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Abstract:

Primary adsorption of bacteria to a clean substratum has generally been described by measuring net
accumulation. Thus, the independent processes that contribute to the overall accumulation of biofilm,
such as adsorption, desorption, cell multiplication, and erosion, cannot be considered separately to help
to elucidate mechanisms of early colonization. With the use of image analysis techniques and
additional software, these individual processes at the substratum in a continuous flow system have been
measured directly. Additional parameters, such as cell movement and direction, orientation of the
colony forming units (CFU), spatial distribution at the surface, and shape are also quantified with this
technique. With the continuous flow system, the influences of operational parameters such as fluid
shear stress, the bulk properties of the fluid, and the characteristic of the substratum can also be
delineated in a fundamental manner. Two experimental variables, bulk CFU concentration and shear
stress have been used to investigate early colonization under different conditions and to determine the
rate controlling factor in biomass accumulation. In addition, a novel method for quantitative analysis of
spatial distribution has been developed.

It was found that adsorption and desorption rates are independent of the surface concentration whereas
growth and surface related processes are independent of bulk concentrations. At low surface
concentration, P. aeruginosa tend to adsorb randomly. With increase in surface concentration the spatial
distribution of adsorbing CFU becomes uniform indicating a formation of a repulsing area around
adsorbed cells.



§
;

"x

COLONIZATION OF A SMOOTH SURFACE

BY PSEUDOMONAS AERUGINOSA:

IMAGE ANALYSIS METHODS

by

Andreas R. Escher

A thesis submitted in partial fulfillment
of the requirements for the degree

- of
Doctor of Philosophy
in

Civil Engineering

Montana State University
Bozeman, Montana

December 19886




%%

5
+ $H % & %S
6 "#

H% $H# % # W S SH %
"+"%$$ i *+& $+ $% *"$+ - %-
"+$ $0 -)%# & -0 *+'$0 "%$ $%+ 0 % )%+ (H%"
$)0 % &% %+ B+ $# +)- +
&$ $& % !

$ #%( +0 &$ +'%3$$

(+ **+3# 7+ ($9%

(+. *+ $# +)- + &% $&%



1ii
STATEMENT OF PERMISSION TO USE

‘In preaenting thias theais in partial fulfillménﬁ of the -
requirementas £6r a doctoral degree at Montana State
University, I agree that the Library ahall make.it available
to borrowers under the rule of the Library. I further agree
that copying' of thé theais ia allowable only for scholarly

. burposes, consiatent with "“fair use" as prescribed in the
U.S. Copyright. Law. ' Requests +for extensive copying or
reproduction of this thesis should be rgferred to University
Microfilms International, 300 &orth Z2eeb Road, Ann‘Arbor,
Michigan 48106, +to whom I have granted "the right':to
reproduce and distribute copies of the dissertation iﬁ and

"from microfilm and the right to reproduce and  distribute by’

abstract in ahy format."

Vo |
.Signature:. e e .

Date: /2/22 / Fe




Tiv

TABLE OF CONTENTS

LIST OF TABLES . . . & & &4 & & & = & & = s 2 s = = &
LIST OF FIGURES . . & & & & & s & 5 2 2 2 s s s = &
ABSTRACT . v & & & o & = & 2 & o = = & & = &« & & =

INTRODUCTION . . . o 2 % = = 2 s = #» 2 s 2 & = » = =
Relevance of Biofilma . . + & + &« & & = 2 &« = &
Previous Research . « « » o o o o o s o = o » =
Goal of Research . . . . . . ¢ & ¢ & & & & + &
Objectivea of Research . . . & ¢« &+ & 2 o o o =

BACKGROUND . . & + & & o « 2 2 2 o s = s s s s »° s &
Procesa Analysids . v o 4 4 s & & & 2 & s «_ 2 =
Tranaport . . o« & & & & & o o o 2 5 2 = = w-.2 =

Transport and Adsorption to the Substratum
Diffusivity o« + & & & o &« & & & o » &

Transport Rate to the Substratum . .

Assay for Substratum Propertiea . . .
Growth-Related Processes . . + + » & « « &

. Spatial Distribution . . . . . . . . . . .
Fluid Dynamics . . & & & ¢ & & o « o & » = »
Turbulent Flow . . . . & &+ 4 4 & « & o« o =
Laminar Flow . . . « & &+ & & &+ 2 s &« 2 2

CONCEPTUAL MODEL OF SURFACE COLONIZATION . . . . . .

Populétion Balance in Terms of CFU s s e s s
Transport . . & o &« & & o 2 o 2 a = 2 = =
Adgorption . . . . . . .« 4 . . . . . .

- Reversible versus Irreversible Adaorption
Desorption . . . .+ + + o & o & 5 & s 2 = =
CFU-Separation . . ... & & o & & & =« &+ o &
Other Procesaeas at the Subatratum . . . .

Population Balance in Terms of Cella . . . . .
Multiplication and Erosion . = . . « + &
Kinetic Expresaiong in Terms of CFU . ... . . .
Transport from Bulk Flow to Substratum . .
Population Balance at Substratum . . . . .
Kinetic Expresaions in Terms of Cells . . . . .
Transport from Bulk to Substratum . . . .
Population Balance at Substratum . . . . .
Sticking Efficiency . . « & ¢ & & 2 2 & o o o &
Summary of the Conceptual Model . . . . . . . =

Page
. vii
~viii
. Xidi
. 1
. 1
. 3
. 5
- =
. 7
. 7.
. 10
. 11
. 11
. 13
. 14
. 16
. 18
. 19
. 19
. 21
. 23
. 23
. 23
. 25
. 23
. 27
. 28
. 28
. 29
. 29
. 30
. 31
. 34
. 37
. 38
. 39
. 42
. 43




v

Table of Contents (continued)

EXPERIMENTAL SYSTEM AND METHODS . &+ &« &« = o « "o
Experimental System . . . . . . . . . . .« o .
Image Analyzer . . + o « = = s % = = o 2 = =
'Modification of the Programs . . . . . . . .
Data Collection.and Analysis . . . . . . . .

Image Collection . . . . . & « & & & »
Fixpoint Calculation . . . . . . . . . .
Inage Analysis . . & 4 4 o « 2 » « = =
Data Assembly . . . . - . - e
Method of Analyais and Chemostat Operation .
Direct Cell Count . . . . . « &2 & o + =
Cell Size Digtribution . . . . . . . + .
Mounting of Capillary Tube . . . . . . .
Chemostat Operation . . . « .+ & & & & & & o =

RESULTS & &« o o &« 2 2 5 = 2 s s s s s 5 s s 2 o =
Progression of Experiments . . . . . .+ . . .
Kinetic Results . . . & & & & v 4 & o o o » =

Directly Measured Results . . . . . . .
Derived Resulta . . .« & & o o & & = =
Behavioral Distribution . . « . & &+ &+ & +» =« =
Reaidence Time . . . . . . . -

Orientation of CFU During Adsorption o e

Motility at Substratum . . . . . &+ . . .
Cell Number per CFU . . . + o & 2 & =
Spatial Distribution of CFU during Adsorption

DISCUSSION . + & «v & & & & o = o = o s « = & = =
Sorption-Related Processes . . . . « - = . .
Offset Time of Desorption . . . . . . =

Growth Related Processes . . . . . . . . . .
CFU-Separation . . . + = & 2 o o o & s o
Multiplication Rates . . . . . . . . . .

Erogion . & v & & & o o & & o 4 = o = =

Summary of Kinetic Results . . . o . « . . .
Simulation with the Kinetiec Results . .

Spatial Distribution . . . . .+ &+ &+ & &+ & .

CONCLUSION . . . & &2 & & & & & & 2 & s = = s » 2 =

NOMENCLATURE/SYMBOLS '. . ¢ & &+ & 2 « « = »a = = =« =
Nomenclature s 2w s s oa a s a2 s w w a ow s a
Symbola o . .+ « ¢ 4 4 e s 4 s s v e e s s s s

LITERATURE CITED . . « & & & w. s o & » o 2 2 o s 4

Page

44
44
46
47
48
48
50
S0
51
o4
54
25
S6
56

58
58
63
63
74

78
73
81
82
85
85

89
83
a5
96
96
a7
98
100
102
103

108
109
110
111

113




vi

Table of Contenta {(continued)

APPENDICES . . . & & v &4 & 5 & = 2 2 & 2 2 = o '« = 2 =
APPENDIX A . . & v & o 4 & o = & 2 2 2 2 s « &« o
THEORY OF SPATIAL DISTRIBUTION . . . . . . .

SPATIAL DISTRIBUTION . . . . & =« = « & &« o &

No Influence . . . & & & 2 o o o o » =
Positive Influence . . . . . . . . . .
Negative Influence . .« « + v = = &« o .
THEORY OF QUANTITATIVE SPATIAL DISTRIBUTION -
Spatial Interaction Indices . . . . . .
Relative Nearest Neighbor Distance

Relative Influence Number . . . .

CALIBRATION OF SPATIAL DISTRIBUTION . . . .
TEST OF THE SPATIAL DISTRIBUTION . . . . . .
Uniform Test Distribution . . . . . . .
Aggregated Teast Distribution 1. . . . .
Aggregated Test Digtribution 2. . -
Conclusion of the Test Dlstributions .

APPENDIX B & & & 2 o o o 2 o 2 = s s s « s » = =
ORGANIZATION OF DATA FILES v v + « &« = & » -
Data Organization . . . . . . . . . . .
APPENDIX € &' v 4 o = « o o s s s = s s s = o o »
TABLES OF DIRECTLY MEASURED RESULTS .. . . .
APPENDIX D .+ . & 2 = o & = o 2 s s s 2 = = = « »
' FIGURES OF KINETIC RESULTS . . . . . « + . .
APPENDIX E . & v 4 v 4 4 s o m s s w e e e w .
TABLES OF DERIVED RESULTS . v v & & o o o
, : APPENDIX F . . . . e e e e e e e e e i e e e e

DISTRIBUTIONS OF “"BEHAVIORAL" CHARACTERISTICS
APPENDIX G . . . .+ + & & & o o 4 s u o 2.n o =
RESULTS OF SPATIAL DISTRIBUTIONS . . . . . .

Page

117
118
118"
119
120
120
120
121
122
122
124
125
131
132
133
135
137
139
139
140
144
144
160
160
191
191
200
200
215
215




vii

LIST OF TABLES

Table
1. Summary of directly measured rates at 0.5 N m—?

shear StresSs. . v « v 4 v v « & = « « « e e ..
2. Summary of directly measured rates at 0.75 and

1.0 N m—2, © s x4 e e e = e e s e w e e s s a s
3. Summary of directly measured rates at 1.25 N m—2. .
4. Summary of derived rates calculated for 0.5 N m—2,.
S. Summary of derived ratea calculated for

0.7 Nm™2?. ¢ v 4 & v + « a « o« 2 = = 2 s = « = &« =
6. Summary of derived rates calculated for 1.0 N m—2.
7. Summary of derived rates calculated for

1.2 N m™2%. . v 4 4 v o & aie e w e s m e e e e
8. Residence time prohability for reversibly adsorbed

CFU under different shear stresses. . « « « « =« « =
9. Directly measured results of series AAl. e a4 & e
10. Directly measured results of series AAZ. s 4 e s
11. Directly measured results of series AA3. s e e e .
12. Directly measured results of series AA4. e e e o
13. Directly measured results of series ABlL. . . . . .
14. Directly measured results of series AB2. « e e e s
15. Directly measured results of series AB3. « e e s .
16. Directly measured results of series ABR4. . e e e .
17. Directly measured results of series ABS. - e e e
18. Directly measured results of series AB6. « e e .
19. Directly measured results of series AC1. . e e e s
20. Directly measured results of =series AC2. a = e om .
21. Directly measured results of series AC3. « e 4 . .
22. Directly measured results of series AC4. .
23. Directly measured results of series ACS. . & e
24. Derived results of series AAl. e e e e e e e e s
253. Derived results of series AAZ. © e e e e w e e .
26. Derived reszsulta of zmeries AA3. .
27. Derived results of series AAZd. . v v v w o « o o .
28. Derived results of aseries AB1. . e e e s o = w e s
29. Derived results of series ABZ.. . . . . « « & .+ 4 .
30. Derived results of series AB3. . . + «v v 4 « « «
31. Derived reaulis of seriea AB4. . v & v v v o « . .
32. Derived results of series ABS. e 2 e e e e e .
33. Derived resultas of series AB6. .« & .+ « +« . . .
34. Derived resulla of seriea ACI. e s e e a e w e e
35. Derived results of series AC2. e s e e e e e e e
36. Derived results of zeries AC3. - e e e e e
37. Derived results of series AC4. e e e o e - e .
38. Derived results of series ACS. “ e e e e e .

Page

67

68
69
74

75
75

75

9S4
143
146
147
148
149
150

151

152
153
154
155
156
157
158
159
192
192
193
193
194
194
195
195
196
196
197
197
198
198
199




viii

LIST OF FIGURES

Figure
1. Experimental data from Powell and Slater (1983) .
2. Definition of processes during early colonization
of a substratum. . . . . 4 4« 4 o« 4 4 4 e e . .
3. Schematic of the system. 5 e s & s s s e e e e .
4. Tracking Image. 1.0 N mn™?, 10¢ cells/ml - e e .
S. Tracking Image: 0.5 N m—?, 1.1+10% CFU ml—* . .
6. Tracking Image: 0.5 N m—2*, 10+10% CFU ml—* “ v e
7. Tracking Image: 1.25 N m—?*, 12.2+10¢ CFU ml—* . .
8, Typical progression of colonization . . . . . . .
9. Adsorption rates plotted against cell
concentration in the bulk flow . . . . . . . . .
10. Desorption rates plotted against cell
concentration . . . . . . L 4 o . 4 4 4 e e 4 e .
1l1. CFU-separation as a first order rate plotted
againat cell concentration s & o 2 = e e e s s
12. First order rate coefficient for cell
multiplication (l12aj and cell erosion (12b) . . .
13. Correlation between desorption and adasorption at
0.5 N/m? e w a = 2w e s e e e o a w s s s s s
14. Correlation between erosion and multiplication at
0.5 N/m? « ke s m s e s = e e e a w s w m e
15. Correlation between offset time and bulk CFU
concentration . . . . ¢ . 4 4 4 4 4 4 4 a4 4 o« -
16. Residence time distribution Series AA (0.5 N m—2)
17. Orientation of adsorbing CFU . . . v & « + « » .
18. Integrated movement at substratum . . . . . . . .
19. Cells per CFU (Series AAY) . . ¢ o o 4 o o « o =«
20. Spatial distribution of adsorbing CFU . . . . . .
21. Sticking efficiency & . . . « « + & 4 o a < « - -
22. Surface-particle capture factor € for CFU . . . .
23. Surface-particle capture factor € for cells . . .
24. Probability of desorption of CFU . . . . « . « .
25. Probability of desorption in terms of cell - . .
26. Comparison of residence time of reversibly:
adsorbed CFU as a function of shear stress « - .
27. CFU-separation rates . . . . . ¢« & o « « « & o
28. Multiplication rates of cells . . . . . o & .« . .
29. Erosion rates of cells within colonies . . . . .
30. Probability of erosion of cells . . . . . . . . .
. 31. Simulation of accumunlation of cells under constant
shear stress . . . v & 4 & o 4 4 4 4 4w o« a a0
32. Simulation of accumulation of cella under consgstant

CFU concentration . . .« & & v « v o o o« a o o o« =«

Page

45
49
59
60
61
64

70

71

72

73

76

76

77
80
82
83
84
88
S0
S22
o2
93
a3

o4
a7
99
99
100

103

104




Figure
33. Example of a true random distribution for
calibration . . . . . ¢ . ¢ & & o 4 W e . .
34. Example of a uniform distribution for calibration
35. Example of aggregated distribution for calibration
35. Frequency contour plot of the calibration
distributions . . . . . . . . . . . . . ..
36. Frequency contour plot (Figure 35) dis
linear scaling .« . v v v & « o o o 4 w . .
37. Example of a uniform test distribution . .
38. Frequency contour plot of the uniform test
distribution . . . . . . . . . o . . . . .
39. Example of aggregated test distribution 1 .
40. Frequency contour plot of aggregated test
distribution 1 e+ e s . w w e e e e s a
41. Example of aggrégated test distribution 2 .
42. Freéequency contour plot of aggregated test
© distribution 2 . . . . . 4 . . . 4 v e e .
43. Progresgsion of colonization (Series AAl) in
of CFU (a) and area coverage (b)>. . . . . .
44. Progression in terms of cells (Series AAl)D
45. Progreasion of colonization (Series AA2) in
of CFU (a) and area coverage (b) - e e e
46. Progression in termas of cellas (Series AAZ)
47. Progression of colonization (Series AA3) in
of CFU {(a) and area coverage (b) e w e e .
4&. Progreasion in terms of cells (Series AA3)
49. Progressasion of colonization (Series AA4) in
of CFU (a’) and area coverage (b) « & o« e
S0. Progression in terms of cells (Series AA4)
S1. Progression of colonization (Series ABLl) in
of CFU (a) and area coverage (b) « e w e s
32. Progression in terms of cells (Series AB1) -
S33. Progression of colonization (Series AB2) in
of CFU (a) and area coverage (b} e e o« e
34. Progression in terms of cells (Series AB2)
55. Progression of colonization (Series AB3) in
of CFU (a) and area coverage (b) e - e s
56. Progression in terms of cells (Series AB3)
S7. Progression of colonization (Series AB4) in
of CFU (a) and area coverage (b) c e e e
58. Progression in terms of cells (Series AB4)
59. Progression of colonization (Series ABS) in
of CFU (a) and area coverage (b) e & s s .
60. Progression in terms of cells (Series ABS)
61. Progression of colonization (Series ABG) 1in

ix

List of Figures {(continued)

of CFU (a) and

area coverage (b - e e e .

played in

Page

127
127
128
129

130
132

133
134

135
136

137

161
162

163
164

165
166

167
168

163
170

171
172

173
174

175
176

177
178

179




X

List of Figures (continued)

Figure
62. Progression in terms of cells (Series ABG) “ - a
63. Progression of colonization (Series ACl) in terms
of CFU (a) and area coverage (b) . . . . . .« . .
64. Progression in terms of cells (Series AC1) « = .
653. Progreassion &f colonization (Seriea AC2) in terms
‘of CFU (a) and area coverage (b) s e e e e e e .
66. Progression in terma of cells (Serieas AC2) . e -
67. Prodgremssion of colonization (Series AC3) 1in terms
of CFU (a) and area coverage (b} “ e e e e e o« .
68. Progression in terms of cells (Series AC3y . . .
69. Progreasion of colonization (Series AC4) in terms
of CFU (a) and area coverage (b} s s e e s = e s
70. Progression in terms of cells (Series AC4) « & oa
71. Progression of colonization (Series ACS) in terms
of CFU (a) and area coverage (b) s e e e e e e .
72. Progression in terms of cells (Series ACS) . e .
73. Residence time distribution Series 84 (0.5 N m—?%)
74. Residence time distribution (V.75 N m—?2) « e v .
75. Residence time distributicn (1.0 N m—™2%) . . . . .
76. Residence time distribution (1.25 N m™?) . e = a
77 . Orientation of CFU after adsorption. Shear_
stress: 0.5 N/m? . . . . + « ¢ v 4 4 o4 . . .
78. Orientation of CFU after adsorption. Shear
stresg: 0.75 N/m? . . . o & & 4 & 4 « « & a o o
79. Orientation of CFU after adsorption. Shear
atress: 1.0 N/m? « e 4 n e o« s s s e e e & e e
80. Orientation of CFU after adsorption. Shear
stregss: 1.25 N/m? . . ¢ v & v o &« & = « 5 « = «
81. Integrated movement at aubatratum (Series AA,
0.5 N Mm™%) v 4 v 4 v 4 h s e e e e e e e e
82. Integraeted movement at substratum (0.75 N m=—?) .,
83. Integrated movement at substratum (1.0 N m—2> . .
84. Integrated movement at substratum (1.25 N m—?) .
85. Cells per CFU (Series AA, 0.5 N m—2?) - e e e e s
86. Cells per CFU ( 0.75 N m™2) . . & & & o & w« o« o =«
87. Cells per CFU ¢ 1.0 N Mm™%) .+ v v 4 w v o v o u
88. Cells per CFU ( 1.25 N m™*) .+ . &« o o « &+ w = « -
89. Spatial distribution of adsorbing CFU, Series AAl
90. Spatial distribution of adsorbing CFU, Series AB3
91. Spatial distribution of adsorbing CFU, Series AA4
92. Spatial distribution of adsorbing CFU, Series AB2
S3. Spatial distribution of adsorbing CFU, Series AA3
94. Spatial distribution of adsorbing CFU, Series AC2
95. Spatial distribution of adsorbing CFU, Series AC1
S6. Spatial distribution of adsorbing CFU, Series AB1
S7. Spatial distribution of adsorbing CFU, Series AA2

Page
180

181
18z

183
184

185
186

187
188

189
1s0
201
202
203
204

203
205
2?6
206

207
208
209
2190
211
212
213
214
216
217
218
219
220

221 -

222
223
224




Figure

8.
99.
100.
101.
102.
103.

Spatial
Spatial
Spatial
Spatial
Spatial
Spatial

x 1

List of Figures (continued)

distribution
distribution
distribution
distribution
distribution
digtribution

of
of
of
of
of
of

adsorbing
adsorbing
adsorbing
adsorbing
adsorbing
adsorbing

CFU,
CFU,
CFu,
CFU,
CFU,
CFu,

Series
Series
Series
Series
Series
Series

4B4
AC3
ABS
AC4
AB6
ACS

Paée

2235
226
227
228
229
230




xii
ABSTRACT

Primary adsorption of bacteria to a clean substratum
has generally been described by measuring net accumnulation.
Thus, the independent proceasses that contribute to the
overall accumulation of biofilm, & such as adsorption,
desorption, cell multiplication, and erosion, cannot be
considered separately to help to elucidate mechanisms of
early colonization. "With the use of image analysis
techniques and additional software, these individual
processea at the aubstratum in a continuous flow system have
been measured directly. Additional parameters, such as cell
movement and direction, orientation.of the colony forming
units (CFU), apatial diatribution at the surface, and shape
are alao quantified with this technique. With - the
continuous flow aystem, . the influences of operational
parameters such as fluid shear stress, the bulk properties
of the fluid, and the characteristic of the substratum can
also be delineated in a fundamental manner. Two
" experimental variables, bulk CFU concentration . and shear
stress have been used to investigate early colonization

under different conditions and to determine the rate
controlling factor in biomass accumulation. In addition, a
novel method for quantitative analysis of spatial

distribution has been developed. '
It was found that adsorption and desorption rates are
independent of the surface concentration whereas growth and

surface related processes are independent of bulk
concentrations. At low surface concentration, P. aeruginosa
tend to adsorb randomly. With increase in .surface

concentration the spatial distribution of adsorbing CFU
becomes uniform indicating a formation of a repulsing area
around adsorbed cells.




INTRODUCTION

ﬁicrobial gells attach firmly to alﬁost_any surface
submeréed in aquatic environments. The iﬁmobilized cells
grow, reproduce, and produce extracellﬁiar polymers which
extend from the cell forming a matrix of moleculaf fibers
which provide structure to the assemblage termed a biofilm.
Biofilms are sometimes distributed relatively evenly over
the wetteq surface and other times are quite "patchf” in
appearance. 'Biofilms can cansist of' a monolayver of cells
covering only a fraction 'of the subatratum or:cap be 300-
400 mm thick as "observed in algal mats. Biofilms are
generally heterogenous, £réquently containing more than one
distinct microbial environment. For example, biofilms with
aerobic as well as anaerobic environments are frequently
observed. Consequently, the term biofilm 'does not_
necessarily reflect a surface accumulation which is uniform

in time and/or space.
Relevance of Biofilms
Biofilma serve beneficial purpoaeas in the natural

environment aa well as in some mnodulated or engineered

biological ayatema. Biofilma are responsible for removal of




2 ) ’
contaminants from natural atreams and in wasastewater
treatment pléntsu Biofilma in natural watera frequently
control water quality by influencing dissoclved oxygen levels
and serve as a aink for many toxic and/ér‘ h;zardous
materials. Biofiln reactors are used in some common
fermentation processes (e.é. "guick" vinegar process) and

are being considered more frequently for biotechnological

applications.

On_ the negative sgide biofilms result inn féﬁling.
Fouling 1is ‘the accumulation of a deposit on equipment
surfaces which result in decreased performance .and/or
reduced equipment lifétime. Biofilms have been obaerved to
increase fluid. frictional resistance in water conduits and
on ship hull surfacea. Microbial (as opposed to macrobial)
films can significantly increase drag of a ship. Biofilm
accumulation in ‘pipes has been observed to reduce the flow
rate by aé muchlas S0% even when the film thickness was 0.1%
of the éipe diameter (Characklis, 1973). - Biofouling
deposits decrease.heat'transfer‘in perr plant condensers on

shipboard as well as in land based power plants (Turakhia

and Characklis, 1984). As a result, the power plant
consumes more fuel to produce the same amount of power. The
accumulation of biofilms has also been linked with

accelerated corrosion of metallic surfaces, deterioration of




3
wooden structures, and degradation of concrete structures.

Reduced performance may be observed in many other ways.

For a better understanding of biofilma it is essential
not only to atudx fully developed biofiims but alsoc the
mechanisms pf the buildup; i.e. the early colonization of
surfaces. by bacteria, the separation between adsorption and

desorption, and between othér, growth related processes.

Previous Research

Much of the emphasis on adsorption of microbial cells
has concentrated on biological and chemical aspects of
mechanisms with 1little emphasis on physicai factors in the
environment or concern about the rate of adsorption. Nor
has much .consideration been given to the influence of the
initial events on the éktent of subéequent bicfilm

accumulation or the biofilm composition.

In moat, if not all reported research on microbial cell
adsérption,. net cell accunulation at +the substratum is
observed (Figure 1>. Most of the ﬁicrobial adsorption
research has been conducted in quiescent <(i.e., Ffluid
velocity equals =zero), closed <(i.e., no input or output

flows) systems. Such systems create a~significant number of
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2. Cell adsorption to the asubstratum, a direct
substratum-particle interaction.

3. Desorption of some of the adsorbed cells and
.their reentrainment in the liquid phase.

4. In some cases, microbial reproduction may -
contribute to the initial events.

These processes occur elther in parallel or iﬁ series
and, thus, the overall rate of cell accumulation at the
subsgtratum will be determined .by the combination of the
different rates. Variables such as'fluid shear stress,
liquid phase cell density, and nutrient concentration
inf;uence each individual process rate to a different extent
‘and, therefore, influencé net cell accumulafion.
Consequently, the process for cell.accumulation in a tube
enclosing turbulent flow will be very different from the one
for a glass slide immefsed in quiescent water, even though
the net rate of accumulation may appear to be equal in both
cases. Therefore, a closer look at each 'process is
essentlal to develop a useful, predigtive model for cell

adsorption.

Goal of Research.

The goal of the research is to détermine the influence

df different independent parameters, such as fluid dynamics,
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biomaas concentration in the bulk flow, surface

characteristics (interface free energy), and cell physiology

on early colonization of surfaces.

Objectives of;Research

The specific objectives of the research related

early colonization of substrata are as fo;lows:

1.

2.

Develop a method to directly measure the rate of
different processes contributing to colonization.

Develop a method to observe individual
"behavioral"®* characteriastics of the organisms at
the aubastratum for elucidating mechanisms
contributing to early colonization of surfaces.

Derive a mathematical model ' deacribing the
accunulation of bilomass during the early stage of
biofilms accumulation.

to

1 “Behavioral® characteriastics include all

the

characteriatica which can be observed but are not part of
the kinetic aystem, such as shape, orientation, gliding at,
the substratum, and more.




BACKGROUND

Proceas Analysis

During the early events‘ of fouling, biomass can be
expressed as colony forming units (CFUY, or cells. This
distinction is essential since cells can adsorb in groups or
as single cells. Moreover, not all the cells accumulate at
the surface through transport alone. Cells can be produced
at the substratum (growth), the number of ceils per colony
can change with time, or cells may glide away from their
colony of origin to form a new colony. The following four

processes must be distinguished (Figure 2) in terms of CFU:

Transport: This process 1is responsible for

carrying the CFU to a point adjacent to the
substratum. Thisg step does not include the

adsorption process.

Adsorption: This procesas 1is defined as the
linking of +the CFU with the substratum. The cell
is adsorbed to the substratum only if it has a
linkage to it and, hence, becomes immobilized for
a finite time. ’

Desorption: Desorption 1s the breaking of the
linkage of the CFU and its complete removal from

the substratum. Desorption is +the . reverse of
adsorption.
CFU - Separation: 4 CFU with more than one cell

can split into two independent CFU. This process
forme a new CFU at the substratum and, hence,
contributes to the accumulation of CFU at the
substratum. CFU-separation is a growth related
process.




%-& C *% %$%+ + (+"

"+)+ %/ $%+ +*

& $ $&'

& % -

)



. 9
These four processes can be expressed in terms of
cells by using the number of cells in each individual CFU.
However, CFU -~ separation does not contribute to the
accumulation in terms of cells. Two additional processes
can be defined (after transport, adsorption, and desorption?

when cell accumulation is consi¢ered:

Multiplication: Multiplication is related to
cellular growth,. but only refers to those daughter
cella which remain within the same CFU. Cells
within a CFU multiply and increase the number of
cells within thia CFU. Thia doea not change the
accumulated number of CFU but does change the
accumulated number of cells.

CFU - Erosion: Cells within a CFU c¢an “detach”

and, hence, reduce the cell number of the CFU.
This process is the reverse of multiplication.

Therefore, processes of early colonization' can be

separated intoc sgorption- and growth-related which then can

be expressed as rates. With these rates, mass balances for
accumulation both in terma of CFU &and cells can be
accomplished:

d CFU

dt = v Kge Xdes * Ksep 2.1

Accumulation Adeorption Desorption Separation

CFuU CFU CFU CFU
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d cell

TTdtE oo Kads h Kdes * Kmul - Kero 2.2
Accumu- Adsorption Desorption Multipli- Erosion
lation cells cells cation cells

cells cells

Equations 2.1 and 2.2 demonstrate the importance of
measuring the different  process rates for a better
understanding of surface colonizétion mechanisms, since they
reveal whether growth-~- or sorption-related processes

dominate the accumulation.

Transport

For a better underastanding of adsorption processes and
comparison between adsorbed and suspended biomass, the
trangport process must be understood very well, both in
terms of transport of biomass to the substratum and the

tranaport of nutrients to the adsorbed biomass.

Currently, most of the information about kinetics of
cellular adsorption and desorption has been-derivea from
stagnant systems with no shear stress. The absence of flow
or shear forces in natural ana engineered syastems is not
common and, therefore, not of great practical iﬂterest. To

define tranaport in gulescent sysfems ia not an easy task,
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since it depends on parameters , i.e. diffusivity, which can
not be measured directly. Additionally, adsorption kinetics
in stagnant aystems are subject to artifacts produced by the
combination of sedimenfation and active»édsorptioﬁ rates.
Some studies in:flow systems have been published, focusing
oen net accumulation rates at. the substratum. From thé
literature, it appears that it is eésential to measure both

adsorption and desorption rates independently. Figure 1

(Powell and Slater, 1983) illustrates the difficulty in .

determining adsorption rates from the accumulgtioﬁ aione.
The data fit the theoretical calculated rates poorly.
.Measuring accumulation rates instead of adsorption can lééd
to artifacts since accumulation can inclgde other‘processes,
such as cellular nultiplication at the substratum, which are
not related to adsorption itself but which can be a major

contfibution to an increased accumulation.

Tranaport and Adsorption to the Substratun

Diffusgivitys Under laminar flow conditions, particles are

transported to the substratum by diffusion perpendicular to
the flow.  Microorganisms with a size of 1 to 4 pm® have a
very small Brownian motion' and, hence, a 'small Brownian
diffusivity. Therefore, motility is of considerable

importance during the processes of transport but has often

\
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been neglected in adsorption studies. Jang'and Yen (1985)
calculated the non-Brownian diffusivity (motility)‘ for
different microorganisms to be in the range of 0.4+10-® to
5.6"10“3 mm* s=*, compared to the Brownian diffusivity of

50010~ mm* £t They used the following equation to

- calculate non-Brownian diffusiop:

3«1 -0

Do P diffusivity [ L?* £-—1]

Via + velocity of motility [L t—*]

ds ! free length of random run [L]

o ! main cosine of angle of turn [-]

Under condition of no chemctaxis, &« can be assumed to be
Zero. If motility 4is not considered as a‘éohtributing
factor in the process of transport to the substratum, the
transport rate might be ﬁnderestimated 20 to S50 times. The
non-Brownian diffusivity can bg calculéted f;om the velocity

and the mean free path length. Vaituzi and Doetsach (1969

measured gspeéds up to 55.8 pm s~ for Pseudomonas aeruginosa
with "track phctography".‘ Their ?esults suggeSt a mean free
path length of random run in the range of S0 to 85 pmn.
These values yield a non-Brownian diffusivity (Equation 2.3

of 10-® mmn™ s~* for P aeruginosa.
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Transport Rate to the Substratum: Good information is

available for the transport and adsorption of inert
particles to different substrata. Bowen et al. (1976)
proposed an analysis w%th a first-order-reaction
approximation fdrlthe surface-particle capture rate, which
leads to an expanded Graetz"solution. This solution

converges well for relatively large Peclet numbérs and
proved to be accurate for inert particles adsorbing to
charged surfaces. The resulting equation has the following

form:

- 2 7] 1/3

0 c 9K1 ]

CFy h S B Ve I
3 € K,

] 1/3

Keru @ Adsorption rate of CFU to the substratum [# L—2 t-1%)
Co + CFU concentration in bulk liquid [# L-=]

De : Diffusivity of CFU [L-? t-1]

h : Half-thickness of channel [L1]

K, ! Dimensionless distance from channel inlet [-]

€ : Surface-particle capture factor I[-]

r : Gamma function [ I' (#/3) = 0.89338 1

In the special case where the surface-particle capture

rate € approaches infinity (€=w), Egquation 2.4 becomes:
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B 2 7] 173
N 3K, N | ‘
, : |
h 4
o ]

— —

- AN

Newsw o Flux of CFU to Substratuml[# L—2 t£—3]

The strength of this solution is that one can eétimate the
_flux of particles to the substratum (€=, Eqg. 2.3) and
obtain a discrete value for the surface-particle capture
factof,' independeht of concentration and motility, for
different substrata. In addition, a “"sticking efficiency"
can be calculated with Equationa 2.4 and 2.5 by dividing

adsorption rate by the CFU flux to the substratum.

Aasay for Subastratum Properties: The use of Equations 2.4
and 2.5 to describe transport and adsorpﬁion processes,
especially the dimensionless factor €, is a good analysis
for studying the effects of different degrees of
hydrophobicity of substrata <(independent of concentration

and diffusivity).

Fletcher and Marshall (1982) show an increase of
accumulation with an increased hydrophobicity. They use the
double-layer theory (DLVOY of the colloidal chemistry to
explain these mechaniama, based on the calculated charge of

the subatratum measured with the bubble contact angle method
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and the overall charge of the organisnms. Van Pelt et _al.
(1985) showed that there isg statistically seen a very poor
correlati&n between the free surface energy and extent of
accumulation. They propose aa possible reasona for this
poor correlation Fhat accumulation aa the measured value is
not the most appropriate parameter to describe adsorption,
that the free surface energy during the experiment is'not'
the same as that previously measured, or that the mechaniéms
of adsorption are different depending on the free surface

energy .

Van Pelt’s first proposition is that the change in
accumulétion or the net adsorption is the result of
adsorption minus desorbtion and, therefore,‘measurements of

accumulation does not reflect the primary dccurring process.

Thé second proposition 1is in accordance with the
observation of the‘"conditioning film"”. This change of well
defined surfaces due to exposure to water containing organic
macro molecules has been described by Loeb and Neihof
(1973), Baier and Weiss (1975), Abbott et al. (1983), and
Little and Zsolnay (1986). They summarize.the effect of a
conditioning film‘ that a solid surface in contact with‘
liquids containing diverse organic macromolecules alter due
to the formation of a monolayer of adsorbed macromolecules:

This results in the following: hydrophobic surfaces becone
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hydrophilic, positively- and negatively-charged surfaces
acquire a net negative charge and Zeta potentials, contact

potentials, and critical surface tensions are increased.

The third ﬁpoposition is 'that depending . on the free
surface energy cells use a different mechanism <for
adsorption. Fletcher and Marshall (1982 indicated the
importance of proteins in the processes of adsorption. By
adding Pronase they reduced the increase of accumulation.
Paul and Jeffrey (1985) showed that for hydroph&bic
substrata, such as polystyrene, the 'protein linking is
essential, whereas for hydrophilic substrata other
adsorptive mecﬁanisms dominate. Their result indicates
that, indeed, different mechanisms of adsorption dominate

depending on the free energy of the substratum.
Growth-Related Processes

Very little work has been done iﬂ- regard to growth-=
related processes during early colonization of surfaces.
Only two groupsa of studies are available:

1. The early phase of biofilm accunulation

(Trulear, 1983; Turakhia, 1986).

2. Growth measurements with Image Analysis
(Caldwell and Lawrence, 1986,).
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Trulear and Turakhia determined growth rates in
biofilms grown under constant shear stress and turbulent
flow. During the first or second day “after exposure o£
acryiic plastic surfaces to P. aeruginosa, the adsorbed
biomass had.a gfo?th rate (p20.65 h~-*) exceeding the maximum
growth rate in suspension (Prams®0.5 h“i); After this
initial time, the measured overall growth rates were reduced
to levels below the maximum rate in suspension. Their
results do not indicate whether this increased initial
activity‘is due to prior physiolegic or genetic phenomena'or
due to analyticai variations after adsorption. Data suggest
that - the proéess of adsorption is very selective for the
"more active'" organisms (cells with a high motility have a
greater diffusivity).

Caldwell and Lawrence (1986) neasured "“behavior"™ of

adsorbed P. fluorescens under laminar flow conditions. They

observed different patterns of adsorption and subsequent
growth at the substratum. Unfortunately, the? do not state
the shear sfress of the 1liquid on the wéll but only an
average velocity. From the publication, shear stress cannot
be calculated =since the geometry ia unknown. The growth
rateas measured do not answer all questions since the
substrate concentration used were unusually high (1 g
glucose 1—-* and 100 mg glucose 1—t). The cells were grown

in batch cultures and washed twice before being used in ‘the
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adaorption atudy. The measured apecific growth rates are in

the range of 0.42 h—*,

Spatial Distribution

The spatial distribution of the CFU during adsorption
can be of great value since it can determine whether the
process is controlled by the adsorbing cells alone or a cell
- substratun interaction {including the existing

colonization)y. If the process is duelto cells only, without -

any influence by the substratum’s present state of
colonization, a random distribution would be expected. If
conditioning and occupation of the surface positively

influences adsorption, then an aggregqated distribution can
be antigipated. A uniform distribution, conversely, results
when the area around an existing CFU is blocked for
adsorption indicating a negative influence.N Classic Nearest
Neighborﬁood Analysis cénndﬁ be used for this aﬁalysis since
only distance to the single nesarest neighbor is used
ignoring the other adsorbed cells. An analysis is needed
which accounts for the overall population density. An
extensive description of a ﬁniqué solution for spatial

distribution analysis is presented in Appendix A.
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Fluid Dynamics

Deﬁined fluid dynamica ia esgasential for adaorption
studies under éqpstant shear streass. Hydrodynamica control
both transpért and adsorption: . Transport is.a function of
the 1loading rate and adsorption.dépends on shear stress.
Due to this relationship, it. is difficult to compare
experimental results obtained under different hydrodynamic
conditions without their precise definition. Two different
flow patterns must be considered:

1. Turbulent flow
2. Laminar flow

Turbulent Flow

The -nature of turbulent flow does not allow an easy
determination of the velociﬁy gradients ngér' the wall.
Depending on the Reynolds number of +the flow and the
roughneés of the wall, a wide variety of velocity gradients
and, thus, shear stresses are possible. Usiﬁg the theory of
the "viscous sublayer", within its limitations, i.e. smooth

surface, 1t is possible to estimate the shear forces.
































































































































































































































































































































































































































































































































































































































































