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ABSTRACT

Copper-based anti-biofouling paint coating has been used to combat biofouling 
on man-made artificial marine structures for several decades. Despite its widespread 
use, the massive accumulation of copper and its compounds causes a serious threat to 
marine ecosystems. Thus, the search for efficient and environmentally friendly anti- 
biofouling coating has become more significant. Therefore, this current study focused 
on developing an anti-biofouling paint additive employing the active compounds, 
silver ion (Ag+) and surfactant hexadecyltrimethylammonium (HDTMA) embedded 
in the kaolinite clay structure which is designated as Organo-silver-kaolinite (Or-Ag- 
Kao). The developed paint additive is intended for applications in marine artificial 
structures. The Or-Ag-Kao was prepared by adding Ag-kaolinite with HDTMA via a 
cation exchange process. The prepared samples; Ag-Kao, HDTMA-Kao and Or-Ag- 
Kao were characterized using ATR-FTIR and EDX. In this study, these analyses 
confirmed that the Ag+ and HDTMA were successfully intercalated into the kaolinite 
without affecting their original structure. The samples were then incorporated into the 
commercial paint matrix to test for their anti-bacterial adhesion and anti-biofilm 
efficiency as an anti-biofouling coating additive against isolated marine biofouling 
bacteria, Bacillus niabensis and Alteromonas litorea. It was observed Or-Ag-Kao paint 
coating efficiently reduced the bacterial adhesion of B. niabensis (91.51%) and A. 
litorea (87.53%), as compared to commercial paint without additive. The Or-Ag-Kao 
paint coating also showed excellent anti-biofilm on B. niabensis and A. litorea with 
EPS mean volume of 0.219 ± 0.129 x 105 pm3 and 0.151 ± 0.052 x 105 pm3, 
respectively. A weak interaction was observed between the model bacteria and Or-Ag- 
Kao with commercial paint coated surface with the mean lateral detachment force
139.4004 nN (B. niabensis) and 146.2251 nN (A. litorea). Major contact surface area 
reduction was also observed in Or-Ag-Kao paint coating (0.275 pm2 in B. niabensis 
and 0.391 pm2 in A. litorea) indicated that Or-Ag-Kao paint coating successfully 
minimized surface bacterial attachment. As a conclusion, the broad-spectrum 
effectiveness of Or-Ag-Kao paint coating minimized bacterial adhesion and biofilm 
formation may provide an environmental-friendly solution for marine biofouling. It is 
envisaged that the newly developed Or-Ag-Kao has high potential to be 
commercialized as an alternative marine anti-biofouling coating replacing the present 
traditional antifouling paints.
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ABSTRAK

Lapisan cat anti-biopenempelan semula jadi berasaskan tembaga telah 
digunakan bagi menangani biopenempelan semula jadi pada struktur laut buatan 
selama beberapa dekad. Walaupun digunakan secara meluas, pengumpulan tembaga 
dan sebatiannya secara besar-besaran mampu menyebabkan ancaman serius terhadap 
ekosistem marin. Oleh itu, pencarian lapisan anti- biopenempelan semula jadi yang 
cekap dan mesra alam menjadi lebih penting. Oleh itu, kajian semasa ini difokuskan 
kepada pembangunan bahan tambahan cat anti-biopenempelan semula jadi 
menggunakan sebatian aktif, ion perak (Ag+) dan surfaktan heksadesiltrimetil 
amonium (HDTMA) yang dibenam dalam struktur tanah liat kaolinit yang dinamakan 
sebagai Organo-perak-kaolinit (Or-Ag-Kao). Cat anti-biopenempelan semula jadi 
yang dibangunkan akan diaplikasikan kepada struktur buatan marin. Or-Ag-Kao 
disediakan dengan menambahkan Ag-kaolinit dengan HDTMA melalui proses 
pertukaran kation. Sampel yang disediakan; Ag-Kao, HDTMA-Kao dan Or-Ag-Kao 
dicirikan menggunakan ATR-FTIR dan EDX. Dalam kajian ini, analisis ini 
mengesahkan bahawa Ag+ dan HDTMA telah berjaya dimuatkan ke dalam struktur 
kaolinit tanpa menjejaskan struktur asalnya. Sampel dimasukkan ke dalam matriks cat 
komersial bagi menguji kecekapan anti-bakteria dan anti-biofilem sebagai bahan 
tambahan bagi lapisan cat anti-biopenempelan semula jadi terhadap bakteria 
biopenempelan semula jadi yang telah dipencilkan, Bacillus niabensis dan 
Alteromonas litorea. Diperhatikan bahawa lapisan cat Or-Ag-Kao dengan cekap 
mengurangkan lekatan bakteria B. niabensis (91.51%) dan A. litorea (87.53%) 
berbanding dengan cat komersial tanpa bahan tambahan. Lapisan cat Or-Ag-Kao juga 
menunjukkan anti-biofilem yang sangat baik terhadap B. niabensis dan A. litorea 
dengan purata isipadu EPS masing-masing bernilai 0.219 ± 0.129 x 105 pm3 dan 0.151 
± 0.052 x 105 pm3. Interaksi yang lemah juga diperhatikan diantara model bakteria dan 
permukaan bersalut cat komersial Or-Ag-Kao dengan daya pemisahan lateral
139.4004 nN (B. niabensis) dan 146.2251 nN (A. litorea). Pengurangan luas 
permukaan sentuhan yang besar juga diperhatikan di lapisan cat Or-Ag-Kao (0.275 
pm2 di B. niabensis dan 0.391 pm2 di A. litorea) menunjukkan bahawa lapisan cat Or- 
Ag-Kao berjaya meminimumkan lekatan bakteria permukaan. Sebagai kesimpulan, 
lapisan cat Or-Ag-Kao mempunyai spektrum keberkesanan yang luas dalam 
meminimumkan lekatan bakteria dan pembentukan biofilem mampu menyediakan 
penyelesaian yang mesra alam untuk biopenempelan semula jadi marin. Adalah 
dijangka bahawa, Or-Ag-Kao yang dibangunkan ini berpotensi tinggi untuk 
dikomersialkan sebagai lapisan anti-biopenempelan semula jadi marin alternatif 
menggantikan cat anti-biopenempelan semula jadi berasaskan tembaga yang ada 
sekarang.

vii



TABLE OF CONTENTS

TITLE PAGE

DECLARATION iii

DEDICATION iv

ACKNOWLEDGEMENT v

ABSTRACT vi

ABSTRAK vii

TABLE OF CONTENTS viii

LIST OF TABLES xiv

LIST OF FIGURES xvi

LIST OF ABBREVIATIONS xix

LIST OF SYMBOLS xxiii

LIST OF APPENDICES xxv

CH AP 1 I K I INTRODUCTION 1

1.1 Research Background 1

1.2 Problem Statement 4

1.3 Objectives of the Study 6

1.4 Scopes of the Study 6

1.5 Significance of the Study 8

C 11A P I I R 2 LITERATURE REVIEW 9

2.1 Introduction 9

2.2 Biofilm: Microbial Life on Surface 11

2.2.1 Development of Biofilm 11

2.2.2 Biofilm Structure and Compositions 13

2.2.3 Methodological Approaches for Biofilm
Analysis 15

2.3 Marine Biofilms as Mediators of Marine Biofouling 22

2.3.1 Marine Biofilm Diversity 22

viii



26

28

32

33

36

37

38

40

42

44

47

49

49

51

51

52

52

54

55

55

56

56

56

57

57

58

58

58

2.3.2 Factors Influencing Marine Biofilm Formation

2.3.3 Marine Biofilms cause Marine Biofouling

2.3.4 Implications and Impacts of Marine Biofouling

2.3.5 Strategies to Control Marine Biofouling 

Silver

2.4.1 Antimicrobial Mechanism of silver ions.

2.4.2 Silver Toxicity in Aquatic Environments 

Kaolinite

2.5.1 Kaolinite Uses and Applications

2.5.2 Modification of Kaolinite for Metallic Cations 
and Organic Cationic Surfactant Carrier System

Summary

RESEARCH METHODOLOGY

Introduction

Sampling

3.2.1 Sampling Location and Storage 

Chemicals, Materials, Media, Kits and Solutions

3.3.1 Chemicals and Materi als

3.3.2 Media

3.3.3 Kits

3.3.4 Chemical Solutions 

Preparation of Modified Kaolinite

3.4.1 Commercial Paint

3.4.2 Kaolinite Samples

Preparation of Commercial Paint Supplemented with 
Kaolinite

Glass Coupons

3.6.1 Paint Coating Deposition on Glass Coupon 

Analysis of Sample Elemental Composition

3.7.1 Attenuated Total Reflectance-Fourier 
Transform Infrared (ATR-FTiR) Spectroscopy

ix



59

59

60

60

61

62

63

65

66

66

67

67

67

68

68

68

69

69

71

72

72

74

74

75

75

3.7.2 Scanning Electron Microscope (SEM) 
(Quantax70) Interfaced with Energy- 
Dispersive X-ray (EDX) Spectroscopy

Selection of Paint Coating Technique

3.8.1 Characterization of Paint Surfaces

3.8.1.1 Surface Morphology

3.8.1.2 Surface Topography and Surface 
Roughness

3.8.1.3 Surface Hydrophobicity and Surface 
Energy Measurement

3.8.1.4 Determination of Viable Cell 
Numbers by Plate Count (Colony 
Forming Units/ml or CFUs)

Optimization of the Kaolinite and Commercial Paint 
Proportion

Preparation of Media

3.10.1 Media for Marine Bacteria Cultivation

3.10.1.1 Marine Broth

3.10.1.2 Marine Agar

3.10.2 Media for Biochemical Testing

Isolation and Selection of Marine Bacteria Attached 
on Paint Surfaces

Characterization of Isolated Marine Bacteria

3.12.1 Morphology on Culture Plate

3.12.2 Gram-staining

3.12.3 Biochemical Tests

3.12.4 Assessment of Biofilm Formation Bacteria

3.12.4.1 Test Tube Assay

3.12.4.2 Microtiter Plate Assay

Identification of Paint Surface Isolated Marine 
Bacteria Colonies

3.13.1 16S ribosomal RNA (rRNA) Gene Sequencing 
Analysis

3.13.2 DNA Sequencing and Identity Search

Analysis of Isolated Marine Bacteria Biofilm 
Extracellular Polymer Substance (EPS)

x



3.14.1 Extracellular Polymer Substances (EPS)
Extraction 76

3.14.2 Determination of Extracellular Polymer
Substance (EPS) Productivity 76

3.14.3 Analysis of Extracellular Polymer Substance
(EPS) Components 77

3.15 Efficiency Testing of Kaolinite (raw/modified) 
Samples on Selected Biofilm-forming Marine Bacteria

77

3.15.1 Determination of Anti-bacterial Adhesion
Activity Using Anti-Bacterial Adhesion 
Bioassay 78

3.15.2 Determination of Anti-biofilm Activity Using 
Confocal Laser Scanning Microscope (CLSM)
Analysis 79

3.16 Interaction of Biofilm-forming Marine Bacteria with 
Modified Kaolinite Paint Mixture Using Atomic
Force Microscope (AFM) 81

3.16.1 Preparation of Single-Cell Model Bacteria Sub
culture 82

3.16.2 AFM Scanning of Single-cell Model Bacteria
on Paint Coated Glass Coupon 82

3.16.3 Analysis of Bacterial Lateral Detachment Force
83

3.17 Statistical analysis 84

C1 I API I R4  RESULTS AND DISCUSSION 85

4.1 Introduction 85

4.2 Elemental and Chemical Composition Analyses of
Samples 85

4.2.1 Attenuated Total Reflectance-Fourier
Transform Infrared (ATR-FTiR) Spectroscopy 86

4.2.2 Energy-dispersive X-ray (EDX) Spectroscopy 89

4.3 Evaluation on paint surfaces 92

4.3.1 Surface Morphology 92

4.3.2 Surface Topography 95

4.3.3 Surface Roughness Measurement 98

4.3.4 Surface Hydrophobicity and Surface Energy
Measurement 101

xi



4.3.5 Determination of Viable Cell Numbers by Plate
Count (Colony Forming Units/ml or CFUs) 103

4.3.6 Selection of Paint Coated Surface 104

4.4 Optimization of the Kaolinite and Commercial Paint
Proportion 106

4.5 Isolation and Selection of Marine Bacteria Attached
on Paint Surface 108

4.6 Characterization of Isolated Marine Bacteria 110

4.6.1 Morphology on culture plates 110

4.6.2 Gram Staining 113

4.6.3 Biochemical Tests 116

4.6.4 Assessment of Biofilm Forming Bacteria 121

4.6.4.1 Test Tube Assay 122

4.6.4.2 Microtiter Plate Assay 124

4.7 Identification of Isolated Marine Bacteria Using 16S
Ribosomal RNA (rRNA) Gene Sequencing Analysis 128

4.8 Analysis of isolated marine bacteria biofilm
extracellular polymer substance (EPS) 133

4.8.1 B acterial EP S Productivity 133

4.8.2 Extracellular Polymer Substance (EPS)
Component Analysis 137

4.9 Efficiency testing of Kaolinite Samples on Selected
Biofilm-forming Bacteria 142

4.9.1 Determination of Anti-bacterial Adhesion
Activity Using Anti-Bacterial Adhesion 
Bioassay 144

4.9.2 Determination of Anti-Biofilm Activity Using
Confocal Laser Scanning Microscope (CLSM) 150

4.10 Interaction of Biofilm-Forming Marine Bacteria with 
Modified Kaolinite Paint Mixture Using Atomic
Force Microscope (AFM) 157

Cl IA I’ I I K 5 CONCLUSION AND RECOMMENDATIONS 165

5.1 Conclusion 165

5.2 Recommendations and Future Works 167

REFERENCES 171

xii



LIST OF PUBLICATION 257

xiii



LIST OF TABLES

TABLE NO.

Table 2.1 

Table 2.2

Table 2.3

Table 2.4

Table 2.5

Table 3.1 

Table 3.2 

Table 3.3 

Table 3.4 

Table 3.5 

Table 3.6

Table 3.7

Table 3.8

Table 4.1 

Table 4.2

Table 4.3 

Table 4.4

TITLE

Common methods used for biofilm analysis.

Microscopy methods applications, advantages, and 
limitations.

Bacteria taxa reported in marine biofilms of artificial 
structures.

Main factors effecting biofilm formation in the marine 
environment.

Some important properties of kaolinite that relate to its 
applications (Prasad et al., 1991; Murray, 2006; Cheng et 
a l, 2019).

Chemical and materials used in the study.

Media used in this study.

Kits used in this study.

Solutions used in this study.

Proportion of kaolinite sample to commercial paint.

Biochemical test methods used to characterize the isolated 
strains based on procedures described by Cappuccino and 
Sherman (2002).

Bacteria biofilm production ability based on Stephanovie et 
al. (2007) interpretation.

Excitation (Excite) and emission (Xemit) wavelength of 
SYTO 9, PI and CW dyes.

Infrared band positions of the studied kaolinite samples.

Elemental compositions in percent weight (%) of studied 
samples.

Paint surfaces of different paint coating applications 
observed under the Nikon Eclipse Ni-U Nikon Research 
Microscope (Magnification: 10*, 500^m): (a) Morphology 
image; (b) Intensity surface analysis image.

Topographical height images of different paint coating 
surfaces under Atomic Force Microscope (AFM) (512 x

PAGE

17

19

24

27

41

53

54

55

56 

66

70

74

81

89

90 

94

xiv



97

100

102

104

107

112

114

116

123

127

128

132

138

512 line/pixel of resolution): (a) 2-dimensional (2D) image;
(b) 3-dimensional (3D) image.

Coated paint surfaces analyzed using the Atomic Force 
Microscope (AFM): (a) Surface cross sectional profile; (b) 
Mean roughness, Ra (^m); (c) RMS roughness, Rq (^m). 
The values after ± are standard deviations of the triplicate 
measurements.

Contact angle and surface hydrophobicity and surface 
energy of paint coated surfaces. The values after ± are 
standard deviation of the triplicate measurements.

Comparison of Mean Colony Forming Units (CFUs) on 
surfaces coated with paint using different paint coating 
techniques. The values after ± are standard deviation of the 
triplicate measurements.

Proportion of commercial paint to the kaolinite sample 
mixture and the CFU/mL analysis after exposure to filtered 
seawater for 7 days.

Morphological characterization of marine bacterial 
colonies attached on air spray paint coated surface 
immersed in filtrated seawater for 7 days.

Isolated bacteria cell shape, staining color and its Gram
type.

Overall biochemical characteristics of isolated strains.

Isolated bacterial stains found in air-liquid interface and 
flat-bottom biofilms of the Test Tube Assay.

Biofilm-forming capability of isolated strains under 
different conditions (static and dynamic) categorized based 
on Stepanovic et al., (2007) characterization.

Isolated marine bacteria BLAST analysis and their NCBI’s 
GenBank accession numbers.

Systematic classification of cultured isolated marine 
bacteria from commercial paint surfaces.

Infrared band of the functional groups presence in the of a 
bacterial cell EPS.

xv



LIST OF FIGURES

FIGURE NO. TITLE

Figure 2.1 Schematic illustrations of biofilm formation and
development accompanied by transmitted light microscopy 
images of P. aeruginosa biofilm (Source adapted from 
Stoodley et al., 2002). (1) Planktonic stage. (2) Cells 
migrate, attached on the surface and exuded EPS. (3) 
Adherent cells exuded more EPS. (4) Growth and 
microcolonies formation (5) Maturation followed by 
dispersal.

Figure 2.2 Schematic diagram of typical biofouling process (Source
adapted from Venugopalan, 2016).

Figure 2.3 Areas susceptible to biofouling on a typical ship Adapted
from Mermaid Marine Australia, Ltd; photographs courtesy 
of Ashley Coutts, Cawthron Institute, John Polglaze, URS 
Australia and Helix ESG (Online version in color).

Figure 2.4 Settlement of fouling organisms on a substrate surface
(Source adapted from Abarzua, 2005).

Figure 2.5 Physical and biochemical reactions involved in biofouling
process (Source adapted from Cao et al., 2011).

Figure 2.6 Mechanism of antimicrobial action of silver ions (Source
adapted from K^dziora et al., 2018).

Figure 2.7 Kaolinite structure (Source adapted from Kotal et al.,
2015).

Figure 2.8 Important industrial applications of kaolinite (Murray,
2006; Cheng et al., 2019).

Figure 2.9 Positions of HDTMA and Ag+ immobilized on the kalinite
framework via ion exchange process.

Figure 3.1 Flow chart of experimental design

Figure 3.2 Seawater sampling location: Tanjung Balau, Desaru
seashore, Kota Tinggi, Malaysia (red pinned location).

Figure 3.3 Diagram of liquid droplet on surface: (a) 9 > 90o
Hydrophobic surface, (b) 9 < 90o Hydrophilic surface.

Figure 3.4 Set-up of the paint coated glass coupon exposed to filtered
seawater.

Figure 3.5 Swabbing method.

xvi

PAGE

12

28

29

29

31

38

40

43

48

50

52

62

64

65



83

88

91

109

115

117

122

125

126

135

139

145

149

152

Vertical deflection image analysis.

Infrared spectra of studied samples; (a) Kao; (b) Ag-Kao;
(c) Or-Kao and (d) Or-Ag-Kao.

EDX spectra of (a) Commercial paint (b) Kao + commercial 
paint; (c) Or-Kao + commercial paint; (d) Ag-Kao + 
commercial paint and (e) Or-Ag-Kao + commercial paint.

Pure culture appearance of 10 selected bacteria colonies 
(Assigned code: PS1 to PS10) isolated from the surfaces 
coated with commercial paint using air spray application.

Typical Gram staining results of colonies from selected 
isolates (Magnification: 100*): (a) Gram-positive bacteria;
(b) Gram-negative bacteria

Typical positive and negative observation of the series of 
biochemical tests.

Representative result of biofilm formation on Test Tube 
Assay: (i) A side view of the test tube wall with an air-liquid 
interface biofilm, (ii) An aerial view of the flat-bottom 
biofilm.

Isolated strains biofilm in a microtiter plate after stained 
with CV.

Mean OD (570 nm) of 10 isolated strains cultivated under 
static and dynamic condition in Microtiter Plate Assay.

Comparison of dried cell weight, dried EPS and EPS 
productivity of marine bacterial isolates.

FTiR spectra of EPS from isolated strains biofilms.

Inhibitory effects of kaolinite (raw/modified) samples on 
model bacteria, B. niabensis (PS8) (Gram-positive) and A. 
litorea (PS9) (Gram-negative) after 7 days incubation. 
*Statistically significant difference with regard to
percentage of biofilm inhibition (P<0.05).

Inhibitory effects of kaolinite (raw/modified)-paint coating 
on model bacteria, B. niabensis (PS8) (Gram-positive) and
A. litorea (PS9) (Gram-negative) after 7 days incubation. 
*Statistically significant difference with regard to
percentage of biofilm inhibition (P<0.05).

Representative CLSM images of B. niabensis (PS8) 
biofilms grown on coated surfaces for 1 day, 3 days, 5 days 
and 7 days, respectively. The biofilm was stained with Bac 
Light viability stain. Live cells stained in green-fluorescent 
while dead cells stained in red-fluorescent.

xvii



Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18 

Figure 4.19 

Figure 4.20

Figure 4.21 

Figure 4.22

Representative CLSM images of A. litorea (PS9) biofilms 
grown on coated surfaces for 1 day, 3 days, 5 days and 7 
days, respectively. The biofilm was stained with Bac Light 
viability stain. Live cells stained in green-fluorescent while 
dead cells stained in red-fluorescent. 153

Live cell mean volumes of B. niabensis (PS8) and A. litorea 
(PS9) on commercial paint and kaolinite (raw and 
modified) + commercial paint coating surfaces. 154

Dead cell mean volumes of B. niabensis (PS8) and A. 
litorea (PS9) on commercial paint and kaolinite (raw and 
modified) + commercial paint coating surfaces. 154

EPS mean volume of B. niabensis (PS8) and A. litorea 
(PS9) on commercial paint and kaolinite (raw and 
modified) + commercial paint coating. 155

Mean lateral detachment force of B. niabensis (PS8). 160

Mean lateral detachment force of A. litorea (PS9). 160

Two-dimensional height micrograph of B. niabensis (PS8) 
bacterial cell (position showed in red circle) on Or-Ag-Kao 
+ commercial paint coated surface in AFM scan at Vsetpoint 
of (a) 0.3 V, (b) 3.0V, (c) 5.0V, (d) 10.0V and (e) Full scan 
after applied maximum setpoint (0.3V) (512 x 512 
line/pixel of resolution). 162

Mean contact surface area of B. niabensis (PS8). 163

Mean contact surface area of A. litorea (PS9). 164

xviii



LIST OF ABBREVIATIONS

2-D - Two dimensional

3-D - Three Dimensional

AF - Anti-fouling

AFM - Atomic Force Microscope

Ag-Kao - Silver modified kaolinite

ANOVA - Analysis of variances

ATR-FTiR - Reflectance-Fourier Transform Infrared

BLAST - Basic Local Alignment Search Tool

Br - Bromide

Ca - Calcium

CA - Mean contact angle

CCD - Charge coupled device

CFD - Computational fluid dynamics

CFU - Colony forming units

Cl - Chloride

CLSM - Confocal Laser Scanning Microscope

CO - Carbon monoxide

CV - Crystal violet

CW - Calcofluor White M2R

CW - Calcofluor White M2R

DCA - Diiodomethane contact angle

DNA - Deoxyribonucleic acid

DVLO - Derjaguin, Verwey, Landau and Overbeek

E - East

e.g. - exempli gratia to mean “for example”

eDNA - Extracellular deoxyribonucleic acid

EDX - Energy-Dispersive X-ray

EPS - Extracellular polymeric substances

Eq. - Equation

FIB - Focused ion beam

xix



GCA - Glycerol contact angle

H2O - Chemical formula for water

HDTMA - Hexadecyltrimethylammonium

i.e. - id est to mean “that is” or "in other words."

IMO - International Maritime Organization

Kao - Kaolinite

KBr - Potassium Bromide

LAS X - Leica Application Suite X

MA - Marine Agar

Max - Maximum

MB - Marine broth

Mg - Magnesium

N - North

Na+ - Sodium ions

NCBI - National Centre for Biotechnology

Information

NIS - Indigenous species

OD - Optical density

Or-Ag-Kao - Organo-silver-kaolinite

Or-Kao - Organo-kaolinite

PBS - Phosphate-buffered saline

PI - Propidium iodide

PS - Paint surface

QAC - Quaternary ammonium compounds

q-PCR - Quantitative polymerase chain reaction

QSI - Quorum sensing inhibitors

rRNA - 16S ribosomal DNA

Sb - Antimony

SD - Standard deviation of negative control

SE - Surface energy

SEM - Scanning Electron Microscope

Si - Silica

sp. - Species

xx



TBT-SPC

Ti

TPT

UV

VCA

vdW

WCA

A. litorea

B. niabensis 

et al.

etc.

I. baltica 

M. communis 

P. aeruginosa

S. lutimaris 

Ag+

CO2
Cu2+

Fe2+

Zn+

(CH3)3N(CH2)15CH3Br

AgNO3 

Al (OH>

Al2O3

Al2Si2O5(OH)4

MgCl2

NMs

NOx

ODavcNeg

ODc

ODc

Tributyltin self-polishing

Titanium

Tributyltin

Ultraviolet

Video contact angle

van de Waals

Water contact angle

Alteromonas litorea

Bacillus niabensis

et alii to mean “and others”

et cetera to mean “and other similar things”,

or “and so forth”

Idiomarine baltica 

Marinomonas communis 

Pseudomonas aeruginosa 

Salinimonas lutimaris 

Silver ion 

Carbon dioxide 

Copper ion 

Iron divalent ion 

Zinc ion

Chemical formula for

Hexadecyltrimethylammonium bromide

Silver nitrate

Aluminium hydroxide

Chemical formula for Aluminium oxide

Chemical formula for kaolinite

Chemical formula for Magnesium chloride

Nanomaterials

Nitrogen oxides

Mean Optical density of negative control 

Cut-off Optical density 

Cut-off OD

xxi



SiNO3 - Silicon Nitride

SiO2 - Chemical formula for Silicon dioxide

SOx - Sulphur oxide

xxii



LIST OF SYMBOLS

$ - Dollar

% - Percentage

~ - Approximatively equal to

± - Range of values that a measured quantity may have

o - Degree

oC - Degree Celsius

^L - Microliter

|im - Micrometre

|im - Micrometre

|im2 - Micrometre square

|im3 - Micrometre cube

CFU/mL - Colony forming unit per millilitre

cm - Centimetre

cm-1 - One per centimetre

eV - Electronvolt

g  - Acceleration of gravity

G - Gram

h - Hours

k  - Cantilever spring constant

kb - Kilobyte

kHz - Kilohertz

L - Cantilever length

L - Litre

m - Meter

mg - Milligram

min - Minutes

mJ/m2 - Millijoule per metre square

mL - Millilitre

mm - Millimetre

mM - Millimolar

xxiii



N/m

Nm

nm/V

nN

pH

Ra

rpm

Rq

s

S

5

V

Vdeflection

Vsetpoint

Vtotal

w/v

a

Y 
9

6 and 0
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CHAPTER 1

INTRODUCTION

1.1 Research Background

The ocean is the largest part on earth that contains an enormous amount of 

bacteria and always exposed to a variety of stress. In adapting these environmental 

challenges, marine bacteria usually form multicellular aggregates, known as biofilm. 

It is commonly visualized as a slimy layer that contains bacterial consortia embedded 

in an extracellular matrix. Biofilm development is a complex dynamic process forms 

gradually over time starting from the formation of a conditioning layer followed by 

bacterial adhesion, bacterial growth and biofilm expansion (Armbruster and Parsek,

2018). Biofilm formation have numerous advantages for bacteria development but 

detrimental to human and many industrial processes (Muhammad et al., 2020).

Biofilm formation on marine man-made artificial structures such as ship body, 

vessels, cooling water systems, sensors, oil rigs and pipelines are a common ecological 

phenomenon. Surface colonization and subsequent biofilm formation and 

development provide numerous advantages to microorganism survival, but they can 

also cause serious deleterious problems to marine industries. Biofilm formation on 

marine structures contribute to biofouling, a process of deposition of living and non

living matter on man-made artificial structures. Biofilm formation mediates the 

attachment of other undesirable of microscopic (algae) or macroscopic (barnacles, 

mussels) organisms on surfaces. Biofouling formation interfere with process 

performance (Bucs et al., 2018), cause material damage by the microbial attack 

(Fitridge et al., 2012; Turan et al., 2016), decrease product quality and quantity 

(Skovhus et al., 2017), contamination of antifouling chemicals (Wang et al., 2017) and 

shortening the life-time of plant components due to extended cleaning (Abioye et al.,

2019).
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Another biofouling-related issue of concern is the effect of the introduction of 

species into a new environment, non-indigenous species (NIS) where they are not 

naturally present (invasive species) by the long-range transport of water in ballast tanks 

(Ojaveer et al., 2018). Fouling communities developed in the submerged vessel 

communities have higher potential to be spread beyond their native distribution 

(Katsanevakis et al., 2013). These invasive species may cause unwanted consequences 

for the environment, economics, and human health (Fletcher et al., 2013; Lezzi et al., 

2018; Bonanno and Orlando-Bonaca, 2019).

Many conventional approaches such as mechanical cleaning, ultraviolet 

radiation and traditional chemical biocides have been utilized to counter biofilm 

effects in marine environment, but they are less effective. The use of antifouling paints 

with organometallic compounds or synthetic biocides might be the best way to combat 

biofilm and prevent biofouling (Salta et al., 2013). For many years, tributyltin (TBT) 

was widely used as the active components in antifouling (Eklund and Watermann, 

2018). TBT which is the most effective antifoulant has been used as a paint additive 

since the 1960s (Chambers et al., 2006; Korkut and Atlar, 2012). However, due to its 

toxic effect on the wider marine environment, the application of TBT coatings was 

prohibited by Marine Environment Protection Committee (MEPC) of the International 

Maritime Organization (IMO) in September 2008 (Wang et al., 2017).

After the ban on the use of TBT coating, copper has been increasingly used as 

the main biocide ingredient in antifouling paint coatings to tackle marine biofouling. 

Although copper is less toxic than TBT compounds, the extensive use of copper-based 

antifouling paints has led to the accumulation of copper and its compounds in the 

marine environment particularly beginning to pose a serious environmental problem 

(Srinivasan and Swain, 2007; Neira et al., 2011; Siddiqui et al., 2015). Previous studies 

shown that massive accumulation of copper ions concentrations toxic to aquatic 

organisms (Matthiessen et al., 1999; Katranitsas et al., 2003; Bao et al., 2010). Studies 

have shown that dissolved copper may affect not only target species but also give 

negative effects on other marine species by disrupting enzymatic activity and 

increasing mortality (Katranitsas et al., 2003; Bao et al., 2010; Lindgren et al., 2018).
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The widespread environmental concerns of copper containing biocides had 

leading to the implementation of new, very strict regulations on limitation in 

application and residue levels of copper-containing biocides for boat, yacht and ship 

hulls. The new regulation on copper-based antifouling paints application was decided 

after considering serious consequences of biofouling and the benefits of effective 

copper-based antifouling paints that use safe and approved copper concentrations. 

Even though countries like Japan, Denmark and Sweden had prohibited the use of 

copper in anti-fouling systems (Dekinesh, 2018), many counties in the world including 

European Union, France, New Zealand, Canada, and United State still approved the 

use of copper-based antifouling coatings in their waters with requirement of a complete 

scientific risk assessments and additional safety measurements. The scientific risk 

assessments are including the eco-toxicology tests and environment impacts tests 

(Source:http://echa.europa.eu/information-on-chemicals/biocidal-active-substances) 

while the additional safety measurements are including safe operational procedures for 

the application, removal, enhanced labelling, and maximum residue levels in products 

entering the food chain (McNeil, 2018).

Due to the restrictions on toxic biocides active ingredients usage in antifouling 

paints and increasing consumer environmental concern, the study of marine biofilm 

and the strategies to combat biofouling is currently one of the most important fields of 

research. Current research has developed more approaches as potential 

environmentally-friendly alternatives to solve biofilm and biofouling problems on 

man-made artificial marine structures (Li and Ning, 2019). Novel approaches such as 

quorum sensing inhibitors (Song et al., 2020; Muras et al., 2021), antimicrobial 

peptides (Doiron et al., 2018); Saha et al., 2020) , enzymes (Aykin et al., 2019; 

Mehrabi et al., 2020), non-biocides compounds (Ventura et al., 2017; Almeida et al.,

2018), bio-surfactants (Kim et al., 2015; Vladkova, 2018), microorganism metabolites 

(Wang et al., 2017; Li and Ning, 2019), nanomaterials (NMs) (Gutner-Hoch et al., 

2018; Figueiredo et al., 2020) and biomimetic surfaces (Selim et al., 2020; He et al.,

2020) had studied to solve biofilm formation on marine man-made artificial structures. 

However, many of these approaches still have limitations in application and efficiency 

(Tian et al., 2021).
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Therefore, this research aims to offer a promising solution to the biofouling 

problem in its initial stage of bacterial adhesion and biofilm formation on surfaces. A 

considerable focus of this research lies in the development of anti-biofouling paint 

additive with an emphasis on active compounds, silver ion (Ag+) and 

hexadecyltrimethylammonium (HDTMA) embedded in kaolinite clay structure. The 

aim is to transfer the developed anti-biofouling paint coating on man-made artificial 

structures in marine environment. Immobilization of cationic surfactants from the 

quaternary ammonium compounds (QAC) such as HDTMA in silver-kaolinite, termed 

as organo-silver-kaolinite clay (Or-Ag-Kao) may not only improve the antibacterial 

activity of the unmodified clay (Malachova et al., 2011; Salim and Malek, 2017; Nur 

Aryantie et al., 2019) but it also improve the absorption properties of the clay 

(Bagherifam et al., 2014; Malik et al., 2018). Kaolinite good controlled-release 

delivery system that could minimize cation residues in the environment and maintain 

toxic concentration of the loaded cation in close approximate to target microorganisms 

(Holesova et al., 2013; (Abukhadra and Allah, 2019). The loading of Ag+ and HDTMA 

onto the carrier system such as kaolinite may prevent the excessive release hence 

suppress the toxic side effects toward the marine ecology system as they are released 

into the environment at a controllable rate. Immobilization of HDTMA in silver 

modified kaolinite is also an alternative to prevent the formation of insoluble 

precipitates, AgCl when the Ag+ is released into the seawater comes into contact with 

chloride anions (Karel et al., 2015). Studies have shown that QACs such as HDTMA 

may act as the counter ions due to the great affinity towards chloride ions (Malek et 

al., 2013).

1.2 Problem Statement

Biofouling in maritime causes environmental disasters and billions of dollars 

are being consumed annually in the shipping industry. Drag and surface smoothness 

decreases when fouling organisms attach to the hulls of the vessel resulting an increase 

in the hydrodynamic weight and subsequently lead to a reduction in top speed and loss 

of maneuverability (Lindholdt et al., 2015). The effect of higher frictional resistance 

also increased fuel consumption (Cao et al., 2011), increased bunker costs at a constant

4



speed of the vessel or reduced speed at a constant fuel consumption which later lead 

to additional expenses due to time delays or lost earnings (Dafforn et al., 2011; Selim 

et al., 2017) . Moreover, biofouling can also cause an increase of the frequency of dry- 

docking operations either due to the need of additional hull cleaning or due to costly 

additional hull repair or coating replacement (Desher, 2018). Regarding to 

environmental impact, biofouling initiate transfer of invasive species into a new 

environment and has led to a new danger for the different oceans. Transported invasive 

species would potentially damage the conserved biodiversity to the particular new 

environment (Shevalkar et al., 2020). Thus, efforts of managing biofouling are 

beneficial to both economically and to the environment.

The most effective and easy way to overcome biofouling problem is 

application of antifouling coatings containing varying concentrations and mixtures of 

biocides (Miller et al., 2020). Presently, the most commonly used biocide in 

antifouling paints is cooper oxide (Gu et al., 2020). Though copper oxide is less toxic 

than tin, its effect on marine ecology is gradually increasing as it continues to 

accumulate (Siddiqui et al., 2015). This condition has caused much concern from 

regulators and researchers. The massive accumulation of copper ions concentrations 

in marine environment would significantly link to serious environmental hazard 

(Corcoll et al., 2019). Thus, the search for efficient and environmentally friendly anti- 

biofouling coating has become an even more significant issue (Selim et al., 2015).

Therefore, this research focused on investigating the anti-bacterial adhesion 

and anti-biofilm properties of the modified kaolinite, Or-Ag-Kao against isolated 

marine biofilm-forming bacteria. The finding would reveal the modified kaolinite 

potential as a new highly effective, broad-spectrum and environmental-friendly paint 

additive that can be applied in marine artificial structures. The working hypothesis was 

that immobilization of active compounds, silver ions and HDTMA in kaolinite 

structures would enhance the anti-bacterial adhesion and anti-biofilm properties of the 

paint and concurrently reduced the environmental hazard due to silver accumulation 

in marine environment. To date, no research has been done on producing new paint 

formulations containing Or-Ag-Kao to reduce or inhibit the biofilm formation on 

surfaces submerged in the seawater.
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1.3 Objectives of the Study

In this study, the kaolinite sample’s ability in reducing or minimizing biofilm 

formation were evaluated qualitatively and quantitatively. Hence, the following 

objectives were put forward:

(a) To characterize the prepared modified kaolinite samples and compared with 

the commercial paint.

(b) To select a paint coating technique that can minimize bacteria attachment on 

paint surfaces.

(c) To isolate, characterize and identify the attached marine bacterial on painted 

surfaces exposed to natural seawater under hydrodynamic condition.

(d) To evaluate the anti-bacterial adhesion and anti-biofilm efficiency of the

modified kaolinite sample (with/without paint) against Gram-positive and 

Gram-negative marine biofilm-forming bacteria.

(e) To investigate the lateral detachment force between the individual Gram-

positive and Gram-negative marine biofilm-forming bacteria from modified 

kaolinite + commercial paint surfaces.

1.4 Scopes of the Study

The research was initiated by characterizing the prepared kaolinite samples:

Kao (raw kaolinite), Ag-Kao (silver-kaolinite), HDTMA-Kao/Or-Kao (surfactant 

modified kaolinite), Or-Ag-Kao (surfactant-silver-kaolinite) and commercial paint 

using Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTiR)

Spectroscopy and Energy-Dispersive X-ray (EDX) Spectroscopy. Characterization of 

the prepared kaolinite samples and commercial paint would provide information about 

the chemical elements present in the samples. Determinations of the sample’s chemical 

elements constitution would be beneficial in generating correlation of the present 

elements and the anti-bacterial adhesion and anti-biofilm effects.
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Subsequently, four different paint coating methods: brush, roller, dipping and 

air spray were evaluated to determine the most unfavourable surface condition that can 

reduce marine bacteria formation. The paint surface conditions were evaluated based 

on the paint surface physical properties and its microbial growth properties. The 

physical properties of the paint surfaces were analysed using Atomic Force 

Microscope (AFM), Eclipse Ni-U Upright Microscope and VCA Optima instrument. 

Meanwhile, the microbial growth properties of the surfaces were evaluated from the 

Colony Forming Unit (CFUs) counting. This was followed by the selection of coating 

technique that was applied to deposit the kaolinite samples incorporated into 

commercial paint. The selected coating technique would provide an inconducive 

environment for bacterial biofilm development which will influence the selection of 

modified kaolinite sample to minimize the bacterial adhesion.

Biofilm formation was induced when bacterial cells attach on a surface. The 

type of bacterial cells that attached on a surface depend on the surface structure. 

Therefore, the marine bacteria were isolated from exposed surfaces in natural filtered 

seawater at a standard temperature and flow rate for a setting period. The isolated 

bacteria were subjected to series of biochemical test and biofilm assay before identified 

using molecular identification (16S rRNA sequencing). Next, the isolated bacteria EPS 

components were determined by using Attenuated Total Reflectance-Fourier 

Transform Infrared (ATR-FTiR) Spectroscopy. Later, the EPS productivity of the 

isolated biofilm-forming marine bacteria were determined and compared using Jiao et 

al. (2010) method.

Anti-bacterial bioassay was conducted to determine the effectiveness of the 

anti-biofilm paint derived from modified kaolinite in inhibiting or reducing the biofilm 

development of the isolated biofilm-forming marine bacteria. From the anti-bacterial 

bioassay, two species of the bacteria with superior biofilm formation capability were 

selected to represent the Gram-negative and Gram-positive group of bacteria. Confocal 

Laser Scanning Microscope (CLSM) analysis was performed to enumerate the 

bacterial cells on the paint surface. CLSM analysis would provide clearer and specific 

information on bacterial attachment and biofilm formation as CLSM can observed 

living cells, dead cells and EPS.
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The investigation on the strength of the bacterial attachment on paint surfaces 

were evaluated via interaction forces of cell-substrate surface interaction using AFM. 

For this purpose, lateral detachment force method in contact mode imaging was used 

to quantify the strength. Both qualitative and quantitative information collected from 

single bacterial cell interaction forces will determine which modified kaolinite sample 

was most effective in preventing biofilm formation.

1.5 Significance of the Study

The incorporation of silver ions and HDTMA in kaolinite structure would 

provide a promising solution to develop a new generation of efficient anti-biofouling 

additive for maritime coatings with minimal environmental hazard compared to 

currently available metal-based coatings. Kaolinite controlled-release delivery system 

would reduce the release rates of silver from antifouling paints in marine waters hence, 

the load of copper to the environment could be substantially reduced. The new coating 

is useful to extend the life of marine structures and reduce the maintenance cost. The 

outcome of this study will be a steppingstone in producing a broad-spectrum effective 

environmental-friendly anti-biofouling paint which can be used primarily in marine 

industry.
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