher than the estimates for cells made using the

spinning disc data.

Finally, the adhesive and cohesive strengths of biofilms grown on the similar
substratum to that used in the shear forces experiments were examined via a
micromanipulation technique. Results indicate that with pH7 and low initial glucose
concentration (0.25 % (w/v)) the biofilm adhesion was the greatest among the conditions
investigated, with a value of 42 + 5 mJ/m? for a biofilm at day 8 before decrease to 27 + 2
mJ/m” at day 10. The cohesive strength of biofilm was found to depend on the distance
between the force probe and the substrate surface. With a gap of 5 um between the force
probe and the substrate surface, however, the results revealed that the cohesive strength
was not dependent on the type of substratum. In addition, the application of commercial
detergents successfully reduced the adhesive and cohesive strengths of biofilms to a

certain extent.

i



DEDICATION

This thesis is dedicated to my adorable husband, Khairul Azhar Mohamad for all his love,
support, patience and encouragement to achieve my goals,; and to my children,
Muhammad Igbal, Muhammad Borhan, Husna, Nabila Huda and Lugmanul Hakim, whose
innocence and happiness taught me the beauty of life and patience to live it.

11



ACKNOWLEDGMENTS

First of all, I would like to express my sincere gratitude to Professor Zhibing Zhang,
School of Chemical Engineering, University of Birmingham, who has been my supervisor
since the beginning of my study. He provided me with many helpful suggestions,
important advice and constant encouragement throughout of my work.

I also wish to express gratitude to my second supervisor, Dr. Phil Robbins from the same
School, who made the valuable discussions during the course of this work.

Special thanks go to my industrial supervisor, Dr. Joanne O’Keeffe from Unilever R&D,
Port Sunlight, who provided me wonderful experiences and time at a multi-international
company. Her ideas and suggestions enabled me to broaden my understanding of science
and strengthen my work.

Special gratitude goes to Dr. James Bowen, School of Chemical Engineering, University
of Birmingham, for the kind help with Atomic Force Microscopy, providing numerous
ideas and useful discussions which indeed helped improve this thesis.

My keen appreciation goes to Hazel and Elaine for their valuable assistance in the
experimental work. Without their help, the research work would not have been
accomplished in time.

Finally, I would like to acknowledge and thank my sponsor Ministry of Higher Education

in Malaysia (MOHE), Universiti Teknologi Malaysia (UTM) and Unilever R&D for the
funding throughout of my PhD study.

v



Table of Contents

AB ST R A CT et sttt ettt sbe et st s bttt e bt et e i
(D] ] O N I 1 ] RSP R iii
ACKNOWLEDGMENTS ...ttt ettt sneenae s v
INTRODUCTION ......coitiiiieieeiieie ettt ettt ettt st ae e s enseeneesseenes 1

1.1  Motivation and background ............cccceeviiiiiiniiiiiiee e 1

1.2 Layout Of theSiS....coouiiiieiiieiiesie ettt ettt et e 3
LITERATURE REVIEW ......iiiiiiieesee ettt 5

2.1 SUIMMATY .ttt sttt 5

2.2 INErOAUCHION. .. .eiiiiiieciie ettt e et e e e e e e ereeeeanee s 5

2.3 Biofilm development ...........ccoeeiiiiiiiieeiiieceeeee e 7

2.3.1 Conditioning of @ SUIfaCe........cceevueiriiieiiiiiiiieeee e 9

2.3.2 Reversible adhesion ..........cocccvieiiiiinieiiieeeceee e 10

2.3.3  TIrreversible adhesion.........c.ccoviiiiiiiiiniiiiiiieeceeeee 10

2.3.4 Maturation of bIofilm.......coooiiiiiiiiii, 11

2.3.5 DISPErsal StAZE .....ccccviiiiiieeiiie e 12

2.4 Theory of bacterial adhesion...........ccceeeviiieiiiieiiieeieeee e 12

2.5 Biofilm structure mediating adhesion process.........cccceevvveercureenveeerveeennne 15

2.5.1 Cell Surface StruCtUIE ........cocueeuiiriiiiiinieeite et 15

2.5.2 Exopolysaccharides.........cccocueieriieeiiieeiiie et 17

2.6 Factors influencing bacterial adhesion............ccccceeeeveeecieeniieeeieeeeeeee 20

2.6.1  MaSS trANSPOTL.....eviieeeiiiieeeeiitee et ee e et e e e eiteeeeeteeeeesabeeeeeenseeeeennns 20

2.6.2  Environmental factors..........ccoceeviriiniiiiinieniiicceeeeeeeeee e 21

2.6.3 Substrate surface tOpOgraphy .......cccecceevviieririiiienieeiieeie e 24

2.7 Determination of cell- surface and cell- cell interactions........................... 27

2.7.1  AtomicC fOIrCE MICTOSCOPY .ceuvrerrrauriariierrreniieereeneeesseesseesreessressseenaeeans 27

2.7.2  SPINNING AISC.ieviiiniieiiiieiieeieeiie ettt ettt et e te e esaeebeeeneeens 34

2.7.3  Micromanipulation...........ceccueeruieeiieniienieeie ettt et et ebe e ens 35

2.8 CONCIUSION ..ttt ettt st s 38



3.1 SUMIMATY .eeeiniiiiiiiie ettt e et e et e e s atae s e abeeenaseeennseees 41
3.2 INrOAUCHION......iitiitieiieitieteee ettt 41
3.3 OrganiSm USEA .....cccveeruieriieiieeieeiee et eiteete et e sereebeeeaeebeeseseesaesaseenseenens 43
3.4 Culture growth and characterisation ............cccceeeveeriieniieniencieenieeie e 44
3.5 Biofilm characterisation............ccoceeriiiiiieniiieiieceeee e 45
3.5.1 Biofilm morphology........cccouiiiiiiiiiiiieiie et 45
3.5.2 Enumeration of adhered cells............cccueriiiniiiiiiiiiiee e 46
3.5.3 Biofilm thickness ........ccccoeviiiiiiiiiiiieeee e 47
3.6  Substrate surface characterisation...........ccoceeveerieeiieniiienierieeee e 49
3.6.1 Surface roughness measurements ...........coceeeeeeeereenersieneeneeneneeneenne 49
3.6.2 Surface contact angle measurements ..........ccceeceeeveerrerreereeneenueneeneenne 50
3.6.3  Surface element analysis.......c..cocereeveriiinieniniinieeeeeee e 50
3.7 Measurements of adhesion by atomic force microscopy........ccccceeveeuvennee. 50
3.7.1 Preparation of single colloidal particle probes for AFM ..................... 50
3.7.2 Analysis of force-diStance CUrve.........ccceevvieeriieerieeeieeeieeeie e 53
3.8  Generation of shear forces by a spinning diSC ........ccceevveeerveercieencieeennnen. 54
3.9 Micromanipulation...........coecuieeriieeriieeiieeerieeereeeeteeeireeeaeeeereeeeaeeeeeaee s 57
3.9.1 Force transducer 403 A .....c..ooiiiiiiiiiiiieeeeeee e 58
3.9.2 Calibration of force transducer .........cc.ccoeveevieriiienieeiieniceeeeeceeee 60
3.9.3 Calibration of micromanipulator travelling speed ...........cccceeevveeenenn. 61
3.9.4 Analysis of adhesive strength ...........cccooeeviiieiiiieiiieeeeeeceeee 62
3.10 Enumeration by fluorescence miCroSCOPY .....ccvvvreerrvreerveeriueeeririeeeveeeneveens 63
3.10.1 Preparation of Baclight viability Kit..........c.ccecoviieviieniiiieiieeieeeiies 64
3.10.2 Biofilm image acquiSItion..........ccecveeeriieeriieeriieeesiieeeeeeeieeesreeeevee e 64
3.10.3 Enumeration of bacterial cells ..........ccoceiiiiiiiiiiiiiie 65
3.10.4 Determination of biofilm coverage and volume.............cccccvveuerennnne. 69
311 CONCIUSION ..t 72
THE ADHESIVE FORCES OF SINGLE COLLOIDAL PARTICLES TO THE
BIOFILM MEASURED USING ATOMIC FORCE MICROSCOPY ............... 73
4.1 SUMMATY ..eeiiiiiieiie ettt et e ettt e et e e s e e et e e sabeeesabeeenabeeennes 73
4.2 TNEOAUCTION ...cutiiieiiiitiieete ettt e 74

vi



4.3 MaterialS and MEthOAS . ....evueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenene 76

4.3.1 Organisms and growth conditions ...........cccceeeveerieeriienieenienie e 76
4.3.2  Biofilm TACIOT ...ccuueiiiiiieiieiieriieiecteeecee et 76
4.3.3  Biofilm @SSAYS ....eieiiieiiieiieiieeiieeie ettt ettt ens 78
4.3.4 Biofilm preparation for AFM..........ccccoeiiiiiiiiiienieeiieeeeeeeee e 78
4.3.5 Adhesion force measurements by AFM ........cccccoeevveeviienciieeeciieee, 78
4.3.6 Force-distance curve analysis .......ccccveevvreeiiieeiieeeieeeee e eevee e 79
A4 RESUILS ..ttt et 82
4.4.1 Biofilm Growth.......ccoooiiiiiiiiiiie e 82
4.4.2 Visualisation of biofilm development............cccceeveveeecieenceeeciieen. 84
4.43 Force measurements Using AFM ........ccccoiiiiiiiiiiiiiinieeeeeeee 88
4.5 DISCUSSION .eeuitieniieeiiietie et ette st eiee et e e teesateebeesateebeessbeenbeesaeeenseesseesnseas 105
4.5.1 Biofilm development ..........c..ccccvveeiiieeiieeeieeeie e 105
4.5.2 Adhesion measurements in liquid media.........cc.cccoveeevieeniieeenneenne. 106
4.5.3 Adhesion measurements in ambient Al ...........cecveereeriieenieesieeneennnen. 109
4.6 CONCIUSION ..eniiiiiiiiiiiiiee ettt e 110
EFFECT OF SHEAR STRESS ON THE REMOVAL OF PSEUDOMONAS
FLUORESCENS FROM SURFACES.......ccooitiiiiiinieeeeeeeeesteeee e 112
5.1 SUMIMATY .eeiiniiiiiiiieeie ettt ettt e e e 112
5.2 INtrOAUCHION .. ..iiiiiiiiiiiiceee et 113
5.3 Materials and methods ...........coveeriiiiiiiiiiiiiee e 115
5.3.1 Cell culture conditions .........c.cceevueerieiiiienieiiienieeeesee e 115
5.3.2 BiOMass PreParations ........c.eeecuveeerureeeiueeesineeessreeesseeesseeesseesssseessseens 116
5.3.3 Shear stress MeasuremMents. .........cceeeerueeniienieeniienieenieeeeeseesieesieens 117
5.3.4 Substrate characteriSation ............ceceerieerieriiienienieesee e 119
54 RESUILS ...oiiiiie e 119
5.4.1 Initial attachment on stainless steel substrate ............cecceevierieenncee 119
5.4.2 Effect of spinning time and angular velocity on cell removal........... 121
5.4.3 Cells adhesion on different Substrates...........cccceervueerieriieeniennieennenne 122
5.4.4 Substrate characteriSation ...........cceceerieenieniiienie e 123

54.5 A similarity between colloidal particle (AFM) and substrate (spin
PTOCESSOT) ceuvrieenereeeureeeteeesseeesseeesseeessseeassseeassseesssseessssasssseesseesnsses 126

5.5 DISCUSSION «.eeeeeeeeeeee e e e e e et e e e e e e e e e ee e eeeeeeeeeeeaeaaaaaaaaaaes 127

vil



5.5.1 Cellinitial attacChment.........ooovviiiiiiiiiiii 127

5.5.2 Cell detaChment ........c.ccooeeiiiiiniiieiieceeee e 130
5.5.3 Comparison with AFM results...........ccccevviierieniiiiieniieiieeie e 132
5.6 CONCIUSION ...ttt 133
ADHESIVE AND COHESIVE STRENGTHS OF BIOFILM AS
DETERMINED USING A MICROMANIPULATION TECHNIQUE ........... 135
6.1 SUMIMATY ..eoiiiiiiiiieiiie ettt e et e e eee e st e e sebeeesabeeeens 135
6.2 INtrOAUCHION......oiiiiiieiiiiieiiet ettt 135
Materials and methods..........c.oooiiiiiiiiiiii e 137
6.2.1 Cell culture conditions ...........ceevueeriieiiienieerierie et 137
6.2.2  Biofilm preparation...........c..cecceeeeieeeiiieeciee et 138
6.2.3 Determination of biofilm coverage and volume.............c.ccccueeieeneene 138
6.2.4 Adhesion and cohesion Mmeasurements ...........c.ceeeueereeereeeneensieennenns 139
0.3 RESUILS .o 140
6.3.1 The biofilm characterisation .............ccceeveuierieniieiieniieeee e 140
6.3.2 The effect of biofilm growth condition on the adhesive/ cohesive
SEEETIZEN ...t 143

6.3.3 Adhesive/cohesive strength of biofilms on various substrates .......... 149

6.3.4 The effect of commercial detergents on the adhesive/cohesive strength.

............................................................................................................ 150

0.4 DISCUSSION ..eouuiieiiieiieiie ettt ettt ettt e stee st et e et e e teesabe e aeeenbeesseesneeas 152
6.5 CONCIUSION ..ottt ettt et 156
FINAL CONCLUSIONS AND FUTURE RECOMMENDATIONS ............ 157
7.1 Overall CONCIUSIONS....c...evuiiriiriiniiiieeiierit ettt 157
7.2 Future recommendations............ooeevuerierienienienienieeesieeie e 160

viil



LIST OF FIGURES

Figure 2-1: Schematic representation of biofilm development of Pseudomonas sp. The
green and red cells represent the live and dead cells respectively. .................... 9

Figure 2-2: Schematic diagram of illustration of classical and extended DLVO theory. ...14

Figure 2-3: Illustration of Gram-negative bacteria (a) with detailed structure of outer
membrane in (b). Source adapted from Burks et al (2003) with some
additional INfOrmMation. .........cocuiiiiiiiiiieee e 16

Figure 2-4: Exopolysaccharides repeating unit structure of Pseudomonas marginalis
HTO41B. Structure adopted from source (Osman and Fett, 1989; Osman et al.,
1993ttt et e bt e e beenaeeeabeeeaaeeraennaeans 19

Figure 2-5: An illustration of four distinct regions of a typical approach curve where: .....33

Figure 3-1: Scanning electron microscope, Philips FEI XL.30 FEG- ESEM (University of
Birmingham, UK)......ccccooiiiiiiiiiiiiiceeteeceeeseeee e 46

Figure 3-2: Schematic diagram of the methodology of cells enumeration.......................... 47

Figure 3-3: Schematic diagram of a double- beam Mirau-Michelson interferometer with
CCD camera (left) and details of light path in the Mirau-Michelson
interferometer to the sample surface (right) (Liittge et al., 1999).................... 49

Figure 3-4: (a) Schematic diagram of the micromanipulator used to attach a single
colloidal particle of interest with epoxy resin. (b) Technique used from attach
single colloidal particle to force measurements. (c) Video microscopy image of
a microparticle immobilized at the apex of an AFM tipless cantilever to
construct a microparticle probe, shown in red dash-line circle. Scale bar = 50

pm.52
Figure 3-5: Schematic diagram of (a) spinning disc device (Laurell WS-400B-6NPP Lite
Spin Processor) and (b) the liquid pattern in a Petri dish. ...........cccceeiienn 55
Figure 3-6: Schematic diagram of the micromanipulation apparatus with (1) force
transducer, (2) T-shaped probe, (3) sample and (4) substrate. ............ccuu........ 58
Figure 3-7: Schematic diagram of a model 403A series force transducer head, Aurora
Scientific Canada. ..........cooeviiriiiiiiiii e 59
Figure 3-8: Typical sensitivity calibration curve of a 403 A series transducer .................... 61

Figure 3-9: The relationship between the micromanipulation speed and the pre-set % speed

Figure 3-10: Typical enumeration of bacterial cells on substrate using CellC software.....69

X



Figure 3-11: daime 3D image processing software used to quantify the total volume of
biofilm and visualise the biofilm morphology .........cccceevvveeviiieiiieeieeeeee 71

Figure 4-1: Illustration of a static biofilm reactor with a stainless steel substrate inoculated
with ~ 10° cells/mL from the stationary phase culture of Ps. fluorescens.
Biofilms were allowed to grow statically for up to four days. .........c.cceuve..... 77

Figure 4-2: Typical approach curve obtained using AFM of a sample in liquid medium. .80
Figure 4-3: Typical approach curves obtained using AFM of a sample in ambient air. .....81

Figure 4-4: Typical growth profile of Ps. fluorescens using a TSB medium of 2.5 g/L
initial glucoSe CONCENIIAtION. ....ccuieiiiiiiieeiie ettt 83

Figure 4-5: Typical growth characteristics of Ps. fluorescens used to grow biofilms under
static (0 rpm) conditions for a stainless steel substrate: Total cell count (filled
diamond) and glucose concentration (filled square). ..........ccceeceeevreerienciiennnnn. 84

Figure 4-6: SEM images showing the effect of environmental factors (growth period,
glucose concentration, temperature, medium pH) on the biofilm development
on stainless steel surface under static conditions. ........c..ccceceevieeiienieeniiennenn. 85

Figure 4-7: Typical growth characteristics of Ps. fluorescens biofilm on one unit area of
stainless steel coupon under static CONdItioNS ........coeeveereereervieneeneriienecieane. 87

Figure 4-8: SEM image of cross sectional area of Ps. fluorescens biofilm after 96 h of
EVEIOPIMENL. ....iiniiiiiiieiie ettt ettt et saeeens 88

Figure 4-9: Schematic diagram (a) showing approach of a stainless steel probe to Ps.
fluorescens biofilm in a TSB medium and (b) the corresponding approach
curve obtained using AFM. Subscript / represents the measurements were
conducted in a /iquid MEAIUML. ......c.cocoiiiiiriiniiiinieeeceee e 90

Figure 4-10: Deflection of the probe cantilever to piezo movement for the interaction of a
stainless steel (open diamond), glass (open square) and cellulose (open
triangle) probe at zero contact time. The extension of linear fit to contact of
origin (dotted lines) defines the zero position of piezo movement. ................. 91

Figure 4-11: (a) Schematic diagram showing retraction of a colloidal probe (stainless
steel) from Ps. fluorescens biofilm and (b) the corresponding force-distance
CUTVE. .eititeeittee ettt e et e et e e ettt e e b et e e bt e e e bt e e ettt e e bt e e eabbeeeabeeeeabaeeeabeeeaabeeenaneeeaneeeas 94

Figure 4-12: Distribution of adhesive forces for stainless steel (open diamond), glass
(open square) and cellulose (open triangle) probes over 6 positions on 2
independent biofilm SAMPIES. ........coveriiiiiiiiiniiii 95

Figure 4-13: The mean adhesive forces between stainless steel, glass and cellulose probes
and the biofilm surface in a liquid medium. The error bar represents the
standard error of the mean from two independent biofilm samples and total 12
TNEASUTEINIETIES. ....euveiiieenteeiteeteesiteebee ettt et e e st e ebeesbee e bt e sbeeeateesaeeeaneesbeesaneenneens 96



Figure 4-14: Representative retraction curves for stainless steel, glass and cellulose in a
growth medium, obtained with a contact time of 240 s. The inset force-
distance curve is that taken from a zoomed region of the cellulose retraction
CUTVE. etteitteteesiteetee et enteeseteesteeesneesteeeareesaeeeaaeesaneesbeesaneeseesaneenneesaneenanesaneennnens 98

Figure 4-15: (a) Schematic diagram showing approach of a colloidal probe (stainless steel)
to Ps. fluorescens biofilm and (b) the corresponding force-distance curve. The
subscript a represents the ambient conditions where the experiments were
[670) 416 10161 1< OSSR 100

Figure 4-16: A representative force-distance curve obtained when each probe (stainless
steel, glass and cellulose) approached the biofilm surface in ambient air with
RH of 40% and temperature of 18 °C. The inset force-distance curves are those
taken from a zoomed region of the approach curves for stainless steel and
glass. The data plotted were obtained with 0 s contact time. ......................... 101

Figure 4-17: The mean snap-in forces (approach curve) between stainless steel, glass and
cellulose probes and the biofilm surface in ambient air. The error bars
represent the standard error of the mean from the 12 measurements (2
independent biofilm SAMPIES). .....oevveiiiiiiiieiieieeieee e 102

Figure 4-18: (a) Schematic diagram showing retraction of a colloidal probe (stainless
steel) from Ps. fluorescens biofilm and (b) the corresponding force-distance
curve. The force measurement was conducted in ambient condition with zero
contact time. The subscript a represents the force measurement was conducted
1N ambient CONAILIONS. ....eeviieiieiiieiie ettt et 104

Figure 4-19: The mean adhesive forces between stainless steel, glass and cellulose probes
and the biofilm surface in ambient air. The error bars represent the standard
error of the mean from the 12 measurements (2 independent biofilm samples).
........................................................................................................................ 105

Figure 5-1: Schematic diagram of the stainless steel substrate mounted on carbon tape,
positioned at the centre in the sterile Petri dish. A line (dash red lines) has been
drawn first at the bottom of Petri dish before the substrate was positioned at
thE COMTE. ..euiiiiiiiitiee ettt sttt 116

Figure 5-2: The number of attached cells versus incubation time. The cells remaining on
the substrate were analysed after being washed in PBS solution by shaking at
100 rpm. Error bars represent the standard error of the mean from ten
TNEASUTEINIETIES. «...eeueiiitieieeeiteenite et eeite et e st e ebe e ettt e bt e sane e bt e eseeenbeesareenneeeaneennee 120

Figure 5-3: The fraction of cells remaining with increasing spinning time from 20 to 60
min at an angular velocity of 500 and 1000 rpm, respectively. Error bars
represent the standard error of the mean from ten measurements................... 121

Figure 5-4: An effect of shear stress with a constant angular velocity of 1000 rpm and
spinning time of 60 min on the fraction of cells remaining on the stainless

X1



Figure 5-5:

Figure 5-6:

Figure 5-7:

Figure 6-1:

Figure 6-2:

Figure 6-3:

Figure 6-4:

Figure 6-5:

Figure 6-6:

steel, glass and PET. Error bars represent the standard error of the mean from

TN MEASUTECIMIEIILS. .o.uetieiiiieiiieeeitee et ee et e et e et e st e e et e e sabeeesbeeesabeeenareesnns 123
The 3-D topography images of the (a) stainless steel, (b) glass and (c) PET
substrate as demonstrated by interferometry...........ccccveeviieecieeecieeccieeen 125

The detailed surface roughness profile of stainless steel, glass and PET with a
random position 0f 10 t0 30 M. ...eooviiiiiiiiiii e 126

Typical SEM image of pili of Ps. fluorescens on the stainless steel substrate
after 24 h development statically (T = 25 °C, 0.25 % (w/v) glucose
concentration). Pili are described as a group of rigid, straight and filamentous
appendages on the bacterial surface, which are responsible for the irreversible
attachment on the stainless steel substratum. ...........cccoeeeeviiiiinniiienienee. 129

A schematic diagram of biofilm preparation prior to adhesive force
measurements using a micromanipulation technique. Each coupon was
immersed in 2 mL medium containing ~10° cells/mL and incubated for the
desired period statically at a temperature of 25°C. ........ccovviriiiiiiiiieeee, 138

3-D visualisation of a Ps. fluorescens biofilm by daime software with x-y
dimension of 174.6 ym x 174.6 pum and 2 pm increment of z-dimension
depending on the biofilm thickness. The biofilm was allowed to grow from 2
to 10 days by incubating statically at a temperature of 25 °C, pH 7 and glucose
concentrations 0f 0.25 %0 (W/V). cueveruiiieiieeeiie ettt 141

Typical growth profile of Ps. fluorescens biofilm using a TSB medium with
pH 7 and glucose concentration of 0.25 % (w/v) g/L. The error bars represent
the standard error of the mean of four measurements from a single coupon. 142

Thickness of Ps. fluorescens biofilms with a glucose concentration of 0.25 %
(w/v) g/L over 10 days growing in TSB medium statically at temperature of 25
°C. The error bars represent the standard error of the mean of four
measurements from a SiNEle COUPON. ....cc.eeririiriiniriiinieecieeeeeeeeeeeee 142

Images of the 4 biofilms at day 2 in the region of 2 um thickness from the
substratum captured by CLSM. Each image shows an area of 174.6 x 174.6
p.m e eee e heeeeatteeettee e teee e htee e ttee e ttee e bt e e e htee e ht e e e b teeeabteeeabeeeeabeeenateeennbeeenanee s 144

Typical curve of force versus probe moving distance for pulling the biofilm
away from the substrate (a) and the corresponding schematic diagram (b). The
biofilm had been grown statically in TSB medium (pH 7, 0.25% (w/v) glucose
concentration) at temperature 0f 25 °C. ......cccoeviiiiiiiniiiiieeee e 146

xil



Table 3-1

Table 4-1

Table 4-2

Table 5-1

Table 5-2

Table 6-1

Table 6-2

Table 6-3

Table 6-4

Table 6-5

LIST OF TABLES

: Specifications of 403 A series transducer head ............ccooeveeviieniieciiinciieiies 60

: Mean value of non- contact phase (B;), contact phase (C;) and total non- linear
distance (B; + C;) from the analysis of approach curves. The figures after +
represent the standard error of the mean from two independent biofilms, which
give a total of 12 measurements. A negative value of contact phase is a length
of probe which is in contact with a polymer on biofilm surface before reaching

the constant cCOMPlIANCE TEZION. ....eeviieuiieriieriieiieeie e ete et eeeeree e ebee e e 92
: Surface element analysis as determined by EDX-SEM.......c.ccccccvviininnincnnnnn 92
: The water contact angle, Ow (°) and average surface roughness, Sa(nm) of
stainless steel, glass and PET. The errors quoted represent the standard error of
the mean from 6 replicates data...........cccveeeieiieeiiieiiieeee e 124
: Substrate elemental composition as determined by EDX/SEM....................... 127
: The adhesive strength of biofilms from day 2 to day 10 with a range of initial

pH value (pH 7, pH 5 and pH 9) and glucose concentration from 0.5 % (w/v)
to 1.0 % (w/v). The value after + is the standard error of the mean from
duplicate MEASUTEMENLS. ......ccueeiiieriieiiieriie ettt ettt ettt e et e s eneees 148

: The cohesive strength (mJ/m?) of biofilm on the stainless steel substrate (Grade
304) versus growth time. A gap of 5+ 1 or 10 + 1 um between the probe and
substrate was applied in measuring the cohesive strength of biofilm. The error
quoted after + is the standard error of the mean for triplicate experiments. .. 149

: The apparent adhesive and cohesive strengths of intact biofilms on the stainless
steel, glass and PET substrate. Biofilms were allowed to grow statically for 4
days in TSB medium (pH7, 0.25% (w/v) glucose concentration). The error
quoted after + is the standard error of the mean for triplicate experiments. ..150

: A list of control and commercial detergents used in investigating the adhesive
and cohesive strengths of the biofilm..........cccoooiiiiiiiiiiii, 151

: The effects of tap water (control) and commercial detergents on the adhesive
and cohesive strengths of biofilm after immersion for 5 min. The value after +
is the standard error of the mean for triplicate experiments................ccue....... 152

xiil



LIST OF SYMBOLS AND ABBREVIATIONS

dy Cell diameter pm
F Force N
AG4B Lewis Acid-Base Interactions

AG*ah Lifshitz-van der Waals Interaction

AGH Electric Double Layer Interaction

-k, Spring constant N/m
R Radial distance m
Re Reynolds number

Re. Critical Re

t Time s

v Speed pum/s
w Work J

x Cantilever deflection m

T Shear stress N/m*
p Fluid density kg/m’
) Angular velocity rad/s
o Apparent adhesive strength J/m*

Xiv



AFM
CFU
CLSM
Cco’
CW
DLVO
EDX/SEM
EPS
HOPG
KDO
LPS
NaCl
NaOH
ODe650nm
oM
PBS
PET

PI
RATS-L
RH
SAXS

SEM

Atomic force microscopy

Colony forming unit

Confocal scanning electron microscopy
Carbon dioxide

Calcofluor white M2R

Derjaguin Landau Verwey Overbeek
Energy-dispersive X-ray spectroscopy/SEM
Extracellular polymeric substances
Hydrophobic highly ordered pyrolytic
3-deoxy-d-manno-octulosonic acid
Lipopolysaccharide

Sodium chloride

Sodium hydroxide

Optical density at 650 nm

Outer membrane

Phosphate buffered saline

Polyethylene terephthalate

Propidium iodide

Modified-robust automated threshold selection
Relative humidity

Small-angle X-ray scattering

Scanning electron microscopy

XV



SPIP

TFP

TSA

TSB

XDLVO

vdW

Cr

Fe

Si

Si0,

Scanning probe image processor
Type IV pili

Tryptone soy agar

Tryptone soy broth
Extended-DLVO

van der Waals

carbon
Chromium
Iron
Magnesium
Manganese
Nickel
Oxygen
Silicon

Silica

Xvi



1 INTRODUCTION

1.1 Motivation and background

Nowadays, consumer concerns about microbial attachment onto household surfaces
are prevalent, especially in the bathroom and kitchen, including toilets, sinks, countertops,
cutting boards and appliances (Haysom and Sharp, 2004). Once microbes have colonised
surfaces, under favourable conditions, the cells will grow, divide and develop micro-
colonies embedded with exopolysaccharides, thus developing into a biofilm. In the
presence of moisture, nutrients and a suitable surface, biofilms can easily form and begin
to excrete a slimy (An and Friedman, 1998), gluelike substance that can stick to all kinds
of materials such as metals, plastics and fabrics. Poor disinfection practices and ineffective
cleaning products may increase the incidence of illnesses associated with pathogenic

organisms encountered during normal household activity (Scott, 1996).

Bacterial growth on surfaces is influenced by many factors either triggered by the
environmental conditions or from biological activities (Aratjo et al., 2010). Natural
biofilms are capable of developing from a single microbial species to an enormous number
of microbial species which have specific interactions and produce a great range of
polysaccharides, affording a seemingly infinite number of permutations. On a laboratory
scale, a single species of biofilm is usually investigated in order to understand the cell-
surface interaction, such as adhesion. Therefore, in this work Ps. fluorescens NCIMB 9046
(National Collection of Industrial and Marine Bacteria) has been chosen as a model
bacterium to develop a biofilm. Additionally, a combination of imaging techniques using
microscopy and molecular techniques to detect, identify and characterise microorganisms

in environmental conditions are widely used in microbial ecology and biofilm research (Jr



and Sternberg, 1999), thus the biofilm structure and physical properties of substratum can

be visualised.

Atomic force microscopy (AFM) has extensively been used recently in identifying
the physical properties of microbial cells and their interactive forces with surface. A
variety of AFM approaches have been reported in literature, providing the information on
the cell-surface interactions such as van der Waals and electrostatic forces, solvation and
steric/bridging forces (Ong et al., 1999). Since AFM is known as the most powerful
technique to study interactions between microbial cells and substratum either in the
ambient or hydrated state, thus it is believed that investigating the interactions between a
single colloidal particle and the biofilm surface will provide new knowledge of bacterial

adhesion.

Quantification of the shear stress on a surface induced by bulk liquid flow in
combination with monitoring the cell or biofilm detachment from the surface has also been
reported as a technique to measure the cell-surface interactions (Dickinson and Cooper,
1995). This shear stress can be generated using a spinning disc apparatus, for example,
although other techniques also exist. Nevertheless, to the author’s knowledge, no one has
previously attempted to correlate the shear stress data generated using the spinning disc to
the interactive forces measured using AFM. In order to develop a correlation between

these techniques, a quantitative assessment of cell detachment is required.

Micromanipulation is a well-known technique used to measure directly the biofilm-
surface interactions and also cell-cell interactions in the biofilm matrix. The availability of
this technique may allow the researchers to develop a strategy of reducing and removal of

biofilms from surfaces. On household surfaces, biofilms will grow statically on those



materials where there is an availability of moisture and nutrients. There have been
increasing concerns about the potential of microbial contamination and infection risks on
the household surfaces. Thus, it is very important to gain knowledge of biofilm-surface
interactions when biofilms grow statically onto surfaces. The work undertaken in this PhD
project aims to develop new understanding of biofilms via investigation of their adhesive
and cohesive strengths on difference substrates and the effects of the antimicrobial agents

on them.

1.2  Layout of thesis

This thesis comprises 7 chapters including this chapter and presents the research
that was carried out from February 2008 until October 2011. The research focuses on
investigation of the adhesion of Pseudomonas fluorescens biofilm to the surfaces that are
likened to commonly-found household materials, using atomic force microscopy, the shear
stress technique via a spinning disc, and micromanipulation. The surface materials used
throughout this study are (i) stainless steel 304, (ii) glass and (iii) polyethylene
terephthalate (PET). In Chapter 2, a literature survey focuses on various aspects of
bacterial adhesion including the biofilm development, the theory of surface adhesion
covering DLVO theory, concentrating on the factors that may affect bacterial adhesion and
the application of such instrumentation to observe and determine bacterial adhesion. In
Chapter 3, the methodology developed and the instrumentation used throughout this study
are described. The primary results are presented in Chapter 4 which comprise of AFM
measurements of adhesive forces between developed biofilms and different probe
materials. Adhesion measurements have been carried out in ambient and hydrated state and
the difference between the two states is discussed. In Chapter 5, the adhesion was further

investigated using the shear stress technique via a spinning disc by examining cellular



detachment from substratum surfaces. In Chapter 6, the biofilm adhesion and cohesion
were characterised using micromanipulation. Finally, in Chapter 7 overall investigations of
the force measurements using AFM, the shear stress technique and micromanipulation are

concluded.



2 LITERATURE REVIEW

2.1 Summary

This chapter will review mainly the adhesion of bacterial cells onto the substratum
and how the reported techniques were used to characterise the bacterial adhesion. The
bacterial adhesion is the initial step towards the biofilm development. The five-stages of
biofilm development were recorded to be the surface conditioning, reversible adhesion,
irreversible adhesion, biofilm maturation and finally cell dispersion from a parental strain
to develop new colonies. The interactions between bacterial cells and substrate surfaces
have been described in detail by the classical DLVO (Derjaguin Landau Verwey
Overbeek) theory and extended-DLVO theory. The adhesive forces of bacterial cells on the
surfaces are influenced by the cell appendages and secreted extracellular polymeric
substances (EPS). The factors such as mass transport, environmental factors and substrate
surface topography may influence the bacterial adhesion. An overview over current
techniques to characterise bacterial adhesion in a variety of environments is given. Based
on the review, it can be concluded that it is essential to characterise the bacterial adhesion
either at nanoscale or microscale using atomic force microscopy, a shear stress technique
based on using spinning disc and micromanipulation since these techniques can be used to
measure cell adhesion on surface in the liquid medium or ambient conditions, and the data

generated can provide fundamental understanding of their interactions.

2.2 Introduction

In natural systems or domestic environments, inert surfaces are colonized by

microorganisms when there exists a hydrated environment and a nutrient supply is



adequate. Colonization of microorganisms begins with the adhesion of single cells or cell
aggregates to the surfaces under these favourable conditions; the cells will grow, divide
and develop microcolonies embedded with secreted EPS, so termed as biofilm. In a
number of biotechnological applications, e.g. environmental technologies and
bioprocesses, biofilm development is beneficial. On the other hand, biofilms can be
detrimental to human life and industrial processes, and can yield costly disturbances; for
instance, infection associated with medical implants (Sheth et al., 1983; Swindell et al.,
2009), food contamination (Teixeira et al., 2007; Wong, 1998), metal corrosion (Videla

and Herrera, 2009) and cloth colorization (Tsuchiya et al., 2008).

A biofilm can be defined in a number of different ways. Costerton et al. (1999)
defined a biofilm as “the structured community of bacterial cells enclosed in a self-
produced polymeric matrix and adherent to an inert or living surface”. In a similar way,
Davey and O’Toole (2000) termed a biofilm as “assemblage of microorganisms and their
associated extracellular products at an interface and typically attached to an abiotic or
biotic surface”. From these definitions, Dunne (2002) proposed three elements of a
biofilm: microbes, polymeric substances and material surface and if one of these

ingredients does not exist, biofilm development may not occur.

The DLVO theory of bacterial adhesion and a thermodynamic approach are used
extensively in explaining the phenomenon of bacterial adhesion (Hori and Matsumoto,
2010; Palmer et al., 2007). The classical DLVO theory comprises of summation of van der
Waals (vdW) and electrostatic forces, whereas the thermodynamic approach consists of

hydrophobic/hydrophilic cell-surface interactions.



During biofilm development, bacteria will generally produce EPS and nanofibrous
structures such as pili and flagella to create a biofilm matrix that can firmly adhere onto
surfaces (Dunne, 2002; Hori and Matsumoto, 2010; Palmer et al., 2007). The biofilm
matrix, EPS, is predominantly composed of polymeric sugars, and also contains proteins,
nucleic acids, and lipids (Lazarova and Manem, 1995). EPS from some organisms contains
neutral macromolecules, but the majority are polyanionic due to the presence of either
uronic acid or ketal-linked pyruvates (Sutherland, 2001). These polyanionic

macromolecules play an important role in the determination of EPS structure.

Therefore, it is becoming increasingly important among researchers to gain
fundamental understandings of the physiochemical, biochemical or genetic structures that
influence the interactions between microbial cells and surfaces on which they can form
biofilms. Various techniques have been developed towards this goal of quantifying the
cell-surface interactions, based on a population of bacterial cells, single cells, and biofilms.
The availability of techniques such as micromanipulation for directly measuring the force
required to remove a biofilm or biomass from a substrate (Chen et al., 1998; Garrett et al.,
2008b), AFM to characterise the specific interactions between microbial cells and a
surface (Wright ef al., 2010) and other techniques on generation of shear forces (e.g.
spinning disk or flow chamber) for quantifying cell attachment on surfaces (Garcia et al.,
1997; Mohle et al., 2007), enables researchers to develop deep understandings about the

interactions and mechanical properties of microbial systems.

2.3 Biofilm development

According to Rodriguez and McLandsborough (2007), the transfer of bacteria onto

a surface consists of three steps; (i) cells move towards a surface, (ii) reversible adhesion



to the surface followed by irreversible adhesion, and (iii) translocation upon separation.
Each of these steps can be influenced by cell-surface interactions, cell-environment
interactions, and internal cell-cell integrity if biofilms or cell clumps are present.
Additionally, the biofilm formation, development and growth mainly depend on how the
planktonic cells adapt their motility mechanisms near a surface (Conrad et al, 2011).
Furthermore, Davey and O’Toole (2000) showed three developmental steps including (i)
initial attachment to a surface, (ii) the formation of microcolonies, and (iii)) maturation of
microcolonies into an EPS-encased biofilm, as illustrated in Figure 2-1. At this stage,
biofilms are protected from the inhibitory effects of antimicrobial compounds, biocides,
chemical and physical stress. Moreover, the biofilm matrix will enhance the water binding
that leads to a decrease in dehydration process within the matrix and also allows the
transfer of nutrients, metabolites and genetic material within the matrix (Annous et al.,
2008). On the other hand, Sauer et al. (2002) highlighted the physiological changes of
Pseudomonas aeruginosa during all stages of biofilm development. The study indicated
that during the process of biofilm development, the cells within it were shown to change

regulation of motility, alginate production and quorum sensing.
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Figure 2-1: Schematic representation of biofilm development of Pseudomonas sp. The

green and red cells represent the live and dead cells respectively.

1) Reversible adhesion of individual cells towards a surface depending on cell motility, i.e. the
functionality of flagella.

2) Irreversible adhesion of cells to the surface which requires the synthesis of Type IV pili (TFP),
that allows the cells to migrate across the surface and congregate in microcolonies.

3) Maturation of microcolonies into exopolysaccharide-encased biofilm. Cells near the outer
surface can dislodge from the biofilm and escape to colonize new microenvironments.

2.3.1 Conditioning of a surface

During the first stage of biofilm formation, organic and inorganic molecules
present in bulk flow move toward the surface either by diffusion or turbulent flow. In food
industry, the accumulation of molecules at the solid-liquid interface is commonly termed
biofilm conditioning and can provide a higher concentration of nutrients at the surface
compared to liquid phase (Kumar and Anand, 1998). The adsorption of organic and

inorganic substances on surfaces in aqueous environment was extremely rapid compared to



the arrival of microbial cells and was estimated less than 1 s (Chen et al., 2010). According
to Aa and Dufréne (2002), the adsorption of substances such as proteinaceous EPS may
cause a significant change of substratum salvation properties, indicating that the

proteinaceous EPS may play an important role in the adhesion process.

2.3.2 Reversible adhesion

Reversible adhesion is an initial weak interaction of bacteria with a substratum
which depends on physicochemical forces (Norwood and Gilmour, 1999) such as vdW,
electrostatic forces and hydrophobic interactions (Chmielewski and Frank, 2003).
Naturally, electrostatic forces generally lead to repulsion since the bacteria and inert
surfaces are negatively charged. Bacteria still exhibit Brownian motion during the
reversible attachment stage and are easily removed by application of mild shear forces. In
the observation of the bacterial activity at microenvironment level, it was revealed that
bacterial cells used Type IV pili (TFP) and flagellum in the attachment process from
planktonic to the material surface (Conrad et al., 2011). TFP mediate horizontally oriented
crawling and vertically oriented walking, whereas flagella mediate near-surface swimming
and surface-bound spinning (Conrad et al., 2011). Once the bacterium is in a vertical

orientation, it is easily detached from the surface.

2.3.3 Irreversible adhesion

Irreversible adhesion is a time-dependent process and involves EPS in bacterial
attachment (Norwood and Gilmour, 1999). As reported by Kumar and Anand (1998),
various short-range forces are involved in irreversible adhesion, such as dipole-dipole
interactions, hydrogen, ionic and covalent bonding, as well as hydrophobic interactions.

According to Dunne (2002), planktonic microorganisms can stick to each other, forming
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aggregates on the substratum. Furthermore, it has been hypothesized that biofilm
formation initially requires flagellar-dependent association and binding with a surface to
form a single-cell monolayer (Shirtliff et al., 2002). Individual cells on this monolayer
then conglomerate into a number of microcolonies through twitching motility via TFP
(Shirtliff et al., 2002). For instance, motility of Ps. aeruginosa is driven by two types of
appendages: a single flagellum and TFP (Conrad et al., 2011). Flagellum operates as a
rotor and generates force via the hydrodynamic drag opposing its rotation, whereas TFP
operate as linear actuators that pull the bacterium along a surface and mediate twitching, a
motility mode commonly observed in dense aggregates with cell-to-cell contact (Conrad et
al., 2011). Once the bacterial cells attached onto surface, twitching motility began and
allowed them in biofilm matrices to access nutrients even in the deep biofilm structure

(Shirtliff ez al., 2002).

2.3.4 Maturation of biofilm

The process of biofilm maturation begins when the bacteria have irreversibly
attached to a surface. Dunne (2002) stated that the overall density and complexity of the
biofilm increase as surface-bound organisms begin to actively replicate and die and a
glycocalyx is created once the extracellular components are generated by attached bacteria
with organic and inorganic molecules in the aqueous environments. The glycocalyx is a
glue that holds the biofilm fast to the colonised surfaces and is a complex of
exopolysaccharides of bacterial origin and can trap exogenous substances in surrounding
environments including nucleic acids, proteins, mineral, nutrients and cell wall materials
(Dunne, 2002). Dunne (2002) also reported that biofilm growth is limited by the

availability of nutrients in the immediate environment. Another factor that regulates the
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maturity of biofilm formation is twitching motility which allowed the bacterial cells in

biofilm structure to access the nutrients (Shirtliff et al., 2002).

2.3.5 Dispersal stage

In the biofilm life cycle, dispersal of cells from the biofilm colony is a stage that
enables the biofilm to spread and colonize new surfaces. The general phenomenon during
this stage is the death and lysis of subpopulations of cells within the biofilm (Webb, 2007).
The dispersal process is thought to be triggered by nutrient limitation, which occurs inside
microcolonies (Sternberg et al., 1999). As an example, Webb et al. (2003) proposed that
the surviving cells in Ps. aeruginosa biofilm benefit from the death of their siblings, which
can facilitate conversion of surviving cells to the motile dispersal phenotype. As reviewed
by Shirtliff et al. (2002), the large-scale detachment of conglomerates from parental
biofilms may be mediated by stress due to hydrodynamic flow and/or pseudomonal
programmed responses such as upregulation of alginate lyase (encoded by ag/L)
production. This enzyme is capable of degrading alginate and thus may induce biofilm
sloughing and dispersion (Boyd and Chakrabarty, 1994). The detachment process of Ps.
aeruginosa was also found to occur through the evacuation of single, motile cells from the
central portions of large, mushroom-shaped cell clusters, leaving behind the void spaces
(Sauer et al., 2002). Prior to evacuation, these motile cells appeared to “swim” within this
central cluster region and were surrounded by non-motile cells in the cluster walls

(Shirtliff et al., 2002).

2.4 Theory of bacterial adhesion

Generally, bacteria are a major component of biofilms and the size of bacterial

cells is in the range of 0.5-2 um which is similar to the size of colloidal particles.
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Therefore, the classical DLVO theory (Verwey, 1947) has been used to describe bacterial
adhesion to the surfaces (Hermansson, 1999; Rijnaarts et al., 1995a). The classical DLVO
theory is a balance of vdW and electric double layer interactions. vdW interactions can be
described as the attractive forces between the cells, whereas a Columbic interaction is the
electric double layer between the cells and the substratum, which may be repulsive or
attractive depending upon the charge of the two surfaces interacting. At neutral pH, most
inert surfaces and bacterial surfaces are negatively charged (1999; Rijnaarts et al., 1995b)
and as suggested by Poortinga et al. (2002) at physiological pH values, between pH 5 and
pH 7, bacterial cells are generally negatively charged due to the excess of carboxyl and
phosphate groups over amino groups. On the other hand, Marshall et al. (1971) suggested
that the initial events of reversible attachment of bacteria to the surfaces due to the effects

of electrolyte concentrations can be explained using this classical theory.

Furthermore, in the thermodynamic approach, bacterial adhesion can be explained
in terms of hydrophobic/hydrophilic interactions: bacteria with a hydrophobic cell surface
prefer hydrophobic material surfaces; those with a hydrophilic cell surface prefer
hydrophilic substratum surfaces (An and Friedman, 1998). However, the most important
factor that affects the bacterial adhesion and self-agglutination of bacterial cells is
hydrophobicity (Liu ef al., 2004b; Olofsson ef al., 1998; Shephard ef al., 2010; Zita and
Hermansson, 1997). Therefore, in some cases the extended DLVO theory seems to
qualitatively predict experimental adhesion results better than the classical DLVO theory.
Extended DLVO theory that has been developed by van Oss (Oss et al., 1988) include
hydrophobic/ hydrophilic interactions and osmotic interaction; however, osmotic
interaction is very small in bacterial adhesion and can be neglected. Then, the total

adhesion energy (AG*#" ) by extended DLVO theory can be expressed as:
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AGh = AGVAW 4 AGE + AGAB (2-1)
where AGY® is the Lifshitz-van der Waals interaction, AG® is the electric double layer
interaction, and AG“® relates to Lewis acid-base interactions (Hori and Matsumoto, 2010).
In the irreversible attachment, biological activity took place by producing polymeric
substances and ‘gluing’ the cell and its daughter cells onto the surface, which is termed as
extracellular polymeric substances (EPS). This activity with the function of the bacterial
structure of pili and flagella can reduce the radius of the contacting region. According to
Oss et al.(1995), this reduction generally reduces the total interaction energies between
vdW and electric double layer interactions, as well as Lewis acid-base interactions. The
illustration of the classical and extended DLVO theory between the cells and surfaces is

shown in Figure 2-2.
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Figure 2-2: Schematic diagram of illustration of classical and extended DLVO theory.
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2.5 Biofilm structure mediating adhesion process

2.5.1 Cell surface structure

Bacterial cell is a structurally well-characterised microorganism and is chemically
heterogeneous. Gram-negative bacteria have an outer membrane (OM) consisting of a
lipid-protein bilayer which possesses proteins, phospholipids, and lipopolysaccharide
(LPS) at the outer layer of the OM with significant variations in the coverage density and
local distribution (Atabek and Camesano, 2007; Beveridge, 1999; Hancock et al., 1990;
Kotra et al., 1999; Walker et al., 2004) as shown in Figure 2-3. One of the unusual features
of OM is its asymmetric distribution of lipids over its inner and outer faces. Most of the
outer face contains virtually all the LPS, whereas the inner face has most of the
phospholipids. LPS contains more charge per unit area and most of this charge is anionic
at neutral pH because of exposed phosphoryl and carboxyl groups which can be readily
ionized (Beveridge, 1999). Furthermore, OM contains various kinds of proteins and many
of them protrude out of cells, forming cell appendages like pili and flagella. Generally, pili
and flagella have lengths from hundreds of nanometres to several micrometers, forming
long fibrous structures with diameters of several nanometres to tens of nanometres. These
cellular appendages can pierce the energy barrier described by DLVO theory, tether a cell
body to surfaces and can cause deviation of cell adhesion behaviour that is predicted by
DLVO theory (Hori and Matsumoto, 2010). The observations by Simoni et al. (1998)
revealed that the energy barrier of Pseudomonas sp. to the sand column surfaces has been
estimated to be of several hundred k7" per cell, and LPS hindered close contact of cells
with surfaces. It has been hypothesized that LPS would bind the cells to the surfaces from
a distance of 20 nm and assumed that LPS could form hydrogen bonds with the substratum

(Simoni et al., 1998).
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Furthermore, LPS consists of lipid A, oligosaccharides (inner and outer core) and
outermost region of O antigen in their structure. The inner core of oligosaccharides
contains L-glycero-D-manno-heptose and 3-deoxy-D-manno-octulosonic acid (KDO),
whereas the outer core is composed of hexose sugars such as D-glucose (Rocchetta et al.,
1999). According to Rocchetta et al. (1999), Ps. aeruginosa have two forms of O antigen
unit which are A-band (homopolymer) and B-band (heteropolymer). A-band polymer has
been reported to be composed of 23 repeating units of D-rhamnose (Yokota et al., 1987)
which is shorter than B-band polymers (composed of > 50 repeating units (Lam et al.,
1992)). A-band and B-band O antigen give significant difference in adherence to the
hydrophobic surfaces. Makin and Beveridge (1996) demonstrated that LPS lacking in B-
band polysaccharides in Ps. aeruginosa PAOI1 resulted in more hydrophobic and enhanced
adherence to the hydrophobic surfaces such as polystyrene surfaces. These observations
have been supported by Williams and Fletcher (1996) whose O antigen unit from mutant
strains of Ps. fluorescens was either missing or truncated. Lack of O antigen resulted in
more attachment to hydrophobic polystyrene tissue culture dishes and less to hydrophilic
polystyrene dishes. On the other hand, removal of LPS from the bacterial surfaces reduced
the adhesion affinity to the AFM cantilever tip, indicating the importance of LPS to cell-

surface adhesion (Abu-Lail and Camesano, 2003a).

2.5.2 Exopolysaccharides

In the biofilm development, the cell surface structure and extracellular polymeric
substances (EPS) play an important role in mediating the cell-cell and cell- substratum
interactions. In a review by Vu et al. (2009), cell-cell interactions are regulated by quarum

sensing which generally involves production, release and detection of chemical signalling
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molecules. It was found that Gram-negative bacteria use N-acyl-L-homoserine lactones

(AHLs) to communicate to each other which varies from cell to cell (Dickschat, 2010).

Furthermore, proteinous cell appendages which function as adhesin are important
to the initial interaction between cells and substratum, whereas EPS are often essential for
development of biofilm structure rather than for cell adhesion. The compositions of EPS
synthesized by microbial cells vary greatly and thus have different physical and chemical
properties. EPS can be neutral macromolecules or polyanionic due to the presence of

uronic acids or ketal-linked pyruvate (Christensen, 1989).

Based on the observation of the Ps. aeruginosa FRD1 and FRD1153, made by
Tielen et al. (2005), EPS mainly consists of uronic acid, followed by carbohydrate and
proteins and is considered to be primary matrix material of biofilms. Mayer ef al. (1999)
also reported similar observations for Ps. aeruginosa SG81. Inorganic residues in EPS
include phosphate or sulphate which are considered to be polyanionic macromolecules
(Sutherland, 2001). Additionally, the biofilm formation of Ps. fluorescens SBW25 at the
air-liquid interface required an acetylated form of cellulose in the EPS matrix (Spiers et
al., 2003). In another study, the presence of glycopeptidolipid at the cell surface produced
by acetylation of cellulose affected the sliding motility and biofilm formation of
Mycobacterium smegmatis (Recht and Kolter, 2001). This indicates that acetyl groups in
EPS contribute to the adhesive and cohesive properties of EPS and determine the biofilm

architecture in response to the environmental conditions.

Figure 2-4 shows one example of Pseudomonad’s EPS structure with given trivial
name of marginalan (Osman and Fett, 1989; Osman et al., 1993). This structure contains

alternating 1,3-linked - glucose and a- galactose units; the galactose is substituted in the 4
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and 6 positions with pyruvic acid, and the glucose is substituted with succinic acid at an
undetermined position (Osman et al., 1993). In addition, the EPS structure contained

channels that allowed the inflow of water, oxygen and nutrients and outflow of byproducts.
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Figure 2-4: Exopolysaccharides repeating unit structure of Pseudomonas marginalis

HTO41B. Structure adopted from source (Osman and Fett, 1989; Osman ef al., 1993).

The interactions among EPS in biofilm can interact in a wide variety of ways and
independently from each other. For example, electrostatic interactions and hydrogen bonds
as suggested by Mayer et al. (1999) are the dominant forces involved among
macromolecules within the biofilm. Other interactions might come from ionic interactions
leading to formation of strong or weak gel either from single polymers or mixtures.
Additionally, in the review by Czaczyk and Myszka (2007), the adsorption properties of
EPS to surfaces firstly depend on the interfacial redistribution of charged groups and
secondly on the hydration changes of proteins, cells surfaces and contact surfaces. Several
workers observed that biosynthesis of extracellular protein played an important role in
microbial adhesion process. For instance, alterations to the outer cell membrane of

Streptococcus spp. (Flint et al., 1997) and Bacillus spp. (Parkar et al., 2001) reduced their
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adhesion to stainless steel, indicating the importance of surface proteins of microbial cells

in adhesion processes.

2.6  Factors influencing bacterial adhesion

Microbial cell adhesion onto surfaces is a complicated process that can be
influenced by many factors, including the mechanisms of cells being transported to
surfaces, environmental factors and substrates’ surface topography. A deep understanding
of mass transport of cells to surfaces, relevant environmental factors and surface
characteristics of substrates would make it possible to control the adhesion process by

changing these factors.

2.6.1 Mass transport

The adhesion process of microbial cells can be affected by the way in which cells
are transported to the surfaces. Palmer et al. (2007) highlighted three different mechanisms
of microorganisms that can be transported to surfaces; Brownian motion, sedimentation
due to difference in density between cells and bulk liquid, and convective mass transport
via which cells are physically transported towards the surface by the movement of the bulk

liquid.

Stepanovi¢ et al. (2003) reported the difference between static biofilm growth,
generally a sedimentation process, and dynamic biofilm growth, generally a convective
mass transport, in Sa/monella typhmurium biofilm development. The results indicated that
static growth gave the highest degree of biofilm formation, when compared to dynamic
conditions. The authors suggested that shaking provided resistance to cell attachment and

subsequently biofilm development.
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On the other hand, biofilm cell lysis was found to occur rapidly in dynamic
conditions when compared to static conditions. The bacterial phages probably meet their
hosts faster in dynamic conditions than under static conditions, indicating the important
role of the convection mechanism. In contrast, the lack of agitation in static conditions
keeps the progeny phages in proximity to other neighbouring biofilm cells. Additionally,
the new phages in static conditions which are released due to phage infection and lysis of
the host cells are not transferred to the bulk and this will enhance the biofilm cell lysis
(Sillankorva et al., 2008). The impact of cell lysis on biofilm development has been
discussed in detail by a number of workers (Bayles, 2007, Webb, 2007; Webb et al.,

2003).

Another important issue that needs to be considered is the internal diffusivity of the
biofilm matrix. Melo (2005) suggested that the biofilm structure consists of two pores;
macropores, which can be considered water channels, between aggregated cells and
polymers, and micropores inside the biofilm matrix. Between these pores, different
internal diffusivity has been observed; diffusivity in macropores can sometimes be
enhanced by convection, while in micropores there is slower diffusivity due to the

compactness of the cell-polymer mass (Melo, 2005).

2.6.2 Environmental factors

Bacterial adhesion can be affected by several environmental factors including
medium pH, nutrient limitation, exposure period and bacterial cell concentration. The
influence of pH on physiochemical properties such as hydrophobicity and the effect of
cell-surface adhesion have been reported by several workers (Chaieb et al., 2007; Chen et

al., 2005; Giaouris et al., 2005; Hamadi et al., 2004; McEldowney and Fletcher, 1988;
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Ponsonnet ef al., 2008; Zmantar et al., 2011). As reported by Ponsonnet et al. (2008), the
pH of the bulk medium and the liquid phase in close contact with the substrate surface
immersed in the culture can evolve differentially in response to cell attachment and
adsorption of compounds secreted by the bacteria. Interestingly, a structural rearrangement
in the EPS also occurs in response to pH variation (Dogsa et al., 2005). Using a small-
angle X-ray scattering (SAXS) technique, the EPS structure was found to be homogeneous
network at pH 11, swelled up to pH 8.8 and became less homogeneous with pH 0.7. As
observed with SAXS, the maximum swelling was found around pH 8.8 and the average
distance between the polysaccharide chains was 4.8 nm. At pH 0.7 the average distance
between the chains was 2.3 nm, which indicates that the EPS structure is more compact at

the lower pH (Dogsa et al., 2005).

Furthermore, the biofilm adhesive strength under a specific fluid velocity was
independent of pH changes when the pH of the bulk medium was measured (Chen ef al.,
2005). Other observations from the same authors indicate that the biofilm structure was
influenced by the pH value. At neutral condition, the biofilm structure is thicker and has a

more uniform structure compared to acidic and alkaline conditions.

Moreover, Sheng et al. (2008) reported that the bacteria-surface adhesive forces
increased when the pH of the solution was near to the isoelectric point of the bacteria. This
might be due to the changes of ionization state of functional groups (i.e. carboxyl and
amino groups) on bacterial cell surface. Additionally, adhesive forces are greater at higher
pH (pH 9) compared to those measured under neutral conditions, suggesting an increase in
the electrostatic interaction between Fe ions (stainless steel surface) and negative
carboxylate groups (COQ") of the bacterial surface layer (Sheng et al., 2008). The stainless

steel surface is known composed of an oxides layer (i.e., FeO, Fe;O4 or Fe,Os) which
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creates a high positively charged region. The higher the metal oxide layer is, the higher the
positive charge on the steel surface (Sheng et al., 2008). This indicates that the positive
charge on stainless steel surface influenced the negatively charged bacteria due to the

strong electrostatic attractive interactions.

It has previously been reported that bacterial attachment onto surfaces was affected
by nutrient availability (Chen et al., 2005; Dewanti and Wong, 1995; O’Toole and Kolter,
1998; Oh et al., 2007; Pratt and Kolter, 1998; Rochex and Lebeault, 2007; Sheng et al.,
2008). The surface properties of the substrate that is exposed to an aqueous medium with
nutrients are often modified by the surrounding fluid through the adsorption of organic
compounds (Sheng et al., 2008). The hydrophobic and steric interaction affects the
bacterial attachment once this conditioning film is adsorbed onto substrate surfaces. The
effect of nutrient concentration on the biofilm development based on Ps. Putida has been
reported by Rochex and Lebeault (2007). The results indicated that increasing glucose
concentration from 0.1 to 0.5 g/L increased the rate and extent of biofilm accumulation.
However, at a higher glucose concentration of 1.0 g/L a reduced biofilm accumulation was
observed, due to the higher rate of detachment processes. Additionally, the nutrient has
also been reported to influence the biofilm adhesive strength. Chen ef al. (2005) indicated
that for the biofilm development under fluid velocities of 0.6, 1.0 and 1.6 m/s, the mean
adhesive stength of Ps. fluorescens biofilm increased from approximately 0.13-0.60, 0.28-
0.79 and 0.51-1.0 J/m?, respectively, as the glucose concentration increased from 15 to 30
mg/L. However, the mean adhesive strength decreased from 0.60-0.07, 0.79-0.28 and 1.0-
0.30 J/m?, respectively, when the glucose concentration was further increased from 30 to

45 mg/L. At higher glucose concentration, biofilm was observed to have a more fluffy,
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open and loose structure which might result in a higher sloughing rate, thus leading to a

lower adhesive strength (Chen et al., 2005).

Furthermore, the number of adherent cells onto surfaces was found to increase
proportionally with an increasing period of biofilm growth (Chen et al., 2005; Fletcher and
Marshall, 1982; Satou et al, 1988). The observation of adhesive strength of Ps.
fluorescens biofilm as a function of biofilm age has also been reported by Chen et
al.(2005). The study indicates that the adhesive strength was not significantly different
with the biofilm age of 10-20 days. However, after 20 days of biofilm growth, the apparent
adhesive strength gradually increased with growth period. It was also observed that it was
difficult to remove the biofilm from the surface after 20 days growth period and
interestingly, after pulling away the biofilm with a micromanipulation probe, a thin

glycocalyx still remained on the surface.

Bacterial cell concentration has been studied by several researchers on the effect of
biofilm accumulation and adhesive strength (Chen et al., 2005; Duddridge et al., 1982).
The reports indicate that an increase in bacterial concentration may lead to an increase of
adhesive strength (Chen et al., 2005) and can resist a greater shear stress (Duddridge et al.,

1982).

2.6.3 Substrate surface topography

Substrate surface properties such as the surface roughness and hydrophobicity can
affect the bacterial adherence onto surfaces. The substrate surface roughness is commonly
reported as arithmetic average roughness (R,) and it is defined as the average departure of

the surface profile from its mean line.
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A number of studies have been conducted to investigate the effect of surface
roughness on the microbial retention; however the findings are often conflicting with some
of the results suggesting that there was no relationship between surface roughness and
bacterial attachment whilst some of other studies indicating the increase in surface
roughness influenced the retention of microbial cells (Whitehead et al., 2005). A technique
used in finding the correlation between bacterial adhesions to the surface roughness may
influence the results. For instance, using an image analysis made by Taylor ef al. (1998), it
was concluded that increase in surface roughness to 1.86-7.89 pm reduced the bacterial
adhesion, but a small increase in R, values from 0.04 to 1.24 pm enhanced the bacterial
adhesion. Since the conclusion made was based on the image analysis by ignoring the
bacterial cells that may be trapped in the deep crevices on the rougher surface, therefore
the relationship between bacterial adhesion and surface roughness still needs to be further

investigated.

The retention of microorganisms onto the surface mainly depends on the shape,
size and orientation of surface features and also the properties of microorganisms
(Whitehead and Verran, 2006) but more studies are needed to understand the effects of a
broader range of surface roughnesses due to the different observations on this effect. This
argument was supported by Katainen et al.(2006) and Rabinovich ef al.(2000); the
adhesion of small particles on rough surfaces is mainly determined by the geometrical

effects of the substrate-particle systems.

In microbial cell systems, the correlation between the surface roughness and
microbial cells has been proved through the observation of a range of microorganisms of
different sizes (S. aureus, cocci 0.5-1 um in diameter; Ps. aeruginosa, rods 1 pm width X

3 um length; Candida albicans yeast, oval 4 pm width X 5 um length) on fabricated
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surfaces of defined topography (features 0.2, 0.5, 1 and 2 um in diameter), with R, values
of 0.04-0.217 um (Whitehead ef al., 2005). The study indicates that the retention of
microorganisms as determined by an epifluorescence microscope on the substratum mainly
depended on their size and shape. Cells of S. aureus were highly retained in 0.5 um sized
pits and began to accumulate within larger surface features, whereas those of Ps.
aeruginosa were retained within 1 um pits and some of daughter cells of Candida albicans
retained in 2 um surface features.

Surface hydrophobicity is another factor that may influence bacterial adhesion to
surfaces (Fletcher and Loeb, 1979; Hogt et al., 1983; Liu et al., 2004b; Satou et al., 1988;
Zmantar et al., 2011). The hydrophobic effects on the bacterial attachments might be
correlated to the bacterial surface composition that generally contained LPS and O-antigen
on the OM. Luo et al. (2010) indicated that the attachment of Ps. aeruginosa onto
hydrophilic mica surfaces would keep the OM relatively ‘rigid’, whereas interactions with
hydrophobic and highly ordered pyrolytic (HOPG) surface render the cell outer membrane
relatively ‘soft’. These observations suggested that due to a weak hydrophilic adhesion
between O-antigen layer of LPS and the mica surface a strong hydrophobic adhesion at the
interface of core-polysaccharides of LPS and the HOPG occurred. Naturally, the O-antigen
layer is highly hydrophilic and should be repulsive to the hydrophobic surface and
attractive to the hydrophilic surface. The interaction is relatively weak due to the vdW

interactions (Luo et al., 2010).

Furthermore, the adhesive forces may also be influenced by the type of solid
substrate. Rodriguez ef al. (2008) investigated the influences of contact time, loading
force, relative humidity and substrate material type on the adhesive force of Listeria

monocytogenes Scott A biofilm, measured using AFM. The experiment was conducted
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using cantilevers modified with 1 um diameter SiO, and poly(ethylene) colloidal probes.
Force measurements revealed that the contact time, loading force and relative humidity
(RH) had no significant effect on biofilm adhesiveness at a cellular level. The biofilm is
known as the bacterial cells covered by EPS in biofilm matrix and EPS can confer bacteria
resistance against dehydration. Thus, the results presented by Rodriguez et al. (2008)
suggested that there was no significant difference in adhesion level either at 33% RH or
94% RH. However, these results contradict with those of Bowen et al. (2000) where RH
influences the adhesive forces of spore probes on mica surfaces, which indicates that the
properties of individual cells might change with RH, whereas the cells embedded with EPS
can maintain the properties in ambient condition even though at different level of RH.
Furthermore, the adhesion measured on L. monocytogenes using a different substrate
material indicated that poly(ethylene) gave greater adhesive forces compared to the glass,
suggesting that Listeria biofilms favour adhesion to hydrophobic surfaces as opposed to

hydrophilic surfaces.

2.7 Determination of cell- surface and cell- cell interactions

2.7.1 Atomic force microscopy

AFM is well known as a powerful tool for force measurements at the picoNewton-
nanoNewton scale and has the capability of performing higher resolution imaging than
standard light microscopy in both fluid and humid air environments. With the new
opportunities offered by AFM, the cell-surface adhesion can be examined with
combination of force sensitivity and positional precision. Through a series of force-
distance curves, the deflection and retraction of a microcantilever from the surface of a

sample of interest can be measured (Ducker et al., 1991). A force-distance curve can be
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exploited to gain insights into a variety of cell surface properties such as cell adhesion

(Lau et al., 2009a; Li and Logan, 2004b).

2.7.1.1Probe modification

Numerous experiments have been reported to examine the cell-surface interactions
in their native, aqueous environments for the illumination of their real-time dynamic
cellular processes. There have been a few ways to study the bacterial interactions with
surfaces recently including the interactions between cell probe and substrate surface and

between colloidal probes or Si3Ny tip cantilever and microbial cells.

Initially, one approach to investigate cell-surface and cell-cell interactions is by
attaching a single cell or a layer of cells onto AFM cantilevers. The most critical part to
construct the cell probes is maintaining the cell viability and cell surface structures such as
flagellar and pili during force measurements. To construct the cell probes is by gluing the
glutaraldehyde-coated cell at the apex of a tipless AFM cantilever. Bowen and co- workers
(1998) created cell probes that were constructed by immobilizing single yeast cells at the
apex of an AFM cantilever to determine the cell-surface interactions. This technique has
further been used by the same workers to determine the effect of extended contact time
with surface (Bowen ef al., 2001). The results indicated that the adhesion forces increased

proportionally with increasing of contact time.

However, glutaraldehyde-coated cell increased the cell stiffness and affected the
cell viability (Kang and Elimelech, 2009) by cross-linking proteins and amino acids within
the peptidoglycan layer (Dorobantu and Gray, 2010; Kailas ef al., 2009). Thus, the results
presented with these treatments are no longer representative of the native state since these

treatments may cause significant denaturation or contamination of the microbial cell walls
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(Dorobantu and Gray, 2010). Additionally, the increase in cell wall stiffness increased the
bacterial spring constant (Velegol and Logan, 2002) and reduced the adhesive forces
(Bowen et al., 2001; Kang and Elimelech, 2009) as the treated cells affected the length of
polysaccharides and cell surface structure (Dufréne, 2001; Kang and Elimelech, 2009).
Moreover, glutaraldehyde treatment will kill a live cell, which renders the cell like a
colloidal particle. Microbial cells are well known to have a complex surface structure
which may contribute significantly to cell adhesion. Thus, the magnitude of maximum
adhesive forces and the shape of curves are very different as indicated by Sheng et al.
(2008) where glutaraldehyde coated tip only has one smooth adhesion peak and

Pseudomonas sp. cell tip has several adhesion peaks.

Therefore, the uses of living non-treated cells are more significant in determining
cell-surface interactions. Lower et al. (2001a; 2000; 2001b) used living and untreated
bacterial cells by physically adsorbing the bacterial cells onto poly-L-lysine coated glass
beads and subsequently attached cell-coated beads to a cantilever using a small amount of
epoxy resin. Another approach is by the construction of live cell-probe with
polydopamine-coated tipless cantilever (Kang and Elimelech, 2009) or cell-extracellular-
matrix (ECM) functionalised cantilever (Helenius et al., 2008) which proved that the cell

viability and wall structure were maintained during force measurements.

The construction of spore probes has also been reported. Bowen et al. (2000) used
A. Niger spore probes to investigate the interactions between spore and mica surfaces in
ambient conditions. The results reveal that 64 % relative humidity (RH) gave reproducible
adhesive forces compared to 33 % RH, where substantial variability was observed. As
reported, at 64% RH the surface is covered uniformly with water whereas at 33% RH the

variability may be due to the inhomogeneous nature of water film. Another factor that may
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influence these results is due to the surface properties of the spore itself where the spore is

very rough compared to mica surface.

In order to avoid damaging to the biological sample, several researchers have
modified the AFM tip geometry to give it a well defined shape, such as a sphere.
Generally, a microsphere with a known diameter and material properties were constructed
by gluing it to the apex of an AFM tipless cantilever, which is also called a colloidal probe.
For instance, Mahaffy and co-workers (2004; 2000) used a colloidal probe of polystyrene
sphere to measure the viscoelastic properties of whole eukaryotic cells and of particular
parts of cells. Other study by Solerno and co-workers (2007) demonstrated that adhesive
forces of colloidal probes, in this case glass beads, to Burkholderia cepacia strains were
influenced by the ionic strength of the surrounding medium. This approach was extended
by coating the glass probe with a confluent layer of bacterial cells (Lau et al., 2009a;
2009b). Using this technique, Lau and co-workers were able to measure adhesive forces

and viscoelastic parameters quantitatively and reproducibly.

Furthermore, it is essential to calibrate the modified tip following attachment of
cells or colloidal particles before force measurements are performed. It has been proved
that the nominal spring constant provided by manufacturers differ greatly from one
cantilever to another, thus it is important to have a precise method to perform accurate
measurements (Cleveland ef al., 1993). Moreover, the addition of glue and cell or particle
will alter the spring constant of the cantilever by different amounts depending on the
relative amount of glue and the size of cell or particle attached (Cleveland et al., 1993).
There are a number of calibration techniques reported in the literature (Burnham et al.,
2003). Recently, the calibration method introduced by Bowen et al. (2010) provided the

estimation of cantilever thickness based on the length, width and resonant frequency and
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the presence or absence of an added mass at the apex of cantilever. Then, the spring
constant can be determined by solving a third order polynomial for rectangular cantilever

beams.

2.7.1.2AFM force measurements

AFM has been widely used, particularly in studying the interactions between
bacteria or biofilm and substrate surfaces. The cell surface biopolymers such as
polysaccharides and flagella may influence the microbial adhesion. Understanding the
interactions of the cell biopolymers requires knowledge of physiochemical properties of

bacterial surface (Dufréne, 2002).

Using the image capability and force measurements of AFM, Oh et al. (2007)
examined the effects of culture conditions (both high and low nutrient media) on the
interactions between E. coli O157:H7 and glass surfaces. From the image observations by
AFM, biofilms were developed faster and a larger number of adherent cells were
recovered in low nutrient media. Force measurements were carried out using following
steps; each bacterium was imaged using a non-contact mode imaging followed by force
measurements which were obtained using a silicon nitride cantilever. The study indicates
that the adhesive forces increased from the initial development of biofilm to the matured
level due to the presence of EPS covering the cell surface. These findings was supported
by Fang et al. (2000) where the adhesion was greater at the cell-cell interface compared to
the substratum and bacterial surface due to the accumulation of EPS. In contrast, as
indicated by Auerbach et al. (2000) the adhesion at the cell-cell interactions is much lower

compared to the cell substrate interactions. However, the force measurements between
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cell-cell, substratum and cell surfaces were highly dependence on the type of microbial

cells and the technique used to perform the force measurements.

The force-distance curves which consist of approach and retraction curves contain
a wealth of information about the cell surface properties and interactions between the AFM
probe and bacterial cells. Upon approaching the bacterial cells, the information about the
steric repulsion and electrostatic interactions can be determined. As reported in literature
(Abu-Lail and Camesano, 2003a; Burks et al., 2003; Camesano and Logan, 2000; Vadillo-
Rodriguez et al., 2005; Velegol and Logan, 2002), when the AFM tip approaches to the
bacterial cells, most of the deflection curves exhibit a repulsive force. Li and Logan
(2004b) demonstrated from the approaching curve generated using the glass colloid probe
and the E. coli bacteria, the steric repulsion was observed due to the existence of polymeric
substances on the bacterial cells. The observations were made solely based on the four
regions of approach curve, namely; non-interaction region (A), non-contact phase (B),
contact phase (C) and a constant compliance region (D), as illustrated in Figure 2-5. Non-
contact phase in region B demonstrated the steric repulsion forces as reported by Li and
Logan (2004b) and Camesano and Logan (2000) due to the length of polysaccharides on
the bacterial surfaces which was estimated 20 nm (Simoni et al., 1998) to 10° nm
(Hermansson, 1999). The origin can be defined using a geometric approach method by
extending two lines along the constant compliance region and the non-interaction line

(Camesano and Logan, 2000).
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Figure 2-5: An illustration of four distinct regions of a typical approach curve where:

A : Non-interaction region

B : Non-contact phase

C: Contact phase

D : Constant compliance region

Furthermore, retraction curves may provide the physical, chemical and mechanical
properties of the polysaccharides, and describe the nature of adhesion between the
polysaccharide and the probe (Abu-Lail and Camesano, 2003b). In the interactions
between bacteria and substrate surfaces, the force that may exist between these two
surfaces is a summation of specific and nonspecific interactions. Abu-Lail and Camesano
(2006), have investigated the specific and nonspecific interactive forces between E. coli
and SisNy using Poisson statistical analysis from AFM retraction curves. Specific
interactions may include the chemical or short- range forces such as hydrogen bonding and
non-specific forces including the long-range colloidal forces such as electrostatic double-

layer, vdW, and steric interactions. From the Poisson analysis, hydrogen bonding, with a
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contribution of 0.125 nN, was the only specific interaction that existed between those
surfaces, whilst non-specific interactions 0.155 nN, represented an overall repulsive

interaction.

2.7.2 Spinning disc

A spinning disc technique creates shear stresses across the experimental surface
which allows the measurement of cell population that adhere to the surface at different
values of shear force (Bowen et al., 2002; Duddridge et al., 1982; Garcia et al., 1997,
Ming et al., 1998). At a given rotational speed, fluid will be drawn axially from the

surface.

The effect of shear stress on the adhesion of bacteria, cells or colloidal particles to
a substrate led to decrease of the total number of adhesion events as the shear stress
increased (Dickinson and Cooper, 1995; Lecuyer ef al., 2011; McClaine and Ford, 2002;
Mercier-Bonin et al., 2011; Pierres et al., 2002) and no linear trend has been observed
between decrease of number of cell attachment and increase of shear forces (Lecuyer et

al.,2011; Mercier-Bonin et al., 2011).

The cell detachment from the substratum can be explained with the presence of
cellular appendages such as flagella on the bacterial cell surface which allows the cells to
move apart when they are exposed to a shear forces. Flagellum is a complex polymeric
structure of glycoproteins which provide the swimming ability to the cells (Doyle et al.,
2004). The presence of flagella and the ability of swimming are the important factors
which enhance the transport and initial deposition of cells onto substratum (Camesano and

Logan, 1998; Conrad et al., 2011; Korber et al., 1994).
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In reducing cells attachment on the substratum, the fluid velocity can play an
important role. With a low fluid velocity, the motile bacteria showed a significant
enhancement in cell deposition on the substrate due to the swimming ability which is
considered as a competitive kinetic force between electrostatic interactions and
hydrodynamic forces (Kerchove and Elimelech, 2008). However, an increase in fluid
velocity enhances cell transport towards substratum (convective diffusion), but at the same
time, causes an increase in hydrodynamic detachment forces (Boks et al., 2008). The
bacterial cells are most likely in a rolling fashion when the fluid flow is increased to high

enough values (Das et al., 1993).

The effect of shear stress on the surface hydrophobicity has been reported
elsewhere (Boks et al., 2008; Lecuyer et al., 2011; Nilsson et al., 2006; Raya et al., 2010;
Wang et al., 2011). Wang et al. (2011) reported the ability of the flagellum on the bacterial
cells to overcome the primary minimum of energy barrier on the hydrophobic surface and
secondary minimum on the hydrophilic surface, and XDLVO theory may be able to
distinguish the differences in cell detachment from hydrophobic/hydrophilic substratum.
Fletcher and Loeb (1979) observed that Ps. fluorescens cells were more favour to the
hydrophobic than hydrophilic surfaces, which suggested that the cells will easily detached

from the hydrophilic compare to hydrophobic substratum.

2.7.3 Micromanipulation

The use of a micromanipulation technique in determining the adhesive forces of
biofouling deposits or food fouling deposits has been reported in the literature. This
technique was developed by the Micromanipulation Group at University of Birmingham,

UK. Such technique has been widely used in characterising adhesive forces of biofouling
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deposits (Chen, 2000; Chen et al., 1998; Chen et al., 2005; Garrett et al., 2008b) or food
fouling deposits (Akhtar et al., 2010; Liu et al., 2007; Liu et al., 2002; Liu et al., 2006a;
Liu et al., 2004a; Liu et al., 2006b) on a wide range of substrate surfaces. This technique
resulted from modification of a micromanipulation technique for characterising  the
mechanical properties of biological and non-biological materials, including hybridoma
cells (Zhang et al., 1992), yeast (Mashmoushy et al., 1998; Stenson et al., 2011),
chondrocytes (Nguyen et al., 2009; Wang et al., 2009; Wang et al, 2010) and
microcapsules (Hu et al.,, 2009; Long et al., 2009; Mercade -Prieto et al., 2011a;

Mercade’-Prieto et al., 2011Db).

A direct measurement of Ps. fluorescens biofilm adhesive strength has been
measured on glass (Chen, 2000; Chen et al., 1998; Chen et al., 2005) and stainless surfaces
(Garrett, 2005; Garrett et al., 2008b). The micromanipulation technique comprises a T-
shaped probe attached to the output tube of a force transducer. The transducer was then
attached to a three- dimensional micromanipulator. Prior to measurements, the probe was
positioned 1 um above the sample. The apparent adhesive forces were measured by
scraping the biofilm from the substrate surface and the force exerted by the biofilm onto

the probe is recorded and used to calculate the apparent adhesive strength.

Garrett et al. (2008b) demonstrated the apparent adhesive strength of Ps.
fluorescens biomass on stainless steel (Grade 304) measured by micromanipulation
increased with the culture age, in the range of 0.015- 0.020 J/m®. Furthermore, an increase
in probe gap to the substrate surface from 2 to 50 um was found to result in reducing
apparent adhesive strength. These results revealed that the cell-cell interaction was weaker

than the cell-surface interaction.
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In other study, Chen et al.(1998) indicates that the adhesive strength of Ps.
fluorescens biofilms increased with the fluid velocity in which they were grown, with a
typical value of 0.05-0.2 J/m?. The results suggested that the biofilm adhesive strength is
greater than the biomass adhesive strength (Garrett et al., 2008b). This may be due to the
production of EPS that encapsulate the bacterial cells together in the biofilm matrix. The
biofilm adhesive strength was also affected by operational conditions such as glucose

concentration, suspended cell concentration and substrate surface roughness (Chen et al.,

2005).

Recently, micromanipulation data have been compared to alternative measurements
such as those obtained using flow chamber techniques (Garrett et al., 2008b) and AFM
(Akhtar et al., 2010). These techniques are comparable to each other in determining
adhesive and cohesive forces. Micromanipulation allowed the researchers to directly
measure the adhesive and cohesive strengths of biofilm or biomass and food fouling
deposits on the force scales of milliNewton to microNewton, whereas AFM is generally a
nanoNewton scale technique. AFM is considered to be a sensitive measurement method
compared to micromanipulation, but AFM requires the specific preparation of a colloidal
probe prior to performing adhesive force measurements (Akhtar et al., 2010). The
comparison between micromanipulation and the AFM was generally dependant on the
substrate surface used and type of deposits (Akhtar et al., 2010). Furthermore, a general
conclusion from comparison of the flow chamber technique with micromanipulation was
that the flow chamber technique cannot be used to directly measure the forces that are
required for removing biofilms from the surface, and can only be used to observe the

adhesive and cohesive behaviours of biofilms (Garrett et al., 2008a).
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2.8 Conclusion

Biofilm adhesion is well known phenomenon. The knowledge of biofilm adhesion
is very important to know in order to reduce or remove the biofilm from surfaces.
Practically, at home most of the surfaces are easily colonised by microorganism and it was
thought that existing biofilms on household surfaces, if present, could provide a natural

reservoir for the survival pathogenic bacteria.

Biofilm development which mainly consists of several steps involving the cell-to-
cell and cell-to-surface interactions appears to be mediated by a complex array of chemical
and physical interactions as determined by DLVO and extended DLVO theory. A classical
DLVO theory can be determined from summation of van der Waals and electric double
layer interactions which have mainly been used to explain the phenomena of bacterial
interactions. Moreover, the thermodynamic approach in the extended DLVO theory will
help in elucidating the phenomena with hydrophilicity/hydrophobicity effects. The
complexity of cell surface structure in the presence of flagellar and pili mediated cell
adhesion by piercing the energy barrier as described in DLVO theory. Generally, the
production of EPS during biofilm development will further enhance the biofilm adhesion
onto surfaces. The interactions between cells and surfaces were affected by a number of

factors including mass transport, environmental factors and substrate surface topography.

Therefore, the aims of this study are to provide an understanding of adhesion and
cohesion of bacteria to material surfaces that are likened to household surfaces which can

generate additional knowledge to the biofilm researchers.

The AFM technique measures interactions between the AFM probe and the

bacterial cells or vice versa which may provide a wealth of information about the cell
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surface properties and the nature of adhesive forces. Upon approaching the bacterial cells,
the probe may experience steric or electrostatic interactions which can be examined from
the non-contact phase. Moreover, the retraction curves can provide the adhesion between
those two surfaces when they are in contact. However, the interaction between the probe
and a layer of Ps. fluorescens biofilm in growth medium and ambient conditions has not
yet been reported (to the author’s knowledge). Hence, to examine the probe interactions

witth the biofilm surfaces, the proposed objectives of this study are as follows:

1. To characterise the adhesive strength of biofilm between a single colloidal particle
(likened to household surface) and a biofilm matrix using atomic force microscopy
(AFM). A simple technique to grow biofilm will be developed prior for AFM force
measurements. The methodology will be developed to do the force measurements and
to investigate the effect of hydrated state (in liquid media) and dry state (in ambient

conditions).

Furthermore, a spinning disc will be used to create the shear force/stress to
examine the cell adhesive forces on the substratum experienced by a layer of cells during

shear. Thus, the next objective is:

2. To examine the effects of angular velocity, spinning time, cell incubation time and
substrate properties on the cell adhesive forces by the spinning disc. To define a
correlation between adhesive forces determined from the spinning disc experiments

and those from the AFM technique.

The micromanipulation technique offered the ability to measure the biofouling
adhesion and cohesion on the substratum. Using a scraping process, the adhesive and

cohesive strengths between cells and substratum and cells and cells can be investigated
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over a range of growth conditions or treatments. Therefore, the next objective of this study

will be:

3. To determine the adhesive and cohesive strengths of biofilms using the
micromanipulation technique and to investigate the effect of environmental
conditions on these properties of biofilms on various substratum over a growth period
of 10 days. Finally, the effect of commercial detergents on the adhesive and cohesive

strength of biofilms will be examined.
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3 METHODOLOGY

3.1 Summary

This chapter describes the materials and methods used to culture biofilms,
characterise biofilm development, and investigate the adhesive strength of cell-surface
binding. The investigation began with biofilm characterisation and a study of the effects of
environmental condition and surface properties of substrates on the attachment of bacterial
cells. The biofilm adhesion was further measured via atomic force microscopy, a spinning

disc method and micromanipulation technique.

3.2 Introduction

Bacterial biofilms can be considered as microbial aggregates in which cells adhered
to each other and onto surfaces, surrounded by or embedded in a self-produced matrix of
exopolymeric substances (EPS). Beginning with the attachment of free-floating
microorganisms to a surface, cells will adhere weakly depending on the net sum of van der
Waals and Coulombic interactions (Hori and Matsumoto, 2010). This primary attachment
is generally termed as reversible attachment. In the next adhesion process, the bacterial
cells will synthesize EPS which facilitates an irreversible attachment to a surface.
Subsequently, there must be maintenance of the microcolony and biofilm structure
(McLandsborough et al., 2006). Once the biofilm reaches the maturation stage, the
microbial cells are more resistant to antimicrobial agents compared with the same cells if

present in a suspension (Dunne, 2002).

Understanding the microbial interactions onto surfaces requires knowledge of

biofilm structure and physical properties. A well-developed imaging technique capable of
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visualising the microbial ultrastructure is scanning electron microscopy (SEM) which is
recognised as a key imaging technique in microbiology. In this study, SEM has been used
extensively to determine the factors that contribute to the optimum biofilm development.
Additionally, other methods such as white light interferometry, contact angle measurement
and energy-dispersive X-ray spectroscopy/Scanning electron microscopy (EDX/SEM)
have been used to determine the surface properties that may affect the cells-surface

interactions.

Furthermore, the investigation of cell-surface interactions was carried out using
atomic force microscopy (AFM). AFM has been used increasingly to investigate microbial
interactions at high resolution scale. A number of investigations have been carried out to
determine the adhesive forces from a single bacterial interaction to the contribution of
microbial structure in determining the adhesion properties of bacterial cells to the material
surfaces (Dufréne, 2001). In this study, the bacterial interactions have been investigated
using a single colloidal probe interacting with the biofilm surface. The experiments were
carried out under two conditions: in tryptone soy broth (TSB) medium and ambient
condition with controlled temperature and humidity. The results of adhesion between

single colloidal particle and the biofilm is described in Chapter 4.

Using similar materials to those colloidal probes in the AFM experiments, the
adhesive strengths of biofilm were determined by shear forces generated in TSB medium
via a spinning disc apparatus. In combination with confocal laser scanning electron
microscopy (CLSM), the biofilm remaining on the surface can be visualised and quantified
using Daime software (Daims et al., 2006). Chapter 5 will present the detailed results of

cell removal obtained with the aid of the spinning disc and CLSM.
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Moreover, biofilm adhesive and cohesive strengths have been further investigated
via micromanipulation. Previous work carried out (Chen et al., 1998; Chen et al., 2005;
Garrett et al., 2008b) demonstrated the usefulness of micromanipulation in determining the
biofilm and biomass adhesive strengths. Chen et al. (1998; Chen et al., 2005) presented the
effect of fluid velocity and cultural condition in biofilm development on the adhesive
strength over a long growth period, whereas Garrett et al. (2008b) studied the effect of
culture age on the biomass adhesion. Both studies indicated that the adhesive strength
increased with the biofilm culture age. Moreover, as determined by micromanipulation the
cell-cell interactions were much weaker than the cell-surface interactions (Garrett et al.,
2008b). In this study, investigations into the adhesive and cohesive strengths of Ps.
fluorescens biofilm via a micromanipulation technique was further carried out by applying
several supermarket’s antibacterial detergents. The results of implications of antibacterial
detergents on the adhesive and cohesive strengths of biofilm will be described in Chapter

6.

3.3 Organism used

A Gram-negative bacterium, Pseudomonas fluorescens NCIMB (National
Collection of Industrial and Marine Bacteria) 9046 has been chosen as a model bacterium
in biofilm development. Ps. fluorescens is a well-researched organism and many of its
genetic properties have been characterised, particularly appendage growth and control of
excretion products. The size range of this rod-shaped bacterium is 0.6-0.7 x 1.6-2.3 um
(Garrity et al., 2005). The optimum growing condition occurs at 25 °C in an aerobic
environment and cells can metabolise many forms of carbon (Garrity et al., 2005). Ps.

fluorescens is well known as a Risk category 1 organism, which means it poses little risk
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to individual or the immediate community, making this organism an ideal model for cell

adhesion studies.

3.4  Culture growth and characterisation

Pseudomonas fluorescens NCIMB 9046 was maintained on tryptone soy agar, TSA
(3% TSB, 1% bacteriological agar) (Oxoid) slants, in the dark at 4 °C, after incubation at
25 °C for 48 h. A loopful of the slants was taken using a sterilised loop and spread on a
TSA plate. The streak plate was incubated for 48 h at 25 °C. A single colony from the 48 h
culture grown on the TSA plate was used as inoculums for 100 mL TSB, which was
shaken overnight (24 h) at 25 °C and 150 rpm (Gallencamp Cooled Orbital Incubator, UK)

(Sillankorva et al., 2008).

The growth culture was characterised by determining the total cell count, glucose
concentration and optical density at a light wavelength of 650 nm. Total cell count was
carried out using a serial dilution technique. 10 pL of 10-fold dilution was delivered and
dropped onto a Helber cell chamber and consequently bacterial cells were counted using a

light microscope with a magnification of 100X in oil immersion.

Glucose concentration was determined using a AccuCheck Aviva test strip by
applying 10 pL culture onto a clean and dry test strip. AccuCheck Aviva will display the

results in mMol/L within 5 seconds.

Absorbance readings over the growth period were measured using a Cecil

Spectrophotometer CE2040 at a light wavelength of 650 nm.
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3.5 Biofilm characterisation

3.5.1 Biofilm morphology

The biofilm morphology was characterised using SEM. After an incubation period
of 24 h, 48 h, 72 h and 96 h, each sample was carefully removed from the culture and
washed twice with phosphate buffered saline (PBS) solution to remove the medium and
non-adhered cells by shaking at 100 rpm for 1 min. The sample was then fixed in 2.5%
glutaraldehyde in PBS solution for 1 h at a temperature of 4 °C. The fixed sample was
dehydrated in serial dilutions of 50, 70, 90 and 100 % (v/v) ethanol for 2 x 15 min each.
Then, the sample was soaked in liquid CO, for 60 min before passing through the Critical
Point at 1170 psi and 31.1 °C. After air-dried preparation, the sample was mounted on
electron microscope stubs using rapid Araldite or double sided sellotape. Finally, the
sample was immediately sputter-coated with gold (Polaron SC7640 sputter coater,
Country). The coated sample was then mounted rigidly on a specimen stub which was
placed in a specimen chamber and examined using SEM (Philips FEI XL30 FEG- ESEM)),
as shown in Figure 3-1. The sample was examined with a low acceleration voltage of 10

kV to reduce beam-induced sample damage.
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Specimen chamber

Specimen stub

Figure 3-1: Scanning electron microscope, Philips FEI XL30 FEG- ESEM (University of
Birmingham, UK)

3.5.2 Enumeration of adhered cells

A stainless steel substrate was rinsed twice using sterile PBS whilst shaking at 100
rpm using a shaker incubator (Gallencamp Cooled Orbital Incubator, UK) for 1 min to aid
the removal of unattached cells. The substrate surface was then wiped using a swab
sterilin (Fisher Scientific, UK) to help remove the majority of the biofilm, and was placed
into sterile PBS solution (9 mL). Using a pipette, the substrate surfaces were then rinsed
with sterile PBS solution (1 mL) which was incorporated into the solution containing the
swab, resulting in a total volume of 10 mL. The tube was agitated using a vortex mixer for
1 min to ensure that the cells were dispersed. A series of 10-fold dilutions of each sample
were prepared in PBS and five replicate aliquots (10 uL) of each dilution were “spotted”
onto TSA plates. The plates were incubated for 48 h at 25 °C and colonies were
enumerated using a counting chamber. The visualisation of this technique is shown in a

schematic diagram (Figure 3-2).
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Figure 3-2: Schematic diagram of the methodology of cells enumeration.

(i) A stainless steel substrate was rinsed in PBS solution by shaking twice at 100 rpm for 1 min
each.

(i) The stainless steel substrate was wiped with a sterile cotton tip to remove biofilm.

(iii) The sterile cotton tip was placed in 9 mL PBS solution, which was added with 1 mL final
rinsing of substrate. The PBS solutions were serial diluted before spotted on TSA plates.

(iv) Colonies on the plate after incubated at 25 °C for 48 h were counted.

3.5.3 Biofilm thickness

In this study, biofilm thickness was determined using a MicroXAM2 vertical
scanning interferometer (Omniscan, UK), operating using a white light source (Figure
3-3). Prior to instrumental analysis, each biofilm sample was removed from the medium
and washed twice in PBS solution whilst shaking at 100 rpm in a sterile petri dish. The
sample was then immersed in 2.5 % (v/v) glutaraldehyde in phosphate buffer (mixed
solution of 2.7 % (w/v) of potassium dihydrogen phosphate and 0.8 % (w/v) sodium

hydroxide), before being incubated at 4 °C for 1 h. The sample was then dehydrated using
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a series of ethanol solutions ranging in concentration from 50 % to 90 % and finally 100 %
(v/v). Then, the sample was soaked in liquid carbon dioxide (CO,) for 60 min before
passing through the Critical Point drying at 1170 psi and 31.1 °C. Critical point drying is a
method of drying biofilm without collapsing or deforming the biofilm structure. Finally,
the biofilm was coated with gold using a Polaron SC7640 sputter coater (Country). Using
the interferometer, the sample was imaged using a 50X objective lens, with the acquisition
of 25 images in a 5 x 5 grid array covering an area of 885 x 657 pm?, which were
subsequently stitched together to form one image. Scanning Probe Image Processor (SPIP)
software (Image Metrology, Denmark) was employed for the analysis of the acquired
images. In this measurement, height values which were less than the normal thickness of

Ps. fluorescens cells, i.e. <700 nm were discarded (Eun and Weibel, 2009).

Vertical scanning white light interferometry exhibits 0.5 to 1.5 pum lateral
resolution and a vertical resolution in the order of 1-2 nm for surface features up to 100
um high. The basic operating principles of the interferometer are illustrated in Figure 3-3
(Koyuncu et al., 2006; Liittge et al., 1999). White light is emitted by a conventional bulb
light source and split into two beams by a beam splitter housed inside the Mirau-
Michelson double beam interferometer objective. One of the beams is the reference-beam,
where the beam travels to the reference surface. The other one is the sample-beam, which

travels directly to the sample surface.
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Figure 3-3: Schematic diagram of a double- beam Mirau-Michelson interferometer with
CCD camera (left) and details of light path in the Mirau-Michelson interferometer to the
sample surface (right) (Liittge ef al., 1999)

3.6 Substrate surface characterisation

3.6.1 Surface roughness measurements

Surface roughness measurements were carried out using a MicroXAM?2 vertical
scanning interferometer (Omniscan, UK). All of the substrates, except stainless steel, were
coated with gold prior to scanning using the interferometer, in order to increase the sample
reflectivity. The substrates were imaged using a 10X objective lens, with 5 x 5 grids
stitched together covering a total area of 3.586 mm”. The acquired images were analysed

using SPIP software (Image Metrology, Denmark).
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3.6.2 Surface contact angle measurements

Contact angle measurements were performed using a home-made contact angle
apparatus (University of Birmingham, UK) using deionised water. One droplet of water, of
approximate 25 pL in volume was deposited onto a dry substrate and imaged over a period
of time. The contact angle of the surface was determined via analysis of the images using
FTA32 software (FTA, UK). Each reported contact angle is the mean of at least six

independent measurements.

3.6.3 Surface element analysis

The surface element analysis of the substrates was determined using EDX/SEM.
All of the substrates studied, except stainless steel, were coated with gold in order to
enhance their surface conductivity before being imaged using EDX/SEM. Substrates were

examined using a low acceleration voltage of 10 kV to reduce beam damage to the sample.

3.7 Measurements of adhesion by atomic force microscopy

3.7.1 Preparation of single colloidal particle probes for AFM

In this study, three different kinds of microparticles were used: stainless steel (Type
304, READE, USA), glass (Polysciences Inc., US) and cellulose (Sigma Aldrich, UK).
These microparticles were selected because their materials have wide applications in
industry and it is expected the adhesion of such particles on the surface of biofilm can
represent the adhesion of biofilm on flat surface of the same materials. A single
microparticle was attached to a tipless AFM cantilever (NCL-20, Windsor Scientific Ltd.,
UK) with epoxy resin (Araldite, UK) using a micromanipulator, as shown in Figure 3-4(a).
The cantilever was held by the micromanipulator whilst the epoxy resin and microparticle

were arranged on a micromotion stage system. The AFM cantilever was first dipped into
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the epoxy resin and then retracted. The volume of adhesive at the cantilever apex was
reduced by dragging the cantilever across a clean microscope slide. The cantilever was
then pressed onto the microparticle of interest and held for approximately 30 min while the
adhesive cured (Figure 3-4(b)). Inspection under a light microscope subsequently

confirmed the presence of the microparticle at the cantilever apex (Figure 3-4(c)).
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Figure 3-4:  (a) Schematic diagram of the micromanipulator used to attach a single
colloidal particle of interest with epoxy resin. (b) Technique used from attach single
colloidal particle to force measurements. (c) Video microscopy image of a microparticle
immobilized at the apex of an AFM tipless cantilever to construct a microparticle probe,

shown in red dash-line circle. Scale bar = 50 pm.
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3.7.2 Analysis of force-distance curve

Adhesive force measurements were performed using a NanoWizard II AFM (JPK,
Germany), operating in contact mode at 18 °C and 40 % relative humidity. The AFM was
set to operate a scanner with a maximum lateral range of 100 x 100 um and a maximum
vertical range of 90 um for adhesive force measurements, employing a CellHesion module
(JPK, Germany). The force-distance curves were obtained on different spots using an
AFM force-mapping mode to avoid wear surface. All sample handling was carried out
using clean Dumostar tweezers (Agar Scientific, UK) to minimise the risk of sample
contamination. A minimum of 6 measurements were performed, employing silicon
cantilevers (NCL-20, Windsor Scientific Ltd., UK) with single colloid probes (10-20 um
nominal diameter) at their apex. The cantilever fixed end velocity was kept constant in all

experiments at 20 pm/s.

The basic principle of measuring adhesive forces using the AFM technique is that
the AFM tip is brought into contact to the sample surface and based on the normal force
set-point determined by the user; the scanner makes a final adjustment in tip-sample
distance. To convert a deflection data against sample displacement to a force-distance
curve, it is necessary to define a zero of force and to know the cantilever spring constant.
Zero force can be defined when the probe and the sample surface were far apart, when the
cantilever deflection was independent of piezo extension. The cantilevers used in this
study had nominal spring constants ranging from 47-51 N/m (manufacturers data). These
spring constants were calibrated according to the method reported by Bowen et al. (Bowen
et al., 2010). The addition of glue and a particle will alter the spring constant of the
cantilever by different amounts depending on the relative amount of glue and the size of

particle attached (Cleveland et al., 1993). In this work, the amount of glue used was just
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sufficient to attach the particle and care was taken not to let the glue flow along the

cantilever.

The force between the tip and the sample can be calculated using Hooke’s Law

(Equation 3-1) below:

where F is the force (N), k. is the spring constant (N/m) and x is the cantilever deflection
(m), which are generally represented by the standard force-distance (vertical direction)
curve. The interaction of colloidal probes with the biofilm surfaces was conducted in TSB

medium and also under ambient conditions.

3.8 Generation of shear forces by a spinning disc

The experiments were conducted by immersing the interested substrate with
immobilised cells attached on it into a poly(styrene) Petri dish (50 mm outer diameter)
containing 10 mL liquid solution. Then the sample was loaded onto the chuck, followed by
vacuum immobilisation engaged from the side-mounted control panel. The sample was
spun at desired revolutions per minutes (rpm) and desired period. The rotation of the disc
draws fluid radially along the surface. In addition, the disc is a uniformly accessible
surface with a uniform diffusive field over its surface. The schematic diagram of a

spinning disc in a chamber is shown in Figure 3-5.
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Figure 3-5: Schematic diagram of (a) spinning disc device (Laurell WS-400B-6NPP Lite

Spin Processor) and (b) the liquid pattern in a Petri dish.

1.
2.
3.

A substrate with biofilm mounted on a carbon tape.

A Petri dish (50 mm outer diameter x 20.3 mm outer height) covered with liquid.

The Petri dish held on the chuck by a vacuum pump and rotated at a desired rotational speed
by a shaft connected to a motor.

Spin processor chamber



The surface shear stress, z (N/m?) varies linearly with radial distance and is

described by (Engler et al., 2009):

7 = 0.800R/ puc’ 3-2
where R is the radial distance (m) from the centre of the disc; p (kg/m’) and  (Pa.s) are
the fluid density and viscosity, respectively; and w is the angular velocity (rad/s) of the
disc. However, Equation 3-2 may no longer be applied if the flow condition is turbulent.
Turbulent flow will initiate if the system operates above a certain angular velocity. The
Reynolds number (Re) as shown in Equation 3-3 can be used to determine the maximum

angular velocity, for which laminar flow can be applied.

R’ pw 3-3
7

Re =

Turbulent flow occurred at critical Reynolds number (Re.) of 3 x 10° (Fritsche et
al., 2010). By substituting Re with Re., the maximum (critical) angular velocity (@.) of the

spinning disc apparatus can be determined (Equation 3-4).

@:R%u 3-4
R°p

The viscosity, u of cell culture medium at room temperature was determined using

a rheometer (AR1000 Rheometer, TA instruments), resulting in viscosity of 0.000927 Pa.s.

With a density p of 1030 kg/m’ as determined by a 50 mL specific gravity bottle
(Technico, England) and with a maximum inner radius R of 24.5 mm, the maximum
angular density of 449.81 rad/s (4295.37 rpm) should not be exceeded during the
experiment. In this study, the maximum angular velocity used for all the experiments is

105 rad/s (1000 rpm).
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The shear stress can be converted to a force, F (N) using an equation below

(Bowen et al., 2002):
F =1.7009[3mud,V| 3-5

where d,, is the diameter of the cells. The liquid velocity along the surface, V can be

determined from

V=_>/wy 3-6

where y is the distance normal from the surface which is defined as y = d,/2.1In this

study, the diameter of single cell is taken as an average of 0.6-0.7 um (Garrity et al.,

2005).

3.9 Micromanipulation

The apparent biofilm-substrate adhesion and biofilm-biofilm cohesion were
measured using a micromanipulator technique. The schematic diagram of the

micromanipulation rig is shown in Figure 3-6. In general, it consists of:

a) Biofilm stage

b) Surface sample sleeve

¢) Digimatic Indicator (Model ID-C112MB, Mitutoyo Corp., Japan)
d) T- shaped probe

e) Force transducer (Model 403A,Aurora Scientific Inc., Canada)

f) Fine micromanipulator (Micro instruments, Oxon, UK)

g) Computer
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Figure 3-6: Schematic diagram of the micromanipulation apparatus with (1) force

transducer, (2) T-shaped probe, (3) sample and (4) substrate.

The details of this micromanipulation technique are described elsewhere (Chen et
al., 1998; Chen et al., 2005). The micromanipulator speed and travel distance can be set up
using the control box. The position of the T-shaped probe attached to the force transducer
can be controlled manually using the fine adjustment of the micromanipulator either in x,

y and z direction.

3.9.1 Force transducer 403A

The model 403A series transducer (Cambridge Technology, Water Town, MA,
USA) used throughout this study is based on a variable displacement capacitor. Figure 3-7
shows a schematic diagram of 403A series transducer and the specifications of this
transducer can be seen in Table 3-1. The active force measurement capacitor is compared
electrically to a matched reference device of identical size and construction mounted
beside it. An output signal current is generated by the electronic drive system that is

proportional to the value of both the reference capacitor and the force measurement
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capacitor. When the two values of capacitance are equal, and no force is applied to the
output tube, the two currents are equal and subtracting them yields a zero result. When a
force is applied the beam bends and the value of the force capacitor changes. The
electronic subtraction then yields a non-zero result (Aurora Scientific 400A instruction

manual, 2003).

Figure 3-7: Schematic diagram of a model 403A series force transducer head, Aurora

Scientific Canada.

59



Table 3-1: Specifications of 403 A series transducer head

SPECIFICATIONS 403A TRANSDUCER
Full scale [+ mN] 5
Sensitivity [mN/volt] 0.5
Resolution [uN] 0.1
Step Response Time [ms] 1.0
Resonant Frequency [Hz] 600
Compliance [um/mN] 1.0
Zero Drift [uN/deg C] 0.5
Gain Drift [%degC] 0.01
Hysteresis [%] 0.01
Maximum Overload Force [mN] 100
Output Tube Length (L) [mm] 7.0
Output Tube Diameter (D) [mm] 1.0

3.9.2 Calibration of force transducer

The calibration of force transducer sensitivity has been carried out to ensure the
accuracy and precision of the measurements and reproducibility. Using a method
previously described (Chen, 2000; Garrett, 2005), the calibration procedure is summarised
as follows. Several pre-weighed pieces of paper were placed on the output tube of a force
transducer and the response in volts was measured using a data acquisition programme
STAT60 installed in the computer. Figure 3-8 shows the calibration curve of the 403A
series transducer. The calibrated sensitivity was estimated to be 262.15 uN/volts or 0.3

mN/volts which is quite close to the value specified by the manufacturer,0.5 mN/volts.
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Figure 3-8: Typical sensitivity calibration curve of a 403 A series transducer

3.9.3 Calibration of micromanipulator travelling speed

The calibration of micromanipulator travelling speed has been carried out using the
method previously described (Chen, 2000; Garrett, 2005). Two optical fibre probes each
with a diameter of 200 um were flattened using a Narishige micro-pipette fine grinder
(Model EG40). One of the probes was connected to the output tube of a force transducer
403A (mounted on the stage of the micromanipulation apparatus) and another one was
held by the second micromanipulator. The auto-speed was programmed using the control
box and then movement was executed. The movement was continued until the transducer
probe touching the static probe. Then, the transducer was returned it to its original

position.

The accurate time for the movement of the micromanipulator can be recorded using
the software STAT60 by setting a sampling frequency of 100 Hz and a number of samples

of 4096. Set up the control box to the acquired % speed using the auto- speed,

61



simultaneously execute the micromanipulator movement and start the STAT60
measurement. The increase in force on the transducer probe can be recognised when the
two probes touch each other. The accurate time can be measured from the results showed

by STAT60.

The speed data were obtained by using the raw data acquired from the STAT60

program, as shown in Figure 3-9.

400 - y= 3.9357x
R*=0.9938 L 2

Speed (um/s)

100 120

% speed

Figure 3-9: The relationship between the micromanipulation speed and the pre-set % speed

3.9.4 Analysis of adhesive strength

Biofilm was grown statically on a 12-well plate containing a TSB growth medium.
After a desired period, the biofilm was taken out using sterile optical tweezers and placed
on a carbon tape stub which was mounted on a microscope glass slide to avoid sample
movement during measurement. Then, the microscope glass slide containing the sample

was mounted on the stage of the micromanipulation apparatus. The stage and socket were
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designed to stabilise the substrate during the analysis of biofilm. It can prevent the
movement of substrate horizontally or laterally. The noise transmitted to the substrate can
be reduced using an anti-vibration table. A T-shaped probe with dimensions of 10 mm
length x 5 mm height x 0.2 mm thickness was designed using a glass cover slip. The
technique used to measure the apparent adhesive strength of biofilm is by pushing the T-

shaped probe at a speed of 196.79 um/s (50 % speed after calibration).

The adhesive strength of biofilm can be determined by the work required to remove
biofilm per unit area from the surface and is given by equation 3-7 (Garrett et al., 2008b)

below:

>3

3-7

Where o (J/m?) is the apparent adhesive strength of biofilm, W (J) is the work required to
push away the biofilm from the surface and A (m?) is the removal area of biofilm from the

surface.

The work done, W (J) by the applied force, F (uN) can be estimated using equation
3-8 with a constant probe pulling speed, v of 197 um/s and time interval of 0.01 s which

corresponds to a sampling frequency of 100 Hz.

=1 — Fi +Fi
w= || mizn [F ] [ty - 6] 3-8
3.10 Enumeration by fluorescence microscopy

A series of bacterial cell images on substrates have been taken using fluorescence

microscopy before and after being spun. The substrates with cell adherence were stained
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with a Baclight viability kit (Molecular Probes Live/Dead® bacterial viability kit) for 20

min prior to imaginge under the fluorescence microscope.
3.10.1 Preparation of Baclight viability kit

Baclight stains (Molecular Probes Live/Dead” bacterial viability kit) were prepared
by adding SYTO 9 (3 uL) to 1 mL of 0.085 % sodium chloride, NaCl (w/v) solution, and 1
uL of propidium iodide (PI) supplied in DMSO diluted in 1 mL of 0.085 % NacCl solution.
The LIVE/DEAD staining kit was used to distinguish between the viable cells and the non-
viable cells. SYTO 9 is a green-fluorescence nucleic acid stain, generally labelling both
live and dead cells, whereas PI, a red-fluorescent nucleic acid stain, penetrates only the

cells with damaged membranes, imaged as dead microbes.
3.10.2 Biofilm image acquisition

Evaluation of cell morphology in two dimensions has been carried out using a Carl
Zeiss fluorescence microscope equipped with a camera (Canon PowerShot GS5). Intact
biomass on substrates were stained for 20 min with 100 pL of Molecular Probes’
LIVE/DEAD® Bacterial Viability Kit (Baclight™) and incubated in the absence of light at
25°C. Images were acquired with a 100X objectives in oil immersion. Each sample
covered the total area of 1.38 x 10° pm”. The minimum area recommended is 1 x 10° pm?

in order to obtain representative data of Ps. fluorescens biofilms (Heydorn et al., 2000).

Additionally, the 3 dimensional biofilm morphology has been characterised using
TSC SPE confocal laser scanning microscopy (CLSM) (Leica Microsystems, UK). Using
a similar staining procedure as fluorescence microscopy for imaging of microbial cell

viability, the methodology of imaging the biofilm using CLSM has also been used
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simultaneously for imaging of EPS structure. In imaging the EPS in biofilm structure,
Calcofluor White M2R (Sigma- Aldrich, UK) has been used. Calcofluor White M2R (CW)
has been prepared by gently heating 1 % (w/v) powder in deionised water before diluted to
0.1% for routine use (Harrington and Hageage, 2003). This stain binds to B-linked
polysaccharides, such as cellulose and chitin. It has been reported that CW cannot

penetrate intact cell membranes and does not stain viable cells.

Prior for biofilm imaging using CLSM, an oil immersion objective lens (63 by 1.3
numerical apertures) was used. Each image was acquired with a resolution of 512 x 512
pixels and colour depth of 8 bit (256 gray values), covering an area of 175 x 175 pm®. This
corresponds to 0.341 um per pixel as provided by the manufacturer. For each sample, four
randomly selected fields of view were analysed. For each field, a series of images were
taken in z-direction, beginning at the outer surface of the biofilm and continuing at 2 um
intervals. The fluorescence emission for SYTO 9 (Aexcite = 484 nm and Aepmis = 520 nm), PI
((Mexcite = 484 nm and Aemir = 620 nm) and CW (Aexcite = 408 nm and Aemir = 500 nm) was
imaged simultaneously using trial-channel imaging. The images captured were stored in
“tiff-export” option on the Leica software, which saves each individual cross-section as a

standard tiff-format digital image.
3.10.3 Enumeration of bacterial cells

The enumeration of immobilised bacterial cells on material surfaces were
quantified based on the two steps procedure: the recorded micrograph via Canon camera of
each microscopic field was first numerated and stored in a data base folder. Secondly, the
images were processing via automated image analysis software, CellC that is freely

available on www.cs.tut.fi/sgn/csb/cellc (Selinummi et al., 2005). The image processing
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will be modified manually by adjusting the intensity threshold if the automatic
thresholding algorithm fails. The manual threshold adjustment enables the cell
enumeration in cases of a strongly auto fluorescence background or in images with low
contrast. The scale of measurement has been set to micrometers after calibration using a
graticule at 1000X magnification where 1 pixel in X and y direction is equivalent to 0.0523

um. The typical enumeration using Cel/C software has been shown in Figure 3-10.
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(c)
Figure 3-10: Typical enumeration of bacterial cells on substrate using CellC software.

1. An image adapted by a fluorescence microscope was imported to CellC software as shown in
(a).

2. Used manual threshold if the image have a strong auto fluorescence background or low
contrast as in (b).

3. Once the ‘Start analysis’ was initiated, the results were reported as a number of cells as in (c).

3.10.4 Determination of biofilm coverage and volume

The software suite of z-stack image processing operations was implemented using
daime (version 1.3) (Daims et al., 2006), novel program analysis software for biofilm

image from CLSM. The tiff-image was imported into daime and subsequently three
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colour channels after setting the micrometer scale were extrated. Then, the images were
individually classified by auto threshold into 3D segmentation mode with modified-Robust
Automated Threshold Selection (RATS-L) algorithms. RATS-L algorithm was chosen
based on the suitability of fluorescence images that contain bright and also dark objects. A

typical analysis and visualisation of biofilm morphology is shown in Figure 3-11.
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Figure 3-11: daime 3D image processing software used to quantify the total volume of

biofilm and visualise the biofilm morphology

1. A series of tiff images were imported to daime software.

2. The trial- channel biofilm image can be extracted into three individually channels; red for PI
stain, green for SYTO 9 stain and blue for CW stain.

3. After threshold using RATS-L algorithm, the image can be quantified into total volume either
from trial- channel or individual channel.

4. Image also can be visualised into 3D structure.
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3.11 Conclusion

This chapter details the methodology used to investigate the bacterial adhesion in
the form of biofilm. In the subsequent chapters, specific preparation procedures and
methodologies will be described in details. The results will be demonstrated in the

following chapters with associated discussions.
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4 THE ADHESIVE FORCES OF SINGLE COLLOIDAL PARTICLES TO
THE BIOFILM MEASURED USING ATOMIC FORCE MICROSCOPY

4.1 Summary

In this study, the adhesion of bacterial strain Pseudomonas fluorescens NCIMB
9046 on household surfaces was investigated. It is well documented that biofilm growth
can be affected by various environmental conditions, therefore at the earlier stage of this
study the biofilm morphology under a variety of environmental conditions were examined
via scanning electron microscopy (SEM). After 4 days growth at a temperature of 25 °C,
pH 7 and initial glucose concentration of 0.25 % (w/v), the biofilm was found to consist of
a large number of bacterial cells that were embedded within an extensive exopolymeric
matrix. It was found that these conditions resulted in the maximum observed biofilm
growth in the range of conditions studied for the substrate tested. Little is known about
bacterial adhesion on common household materials, hence this study investigated adhesion
of a bacterial strain of Ps. fluorescens on stainless steel, glass and cellulose surfaces. The
adhesion was investigated using an atomic force microscope (AFM) via interaction of
single colloidal particles of the household materials with a biofilm matrix. The interactive
forces between colloidal particles that represent household surface materials and the Ps.
fluorescens biofilm in growth medium and ambient conditions have been directly
measured. The biofilm was allowed to grow on a stainless steel substrate at the optimum
condition for 4 days prior to the measurement. Single colloidal particles were immobilised
onto a tipless cantilever suitable for use with an AFM, and force measurements were
performed by extending the modified cantilever towards Ps. fluorescens biofilm and

subsequently retracting from it. The results demonstrated that the material properties such
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as hydrophobicity/hydrophilicity of surface materials strongly influence the adhesive
forces in liquid media and ambient air. In addition, electrostatic, van der Waals (vdW) and

steric interactions also play an important role.

4.2 Introduction

In both natural systems and domestic environments, inanimate surfaces may be
colonized by microorganisms. Colonization of such surfaces is initiated by the adhesion of
single cells or cell aggregates on the surface. In favourable conditions these cells will
grow, divide and develop into micro-colonies, which ultimately become embedded within

secreted polymeric substances, i.e. a biofilm.

The domestic environment can be a source of foodborne disease and cross-
contaminations which have been investigated ranging from food preparation to laundry
practices (Haysom and Sharp, 2005; Redmond et al., 2004; Scott, 1996). Poor disinfection
practices and ineffective cleaning products may increase illness associated with pathogenic
organisms encountered during normal household activity. General outbreaks of foodborne
disease have been reported to originate from home, with 12-17 % of cases reported in
England and Wales from 1992 to 1993 (Cowden et al., 1995) originating thusly. The actual
proportion of cases that occur in the home is likely to be much larger than that suggested

by reported outbreak data (Redmond et al., 2004).

Reports in the literature have shown that factors such as pH (Chaieb et al., 2007;
Chen et al., 2005; Giaouris et al., 2005; Hamadi et al., 2004; McEldowney and Fletcher,
1988; Ponsonnet et al., 2008; Zmantar ef al., 2011), nutrient availability (Chen et al., 2005;

Dewanti and Wong, 1995; O’Toole and Kolter, 1998; Oh et al., 2007; Pratt and Kolter,
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1998; Rochex and Lebeault, 2007; Sheng et al., 2008) and growth period (Chen et al.,
2005; Fletcher and Marshall, 1982; Satou et al., 1988) may have a significant effect on
bacterial adhesion. To examine the effects of these factors, several researchers have
developed various kinds of microscopy technique to observe the biofilm growth onto
surfaces. One of the common techniques is using SEM by treating the sample in a series of
sample dehydrations and coating with an electrically conductive thin gold film prior to

imaging.

AFM offers a special capability that nanoscale structures can be detected and
forces can be measured in the nanoNewton to picoNewton range. In biological
applications, a major advantage of using AFM over other microscopy techniques is that it
can simultaneously provide information on local surface properties and interactive forces.
The interactive forces between the probe and the sample and their distance in nanometre
scale are presented as a ‘force-distance curve’. In measuring microbial adhesion, several
approaches using AFM have been developed either by anchoring a single cell to the tipless
cantilever (Bowen et al., 2001; Kang and Elimelech, 2009; Ong et al., 1999; Razatos et al.,
2000) or using a standard silicon nitride probe (Razatos et al., 1998a; Razatos et al.,
1998b). However, the cell probe has limited applications since the method used to anchor
the single cells to the probe may change their physiology. Moreover, cells, and particularly
bacteria, have such small dimensions that it can be very difficult to anchor single cells to
the probe (Dufréne, 2001). Other approach to quantify the forces using AFM as suggested
by Ducker et. al. (1991) and Biggs (1995) is to anchor a single inorganic particle to the

cantilever with known surface chemistry and geometry such as microsphere.

The objective of the present study is to investigate the ability of Ps. fluorescens to

form biofilms on stainless steel surfaces in various environmental conditions. The
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morphology of biofilm was examined via the use of SEM. Furthermore, having an
optimum biofilm growth on stainless steel surface, the adhesive forces between probe
materials that are likened to household materials (stainless steel, glass and cellulose) and
biofilm were investigated using AFM. In addition, the influence of hydrated state and

ambient conditions has been examined on adhesive forces at cellular level.

4.3 Materials and Methods

4.3.1 Organisms and growth conditions

Pseudomonas fluorescens NCIMB 9046, Gram-negative bacteria, was chosen as a
model microorganism to study the biofilm morphology and cell-surface adhesion. A
loopful from the agar slants was spread onto a TSA agar plate and incubated for 48 h at
25°C. Then using a 500 mL flask, a number of Ps. fluorescens colonies were grown in 100
mL TSB medium. The culture was shaken at 150 rpm for 24 h, whilst being maintained at
25 °C until the inoculums reached the stationary phase. The absorbance reading at
ODesonm, glucose concentration and total cell counts have been measured throughout the

culture growth and samples were taken every 4 h using the techniques described in Section

3.4.

4.3.2 Biofilm reactor

A stainless steel was chosen as the substrate on which the Ps. fluorescens biofilm
was grown. Stainless steel substrates with dimensions 21 x 8 x 1 mm’® (Grade 304) were
prepared by soaking in 1 % (w/v) Virkon solution overnight followed by rinsing with
distilled water before soaking in acetone for 30 min. The substrates were washed a second

time with distilled water and soaked in 1 M sodium hydroxide (NaOH) solution for 1 h.
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Then, the substrates were rinsed again with distilled water before being dried in an oven at
60 °C for 1 to 2 h. Using a 250 mL flask, the clean dry substrate was added to 50 mL TSB
medium containing 0.25 % (w/v) glucose concentration, sealed using a rubber bung
covered with aluminium foil, and autoclaved at 121 °C for 15 min. The liquid medium was
then inoculated with approximately 1 x 10° cells/mL (late exponential phase) of an
overnight culture of Ps. fluorescens and incubated statically at 25 °C for 4 days (Figure

4-1).

Inoculated with ~10° cells/
mL from overnight cuIthre
Substrate

P, =

Ps. fluorescens culture, shaken
overnight at 150 rpm, 25 °C for
24 hin 500 mL Erlenmeyer
flask

Static biofilm reactor, incubated at
25 °C for 96 h in 250 mL
Erlenmeyer flask (wide neck)

Figure 4-1: Illustration of a static biofilm reactor with a stainless steel substrate inoculated
with ~ 10° cells/mL from the stationary phase culture of Ps. fluorescens. Biofilms were

allowed to grow statically for up to four days.
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4.3.3 Biofilm assays

The growth of biofilms on material surfaces has been investigated via the cell
viability on material surfaces and biofilm thickness. The adhered cells on surfaces have
been enumerated using the methods described in Section 3.5.2. Biofilm thickness has been

measured via interferometry.

4.3.4 Biofilm preparation for AFM

The biofilm for AFM was prepared as described in Section 4.3.2. Briefly, the
stainless steel coupon with a size of 8 x 21 x 1 mm” was used as a substrate of biofilm. The
biofilm was grown for 4 days in an incubator with a preset temperature of 25 °C. After 4
days growth period, the sample (biofilm growth on stainless steel surface) was rinsed twice
with PBS and shaken at 100 rpm after each wash for 1 min, before force measurements
were conducted using AFM. For force measurements conducted in liquid media, the
sample was immobilised onto carbon tape in a petri dish (50 mm in diameter) filled with
TSB media, whereas for measurements in ambient condition, the sample was immobilised

onto carbon tape and mounted on a glass microscope slide.

4.3.5 Adhesion force measurements by AFM

The colloidal probe of interest with a radius of 10 um was prepared following the
method described in Section 3.7.1 prior to force measurements by AFM. As reported in
literature, the addition of the mass to the apex of the cantilever might change the value of
its spring constant (Cleveland ef al., 1993). Therefore, the spring constant was calibrated
according to the method described by Bowen et al. (2010). Adhesive force measurements
were performed in liquid media and also under ambient condition, operating in contact
mode at 18 °C and 40 % relative humidity (RH) with increasing contact time. The

approach velocity and loading force have been reported not to significantly influence the
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biofilm adhesive force measurements (Lau et al., 2009a). Thus, all the experiments were
carried out at a constant approach velocity of 20 um/s and a compressive loading force of
100 nN, with measurements being performed at 25 evenly distributed locations over a 100

x 100 um area.

4.3.6 Force-distance curve analysis

Force-distance curves are analysed based on two categories: approach and
retraction curves. The approach curves were analysed using a geometric approach, by
extrapolating the linear line in the constant compliance region to the x-axis. The curve was
divided into 4 regions; A;, B;, C; and D; in liquid media as shown in Figure 4-2 and A,, B,
and Ca in ambient air (Figure 4-3), which provide information of non-contact and contact

phase.
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Figure 4-2: Typical approach curve obtained using AFM of a sample in liquid medium.

Region A;: No interaction between probe and biofilm;
Region B;: Non-contact phase, where there is interaction, but the surfaces are not in direct contact;

Region C;: The surfaces are in contact, and the biofilm is being deformed due to the force of the
probe; and

Region D;: Deflection is proportional to distance, called as constant compliance region.

Note that subscript | indicates that the measurements are conducted in a liquid
medium.
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Figure 4-3: Typical approach curves obtained using AFM of a sample in ambient air.

Region A,: The probe approaching the biofilm surface.
Region B,: The probe jumping into contact with the biofilm surface.
Region C,: Deflection region

Note that subscript a indicates that the measurements are conducted at ambient
conditions.

From the retraction curve, the adhesion forces, F (N) between the probe and the

biofilm can be determined using Hooke’s law (equation 4-1):
F=kx 4-1

where k. (N/m) is a calibrated cantilever spring constant and x (m) is the maximum

deflection distance experienced by the cantilever during retraction.
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4.4 Results

4.4.1 Biofilm growth

Following incubation on a tryptone soy agar plate, Ps. fluorescens was used to
inoculate 100 mL of TSB medium and left to shake at 150 rpm (Gallencamp Cooled
Incubator) overnight at 25 °C. Ps. fluorescens absorbance increases with time and total cell

count reached maximum between 28 to 32 h of growth (Figure 4-4).
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Figure 4-4: Typical growth profile of Ps. fluorescens using a TSB medium of 2.5 g/LL

initial glucose concentration.
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(a): Culture absorbance at 650nm (filled diamonds) and glucose concentration (g/L) (filled square)

(b): Total cell count/mL

83

Glucose conc. (g/L)



Having placed the required surface substrate in the growth medium, an aliquot (5
mL of ~ 1 x 10° cells/mL) of the previously grown 24 h culture was used to inoculate the
50 mL TSB medium containing the substrate. These biofilm reactors were then incubated
at 25 °C under static conditions for 96 h, with bacterial growth and glucose levels within
the media being monitored over time (Figure 4-5). The total cell count reached increases

with time and the glucose was found to be totally depleted by 72 h.
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Figure 4-5: Typical growth characteristics of Ps. fluorescens used to grow biofilms under
static (0 rpm) conditions for a stainless steel substrate: Total cell count (filled diamond)

and glucose concentration (filled square).

4.4.2 Visualisation of biofilm development

A substrate with intact biofilm was removed carefully from the 250 mL flask using
sterile optical tweezers and prepared prior for visualisation with SEM using a method
described in Section 3.5.1. Samples were removed at various times (24, 48, 72 and 96 h).
SEM observations verified that Ps. fluorescens adhered well to stainless steel, as shown in
Figure 4-6 (development over 24 h to 96 h) and rinsing each biofilm twice with the PBS

solution did not remove the adhered cells.
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Growth period (pH 7, 2.5 g/L glucose, 25 °C)

24 h 48 h 72 h

Glucose concentration (pH 7, 25 °C, Day 4)

7.5 g/L 0.0 gL

Temperature ((2.5 g/L glucose, pH 7, Day 4)

37°C

Medium pH (2.5 g/L glucose, 25 °C, Day 4)

Figure 4-6: SEM images showing the effect of environmental factors (growth period,
glucose concentration, temperature, medium pH) on the biofilm development on stainless

steel surface under static conditions.
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During early biofilm development (24 h), individual cells colonized the stainless
steel substrate, and a few small clusters of cells can be seen from the image corresponding
to 48 h of growth. After 72 h, in addition to the bacterial cell adhesion previously seen, the
microcolonies started to develop vertically, and formed a biofilm structure by 96 h of
development. At this stage, the average viability was maintained (approximately 5 logs
colony forming unit, CFU /cm?) and the biofilm thickness was approximately 45 pm (see

Figure 4-7).
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Figure 4-7: Typical growth characteristics of Ps. fluorescens biofilm on one unit area of

stainless steel coupon under static conditions

(a) Viable cell count per unit area. Error bar represents the standard error of the mean of the
triplicate data.

(b) Thickness of biofilm over 4 days growth, measured by the interferometer. Error bars represent
the standard error of the mean from 3 interferometry images.
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It was observed that the bacteria did not cover the stainless steel surface entirely
during the 24 to 96 h development period; however a large number of bacterial cells
embedded within an extensive exopolysaccharide (EPS) matrix can be clearly seen in
Figure 4-8. The surface area coverage of the biofilm during development increased from
16 % at 24 hr to 31 % at 96 h (determined using ImageJ software and the images shown

below).

Ps. fluorescens

Matrix

Figure 4-8:  SEM image of cross sectional area of Ps. fluorescens biofilm after 96 h of

development.

It has been found that both the environmental conditions and the nutritional status
of the medium can influence the growth of the biofilm on the surface. Qualitative analysis
of the SEM images show that the biofilm development appeared to favour a temperature of

25°C, pH 7 and low carbon source, 2.5 g/LL glucose concentration.

4.4.3 Force measurements using AFM
The influence of material of interest (stainless steel, glass and cellulose) in form of
colloidal particle on adhesive forces on biofilm was investigated using AFM. The force

measurements were carried out in hydrated state (TSB medium) and dry state (ambient
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conditions), for the latter the experiments were conducted under conditions of controlled

relative humidity (40 % RH) and temperature (18 °C).

4.4.3.1 Approach curves obtained from adhesion experiments in liquid media

Figure 4-9 shows an example of approach curve based on a stainless steel probe
and the biofilm in a TSB medium. The horizontal axis indicates the piezo moving distance
and vertical axis indicates the deflection data measured on the basis of the location of the
colloid probe. The approach curve shows several regions of probe-biofilm interactions for
Ps. fluorescens biofilm. The origin of the contact point was determined using a geometric
approach, by extrapolating the linear line in the constant compliance region (region D)) to
the x- axis, as indicated in the previous research (Gaboriaud and Duffene, 2006; Salerno et
al., 2007; Velegol and Logan, 2002). In region A; (Figure 4-9), no interaction was
observed when the probe approached the biofilm and the separation distance was beyond
150 nm. As the probe closely approached the biofilm there is non-linear interaction (region
B)) from 150 nm to 0 nm and the probe was deflected away by a maximum of 16 nm due
to a repulsive force of 990 nN (determined from the force-distance curve), which resulted
from summation of vdW and electrostatic forces between negatively charged cells and/or
polymers and the probe, and the steric forces arising from the polymeric substances that
exist on the bacterial surfaces. Once the probe was in contact with the polymer on the
biofilm surface, a linear response was observed in region C; from distance of 0 to -29 nm,
where the probe might have a contact with the core such as peptidoglycan layer (Salerno et
al., 2007). At distance -29 nm or further, the biofilm surface was indented by the probe,
which is known as constant compliance region (D;) where the deflection and distance vary

linearly.
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Figure 4-9: Schematic diagram (a) showing approach of a stainless steel probe to Ps.
fluorescens biofilm in a TSB medium and (b) the corresponding approach curve obtained

using AFM. Subscript / represents the measurements were conducted in a /iquid medium.

An example of approach curves for three types of colloidal particle is shown in

Figure 4-10. Upon approaching the biofilm, the cellulose particle experienced a strong
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repulsive force with a mean of total non-linear distance of 671 = 90 nm (see Table 4-1).
Stainless steel and glass probes give a same trend but the magnitude of the repulsive
interaction is weaker with reduction of total non-linear distance by 71 % and 69 %,

respectively compared with the cellulose as presented in Table 4-1.
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Figure 4-10: Deflection of the probe cantilever to piezo movement for the interaction of a
stainless steel (open diamond), glass (open square) and cellulose (open triangle) probe at
zero contact time. The extension of linear fit to contact of origin (dotted lines) defines the

zero position of piezo movement.
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Table 4-1: Mean value of non- contact phase (B;), contact phase (C;) and total non- linear
distance (B; + C;) from the analysis of approach curves. The figures after & represent the
standard error of the mean from two independent biofilms, which give a total of 12
measurements. A negative value of contact phase is a length of probe which is in contact

with a polymer on biofilm surface before reaching the constant compliance region.

Probe material  Non-contact phase Contact phase Total non-linear distance
(nm) (nm) (nm)

Stainless steel 158 £20 (-)35+4 193 +£21

Glass 181 + 38 (-)26+4 206 + 40

Cellulose 600 + 84 -)71+9 671 90

These variations could be suggested to be due to the differences in material surface
properties. Therefore, the surface chemical composition of each probe has been examined
using EDX-SEM instrumentation. Surface chemical composition by EDX-SEM further
revealed the presence of chemical impurities for nearly all the colloidal particles, as shown
in Table 4-2. Three major elements can be found for these substrates including carbon (C),
oxygen (O) and silicon (Si) each with a different ratio. Other minor elements that were
also present are magnesium (Mg), chromium (Cr), manganese (Mn), iron (Fe) and nickel
(Ni). The presence of these different elements in the material provides additional evidence

for molecular-scale heterogeneity of these particles.

Table 4-2: Surface element analysis as determined by EDX-SEM.

Probe Surface element analysis (wt %)

Stainless steel 304 C (5.66), Si (0.56), Cr (17.29), Mn (1.79), Fe
(67.04) and Ni (7.66)

Glass C (7.39), O (39.39), Na (7.76), Mg (1.99), Si
(37.33) and Ca (6.14)

Cellulose C (58.34) and O (41.66)
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4.4.3.2 Retraction curves obtained from adhesion experiments in liquid media
The probe retraction from the biofilm surface is illustrated in Figure 4-11 (a) and
the corresponding force-distance curve is shown in Figure 4-11 (b) with zero contact time.
The retraction curve was divided into three regions; region D.,;, P; and R;. The slope in
region D, is constant as the piezo is moved off the cell. Region P; indicates the distance
when the probe is pulled away from the surface and single polymer may attach to the
probe. Once the polymer detaches from the surface, it gives the measurements of pull-off
distance and the probe may experience the attractive forces. In this case, the length of

region P;is 45 pm and the adhesive force is 53 nN that held the polymer to the surface.
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Figure 4-11: (a) Schematic diagram showing retraction of a colloidal probe (stainless steel)

from Ps. fluorescens biofilm and (b) the corresponding force-distance curve.

Region D,.;: the constant compliance region during retraction;
Region P;: the maximum pull-off distance and probe-biofilm adhesive force;

Region R;: a region where there is no longer interaction between the colloidal probe and the biofilm
surface; and

F: the maximum adhesion between those surfaces.

Notes that subscript | represents that the measurements are conducted in a liquid
medium.
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The distribution of the adhesive force between each probe and biofilm is shown in
Figure 4-12. As can been seen, the adhesive force varies greatly from position to position, but
overall stainless steel and glass probes show greater interactions with biofilm than
cellulose. The adhesive forces of stainless steel and glass exhibited 20 to 80 nN (average F =
30 £ 7 nN and 48 + 7 nN respectively), whereas cellulose adhered with forces ranging from 6
to 14 nN (average 7.8 £ 0.4 nN). The general trend from the retraction data obtained with
zeros contact time is that Ps. fluorescens biofilm was more adhesive to the glass, followed by

stainless steel and cellulose.
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Figure 4-12: Distribution of adhesive forces for stainless steel (open diamond), glass (open
square) and cellulose (open triangle) probes over 6 positions on 2 independent biofilm

samples.
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Moreover, the adhesive forces were further investigated by increasing the contact
time of the probes with the biofilm. The mean values of adhesive force between different
probes and Ps. fluorescens biofilm are presented in Figure 4-13. From the results, an
increasing trend of adhesive forces can be observed from 0 s contact time to 60 s contact

time and the mean values are nearly constant from 60 s to 240 s for all the colloidal particles.
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Figure 4-13: The mean adhesive forces between stainless steel, glass and cellulose probes and
the biofilm surface in a liquid medium. The error bar represents the standard error of the

mean from two independent biofilm samples and total 12 measurements.

As a probe was in contact with the biofilm surface, the polymeric substances on the
biofilm matrix may adhere onto the probe. Once the probe retracts from the surface, some
polymers from the biofilm surface may attach to the probe. For example Figure 4-14 shows
there are multiple peaks in the force-distance curve for each probe corresponding to the
retraction region, which might be due to that there were polymer chains broken one after
another but the force does not return to zero between two adjacent breakage events. The
observation and analysis of these retraction curves provide the quantitative information of the

adhesion between the polymeric substances and the probe. Interestingly here, stainless steel
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and glass are known as effectively rigid materials and both exhibit a shorter pull-off distance
when compared to the softer cellulose material. Pull-off distance here is defined as a distance
between the maximum adhesive force presented in the retraction curve and a point where the
probe is no longer in contact with the biofilm. The rigid material such as stainless steel and
glass probe may not deform during retraction process but the softer material like cellulose
may deform during this process which may create a large surface area between cellulose
probe and biofilm surface. Therefore, with a smaller surface area (glass and stainless steel
probe) the pull-off distance as shown in Figure 4-14 is approximately 0.75 pm compared to

the deforming material (cellulose) which is approximately 2.4 um.
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Figure 4-14: Representative retraction curves for stainless steel, glass and cellulose in a
growth medium, obtained with a contact time of 240 s. The inset force-distance curve is that

taken from a zoomed region of the cellulose retraction curve.
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4.4.3.3 Approach curves obtained from adhesion experiments in ambient air

In ambient conditions, the water film is present on the biofilm surface (Erath et al.,
2010). Thus, the adhesive force between a probe and biofilm surface is mainly controlled by
capillary force. Initially as the probe approaches the biofilm surface in region A, (the details
are shown in Figure 4-15-a and the corresponding force-distance curve in Figure 4-15-b), the
force is too small to give a measureable cantilever deflection and thus the probe is still in
undisturbed position. In a defined distance between the probe and sample surface, the probe
may experience attractive force (usually capillary force in air) to overcome the cantilever
spring constant and the probe jumps into contact with the biofilm surface, which is shown in
region B,. When the probe is in contact, water wicks up around the probe and forms a
meniscus bridge between the probe and the biofilm surface. Consequently, the probe is in
contact with the biofilm surface and remains on the surface as the separation between the
base of the cantilever and the sample surface decreases further. This may cause a cantilever

deflection (region C,) and an increase in the repulsive contact force.

The comparison of the force-distance curve between the 3 types of probe is presented
in Figure 4-16 with a contact time of 0 s. As can be seen, the cellulose probe experienced a
great snap-in force (250 nN) and a larger snap-in distance with approximately 0.5 pum.
However, stainless steel and glass only generated snap-in forces of 10 nN and 40 nN
respectively. The data demonstrate the importance of hydrophilic interactions between the

surfaces in ambient air.

From the average snap-in forces, Figure 4-17 indicates that for hydrophilic probes of
glass and cellulose the force increases gradually when the contact time varies from 0 to 240 s.
However, there is no such trend for stainless steel. Glass shows more attraction to the biofilm

surface when approaching, the force is 15 = 2 uN corresponding to a contact time of 240 s,
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which is higher than that shown by cellulose (11 = 2 pN). Stainless steel exhibited the

smallest force (3.1 £ 0.4 uN).
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Figure 4-15: (a) Schematic diagram showing approach of a colloidal probe (stainless steel) to
Ps. fluorescens biofilm and (b) the corresponding force-distance curve. The subscript a

represents the ambient conditions where the experiments were conducted.
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Figure 4-17: The mean snap-in forces (approach curve) between stainless steel, glass and
cellulose probes and the biofilm surface in ambient air. The error bars represent the standard

error of the mean from the 12 measurements (2 independent biofilm samples).

4.4.3.4 Retraction curves obtained from adhesion experiments in ambient air

A typical force-distance curve for retraction is given in Figure 4-18, which shows an
interaction between a stainless steel probe and the biofilm surface. The experiment was
conducted in ambient conditions with a controlled humidity of 40 % and temperature of 18
°C. In this case, the retraction curve (Figure 4-18-b) is divided into three regions where D;.,
represents the constant-compliance region, P, is the region where the probe remains in
contact until it is retracted from the biofilm surface to give the information of adhesive force
and region R, is where the probe is no longer in contact with the surface. The quantitative
measurement of the adhesive force, in this case is 17 uN. The shape of force-distance curve
presented here is in contrast with the one observed for liquid medium. The sharp shape here
shows that breakage of the adhesive contact was rapid and occurred over a short displacement
distance, however in liquid medium a more complex retraction curve was observed over a

longer displacement distance.
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Figure 4-19 shows the adhesive forces of different probes to the biofilm surface
obtained with contact times of 0 to 240 s. At the lowest contact time (0 s), stainless steel
gives a greater adhesive force of 9 = 2 uN, whereas adhesive forces shown by glass and
cellulose are 3.7 = 0.7 and 1.4 + 0.4 uN, respectively. Statistically each probe showed
significantly (P < 0.05) with increasing contact time. Since each probe have different
properties, thus the capillary actions between probe and biofilm surfaces might give a

different adhesive values.
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Figure 4-18: (a) Schematic diagram showing retraction of a colloidal probe (stainless steel)
from Ps. fluorescens biofilm and (b) the corresponding force-distance curve. The force
measurement was conducted in ambient condition with zero contact time. The subscript a
represents the force measurement was conducted in ambient conditions.

Region D,..: the constant compliance region during retraction;

Region P,: the maximum pull-off distance;

Region R,: a region where there is no longer interaction between the colloidal probe and the biofilm

surface; and
F: the maximum adhesive force between those surfaces.
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Figure 4-19: The mean adhesive forces between stainless steel, glass and cellulose probes and
the biofilm surface in ambient air. The error bars represent the standard error of the mean

from the 12 measurements (2 independent biofilm samples).

4.5 Discussion

4.5.1 Biofilm development

In this study, the biofilm was grown in static conditions, which means that the
bacterial cells from planktonic cultures contacted surfaces either by gravitational forces or
Brownian motion. Bacterial cells with Brownian motion might facilitate adhesion by
allowing specific interactions at molecular proximity to take place (Li et al., 2008). Once the
cells are within <I nm from the surface, the net result of attractive and repulsive forces
determines the adhesion of cells to the surface. These attractive forces result from summation
of vdW and electrostatic interactions, hydrophobicity of cell and substrate surface, in addition
to other forces as reviewed by Hori and Matsumoto (2010). The cells may experience the
repulsive forces at the intermediate distance of 0.5 to 5 nm, which is related to

salvation/hydration and steric forces which arises from the polymeric substances that exist on
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the bacterial surfaces and may be influenced by conformation changes in polymeric surface

molecules (Lower et al., 2000).

The biofilm development may be affected by several physiochemical factors that
define the interaction between bacteria and substrate including biofilm age, nutrient
availability, growth temperature and pH. As shown in Figure 4-6, the biofilm morphology
changed with the growth period; from formation of microcolonies to EPS constituting the
biofilm matrix. EPS may contain protein and polysaccharides which made up 75-89 % of its
composition and had a direct effect on the adhesion of the biofilm to surface (Tsuneda et al.,
2003). Additionally, the cell activity inside the biofilm matrix may influence the biofilm
development. As reported by Webb (2007) the cells may get nutrients from the cell lysis
activities and the water channels in the biofilm architecture will allow nutrients delivered
inside the biofilm (An and Friedman, 1998; McLandsborough et al., 2006; Stoodley et al.,

2002).

4.5.2 Adhesion measurements in liquid media

The approach curves obtained from adhesion experiments in liquid media show two
separate regions: a non-contact region (A; and B;) and contact region (C; and D;). The size of
the nonlinear region in approach curve might be affected by the position of the probe over the
biofilm surface and the nature of biofilm heterogeneity. This phenomena were investigated
by other workers where the nonlinear region was found to increase when the probe was
moved from top of the bacteria to the side of bacteria (Velegol and Logan, 2002). The
nonlinear region might represent the existence of electrostatic and vdW forces arising from
the cell surface charges and steric repulsion, which are related to the thickness and density of

EPS (Kang and Elimelech, 2009).
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Upon approaching the biofilm surfaces, all the probes experienced a long non-contact
phase which is estimated to be more than 100 nm in length. This is well beyond where the
electrostatic forces are expected to play a role. Hence, the probe may have been responsible
for the steric repulsion due to the existence of EPS from the bacterial cells. Moreover, the
stiffness of the probe may also be important. For example, the Young’s modulus of cellulose
(22 MPa) (Rutland et al., 2004) is much smaller than that of stainless steel (223 GPa) (Li et
al., 2004) and glass (69 GPa)(values from the manufacturer), and it might swell onto biofilm
surface, which may additionally contribute to the longer distance of approaching biofilm

surface.

Another possibility in explaining the difference in non-contact phase between
different substrates is the degree of their hydrophobicity. It may be suggested that stainless
steel is more hydrophobic compared to glass (Butt, 1994) and cellulose (Karlsson and
Gatenholm, 1999). The chemical composition of the cellulose polymer with a large amount
of hydroxyl groups will make it more hydrophilic in nature (Karlsson and Gatenholm, 1999)
and thus tends to have more difficulty in approaching the biofilm surface. Consequently, the
results presented in this study support other observations of biological system interactions
which suggest that classical DLVO theory provides poor agreement with experimental
observations (Ong et al., 1999). The theory must be augmented with short-range forces such
as steric (Dorobantu et al., 2009) and hydrophobic interactions to adequately predict cell

adhesion (McEldowney and Fletcher, 1986; Oss, 1997; Oss, 2003).

In literature, the adhesion of pseudomonas to surfaces may vary depending on the
instrumentation, experimental conditions and type of pseudomonad strains. In this study, the
momentary interactions between the probes and the Ps. fluorescens biofilm indicate that glass
is more adhesive to the biofilm in hydrated state, compared to stainless steel and cellulose.

The average adhesive forces at zero contact time for stainless steel 304, glass and cellulose

107



were 30 = 7 nN, 48 = 7 nN and 7.8 = 0.4 nN, respectively. Other studies indicated that the
adhesive force of Pseudomonas sp. on stainless steel 316 is 2.2 nN (Sheng et al., 2007),
stainless steel 304 is 5.02 nN (Yuan and Pehkonen, 2009) and silica (SiO;) is 4 nN (Abu-Lail
et al., 2007). The reported value, however highly depends on the sample preparations prior to
force measurements. For instance, Sheng et al. (2007) used a glutaralydehyde coated cell tip
upon approaching the stainless steel substatre. The glutaraldehyde coated cell tip, however
will increase the cell stifness and affect the cell viability (Kang and Elimelech, 2009) by
cross-linking proteins and amino acids within peptidoglycan layer (Dorobantu and Gray,
2010; Kailas et al., 2009). On the other hand, Yuan and Pehkonen (2009) used a SizNy tip
cantilever to measure the adhesive forces of cell-cell and cell-surface on 7-day old biofilm
which was grown on stainless steel 304. The results presented, however do not directly give
the adhesive force of cell to stainless steel surface. Abu-Lail et al. (2007) directly measured
the adhesive force between a silica colloidal probe and a single pseudomonas cell in hydrated
state and obtained 4 nN or 4 mN/m (normalised value to probe radius), which is in agreement

with this study (normalised value for glass probe, 4.3 mN/m).

Furthermore, the values of adhesive force gathered from retraction curves for three
different probes vary from position to position. It can be hypothesized that the difference in
adhesive force between positions may be due to the heterogeneous formation of biofilm on
surfaces and the probe may either interact with bacterial surface or EPS. It has been widely
reported that the adhesive force is greater at the cell-cell interface due to EPS accumulation at
the cell periphery, which may enhance the bacterial interactions with the substrate surface
(Beech et al., 2002; Fang et al., 2000; Xu ef al., 2002; Yuan and Pehkonen, 2009). Thus, it
can be suggested that the adhesive force may occur on the cell-cell interface since the
adhesive force values presented here for stainless steel and glass, for instance, are greater

than those reported by other researchers (Lau et al., 2009a; Yuan and Pehkonen, 2009). Lau
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et al. (2009b) recorded the average adhesion of cell-glass for Ps. aeruginosa PAO1 was 0.66
+ 0.27 nN and cell-cell cohesion was 1.00 = 0.31 nN, whereas Yuan and Pehkonen (2009)
reported that the adhesion of Ps. fluorescens NCIMB 2021 cell on the stainless steel (Grade
304) was 5.02 nN and the cell-cell was 6.99 nN. Both studies proved that the cell-cell
adhesive forces were higher than cell to those due to substratum interactions. Additionally,
since the biofilm preparation for AFM force measurements was different from Lau et al.
(2009b) and Yuan and Pehkonen (2009), therefore the results presented here highly depend

on the sample preparation and the methods used in determining the adhesive forces.

4.5.3 Adhesion measurements in ambient air

The interactions between probe and biofilm surface were further investigated in
ambient conditions as a function of contact time. Since the force measurements were
conducted in constant RH of 40 %, thus a capillary meniscus around the contact point may
occur (Malotky and Chaudhury, 2001). The formation of capillary meniscus enhances the
interactions between the probe and biofilm, which created mainly the capillary bridging

force.

As shown in the approach curve (see Figure 4-16), a single snap-in event occurred
immediately prior to contact with the biofilm surface. As illustrated in Figure 4-15-a, a
capillary bridge forms between the probe and biofilm surface wherever the condensation
occurs. As indicated in literature, the hydrophilic surfaces may create a large adhesive force
in air compared to hydrophobic surfaces (Erath et al., 2010). Additionally, the contact area
for hydrophobic surfaces is smaller in air compared with that in liquid due to the absence of
attractive hydrophobic interactions in air (Erath et al., 2010), and thus the capillary force may
diminish. It is believed that more hydrophobic material (stainless steel) experienced the
weaker interactions with increasing contact time (see Figure 4-17, where there is a reduction

of force from 0 s to 240 s contact time). Interestingly here, the hydrophilic material (glass)
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generated a greater snap-in force while approaching, whereas the snap-in force for cellulose

kept increasing with time.

Moreover, as the probe was pulled away from the surface, the bent cantilever would
have to overcome the capillary force. Typically, a water funnel might form when the probe
was pulled away from the surface. Thus, only a single sharp pull-off event can only be seen
from the retraction curve within a short displacement distance. The hydrophilic interactions
as shown by glass and cellulose probes rose gradually with contact time. This is in good
agreement with other observation on hydrophilic surface, i.e. mica where at RH of 46 %, a
gradual increase of adhesive force occurred over time (Sedin and Rowlen, 2000).
Nevertheless, the stainless steel probe exhibited stronger adhesive forces even though the

adhesion was not observed to increase with time.

4.6 Conclusion

In this chapter, the qualitative observation of the Ps. fluorescens biofilm morphology
using SEM indicates that the biofilm development was influenced by the environmental
conditions. Biofilm secreted a large amount of EPS under favourable conditions after

growing up to 4 days.

The interactions between three different material probes and the Ps. fluorescens
biofilm in liquid medium characterised using AFM reveal that the forces were not fully
governed by classical DLVO theory but depended on the steric repulsion due to the existence
of polymeric layer and EPS structure in the biofilm matrix. While approaching the biofilm,
the probe experienced repulsive forces for more than 100 nm prior to contact which indicates
the involvement of steric repulsion and hydrophobic interactions. During the probe retraction

process, a number of pull-off events and a large pull-off distance can be observed for all the
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three probes, with stainless steel giving the greatest adhesive force when compared to glass

and cellulose.

In ambient air, the adhesive forces were greatly influenced by capillary bridging force
between probe and biofilm surface. The snap-in force while approaching the biofilm surface
indicates that cellulose probe experienced a greater snap-in force compared to stainless steel
and glass with a contact time of 0 s. Upon retracting, the hydrophilic probes (cellulose and
glass) exhibited increases in adhesive forces over time. Stainless steel gave the greatest

adhesive force, but there was no incremental increase over contact time.

Investigations will be further carried out by quantification of cell removal by shear
using a spin processor in order to establish a relationship between the adhesive forces
measured using AFM and the removal behaviour of cells by fluid flow. The establishment of

the spinning disc method and results will be discussed in Chapter 5.
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5 EFFECT OF SHEAR STRESS ON THE REMOVAL OF PSEUDOMONAS
FLUORESCENS FROM SURFACES

5.1 Summary

The effect of shear stress on the removal of the Ps. fluorescens cells on the
household surfaces have been examined using an apparatus of spinning disc. By
application of stainless steel as a model substrate, the effects of incubation time and
spinning time on the removal of Ps. fluorescens cells were examined. Furthermore, the cell
removal from the glass and polyethylene terephthalate (PET) substrates has been
investigated. In order to explain the observed difference in cell removal from these
substrates, their surface hydrophobicity, elemental compositions and roughness were
characterised via measuring water contact angle on their surface, energy-dispersive X-ray
spectroscopy/Scanning electron microscopy (EDX/SEM) and interferometry respectively.
The results demonstrated that the cell adhesion indicated by the difficulty to be removed
from each substrate depended on the cell incubation time, the spinning time and substrate
hydrophobicity. The greatest cell adhesion was found at the more hydrophobic and rougher
stainless steel substrate, followed by glass and PET. Additionally, the atomic force
microscopy (AFM) force measurements as discussed in Chapter 4 were found to be in
qualitative agreement with the results of shear forces that were generated using the
spinning disc technique. Quantitatively, the adhesive forces between the Ps. fluorescens
biofilm and colloidal probe measured by AFM were up to 100 times higher than the
estimates made using the spinning disc data. This is a consequence of the different nature

of forces applied to cells: shear force generated by the spinning disc and normal force
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applied by an AFM probe to a layer of biofilm. A difference in experimental conditions by

both techniques may also affect the results presented here.
5.2 Introduction

The bacterial attachment onto the substrate is a first step towards the biofilm
formation. The involvement of fundamental electrostatic, van der Waals and hydrophobic
interactions as described in classical DLVO theory and extended-DLVO theory (XDLVO),
is thought to be mediated by the bacterial surface composition, such as polysaccharides,
pili and flagella (Hori and Matsumoto, 2010). The bacterial adhesion is a complex process
that remains poorly understood which has been and remains the focus of numerous studies

(An and Friedman, 1998; Lecuyer et al., 2011; Wang et al., 2011).

There are various techniques that have been used in characterising the adhesive
forces between bacterial cells and the substrate. For instance, the application of a simple
counting method in order to associate number density of cells with the applied shear force
is one of the techniques that are generally used in predicting the adhesive strength of
bacterial cells. The analysis from the cell counting procedures has been used in making
comparisons with the surface properties such as hydrophobicity/hydrophilicity effects on
the bacterial cell attachment (Wang ef al., 2011). In microbial ecology, direct counting of
bacterial cells is an important tool. In enumeration of the bacterial cells, the fluorescent
stain combined with a epifluorescent microscope has been widely used. The application of
fluorescent stain, LIVE/DEAD® BacLight™ Bacterial Viability Kit which consists of two
nucleic acid-binding stains: SYTO 9 and propidium iodide (PI) has been applied in

distinguishing the live and dead cells. Additionally, using a software package of CellC
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which offers the user to automatically count the cells from the fluorescence images allows

analysis of the multiple images without user intervention (Selinummi ef al., 2005).

Spinning discs or flow chambers are example apparatus that can create shear forces
along the substrate tested in conjunction with measuring the cell population fraction at
different value of shear (Garcia et al., 1997; Ming et al., 1998). Shear stress on bacterial
cells on the substratum has been reported in decreasing a total number of adhesion events
as the shear increased (Dickinson and Cooper, 1995; Lecuyer et al., 2011; McClaine and

Ford, 2002; Mercier-Bonin ef al., 2011; Pierres et al., 2002).

During the shear, the cell detachment can be influenced by the cell surface
structure such as the presence of the flagella on the bacterial cell surface, which allow the
cells to move apart when they are exposed to shear forces. Flagellum is a complex
polymeric structure of glycoproteins which provide the swimming ability to the cells
(Doyle et al., 2004). However, the cells may not be easily detached from the substratum if
the cells start to produce exo-polysaccharides and/or in the presence of specific ligands

such as pili and fimbriae (Dunne, 2002).

Furthermore, the fluid velocity can play an important role in reducing the bacterial
attachment on the substratum. Bacterial cell detachment was considered as a result of
competition between electrostatic interactions and hydrodynamic forces (Kerchove and
Elimelech, 2008). However, an increase in fluid velocity causes an increase in
hydrodynamic detachment forces (Boks ef al., 2008) and the bacterial cells to be removed

most likely in rolling fashion (Das et al., 1993).

Additionally, the substratum characteristics such as surface hydrophobicity and

surface roughness may influence the cell detachment from the substratum. As reported by

114



Wang, et al(2011), the ability of cells detached from the substratum depends on the
flagellum on the bacterial cell surface to overcome the primary minimum on the
hydrophobic surface and secondary minimum on the hydrophilic surface, as estimated by
XDLVO theory. On the other hand, the surface features (Whitehead and Verran, 2006) and
cells shape (Whitehead et al., 2006) may play an important role in determining the

importance of surface roughness to the cell detachment.

In the present study, the adhesive forces of the Ps. fluorescens on various substrates
have been examined via the effect of shear stress. Stainless steel (Grade 304), glass and
polyethylene terephthalate (PET) were used to represent the AFM probes that were used to
determine the adhesive force of the biofilm as discussed in Chapter 4. An apparatus of
spinning disc was used to generate shear stress. The investigations covered the effects of
cell incubation time, the spinning time and angular velocity, and substrate characteristics
on the cell adhesion. The results of the cells adhesion were then compared with the

adhesive forces measured using the AFM technique.

5.3 Materials and methods

The investigation of bacterial cell removal from the surfaces in liquid medium
(TSB medium) by shear forces were conducted at an angular velocity of 500 rpm and 1000

rpm using a spinning disc device (Laurell WS-400B-6NPP Lite Spin Processor).

5.3.1 Cell culture conditions

Ps. fluorescens was allowed to grow by following the method, previously

described in Section 4.3.1.
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5.3.2 Biomass preparations

A circular stainless steel of 20 mm diameter (Grade 304) was cleaned using the
same method as described in Section 4.3.2 and wrapped with aluminium foil prior to
autoclaving at 121 °C for 15 min. Having a glass and PET with similar dimensions, the
substrates were prepared by soaking in ethanol for 10 min and dried in air before being
wrapped in aluminium foil and sterilised by autoclaving at 121 °C for 15 min. A sterile
substrate was mounted on carbon tape (Agar Scientific, UK) in a sterile Petri dish (50 mm
diameter x 18 mm depth) (Sterilin, UK). The substrates were fixed at the centre as

illustrated in Figure 5-1.

&— Petri dish

Stainless steel substrate

Figure 5-1: Schematic diagram of the stainless steel substrate mounted on carbon tape,
positioned at the centre in the sterile Petri dish. A line (dash red lines) has been drawn first

at the bottom of Petri dish before the substrate was positioned at the centre.

In preparing the bacterial biomass, Ps. fluorescens was precultured in 100 mL of
TSB medium at 25 °C, which was shaken overnight at 150 rpm (Gallencamp Cooled
Incubator). 1 mL of these precultures was diluted in 9 mL PBS solution, which was

vortex-mixed for at least 1 min to break up the bacterial aggregates. 50 puL of the diluted
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cell suspension were applied onto the substratum and using a sterile spreader, the cells
were spread over the surface. Then the spread cells were washed first by shaking at 100
rpm (Gallencamp Cooled Incubator) in PBS solution for 30 s to remove unattached cells.
The intact biomass was covered with 10 mL TSB medium before being sealed with a
double layer of parafilm. The intact biomass was then held on the chuck by a vacuum
pump and rotated at desired angular velocity. Details regarding the spinning disc device

have previously been described, see Section 3.8.

Following spinning, the intact biomass was stained using a Baclight viability kit
(SYTOY/P]) and incubated for 20 min at a temperature of 25 °C. For each substrate, ten
positions were directly imaged and counted using CellC software, which is freely available

on www.cs.tut.fi/sgn/csb/cellc (Selinummi et al., 2005). Each sample covered a total area

of 1.38 x 10° um®. The minimum area recommended is 1 x 10° um® in order to obtain
representative data of Ps. fluorescens biofilms (Heydorn ef al., 2000). The methodology of

image processing was described in detail in Section 3.10.3.
5.3.3 Shear stress measurements

Shear stress,t applied to the biomass sample using the spinning disc apparatus
causing radial fluid motion, is radially dependent, which can be described mathematically

using equation 5-1:
7 = 0.800R./puw? 5-1

where R is the radial distance (m) from the centre of the disc; p (kg/m3) and u (Pa.s) are
the fluid density and viscosity, respectively; and w is the angular velocity (rad/s). The fluid

density is 1030 kg/m’ as determined using a specific gravity bottle (Technico, England),

117


http://www.cs.tut.fi/sgn/csb/cellc

whereas the liquid viscosity is 0.927 mPa.s, determined using a rheometer (AR1000

Rheometer, TA Instruments).

The shear stress can be directly converted to a force, F, (N) using equation 5-2

(Bowen et al., 2002):
F =1.7009(3mud,v) 5-2

where d, is the diameter of the cells. The liquid velocity along the surface, v, can be

determined using equation 5-3:

v =(t/Wy 5-3

where y is the distance normal from the substrate and defined as y = d,, /2. In this study,

the diameter of single cells is taken as an average of 0.6-0.7 pm, which is 0.65 um (Garrity

et al., 2005).

In order to determine the effect of shear forces on removal of attached cells from
surfaces, a number of cells remaining on the surfaces should be enumerated. The
enumeration of attached bacterial cells on surfaces was quantified using adapted image
recorded via fluorescence microscopy. The images were processed using automated image
analysis software, CellC as described in detail in Section 3.10.3. The fraction of cells
remaining, f, can be evaluated using the approach by Ming et al. (1998) as indicated in

Equation 5-4:

N, 5-4

where N, is the number of attached cells after shear forces were applied at a given time

and N, is the initial number of attached cells before shear forces were applied. Therefore,
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the cell adhesive strength (F,45,) may be indicated by multiplying the cell number fraction,

f, with the force, F in equation 5-2, quoted:
Faan = 1.7009(3nud,v). f 5.5

Furthermore, the number concentration of bacteria per mL, T of a sample was

calculated using equation 5-6 below:

T =N X 4 X ! 36
B a’ v
where N is the number of bacteria/field, A is the surface of substratum (mmz), a is the area

of the microscopic field and V is the volume of sample spread (mL).
5.3.4 Substrate characterisation

The used substrates of stainless steel, glass and PET were characterised by
determining their surface roughness, surface elemental compositions and water contact
angle. Surface roughness was assessed using a MicroXAM2 vertical scanning
interferometer (Omniscan, UK), surface elemental composition was determined by using
EDX/SEM, and water contact angle was performed using a home-made contact angle

apparatus (University of Birmingham, UK).
5.4 Results
5.4.1 Initial attachment on stainless steel substrate

In preparing the biomass of Ps. fluorescens prior for shear stress experiments, a
substrate of stainless steel with a diameter of 20 mm was used. Initially, the 50 pL cell

suspension was spread on the substrate using a sterile spreader covering the entire
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substrate, which was then washed with PBS solution for 30 s by shaking at 100 rpm to
remove loosely attached cells. As a control, the non-incubated cells were enumerated. In
further examining their attachment for shear experiments, the cells were incubated for
different times 20, 40 and 60 min. It was observed that there was an increase in number of
attached cells from the control to the incubation time (t;) of 20 min (24 % increment) and
40 min (30 % increment), see Figure 5-2. However, a small decrease in number of cells
was recorded for t; of 60 min which might due to the experimental procedures where no
additional nutrients were added during incubation period. For each condition tested, a
difference in number of attached cells was significant (P < 0.05). Results indicate that the
incubation time may play an important role in determining the cell attachment prior for

shear experiments.
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Figure 5-2: The number of attached cells versus incubation time. The cells remaining on
the substrate were analysed after being washed in PBS solution by shaking at 100 rpm.

Error bars represent the standard error of the mean from ten measurements.
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5.4.2 Effect of spinning time and angular velocity on cell removal

Having a substrate of stainless steel, the cells were spread on the entire surface.
Without prolonging the incubation time (t; = 0 min), the cell attachment was examined
using different spinning time and angular velocity. For both the angular velocity of 500
rpm and 1000 rpm, a significant (P < 0.05) decrease in fraction of cells remaining was
observed for the increment of spinning time (ts) from 20 to 40 min (as shown in Figure
5-3). However, an increment of ts from 40 to 60 min gives no significant difference (P >

0.05) in the fraction of cells remaining on the substrate tested.

Furthermore, an increment of angular velocity from 500 to 1000 rpm resulted in
more cell removal, particularly for ts 40 min and 60 min (P < 0.005). Results indicate that
an increase in angular velocity gives an important indicator in reducing the cell adhesion

on the stainless steel substrate.
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Figure 5-3: The fraction of cells remaining with increasing spinning time from 20 to 60
min at an angular velocity of 500 and 1000 rpm, respectively. Error bars represent the

standard error of the mean from ten measurements.
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5.4.3 Cells adhesion on different substrates

The effect of shear stress on the cell removal was further extended to the different
substrates; namely glass and PET. Constant rotation rate (1000 rpm) and spinning time (ts
60 min) were used for all the substrates tested. A reduction of fraction of cells remaining
was observed in the order of the stainless steel, followed by glass and PET (see Figure
5-4). From the statistical analysis using Anova, the differences in the fraction of cells
remaining on these substrates were significant (P < 0.05). Using the data of the fraction of
cells remaining, the adhesive forces were estimated using equation 5-5. As shown in
Figure 5-4, the cells adhered more on the stainless steel with the adhesive force of 0.12 +
0.04 nN, then followed by the glass and PET, with adhesion of 0.08 £+ 0.05 and 0.04 +
0.01 nN, respectively. A trend in cell adhesion as determined from the shear forces here
indicates that cells are more favourably attached on the stainless steel, following by the

glass and PET.
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Figure 5-4: An effect of shear stress with a constant angular velocity of 1000 rpm and
spinning time of 60 min on the fraction of cells remaining on the stainless steel, glass and

PET. Error bars represent the standard error of the mean from ten measurements.

5.4.4 Substrate characterisation

The differences in the adhesive forces of intact biomass onto the substrates tested:
stainless steel, glass and PET indicate that the substrate surface properties may be

important.

Table 5-1 summarizes the data of water contact angle (6,,, °) and surface roughness
(S,, nm) for the substrates of stainless steel, glass and PET. The PET and stainless steel
had similar hydrophobicity (72 £ 37° for PET and 69 + 4° for stainless steel) and glass
was more hydrophilic, with a water contact angle of 39 = 7°. However, stainless steel had
a rougher surface with an average surface roughness (S,) of 76 + 3 nm compared to PET

(47 = 3 nm) and smoother glass (5 + 3 nm).
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Table 5-1: The water contact angle, 6, (°) and average surface roughness, S,(mm) of
stainless steel, glass and PET. The errors quoted represent the standard error of the mean

from 6 replicates data.

Oy, ° S,, nm
Stainless steel 69+4 76 £3
Glass 39+6 5+3
Polyethylene terephthalate, PET 72 +£3 47+3

From the topography images shown in Figure 5-5, the smoother surfaces are glass

and PET, and stainless steel has a rougher surface which is reflected in

Table 5-1. Moreover, the detailed roughness profiles as presented in Figure 5-6
within the random position of 10 to 30 um indicate that stainless steel with deep crevices
may influence the results presented here. With a size of single bacterium, 0.6-0.7 x 1.6-2.3
um (Garrity et al., 2005) it may be trapped within deep crevices of 2 um (position length).
Whitehead, et al.(2005) indicates that the retention of microorganisms on the substratum
mainly depends on their size and shape where the rod shaped bacteria, Ps. aeruginosa can
be retained within 1 pm pits size. Therefore, it could be assumed here that the Ps.
fluorescens may be trapped within the 2 um deep crevices; data show that the cells more
favour the rougher surfaces, stainless steel. However, the presented data in Figure 5-4,
however do not fully follow the sequences that the more rougher the surfaces, the more
bacterial cells adhered on that substratum. Thus, the hydrophobicity effects were further

examined.

Stainless steel and PET had a similar hydrophobicity, but the stainless steel which
has a greater surface roughness leading to more adhesion. Glass had a smaller roughness

but was more hydrophilic, and the latter property might enhance adhesion.
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Figure 5-5: The 3-D topography images of the (a) stainless steel, (b) glass and (c¢) PET

substrate as demonstrated by interferometry.
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Figure 5-6: The detailed surface roughness profile of stainless steel, glass and PET with a
random position of 10 to 30 um.
5.4.5 A similarity between colloidal particle (AFM) and substrate (spin

processor)

The substrates used in spinning disc experiments were intended to be a
representative of the corresponding colloidal particles used in the AFM experiments. As
determined by EDX/SEM (shown in Table 5-2), the elemental analysis (wt %) of colloidal
particle and substrate used in shear experiments revealed that the individual components of
stainless steel particle were similar to those of the stainless steel substrate. On the glass
particle and substrate, Si and O are the main constituents (stemming from SiO;) along with
the alkali metals. The PET substrate as a representative of cellulose particle in AFM
experiments has a ratio of carbon to oxygen (C/O) of 1.7 compared with 1.4 in cellulose
particle. Furthermore, the stoichiometry of cellulose as determined from the elemental

analysis here is CsO;, whereas PET gives C;0O;7. Interestingly here, a difference in
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elemental composition still gave a similar trend in bacterial adhesion as determined using

the spinning disc device and AFM technique.

Table 5-2: Substrate elemental composition as determined by EDX/SEM.

Colloidal particle (AFM) (wt %) Substrate (Spinning experiment) (wt %)

Stainless steel C (5.65); Si (0.56); Cr (17.29); Mn C (5.85); Si (0.69); Cr (17.38); Mn (1.65);
(1.79); Fe (67.04); Ni (7.67) Fe (66.08); Ni (7.83)

Glass C (7.32); 0 (39.37); Na (8.30); Mg 0O (44.33); Na (8.90); Mg (2.45); Al
(2.18); Si(36.83); Ca (6.00) (0.61); Si (38.00); K (0.88)

Cellulose/ PET C (58.34); O (41.66) C (63.22); O (36.78)

5.5 Discussion

5.5.1 Cell initial attachment

The initial attachment of bacterial cells onto the substratum is the first step towards
the biofilm formation. The mechanical forces generated by using a sterile spreader in this
study may force the cells to attach on the substratum. This simple method was proved to be
effective since the cells still attached even after being washed with PBS solution for 30 s.
In a review by Palmer, ef al. (2007), other mechanisms that enable the bacteria transported
to the substratum can be included: Brownian motion, sedimentation due to difference in
specific gravity between the bacteria and the bulk liquid, or convective mass transport, by
which the cells are physically transported towards the surface via the movement of the
bulk fluid. Even though these reported mechanisms have not been exploited here, the
technique applied in this study was proved as an easy method in providing initial cell

attachment without requiring further incubation and special facilities.
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In the initial cell attachment on the substratum, Palmer, et al(2007) highlighted
two-step processes where the cells are first transported to the region close to the
substratum. The forces that allow initial attachment to take place are vdW, electrostatic
forces and hydrophobic interaction (Palmer et al.,, 2007). However, at this stage the
bacterial cells can be easily removed by the fluid shear forces, for instance by rinsing the
adherent cells (Marshall et al., 1971). This first stage may not be able to explain the
technique applied here since the cells were not easily removed during the rinsing process.
As described by Dunne (2002), the bacterial cells may irreversibly attach on the
substratum by the production of exo-polysaccharides and/or specific ligands, such as pili
or fimbriae. An and Friedman (1998) described pili as a group of rigid, straight,
filamentous appendages on the bacterial surface, which are often no more than 4 to 7 nm in
diameter and from 0.2 up to 20 mm in length, as shown in Figure 5-7 for Ps. fluorescens.
This process was termed as a second-step process in initial bacterial attachment according
to Palmer, ef al. (2007). On the other hand, the cells may use cellular appendages such as
flagella for adhesion. Flagella are the most important cellular appendages which allow
bacteria transported from planktonic state onto the substratum (Kerchove and Elimelech,
2008). Flagella provide cells with the ability to swim (Doyle et al., 2004), and the presence
of flagella is an important factor which enhances the transport and initial deposition of
cells onto substratum (Camesano and Logan, 1998; Conrad et al., 2011; Korber et al.,
1994). However, in the initial attachment, cells were not transported from the planktonic
state onto the substratum in this work since the technique used involved the mechanical
forces in enhancing the bacterial attachment. Therefore, it can be hypothesized that using

the sterile spreader may force the specific ligands of the cells to adhere irreversibly on the
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substratum. This hypotheses seems to be plausible since the cells which were not further

incubated still adhered onto the substrate even after the rinsing for 30 s at 100 rpm.

Figure 5-7: Typical SEM image of pili of Ps. fluorescens on the stainless steel substrate
after 24 h development statically (T = 25 °C, 0.25 % (w/v) glucose concentration). Pili are
described as a group of rigid, straight and filamentous appendages on the bacterial surface,

which are responsible for the irreversible attachment on the stainless steel substratum.

Additionally, from the classical DLVO theory the adhesion is driven by the
summation of vdW and electrostatic interaction which are either repulsive or attractive
depending upon the charge of two surfaces interacting. As reported by Rijnaarts, et al.
(1999; 1995b), the electrostatic interaction is generally repulsive at neutral pH where both
the bacterial surface and the substrate surface are negatively charged. In the present study,
bacterial cells were cultured at the pH7 in the TSB medium prior to the cell attachment on

the stainless steel substrate. Therefore, it may be considered that cell surface and
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substratum had repulsive electrostatic interactions. With the aid of mechanical forces to
enhance the bacterial attachment on the substrate, the cells may overcome the repulsive

electrostatic interactions between the bacterial cells and stainless steel substrate.

5.5.2 Cell detachment

In the present study, two different angular velocities were chosen: 500 rpm and
1000 rpm. Figure 5-3 proves that an increase in angular velocity significantly reduced
remaining cell population on the stainless steel for spinning times of 40 and 60 min. At
low angular velocity, the motile bacteria showed a significant deposition on the substrate
due to the swimming ability which was considered as a competitive force between
electrostatic interactions and hydrodynamic forces (Kerchove and Elimelech, 2008). On
the other hand, increasing the angular velocity may increase the cell transport towards
substratum surface (convective diffusion), but at the same time cause an increase in
hydrodynamic detachment forces (Boks ef al., 2008). When the fluid flow is increased to
high enough values, the bacterial cells are most likely removed from their initial position

in a rolling fashion (Das et al., 1993).

Furthermore, bacterial attachment on the substrates in the presence of a shear stress
may also depend on the surface roughness. In this case, stainless steel gives the higher
surface roughness (S,= 76 = 3 nm) as indicated by interferometry, followed by PET (S,=
47 £+ 3 nm) and glass (S,= 5 £ 3 nm), resulting in higher bacterial attachment. The results
were in agreement with other reports (Deligianni ef al., 2001; Yamashita et al., 2009)
when the cells were exposed to the shear flow, but not for the glass and PET. PET is
rougher than glass, but the cells adhered more on the glass compared to PET, which may

indicate the hydrophilicity effect is more important rather than surface roughness in
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determining the cell adhesion. Additionally, Li and Logan (2004a) indicates that the
roughness lowers surface energy, where electrostatic repulsion and van der Waals
attractive forces are considerably lower at rough surfaces than smooth surface. In finding
the correlation between surface roughnesses of the substratum and cell adhesion, it can be
suggested that cell removal from surfaces of the same material with a range of roughness

values need to be further characterised.

In the present study, with the higher rotational speed of 1000 rpm, the cells
strongly adhered onto the hydrophobic material, shown by stainless steel, however the
adhesion reduced on the hydrophilic PET and glass substrate. The results presented were
in parallel to the attachment of marine Pseudomonas sp. on the hydrophobic and
hydrophilic substrates where the cells more favour the hydrophobic than hydrophilic
surfaces (Fletcher and Loeb, 1979). The differences in cell removal due to shear flow may
be related to the existence of flagellum of the cellular appendages on the bacterial cells
(Wang et al., 2011). Flagellum can overcome the energy barriers due to the small contact
of flagella radius (< 15 nm) (Wang et al., 2011). As in the case of Ps. aeruginosa, the cells
were able to overcome the primary minimum of energy barrier onto the hydrophobic
surface, but not onto the hydrophilic surface which is roughly correlated to the secondary
minima, as estimated by extended DLVO (XDLVO) theory (Wang ef al., 2011). A primary
minimum occurs at a distance, d of ~0.158 nm (Wang et al., 2011), and the corresponding
attachment is considered irreversible if a contact of bacterium and substratum can be
made, whereas at secondary minimum (d = 5 to 100 nm), the approaching cells would
attach reversibly. The difference in energy barrier to the hydrophobic and hydrophilic

substratum may cause the bacteria detached differently which is reported in this study.
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5.5.3 Comparison with AFM results

In comparing the results obtained with AFM, the substrates used in this experiment
were likened to the colloidal particles used in the AFM experiment. As determined by
EDX/SEM, the elemental compositions of each substrate and colloidal particle are nearly
identical. Interestingly, shear forces generated by the spinning disc technique and adhesive
forces determined using AFM technique revealed a similar trend of adhesion between each
material tested (stainless steel > glass > PET). The average adhesive forces determined
using the AFM technique with a zero contact time for stainless steel 304, glass and
cellulose were 30 = 7 nN, 48 = 7 nN and 7.8 £ 0.4 nN, respectively, whereas with shear
experiments, the adhesive force recorded with stainless steel was 0.12 + 0.04 nN,
followed by glass with 0.08 + 0.05 nN and PET with 0.04 £ 0.01 nN. However, AFM data
shows that Ps. fluorescens biofilm was more adhesive to the glass, followed by stainless
steel and cellulose. Furthermore, the forces measured by AFM were estimated 200 times
higher than that measured using the spinning disc technique for stainless steel, 500 times
for glass and 100 times for PET, respectively. This was due to the differences in the nature
of the forces applied and the experimental conditions used to determine the cell adhesive
strength. In AFM experiments, the probe is forced onto the biofilm surface and adhesion
was measured directly from the retraction curves, whereas in spinning disc experiments the
force estimations highly depended on the cell counting over an area where no EPS was
expected to develop during the cell attachment. Thus, dissimilarity in nature of forces to
examine bacterial adhesion and different sample preparation methods may affect the
results presented. This argument was also agreed by other researchers (Bowen et al., 2002;
Vadillo-Rodriguez et al., 2005; Xu et al., 2005) in finding a correlation between these two

applied forces. Consequently, the results presented by AFM proved that the adhesive on
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strength of biofilm with a colloidal particle is much greater compared to the adhesive
strength of bacterial monolayer on the substrate. Additionally, the EPS formation may
enhance the adhesive strength to the substratum compared to a layer of bacterial cells
without EPS formation. EPS matrix keeps the microorganims together in biofilms, which

is responsible for adhesion onto the substratum (Hori and Matsumoto, 2010).

5.6 Conclusion

In the presented study, characterisation of the cell adhesion using a spinning disc
technique revealed that the cell adhesion was directly correlated to shear forces required to
remove the cells. Additionally, the technique proved that the cells adhered irreversibly on
the substratum with the aid of mechanical forces by using a sterile spreader. Although with
lack of accurate radial distance indicator, the results presented can be concluded to depend
on the four major factors; the angular velocity in reducing bacterial adhesion, the spinning
time, cell incubation time, and the substrate properties. However, the surface roughness
may not be claimed to cause any difference in cell adhesion at this stage, which suggests
that cell removal from substrates of the same material but with variation in surface
roughness need to be further examined. Furthermore, the data of the adhesive forces
measured by AFM and those estimated by the spinning disc technique revealed that the
former were up to 100 times greater than the latter. This suggests that bacterial cells
adhered on surface are significantly more vulnerable to the detachment by hydrodynamic
shear than by forces applied in a normal direction from a single colloidal particle to a layer
of biofilm. Additionally, the EPS formation in the biofilm matrix enhanced the adhesive

strength to the substratum as revealed by the AFM technique. These findings may indicate
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the importance of designing methods for cell removal from a surface and defining the

adhesive strength of biofilm.

In the next chapter, the adhesive strength of microbial cells in terms of biofilm
matrix was further determined using a mechanical scrapping method based on a

micromanipulation technique.
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6 ADHESIVE AND COHESIVE STRENGTHS OF BIOFILM AS
DETERMINED USING A MICROMANIPULATION TECHNIQUE

6.1 Summary

Investigation of biofilm adhesive and cohesive strengths on substrates of stainless
steel, glass and PET was performed using a micromanipulation technique. The biofilm was
allowed to grow statically at a temperature of 25 °C over a period of 2 to 10 days. The
effects of the initial pH (pH 5, pH 7 and pH 9) and initial glucose concentration (0.25, 0.5,
0.75 and 1.0 % (w/v)) on the adhesive strength of biofilm were investigated over the
period. The results revealed that at pH 7 and at a low glucose concentration (0.25 % (w/v))
the adhesion of the biofilm was greatest, particularly at day 6 to day 8. Additionally, the
results showed that the apparent cohesive strength of biofilm depended on the distance
between the force probe and substrate for a gap up to 10 um investigated. Furthermore, in
a comparison of the substrates, the adhesive strength of biofilm on the stainless steel was
significantly greater than that on the glass and PET ( P < 0.05) and no significant
difference (P > 0.05) has been observed between glass and PET, indicating the substrate
properties such as substrate hydrophobicity / hydrophilicity may play an important role. It
was also found that the commercial detergents affected the adhesive and cohesive

strengths of biofilm to varying extent, based on using tap and distilled water as references.

6.2 Introduction

Starting from a single microcolony attachment of bacteria onto surface, they may
develop a matrix consisting of viable and nonviable microorganisms embedded in

polyanionic extracellular polymeric substances anchored to the surface, which is termed a
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biofilm. Since biofilms are reported to create problems in a wide range of industrial
processes and also in domestic environments, understanding their adhesion and cohesion

should be a concern amongst researchers in these areas.

Micromanipulation is a well known technique that makes use of a T-shaped probe
to remove a fouling deposit away from the substrate whilst measuring the lateral force
using a force transducer (Chen et al., 1998; Chen et al., 2005; Garrett et al., 2008b; Liu et
al., 2007; Liu et al., 2002). Using this technique, Chen et al. (2005) observed the effect of
flow conditions in a tube on the apparent adhesive strength of Pseudomonas fluorescens
NCIMB 9046 biofilm on a glass substrate under a variety of environmental conditions.
Following Chen et al’s work,, Garrett ef al.(2008b) investigated the biomass adhesive
strength on a stainless steel substrate after exposure to a flow regime. Further
investigations into the biomass cohesive strength was also done using the same technique,
which revealed that the apparent cohesive strength of biomass was inversely proportional
to the probe distance from the substrate (Garrett ef al., 2008b). However, the adhesive and
cohesive strengths of biofilms that are statically grown on the domestically relevant

substrates have not yet been investigated, to the author’s best knowledge.

Furthermore, to enhance removal of the biofilms on surfaces, one easy and frequent
approach is the utilization of antimicrobial agents. However, as reported by Jenkinson and
Lappin-Scott (2001), bacteria in a biofilm are less susceptible to the antimicrobial agents,
which is thought to be related to a direct role of extracellular polymeric substances (EPS)
as a diffusion barrier to some chemical reactions within the biofilm matrix and to
physiological differences between fixed and suspended organisms (Mah and O’Toole,
2001; Russel, 2002). These observations were also agreed by Eginton, et al. (1998). As

reported by Davis et al. (1992), the general ingredients found in the household cleaners to
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enhance removal of biofilm is an antimicrobial. Antimicrobial agents are the pesticides
which kill bacteria, fungus or mildew on surfaces. In the commercial products that were
used in determining the adhesive and cohesive strengths of biofilm in this study, most of
them contained < 5 % non-ionic surfactant, disinfectants and benzalkonium chloride
besides other ingredients which are grouped under the miscellaneous heading. Quaternary
ammonium compounds (QACs) like benzalkonium chloride have been reported to inhibit
the biofilm formation which is dependent on the bacterial species (Houari and Martino,

2007).

Therefore, the objective of this work is to investigate the adhesive and cohesive
strengths of biofilms that are statically grown over 10 days on the substrate of interest.
Three different types of substrates to mimic the household surfaces were used: stainless
steel, glass and PET. The study will comprise the effect of environmental conditions such
as pH and glucose concentration on the adhesive strength of biofilm. Additionally, the
adhesive and cohesive strengths of biofilms on the various substrates used were examined.
Finally, the effects of commercial detergents on both the adhesion and cohesion of the

biofilms were investigated.

Materials and methods

6.2.1 Cell culture conditions

Ps. fluorescens was allowed to grow by following the method described in Section

4.3.1.

137



6.2.2 Biofilm preparation

Having a dimension of 8 x 8 x 1 mm3, each substrate: stainless steel, glass and
PET was prepared using a method described in Section 5.3.2. A sterile substrate was
placed in a sterile 12-well plate (Corning Incorporated, USA) and covered with 2 mL
sterile tryptone soy broth (TSB) medium containing ~10° cells/mL inoculated from
overnight culture. The ready 12-well plate (Figure 6-1) was then incubated at a

temperature of 25 °C for 2 to 10 days.

12-well plate /

—»

8 x 8 mm? substrate

»
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TSB medium
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Figure 6-1: A schematic diagram of biofilm preparation prior to adhesive force
measurements using a micromanipulation technique. Each coupon was immersed in 2 mL
medium containing ~10° cells/mL and incubated for the desired period statically at a

temperature of 25°C.

6.2.3 Determination of biofilm coverage and volume

Biofilm morphology was characterised using TSC SPE confocal laser scanning
microscopy (CLSM) (Leica Microsystems, UK). The details to prepare the biofilm prior to

imaging was described in Chapter 3, Section 3.10.2. Briefly, the biofilm was firstly stained
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with a LIVE/DEAD® Bacterial Viability Kit (Baclight™) and Calcofluor White M2R
(CW) (Sigma- Aldrich, UK) and incubated for 20 min in dark at room temperature. The
biofilm samples were then imaged using CLSM with an oil immersion lens (63 by 1.3
numerical apertures). Each image acquired an area of 175 x 175 pm? and for each biofilm
sample, four randomly selected fields of view were analysed. Then, the images were
imported as fiff images to daime software (Daims et al., 2006). From each image, three
colour channels were subsequently extracted after setting the micrometer scale: green for
live cells, red for dead cells and blue for EPS. An analysis of biofilm morphology was
based on the total volume of cells and EPS; and biofilm thickness was determined from the

series of images taken in z-direction with 2 um intervals.
6.2.4 Adhesion and cohesion measurements

Prior to adhesion measurement using micromanipulation, the substrate with intact
biofilm was carefully taken out using clean and sterile optical tweezers and mounted on
carbon tape (Agar Scientific, UK) which was then placed on a microscope glass slide. The
slide was then placed on the micromanipulation stage. A gap of 2 = 1 um between the
bottom edge of the T-shape force transducer probe and the substrate surface has been
controlled using a digimatic level indicator (Model ID-C112MB, Mitutoyo Corp., Japan)
to measure the adhesive strength and gaps of 5 = 1 and 10 = 1 um were used for partial

removal of biofilm to measure the cohesive strength.

The adhesive strength of biofilm can be determined by the work required to remove
biofilm per unit area from the surface and is given by equation 6-1 (Garrett et al., 2008b)

below:

6-1

>3
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Where ¢ (J/m?) is the apparent adhesive strength of biofilm, W (J) is the work required to
push away the biofilm from the surface and 4 (m?) is the removal area of biofilm from the

surface.

The work done, W (J) by the applied force, F (uN) can be estimated using equation
6-2 with a constant probe pulling speed, v of 197 um/s and time interval of 0.01 s which

corresponds to a sampling frequency of 100 Hz.

v = [t -

6.3 Results
6.3.1 The biofilm characterisation

The biofilms were characterised using CLSM and their images quantified using
daime software. The 3-D images shown in Figure 6-2 indicate enhanced EPS slime
formation in biofilm growing on a stainless steel substrate from day 2 to day 10. Note that
with CLSM, an increase in quantity of live cells was observed from day 2 to day 4 on
stainless steel followed by a reduction from day 6 to day 8. A noticeable increase of EPS
quantity covering the cells was observed with increasing of biofilm age. Quantitatively, the
EPS in the biofilm has a volume of 24 um” at day 2, which increased to 494 um’ at day 10,
see Figure 6-3. Additionally, biofilm thicknesses were directly measured from the 2 pm
vertical sectioning of CLSM images, increasing from 16 + 2 pum (day 2) and reaching a

plateau at day 8 (41 £ 3 um) (shown in Figure 6-4).
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Figure 6-2: 3-D visualisation of a Ps. fluorescens biofilm by daime software with x-y
dimension of 174.6 um x 174.6 um and 2 um increment of z-dimension depending on the
biofilm thickness. The biofilm was allowed to grow from 2 to 10 days by incubating
statically at a temperature of 25 °C, pH 7 and glucose concentrations of 0.25 % (w/v).

a) Day?2

b) Day4

c) Dayé6

d) Day8
e) Day 10
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Figure 6-3: Typical growth profile of Ps. fluorescens biofilm using a TSB medium with
pH 7 and glucose concentration of 0.25 % (w/v) g/L. The error bars represent the standard

error of the mean of four measurements from a single coupon.
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Figure 6-4: Thickness of Ps. fluorescens biofilms with a glucose concentration of 0.25 %
(w/v) g/L over 10 days growing in TSB medium statically at temperature of 25 °C. The
error bars represent the standard error of the mean of four measurements from a single

coupon.
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6.3.2 The effect of biofilm growth condition on the adhesive/ cohesive

strength

Having stainless steel of 8 x 8 mm” as a model substrate, the apparent adhesive
strength of biofilm grown in a medium with a range of initial pH value and glucose
concentration was measured in triplicate. The biofilm was allowed to grow from 2 to 10
days on the stainless steel substrate in the TSB medium statically at temperature of 25 °C.
The adhesive strength of biofilm was directly measured with a controlled gap of 2 + 1 um
between the glass force probe and substratum surface. The CLSM images from typical
horizontal sectioning show the heterogeneous matrix and arrangement of cells and EPS in
Ps. fluorescens biofilm (Figure 6-5) within 2 pum thickness from the substratum, which

may be related to the adhesion measurements.
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Figure 6-5: Images of the 4 biofilms at day 2 in the region of 2 um thickness from the

substratum, captured by CLSM. Each image shows an area of 174.6 x 174.6 pm®.
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Consequently, the adhesion measurement is a result of scraping process involving
the whole biofilm structure as illustrated in Figure 6-6. Thus, from the curve in Figure 6-6
(a), it may be divided into four sections. Initially, a gap between a T-shaped probe and the
substrate was controlled at 2 = 1 um, which is shown in Figure 6-6 (A). Once the
micromanipulator was initiated to move, the probe started to scrap the biofilm from the
substrate (shown Figure 6-6 (B) and (C)). From (C) to (D), EPS was following the probe
but some remained on the substrate until it broke at point (D). Scraping the biofilm
continued until point (E). From (E) to (F), the remaining biofilm was removed until the
probe left the substrate at point (F). Based on the observations, the apparent adhesive
strength was calculated by applying equation 6-1 to the data corresponding to (A) to (C)
and (E) to (F), which is 22 x 10~ J/m? in this case. The data from C to D to E may reflect
the tensile strength of EPS to a certain extent. However since the geometry of the EPS

could not be characterised sensibly, the data from C to D to E have not been analysed.
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Figure 6-6: Typical curve of force versus probe moving distance for pulling the biofilm
away from the substrate (a) and the corresponding schematic diagram (b). The biofilm had
been grown statically in TSB medium (pH 7, 0.25% (w/v) glucose concentration) at

temperature of 25 °C.

(A) The T-shaped probe was controlled to have a gap of 2+ 1 pm from the substratum.
(B) The T-shaped probe started pulling the biofilm from the substrate.

©) The EPS was following the probe until it broke at (D).

(D) The EPS was breaking up as the probe was moving away from EPS.

(E) The T-shaped probe continued to pull away the biofilm.

(F) The T-shaped probe pulled away the biofilm from the substratum.
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The effects of initial pH and glucose concentration on the apparent adhesive
strength are shown in Table 6-1, which is in the range of 20-50 mJ/m’, The apparent
adhesive strength of the biofilm corresponding to an initial pH value of 7 increased up to
42 + 5 mJ/m” at day 8, which might be due to EPS tightly bound to the biofilm structure
(shown in Figure 6-2 (d)), thus contributing to the highest adhesive strength. However, at
day 10 the strength decreased to 27 + 2 mJ/m* which might be due to a loose biofilm
structure as shown in Figure 6-2 (e) even though the total volume of EPS was estimated to
be highest at day 10 (see Figure 6-3). At an acidic condition (pH 5) or alkali condition (pH
9), the adhesive strength along biofilm growth period was in the range of 9-23 mJ/m?. The
data do not show a clear trend with time, which might be due to the heterogeneity of
biofilm samples and the experimental errors. Overall, the data show that the biofilms had

higher adhesive strength at pH 7 than all other pH values investigated.

The biofilm adhesive strength was then further examined within a range of initial
glucose concentration from 0.5 % (w/v) to 1.0 % (w/v). For the glucose concentration from
0.5 % (w/v) to 1.0 % (w/v) the adhesive strength was found to be in the range of 15 to 30
mJ/m”. No instantaneous drop in adhesive strength with time was observed to occur, which
suggests that the biofilm was strongly attached on the substrate during the time period
studied here. When the results were compared to the biofilm adhesive strength at pH 7,
which was grown at a lower glucose concentration of 0.25 % (w/v), it indicates that the
lower glucose concentration resulted in higher biofilm adhesion at day 8 before it dropped
at day 10. From the literature, at higher glucose concentration, Ps. fluorescens biofilm was
observed to have a more fluffy, open and loose structure which might result in lower

adhesive strength, thus leading to a higher sloughing rate (Chen et al., 2005).

147



Table 6-1: The adhesive strength of biofilms from day 2 to day 10 with a range of initial
pH value (pH 7, pH 5 and pH 9) and glucose concentration from 0.5 % (w/v) to 1.0 %

(w/v). The value after + is the standard error of the mean from duplicate measurements.

CONDITIONS ADHESIVE STRENGTH (mJ/mZ)
STUDIED
DAY 2 DAY 4 DAY 6 DAY 8 DAY 10

pH7,0.25% (w/v) | 18 +4 23+2 39+2 42 +3 27 +2
pH5,025% (wiv) |9 +1 23+1 10+£3 19+3 2142
pH9, 0.25% (w/v) | 20£2 212 22+1 22+1 131
pH 7, 0.5 % (w/v) 21 +4 22+3 233+0.1 26 +12 24 +3
pH7,0.75% (w/v) | 17£2 23+2 24+ 1 17+1 25+6
pH 7, 1.0 % (w/v) 152+£0.2 23.5+0.1 15+4 15+1 15 £1

The cohesive strength within the biofilm matrix was also measured using the
micromanipulation technique. In measuring the cohesive strength, the gap between the
probe and the substrate was adjusted to 5 = 1 and 10 + 1 um respectively. Biofilm was
prepared by statically growing in the TSB medium (pH7, 0.25 % (w/v) glucose
concentration) for 4-10 days prior to cohesive strength measurements. At day 2, the
bioflim thickness was too small for this kind of measurement. On average, the apparent
cohesive strength corresponding to a gap of 5 um is significantly greater than that to a gap
of 10 um. However, the measured cohesive strengths are overall smaller than the
corresponding adhesive strength of biofilm to the stainless steel substrate (also see Table
6-1). In addition, the biofilm was observed partially removed from the substratum with a

gap of 5 um.
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Table 6-2: The cohesive strength (mJ/m?) of biofilm on the stainless steel substrate (Grade
304) versus growth time. A gap of 5+ 1 or 10 £ 1 um between the probe and substrate was
applied in measuring the cohesive strength of biofilm. The error quoted after + is the

standard error of the mean for triplicate experiments.

Day 4 Day 6 Day 8 Day 10
5 um 26+2 23+1 16 + 1 19+3
10 pm 56+0.5 13+3 13+4 15+2

6.3.3 Adhesive/cohesive strength of biofilms on various substrates

The adhesive strength of biofilm was further determined using other substrates:
glass and PET. By having an intact biofilm on the substrate of interest, the apparent
adhesive strength was directly measured and presented as the work required to remove the
biofilm per unit area. The apparent adhesive strength was significantly different (P < 0.05)
between stainless steel and glass, but not significantly different between glass and PET (P
> 0.05), indicating that the cell-substrate interactions were dependent on the substrate

properties (see Table 6-3).

Furthermore, the cohesive strength determined with a constant gap of 5 £ 1 um
from the base of substrate is presented in Table 6-3. The apparent cohesive strength values
for day 4 biofilms are in the range of 19 to 26 mJ/m”. Interestingly here, as observed in the
previous section (Section 6.3.2) the cohesive strength at a gap of 10 pm was smaller
compared to that at 5 um, suggesting that the cohesive strength of biofilms became
weaker with an increase of gap distance from 10 um and up to 50 um (Garrett et al.,

2008b).
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Table 6-3: The apparent adhesive and cohesive strengths of intact biofilms on the stainless
steel, glass and PET substrate. Biofilms were allowed to grow statically for 4 days in TSB
medium (pH7, 0.25% (w/v) glucose concentration). The error quoted after + is the

standard error of the mean for triplicate experiments.

Stainless steel Glass PET
Adhesive stzrength 2149 16+ 1 16 +£3
(mJ/m®)
Cohesive stzrength 2642 19+5 24+2
(mJ/m”)

6.3.4 The effect of commercial detergents on the adhesive/cohesive strength

Under the influence of commercial detergents, the adhesive strength of cell-
substrate and cell-cell cohesive strength were investigated using the micromanipulation
technique. The intact biofilm obtained after 4 days growth on a glass substrate was used as
a sample in evaluation of these strengths. The commercial detergents were randomly
chosen based on their antimicrobial properties which are applicable to the various kinds of

household surfaces.

Table 6-4 shows the detergents used in this study and sterile tap and distilled water

were used as controls.
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Table 6-4: A list of control and commercial detergents used in investigating the adhesive

and cohesive strengths of the biofilm.

Detergent Ingredients Bacteria which can be killed
Control Sterile tap water | NA NA
Control Sterile distilled | NA NA
water
Detergent A | Asda anti- <5 % non-ionic surfactants, Salmonella, Listeria, E. coli,
bacterial cleaner | disinfectant, perfume, Enterococcus,
benzalkonium chloride Pseudomonas,
Staphylococcus
Detergent B | Dettol anti- <5 % non-ionic surfactants, Salmonella, Listeria, E. coli,
bacterial surface | disinfectant, perfume, Enterococcus, Ps.
cleanser benzalkonium chloride auruginosa, S. aureus,
Campylobacter
Detergent C | Cif anti- <5 % non-ionic surfactants, Salmonella, Listeria, E. coli
bacterial multi- | cationic surfactants, phosphates,
purposes disinfectant, perfume,
benzalkonium chloride

Having an intact biofilm on a glass substrate, a drop of 10 pL of each detergent
was applied for 5 min and the effect on the adhesive and cohesive strengths of the biofilm
was examined respectively. Table 6-5 summarises the results. The adhesive strength
between control samples; tap and distilled water were significantly different (P < 0.05).
The difference in adhesive strength of biofilm between using the tap water and three tested
commercial detergents is significant (P < 0.05) indicating that the detergents successfully
reduced the adhesive strength of biofilm. Additionally, the difference in adhesive strength
of biofilm was significant (P < 0.05) between those commercial detergents. As shown in
Table 6-5, the adhesive strength of detergent A was 12.48 + 0.08 mJ/m? followed by

detergent B (17 £ 1 mJ/m?) and detergent C (20 + 2 mJ/m?).

Furthermore, the results revealed that the difference in cohesive strength of biofilm

is not significant (P > 0.05) for all the samples tested except detergent A. For instance,
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using a detergent A the cohesive strength of biofilm was reduced significantly (P < 0.05)
compared to tap water. With 5 min immersion, detergent A effectively weakened the
cohesive interactions and the cohesive strength was 6.7 + 0.3 mJ/m’, which is much
smaller compared to other detergents and water. Additionally, with a thickness of 5 pum,
the cell interaction within the biofilm matrix can be reduced to a certain extent with a 5
min immersion. By using detergents B and C, no difference (P > 0.05) between adhesive

and cohesive strength of biofilm was revealed.

Table 6-5: The effects of tap water (control) and commercial detergents on the adhesive
and cohesive strengths of biofilm after immersion for 5 min. The value after + is the

standard error of the mean for triplicate experiments.

Adhesive strength (mJ/m®)  Cohesive strength (mJ/m?)

Tap water 39+2 18 +3
Distilled water 23 +7 155+0.8
Detergent A 12.48 £0.08 6.7 £0.3
Detergent B 17+1 18.5 + 0.4
Detergent C 202 173 04

6.4 Discussion

CLSM has been introduced as an analytical method that can provide understanding
of biofilm structure and has been extensively used in studying cell biology (Neut et al.,
2005). A knowledge of biofilm structure is important in examining the adhesive strength
of biofilm on substratum. From the CLSM images, it was proved that the cells were
irreversibly attached on substratum and some cells were embedded in the extracellular
polymers from the beginning of the growth, as shown in Figure 6-2 (a to c). The cells were

then fully covered by the polymers, leading to mature biofilms (Figure 6-2; d and e). At
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this stage, EPS have been shown to enhance nutrient capture and resistance to

environmental stress and antimicrobial agents (McLandsborough et al., 2006).

In the study presented here, the effect of pH and glucose concentration on the
adhesive/cohesive strength of biofilms versus the biofilm age was examined. The effect of
pH on the structural arrangement of EPS has been reported (Dogsa et al., 2005), more
compact structure and less homogeneous structure of EPS were observed at acidic
condition (i.e. pH 0.7), whereas at alkaline condition (i.e. pH 11), the EPS structure was
more homogeneous. Additionally, EPS is essential for biofilm development and the
compositions of EPS were greatly different between bacterial cells. At neutral pH (pH 7)
the adhesion of biofilm reached a maximum value of 42 + 3 mJ/m” with 8 days growth. At
acidic and alkaline solution, the bacterial cells may weakly attach to the stainless steel
substrate, resulting in lower adhesive strength. Garrett (2005) also observed that the
adhesive strength of Ps. fluorescens was favoured at pH 7 within 4 to 24 h of biofilm
growth. In contrast with this result, Chen et al. (2005) reported that the Ps. fluorescens
biofilm adhesive strength on the glass substrate was independent of pH changes for 10
days biofilm growth. It could be suggested from the present and previous study by Chen et
al. (2005), the adhesive strength at day 10 may be weakened due to the structural
rearrangement of EPS and the transition of cells from the compact microcolonies to the
loose biofilm structure may occur (Hall-Stoodley et al., 2004; Tolker-Nielsen et al., 2000).
Additionally, a difference in sample preparation prior for adhesion measurements using
micromanipulation may also contribute to a contradiction with the previous reported

adhesion values.

As is generally known, nutrient concentration also plays an important role in

determining the adhesive strength of biofilms (Chen et al., 2005; Dewanti and Wong,
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1995; O’Toole and Kolter, 1998; Oh et al., 2007; Pratt and Kolter, 1998; Rochex and
Lebeault, 2007; Sheng et al., 2008). The effect of glucose concentration within a range of
0.25 %-1.0 % (w/v) on the biofilm adhesive strength has been studied here. Biofilms
grown at higher glucose concentrations of 0.5-1.0 % (w/v) exhibited a significantly (P <
0.05) lower adhesive strength over 2-10 days of growth, in comparison with those
generated with an initial glucose concentration of 0.25%. With a lower glucose
concentration, the adhesive strength was greater at day 8 before it dropped at day 10. The
adhesive strength of biofilms may be related to their structures as the glucose
concentration increases. As reported by Chen et al. (2005), the biofilm structure became
more fluffy, open and loose as the glucose concentration increases, leading to a lower

adhesive strength.

The cohesive strength of cells in the biofilm matrix was further observed within
gaps of 5 to 10 um between the probe bottom surface and substrate. The results revealed
that the cohesive strength with a gap of 5 um is greater than the 10 um which supported
the claim by Garrett, et al.(2008b) and Liu, ef al. (2006a). A similar observations also
reported by Ahimou, ef al.(2007) using AFM, revealed that the biofilm cohesiveness

increased with the biofilm depth as measured from the top layer.

Compared to other studies using a similar technique, the biofilm adhesive strength
of Ps. fluorescens was directly influenced by the biofilm age, cell concentration, nutrient
concentration, pH, surface roughness and fluid velocity (Chen et al., 2005). Within a
number of conditions studied by Chen et al. (2005), the adhesive strengths of biofilm on
glass substrate, grown in dynamic conditions, were in the range 0.1 to 1.0 J/m>. On the
other hand, Garrett et al. (2008b) indicated that the adhesive strength of Ps. fluorescens

biomass dried on a stainless steel substrate for 10 min was approximately 15 mJ/m?. The
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differences in adhesive strength reported by these authors are comparable with the results
presented here, which is 23 + 2 mJ/m? for stainless steel and 16 + 1 mJ/m” for glass
substrate. The adhesive strength, however, is highly dependent on the biofilm preparation
protocols and its age prior to adhesive measurements. Chen, et al.(2005) allowed the
biofilm growth on the glass substrates exposed to a fluid velocity of 0.6 to 1.6 m/s for 30
days, whereas Garrett (2005) produced biofilm in static condition on the stainless steel
substrate within 24 h. In the present study, the biofilm was allowed to grow within 4 days

statically on the stainless steel, glass and PET substrates.

Furthermore, the cohesive strength of biofilms on the various substrates for a gap
of 5 um was strongly correlated to the cell-cell or cell-substratum interactions. These
results implicate an important role for electrostatic interactions and hydrogen bonding
(Chen and Stewart, 2002; Mayer ef al., 1999) within the matrix of these bacterial biofilms
since the cohesive strength of biofilms was found not dependent on the type of substrate (P

> 0.05).

The adhesive and cohesive strengths of biofilm have further been investigated with
a presence of tap and distilled water and commercial detergents such as Asda anti bacterial
cleaner, Dettol anti-bacterial surface cleanser and Cif anti-bacterial multi-purposes. The
biofilm was allowed to grow on the glass substrate for 4 days and it was then immersed in
each liquid for 5 min. The adhesive strength of biofilm was reduced to 12.48 + 0.08
mJ/m? using the detergent A (Asda product), 17 + 1 mJ/m? for detergent B (Dettol product)
and 20 + 2 mJ/m? for detergent C (Cif product), when compared to tap (39 + 2 mJ/m?) and
distilled water (23 + 7 mJ/m?), respectively. Additionally, the detergents also had impacts
on the cohesive strength of biofilm. For detergent A, the cohesive strength was 6.7 + 0.3

mJ/m’® ,compared to detergent B (18.5 + 0.4 mJ/m?) and C (17.3 + 0.4 mJ/m?). At this
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stage of examination, it can be suggested that by having a commercial product, the cell-
substrate and cell-cell or cell-polymer interactions in the biofilm structure can be reduced

to a certain extent.
6.5 Conclusion

The micromanipulation technique is a tool suitable for directly measuring the
adhesive and cohesive strengths of biofilms on various substrates over a wide range of
conditions. The ability of this technique to characterise the biofilm in the presence of
commercial antimicrobial detergent has yielded new knowledge regarding reduction of the

biofilm cohesive and adhesive strengths on the substratum.

The adhesion and cohesion of biofilms were influenced by environmental
conditions such as pH and glucose concentration over the biofilm age. From the present
study, pH 7 and lower glucose concentration 0.25 % (w/v) show the greater adhesive
strength of biofilm particularly from day 6 to day 8 than other conditions. The cohesion of
biofilms with ages of 4 to 10 days was characterised by controlling the gap distances
between the force probe and substrate at 5 and 10 um respectively. Over the time period,
the cohesive strength of biofilms was observed to be in the range of 16 + 3 to 26 + 4 mJ/m’

obtained at the gap of 5 um which are greater than the cohesive strength values

corresponding to the gap of 10 um.

A reduction of adhesive and cohesive strengths of biofilms can be achieved by
application of commercial detergents. Using tap or distilled water alone may not be able to
reduce the adhesive and cohesive strengths of biofilms. Therefore, a right choice of
detergents is very important in reducing the adhesion and cohesion of biofilms on the

substratum.
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7 FINAL CONCLUSIONS AND FUTURE RECOMMENDATIONS

7.1 Overall Conclusions

The first objective of the present study was to characterise the adhesive strength of
biofilms on surface of a single colloidal probe (stainless steel, glass and cellulose) using
atomic force microscopy (AFM). These microparticles were selected because their
materials have wide applications in domestic areas and it is expected that the adhesion of
such particles on the surface of biofilms can represent the adhesion of biofilms on flat
surfaces of the same materials. A simple technique was developed to grow biofilms prior
to AFM adhesion measurements. The biofilm development was monitored under a variety
of environmental conditions via scanning electron microscopy (SEM). From the range of
conditions studied, it was observed that after 4 days of growth at a temperature of 25 °C,
pH 7 and 0.25 % (w/v) initial glucose concentration, the biofilms consisted of a large
number of bacterial cells embedded within an extensive exopolymeric matrix.
Additionally, these conditions favoured the maximum biofilm growth in the range of
conditions studied for the substrate tested. Therefore, by having the biofilms which mainly
consist of bacterial cells embedded in EPS, the investigations of the adhesion of biofilms

were carried out via AFM.

In this present study, by constructing colloidal probe of stainless steel, glass and
cellulose each with a radius of 10 um, adhesive forces of biofilms on substrates in liquid
media and ambient conditions have been successfully measured. The force measurements
were performed by extending the modified cantilever towards Ps. fluorescens and
subsequently retracting from it. Thus, the conclusion from the first objective indicates that

the adhesive forces in liquid medium were not fully governed by classical DLVO theory
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but depend on the steric repulsion and hydrophobic interactions due to the existence of
polymeric layer and EPS structure in the biofilms matrix. These claims were proved from
the observations of the approach curve where the probe experienced repulsive forces for
more than 100 nm prior to contact. Moreover, while retracting from the biofilm surface, a
number of pull-off events and a large pull-off distance were observed. Consequently, the
stainless steel probe experienced the greater adhesive forces when compared to glass and
cellulose. However, the results were difference in ambient conditions where adhesive
forces were mostly affected by the capillary forces between the probe and biofilms. While
approaching the biofilm surfaces, the cellulose probe experienced a greater snap-in force
compared to stainless steel and glass. With a hydrophilic probe such as glass and cellulose,
increases in adhesion exhibited as a function of increasing contact time; however stainless
steel which gave the greatest adhesive forces showed no incremental in adhesion with
contact time. Cellulose probe was claimed as a hydrophilic since it contains a large amount

of hydroxyl groups which make it more hydrophilic in nature.

Further investigations revealed the effect of shear stress on cell removal from the
substratum as stated in objective two (Chapter 2). The cell removal from a substrate was
determined by an image analysis of the number of bacteria remaining after they were
exposed to the shear stress using an apparatus of spin processor. Bacterial attachments
were prepared by using a sterile spreader. This simple technique was proved to
successfully attach the cells irreversibly on the substratum since it was observed that the
cells still remained on the substrate even after being rinsing at 100 rpm for 30 s. The cells
might use specific ligands in irreversibly attaching to the substratum. Additionally, since
the cells were cultured in neutral culture medium (pH 7), thus the cells and substratum had

repulsive electrostatic interactions. However, with the aid of mechanical forces, the cells
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may overcome this electrostatic interaction between their surface and substratum and

irreversibly attach on the substratum.

Furthermore, the shear experimental results revealed that four main factors affected
the detachment of cells from the substratum; (i) the angular velocity, (ii) the spinning time,
(ii1) cell incubation time, and (iv) the substrate properties. However, the surface roughness
may not be claimed to cause any difference in cell adhesion at this stage, which suggests
that cell removal from substrates of the same material but with variation in surface
roughness need to be further examined. In addition, increasing cells incubation time may
enhance the cell adhesive strength as observed in the present study for incubation times of
20 and 40 min. However, at an incubation time of 60 min, the cells did not strongly attach
on the substratum since no nutrient was added during the incubation period, which might
cause the cell adhesion on the substrate to be weakened. In comparison of the adhesive
strength data between AFM technique and shear experiment, it was revealed that the

former were up to 100 times greater than the latter.

The adhesive and cohesive strengths of biofilms were finally determined using the
micromanipulation technique based on a scraping process. Using the biofilms from day 2
to day 10, their adhesive strength has been examined. It was found the adhesive strength of
biofilms was greatest at day 8 with 42 + 5 mJ/m” if the biofilms were grown statically in
TSB medium (pH 7, 0.25 % (w/v) glucose concentration, 25 °C). At day 10, however the
adhesive strength decreased to 27 + 2 mJ/m” which might be due to a loose biofilm
structure. From the range of pH studied (pH 7, pH 5 and pH 9), it was revealed that at pH 7
the adhesive strength of biofilm was the greatest. Additionally, at lower glucose
concentration (0.25 % (w/v)) a greater adhesion was observed compared to the higher

range of glucose concentrations studied (0.5 % (w/v), 0.75 % (w/v) and 1.0 % (w/v)). It
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was found that the cohesive strength of biofilms weakened as the gap of probe increased
from 5 to 10 um. Furthermore, the application of commercial detergents successfully
reduced the adhesive and cohesive strength of biofilms compared to the control (tap and
distilled water) which indicates that the micromanipulation is a suitable tool to directly

measure the adhesion and cohesion of biofilms.

7.2 Future recommendations

Since the adhesion measurements using AFM have been successful in revealing the
interactions between probes and the surfaces of biofilms, thus it is useful to further this
research to investigate in more detail the bacteria-substrate interactions. For instance, the
surface contact area of the probe may influence interactions between probe and biofilms.
Variations in the surface contact area can be suggested by varying the particle diameter
and the relationship between the contact area and the adhesion measurements can be
revealed. As is generally known, AFM can image a single bacterium with the flagella and
pili protrude from their outer membrane layer. This may give the advantages in measuring
the adhesive forces at nanoscale level between probe to single bacterium. Additionally,
AFM is the technique that allowed the force measurements carried out in liquid medium.
Consequently, the technique can be extended by applying the liquid of interest or in other
words the antimicrobial agents to investigate in detail the bacteria-substrate interactions.
Therefore, the results may contribute a new knowledge to understanding deeply the cell
adhesion at nano-scale level and the finding may suggest a new technology to develop or

formulate the right antimicrobial agents for effective removal of bacteria from surfaces.

To determine the adhesive strength of bacterial cells on substrate of interest, the

application of shear stress can be extended to the removal of bacterial cells from different
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stages of growth such as the cells at lag, exponential, stationary and death phase. The
bacteria at different stages of growth may have different properties and this could
influence the removal of bacteria after being exposed to the shear stress. The determination
of the effect shear stress on cell removal was basically based on enumeration of bacterial
cells. Therefore, to improve the technique of cell enumeration, it is better to do with in situ
technique where the spin processor needs to be equipped with a video camera which can
take the images directly over radial distance when the experiment is initiated. Having
investigated a number of antimicrobial agents may help to enhance the removal of bacteria

on substratum.

From the present study, the extracellular polymeric substances (EPS) in the biofilm
matrix showed a tensile strength, which may be measured by using of micromanipulation
technique. Further research on understanding the tensile strength and how it is related to

cell adhesion and removal is required.
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