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ABSTRACT

Dental caries is a biofilm-mediated disease resulting from an ecological imbalance
within the oral microbiome, characterised by increased dominance of acidogenic and
extracellular polysaccharide producing bacteria, particularly Streptococcus mutans (S.
mutans). Although conventional antimicrobial agents such as chlorhexidine remain
widely used for caries control, their non-selective activity may disrupt the commensal
oral microbiota and compromise long-term ecological stability. Therefore, strategies
that selectively modulate cariogenic biofilms without eliminating health-associated
species are increasingly recognised as a priority in contemporary ecology-based caries
management. Accordingly, this thesis aimed to systematically evaluate pomegranate -
derived compounds (PDCs) as selective antibiofilm agents capable of attenuating
cariogenic biofilms while preserving health-associated oral bacteria. A structured two-
phase experimental framework was employed. In Phase I, seven PDCs, namely,
punicalagin (PUG), punicalin (PUN), corilagin, ellagic acid, gallocatechin, kaempferol
glycoside, and rutin, were comparatively screened using antimicrobial assays, biofilm
inhibition and eradication assays, acidogenicity assessment, and preliminary toxicity
evaluation. Among these candidates, PUG and PUN emerged as the leading candidates,
demonstrating effective inhibition of early biofilm formation at sub-minimum
inhibitory concentrations, attenuation of S. mutans virulence traits, and favourable
safety profiles in preliminary toxicity screening. Phase II focused on mechanistic
characterisation using optimised dual-species biofilm models comprising S. mutans and
the commensal Streptococcus gordonii (S. gordonii). Biofilm inhibition assays revealed
selective suppression of S. mutans biofilm biomass and viability, while largely
preserving the viability of S. gordonii. Transcriptional analyses of S. mutans
demonstrated significant downregulation of genes associated with extracellular
polysaccharide synthesis and adhesion (gtfB, gtfC, gbpB, gbpD), quorum sensing
(comDE), and biofilm maturation (brpA4), with minimal effects on core glycolytic
energy metabolism (Idh, atpD). In contrast, S. gordonii exhibited limited transcriptional
perturbation, with only modest, transient changes in adhesion- and biofilm-associated
genes (gtfG, abpA, cshA). Biofilm eradication assays targeting preformed dual-species
biofilms demonstrated time-dependent destabilisation of extracellular polysaccharide
rich biofilm structures without extensive bacterial killing, supported by upregulation of
autolysis- and cell wall remodelling—associated genes (atl4, 1ytF) in S. mutans.
Scanning electron microscopy further corroborated progressive structural
destabilisation of biofilms following compound treatment, particularly with PUG.
Collectively, these findings demonstrate that PUG and PUN selectively modulate
biofilm behaviour within a dual-species oral biofilm model through coordinated
antibiofilm and antivirulence mechanisms, reducing S. mutans dominance while
preserving commensal species. This work provides evidence supporting the
development of plant-derived antivirulence strategies aligned with ecology-based
approaches for sustainable caries prevention.

v



ACKNOWLEDGEMENT

Alhamdulillah, all praise is due to Allah for guiding me with strength and patience
through this long and winding journey of knowledge. This thesis is not merely an
academic milestone, but a reflection of faith, resilience, and the grace of those who
chose to walk beside me. My deepest gratitude is extended to my supervisory team, who
continued to believe in me and support me during my lowest point. I am sincerely
thankful to my main supervisor, Prof. Dato” Dr Mohamed Ibrahim, for his wisdom,
patience, and steadfast guidance. His trust provided clarity when the path felt uncertain.
I am equally grateful to my co-supervisors, Professor Dr Fathilah Abdul Razak and
Associate Professor Dr Indah Mohd Amin, whose thoughtful guidance, incisive
insights, and unwavering support shaped not only this research, but the scholar I have
become. Their belief in me is a gift [ will carry far beyond this thesis.

I am deeply thankful to my best friend, Vivi Noryati Ahmad, whose faith in me never
wavered, especially during my lowest moments. Her presence reminded me that belief
from others can carry us when our own feels fragile.

My greatest gratitude belongs to my beloved husband, Najmi Rahimi Muzni, a chronic
myeloid leukaemia survivor since 2010 and currently recovering from a stroke in 2025.
His quiet strength, patience, and unwavering support redefined my understanding of
perseverance. Walking this journey beside him taught me that resilience is not loud, but
enduring. Alongside him, I carried my own journey as an autoimmune fighter.
Balancing health, family, and career taught me that perseverance is not measured by
speed, but by the courage to keep moving forward with faith. To my precious children,
Aqil Zehni, Nurdini, Durratul Syafiah, and Mardhiyah Humaira you are my purpose
and my promise. Every step of this journey was taken with the hope of showing you
that dreams are worth pursuing, even when the road is long.

I am forever grateful to my mother, , for her prayers and
unwavering love. To my late father, Mohamad Zain Othman, this thesis stands as a
promise fulfilled, his values continue to guide me. My heartfelt appreciation also goes
to my siblings and in-laws for their prayers, patience, and understanding.

I would like to acknowledge the laboratory staff of Research Laboratory 2, Faculty of
Dentistry, Universiti Teknologi MARA, for their professionalism and support
throughout the experimental work. Finally, to everyone who contributed in ways seen
and unseen, thank you. May Allah be the One who repays every kindness.


Muhammad Farid Zulhilmi Zulkafli
Rectangle


TABLE OF CONTENTS

CONFIRMATION BY PANEL OF EXAMINERS
AUTHOR’S DECLARATION

ABSTRACT

ACKNOWLEDGEMENT

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF PLATES

LIST OF SYMBOLS

LIST OF ABBREVIATIONS

CHAPTER 1 INTRODUCTION
1.1 Research Background
1.2 Problem Statement
1.3 Research Gap
1.4 Rationale of the Study
1.5  Conceptual Framework of the Study
1.6 Research Questions
1.7  Research Objectives
1.7.1 General Objective
1.7.2  Specific Objectives
1.8 Significance of Study
1.9  Hypotheses
1.10  Ethical Committee
1.11  Thesis Scope
1.12  Thesis Outline

vi

Page

ii
iii

iv

vi
xii
XV

xvii
xviii

Xix

00 0NN NN AW N = -

p— e
N = OO



CHAPTER 2 LITERATURE REVIEW
2.1 Global and Clinical Impact of Dental Caries
2.2 Dental Caries as a Biofilm-Mediated Disease
23 Oral Biofilm Development and Structure
2.3.1 Formation of the Acquired Pellicle
2.3.2 Bacterial Adhesion and Early Colonisation
2.3.3 Biofilm Maturation and Stability
2.3.4 Biofilm Dispersion and Clinical Implications
24  Role of Bacterial Adhesion in Cariogenic Biofilms
2.5 Rationale for Selection of Bacterial Species
2.5.1 S. mutans: A Cariogenic Keystone Pathogen

2.5.2 Virulence Determinants of S. mutans and Their Experimental

2.6  Limitations of Conventional Antimicrobials
2.7  Antibiofilm Strategies in Oral Disease Control
2.7.1 Modulation of Cell Surface Properties
2.7.2 Inhibition of Adhesion and Co-aggregation
2.7.3 Interference with Extracellular Polysaccharides Synthesis
2.7.4 Disruption of Quorum Sensing
2.7.5 Destabilisation of Biofilm Architecture
2.7.6 Biofilm Eradication and Dispersal Mechanisms
2.8 Plant-Derived Compounds as Selective Antibiofilm Agents
2.8.1 Biological Activities of Pomegranate-Derived Preparations in
Oral Health
2.8.2 Rationale for Studying PDCs
2.9 Knowledge Gaps and Justification for the Present Study

CHAPTER 3 RESEARCH METHODOLOGY

3.1

253

2.5.4 S. gordonii as a Health-Associated Commensal

Assessment

Biofilm-Associated Gene Regulation in S. mutans

Materials

3.1.1

3.1.2 Bacterial Strains
3.1.3 Culture Media

Pomegranate-Derived Compounds (PDCs)

vii

30
31
32
34
36
37
37
38
39
40
41
44

45
48
51

53
53
53
53
53



3.2

33
34
3.5
3.6
3.7

3.8
3.9
3.10

3.11
3.12
3.13
3.14
3.15
3.16

3.17
3.18

3.1.4 Chemical Reagents

3.1.5 Commercial Kits

3.1.6 Consumables

3.1.7 Equipment

Preparation of Solution and Media

3.2.1 Preparation of Brain Heart Infusion (BHI) Agar

3.2.2 Preparation of Brain Heart Infusion (BHI) Broth

3.2.3 Preparation of Mitis Salivarius Agar (MSA)

3.2.4 Preparation of Phosphate-Buffered Saline (PBS) Solution

3.2.5 Preparation of Chlorhexidine (CHX)

3.2.6 Preparation of PDCs

Microorganisms Used in This Study

Experimental Design

Preparation of Standard Bacterial Suspension

Disc Diffusion Assay

Minimum Inhibitory Concentrations (MICs) and Minimum Bactericidal

Concentration (MBC)

Cell Surface Hydrophobicity Assay

Preparation of Clarified Saliva

Optimisation of Dual-species Biofilm Model of S. mutans and S.

gordonii

Minimum Biofilm Inhibitory Concentration (MBIC) Using CV Assay

Minimum Biofilm Eradication Concentration (MBEC) Using CV Assay

Glycolytic pH Drop Assay

Brine Shrimp Lethality Assay (BSLA)

Selection of Compounds for Phase Il

Phase II: Dual-Species Biofilm Evaluation of Selected Lead Compounds

3.16.1 Biofilm Inhibition Assay of PUG and PUN Against Dual-Species
Biofilms

3.16.2 Biofilm Eradication Activity of PUN and PUG on Preformed
Dual-Species Biofilms

Operational Definition of Ecological Selectivity

Statistical Analysis

3.18.1 Disc Diffusion Assay

viii

54
54
55
55
56
56
56
57
57
58
58
62
62
65
65

66
68
69

70
74
76
77
78
80
82

82

92
97
98
98



3.18.2 Minimum Inhibitory Concentration (MIC) and Minimum

Bactericidal Concentration (MBC) 98
3.18.3 Cell Surface Hydrophobicity Assay 98
3.18.4 Minimum Biofilm Inhibitory and Eradication Assays (MBIC and
MBEC) 99
3.18.5 Glycolytic pH Drop Assay 99
3.18.6 Brine Shrimp Lethality Assay 99
3.18.7 Bacterial CFU Counts Obtained from the Dual-Species Biofilm
Bead Model 99
3.18.8 Quantitative Real-Time PCR (RT-qPCR) 100
3.18.9 Scanning Electron Microscopy (SEM) 100
CHAPTER 4 RESULTS 101
4.1 Disc Diffusion Assay 101
4.2 Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC) 103
4.3 Cell Surface Hydrophobicity (CSH) of S. mutans and S. gordonii
Following PDCs Treatment 104
4.4 Optimisation of Dual-Species Biofilm Formation 109

4.5  Minimum Biofilm Inhibitory Concentration (MBIC) Using Crystal Violet

(CV) Assay 114
4.6 Minimum Biofilm Eradication Concentration (MBEC) Using CV Assay 116
4.7 Glycolytic pH Drop Assay 118
4.8  Brine Shrimp Lethality Assay (BSLA) 120
4.9 Selection of Compounds for Phase II 123
4.10  Phase II: Dual-Species Biofilm Inhibition Assay of PUG and PUN 126
4.10.1 Biofilm Biomass Quantification 126
4.10.2 Viable Cell Enumeration 128

4.10.3 Scanning Electron Microscopy (SEM) Analysis of Dual-Species
Biofilm Formation Under Inhibition Treatment with PUG and
PUN 131
4.10.4 Gene Expression Analysis of Dual-Species Biofilms During
Inhibition by PUG and PUN 133
4.11 Phase II: Dual-Species Biofilm Eradication Assay of PUG and PUN 138

X



4.11.1 Biofilm Biomass Quantification

4.11.2 Viable Cell Enumeration

4.11.3 SEM Analysis of Pre-formed Dual-Species Biofilms Following
Eradication Treatment with PUG and PUN

4.11.4 Gene Expression Analysis of Pre-formed Dual-Species Biofilms
Following Eradication Treatment with PUG and PUN

CHAPTER 5 DISCUSSION

5.1
5.2

53
54
5.5

5.6
5.7
5.8
59
5.10
5.11

5.12
5.13
5.14
5.15
5.16
5.17
5.18

Overview of the Key Findings

Ecological Rationale for Evaluating PDCs as Selective Antibiofilm and
Antivirulence Agents

Planktonic Antimicrobial Activity via MIC/MBC Determination

Cell Surface Hydrophobicity as an Early Antivirulence Target
Formation of an Experimental Salivary Pellicle for Biofilm
Development

Optimisation of a Reproducible Dual-Species Oral Biofilm Model
Model Validity and Scope of the Dual-Species /n vitro Platform
Screening of PDCs for Biofilm Inhibition (MBIC Assessment)
Screening of PDCs for Biofilm Eradication (MBEC Assessment)
Glycolytic pH-Drop Assay: Effects on Acidogenic Activity

Preliminary Toxicity Evaluation via Brine Shrimp Lethality Assay
(BSLA)

Rationale for Compound Selection for Phase II Evaluation

Phase II Dual-Species Biofilm Inhibition by PUG and PUN

Phase II Dual-Species Biofilm Eradication by PUG and PUN
Translational Relevance and Clinical Implications

Summary of Hypothesis Testing

Study Limitations

Future Directions

CHAPTER 6 CONCLUSION

6.1

Summary of Key Findings and Mechanistic Interpretation

6.2 Scientific Contribution, Translational Implications and Future Direction

138
138

143

145

149
149

150
152
154

156
157
162
163
165
167

168
170
171
179
185
187
188
189

193
193
194



REFERENCES 196

APPENDICES 227

AUTHOR’S PROFILE 254

xi



LIST OF TABLES

Tables Title Page

Table 2.1 Key Antibiofilm and Antivirulence Mechanisms Relevant to

Oral Biofilm Control and Their Experimental Assessment in

the Present Study 42
Table 2.2 Summary of Studies Investigating Pomegranate-Derived

Preparations for Oral Antimicrobial and Antibiofilm Activity = 47

Table 2.3 Summary of Geographic Origin, Extraction Approach, and
Identified Major and Minor Compounds in Pomegranate Peel
Extracts Across Selected Studies 48
Table 3.1 List of Chemical Reagents Used in This Study 54
Table 3.2 List of Commercial Kits Used in This Study 54
Table 3.3 Selected PDCs with CAS Numbers, Molecular Weights (MW),
Molecular Formulas (MF), Structures, And Purity 60
Table 3.4 Phase I Multi-Assay Screening Strategy Used to Prioritise
Pomegranate-Derived Compounds (PDCs) for Phase II
Investigation 81
Table 3.5 Composition of Reagents Used to Eliminate Genomic DNA
before Reverse Transcription 87
Table 3.6 Components Used to Synthesise Complementary DNA
(cDNA) from RNA Samples 88
Table 3.7 qPCR Reaction Setup Using SYBR Green Master Mix 88
Table 3.8 Thermocycling Conditions Showing Temperature and
Duration for Each Step &9
Table 3.9 Target Genes and Primer Sequences Used For RT-qPCR
Analysis of Biofilm- and Virulence-Associated Genes in S.
mutans During Biofilm Inhibition Assays 90
Table 3.10 Target Genes and Primer Sequences Used for RT-qPCR

Analysis of Biofilm- And Virulence-Associated Genes in S.
gordonii During Biofilm Inhibition Assays 91

xii



Table 3.11

Table 3.12

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

Table 4.10

Target Genes and Primer Sequences Used for RT-qPCR
Analysis of Biofilm- and Virulence-Associated Genes in S.
mutans During Biofilm Eradication Assays

Target Genes and Primer Sequences Used for RT-qPCR
Analysis of Biofilm- And Virulence-Associated Genes in S.
gordonii During Biofilm Eradication Assays

Zones of Inhibition (mm) of PDCs Against S. gordonii and S.
mutans

Minimum Inhibitory Concentrations (MIC), Minimum
Bactericidal Concentrations (MBC), and MBC/MIC Ratio of
PDCs and CHX against S. gordonii and S. mutans

Effect of Initial Inoculum Density (CFU/mL) on Dual-Species
Biofilm Biomass and Species Recovery in 96-Well and Glass-
Bead Models

Effect of Inoculum Ratio (S. mutans:S. gordonii) on Dual-
Species Biofilm Biomass and Species Recovery in 96-Well and
Glass-Bead Models

Effect of Sucrose Concentration (%) on Dual-Species Biofilm
Biomass and Species Recovery in 96-Well and Glass-Bead
Models

MBICso and MBICoo (pg/mL) of PDCs Against Single-Species
(S. gordonii, S. mutans) and Dual-Species Biofilms

MBECso and MBECw (ng/mL) of PDCs Against Preformed
Single-Species (S. gordonii, S. mutans), and Dual-Species
Biofilms

Lethal Concentration (LCso) Values, Coefficient of
Determination (R?), and Toxicity Classification of PDCs
Determined Using the BSLA

Predefined Selection Matrix Used to Prioritise PDCs for Phase
I

Statistical Comparisons of Logio CFU/bead for S. mutans, S.
gordonii, and Total Biofilm Following Inhibition Treatment
with PUG, PUN, and CHX

xiii

95

96

102

103

111

112

113

115

117

123

125

130



Table 4.11

Table 5.1

Table 5.2

Table 5.3

Statistical Comparisons of Logio CFU/bead for S. mutans, S.
gordonii, and Total Biofilm Following Eradication Treatment
with PUG, PUN, and CHX

Summary Comparison of The Ecological Antibiofilm Effects
of PUG and PUN During Dual-Species Biofilm Inhibition
Summary Comparison of The Ecological Antibiofilm Effects
of PUG and PUN During Dual-Species Biofilm Eradication

Summary of Hypothesis Testing Outcomes

Xiv

142

178

184
188



Figures

Figure 2.1

Figure 2.2

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

LIST OF FIGURES

Title

Conceptual Schematic Illustrating the Stepwise Development
of Dental Plaque Biofilm on the Tooth Surface

Conceptual Illustration of Antibiofilm and Antivirulence
Mechanisms Targeting Oral Biofilms

Workflow Diagram of Two-Phase Experimental Design for
Evaluating Antibiofilm And Antivirulence Potential of PDCs
Schematic Diagram of Minimal Inhibitory Concentration
(MIC) Plate Setup

Workflow for Assessment of Viable Cells in Dual-Species
Biofilms by CFU Enumeration

Schematic Diagram Of RT-qPCR Plate Layout
Hydrophobicity Index (HI) of S. mutans After Exposure to
PDCs at Sub-Minimum Inhibitory Concentrations and MIC
concentration

Hydrophobicity Index (HI) of S. gordonii After Exposure to
PDCs At Sub-Minimum Inhibitory Concentrations and MIC
Concentration

Time-Dependent Glycolytic pH Drop of S. mutans over 120
min Following Treatment with PDCs

Endpoint pH at 120 min in the Glycolytic pH Drop Assay for
S. mutans Following Treatment with PDCs

Dose—Response Curves of Brine Shrimp Mortality After 24 h
Exposure to PDCs

Biomass of Dual-Species Biofilms (S. mutans + S. gordonii)
Following Inhibition Treatment with PUG, PUN, and CHX
Effect of PUG and PUN on Inhibition of Dual-Species Biofilm

Formation of S. mutans and S. gordonii

XV

Page

19

43

64

67

84

92

106

108

118

119

121

127

129



Figure 4.8

Figure 4.9
Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 5.1

Figure 5.2

SEM Analysis of Dual-Species Biofilm Formation of S. mutans
and S. gordonii Following Inhibition Treatment with PUG and
PUN

Effect of PUG and PUN on S. mutans Gene Expression
Effect of PUG and PUN on S. gordonii Gene Expression
During Inhibition of Dual-Species Biofilm Formation in a
Sucrose-Dependent Environment

Biomass of Dual-Species Biofilms (S. mutans + S. gordonii)
Following Eradication Treatment with PUG, PUN, and CHX
Effect of PUG and PUN on Viable Bacterial Counts of S.
mutans and S. gordonii in Dual-Species Biofilms Following
Eradication

SEM Analysis of Preformed Dual-Species Biofilms (S. mutans
+ S. gordonii) Following Eradication Treatment with PUG and
PUN

Effect of PUG and PUN on §. mutans Gene Expression in
Dual-Species Biofilms Following Eradication Treatment
Effect of PUG and PUN on S. gordonii Gene Expression in
Dual-Species Biofilms Following Eradication Treatment
Proposed Mechanism of Biofilm Inhibition by PUG and PUN
in a Dual-Species Oral Biofilm Under Sucrose-Rich
Conditions

Proposed Mechanism of Biofilm Eradication by PUG and PUN

Under Sucrose-Rich Dual-Species Biofilm Conditions

XVi

132
135

137

140

141

144

146

148

179

183



LIST OF PLATES

Plates Title Page
Plate 3.1 CV-Stained Biofilms During Solubilisation using 33% (v/v)
Acetic Acid 72
Plate 3.2 Mitis—Salivarius (MS) Agar Showing Colony Differentiation
of S. gordonii and S. mutans 73

Xvil



Symbols

°C

%

v

IN

AACT

2°AACT
logm

ng

pg/mL

OD

OD595

ns

LIST OF SYMBOLS

Degree Celsius

Percentage

Plus—Minus (standard deviation or variation)
Multiplication Factor (e.g., magnification, MIC multiples)
Greater than or Equal to

Less than or Equal to

Difference in Threshold Cycle Values Used in RT-qPCR
Analysis

Method for Relative Gene Expression Quantification
Base-10 Logarithm

Microgram

Microgram Per Millilitre

Microlitre

Optical Density

Optical Density Measured at 595 nm

Probability Value in Statistical Tests

Not Statistically Significant

xviii



Abbreviations

ATCC

BSLA

CFU

CHX

COR

CSH

EA

EPS

GC

KG

LCso

MATH

MBC

MBEC

MBIC

MIC

min

PBS

PDCs

LIST OF ABBREVIATIONS

American Type Culture Collection
Brine Shrimp Lethality Assay
Colony Forming Units
Chlorhexidine

Corilagin

Cell Surface Hydrophobicity
Ellagic acid

Extracellular Polymeric Substances
Gallocatechin

Hour(s)

Kaempferol glucoside

Median Lethal Concentration
Microbial Adhesion to Hydrocarbon

Minimum Bactericidal Concentration

Minimum Biofilm Eradication Concentration

Minimum Biofilm Inhibitory Concentration

Minimum Inhibitory Concentration
Minute

Phosphate Buffered Saline

Pomegranate-Derived Compounds

XiX



PUG

PUN

rpm
RT-qPCR
RUT

SD

SEM

Punicalagin

Punicalin

Ribonucleic Acid

Revolutions Per Minute

Reverse Transcription Quantitative Polymerase Chain Reaction
Rutin

Standard Deviation

Scanning Electron Microscopy

XX



CHAPTER 1
INTRODUCTION

1.1 Research Background

The oral cavity harbours a highly diverse microbial community that
predominantly exists as surface-associated biofilms rather than as free-living
microorganisms (Flemming & Wingender, 2010). Dental plaque is therefore best
understood as a structured microbial ecosystem, in which microorganisms interact
dynamically with one another and with their local environment, giving rise to emergent
properties that cannot be inferred from planktonic behaviour alone (Marsh, 2003).
Within this ecosystem, oral health and disease are determined not merely by the
presence of specific microbial taxa, but by shifts in collective microbial activity,
metabolic output and functional balance (Marsh 20006).

Dental caries is now recognised as a biofilm-mediated disease that arises from
an ecological imbalance within the oral microbiome. Under health-associated
conditions, the oral biofilm remains functionally stable, with microbial activities that
are compatible with enamel integrity. In contrast, sustained environmental pressures,
particularly frequent exposure to fermentable carbohydrates, may drive adaptive
changes in biofilm composition and behaviour, favouring acidogenic and aciduric
species such as mutans streptococci and lactobacilli. This shift results in increased acid
production and prolonged acid retention within the biofilm microenvironment,
ultimately leading to progressive demineralisation (Marsh, 2006; Takahashi and Nyvad
etal., 2011).

This ecological understanding of dental caries challenges earlier pathogen-
centred models that focused primarily on eliminating specific bacterial species. Instead,
contemporary research increasingly emphasises modulation of biofilm function as a
therapeutic objective. Within this framework, interventions that attenuate key virulence
behaviours including adhesion, extracellular polysaccharide synthesis, acidogenic
metabolism, and stress tolerance may reduce the pathogenic potential of the biofilm
without disrupting beneficial commensal communities. Such approaches are considered

more consistent with the ecological plaque hypothesis because they target disease-



driving functions rather than attempting to sterilise the oral microbiome, which is

neither feasible nor desirable (Marsh, 2003; Brookes et al., 2023).

1.2 Problem Statement

Dental caries remains one of the most prevalent chronic diseases globally,
despite widespread use of chemical plaque-control agents and advances in oral hygiene
practices (Peres et al., 2019). Beyond its high prevalence, dental caries imposes a
substantial burden on individuals and healthcare systems, contributing to pain, impaired
oral function, reduced quality of life, and significant treatment costs across the lifespan
(Kassebaum et al., 2015; Listl et al., 2015; Peres et al., 2019). This persistence reflects
a fundamental limitation in contemporary caries management. Most antimicrobial
strategies are designed to reduce bacterial load rather than to address the underlying
functional imbalance within the oral biofilm that drives disease initiation and
progression (Giacaman et al., 2022). Chlorhexidine (CHX), the most widely used
chemical antiseptic, exemplifies this limitation. Although CHX exhibits broad
antimicrobial efficacy and is frequently employed as a clinical and experimental
reference standard, its non-selective mode of action affects both cariogenic and health-
associated oral bacteria. By indiscriminately suppressing commensal species that
contribute to biofilm homeostasis and pH regulation, prolonged or repeated CHX use
may disrupt microbial balance and promote dysbiosis rather than long-term ecological
stability (Brookes et al., 2023; Dumitrel et al., 2024). In addition, adverse effects
associated with extended use limit its suitability for sustained caries prevention
(Poppolo Deus & Ouanounou, 2022). As a result, current chemical approaches may
temporarily alleviate the microbial burden but fail to deliver durable, ecology-aligned
disease control. These shortcomings underscore a clear mismatch between the
ecological nature of dental caries and the mechanism of action of conventional chemical
antimicrobials.

From a clinical perspective, strategies that selectively suppress cariogenic
bacteria while preserving health-associated commensals may promote greater
ecological stability within the oral biofilm. Commensal streptococci contribute to pH
buffering, hydrogen peroxide production, and competitive inhibition of cariogenic
organisms, thereby limiting dysbiosis and promoting oral health (Kreth et al., 2008;
Marsh & Zaura, 2017). Interventions that disrupt these beneficial species may therefore



unintentionally reduce the ecological resilience of the oral microbiome. Selective
modulation of pathogenic traits, rather than indiscriminate antimicrobial killing, is
increasingly viewed as a more sustainable strategy for long-term caries prevention. By
maintaining microbial balance, such approaches may reduce the risk of dysbiosis-
associated relapse and support more sustainable disease control beyond short-term
reductions in microbial load.

In response to these limitations, plant-derived agents have been increasingly
investigated as alternative or adjunctive approaches for oral biofilm control (Lugo-
Floreset al., 2021; Miclaus et al., 2025). Pomegranate-based preparations, in particular,
have demonstrated antimicrobial and antibiofilm activity against oral microorganisms
in both in vitro and clinical studies (Umar et al., 2016; Singlaet al., 2018; Kadam et al.,
2019; Jacob et al., 2021). However, most of these studies rely on crude extracts with
variable compositions and employ simplified experimental models that emphasise
growth inhibition rather than biofilm-specific behaviour or virulence modulation.

Consequently, it remains unclear whether plant-derived agents can selectively
attenuate cariogenic biofilm behaviour without adversely affecting commensal species
that contribute to microbial stability. This knowledge gap limits the rational
development of sustainable, long-term caries management strategies that align with the
ecological plaque hypothesis. Addressing this unresolved question requires
experimental approaches that move beyond non-selective antimicrobial screening and
instead employ biofilm-specific, ecology-informed models capable of evaluating both

pathogenic suppression and commensal preservation.

1.3 Research Gap

Despite growing interest in plant-based antibiofilm agents for oral biofilm
control, several critical limitations in the existing literature limit mechanistic
understanding and translational relevance. A major gap lies in the continued reliance on
crude extracts rather than chemically defined phytocompounds. While plant-based
studies provide preliminary evidence of antimicrobial potential, variability in
compounds composition, extraction methods and dosing severely limits reproducibility
and obscures identification of the specific bioactive constituents responsible for
antibiofilm or antivirulence effects (Tzimas et al., 2024b). In addition, many antibiofilm

studies use single-species biofilm models that do not reflect the ecological complexity



of dental plaque. Such simplified systems do not account for interspecies interactions
that shape biofilm behaviour, and disease progression models are insufficient for
evaluating selective effects on cariogenic bacteria in the presence of health-associated
commensal species (Heersema & Smyth, 2019). The frequent omission of commensal
microorganisms further limits interpretation of whether observed antibiofilm activity
represents targeted virulence modulation or non-selective antimicrobial suppression.
Another important gap concerns the failure to distinguish between inhibition of biofilm
formation and eradication of established biofilms. Early and mature biofilms differ
fundamentally in structure, physiology, and antimicrobial tolerance, yet these stages are
often conflated in experimental studies. This methodological limitation risks
overestimating therapeutic potential, particularly when agents effective against
developing biofilms are assumed to be equally effective against mature, structured
communities.

Finally, although phenotypic outcomes such as reduced biofilm biomass or
bacterial viability are commonly reported, relatively few studies integrate these findings
with gene-level analysis to elucidate how antibiofilm agents influence virulence
regulation within structured biofilms. Without transcriptional or mechanistic insight, it
remains unclear whether observed effects arise from true antivirulence activity or from
non-specific growth inhibition. Collectively, these gaps underscore the need for
systematic investigation of purified plant-derived compounds using ecologically
relevant multispecies biofilm models and mechanistic endpoints that extend beyond
bacterial growth suppression. Addressing these limitations is essential for advancing
ecology-based strategies for sustainable caries prevention. Among these considerations,
the absence of mechanistic insight into how chemically defined plant-derived
compounds modulate virulence expression and interspecies interactions within

multispecies oral biofilms represents the primary gap addressed in this thesis.

14 Rationale of the Study

This study adopts a structured, ecology-based experimental design to investigate
selective antibiofilm strategies for caries prevention. Rather than relying on crude plant
extracts, purified pomegranate-derived compounds (PDCs) were selected to ensure
chemical definition and experimental consistency, thereby enabling clearer attribution

of observed biological effects to specific molecular entities. This compound-focused



approach supports reproducibility and facilitates mechanistic interpretation, addressing
a key limitation of extract-based antibiofilm studies. This study was designed as a
hypothesis-driven investigation rather than a broad phytochemical screening exercise,
with compound selection and endpoints defined by specific ecological and mechanistic
questions. The investigation was conducted in two sequential phases. Phase I involved
comparative screening of multiple PDCs to evaluate antibacterial, antibiofilm,
antivirulence, and preliminary safety profiles, allowing rational prioritisation of
candidate compounds based on biofilm-relevant performance rather than planktonic
antimicrobial activity alone. Phase II focused on detailed mechanistic evaluation of
selected lead compounds to elucidate their effects on biofilm behaviour under
ecologically relevant conditions.

To reflect the microbial interactions that underpin dental caries, a dual-species
biofilm model comprising a cariogenic pathogen (S. mutans) and a health-associated
commensal (S. gordonii) was employed. This model enables direct assessment of
selective antibiofilm activity, including attenuation of cariogenic virulence while
preserving commensal viability, a central principle of ecology-based caries
management. In this study, successful antibiofilm activity was defined as attenuation of
cariogenic virulence traits while maintaining the viability of health-associated
commensal bacteria, consistent with an ecology-based approach to caries management.
Incorporating transcriptional analysis further enables investigation of virulence
modulation at the gene-expression level, providing mechanistic insight beyond
phenotypic endpoints such as biomass reduction or bacterial viability.

Through this integrated design, the study aims to advance understanding of how
purified PDCs can modulate the behaviour of cariogenic biofilms without disrupting
microbial homeostasis. The findings are intended to provide a robust experimental
foundation for the development of sustainable, plant-inspired strategies for caries
prevention that align with contemporary ecological concepts of oral biofilm
management. While no in vitro biofilm model can fully capture the complexity of the
oral ecosystem, including host factors and dynamic environmental conditions, the use
of controlled multispecies systems provides a reproducible and mechanistically

informative platform for studying selective virulence modulation.



1.5 Conceptual Framework of the Study

The present study is underpinned by the ecological plaque hypothesis, which
conceptualises dental caries as a consequence of altered biofilm function rather than
infection by a single pathogenic organism (Marsh, 2003; Marsh, 2006). Within this
framework, caries progression arises from environmentally driven shifts in microbial
behaviour, characterised by increased acidogenicity, enhanced biofilm stability, and
persistence under acidic conditions, ultimately leading to enamel demineralisation. This
environmentally driven disturbance of the normal microbial community is referred to
as dysbiosis, defined as a disruption of the ecological balance of the plaque biofilm in
which health-associated microbial interactions are replaced by a more cariogenic,
acidogenic and acid-tolerant community.

In contrast to conventional antimicrobial approaches that aim to reduce overall
bacterial load, the conceptual framework of this study emphasises selective modulation
of cariogenic virulence traits while preserving health-associated members of the oral
microbiota. Commensal species play an essential role in maintaining biofilm stability
and ecological balance, and their indiscriminate suppression may predispose the biofilm
to recurrent dysbiosis and disease relapse.

Accordingly, the framework prioritises evaluation of antibiofilm and
antivirulence effects over planktonic bactericidal activity. Changes in biofilm behaviour
are assessed through phenotypic endpoints related to adhesion, biofilm formation,
acidogenicity, and biofilm resilience, while transcriptional analysis is employed to
elucidate modulation of virulence-associated gene expression within structured
biofilms. Together, these outcomes are interpreted as indicators of functional biofilm
modulation rather than microbial eradication.

This conceptual framework provides the theoretical basis for the experimental
design and the interpretation of the study's outcomes. By linking ecological theory to
measurable biofilm-specific and molecular endpoints, it supports an ecology-based
strategy for caries prevention that aligns with contemporary understanding of oral

biofilm biology and guides evaluation of selective antibiofilm interventions.



1.6 Research Questions

Based on the identified research problem and gaps, the following research

questions were formulated to guide the study:

1. Do selected PDCs exhibit antimicrobial and antibiofilm activity against S.
mutans and S. gordonii under in vitro conditions?

2. What minimum concentrations of selected PDCs are required to inhibit the
formation of, and eradicate, S. mutans and S. gordonii biofilms?

3. How do selected PDCs influence the cell surface hydrophobicity of S. mutans
and S. gordonii under dose-dependent conditions?

4. Do selected PDCs reduce the acidogenic potential of S. mutans under cariogenic
conditions?

5. What is the preliminary cytotoxicity profile of selected PDCs at biologically
effective concentrations?

6. Do the lead compounds punicalagin (PUG) and punicalin (PUN) inhibit S.
mutans during biofilm formation in a dual-species (S. mutans—S. gordonii)
model without disproportionately suppressing S. gordonii?

7. Are the lead compounds PUG and PUN capable of disrupting established dual -
species (S. mutans—S. gordonii) biofilms while preserving the viability of the

commensal S. gordonii?

1.7  Research Objectives

1.7.1 General Objective

The general objective of this study is to evaluate the antimicrobial, antibiofilm,
and virulence-modulating activities of PDCs against S. mutans and S. gordonii, with
particular emphasis on selectively modulating cariogenic biofilms while preserving

commensal bacterial viability.



1.7.2

1.8

Specific Objectives

The specific objectives of the study are to:

Evaluate the antibacterial activity of selected PDCs against S. mutans and S.
gordonii using disc diffusion, minimum inhibitory concentration (MIC), and
minimum bactericidal concentration (MBC) assays.

Assess the antibiofilm activity of PDCs by determining the minimum biofilm
inhibitory concentrations (MBICso and MBICs) and minimum biofilm
eradication concentrations (MBECso and MBECso) using crystal violet-based
biofilm assays.

Determine the effects of selected PDCs on cell surface hydrophobicity (CSH)
of S. mutans and S. gordonii using the microbial adhesion to hydrocarbon assay.
Examine the effect of selected PDCs on the acidogenic potential of S. mutans
using a glycolytic pH-drop model.

Evaluate the preliminary cytotoxicity of selected PDCs using a brine shrimp
lethality assay (BSLA) and determine median lethal concentration (LCso)
values.

Investigate the effects of selected lead compounds punicalagin (PUG) and
punicalin (PUN) to selectively inhibit S. mutans virulence during biofilm
formation in a dual-species (S. mutans-S. gordonii) model while preserving S.
gordonii viability.

Evaluate the capacity of selected lead compounds PUG and PUN to disrupt
established dual-species (S. mutans—S. gordonii) biofilms through attenuation of
S. mutans virulence, with concurrent assessment of their effects on the

commensal S. gordonii.

Significance of Study

This study makes a meaningful contribution to contemporary oral microbiology

and caries research by advancing ecology-based strategies for oral biofilm management.

By focusing on selective modulation of cariogenic biofilm behaviour rather than

indiscriminate bacterial eradication, the study aligns with and extends the ecological



plaque hypothesis, reinforcing the concept that functional balance within the oral
biofilm is central to sustainable caries prevention.

From a scientific perspective, this work contributes new evidence on the
antibiofilm and antivirulence potential of PDCs, specifically PUN and PUG. Unlike
crude plant extracts, which are limited by compositional variability and inconsistent
bioactivity, chemically defined compounds enable reproducible evaluation and clearer
attribution of biological effects. This compound-focused approach strengthens
mechanistic interpretation and enhances the translational relevance of plant-derived
antibiofilm research.

Methodologically, the incorporation of a dual-species biofilm model comprising
S. mutans and S. gordonii represents a practical and experimentally controlled
improvement over single-species models by evaluating selective antibiofilm activity.
By simultaneously assessing effects on a cariogenic pathogen and a health-associated
commensal, the study addresses a critical limitation of single-species models and
provides insight into how candidate agents influence defined interspecies interactions
and functional biofilm balance under controlled conditions. However, this model does
not fully reproduce the structural, taxonomic and environmental complexity of natural
oral biofilms, which contain highly diverse microbial communities exposed to dynamic
salivary flow, dietary substrates and host-derived factors. Therefore, the dual-species
system should be interpreted as a reductionist but useful experimental platform that
enables targeted evaluation of selective effects, rather than as a complete representation
of the oral ecosystem.

The study further contributes to mechanistic understanding by integrating
phenotypic assays with gene expression analysis of key virulence-associated pathways,
including adhesion, acidogenicity, and extracellular polysaccharide synthesis. This
integrated approach enables distinction between true virulence attenuation and non-
specific antimicrobial effects, advancing understanding of how selective antibiofilm
agents modulate biofilm behaviour at both functional and molecular levels.

Finally, the inclusion of preliminary cytotoxicity screening supports the
potential suitability of the investigated compounds for long-term preventive
applications. Together, the findings of this study provide a robust scientific foundation
for future formulation development and translational research to produce selective,
biocompatible oral care products with reduced risk of dysbiosis and antimicrobial

resistance. As such, this work contributes not only to fundamental knowledge but also



to the rational development of sustainable, plant-inspired strategies for caries

prevention. Notably, the originality of this work lies in its integration of chemically

defined pomegranate-derived compounds, a controlled dual-species biofilm model with

acknowledged ecological limitations, and mechanistic gene-expression analysis to

evaluate selective antivirulence strategies for caries prevention.

1.9

HI.

H2.

H3.

H4.

HS.

He.

H7.

1.10

Hypotheses

The hypotheses of this study are as follows:

Selected PDCs exhibit antibacterial activity against S. mutans and S. gordonii
under in vitro conditions.

Selected PDCs exhibit antibiofilm activity against S. mutans and S. gordonii by
inhibiting biofilm formation and disrupting established biofilms.

Selected PDCs modulate early virulence-associated traits of S. mutans and S.
gordonii, including cell surface properties related to bacterial adhesion, in a
dose-dependent manner.

Selected PDCs reduce the acidogenic potential of S. mutans under cariogenic
conditions.

Selected PDCs exhibit acceptable preliminary safety profiles at biologically
effective concentrations.

The lead compounds PUG and PUN selectively attenuate S. mutans virulence
during biofilm formation in a dual-species (S. mutans—S. gordonii) model while
preserving the viability of the commensal S. gordonii.

The lead compounds PUG and PUN selectively attenuate S. mutans virulence
within established dual-species (S. mutans—S. gordonii) biofilms while

preserving the viability of the commensal S. gordonii.

Ethical Committee

Ethical approval for the study was obtained from the Universiti Teknologi

MARA (UiTM) Research Ethics Committee (REC/01/2023(PG/MR/27)) prior to

commencement. Although the experimental work involved in vitro microbial assays,
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ethical clearance was required for the collection of human saliva used to prepare

experimental acquired pellicle for biofilm formation studies.

1.11  Thesis Scope

This study is confined to the in vitro evaluation of selected PDCs for their
antibacterial, antibiofilm, and antivirulence activities against oral streptococci
associated with dental caries. The investigation focuses specifically on S. mutans as a
representative cariogenic pathogen and S. gordonii as a health-associated commensal
and pioneer coloniser, reflecting key ecological interactions relevant to dental biofilm
development.

The scope of the study encompasses a systematic assessment of antibacterial
activity, virulence-associated phenotypes, and biofilm behaviour under controlled
laboratory conditions. Evaluation of virulence-related traits includes modulation of
bacterial adhesion-associated properties, inhibition and eradication of biofilms, and
alteration of acidogenic potential. Preliminary safety assessment is limited to
cytotoxicity screening to support prioritisation of candidate compounds for further
investigation.

Mechanistic investigation is restricted to selected lead compounds, PUG and
PUN, which were prioritised based on Phase I screening outcomes. These compounds
are further examined using dual-species biofilm models to assess selective modulation
of cariogenic biofilm behaviour in the presence of a health-associated commensal.
Mechanistic insight is derived from integrated phenotypic and molecular analyses,
including assessment of biofilm architecture, viable bacterial populations, and
transcriptional regulation of predefined genes associated with adhesion, extracellular
polysaccharide synthesis, stress response, and biofilm stability in S. mutans.

This study does not include in vivo experimentation, clinical trials, formulation
development, pharmacokinetic and pharmacodynamic analyses, or comprehensive
toxicological assessment beyond preliminary screening. Accordingly, the findings are
interpreted within the context of simplified in vitro biofilm models and are not intended
to directly predict clinical efficacy. Interactions involving additional oral microbial
taxa, host immune responses, and long-term ecological dynamics within complex oral

microbiomes are also beyond the scope of the present investigation.
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Within these defined boundaries, the study aims to generate robust experimental
evidence supporting the potential of PDCs as selective biofilm-modulating agents and
to provide a scientifically grounded platform for future translational, formulation-based,

and clinical research in ecology-based caries prevention.

1.12  Thesis Outline

This thesis is organised into six chapters, progressing logically from conceptual
foundations and theoretical context to experimental investigation, critical interpretation,

and final conclusions.

Chapter 1: Introduction

This chapter establishes the research context and theoretical basis of the study.
It introduces the oral biofilm ecosystem and the role of microbial dysbiosis in dental
caries, followed by a discussion of the research background and problem statement. The
chapter further defines the research gap, rationale, significance, objectives, research
questions, hypotheses, scope, and limitations, thereby setting clear direction and

boundaries for the investigation.

Chapter 2: Literature Review

This chapter provides a critical review of current knowledge on oral biofilm
biology, with particular emphasis on ecological interactions between the cariogenic
pathogen S. mutans and the health-associated commensal S. gordonii. Key mechanisms
of biofilm formation, extracellular polysaccharide synthesis, acidogenicity, and
virulence regulation are discussed. The chapter also examines existing antimicrobial
and antibiofilm strategies, highlights limitations of broad-spectrum agents such as
CHX, and reviews emerging evidence on plant-derived compounds within an ecology-
based framework for caries management. Relevant knowledge gaps that justify the

present study are identified.
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Chapter 3: Research Methodology

This chapter describes the experimental design and methodological approaches
employed in the study. It outlines compound preparation, bacterial culture conditions,
and Phase I screening procedures for antibacterial activity, virulence-associated traits,
antibiofilm effects, acidogenicity, and preliminary cytotoxicity. Phase II mechanistic
investigations using dual-species biofilm models are also detailed, including assessment
of viable bacterial populations, biofilm structure, and transcriptional regulation of
selected virulence-associated genes. Statistical analyses and ethical considerations are

presented at the end of the chapter.

Chapter 4: Results

This chapter presents the experimental findings in a structured manner aligned
with the research objectives. Phase I results describe the antibacterial, antibiofilm,
antivirulence, and safety profiles of the screened PDCs. Phase II results focus on the
biofilm inhibition and eradication activities of the lead compounds, PUG and PUN, in
dual-species biofilms, including quantitative microbiological data, structural
observations, and gene expression outcomes. Results are reported objectively without

interpretation.

Chapter 5: Discussion

This chapter critically interprets the findings in the context of existing literature
and the conceptual framework of the study. Phenotypic, molecular, and structural data
are integrated to elucidate mechanisms underlying selective antibiofilm activity.
Differences between biofilm inhibition and eradication are examined, along with the
ecological implications of preserving commensal species. The chapter also discusses
translational relevance, clinical implications, study limitations, and directions for future

research.
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Chapter 6: Conclusion

This chapter summarises the key findings of the study and their contributions to
oral microbiology and antibiofilm research. It revisits the research objectives and
hypotheses, highlights the novelty and significance of the work, and concludes with a
concise statement on the potential of punicalagin and punicalin as selective, ecology -

based agents for caries prevention.

References

A comprehensive list of all cited literature is provided in accordance with the

prescribed referencing style.

Appendices

The appendices contain supplementary materials that support the thesis but are
not included in the main chapters. These include relevant documentation such as
intellectual property records, certificates of participation, scientific conference
materials, copies of published journal articles arising from this research, and the

author’s profile.
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CHAPTER 2
LITERATURE REVIEW

2.1 Global and Clinical Impact of Dental Caries

Dental caries is one of the most common chronic conditions worldwide,
affecting people of all ages. Global epidemiological analyses consistently identify
untreated carious lesions as among the most prevalent health conditions, with a
substantial proportion of children, adolescents, and adults experiencing disease at some
point across the lifespan (Kassebaum et al., 2015; Peres et al., 2019). Recent global
estimates further emphasise the magnitude of this burden. The World Health
Organization reported that oral diseases affect nearly 3.7 billion people globally, while
untreated dental caries in permanent teeth remains the most common health condition
according to the Global Burden of Disease 2021 estimates (WHO, 2022). In the GBD
2021 analysis, caries of permanent teeth accounted for approximately 2.37 billion
incident cases and 2.24 billion prevalent cases worldwide, with an age-standardised
incidence rate of 29,777.03 per 100,000 population and an age-standardised prevalence
rate of 27,543.34 per 100,000 population (Li et al., 2025). In children, untreated caries
in primary teeth affects approximately 514 million children globally, highlighting the
early-life burden of the disease (WHO, 2022; Chen et al., 2025). The WHO Global
Strategy and Action Plan on Oral Health 2023—-2030 further recognises oral diseases as
a major public health challenge and calls for stronger integration of oral health into
universal health coverage and noncommunicable disease prevention strategies (WHO,
2024).

Despite substantial advances in preventive dentistry, including fluoride-based
interventions and improved oral hygiene awareness, the global burden of dental caries
has remained persistently high over recent decades (Peres et al., 2019). Recent GBD
2021 data also indicate that the overall burden of oral conditions has shown only limited
improvement over the past three decades, suggesting that current strategies have not
produced sufficient population-level reduction in disease burden (Bernabe et al., 2025).
This continued prevalence suggests that current preventive strategies may not
sufficiently address the underlying biological mechanisms responsible for disease

initiation and progression. Traditional interventions primarily focus on controlling
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mineral loss or reducing bacterial load, whereas the ecological processes that drive
biofilm dysbiosis and sustained acid production are often insufficiently targeted. This
mismatch between disease pathogenesis and therapeutic strategies highlights the need
for preventive approaches that specifically target biofilm function and microbial
behaviour.

Clinically, dental caries is characterised by progressive demineralisation and
destruction of enamel and dentine, often resulting in pain, hypersensitivity, pulpal
involvement, and increased susceptibility to secondary infection. When left untreated,
caries may lead to tooth loss, compromised mastication, and impaired speech, thereby
negatively affecting oral function and overall well-being. Progression of caries into the
dental pulp may result in pulpitis, periapical infection and odontogenic abscess
formation. Although many dental infections remain localised, severe or untreated
odontogenic infections may spread through fascial spaces of the head and neck, leading
to cellulitis, deep neck space infection, Ludwig’s angina, airway compromise,
osteomyelitis, mediastinitis, sepsis and, in rare cases, life-threatening complications
(Bali et al., 2015; Neal et al., 2022). These systemic complications demonstrate that
dental caries is not merely a localised tooth-related condition, but may progress into a
medically significant infection with consequences for general health.

In children, dental caries has been associated with difficulties in eating, sleeping
disturbances, and reduced school performance, while in adults, it may interfere with
daily activities and limit occupational productivity (Jackson et al., 2011; Peres et al.,
2019). Pain, infection, emergency dental visits and hospital-based management of
severe odontogenic infections may further increase school absenteeism, work
absenteeism, caregiver burden and healthcare utilisation, thereby negatively affecting
quality of life and socioeconomic productivity.

From a public health perspective, the management of dental caries imposes a
considerable economic burden on healthcare systems. Restorative and rehabilitative
dental treatments account for a substantial proportion of oral healthcare expenditure in
many countries, often exceeding the costs associated with the management of other
chronic conditions (Peres et al., 2019). The economic burden of oral diseases is
substantial. The WHO Global Oral Health Status Report estimated that direct
expenditure for oral diseases across 194 countries amounted to approximately US$387
billion in 2019, representing about 4.8% of global direct health expenditure, while
productivity losses were estimated at approximately US$323 billion globally (WHO,
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2022). More recent economic analyses similarly estimated the total worldwide
economic impact of oral conditions at approximately US$710 billion, comprising direct
treatment costs and indirect productivity losses (Jevdjevic et al., 2024).

These costs are further exacerbated by the recurrent nature of the disease, which
often necessitates repeated clinical interventions. In addition, out-of-pocket dental
expenditure may act as a financial barrier to care, particularly in low- and middle-
income settings, increasing the risk of delayed treatment, disease progression and more
costly emergency management.

The pervasive clinical and societal impact of dental caries underscores the
importance of developing preventive strategies that address not only disease
manifestation but also the biological processes underpinning lesion initiation and
progression. Accordingly, an improved understanding of caries pathogenesis at the level
of the oral biofilm is essential for developing more effective and sustainable approaches
to disease control. Given the high global prevalence, recurrent treatment costs, risk of
systemic infectious complications and negative effects on quality of life, ecology -based
approaches that modulate cariogenic biofilm function may provide a more biologically

targeted and sustainable direction for caries prevention.

2.2 Dental Caries as a Biofilm-Mediated Disease

Dental caries is now widely understood as a dysbiosis-driven disease resulting
from ecological shifts within the oral biofilm rather than from the action of a single
infectious agent (Marsh, 2003; Takahashi & Nyvad, 2011). Dental plaque is a biofilm,
a structured microbial community attached to the tooth surface and embedded in a self-
produced extracellular matrix (Bowen et al., 2018; Diaz & Valm, 2020). Within this
environment, bacteria interact closely with one another and with their environment.
These interactions give rise to emergent biological properties that differ fundamentally
from those of planktonic cells (Diaz & Valm, 2020). A defining feature of biofilms is
their enhanced tolerance to antimicrobial agents and host defence mechanisms. The
extracellular matrix restricts diffusion, buffers environmental stress, and supports
metabolic cooperation, while biofilm-associated bacteria exhibit distinct transcriptional

profiles linked to adhesion, stress adaptation, and persistence (Donlan & Costerton,

2002; Hall-Stoodley et al., 2004; Flemming et al., 2016; Karygianni et al., 2020). These
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properties help explain the chronic and recurrent nature of dental caries despite routine
mechanical and chemical plaque-control measures.

The ecological plaque hypothesis provides a conceptual framework for
understanding caries development as a consequence of environmentally driven changes
in biofilm behaviour rather than the introduction of exogenous pathogens. Under health-
associated conditions, the oral biofilm maintains functional stability and a near-neutral
pH at the tooth surface. However, frequent exposure to fermentable carbohydrates,
particularly sucrose, induces repeated episodes of biofilm acidification, selectively
favouring acidogenic and aciduric organisms while disadvantaging less tolerant species.
Importantly, this shift reflects changes in the activity and relative abundance of resident
microorganisms rather than microbial replacement.

Sustained acid production and retention within the biofilm microenvironment
ultimately drive enamel demineralisation and lesion formation. From this perspective,
dental caries is best regarded as a disease of biofilm function, in which metabolic
outputs, especially acidogenicity, are central determinants of pathogenicity. This
ecological view challenges earlier pathogen-centric models and has significant
implications for caries prevention strategies.

Historically, Streptococcus mutans (S. mutans) was regarded as the primary
causative agent of dental caries due to its well-characterised virulence traits, including
extracellular polysaccharide synthesis, rapid acid production, and survival under acidic
conditions. While these attributes remain highly relevant, contemporary microbiome
studies show that caries-associated biofilms are not exclusively dominated by S. mutans.
Instead, caries is increasingly understood as a dysbiotic state in which collective
microbial behaviour shifts toward disease-promoting functions.

This understanding highlights the limitations of strategies focused solely on
eliminating individual species. Removal of specific bacteria without addressing the
ecological drivers of dysbiosis may permit recolonisation or replacement by other
acidogenic organisms, undermining long-term disease control (Brookes et al., 2023;
Dumitrel et al., 2024). Consequently, effective caries management requires approaches
that target biofilm behaviour and virulence rather than indiscriminate microbial killing.

Recognition of caries as an ecology-driven disease has therefore shifted
attention toward selective antibiofilm strategies that modulate key virulence-associated
processes such as adhesion, extracellular matrix formation, and acid production while

preserving commensal species that contribute to biofilm stability. This conceptual shift
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underpins the present study, which prioritises antibiofilm and antivirulence effects over

bactericidal activity alone.

2.3 Oral Biofilm Development and Structure

Oral biofilm development is a dynamic, multistage process involving acquired
pellicle formation, bacterial adhesion, biofilm maturation, and dispersion (Jakubovics
& Kolenbrander, 2010; Sterzenbach etal., 2020). These overlapping stages collectively
determine the structural organisation, metabolic activity, and pathogenic potential of
dental plaque (Figure 2.1). Understanding these processes is essential for distinguishing
between strategies that prevent biofilm formation and those required to disrupt
established biofilms. Clinically, this distinction s critical. Early biofilms are relatively
sparse and metabolically adaptable, whereas mature biofilms exhibit complex
architecture, dense extracellular matrices, and increased tolerance to antimicrobial
intervention. These biological differences underpin the rationale for separately

evaluating biofilm inhibition and biofilm eradication.

Building Biofilm: The Formation of Dental Plaque

STAGE 1: THE FOUNDATION

STAGE 2: EARLY COLONIZERS ARRIVE

STAGE 3: LATE COLONIZERS BUILD THE COMMUNITY

A Salivary Pellicle Pioneer Bacteria A Complex Structure
Coats the Tooth. Bind to the Pellicle. Develops.
Proteins from saliva (like mucins The first arrivals are mainly Late colonizers attach to the
and amylase) form the initial Streptococcus species (S, oraiis, early bacteria, not directly to
attachment layer. S. mitis, S. gordonil). the tooth pellicle.
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Bacteria Join.
Species like Actinomyces,
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Capnocytophaga also
attach in this stage.

Create Complexity.
Notable latecomers include
Porphyromonas gingivolis,
Treponema denticola, and
Tannerella forsythia.
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Figure 2.1 Conceptual Schematic Illustrating the Stepwise Development of Dental
Plaque Biofilm on the Tooth Surface
The diagram depicts the formation of the acquired salivary pellicle, initial adhesion of
pioneer oral bacteria, co-aggregation and recruitment of early colonisers, and the
progressive maturation of a multispecies biofilm in which late colonisers attach to pre-
existing bacterial communities rather than directly to the enamel surface. This
conceptual illustration was created by the author based on established models of oral
biofilm development described in the literature (Jakubovics & Kolenbrander, 2010)
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2.3.1 Formation of the Acquired Pellicle

The first step in oral biofilm development occurs immediately after tooth
cleaning, when salivary components begin to adsorb onto the enamel surface. This
process leads to the formation of the acquired pellicle, a thin, protein-rich layer covering
the tooth surface that is composed primarily of salivary glycoproteins, phosphoproteins,
enzymes, and peptides, including acidic proline-rich proteins, a-amylase, cystatins,
immunoglobulins, lysozyme, and mucins (Enax et al., 2023). Although acellular, the
pellicle is biologically active and plays a central role in shaping subsequent microbial
colonisation.

The pellicle serves two seemingly opposing functions. On the one hand, it acts
as a lubricant and a protective barrier that limits enamel demineralisation by modulating
mineral exchange between the tooth surface and saliva. Previous studies have
demonstrated that the acquired dental pellicle protects tooth surfaces against acidic
challenges by acting as a selectively permeable barrier that can partially limit the
diffusion of erosive acids toward the enamel surface (Lubarsky et al., 2012). Despite its
protective role, the acquired enamel pellicle does not provide complete or long-term
resistance to acid-mediated demineralisation. Short-term pellicle formation can
transiently delay enamel dissolution during brief erosive challenges; however, this
protective effect diminishes with prolonged or repeated acid exposure. For example, a
pellicle formed over 2 hours was shown to reduce enamel demineralisation duringa 10-
minute erosive challenge but failed to confer sustained protection during longer
exposure periods (Hara et al., 2006). Extending this concept, Mutahar et al. (2017)
demonstrated that the presence of an acquired enamel pellicle fundamentally alters the
nature of acid-induced erosion, shifting it from bulk mineral dissolution to a process
dominated by surface softening. Consequently, pellicle-covered enamel exhibited
reduced tissue loss despite increased surface softening, highlighting that the pellicle
modifies erosion dynamics rather than providing absolute protection. Although pellicle
formation initiates rapidly upon saliva exposure and approaches functional maturation
within approximately 30 minutes to 2 hours, the use of a 24 hour pellicle by Mutahar et
al. ensured the development of a stable and well-formed layer prior to repeated erosive
cycling (Mutahar et al., 2017).

On the other hand, acquired pellicle provides a conditioned surface containing

specific receptors that facilitate bacterial attachment (Lynge Pedersen & Belstrom,
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2019). The composition and conformation of pellicle proteins determine which bacterial
species can adhere efficiently, thereby influencing the early microbial composition of
the biofilm (Vukosavljevic et al., 2011). Importantly, the pellicle is not static. Its
structure and binding properties change over time due to enzymatic modification,
bacterial activity, and continual interaction with saliva. These dynamic changes create
a surface that increasingly favours microbial colonisation and biofilm development

(Chawhuaveang et al., 2021; Enax et al., 2023).

2.3.2 Bacterial Adhesion and Early Colonisation

Following pellicle formation, bacteria from saliva encounter the conditioned
tooth surface and initiate adhesion. Bacterial adhesion occurs through a sequence of
coordinated steps that ultimately determine whether bacterial attachment remains
transient or progresses toward stable biofilm formation. Initially, microorganisms are
transported to the surface, where they undergo non-specific, reversible adhesion
mediated by physicochemical interactions. This is followed by a transition to specific,
irreversible adhesion, driven by molecular interactions between bacterial adhesins and
complementary receptors on the conditioned surface. Together, these two main phases,
non-specific adhesion followed by specific adhesion, govern the shift from transient

attachment to stable colonisation and the subsequent emergence of a structured biofilm.

2.3.2.1 Non-Specific Adhesion

Non-specific adhesion represents the initial, reversible interaction between
bacterial cells and the pellicle-coated surface. At this stage, attachment is governed
primarily by physicochemical forces, including van der Waals interactions, electrostatic
attraction, and the hydrophobic effect (Bos et al., 1999; Busscher & van der Mei, 2012;
Tu et al., 2023). These forces allow bacteria to approach and weakly associate with the
surface without the involvement of specialised binding molecules.

Cell surface hydrophobicity plays a particularly important role in this phase.
Bacteria with more hydrophobic cell surfaces tend to associate with hydrophobic
regions of the pellicle, whereas surface charge characteristics may either facilitate or
hinder attachment, depending on local conditions (Weiss et al., 1982; Krasowska &

Sigler, 2014). These physicochemical interactions are relatively weak and reversible,
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allowing bacteria to detach under the influence of salivary flow or mechanical forces.
Non-specific adhesion may therefore be regarded as a transitional or exploratory stage,
during which microorganisms assess the surface environment before progressing to

irreversible, receptor-mediated attachment.

2.3.2.2 Specific Adhesion (Adhesins and Pellicle Receptors)

If favourable conditions persist, bacteria progress from initial reversible
attachment to specific adhesion, a stage characterised by highly selective interactions
between bacterial surface adhesins and complementary receptors within the acquired
pellicle. On tooth surfaces, primary colonisers such as oral streptococci and
Actinomyces spp. mediate this process through adhesins that recognise specific salivary
pellicle components, including proline-rich proteins, MG2 mucin, and o-amylase
(Whittaker et al., 1996; Ruhl et al., 2004). The acquired pellicle is composed mainly of
salivary proteins and glycoproteins, including amylase, acidic proline-rich proteins,
mucins, cystatins, lysozyme and immunoglobulins, many of which provide binding
sites for early colonising bacteria. Thus, bacterial adhesion to the tooth surface is not
random, but is shaped by both the physicochemical properties of bacterial cells and
specific molecular recognition of pellicle-associated receptors.

Cell surface hydrophobicity is particularly relevant during this early transition
because it influences the ability of bacterial cells to approach, remain near, and establish
close contact with the pellicle-coated surface. Hydrophobic interactions can reduce the
energy barrier between bacterial cells and the conditioning film, thereby facilitating
short-range adhesin—receptor interactions (Gibbons & Etherden, 1983; Gibbons et al.,
1983; Sterzenbach et al., 2020). Comparative studies have shown that several early
plaque colonisers, including Actinomyces spp. and oral streptococci, display marked
cell surface hydrophobicity and adhere efficiently to salivary pellicles (Gibbons &
Etherden, 1983). Furthermore, non-hydrophobic mutants of oral streptococci
demonstrate reduced adherence to experimental salivary pellicles, indicating that
hydrophobicity is not merely an associated phenotype but contributes functionally to
stable attachment (Gibbons et al., 1983). In S. mutans, reductions in hydrophobicity
have also been associated with decreased adherence and biofilm formation, further
supporting the relevance of this parameter in evaluating anti-adhesion activity (Liu et

al., 2020).
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This transition typically occurs within the first few hours following initial
surface contact, once bacteria have moved sufficiently close to the pellicle to enable
short-range molecular interactions. These adhesin-receptor bindings stabilise
attachment and mark the shift from reversible to irreversible colonisation. /n vivo
evidence indicates that firm bacterial adherence to the acquired enamel pellicle is
established within 2—6 hours after tooth cleaning, with the microbial profile becoming
distinct from saliva during this period, reflecting selective and irreversible attachment
rather than transient deposition (Li et al., 2004). In addition to stabilising surface
attachment, these molecular interactions facilitate co-adhesion, whereby additional
microorganisms attach to cells already adhered. Through this process, early colonisers
establish a microbial scaffold during the early hours of plaque development, which
supports the subsequent recruitment of secondary and later colonising species.

Once specific adhesion is established, bacterial cells undergo progressive
physiological adaptation to a sessile lifestyle, typically within the first 4—8 hours of
attachment to the surface. During this period, gene expression shifts toward pathways
associated with adhesion, stress tolerance, and extracellular polymeric substance
production, initiating the transition from isolated adherent cells to structured
microcolonies and setting the stage for biofilm maturation (Fitri et al., 2025).

Collectively, these early adhesion processes underscore the importance of
physicochemical surface properties and molecular interactions in determining whether
initial bacterial contact progresses toward stable colonisation. Given the contribution of
cell surface hydrophobicity to reversible attachment and early surface sampling,
assessment of hydrophobicity provides a relevant functional indicator of adhesion
potential. Therefore, the present study incorporated evaluation of cell surface
hydrophobicity using the microbial adhesion to hydrocarbons (MATH) method to
examine whether the tested compounds influence early colonisation behaviour at the

level of initial surface interaction.

2.3.3 Biofilm Maturation and Stability

Biofilm maturation involves the organisation of adherent cells into three-
dimensional, structured communities embedded within an EPS matrix. This matrix,
composed mainly of polysaccharides, proteins, lipids, and extracellular DNA, provides

mechanical stability and creates diffusion-limited microenvironments within the
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biofilm (Flemming & Wingender, 2010). As such, mature biofilms represent organised
multicellular structures rather than simple accumulations of surface-attached planktonic
cells.

As the biofilm thickens, spatial heterogeneity emerges. Channels form within
the matrix, allowing the transport of nutrients and waste products, while gradients of
oxygen, pH, and metabolites develop across differentregions of the biofilm (Wimpenny
et al., 2000; Rader et al., 2020). These gradients drive phenotypic diversity, with
bacterial subpopulations adopting distinct metabolic states, including actively growing,
slow-growing, and stress-adapted forms.

Mature biofilms are markedly more tolerant to antimicrobial agents than early
biofilms. This tolerance is mediated by several interrelated mechanisms, including
reduced antimicrobial penetration through the EPS matrix, binding or sequestration of
antimicrobial agents by matrix components, altered bacterial metabolic activity,
nutrient and oxygen limitation, stress-response activation, and the presence of slow-
growing or dormant subpopulations (Azeredo et al., 2017; Fu et al., 2021). These
characteristics explain why concentrations that are effective in preventing early biofilm
formation may not necessarily eradicate or structurally disrupt established biofilms.
Therefore, inhibition of biofilm formation and disruption of mature biofilms represent
biologically distinct outcomes and must be interpreted according to the timing of
compound exposure within the biofilm life cycle.

In the present study, crystal violet (CV) staining was employed as a quantitative
assay for total adherent biofilm biomass. CV is widely used in microtiter plate-based
biofilm studies because it provides a simple, reproducible, and high-throughput measure
of the total material that remains attached to a surface after washing (Peeters et al., 2008;
Azeredo et al., 2017). In this context, CV staining was useful for assessing net biofilm
accumulation following exposure to the test compounds. However, CV does not
specifically measure bacterial viability, extracellular matrix production, or EPS
degradation. Rather, the assay stains the biofilm as a composite structure comprising
viable cells, non-viable cells, cellular debris, and extracellular matrix components.
Therefore, CV absorbance was interpreted only as a measure of total adherent biomass
and not as a standalone indicator of bacterial killing or matrix-specific disruption
(Skogman et al., 2012; Stiefel et al., 2016; Welch et al., 2012).

This limitation is particularly important when evaluating compounds with

potential antibiofilm activity. A reduction in CV absorbance may indicate reduced cell
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attachment, decreased biofilm accumulation, loss of matrix-associated material,
detachment of biofilm from the surface, or a combination of these effects. Conversely,
an antimicrobial compound may substantially reduce the number of viable bacteria
within an established biofilm without causing a proportional reduction in CV-detected
biomass if the extracellular scaffold remains attached to the surface. In such cases, the
biological integrity of the biofilm may be compromised despite the persistence of
visible or stainable biomass. Therefore, reliance on CV staining alone may
underestimate the antimicrobial potential of a compound that kills biofilm-embedded
cells without physically removing the residual matrix structure (Stiefel et al., 2016;
Welch et al., 2012).

For this reason, CV staining was not used in isolation in this study. Instead, it
was integrated with viable cell enumeration by colony-forming unit (CFU) counts and
structural assessment by scanning electron microscopy (SEM). CFU analysis provided
information on recoverable viable bacteria and allowed species-specific assessment of
S. mutans and S. gordonii within the dual-species biofilm. This was essential because
changes in total biomass do not necessarily reflect changes in viable cell density or
species composition. By comparing CV-derived biomass data with CFU counts, it was
possible to distinguish between reductions in total attached material and reductions in
viable bacterial recovery. This combined interpretation of biomass and viability data is
recommended because biofilm susceptibility cannot be adequately assessed using a
single endpoint alone (Skogman et al., 2012; Stiefel et al., 2016). For example, a
concurrent decrease in CV absorbance and CFU counts would suggest reduced biofilm
accumulation accompanied by reduced viable bacterial burden. In contrast, reduced
CFU counts without a marked reduction in CV absorbance would suggest that the
compound compromised bacterial viability while leaving residual extracellular or
cellular material attached.

SEM further complemented CV and CFU analyses by providing visual evidence
of biofilm architecture, surface coverage, cellular organisation, and matrix-associated
structural alterations. This was important because biomass assays provide quantitative
absorbance values but do not reveal how the biofilm structure is physically arranged or
altered after treatment. SEM therefore enabled qualitative assessment of whether treated
biofilms showed reduced surface coverage, disrupted architecture, exposed substratum,

altered cell clustering, or reduced matrix-like material. Together, CV, CFU, and SEM
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provided a more comprehensive interpretation of biofilm modulation than any single

method alone (Azeredo et al., 2017; Stiefel et al., 2016).

2.3.4 Biofilm Dispersion and Clinical Implications

Biofilm dispersion represents the final stage of the biofilm life cycle, allowing
microorganisms to detach and colonise new surfaces. Dispersion can occur passively
through mechanical forces, such as salivary flow and tooth brushing or actively through
regulated bacterial processes that degrade components of the extracellular matrix (Lv et
al., 2025). Dispersed cells may exhibit phenotypes distinct from both planktonic and
biofilm-associated states, often displaying enhanced capacity for reattachment and
colonisation (Lvetal.,2025; Yaghmoor et al., 2024). Clinically, this process contributes
to the persistence and spread of biofilms across different oral sites, including natural
tooth surfaces and dental materials.

From a therapeutic standpoint, dispersion has dual implications. While
controlled biofilm disruption may facilitate mechanical removal and reduce biofilm
burden, uncontrolled dispersion can promote recolonisation and disease recurrence.
This underscores the challenge of eradicating mature biofilms without creating
conditions that favour rapid re-establishment. Taken together, the staged development
and structural complexity of oral biofilms explain why early intervention strategies
aimed at preventing adhesion and maturation differ fundamentally from those required
to disrupt established biofilms. This distinction provides a critical biological basis for

evaluating antibiofilm agents in terms of both inhibitory and eradication potential.

24 Role of Bacterial Adhesion in Cariogenic Biofilms

Bacterial adhesion constitutes the critical gateway between transient oral
colonisation and the establishment of cariogenic biofilms. In the absence of stable
attachment to oral surfaces, bacteria are readily cleared by salivary flow, mastication,
and routine oral hygiene measures. Once adhesion is achieved, however,
microorganisms can proliferate, interact with neighbouring species, and initiate the
formation of a structured biofilm community capable of sustained metabolic activity.

Adhesion is not merely a physical anchoring process but is intimately linked to

the expression of key virulence traits associated with cariogenesis. Stable attachment
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facilitates extracellular polysaccharide production, enhances acid retention at the
biofilm—surface interface, and promotes tolerance to environmental stressors such as
low pH. Collectively, these changes create a localised microenvironment that favours
persistent acidogenic and aciduric activity, ultimately driving enamel demineralisation
and lesion progression (Wang et al., 2023; Spatafora et al., 2024). As such, adhesion
represents a decisive early determinant of cariogenic potential rather than a passive
preliminary step.

At the molecular level, early bacterial attachment is governed predominantly by
physicochemical interactions between the bacterial cell surface and oral substrates (Bos
et al., 1999). Among these, CSH plays a central role by influencing the strength and
stability of initial, reversible adhesion. CSH reflects the balance of hydrophobic and
hydrophilic components on the bacterial envelope, including surface proteins,
lipoteichoic acids, and polysaccharides (Krasowska & Sigler, 2014). Bacteria with
higher surface hydrophobicity exhibit greater affinity for hydrophobic domains within
the acquired salivary pellicle, facilitating closer surface contact and promoting
transition to irreversible adhesion. In contrast, reduced hydrophobicity weakens these
interactions, rendering bacterial attachment more susceptible to removal by shear forces
(Hsu et al., 2013). Importantly, CSH is a dynamic property rather than a fixed bacterial
trait. It can be modulated by environmental conditions such as nutrient availability, pH
fluctuations, and exposure to external agents (Stoderegger & Herndl, 2005; Azeem et
al., 2025; Zhu et al., 2025). In cariogenic species such as S. mutans, increased CSH has
been consistently associated with enhanced adhesion and biofilm-forming capacity,
linking physicochemical surface properties directly to virulence expression. This
dynamic nature positions CSH as an attractive antivirulence target, as modest alterations
at this early stage can substantially influence downstream biofilm development without
necessitating bacterial killing.

While enamel represents the primary natural substrate for cariogenic biofilms,
oral bacteria encounter a wide range of artificial surfaces introduced through restorative
and prosthetic dentistry. Dental biomaterials, including orthodontic brackets, composite
resins, acrylic denture bases, ceramics, and implant components, vary considerably in
surface roughness, surface free energy, and chemical composition, all of which
modulate bacterial adhesion and retention (Tzimas et al., 2024a). Once exposed to the

oral environment, these materials rapidly acquire a conditioning film derived from
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saliva, rendering them susceptible to colonisation through mechanisms broadly similar
to those governing adhesion to tooth surfaces.

The clinical consequences of bacterial adhesion to dental biomaterials closely
parallel those observed on natural enamel surfaces. At orthodontic brackets and
restoration margins, persistent biofilms are frequently associated with S. mutans. Its
strong ability to adhere to dental materials, together with pronounced acidogenic
metabolism, promotes localised acid accumulation at the tooth—material interface,
thereby increasing susceptibility to enamel demineralisation, often manifesting
clinically as white spot lesions and secondary caries (Bisht et al., 2022; Sardana et al.,
2023). This phenomenon is well recognised in orthodontic patients, where plaque
retention around bracket bases and archwire interfaces creates sheltered niches that
favour the persistence of S. mutans and sustained acid production (Jing et al., 2019).

Similarly, restorative materials, such as composite resins and glass ionomer
cement, may exhibit surface irregularities that enhance bacterial retention. The capacity
of S. mutans to adhere to these surfaces and remain metabolically active within surface-
associated biofilms supports prolonged acid exposure in regions that are less accessible
to routine oral hygiene measures, contributing to the development of secondary caries
(Askar et al., 2021).

On prosthetic and implant-related surfaces, biofilms are typically polymicrobial.
However, the presence of S. mutans during early colonisation may contribute to biofilm
establishment through its strong surface adherence and extracellular polysaccharide
production, particularly under cariogenic conditions such as frequent sugar exposure.
Denture base materials and implant abutments can serve as initial attachment sites,
where S. mutans promotes microbial retention and matrix development, thereby
facilitating biofilm maturation on artificial substrates. Beyond their role in biofilm
formation, oral microbial communities have been implicated in the deterioration of
metallic biomaterials through microbiologically influenced corrosion, a process that
leads to surface degradation, compromised mechanical integrity, and reduced service
life of dental devices (Xu et al., 2024). Notably, a substantial proportion of implant
failures has been associated with corrosion-related mechanisms. In addition, corrosion
processes may release metal ions (Gopalakrishnan et al., 2021), which can elicit adverse
biological responses, including local tissue inflammation, infection, and
hypersensitivity reactions (Biguetti et al., 2021; Di Spirito et al., 2022). Collectively,

these findings indicate that adhesion-mediated biofilm activity involving S. mutans is
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not confined to natural tooth surfaces but may also have broader implications for the

stability and biocompatibility of dental biomaterials within the oral environment.

2.5 Rationale for Selection of Bacterial Species

The selection of bacterial species for experimental biofilm studies is a critical
determinant of biological relevance and interpretability. Dental plaque is inherently
polymicrobial, and disease outcomes arise from interactions among multiple organisms
rather than from the activity of a single species (Marsh & Zaura, 2017). Consequently,
experimental models that incorporate both cariogenic and health-associated bacteria
provide a more realistic representation of oral biofilm behaviour than single-species
systems (Arthur et al., 2013; Salli & Ouwehand, 2015; Heersema & Smyth, 2019).

In the present study, S. mutans and S. gordonii were selected to represent two
functionally distinct yet ecologically connected members of the oral microbiota. Their
inclusion reflects not only their contrasting roles in health and disease but also the
interspecies interactions that shape biofilm development, virulence expression, and
cariogenic potential. This pairing provides a biologically relevant platform for
evaluating selective antibiofilm strategies that aim to attenuate pathogenic traits while

preserving commensal function.

2.5.1 S. mutans: A Cariogenic Keystone Pathogen

S. mutans is widely regarded as a cariogenic keystone pathogen due to its ability
to exert a disproportionate influence on biofilm pathogenicity relative to its abundance
within the microbial community (Takahashi & Nyvad, 2011; Lemos et al., 2019). Its
cariogenic potential is primarily attributed to three interrelated virulence traits, which
include its ability to synthesise extracellular polysaccharides (EPS), rapidly ferment
carbohydrates into organic acids, and survive under prolonged acidic conditions (Lemos
etal., 2019). Although it is not always numerically dominant in dental plaque, S. mutans
plays a critical role in driving ecological changes that favour cariogenic biofilm
development.

EPS synthesis is a defining feature of S. mutans virulence. Through sucrose-
dependent metabolism mediated by glucosyltransferase enzymes, S. mutans synthesises

large quantities of extracellular glucan that form the structural backbone of cariogenic
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biofilms. These glucans enhance bacterial adhesion to the tooth surface, promote cell-
cell aggregation, and contribute to the formation of a dense extracellular matrix that
retains organic acids within the biofilm microenvironment (Koo et al., 2010; Bowen &
Koo, 2011; Lemos et al., 2019).

In the present study, EPS-associated biofilm biomass and structural integrity are
evaluated using CV biofilm assays and scanning electron microscopy, providing
complementary quantitative and morphological assessment of biofilm architecture.
Closely linked to EPS production is S. mutans's pronounced acidogenicity. The
organism rapidly ferments dietary carbohydrates, particularly sucrose, into organic
acids, predominantly lactic acid. Sustained acid production results in repeated and
prolonged reductions in local pH at the tooth surface, creating an acidic
microenvironment that favours acidogenic and acid-tolerant species while promoting
mineral demineralisation (Guo et al., 2013; Ikédldinen et al., 2024). In this study,
acidogenic potential is assessed using a glycolytic pH-drop assay, which reflects the
functional metabolic activity of S. mutans under cariogenic conditions.

Equally important is the organism’s aciduricity, which enables S. mutans to
survive and remain metabolically active under acidic conditions that inhibit or eliminate
less acid-tolerant species. Adaptive responses such as proton extrusion, membrane
modifications, and stress-response pathways allow the bacterium to maintain
intracellular pH homeostasis and metabolic activity under acidic conditions. Together
these properties enable S. mutans to remodel the biofilm microenvironment in ways that

promote ecological dysbiosis and drive caries progression.

2.5.2 Virulence Determinants of S. mutans and Their Experimental Assessment

The cariogenicity of S. mutans arises from the coordinated expression of
multiple virulence determinants that operate at different stages of biofilm development
rather than from a single pathogenic trait. Adhesion represents a fundamental virulence
property, enabling initial attachment to the salivary pellicle and resistance to mechanical
removal (Bos et al., 1999; Busscher & van der Mei, 2012). In the present study,
adhesion-related behaviour is indirectly evaluated by assessing CSH, which reflects
physicochemical interactions governing early, non-specific attachment.

EPS synthesis further amplifies adhesion and biofilm stability. Through the

action of glucosyltransferase enzymes, S. mutans converts sucrose into water-soluble
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and insoluble glucans that strengthen biofilm cohesion and facilitate microcolony
formation. EPS-related biofilm formation and persistence are assessed using CV assays
to determine minimum biofilm inhibitory and eradication concentrations,
complemented by scanning electron microscopy to visualise structural disruption.
Acid stress response mechanisms allow S. mutans to tolerate and adapt to low-
pH environments. These include proton extrusion systems, alterations in membrane
composition, and induction of stress-response pathways that preserve cellular function
under acidic conditions. The functional consequences of these adaptations are reflected
in sustained acid production, as assessed via glycolytic pH-drop analysis in this study.
By evaluating these virulence-associated traits using complementary phenotypic
assays, the present study adopts a functional approach to cariogenicity that extends
beyond growth inhibition and provides mechanistic insight into selective virulence
attenuation. However, phenotypic alterations in biofilm behaviour alone cannot fully
explain the molecular mechanisms responsible for these effects. Consequently,
transcriptional analysis of key virulence-associated genes is necessary to determine
whether the observed changes in adhesion, EPS synthesis, and acidogenicity are

associated with modulation of gene expression.

2.5.3 Biofilm-Associated Gene Regulation in S. mutans

In biofilm-associated cells, virulence in S. mutans is regulated at the
transcriptional level in response to environmental cues, including carbohydrate
availability, pH fluctuations, and population density. Gene expression patterns in
biofilms differ markedly from those observed in planktonic cultures, reflecting the
unique physiological state of sessile bacteria (Shemesh et al., 2007).

Following biofilm establishment, genes involved in adhesion, extracellular
polysaccharide synthesis, acid tolerance, and stress adaptation are frequently
upregulated, reflecting the physiological adaptations required for bacterial survival
within structured biofilm communities (Bowen et al., 2018; Koo et al., 2017). Key
examples include glucosyltransferases (g¢tfB, gtfC, gtfD), glucan-binding
proteins (gbpB, gbpD), and regulatory systemssuch as vicRK and [iaSR, which
collectively contribute to biofilm stability and environmental adaptation (Fitri et al.,
2025). Importantly, modulation of gene expression does not necessarily correlate with

immediate changes in bacterial viability, highlighting the distinction between virulence
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attenuation and bacterial killing. This distinction underscores the importance of
transcriptional analysis in identifying antivirulence effects that may not be captured by
conventional antimicrobial assays. In the present study, quantitative gene-expression
analysis is employed to elucidate the molecular mechanisms underlying the observed
phenotypic changes in biofilm behaviour. Specifically, transcriptional responses of key
virulence-associated genes involved in adhesion, extracellular polysaccharide
synthesis, and stress adaptation are examined to determine whether the tested
compounds modulate regulatory pathways that contribute to cariogenic biofilm
development. Understanding how these virulence-associated genes are regulated within
biofilms is therefore essential for identifying strategies that selectively disrupt
cariogenic biofilm development. Accordingly, this study integrates phenotypic and
transcriptional analyses to determine whether the tested compounds modulate key

virulence pathways in S. mutans.

2.5.4 8. gordonii as a Health-Associated Commensal

In contrast to the highly cariogenic phenotype of S. mutans, S. gordonii is widely
regarded as a health-associated commensal and a dominant early coloniser of the tooth
surface. As a member of the mitis group streptococci, S. gordonii plays a critical role in
the initial stages of biofilm formation by adhering to the acquired salivary pellicle and
contributing to the establishment of a relatively stable and health-compatible microbial
community. Its early presence can influence subsequent microbial succession by
shaping local environmental conditions and interspecies interactions.

Beyond surface colonisation, S. gordonii actively contributes to the ecological
balance within oral biofilms through metabolic and antagonistic mechanisms. It
produces hydrogen peroxide, which can inhibit the growth and competitiveness of
acidogenic species, including S. mutans (Barnard & Stinson, 1999; Zheng et al., 2011;
Redanz et al., 2018). In addition, arginine metabolism by S. gordonii produces
ammonia, which buffers local pH and counteracts acidification within the biofilm (Del
Rey et al., 2025). These activities support a biofilm environment that is less conducive
to enamel demineralisation and caries progression.

The relationship between S. gordonii and S. mutans within oral biofilms is
therefore best described as competitive yet context-dependent. Under non-cariogenic

conditions, particularly in the absence of frequent exposure to fermentable
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carbohydrates, S. gordonii can restrict the growth and dominance of S. mutans by
competing for adhesion sites and nutrients, producing hydrogen peroxide, and
contributing to environmental pH buffering (Kreth et al., 2008; Rostami et al., 2022).
These activities collectively limit acid accumulation and reduce the ecological
advantage of acidogenic species during early biofilm development. However, this
antagonistic balance is not fixed. In the presence of frequent sugar exposure, sustained
acidification of the local environment selectively favours the aciduric and acidogenic
traits of S. mutans, enabling it to outcompete or suppress S. gordonii within mixed-
species biofilms (Liu et al., 2011). Transcriptomic and ecological studies demonstrate
that under such conditions, S. mutans adapts its carbohydrate metabolism and stress-
response pathways to persist despite competitive pressure, while the inhibitory activities
of S. gordonii, including hydrogen peroxide production and extracellular DNase-
mediated interference, are diminished at low pH (Liu et al., 2011; Rostami et al., 2022).
As a result, cariogenic biofilms are characterised not by the complete exclusion of
commensal species, but by a functional shift in which the protective influence of S.
gordonii is overridden by the metabolic dominance of S. mutans. Importantly, S.
gordonii does not disappear entirely in cariogenic biofilms. Both species can coexist
within mixed-species biofilms, particularly during early or transitional stages of
dysbiosis (Kreth et al., 2008). In such settings, S. gordonii may persist at lower
abundance but with diminished functional influence, as the acidic environment
compromises its metabolic activity and competitive capacity. Thus, cariogenic biofilms
are not defined by the complete absence of commensal species, but rather by a
functional imbalance in which the protective activities of organisms such as S. gordonii
are overwhelmed by the virulence of S. mutans. Although several oral streptococci such
as Streptococcus mitis and Streptococcus sanguinis also contribute to oral microbial
homeostasis, S. gordonii was selected in this study because its ecological and molecular
interactions with S. mutans are among the most extensively characterised in oral
microbiology. Numerous studies have mapped the competitive and regulatory
mechanisms operating between these species, including hydrogen peroxide—mediated
antagonism, competition for adhesion sites, and modulation of extracellular
polysaccharide—dependent biofilm architecture (Kreth et al., 2008 ; Rostami et al.,
2022). Consequently, the S. mutans—S. gordonii pairing has been widely used as a
simplified yet biologically relevant model for investigating ecological shifts in

cariogenic biofilms. The availability of well-defined molecular pathways and
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established dual-species biofilm models therefore allows clearer mechanistic
interpretation of how candidate antibiofilm compounds influence interspecies
interactions and cariogenic virulence.

Given this dynamic interplay, contemporary ecological models of caries
emphasise the importance of preserving or restoring commensal species rather than
indiscriminately eliminating oral bacteria. Maintenance of S. gordonii and similar
health-associated streptococci is considered beneficial for sustaining biofilm buffering
capacity and resisting cariogenic shifts. Consequently, selective antibiofilm strategies
that suppress S. mutans virulence while sparing or supporting S. gordonii align with

modern, ecology-based approaches to caries management.

2.6 Limitations of Conventional Antimicrobials

Conventional chemical plaque-control agents used in dentistry, particularly non-
specific oral antiseptics and biocidal mouthrinses, are commonly broad-spectrum in
activity and are often intended to reduce the overall microbial burden rather than
selectively target specific pathogenic mechanisms. This limitation should be
distinguished from narrow-spectrum or targeted antimicrobial therapies, which are
designed to act against particular organisms, pathways, or virulence mechanisms. In the
context of routine oral biofilm control, however, commonly used agents such as
chlorhexidine (CHX) act largely as non-selective antimicrobials and do not specifically
discriminate between pathogenic and health-associated members of the oral microbiota.
Although such agents can reduce overall bacterial load, their activity is generally non-
selective and may disrupt ecological balance within the oral biofilm, thereby
contributing to unintended consequences.

Chlorhexidine (CHX) is widely regarded as the gold standard chemical
antiseptic in oral care and is commonly used as a positive control in antibiofilm studies.
Its antimicrobial activity is attributed to disruption of bacterial cell membranes and
precipitation of intracellular components, leading to rapid cell death (Poppolo Deus &
Ouanounou, 2022). In clinical settings, CHX has demonstrated effectiveness in
reducing plaque accumulation and gingival inflammation when used as an adjunct to
mechanical cleaning (James et al., 2017; Singaraju et al., 2024)

In addition to its bactericidal effects, CHX exhibits high substantivity within the

oral cavity. Owing to its cationic nature, CHX readily binds to the negatively charged
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surfaces of teeth, oral mucosa, and salivary glycoproteins, thereby enabling prolonged
retention at the site of application. This strong surface adherence allows CHX to
interfere with bacterial adhesion and colonisation and contributes to sustained
antimicrobial activity for up to approximately 12 hours following use (Poppolo Deus &
Ouanounou, 2022).

Despite these benefits, several limitations of CHX have been recognised. Its
activity is non-selective, affecting both commensal and pathogenic bacteria. This is
particularly relevant in oral biofilms, where health is associated with a balanced and
functionally stable microbial community rather than a sterile surface (Marsh, 2006;
Nyvad et al., 2020). Repeated exposure to broad-spectrum antiseptics may therefore
alter community composition and reduce microbial diversity, potentially disturbing
ecological homeostasis (Brookes et al., 2021). Prolonged or repeated use has been
associated with adverse effects, including tooth staining, taste alterations, and mucosal
irritation, which limit patient compliance (Poppolo Deus & Ouanounou, 2022). In
addition, CHX does not specifically target the virulence mechanisms that drive
cariogenic biofilm behaviour and may fail to provide sustained ecological control once
treatment is discontinued. Suppression of the overall microbial population without
addressing the underlying environmental drivers of dysbiosis may allow rapid
recolonisation by acidogenic and acid-tolerant species. This highlights the fundamental
limitations of antimicrobial strategies that rely primarily on bacterial killing rather than
functional modulation of the biofilm.

Consequently, there is growing recognition that broad-spectrum oral antiseptics
are most appropriate when used as preventive or adjunctive therapies rather than as
stand-alone long-term interventions. In this context, the goal is not complete microbial
eradication, but reduction of pathogenic pressure while minimising adverse effects
associated with prolonged broad-spectrum antimicrobial use. Such approaches aim to
complement mechanical plaque control and host-mediated defences, thereby reducing
reliance on repeated bactericidal exposure.

In response to these limitations, there has been a conceptual shift toward
ecology-based strategies for controlling oral disease. These approaches are grounded in
the recognition that dental caries and other biofilm-associated oral diseases arise from
imbalances in microbial activity rather than from the presence of specific pathogens
alone. Ecology-based interventions aim to restore or maintain a biofilm environment

compatible with health by targeting key pathogenic behaviours. Rather than
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indiscriminately eliminating bacteria, these approaches seek to attenuate virulence
traits, including adhesion, extracellular matrix production, acid production, and stress
tolerance (Marsh, 2003). By reducing the expression or activity of these traits, the
pathogenic potential of the biofilm can be diminished without disrupting beneficial
microbial populations.

The rationale for antivirulence strategiesis rooted in the observation that killing
bacteria does not necessarily translate into long-term disease control. In contrast to non-
specific biocidal approaches, targeted or narrow-spectrum strategies aim to reduce
pathogenic function while limiting collateral effects on the resident microbiota (Alm et
al., 2020). This distinction is important because the objective of ecological biofilm
management is not simply to eliminate microorganisms, but to suppress disease-
associated activities while preserving health-associated community functions. Broad-
spectrum antimicrobial pressure may create ecological voids that favour recolonisation
by organisms equally or more pathogenic, perpetuating cycles of dysbiosis. In contrast,
modulating virulence reduces selective pressure for resistance, allowing commensal
species to compete more effectively within the biofilm community. Such approaches
are particularly relevant in the oral cavity, where complete microbial eradication is
neither achievable nor desirable. The preservation of early colonisers and health-
associated species supports biofilm resilience and functional stability, both of which are
essential for maintaining oral homeostasis. This conceptual distinction between non-
selective bactericidal antisepsis, targeted antimicrobial therapy, and antivirulence
modulation provides the foundation for evaluating antibiofilm agents that inhibit
biofilm formation or weaken established biofilms through targeted modulation rather

than indiscriminate killing.

2.7  Antibiofilm Strategies in Oral Disease Control

Antibiofilm activity does not arise from a single mechanism but reflects the
combined effects of multiple biological and physicochemical processes acting at
different stages of biofilm development. Unlike planktonic inhibition, which often
correlates directly with growth suppression, antibiofilm and antivirulence effects
frequently involve modulation of bacterial behaviour, surface interactions, and

community organisation.
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Understanding these mechanisms is essential for interpreting experimental
outcomes, particularly when reductions in biofilm biomass or virulence are not
accompanied by complete bacterial elimination. Such effects are characteristic of
virulence attenuation rather than bactericidal action and have important implications for
sustainable biofilm control. The principal antibiofilm and antivirulence mechanisms
relevant to oral biofilms are summarised in Table 2.1 and illustrated schematically in
Figure 2.2. Figure 2.2 integrates current understanding of antibiofilm and antivirulence
mechanisms, providing a conceptual framework for interpreting the experimental

findings in subsequent subchapters.

2.7.1 Modulation of Cell Surface Properties

The bacterial cell surface represents the primary interface between
microorganisms and their environment. Alterations in surface charge (zeta potential),
hydrophobicity, and macromolecular composition can significantly influence bacterial
adhesion, aggregation, and susceptibility to environmental stress. Agents that modulate
cell-surface properties weaken early attachment forces, reducing bacteria's ability to
establish stable contact with the salivary pellicle or neighbouring cells. As a result,
interference at the bacterial surface can disrupt biofilm initiation and limit subsequent
biofilm maturation without necessarily compromising bacterial viability.

Consistent with this mechanistic framework, numerous previous studies have
included assessment of cell surface hydrophobicity (CSH) as a key experimental
parameter when evaluating the antibiofilm or antivirulence effects of compounds and
extracts (Shafiei etal., 2020; Karnjana et al., 2023; Chonsut etal., 2024). Measurement
of CSH is therefore widely accepted as a relevant method for probing early adhesion-

related mechanisms, rather than merely assessing bactericidal activity.

2.7.2 Inhibition of Adhesion and Co-aggregation

Stable adhesion to surfaces and co-aggregation with other microorganisms are
essential for biofilm establishment and expansion. In oral biofilms, early colonisers
attach to the pellicle-coated tooth surface and subsequently provide binding sites for
secondary colonisers, leading to increasingly complex microbial communities (Marsh

& Zaura, 2017; Sterzenbach et al., 2020).
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Inhibition of bacterial adhesion may occur through several mechanisms,
including interference with bacterial adhesins, modification of pellicle—bacteria
interactions, or disruption of interbacterial binding processes (Kreve & Reis, 2021; Li
et al., 2023). In addition, inhibition of coaggregation restricts bacteria's ability to
organise into densely packed multicellular communities, thereby reducing biofilm
cohesion and structural integrity (Peterson et al., 2015).

Blocking adhesion has been achieved through strategies targeting bacterial
adhesins, such as fimbriae, surface-associated proteins, and members of the antigen I/II
(Li et al., 2023). Alteration of pellicle or surface bacterial interactions, achieved by
modifying surface energy, chemistry, or topography, including PEGylation,
superhydrophilic or superhydrophobic surfaces, and nano-textured coatings, has also
been shown to weaken or delay initial bacterial attachment (Song et al., 2015;
Sterzenbach et al., 2020). Furthermore, disruption of interbacterial binding
mechanisms, including coaggregation adhesin—receptor interactions and extracellular
polymer- or protein-mediated bridging, has been shown to limit the formation of
compact bacterial clusters and reduce biofilm cohesion, highlighting the central role of
cell—cell adhesion dynamics in determining biofilm architecture (Quispe Haro et al.,
2024). When adhesion and co-aggregation are impaired, biofilms tend to remain sparse,
loosely organised, and more susceptible to mechanical and chemical challenges. Such
effects are consistent with simplified biofilm structures and reduced viable bacterial

burden, even in the absence of strong bactericidal activity.

2.7.3 Interference with Extracellular Polysaccharides Synthesis

Extracellular polysaccharides are major structural components of the biofilm
matrix, often accounting for a large fraction of matrix mass and determining
viscoelasticity and mechanical stability (Pandit et al., 2020; Lu et al., 2024). In
cariogenic biofilms, S. mutans-derived glucans surround and hold bacterial
microcolonies together, create compartmentalised acidic microenvironments at the
tooth surface, and enhance tolerance to antimicrobials and environmental
stress (Karygianni et al., 2020; Deng et al., 2021; Shi et al., 2025). The EPS matrix can
impede the penetration of antimicrobial agents or sequester these compounds,
contributing to drug tolerance and the protection of embedded cells (Karygianni et al.,

2020; Lu et al., 2024).
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Targeting extracellular polysaccharides synthesis enzymes (e.g., S. mutans
glucosyltransferases) or regulatory system governing EPS production (vicK-regulated
pathways) reduces EPS quantity or alters its structural properties, yielding thinner,
sparser, and less cohesive biofilms with diminished cariogenicity and virulence, even
when planktonic viability is relatively preserved (Xiao et al., 2012; Zhang et al.,
2021). Small molecules such as asiatic acid, cannabidiol (a compound derived from
Cannabis Sativa), 6-shogaol (a compound derived from ginger), and others selectively
reduce EPS content and biofilm biomass while only modestly affecting planktonic
growth, consistent with primary antivirulence rather than bactericidal action (Barak et

al., 2022; Jung et al., 2025; Shi et al., 2025).

2.7.4 Disruption of Quorum Sensing

Quorum sensing (QS) is a cell-density-dependent communication system that
allows bacteria to coordinate gene expression at the community level. In biofilms, QS
regulates processes such as adhesion, EPS synthesis, virulence factor production, stress
tolerance, and metabolic adaptation (Wright & Ramachandra, 2022; Nagi et al., 2023;
Juszczuk-Kubiak, 2024). Quorum quenching (QQ) refers to strategies that interfere
with QS, the bacterial cell-cell communication system that coordinates collective
behaviours such as virulence expression, biofilm development, and stress adaptation.
QQ can be achieved through degradation of signalling molecules, antagonism of QS
receptors, or inhibition of signal synthesis, and primarily disrupts synchronised
virulence behaviours rather than directly inhibiting bacterial growth (Grandclément et
al., 2015; Khan et al., 2023; Juszczuk-Kubiak, 2024). Evidence indicates that QS
inhibitors reduce biofilm biomass, thickness, and structural organisation while strongly
suppressing QS-regulated virulence factors at sub-MIC concentrations, with minimal
effects on planktonic growth. Interventions down-regulate key QS and virulence-
associated gene networks, luxS/AI-2 signalling pathways, and genes involved in efflux
and extracellular polymeric substance production, resulting in marked transcriptional
shifts without substantial loss of bacterial viability (Grandclément et al., 2015;
Basavaraju et al., 2016; Muras et al., 2018; Polizzi et al., 2022). By weakening
coordinated stress responses and collective defence mechanisms, quorum quenching

further enhances biofilm susceptibility to disinfectants, antibiotics, and host immune
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clearance, and frequently acts synergistically with conventional antimicrobial agents

(Cella et al., 2023; Patel et al., 2025).

2.7.5 Destabilisation of Biofilm Architecture

The three-dimensional architecture of a biofilm is essential for its protective
function. Mature biofilms develop into a highly heterogeneous three-dimensional
architecture characterised by microcolonies, water channels, and steep nutrient and
oxygen gradients (Bridier & Briandet, 2022; Lobo-Cabrera et al., 2024). These
microcolonies and channel networks function analogously to a circulatory system,
facilitating nutrient distribution and waste removal while simultaneously protecting
cells in deeper layers from antibiotics and host immune factors (Bridier & Briandet,
2022; Lobo-Cabrera et al., 2024; Serra & Hengge, 2014). The EPS matrix, composed
primarily of polysaccharides, proteins, extracellular DNA, and lipids, provides
structural cohesion and mechanical stability, enabling biofilms to withstand shear
forces, neutrophil-mediated attack, and chemical stress (Yan & Bassler, 2019;
Karygianni et al., 2020; Almatroudi, 2025). In addition, restricted diffusion and binding
of antimicrobial agents within the EPS matrix reduce effective drug penetration, further
diminishing antimicrobial efficacy in the inner biofilm layers.

In cariogenic plaque, S. mutans—derived glucan-rich EPS play a central role in
organising biofilm architecture at the tooth surface. By forming diffusion-limiting
microcolonies at the biofilm—enamel interface, this matrix creates localised acidic
niches that are critical for enamel demineralisation and the development of dental caries
(Xiao et al., 2012) Increasingly, the literature indicates that the EPS matrix itself
constitutes a key virulence determinant in cariogenic biofilms, often exerting a greater
influence on pathogenicity than the absolute abundance of S. mutans cells (Kim et al.,
2015; Klein et al., 2015).

Accordingly, strategies aimed at destabilising the EPS matrix consistently
induce pronounced changes in biofilm structure and function. Approaches that degrade
glucans or interfere with their synthesis, including glucanohydrolases such as
dextranase and mutanase, cranberry-extract, usnic acid, and inhibitors of bacterial
signalling, have been shown to flatten or fragment S. mutans microcolonies, reduce EPS
biovolume, weaken mechanical stability, and increase pH at the biofilm—enamel

interface (Philipetal.,2019; Ren etal., 2019; Lin et al., 2022; Pandit et al., 2024). These
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structural effects are further amplified when EPS-targeting approaches are combined
with conventional antimicrobials, with dual targeting leading to physical collapse of S.
mutans clusters and substantially enhanced antimicrobial efficacy compared with
antimicrobials used alone (Ren et al., 2019).

Collectively, these findings indicate that disruption of the EPS scaffold
undermines the protected acidic microenvironments that sustain cariogenic activity and
exposes bacteria previously shielded within the biofilm. More broadly, oral biofilms
rely on an EPS-rich three-dimensional framework to maintain cohesion, resist
environmental and host-derived stresses, and support dysbiosis. When this framework
is disrupted, biofilms become thinner, more permeable, and more susceptible to
antimicrobial agents and host defences. In the context of cariogenic plaque, EPS-
focused destabilisation therefore not only increases bacterial exposure but also directly
attenuates cariogenic potential by disrupting the localised acidic conditions that drive
tooth demineralisation, with architectural changes often preceding measurable

reductions in viable S. mutans.

2.7.6 Biofilm Eradication and Dispersal Mechanisms

Eradication of established biofilms is substantially more challenging than
inhibiting biofilm formation. Mature biofilms contain metabolically diverse bacterial
populations, including slow-growing and stress-adapted cells that exhibit heightened
tolerance to antimicrobial agents (Jiao et al., 2019; Rath et al., 2021). Biofilm
eradication may involve partial killing of exposed cells, disruption of the extracellular
matrix, and induction of biofilm dispersal processes. Dispersal can occur through
degradation of matrix components or through active bacterial responses that promote
detachment from the biofilm structure (Wille & Coenye, 2020; Wang et al., 2023;
Bharathi et al., 2025). However, while dispersal can reduce biofilm biomass and
structural integrity, it also carries the risk of releasing viable cells capable of
recolonisation or dissemination. For this reason, effective eradication strategies
increasingly emphasise combined approaches that couple matrix destabilisation with
reduction of bacterial viability, rather than relying on bactericidal activity alone.

Within an oral-ecological framework, it is also important to recognise that
complete biofilm dispersal is not always the desired outcome. For oral health

maintenance, partial thinning or remodelling of biofilms achieved through mechanical
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cleaning, sublethal antimicrobial exposure, selective rinses, or probiotic interventions
may be preferable, as this allows a protective, low-pathogenic community to remain
attached and continue contributing to immune priming and haemostatic balance (Marsh,
2017; Marsh & Zaura, 2017; Hernandez et al., 2022). In contrast, in the context of overt
infection, such as deep carious lesions or peri-implantitis, more aggressive strategies
that combine biofilm destabilisation with bacterial killing become necessary. Even in
these settings, however, such approaches must be carefully balanced to minimise the
unintended release of virulent cells and disruption of the broader oral microbiome
(Wang et al., 2020; Chen et al., 2022; Hawas et al., 2022; Lv et al., 2025)
Collectively, these observations illustrate that antibiofilm agents can exert
biologically meaningful effects without complete microbial elimination. Modulation of
surface properties, interference with adhesion and EPS synthesis, disruption of quorum
sensing, and destabilisation of biofilm architecture act in concert to weaken biofilm
integrity and pathogenic potential. This conceptual framework provides a basis for
interpreting changes in biofilm structure, viable cell counts, and gene expression

observed in experimental models.

Table 2.1
Key Antibiofilm and Antivirulence Mechanisms Relevant to Oral Biofilm Control and
Their Experimental Assessment in The Present Study

o Role in cariogenic Functional Assays used in this
Biofilm target . consequence of
biofilms . study
modulation
Goverp y carly, non- Reduced initial Microbial adhesion
Cell surface specific bacterial .
.. . adhesion and weaker to hydrocarbon
hydrophobicity (CSH) attachment to pellicle- ..
coated surfaces surface association (MATH) assay
. . Enables irreversible Impaired biofilm CSH assay; dual-
Bacterial adhesion and Y . J o
) attachment and initiation and reduced species biofilm
co-aggregation microcolony formation biofilm density model
Provides structural - . .
Extracellular inteerity. cohesion. and Destabilised biofilm CV biofilm assay
polysaccharide (EPS) ac lng re}:t’ention wi t’hin matrix and reduced (MBIC/MBEC);
synthesis biofilms structural resilience SEM
Drives local pH . . .
Acidogenicity reduction and enamel Reduce(: catr.l(igemc Glycolytic pH-drop
demineralisation potentia assay
Coordinates biofilm- .
. . Altered virulence gene
Quorum sensing and associated gene . )
. . . expression without RT-qPCR
virulence regulation expression and

community behaviour bacterial killing
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Functional Assays used in this

o Role in cariogenic
Biofilm target . g consequence of
biofilms . study
modulation
. . Contfers protection and Increased permeability SEM; CFU
Biofilm architecture tolerance to i e1s .
. . and susceptibility enumeration
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Biofilm eradication Determines persistence Partial disruption and MBEC; CFU
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Figure 2.2 Conceptual Illustration of Antibiofilm and Antivirulence Mechanisms
Targeting Oral Biofilms
The schematic depicts inhibition of early biofilm formation through interference with
bacterial adhesion, co-aggregation, EPS synthesis, and quorum sensing, as well as
destabilisation of mature biofilms through disruption of biofilm architecture and
promotion of detachment and dispersion. The diagram represents biofilm development
on a salivary pellicle covering a solid surface such as tooth enamel or glass bead. The
illustration was developed by the author based on published literature (Jakubovics &
Kolenbrander, 2010; Kashi et al., 2025)
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2.8 Plant-Derived Compounds as Selective Antibiofilm Agents

Plant secondary metabolites, including polyphenols, flavonoids, essential oils,
and alkaloids, are widely recognised as part of plant chemical defence systems and
frequently influence microbial behaviour rather than exerting direct bactericidal effects
(Milho et al., 2021; Silva et al., 2023; Mulat et al., 2025). Rather than eliminating
microorganisms outright, many phytochemicals have been reported to interfere with
processes central to biofilm development and pathogenicity, such as microbial
adhesion, quorum sensing, EPS synthesis, acid production, and the activity of specific
virulence-associated enzymes or transport mechanisms (Koo et al., 2017; Sateriale et
al., 2020; Milho et al., 2021; Tzimas et al., 2024b; Mulat et al., 2025). Through these
mechanisms, biofilm integrity and virulence expression may be attenuated while a
proportion of the microbial community remains viable.

This emphasis on antivirulence activity has attracted increasing interest in
ecology-based biofilm management. By targeting pathogenic traits rather than
microbial survival, such approaches are thought to exert lower selective pressure for
resistance compared with conventional bactericidal antibiotics, while also offering
flexibility for combination with established antimicrobials or emerging delivery
strategies, including nanocarrier-based systems (Bonincontro et al., 2023).

Within this framework, several plant-derived compounds have been selected in
previous studies specifically for their antibiofilm properties rather than their
antibacterial potency. Individual phytochemicals, including flavonoids, phenolic acids,
and essential-oil constituents, have been shown to reduce biofilm biomass, suppress
EPS production or acidogenicity, disrupt quorum-sensing pathways, or promote biofilm
destabilisation at sublethal concentrations. Notably, compounds such as cyanidin,
catechin, curcumin, quercetin, cinnamic acid and vanillic acid have demonstrated
inhibitory effects on oral or oral-related biofilms without complete microbial
eradication, supporting their potential role as antivirulence or biofilm-modulating

agents (Li et al., 2018; Mashal et al., 2024; Rudin et al., 2025).
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2.8.1 Biological Activities of Pomegranate-Derived Preparations in Oral Health

Among the medicinal plants investigated for oral applications, pomegranate
(Punica granatum) has received considerable attention. Systematic reviews and
experimental studies consistently report that pomegranate-derived preparations exhibit
antimicrobial, antibiofilm, antioxidant, and anti-inflammatory activities against key oral
pathogens and inflamed oral tissues (Celiksoy et al., 2020; Sateriale et al., 2020; Gallas
etal., 2023; Potra Cicalau et al., 2024; Sillaet al., 2025). Polyphenol-rich pomegranate
extracts, particularly those containing ellagitannins such as punicalagin, demonstrate
strong radical-scavenging capacity and enhance antioxidant responses in host tissues.
In vitro studies using human gingival epithelial cells report upregulation of antioxidant
defence mechanisms (e.g., superoxide dismutase 1) following exposure to inflammatory
stimuli (Celiksoy et al., 2020; Syahputra et al., 2025). In parallel, pomegranate-derived
preparations have been shown to reduce pro-inflammatory mediators, including tumour
necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), and monocyte chemoattractant
protein-1 (MCP-1), and to reduce inflammatory cell infiltration in both in vitro and in
vivo models of gingivitis and periodontitis, supporting their anti-inflammatory potential
in the oral cavity (Celiksoy et al., 2020; Syahputra et al., 2025).

In parallel with these host-modulatory effects, pomegranate peel and fruit
extracts demonstrate antimicrobial and antibiofilm activity against key oral pathogens.
These include oral microorganisms, including Candida albicans, Fusobacterium
nucleatum, Enterococcus faecalis, Lactobacillus, S. mutans, Streptococcus oralis,
Porphyromonas gingivalis and Rothia dentocariosa to disrupt both developing and
established dental plaque biofilms (Sateriale et al., 2020; Gallas et al., 2023; Potra
Cicalau et al., 2024; Kumar et.al., 2025).

At the microbiological level, studies employing crude pomegranate extracts,
particularly peel-derived preparations, further report suppression of virulence-
associated traits, including reduced biofilm biomass, diminished acidogenicity, and
impaired extracellular polysaccharide synthesis. As summarised in Table 2.2, most
investigations focus on crude extracts formulated as mouthwashes or topical agents and
assess their effects predominantly against S. mutans in in vitro and clinical settings.
Despite these promising findings, the existing literature is subject to several
methodological and conceptual limitations. Many studies rely predominantly on

growth-based endpoints, short-term exposure models, and single-species or saliva-
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based systems, which provide limited insight into biofilm behaviour under ecologically
relevant conditions. Few investigations clearly distinguish between biofilm inhibition
and biofilm eradication, or examine transcriptional regulation of key virulence traits.
Moreover, the impact of pomegranate-derived agents on health-associated commensal
species remains largely unexplored.

A further limitation of extract-based studies is the variability of chemical
composition and the lack of standardisation. The composition of crude pomegranate
extracts varies markedly with cultivar, plant part, extraction solvent, extraction
technology, temperature, pressure, and drying or processing conditions, leading to wide
ranges in total phenolics, tannins, flavonoids, anthocyanins, and individual ellagitannins
such as punicalagin (Mphahlele et al., 2016; Magangana et al., 2020; Campos et al.,
2022; Hasiki¢ et al., 2025). Such variability complicates reproducibility and makes it
difficult to compare antimicrobial or antibiofilm outcomes across studies using
differently prepared extracts.

Moreover, crude extracts contain complex mixtures of phenolics, flavonoids,
tannins, organic acids, and volatiles, alongside inactive or even antagonistic
components, which can mask or modulate the activity of specific molecules (Toledo-
Merma et al., 2022; Salim et al., 2023). Although fractionation and bioassay-guided
approaches have begun to identify key actives such as punicalagin as major contributors
to the antimicrobial properties of pomegranate peel, the relative contribution of
individual constituents to antibiofilm effects remains only partly resolved (Gosset-
Erard et al., 2021; Salim et al., 2025).

These compositional and mechanistic uncertainties hinder the establishment of
robust quality specifications, such as the identification of marker compounds and the
definition of minimal phenolic or tannin content, thereby restricting the development of
standardised, clinically translatable formulations with predictable efficacy and safety
profiles (Magangana et al., 2020; Campos et al., 2022; Toledo-Merma et al., 2022;
Hasiki¢ et al., 2025). To address these issues, a complementary compound focused
analysis was undertaken (Table 2.3) to systematically identify major and minor
compounds present in pomegranate peel. This analysis informed the rational selection
of compounds for the present study and provided a foundation for compound-specific

investigation beyond extract-based approaches.
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Table 2.2

Summary of Studies Investigating Pomegranate-Derived Preparations for Oral Antimicrobial and Antibiofilm Activity

Virulence /

t P ti Extracti T t Biofil .
Author (Year) Study Part reparation xtraction ,arget iofilm / Functional Key Outcomes
Type Type Method Microorganisms  Assay Model .
Endpoints
Gulube & In vit Peel Crude A S ; Biofilm ro?ﬁ:ﬁon reduced biofilm, reduced
Patel, (2016) nviro ee extract queous - urans inhibition P EPS ’ acidogenicity
Ferrazzano et . . Crude . e
Invitro Peel, juice Hydroalcoholic S. mutans MIC/MBC None Growth inhibition
al., (2017) extract
(Abd-El-Aziz . .
& A Sallam, In vitro Peel Crude Ethanol / water S. mutans Adhesion Adhesion Reduced adhesion of 5.
2020) extract assay mutans
(Fernandes et In vitro / Extract S. mutans, C. Dual-species . Reduced biofilm, reduced
Peel Methanol B
al., 2022) ex vivo ce formulation cthano albicans biofilm 10mass demineralisation
(Mahd et al., Invitro / . Crude . Disc diffusion,
2023) clinical Whole fruit extract Hydroalcoholic S. mutans plaque index None Reduced plaque score
— T .
g:)l?g)l ctal, [Zl‘ijrllti’;(;l Peel Mouthwash Aqueous S. mutans Salivary CFU None Comparable to CHX
(Singla etal, Clinical Seed Mouthwash Aqueous Oral streptococci  Salivary CFU None decreased CFU over time
2018) (Soxhlet)
(Umar et al., .. Salivary CFU, Acidogenicity .
2016) Clinical Peel Mouthwash Aqueous S. mutans pH (indirect) decreased CFU, increased pH
(Jacob et al., . . . .
2021) Clinical Peel Mouthwash Aqueous Mixed oral flora Saliva qPCR None Reduced bacterial load
Saliva . . .
(Kadam et al, Clinical Peel Mouthwash Aqueous S. mutans enzymatic Acidogenic increased pH, dgc.r cased
2019) assays enzymes enzyme activity
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Table 2.3
Summary of Geographic Origin, Extraction Approach, and Identified Major and Minor
Compounds in Pomegranate Peel Extracts Across Selected Studies

Geographic Identified compounds (Major + Types of extract References
origin Minor)
India punicalagin (o, B), punicalin, Ethanolic peel  Foujdaretal. (2022)
(Bhagwa corilagin, ellagic acid, gallic acid, extract
cultivar) granatin a/b, catechin, quercetin
South Africa ellagic acid, gallic acid, catechin methanolic peel  (Fawoleetal.,2012)
epicatechin, rutin, anthocyanins extract
China punicalagin (a, B), punicalin, Methanolic extract ~ (Man et al., 2022)
(multiple corilagin, granatin a/b, kaempferol-3-
cultivars) O-glucoside, pedunculagin, ellagic

acid, ellagic acid glycosides, gallic
acid, galloyl glucoses, catechin,
gallocatechin, epicatechin, quercetin,

rutin
China punicalagin, ellagic acid, ellagic acid Methanolic extract (Lietal., 2015)
glycosides, gallic acid, catechin, rutin
China punicalagin, ellagic acid, gallic acid, Mechanochemical-  (Bao et al., 2026)
catechin, quercetin, rutin, minor assisted extraction

phenolic acids

Pakistan punicalagin, punicalin, corilagin, Hydroalcoholic (Badshah et al.,
granatin a/b, pedunculagin, ellagic extract 2025)
acid, ellagic acid derivatives, gallic

acid, galloyl glucoses, catechin,
epicatechin, quercetin, rutin, trace

anthocyanins
India punicalagin, ellagic acid, gallic acid, Aqueous (More & Arya,
catechin, quercetin, punicacortein, 2025)

anthocyanins, granatin, threonic acid

Taken together, these considerations underscore the need for studies that move
beyond crude extract-based approaches toward chemically defined phytocompounds,
ecologically relevant biofilm models, and mechanistic evaluation of virulence
modulation. The present study was therefore designed to address these gaps using
purified PDCs, a dual-species biofilm system, and integrated phenotypic and gene-

expression analyses.

2.8.2 Rationale for Studying PDCs

Pomegranate contains a diverse range of polyphenolic constituents that have
been associated with antimicrobial and antibiofilm activity. These include ellagitannins

such as punicalagin, punicalin, and corilagin; phenolic acids such as ellagic acid; and
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flavonoids and flavanols, including rutin, gallocatechin, and kaempferol-7-O-glucoside.
Structural variation among these compounds, including differences in molecular
weight, hydroxyl group density, and glycosylation patterns, may influence their
solubility, protein-binding affinity, and interaction with bacterial cell surfaces or
extracellular matrix components (Ivanov etal., 2022; Suruci¢ etal., 2025). Polyphenols
have been reported to interfere with adhesion, extracellular polysaccharide synthesis,
membrane integrity, and quorum-sensing pathways in various microbial systems ( Yang
et al., 2021; Ivanov et al., 2022), suggesting potential relevance to biofilm-targeted
modulation.

Given the reported antibiofilm activity of pomegranate extracts, further
investigation at the compound level is warranted. Evaluation of purified compounds
enables more precise attribution of biological effects than extract-based studies,
particularly when the objective is to elucidate how specific molecules influence
bacterial behaviour within structured biofilms. The use of purified compounds allows
direct association between specific molecules and measurable outcomes such as
adhesion potential, extracellular matrix formation, acidogenicity, and virulence gene
expression (Salim et al., 2025; Suruci¢ et al., 2025). In contrast, crude extracts contain
multiple constituents that may exert overlapping, synergistic, or antagonistic effects,
potentially obscuring compound-specific mechanisms (Caesar & Cech, 2019; Vaou et
al., 2022).

Published studies on pomegranate in dentistry have predominantly evaluated
crude extracts, peel extracts, juice preparations, or mouthrinse formulations, with
outcomes commonly focused on growth inhibition, plaque reduction, or reduction of
cariogenic bacterial counts, particularly against S. mutans (Ferrazzano et al., 2017,
Mahd et al., 2023; Rafeie et al., 2025; Umar et al., 2016). While these studies support
the general anticariogenic potential of pomegranate-derived preparations, they provide
limited information on which individual compounds are responsible for the observed
effects, whether these compounds act selectively within mixed-species biofilms, and
whether their antibiofilm activity reflects bacterial killing, inhibition of adhesion,
disruption of extracellular matrix-associated biomass, or modulation of virulence
expression. Therefore, the present study differs from many previous extract-based
investigations by evaluating purified pomegranate-derived compounds individually

rather than testing pomegranate preparations as chemically complex mixtures.
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This study also differs from earlier work by focusing on selective antibiofilm
and antivirulence activity within an oral dual-species biofilm model rather than
assessing antimicrobial activity against a single organism alone. The inclusion of both
S. mutans and S. gordonii allowed assessment of whether the compounds could suppress
a cariogenic species while preserving a health-associated early coloniser. This
distinction is important because an ideal anticaries strategy should not simply reduce
total bacterial burden, but should shift biofilm behaviour away from cariogenicity while
maintaining ecological compatibility with oral health. Accordingly, the present study
integrated multiple endpoints, including planktonic antimicrobial activity, bacterial
cell-surface hydrophobicity, glycolytic pH reduction, biofilm biomass, species-specific
viable counts, SEM-based architecture, and virulence gene expression. This multi-
endpoint approach enabled evaluation of PDC activity beyond simple growth inhibition
and allowed a more mechanistic assessment of biofilm modulation.

Furthermore, the present study examined both biofilm inhibition and
eradication/disruption phases. Early compound exposure was used to determine
whether selected PDCs could prevent or reduce biofilm development, whereas
treatment of established biofilms was used to assess whether these compounds could
compromise mature biofilm integrity. This temporal distinction is important because
compounds that inhibit early attachment or accumulation may not necessarily disrupt
established biofilms. By comparing total biomass, viable bacterial recovery, structural
organisation, and gene expression across these phases, the present study provides a
more comprehensive evaluation of PDC effects on biofilm formation, stability, and
biological function.

Importantly, compound selection in the present study was not restricted to the
most abundant constituents of pomegranate peel. While major compounds such as
punicalagin and ellagic acid are frequently emphasised in the literature, abundance
alone does not necessarily predict biological relevance or antibiofilm potency (Rongai
etal.,2019). Inclusion of both major and minor compounds, therefore, permits a broader
and less assumption-driven evaluation of pomegranate-derived compound bioactivity.

From a translational perspective, purified plant compounds offer advantages in
dose standardisation, reproducibility, safety profiling, and formulation development
compared with heterogeneous extracts (Calixto, 2000; Nasim et al., 2022). Clinical and
pharmacological studies of individual polyphenols such as curcumin, resveratrol, and

silymarin demonstrate the feasibility of compound-specific approaches in translational
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research (Huang et al., 2024). Collectively, these considerations support a compound-
focused investigative strategy to elucidate selective antibiofilm and antivirulence

mechanisms under controlled experimental conditions.

2.9  Knowledge Gaps and Justification for the Present Study

Despite substantial progress in understanding oral biofilm biology and the
cariogenic process, several important knowledge gaps remain. These gaps limit the
translation of current findings into effective, sustainable strategies for caries control and
provide the rationale for the present investigation.

First, although many studies reported antibiofilm effects of plant-derived agents
against oral microorganisms, the majority rely on crude extracts rather than chemically
defined compounds (Umar et al., 2016; Singla et al., 2018; Jacob et al., 2021). While
such studies provide valuable preliminary insights, variability in extract composition,
extraction methods, and phytochemical content compromises reproducibility and
meaningful comparison across studies. Consequently, the specific bioactive
constituents responsible for observed antibiofilm or antivirulence effects often remain
unidentified, limiting mechanistic interpretation and translational relevance.

Second, a critical gap remains regarding effective dosing and concentration in
studies of pomegranate-based oral formulations. Most clinical trials evaluate a single,
empirically selected concentration without dose-response comparison, and employ
heterogeneous units of measurement (e.g. % w/v, mg/mL), and extraction methods
(Nobrega et al., 2015; Umar et al., 2016; Singla et al., 2018; Abd-El-Aziz & A Sallam,
2020; Jacob et al., 2021; Fernandes et al., 2022; Mahd et al., 2023). Consequently, the
minimal effective concentration required to achieve sustained antibiofilm or
anticariogenic effects remains undefined. Furthermore, crude extract concentrations are
rarely standardised to quantified bioactive constituents, preventing direct linkage
between clinical efficacy and specific phytochemicals. This limitation restricts
reproducibility, mechanistic interpretation, and translational relevance of existing
clinical evidence.

Third, many antibiofilm studies continue to employ single-species biofilm
models, typically focusing on a single cariogenic organism. While experimentally
convenient, such models are do not reflect the ecological complexity of dental plaque,

where disease emerges from interactions among multiple microbial species. The
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absence of commensal bacteria in these systems limits interpretation of whether
observed effects represent selective modulation of pathogenic traits or non-selective
antimicrobial activity.

Fourth, relatively few studies distinguish clearly between biofilm inhibition and
biofilm eradication. Early-stage biofilms and mature biofilms differ fundamentally in
structure, physiology, and antimicrobial tolerance. Failure to differentiate these stages
can lead to overestimation of therapeutic potential, particularly when agents effective
against developing biofilms are assumed to be equally effective against established
communities.

Fifth, although phenotypic outcomes, such as reduced biofilm biomass or viable
cell counts, are frequently reported, mechanistic insight at the gene-expression level
remains limited, particularly in multispecies biofilms. Virulence attenuation may occur
through transcriptional modulation without immediate effects on bacterial viability, and
such changes cannot be inferred from growth-based assays alone (Li et al., 2025)

Finally, the impact of antibiofilm agents on health-associated commensal
species is often overlooked. Many studies focus exclusively on pathogenic organisms,
with little consideration of whether treatment disrupts beneficial early colonisers that
contribute to ecological stability. Preservation of commensal species is increasingly
recognised as a key requirement for ecology-based disease control, yet experimental
evidence addressing this balance remains scarce (Hoare et al., 2017)

Collectively, these gaps highlight the need for studies that integrate purified
phytochemicals, ecologically relevant multispecies biofilm models, and mechanistic
analyses to comprehensively evaluate selective antibiofilm and antivirulence activity.
Although pomegranate-derived preparations have demonstrated promising
antimicrobial and antibiofilm effects against oral pathogens, most existing studies rely
on crude extracts, which vary substantially in chemical composition and provide limited
mechanistic insight. Consequently, the specific contributions of individual
phytochemicals to antibiofilm activity remain insufficiently defined.

To address these limitations, the present study investigates purified
pomegranate-derived compounds using a dual-species biofilm model consisting of S.
mutans and S. gordonii. By integrating phenotypic biofilm assays with gene expression
analysis, this study aims to evaluate how selected compounds influence biofilm
formation and virulence-related traits within an ecologically relevant oral biofilm

system.
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Materials

3.1.1 Pomegranate-Derived Compounds (PDCs)

Corilagin (COR) - CAS 23094-69-1
Ellagic acid (EA) - CAS 476-66-4
Gallocatechin (GC) - CAS 3371-27-5
Kaempferol-glucoside (KG) - 16290-07-6
Punicalagin (PUG) - CAS 65995-63-3
Punicalin (PUN) - CAS 65995-64-4
Rutin (RUT) - CAS 153-18-4

3.1.2 Bacterial Strains

Streptococcus mutans (ATCC 700610)
Streptococcus gordonii (ATCC 51656)

3.1.3 Culture Media

Brain Heart Infusion (BHI) agar - Thermo Fisher (USA)
Brain Heart Infusion (BHI) broth - Thermo Fisher (USA)
Mitis-Salivarius Agar (MSA) - Sigma-Aldrich (Germany)
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3.1.4 Chemical Reagents

Table 3.1
List of Chemical Reagents Used in This Study
No Reagent Description Manufacturer
1. Crystal violet (CV) 1%, aqueous solution Sigma-Aldrich (Germany)
2. Dimethylsulfoxide ACS reagent, >99.9% Sigma-Aldrich (Germany)
(DMSO)
3. Chlorhexidine 20% in H.O Sigma-Aldrich (Germany)

digluconate solution

4. Phosphate-buffered Tablet, pH 7.2-7.6. Sigma-Aldrich (Germany)
saline Tablet/200 mL
5. Acetic acid Glacial, ACSreagent, >299.7%.30  Sigma-Aldrich (Germany)

mL of glacial acetic acid was
added to deionised water to make
up to 100 mL, resulting in a 30%

(v/v) acetic acid solution.

6. Glycerol ACS reagent, >99.5% Sigma-Aldrich (Germany)
7. n-hexadecane analytical standard Sigma-Aldrich (Germany)
8. Osmium tetroxide ACS reagent, >98.0% Sigma-Aldrich (Germany)
9. Glutaraldehyde solution ~ Grade I, 25% in H2O, specially  Sigma-Aldrich (Germany)

purified for use as an electron
microscopy fixative

10. TE buffer, 1x, molecular Buffer composed of 10mM Tris- Promega
biology grade HCI containing 1mM EDTA-<Na:
3.1.5 Commercial Kits
Table 3.2
List of Commercial Kits Used in This Study
No Kit Description Manufacturer
1. RNeasy Mini Kit RNeasy Mini Spin Columns, Qiagen (Germany)
Collection Tubes (1.5 ml and 2
ml), RNase-free Reagents and
Buffers
2. RNAprotect Bacteria Qiagen (Germany)
Reagent
3. QuantiTect Reverse 100 pl 7x gDNA Wipeout Buffer, Qiagen (Germany)
Transcription Kit 50 ul Quantiscript Reverse
Transcriptase, 200 pl 5x
Quantiscript RT Buffer, 50 pl RT
Primer Mix, 1.9 ml RNase-Free
Water
4. DNase I RNase Free 1 U/uL Thermo Fisher Scientific
(supplied with MnCl2) (USA)
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No Kit Description Manufacturer
5 iQ SYBR Green 2.5ml (2 x 1.25 ml), 2x qPCR BioRad (USA)
Supermix mix, contains dNTPs, iTag™
DNA Polymerase, MgCls,
SYBR® Green I, enhancers,
stabilizers, fluorescein, for 100 x
50 pl reactions
3.1.6 Consumables
1. Millex™ polyethersulfone (PES) syringe filters - MERCK (USA)
2.  Millex™-FG Filter Unit - MERCK (USA)
3. Falcon Tube 15 mL
4. Corning® 96-well Clear Flat Bottom Polystyrene Not Treated Microplates -
Corning(USA)
5. NEST ® Petri dishes — Nest Scientific USA
6. Qorpak™ PYREX™ Screw Cap Culture Tubes with PTFE Lined Cap — Fisher
Scientific (USA)
7. 5 mm glass beads - MERCK (USA)
8. Cuvettes — Kartell
9. Nylon syringe filter (0.22 um) - Bioflow
10. Syringe — Tarumo Japan
11. 96 well plates -MicroAmp; Applied Biosystems; Cat No. N801-0560)
12. Optical adhesive covers -Applied Biosystems; Cat No. 4313663)
3.1.7 Equipment
1. Autoclave - Hirayama (Japan)
2. Esco | Class Il Biological Safety Cabinets, Gen 3 (S-Series)
3. Analytical balance — Denver x1-1810 USA
4. Centrifuge — Jouan A14 Franc3
5. Chiller (4°C)
6. Electric dry cabinet — Weifo KD-112
7. Freezer (-20°C)- Zanussi Germany
8. Freezer (-80°C) — Hetofrig CL410 Denmark
9. Incubators — Memmert Germany
10. Hot plate/ stirrer — Thermolyne
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11. Light microscope — Nikon Japan

12. pH meter — Hanna HI-8417 instrument

13. Micropipettes — Eppendorf

14. Spectrophotometer — Shimadzu UV160A Japan

15. Microplate reader - Infinite® 200 PRO

16. Ultrasonic sonicator — Selecta CE95

17. Vortex mixer — Snijder Scientific Holland

18. Autoclave

19. Analytical balance — Denver x1-1810 USA

20. Centrifuge — Jouan A14 France

21. Chiller (4°C)

22. Electric dry cabinet — Weifo KD-112

23. Fume cupboard — Ductless Labcaire 4850 England

24. Scanning electron microscope (SEM)- FEI Quanta™ FEG 450
25. NanoDrop spectrophotometer -Thermo Fisher Scientific

26. StepOne Plus Real-Time PCR System (Applied Biosystem USA)

3.2 Preparation of Solution and Media

3.2.1 Preparation of Brain Heart Infusion (BHI) Agar

Brain Heart Infusion (BHI) agar was used as the growth medium for bacterial
cultivation. The BHI agar was prepared according to the manufacturer’s instructions
(Thermo Fisher, USA). The prepared medium was sterilised by autoclaving at 121 °C
for 15 minutes. Once cooled and solidified in petri dishes, the agar plates were stored

at 4 °C until further use.

3.2.2 Preparation of Brain Heart Infusion (BHI) Broth

Two types of Brain Heart Infusion (BHI) broth were prepared for bacterial
culture: standard BHI broth and BHI broth supplemented with 1% (w/v) sucrose.
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3.2.2.1 Standard BHI Broth

BHI broth was prepared according to the manufacturer’s instructions (Thermo
Fisher, USA). The powder was dissolved in distilled water and mixed thoroughly. The

solution was then sterilised by autoclaving at 121 °C for 15 minutes.

3.2.2.2 BHI Broth with Sucrose

To prepare the sucrose-supplemented broth, BHI powder was first dissolved in
distilled water as described for the standard broth. To optimise sucrose concentration
for biofilm formation, sucrose was added to sterile BHI broth to yield final
concentrations of 0.25%, 0.5%, 1%, and 2% (w/v). Each formulation was sterilised by
autoclavingat 121 °C for 15 minutes. After sterilisation, the broths were allowed to cool

to room temperature and stored at 4 °C until further use.

3.2.3 Preparation of Mitis Salivarius Agar (MSA)

Mitis Salivarius Agar (MSA) was prepared according to the manufacturer’s
instructions (Sigma-Aldrich, Germany). Briefly, 90 g of dehydrated MSA powder was
suspended in 1 L of distilled water and gently heated with continuous stirring until
completely dissolved. The medium was then sterilised by autoclavingat 121 °C for 15
minutes. After autoclaving, the medium was cooled to approximately 45-50 °C before
being poured aseptically into sterile Petri dishes. The plates were left to solidify at room
temperature and subsequently stored at 4 °C until use. Prior to inoculation, the agar
plates were equilibrated to room temperature. The MSA was used for the selective
isolation and differentiation of oral streptococci, including S. mutans and S. gordonii,

based on distinct colony morphology.

3.2.4 Preparation of Phosphate-Buffered Saline (PBS) Solution

Phosphate-buffered saline (PBS) was used as the buffer for serial dilutions. The
PBS was prepared according to the manufacturer’s instructions (Sigma-Aldrich, USA).
One PBS tablet was dissolved in 200 mL of deionised water, yielding a solution

containing 0.01 M phosphate buffer, 0.137 M sodium chloride, and 0.0027 M potassium
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chloride, with a final pH of 7.4 at 25 °C. The solution was subsequently sterilised by

autoclaving. The solution was stored at 4 °C for short-term use.

3.2.5 Preparation of Chlorhexidine (CHX)

Chlorhexidine digluconate (CHX) was used as the positive control in all
antimicrobial and antibiofilm assays. A 0.12% (w/v) working solution was prepared by
diluting a 20% (w/v) CHX stock solution (Sigma-Aldrich, USA) in sterile distilled
water. Unless otherwise stated, all references to CHX in this study refer to the 0.12%
(w/v) concentration. The solution was freshly prepared prior to each experiment and
stored in a sterile, light-protected container at room temperature to preserve its stability

and antimicrobial activity.

3.2.6 Preparation of PDCs

Table 3.3 presents the details of the pomegranate-derived compounds (PDCs)
utilised in this study. The selection of these compounds was guided by the findings of
Man et al. (2022), who reported the compoud profiles of nine pomegranate cultivars
and identified several polyphenolic constituents commonly present in pomegranate
peel. Based on this report, representative compounds were selected to capture the
structural diversity of major polyphenolic classes associated with Punica granatum (P.
granatum), including ellagitannins, phenolic acids, flavonoids, and related derivatives.
This strategy enabled preliminary exploration of potential structure—activity
relationships among chemically distinct pomegranate polyphenols with respect to
antibiofilm and antivirulence effects.

In this study, the term PDCs denotes polyphenolic compounds naturally present
in P. granatum and commonly discussed in the literature in relation to pomegranate.
Both major and relatively less emphasised constituents were included in the screening
panel to allow comparative evaluation of their biological activity, recognising that
compound abundance in plant extracts does not necessarily predict antimicrobial or
antibiofilm potency.

For experimental purposes, the compounds were obtained as commercially
available, chemically defined standards, some of which are produced by suppliers using

plant sources other than pomegranate. This approach was adopted to ensure compound
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purity, consistent quality, and reproducible concentration-dependent evaluation under
controlled experimental conditions, without altering the chemical identity or biological
relevance of the compounds investigated. The use of compounds rather than crude
extracts also facilitated systematic screening in Phase I of the study, enabling
identification of lead candidates for subsequent mechanistic investigation in dual-
species biofilm models.

Stock solutions (20 mg/mL) were prepared by dissolving each compound in
50% DMSO. Working solutions were prepared by further diluting the stock solutions
with sterile distilled water to achieve the desired concentrations for experimental use.
The final DMSO concentration in all working solutions was maintained between 0.1%
and 0.5%, depending on the required concentration of the compound. Before
application, all stock solutions were filter-sterilised using Millex™-FG Filter Unit
(0.22 um) syringe filters (Merck, USA) that were validated for use with organic solvents
such as DMSO. This step was performed under aseptic conditions to ensure the

compounds remained sterile for subsequent experimental procedures.

59



Table 3.3
Selected PDCs with CAS Numbers, Molecular Weights (MW), Molecular Formulas (MF), Structures, and Purity

The compounds were identified as major constituents of pomegranate peel based on the study by Man et al. (2022). Molecular information was

retrieved from the supplier's website, BOC Sciences (https://www.bocsci.com).
Compound CAS No Molecular weight (MW) Purity (HPLC) Molecular structure

Molecular formula (MF)

Punicalagin (PUG) 65995-63-3 MW:1084.7 98%
MF: Cs3H28030

Punicalin (PUN) 65995-64-4 MW: 782.53 98%
MF:C34H22002

Corilagin (COR) 23094-69-1 MW: 634.45 >98%
MF:C27H22018
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Compound CAS No Molecular weight (MW) Purity (HPLC) Molecular structure
Molecular formula (MF)
Ellagic acid (EA) 476-66-4 MW: 302.19 >98%
MF: Ci14HsOs
Gallocatechin (GC) 3371-27-5 MW: 306.27 >98%
MEF: Ci5H1407
Rutin (RUT) 153-18-4 MW: 610.53 95%
MEF: C27H30016
Kaempferol-glucoside 16290-07-6 MW : 448.38 >98%

(KG)

MF: C21H20011
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33 Microorganisms Used in This Study

Two bacterial strains, S. mutans ATCC 700610 and S. gordonii ATCC 51656,
were selected to represent the oral microbiota in this study. The selection was based on
the origin of isolation: S. mutans (ATCC 700610) was initially isolated from a child
with active dental caries, while S. gordonii (ATCC 51656) was originally isolated from
the human oral cavity. These species were selected based on their distinctroles in oral
biofilm ecology: S. gordonii is a pioneer coloniser involved in initial surface attachment
and coaggregation with other microbes. At the same time, S. mutans is a key late-stage
coloniser with high acidogenic and aciduric potential, making it a major contributor to
cariogenic biofilms. Their inclusion enables the development of a realistic, clinically
relevant dual-species biofilm model to evaluate the antibiofilm activity of the test
compounds.

Lyophilised bacterial cultures were rehydrated in appropriate broth media and
inoculated onto culture media as recommended by the American Type Culture
Collection (ATCC). After incubation at 37 °C for 24 hours, the resulting colonies were
subcultured onto fresh brain heart infusion (BHI) agar slants, stored at 4 °C, and used
within two weeks. Bacterial stocks were prepared in 50% (v/v) glycerol for long-term
preservation and stored at —80 °C. Subcultures were performed biweekly to maintain

culture viability.

3.4 Experimental Design

This study employed a two-phase experimental design to identify and
characterise pomegranate-derived phytocompounds with selective antibiofilm activity
against cariogenic biofilms. In Phase I, compound prioritisation was primarily driven
by antibiofilm efficacy, with minimum biofilm inhibitory concentration (MBIC) and
minimum biofilm eradication concentration (MBEC) serving as the key determinants
for progression. Preference was given to compounds demonstrating strong activity
against S. mutans relative to the commensal partner, consistent with a selective targeting
strategy rather than broad-spectrum microbial suppression. Functional modulation of
virulence-associated traits, including acidogenicity and cell-surface hydrophobicity,

and acceptable safety profiles were considered supportive factors.
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Phase II focused on the mechanistic evaluation of the leading compounds using
a dual-species biofilm model. Antibiofilm efficacy was quantified by colony-forming
unit (CFU) enumeration following treatment of established biofilms. Molecular
responses were assessed through reverse transcription quantitative PCR (RT-qPCR)
analysis of selected virulence- and biofilm-associated genes. Structural and
morphological effects on biofilm architecture were examined using scanning electron

microscopy (SEM).
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3.5 Preparation of Standard Bacterial Suspension

Fresh bacterial cultures were prepared before each experiment to ensure
consistency and viability. Three to five well-isolated colonies were aseptically picked
from an 18- to 24-hour agar plate using a sterile inoculation loop and transferred into a
sterile 15 ml tube containing 10 ml of BHI broth. The turbidity of the bacterial
suspension was adjusted in sterile BHI broth to match the optical density of a 0.5
McFarland standard, corresponding to an approximate bacterial concentration of 1-2 X
108 CFU/mL. Spectrophotometric confirmation was performed at 600 nm; an
absorbance reading between 0.08 and 0.10 indicates the appropriate density. Following
turbidity adjustment to the 0.5 McFarland standard, the suspension was immediately
used for plate inoculation to minimise variation in bacterial density and ensure
consistency in results. Standardisation of the inoculum to the 0.5 McFarland standard
was essential to ensure reproducibility across antimicrobial, biofilm formation, and

mechanistic assays by minimising variability in initial bacterial load.

3.6  Disc Diffusion Assay

Screening for antibacterial activity of the compounds was performed according
to the Clinical and Laboratory Standards Institute (CLSI) guidelines, with minor
modifications. (CLSI, 2012). This assay was conducted as an initial qualitative
screening method to assess the inhibitory potential of the compounds against bacterial
growth.

Sterile blank paper discs, each 6 mm in diameter, were impregnated with 25 pLL
of each phytochemical stock solution at a concentration of 20 mg/mL, resulting in a
final loading of 0.5 mg per disc. A standardised bacterial suspension, adjusted to
approximately 108 CFU/mL, was evenly spread over brain heart infusion (BHI) agar
plates using a sterile swab to ensure uniform coverage. After inoculation, the petri dish
lids were briefly left ajar for 3—5 minutes to allow excess moisture to evaporate before
placing the discs.

For quality control, a disc treated with sterile distilled water served as the
negative control, and a disc containing 0.12% w/v CHX served as the positive control.
This procedure was repeated for all bacterial strains tested. The plates were inverted and

incubated at 37 °C for 16 to 18 hours. Following incubation, antibacterial activity was

65



assessed by measuring the diameter of the inhibition zones surrounding each disc.
Measurements were recorded in millimetres using a digital sliding calliper positioned
beneath the inverted plates for accuracy. All assays were performed in triplicate
(technical replicates) and independently repeated five times (biological replicates). Data

are presented as mean =+ standard deviation (n = 5).

3.7 Minimum Inhibitory Concentrations (MICs) and Minimum Bactericidal

Concentration (MBC)

MIC and MBC assays were conducted primarily to establish baseline
antimicrobial activity and to determine sub-inhibitory concentrations used for
subsequent antivirulence and biofilm assays. The minimum inhibitory concentrations
(MICs) of the compounds against planktonic bacterial cells were determined using the
broth microdilution method, following CLSI (2012) guidelines with minor
modifications. This assay was performed to evaluate the inhibitory and bactericidal
effects of the compounds against planktonic bacterial growth.

A standardised bacterial suspension of approximately 10® CFU/mL was
prepared as described in Section 3.5 and then diluted 1:20 in sterile broth to yield 5 x
10¢ CFU/mL.

Working solutions of each compound were freshly prepared at a concentration
of 12800 pg/mL. Twofold serial dilutions were prepared in sterile broth across a 96-
well microtiter plate to yield final concentrations of 12.5, 25, 50, 100, 200, 400, 800,
1600, 3200, and 6400 pg/mL. Then, 10 pL of the diluted bacterial suspension was added
to each well containing 90 uL of broth, resultingin a final volume of 100 pL per well.
Consequently, the final bacterial concentration in each well was approximately 5 x 10°
CFU/mL (or 5 x 10* CFU/well), consistent with standard microdilution assay
conditions.

All treatments were performed in triplicate (technical replicates), and the entire
experiment was independently repeated five times (biological replicates).

For each assay, growth control (GC) wells containing only bacterial suspension
and BHI broth were included to confirm bacterial viability. Sterility control wells
consisting solely of BHI broth were used to confirm the absence of contamination and
to validate the sterility of the media. In order to address any potential interference from

the inherent colouration of phytocompounds, additional wells containing only the PDCs
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and sterile BHI broth were prepared as blank controls. These blank controls were
serially diluted in the same manner as the test wells. For example, PUG, which exhibits
a yellow to brown hue, required such controls to eliminate background absorbance when
measuring optical density (OD) during MIC determination.

After incubation at 37 °C for 24 hours, bacterial growth was assessed by
measuring optical density at 600 nm using a microtiter plate reader (Tecan Infinite®
200 PRO). The MIC was the lowest concentration with an OD600 difference of <0.05
compared to the blank control (Wan et al., 2023). Following MIC determination, the
MBC was assessed to identify the lowest concentration of compound required to
achieve bacterial killing. From the wells showing no visible growth, 10 pL of each
sample was plated onto BHI agar and incubated at 37 °C for 36 to 48 hours. The MBC
was the lowest concentration at which no colony formation occurred, indicating a 99.9%
reduction in viable bacteria.

MIC and MBC values represent categorical endpoint concentrations and were

recorded descriptively across five independent biological experiments.
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Setup
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3.8 Cell Surface Hydrophobicity Assay

The effects of compounds on the cell surface hydrophobicity (CSH) of S.
gordonii and S. mutans were assessed using microbial adhesion to hydrocarbon
(MATH) assay as originally described by Rosenberg (1984), with reference to later
methodological refinements and contemporary applications in S. mutans studies (He et
al., 2019). This assay was performed to evaluate changes in bacterial surface
hydrophobicity, which influence adhesion and early biofilm formation.

The PDCs were tested at the MIC and at subinhibitory concentrations (0.5x
MIC, 0.25x MIC, and 0.125x MIC). Bacterial cultures were incubated with the
compounds at 37 °C for 24 hours. Following incubation, the cells were harvested by
centrifugation at 5000 x g for 5 minutes at 4 °C, washed twice with sterile distilled
water. They were resuspended in PUM buffer to an optical density of 0.8 at 600 nm
(ODy). The PUM buffer was prepared by dissolving 17.4 g of K;HPO4-3H,0, 7.26 g of
KH,POy4, 1.8 g of urea, and 0.2 g of MgSO4-7H,0 in distilled water, then adjusting the
volume to 1000 mL and the final pH to 7.1. A 3 mL aliquot of the bacterial suspension
was transferred into a clean tube, followed by the addition of 0.2 mL hexadecane
(Sigma-Aldrich). The mixture was vortexed vigorously for 60 seconds, then allowed to
stand undisturbed for 15 minutes to facilitate phase separation. The absorbance of the
aqueous phase was measured at 600 nm (OD:). The percentage of cell surface

hydrophobicity was calculated using the following formula (3.1).

0D0-0D1 (3.1)

Hydrophobicity (%) = oD0

100
ODy = ODsoo of the bacterial suspension before adding hexadecane

OD; = ODgqo of the bacterial suspension after adding hexadecane.

Cells incubated with 1% DMSO and added with hexadecane without
compounds served as the negative control. The cell surface hydrophobicity assays were
performed independently in five determinations, each in triplicate. Data were expressed
as the percentage reduction in cell surface hydrophobicity (CSH) calculated using
equation (3.2)
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(3.2)

T
Percentage of reduction in CSH: (1 - (E)> %X 100

Where C represents the mean CSH value of the negative control group (bacteria
cultured without test compounds) and T represents the mean CSH value of the treated
group (bacteria exposed to the respective compound concentration). This calculation
allowed for the quantification of the inhibitory effect of each compound on bacterial

surface hydrophobicity relative to untreated controls.

3.9 Preparation of Clarified Saliva

This study involved human saliva and was conducted in accordance with
institutional and international ethical guidelines, with approval obtained from the
Research Ethics Committee, Universiti Teknologi MARA (Reference No:
REC/01/2023 [PG/MR/27]). To obtain a biologically relevant source of salivary
enzymes and host factors for the study, stimulated whole saliva was collected from a
single healthy adult female volunteer (40 years old). The subject met all inclusion and
exclusion criteria established for the study, including the absence of systemic illness,
no antibiotic use within the past 3 months, and no signs of active oral disease or
inflammation. Written informed consent was obtained prior to sample collection.

To stimulate saliva, the subject chewed sterile Parafilm M® (approximately 1
cm?) to promote consistent salivary flow. Whole saliva was collected in a sterile
container over a defined period until a total of 50 mL was obtained. Immediately after
collection, the saliva was transferred to a prechilled tube containing an equal volume
(1:1 ratio, v/v) of adsorption buffer supplemented with 50 pL 0.1 M phenylmethyl
sulfonyl fluoride (PMSF) to inhibit proteolytic degradation (Lemos et al., 2010;
Rahmani-Badi et al., 2015). The mixture was centrifuged at 5500x g for 10 minutes at
4 °Cto remove cellular debris and particulate matter. Following centrifugation, the clear
supernatant was carefully transferred to a sterile container and passed through a
Millex™ Polyethersulfone (PES) syringe filter with a 0.22 um pore size to ensure
sterility and eliminate residual microbial contamination. This PES membrane filter type
was selected due to its low protein-binding properties, thereby minimising loss of

salivary proteins during filtration while ensuring sterility and removing residual
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microbial contamination. This filtration step also helps maintain enzymatic integrity by
removing microbial enzymes that may interfere with downstream assays (Lemos et al.,
2010). The processed salivary filtrate was used immediately to preserve enzymatic

activity and protein integrity for subsequent experimental pellicle formation.

3.10 Optimisation of Dual-Species Biofilm Model of S. mutans and S. gordonii

Optimisation experiments were conducted to establish a reproducible dual-
species biofilm model comprising S. mutans and S. gordonii for subsequent antibiofilm
and mechanistic studies. The optimisation strategy was designed to ensure consistent
biofilm formation while permitting reliable recovery and quantification of both bacterial
species. In addition, optimisation aimed to establish a biofilm model that reflects key
features of cariogenic biofilms, including sucrose-dependent biofilm formation,
acidogenic activity, and stable coexistence of both species under conditions that favour
cariogenic growth. Optimisation was performed in two stages: initial parameter
screening using a 96-well microtiter plate platform, followed by validation in a glass-
bead biofilm model established in 24-well plates for Phase 2 assays.

An experimental acquired pellicle was established using clarified human saliva
to simulate the initial proteinaceous layer that naturally coats oral surfaces in vivo. This
saliva-derived pellicle provides a biologically relevant interface for bacterial adhesion
and subsequent biofilm development, thereby enhancing the physiological relevance of
the in vitro model.

Briefly, wells of sterile polystyrene microtiter plates were treated with clarified
human saliva, prepared as described previously, to allow adsorption of salivary proteins
and glycoproteins onto the surface. Each well was incubated with 200 pL of clarified
saliva at 37 °C for 2 hours to facilitate pellicle formation. To preserve the integrity and
activity of salivary components throughout the incubation period, the saliva was gently
aspirated and replenished with fresh aliquots every 30 minutes. This approach ensured
a continuous supply of pellicle-forming proteins while minimising degradation of labile
salivary constituents, following the method described by Pela et al. (2020). After the
incubation period, wells were gently rinsed with sterile phosphate-buffered saline (PBS)
to remove unbound components, leaving a uniform experimental pellicle firmly adhered
to the well surfaces. These saliva-conditioned wells were used immediately for

subsequent biofilm formation experiments.
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Standardised overnight cultures of S. mutans and S. gordonii were adjusted
based on established OD-CFU calibration curves and combined immediately before
inoculation to generate mixed bacterial suspensions with defined total cell densities.
The total starting inoculum was systematically varied from 1 x 106 to 1 x 10® CFU/mL
to identify a density that promoted consistent surface attachment and biofilm maturation
without excessive planktonic overgrowth or premature biofilm detachment. (Heersema
& Smyth, 2019). This range allowed evaluation of density-dependent effects on
interspecies interactions and biofilm stability. In parallel, the relative inoculum ratio of
S. mutans to S. gordonii was assessed at 1:1, 2:1, and 1:2 while maintaining a constant
total inoculum density, to compensate for known differences in growth rate,
acidogenicity, and competitive fitness between the two species.

Biofilm formation was further optimised by varying the sucrose concentration
in the culture medium, given its critical role in extracellular polysaccharide synthesis
and biofilm matrix development. Final sucrose concentrations of 0.5%, 1%, and 2%
(w/v) were evaluated to identify a condition that supported structured biofilm formation
while preserving species balance. Higher sucrose concentrations were carefully
assessed, as excessive sucrose availability is known to preferentially enhance glucan
production and rapid biofilm accumulation by S. mutans, potentially leading to
competitive dominance and reduced retention of S. gordonii within the adherent biofilm

After 24 hours of incubation, planktonic cells were gently aspirated, and wells
were carefully washed with sterile PBS to remove non-adherent bacteria. Adherent
biofilms were stained with 100 pL 0.1% (w/v) CV solution for 30 min at room
temperature. Excess stain was removed by thorough washing with PBS, and the plates
were air-dried. The bound dye was subsequently solubilised with 33% acetic acid (200
uL) (Plate 3.1). Following solubilisation, the eluate was carefully transferred to a fresh
96-well microtiter plate, and biofilm biomass was quantified by measuring absorbance
at 595 nm using a Tecan Infinite® 200 PRO microplate reader. Absorbance values
reflected total attached biofilm biomass and were used as a primary screening metric to
identify conditions that produced robust, reproducible biofilms with minimal well-to-
well variability. In addition to biomass quantification, the acidogenic potential of the
developing biofilm was evaluated by measuring the final pH of the culture medium after
incubation. The pH of the spent culture medium was measured using a calibrated
microelectrode pH meter immediately after the incubation period. Lower final pH

values were interpreted as indicative of increased acidogenic activity under sucrose-
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supplemented growth conditions and were considered supportive of a cariogenic-like

biofilm environment.

< \ , (
IS )\ ¥ )\ P/
Plate 3.1 CV—Stained Biofilms During Solubilisation using 33% (v/v) Acetic Acid

To confirm that CV-measured biomass represented a true dual-species biofilm,
viable cell recovery and colony-forming unit enumeration were performed under
selected optimisation conditions. Following removal of planktonic cells and washing,
adherent biofilms were mechanically detached by scraping the well base with the
addition of 100 pL of PBS to ensure efficient recovery of firmly attached cells. The
resulting biofilm suspensions were serially diluted and plated onto Mitis—Salivarius
(MS) agar. Plates containing between 30 and 300 colonies were selected for
enumeration.

Distinct colony morphologies on MSA enabled differentiation between S.
mutans and S. gordonii. S. mutans colonies were identified by their raised, convex
morphology with undulate edges, opaque pale-blue colouration, and granular frosted
glass appearance, occasionally displaying a glistening surface. S. gordonii colonies
were generally larger, smooth, firm, and flatter, with darker pigmentation (Plate 3.2).
Species identity was further confirmed using commercial biochemical identification
systems, namely the Rapid ID 32A system (bioMérieux, France) for S. gordonii and the
API 20 Strep system (bioMérieux, France) for S. mutans, according to the
manufacturers’ instructions. Viable counts were expressed as CFU/mL and calculated
as the number of colonies divided by the product of the dilution factor and the plated
volume. Viable counts were expressed as CFU/mL and calculated using the following

formula:(Equation 3.3):
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Number of colonies on plate (3.3)

Total CFU/mL = Dilution factor X Volume plated (mL)

Optimised conditions were defined as those that consistently produced
reproducible CV biomass measurements and recoverable CFU counts for both S.
mutans and S. gordonii across independent experiments. Conditions showing

pronounced dominance of one species and reduced recovery of the other were excluded.

Plate 3.2 Mitis—Salivarius (MS) Agar Showing Colony Differentiation of S. gordonii
and S. mutans
Colonies were recovered from dual-species biofilms grown in 96-well plates after 48 h
of incubation. Larger, smooth, and more regularly circular colonies (yellow circle)
correspond to S. gordonii, whereas smaller colonies with a raised, convex
morphology, slightly irregular edges, and a granular surface appearance (white circle)
correspond to S. mutans, as determined by characteristic colony morphology on
selective agar. Colony identification was initially determined by comparison with
observations from corresponding single-species control plates and was further
confirmed using the Rapid ID 32A system and the API 20 Strep identification kit.
This combined morphological and biochemical approach was employed to ensure
accurate species-specific enumeration in dual-species CFU analysis

Following optimisation in the 96-well screening platform, the selected
parameters were translated to a glass-bead biofilm model established in 24-well plates
for Phase 2 analyses. This additional optimisation step was necessary because the Phase
2 platform differed from the screening platform in both substrate material and culture
volume. Unlike the polystyrene surface of 96-well plates, the Phase 2 model utilised
glass beads, which possess distinct physicochemical surface properties that can

influence bacterial adhesion, extracellular matrix development, and biofilm
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architecture. In addition, the larger working volume of the 24-well format alters nutrient
availability, diffusion dynamics, and biofilm maturation. Therefore, optimisation was
performed to confirm that the selected inoculum density, species ratio, sucrose
concentration, and incubation time supported reproducible dual-species biofilm
formation under these modified conditions.

For the glass-bead model optimisation, sterile 5-mm glass beads were placed in
individual wells of 24-well plates and coated with clarified saliva using the same
pellicle-formation protocol. Pellicle-coated beads were inoculated with dual-species
suspensions prepared using the selected inoculum density and species ratio and
incubated in biofilm growth medium supplemented with the selected sucrose
concentration for 24 hours or 48 hours. For biofilm recovery, each bead was transferred
into a 1-mL microcentrifuge tube containing PBS, then sonicated and vortexed to detach
the biofilm. The resulting suspension was serially diluted and plated onto MS A for
viable cell enumeration. Separate bead sets were used in the CV assay to quantify total
biofilm biomass.

Based on reproducibility of biomass measurements and consistent recovery of
both species across both platforms, an inoculum density of 1 x 10 CFU/mL per species,
a 1:1 inoculum ratio, and a sucrose concentration of 1% (w/v) were selected. These

parameters were applied uniformly in all subsequent dual-species antibiofilm assays.

3.11 Minimum Biofilm Inhibitory Concentration (MBIC) Using CV Assay

Both single-species and dual-species biofilm models involving S. gordonii and
S. mutans were established and treated with varying concentrations of selected
compounds to investigate their antibiofilm effects. This assay was performed to assess
the ability of the compounds to inhibit early biofilm formation. Pure cultures were
grown overnight in BHI broth at 37°C under microaerophilic conditions. The bacterial
cultures were then adjustedto ~1 % 10° CFU/mL using a spectrophotometer. Biofilm
inhibition assays were performed in sterile 96-well polystyrene microtiter plates
(Corning® Costar®) following a modified protocol by (Sun et al., 2019). Compound
solutions prepared in BHI were first dispensed into each well at 100 puL, with final
concentrations ranging from 12.5 to 1600 pg/mL. The final DMSO concentration was

maintained at 1% (v/v) across all wells. Wells containing 1% DMSO in BHI without
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compounds served as negative controls, while wells treated with 0.12% CHX served as
positive controls.

Following compound dispensing, bacterial suspension was added to each well
to initiate biofilm formation. For the single-species biofilm model, 100 pL of either S.
mutans or S. gordonii suspension was added to the wells containing the compound. For
the dual-species model, equal volumes (50 puL each) of S. mutans and S. gordonii
suspensions were added to achievea 1:1 inoculum ratio. The total volume per well was
maintained at 200 pL of bacterial inoculum. Plates were incubated at 37 °C for 24 hours
to allow biofilm development in the continuous presence of test compounds.

Following incubation, biofilm biomass was quantified using CV staining and
spectrophotometric measurements as described in Section 3.10. All experiments were
performed in triplicate (technical replicates) and repeated independently five times
(biological replicates). The percentage of biofilm inhibition was calculated relative to
the untreated control using Equation (3.4), and the primary outcome measure was the

reduction in biofilm biomass expressed as percentage inhibition.

0D negative control — 0D test (3.4)

Biofilm inhibition % = [1 ( ) x 100]

0D negative control

The minimum biofilm inhibitory concentration (MBIC) was defined as the
lowest concentration at which biofilm formation was substantially inhibited relative to
the untreated control. MBICso and MBICso values were derived from five independent
biological experiments. As MBIC represents a discrete concentration threshold rather
than a continuous quantitative variable, values were recorded descriptively and were
not subjected to inferential statistical comparison. A concentration was assigned as the
MBIC endpoint only when the predefined inhibition criterion (>50% or >90%) was
consistently achieved in the majority of independent biological repeats. Where
variability occurred between experiments, the modal concentration was selected. In
cases of discordance between adjacent concentrations, the higher concentration was
conservatively reported to prevent overestimation of antibiofilm efficacy.

As this assay was designed to determine threshold inhibition concentrations

rather than to model dose—response relationships, nonlinear curve fitting was not
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performed. MBICso and MBICso were therefore identified as the lowest tested

concentrations achieving the predefined inhibition criteria.

3.12 Minimum Biofilm Eradication Concentration (MBEC) Using CV Assay

The capacity of the selected compounds to disrupt and eradicate preformed
biofilms was assessed using the CV assay. This assay was performed to evaluate
compound efficacy against mature biofilm biomass, providing an indicator of biofilm
structural disruption. Standardised overnight cultures of S. mutans and S. gordonii were
adjusted to 1 x 10® CFU/mL in brain heart infusion (BHI) broth supplemented with 1%
(w/v) sucrose. Equal volumes of each bacterial suspension were combined immediately
prior to inoculation to obtain a 1:1 inoculum ratio. A 100 pL aliquot of the bacterial
culture was dispensed into the wells of a sterile 96-well microtiter plate, followed by
incubation at 37 °C for 48 hours under static conditions, with the culture medium
replenished every 24 hours to maintain nutrient availability. After incubation,
nonadherent cells were carefully removed by washing twice with sterile phosphate-
buffered saline (PBS, 1x). Test compounds at increasing concentrations (12.5-1600
ng/mL) were then applied to the wells containing the established biofilms. Treatment
lasted 4 hours. Wells treated with 1% DMSO served as the negative control, while those
treated with 0.12% CHX acted as the positive control. All treatments were performed
in triplicate (technical replicates), and the entire experiment was independently repeated
five times (biological replicates).

Following treatment, the wells were gently washed with PBS to remove residual
compounds and planktonic cells. Biofilm biomass was stained by adding 100 pL of
0.1% (w/v) CV solution to each well and incubating at room temperature for 30 minutes.
Excess dye was discarded, and the wells were rewashed with PBS. The bound dye was
solubilised with 30% (v/v) acetic acid, and the absorbance was measured at 595 nm
using a microplate reader. The percentage of biofilm eradication was calculated relative
to the untreated control using Equation (3.5). The primary outcome measure was the
reduction in biofilm biomass, expressed as percentage eradication compared with the

negative control.
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OD test
OD negative control

(3.5)

Biofilm eradication % = 1 — ( ) x 100

The minimum biofilm eradication concentration (MBEC) was defined as the
lowest concentration at which a substantial reduction in biofilm biomass relative to the
untreated control was observed. MBECso and MBECoo values were derived from at least
three independent biological experiments. As MBEC represents a categorical endpoint
concentration threshold rather than a continuous distribution, results were analysed
descriptively. A concentration was assigned as the MBEC endpoint only when the
predefined eradication criterion (>50% or >90% biomass reduction) was consistently
achieved in the majority of independent biological repeats. Where variability occurred
between experiments, the modal concentration was selected. In cases of discordance
between adjacent concentrations, the higher concentration was conservatively reported
to prevent overestimation of biofilm eradication efficacy.

As this assay was designed to determine threshold eradication concentrations
rather than to model dose—response relationships, nonlinear curve fitting was not
performed. MBECso and MBECso were therefore identified as the lowest concentrations

tested that met the predefined eradication criteria.

3.13 Glycolytic pH Drop Assay

The influence of PDCs on acid production by S. mutans was assessed using the
glycolytic pH drop method and quantification of acidity (He et al., 2019). This assay
was performed to evaluate the effect of selected compounds on acidogenicity, serving
as a functional proxy for glycolytic activity and cariogenic virulence potential. This
assay is essential because it provides insight into the compound’s ability to inhibit S.
mutans acidogenic activity, a key factor in dental caries development. In this assay, S.
mutans cultures were collected during the mid-log phase, rinsed with phosphate-
buffered saline (PBS), and then suspended in a salt solution containing 50 mM
potassium chloride and 1 mM magnesium chloride, with or without varying
concentrations of compounds (12.5 to 400 pg/mL). The concentration range was
selected based on prior MIC and MBIC findings to include sub-inhibitory and inhibitory

levels for functional comparison. Glucose was added to reach a final concentration of
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1% (w/v), and the pH was adjusted to 7.2—7.4 using 0.2 M potassium hydroxide. The
extent of acid production, as indicated by the drop in pH during glycolysis, was
measured at 15-minute intervals for 120 minutes. The pH value measured at 120 min
was defined as the final pH and used for endpoint comparison of acidogenic activity
among treatment groups.The primary outcome measure was the change in pH (ApH)
over time relative to the untreated control group. All experiments were performed in
triplicate and repeated independently at least three times to ensure reproducibility.
Statistical analysis was performed using two-way ANOVA to evaluate the
effects of treatment and time, followed by Tukey’s multiple comparison test where
appropriate. Data were assessed for normality using the Shapiro—Wilk test, and
homogeneity of variance was evaluated prior to analysis. A p-value < 0.05 was

considered statistically significant.

3.14 Brine Shrimp Lethality Assay (BSLA)

The preliminary biological evaluation of the pomegranate-derived compounds
was conducted using the brine shrimp (Artemia salina) lethality assay, based on the
method described by Sarah et al., (2017), with slight modifications. This assay was
employed as an initial screening tool to estimate general cytotoxic potential and to
support early-stage safety prioritisation of candidate compounds. The modifications
included the use of 1% DMSO to aid compound solubility, adjustment of the
concentration range to suit purified compounds, and the use of 20 nauplii per test
condition. Brine shrimp eggs were incubated in artificial seawater prepared by
dissolving 27 g of marine salt in 3 L of distilled water. Hatching was carried out in a
well-aerated glass container under constant illumination at room temperature for 48
hours to obtain free-swimming larvae (nauplii). After incubation, the nauplii were
drawn to one side of the container by a directed light source. Active nauplii were
carefully separated from unhatched eggs using a micropipette and transferred into a
clean petri dish containing fresh artificial seawater. These nauplii were used for the
toxicity assay. A stock solution of the compound was prepared by dissolving 20 mg of
the phytocompound in one mL of distilled water containing 1% DMSO yielding a
concentration of 20,000 ug/mL. Due to the limited aqueous solubility of some
compounds, 1% DMSO was used as a co-solvent to aid dissolution. From this stock, a

series of twofold dilutions were prepared in distilled water to obtain concentrations that
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were double the desired final test concentrations. The working concentrations prepared
were 25, 50, 100, 200, 400, 800, 1600, 3200, 6400, and 12,800 pg/mL. In 10 clean,
labelled test tubes, one mL of each prepared solution was mixed with one mL of
seawater containing 20 brine shrimp (Artemia nauplii). This 1:1 dilution step yielded
final test concentrations of 12.5, 25, 50, 100, 200, 400, 800, 1600, 3200, and
6400 ng/mL. All tubes were incubated at room temperature under illumination for 24
hours. After incubation, the number of dead nauplii in each tube was counted using a
magnifying glass to assess the compound's toxicity at different concentrations.
Appropriate control groups were also included: a negative control with seawater only
and a solvent control with seawater and 1% DMSO. Each concentration was tested in
triplicate to ensure reproducibility. The percentage of deaths was calculated using the

following formula, as shown at (3.6)

No of dead nauplii (3.6)

Percentage of Death (%) = ( ) x 100%

initial number of nauplii

The median lethal concentration (LCso), defined as the concentration causing
50% mortality of brine shrimp nauplii, was determined using nonlinear regression
analysis with a sigmoidal dose—response (variable slope) model in GraphPad Prism
version 10 (GraphPad Software, USA). Nonlinear regression was selected because it
allows direct modelling of concentration—response relationships without requiring prior
data transformation and provides reliable estimation of LCso values with confidence
intervals. The software calculated LCso values and their corresponding 95% confidence
intervals from the fitted dose—response curves. Toxicity results were interpreted using
Clarkson’s toxicity classification criteria. This system was selected because it provides
a graded toxicity assessment suitable for screening and phase-based compound
selection. According to Clarkson’s classification, compounds with LCso values above
1000 pg/mL are considered non-toxic, values between 500-1000 pg/mL indicate low
toxicity, values between 100-500 pg/mL indicate moderate toxicity, and values below
100 ug/mL are classified as highly toxic. The BSLA was employed as a rapid and cost-
effective preliminary toxicity screening method to support early-stage compound

prioritisation. As this assay reflects general acute toxicity, it does not replace

79



mammalian cell-based cytocompatibility testing; therefore, further evaluation using

relevant oral cell models will be required to confirm clinical biocompatibility.

3.15 Selection of Compounds for Phase I1

A multi-assay screening strategy was employed in Phase I to systematically
prioritise pomegranate-derived phytocompounds for advancement to Phase II (Table
3.4). Each assay was designed to interrogate a distinct biological property relevant to
cariogenicity, antibiofilm efficacy, selectivity, functional activity, and safety, with
predefined decisionrules applied to minimise selection bias and ensure reproducibility.
Preliminary antibacterial activity was assessed using the disc diffusion assay, minimum
inhibitory concentration (MIC), and minimum bactericidal concentration (MBC)
assays. These assays served as supportive evidence of antibacterial susceptibility and
were used to guide the concentration ranges employed in subsequent biofilm-based
assays; however, they were not used as primary selection criteria.

Antibiofilm activity formed the core basis for compound prioritisation.
Compounds were required to demonstrate measurable MBIC and minimum biofilm
eradication concentration (MBEC) activity against S. mutans, reflecting efficacy against
both biofilm formation and established biofilms. To favour selective suppression of the
cariogenic species while preserving biofilm ecological balance, only compounds whose
MBICso and MBECso values against S. mutans were lower than or equal to those
observed for S. gordonii were considered favourable. This criterion was applied to
prioritise selective inhibition of the pathogenic species without disproportionate
suppression of the commensal streptococcus.

Additional functional assays were incorporated to refine prioritisation. The
microbial adhesion to hydrocarbon (MATH) assay was used to assess bacterial cell-
surface hydrophobicity, with compounds that produced a marked reduction in the S.
mutans hydrophobicity index being prioritised. Acidogenic potential was evaluated
using the glycolytic pH-drop assay, and compounds that maintained the glycolytic pH
of S. mutans suspensions at or above pH 5.5 were considered favourable, reflecting
attenuation of acidogenicity.

Safety profiling was conducted using the BSLA. Compounds exhibiting an LCso
value greater than 500 pg/mL, indicative of low toxicity according to established

criteria, were considered acceptable for further evaluation. To ensure objective and
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transparent compound selection, each compound was evaluated using a five-parameter

scoring system comprising:

(1) S. mutans MBICso < S. gordonii MBICoo;

(i1) S. mutans MBECso < S. gordonii MBECso;

(ii1) reduction in S. mutans hydrophobicity index;
(iv) maintenance of glycolytic pH-drop at > 5.5; and
(v) LCso>500 pg/mL.

For each parameter met, the compound was assigned a score of 1; otherwise, 0,
yielding a maximum possible score of 5. An LCso value exceeding 500 pg/mL was
applied as a compulsory safety prerequisite, and only compounds meeting this
requirement were eligible for scoring. Compounds achieving a total score of >4/5 were
subsequently shortlisted for Phase II mechanistic investigations using a dual-species
biofilm bead model. Based on this predefined and integrated selection framework, PUN

and PUG were advanced for continued investigation.

Table 3.4

Phase I Multi-Assay Screening Strategy Used to Prioritise Pomegranate-Derived
Compounds (PDCs) For Phase II Investigation

The strategy integrates antibacterial reference assays, antibiofilm selectivity criteria,
virulence-related functional assays, and preliminary toxicity assessment.

Assay Purpose Selection Criterion for Phase I1
Disc Diffusion Assay Preliminary screening of Supportive evidence only (zone of
antibacterial activity inhibition indicating susceptibility).
Not used as a primary selection
criterion.
Minimum Inhibitory Determination of the lowest Used for reference and to guide
Concentration (MIC) concentration that inhibits visible concentration ranges for
bacterial growth MBIC/MBEC assays.
Minimum Bactericidal =~ Determination of the lowest Used for reference and to guide

Concentration (MBC) concentration that kills bacteria concentration ranges for
MBIC/MBEC assays.

Cell Surface Evaluation of bacterial cell Compounds showing substantial

Hydrophobicity Assay  surface hydrophobicity reduction in hydrophobicity were
prioritised when antibiofilm potency
(MBIC/MBEC) was comparable.
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Assay Purpose Selection Criterion for Phase I1
Minimum Biofilm Assessment of the ability to Compounds with MBICso values
Inhibitory Concentration prevent biofilm formation against S. mutans < those for S.
(MBIC) gordonii were advanced to Phase II;

MBICso values were reported for
reference only.

Minimum Biofilm

Evaluation of the ability to

Compounds with MBECso values

Eradication disrupt established biofilms against S. mutans <those for §.
Concentration (MBEC) gordonii were advanced to Phase II;
MBECso values were reported for
reference only.
Glycolytic pH Drop Measurement of acid production Compounds were prioritised if they
Assay through glycolysis prevented the glycolytic pH of S.
(acidogenicity) mutans suspensions from falling

below pH 5.5

Brine Shrimp Lethality
Assay (BSLA)

General screening for
cytotoxicity using Artemia salina

Ideal cut-off: LCso > 500 pg/mL
(low toxicity).

nauplii to determine LCso =
Lethal concentration to 50% of
brine shrimp nauplii.

3.16 Phase II: Dual-Species Biofilm Evaluation of Selected Lead Compounds

3.16.1 Biofilm Inhibition Assay of PUG and PUN Against Dual-Species Biofilms

3.16.1.1 Biofilm Formation and Treatment

The acquired pellicle was formed on glass beads (5 mm diameter), which were
individually placed in 24-well plates and inoculated with S. mutans and S. gordonii at a
1:1 ratio (1 x 10® CFU/mL). For biofilm inhibition assays, test compounds were added
at time zero (bacterial inoculation) and remained present throughout the biofilm
development period. Dual-species biofilms were incubated under optimised conditions
as described in Section 3.10. The effects of PUN and PUG at 50 ng/mL (MBICs) were
evaluated on biofilm biomass, microcolony architecture, bacterial viability, and gene
expression. The concentration of 50 pg/mL was selected based on the MBICqo values
determined for S. mutans, given its dominant role in cariogenic biofilm formation.
Targeting the MBICso of S. mutans allows evaluation of compound effects on the
primary cariogenic pathogen while maintaining the ecological context of the dual-
species biofilm model.

For each treatment group, a total of twenty-four biofilm-coated beads were

prepared in twenty-four independent wells (one bead per well) to ensure biological
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independence across two time points. Twelve beads were designated for the early
biofilm stage (8 hours), and twelve beads for the established biofilm stage (24 hours).
These time points were selected to capture transcriptional responses associated with
initial bacterial adhesion and extracellular polysaccharide synthesis during early biofilm
development, as well as gene regulation associated with mature biofilm architecture and
metabolic activity in established biofilms (Bowen & Koo, 2011; Lemos et al., 2019;
Zhou et al., 2025).

Following incubation, beads from each time point were randomly allocated to
downstream assays: three beads for biomass quantification, three for CFU enumeration,
three for RT-qPCR, and three for scanning electron microscopy (SEM). Each bead
represented a separate technical replicate for the respective downstream assay, as beads
within the same treatment group were generated from the same bacterial inoculum,
treatment preparation, and incubation run. No bead was reused across time points or
analytical procedures. This design enabled parallel qualitative and quantitative
assessment of biofilm responses across multiple analytical endpoints while avoiding
repeated measurement of the same biofilm-coated bead.

Where independent experimental runs were performed, biological replication
was defined at the level of separately prepared bacterial cultures and independently
repeated biofilm experiments, rather than at the level of individual beads. Technical
replicate values from beads within the same experimental run were therefore interpreted
as within-run replicate measurements, whereas independent experimental repeats

represented biological replicates.

3.16.1.2 Assessment of Biomass Following Biofilm Inhibition Treatment

Biofilm biomass was quantified using CV assay. Following incubation, beads
were gently washed by sequential dipping into sterile phosphate-buffered saline (PBS,
pH 7.2) three times to remove loosely attached and planktonic cells, taking care to
minimise disruption of the adherent biofilm. The washed beads were transferred to a
fresh 24-well plate and air-dried at room temperature. Biofilm biomass was stained by
immersing each bead in 0.1% (w/v) CV solution for 15 minutes at room temperature.
Beads were then rinsed thoroughly with distilled water until the washings were clear
and air-dried completely. The bound CV was solubilised by transferring each bead to a

new well containing 33% (v/v) acetic acid and incubating for 15 minutes with gentle
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agitation. The resulting eluate was mixed, and an aliquot of 200 pL from each well was
transferred to a 96-well microplate for absorbance measurement at 595 nm (ODsos)

using a microplate reader. Biomass was expressed as ODsos values per bead.

3.16.1.3 Assessment of Viable Cells Following Biofilm Inhibition Treatment (CFU

Enumeration)

The bacterial population in the biofilm was determined by gently dipping the
individual bead in 10 ml of sterile distilled water to remove planktonic cells, then
transferring the bead to a sterile microcentrifuge tube containing 1 ml of sterile PBS.
The tubes were sonicated for a few seconds and vortexed for 1 min to dislodge attached
cells. The suspension was then serially diluted in PBS. 100 uL of bacterial suspension
from each tube was pipetted onto three separate MSA plates (triplicate). The plates were
incubated in 5% CO; at 37 °C. The CFU were counted after 24-48 hours of incubation,

and the distinct colony morphologies allowed for differentiation between the two

species as described in section

Protocol for Dual-Species Biofilm Viability Assessment

1. Sample 2, Cell 3. Serial 4, Plating 5. Incubation 6. CFU 7. Species
Preparation Detachment Dilution (Technical Triplicates) Enumeration Differentiation
Retrieve a single glass Place the bead in 1 mLof  Create a series of Spread 100 pL from Incubate plates at 37°C Count colonies on plates  Differentiate S. mutans and
bead from the biofilm sterile PBS (Tube T1), dilutions of the bacterial appropriate dilutions onto  with 5% CO, for 24-48 containing between 30 S. gordonii based on their
culture and wash it in then sonicale and vortex.  suspension from Tube 1 three separate Mitis— hours. and 300 total colonies. distinct colony morphology.
sterile water. using PBS. Salivarius agar plates.

Species  Colony Morphology

Raised, convex,
@ 24-48 hours Streptococcus . pale-blue,

mutans ‘frosted glass'

w appearance.
31°C, 5% CO, Larger, smooth,

Blofilm I = = \ ! Streptococcus|  fatter, with
\ ! gordonii darker
pigmentation,

8. Confirmation
& Data Output

ID was further
confirmed
using commercial
biochemical
test kits Rapid ID
32A system for S.
gordonii and API 20

101 102 103 104 10°

Technical Replicate (Strep) for S.
o mutans
é Biological Place the bead in 1 mLof ~ Create a series of dilutions Spread 100 pL from Incubate plates at37°C  Count colonies on plates
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Figure 3.3 Workflow for Assessment of Viable Cells in Dual-Species Biofilms by
CFU Enumeration
Biofilm-associated cells were detached from individual glass beads, serially diluted,
and plated in technical triplicate on Mitis—Salivarius agar to determine species-
specific CFU counts.
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3.16.1.4 Scanning Electron Microscope (SEM) Analysis

To observe the surface architecture and structural morphology of dual-species
biofilms formed on saliva-coated glass beads, scanning electron microscopy (SEM) was
performed on samples collected 24 hours post-treatment.

Three representative beads from each treatment group (n = 3) were fixed
overnight in 2.5% glutaraldehyde at 4 °C to preserve biofilm structure. The following
day, beads were washed with 0.1 M sodium cacodylate buffer (pH 7.4) and post-fixed
in 2% (w/v) osmium tetroxide prepared in the same buffer. After fixation, samples were
rinsed twice with distilled water (15 minutes per wash) and dehydrated through a graded
ethanol series (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 95%), each for
15 minutes. Complete dehydration was achieved by two treatments with 100% ethanol,
followed by incubation in ethanol—acetone mixtures at 3:1, 1:1, and 1:3 ratios (15
minutes per step). Final dehydration was carried out in 100% acetone, repeated three
times for 15 minutes each. Samples were subjected to critical-point drying (CPD) for
approximately 2 hours to preserve ultrastructural integrity.

Once dried, beads were mounted onto aluminium stubs using copper tape and
sputter-coated with gold under low vacuum using an ion sputter coater. Field emission
scanning electron microscopy (FESEM) analysis was performed using an FEI Quanta™
FEG 450 electron microscope at magnifications of 1,000x and 5,000x%.

Although S. mutans and S. gordonii differ in ultrastructural characteristics,
reliable species differentiation cannot be achieved by SEM alone due to their similar
coccoid morphology and overlapping size ranges. Therefore, SEM was used solely to
evaluate overall biofilm morphology, including structural density, extracellular matrix
distribution, and surface attachment characteristics, rather than species-specific

identification within the mixed biofilm.

3.16.1.5 Gene Expression Analysis Following Treatment with PUG and PUN

RNA was extracted from bacterial cells attached to saliva-coated glass beads at
8 hours and 24 hours post-inoculation, representing early and established biofilm stages,
to evaluate gene expression in dual-species biofilms. At each time point (8 hours and
24 hours), biofilm-coated beads were removed from the wells using sterile forceps and

placed into 1.5 mL microcentrifuge tubes containing 1 mL of cold PBS. Beads were
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vortexed vigorously for 1 minute to dislodge adherent bacterial cells into suspension.
Immediately after vortexing, the suspension was transferred into a new tube containing
two volumes of RNAprotect Bacteria Reagent (i.e., 1 mL bacterial suspension + 2 mL
RNAprotect) to stabilise RNA and prevent post-sampling transcriptional changes. The
mixture was vortexed briefly and incubated at room temperature for 5 minutes. Samples
were centrifuged at 5,000 x g for 10 minutes at 4°C to pellet the stabilised bacteria. The
supernatant was discarded, and the pellet was used for RNA extraction or stored at —
80°C until further processing. The bacterial pellet was resuspended in 200 puL of TE
buffer (Promega) containing lysozyme (15 mg/mL) and 20 puL of Qiagen proteinase K,
and incubated at room temperature for 10 minutes to weaken the cell walls. RNA
extraction was then performed using the RNeasy Minikit (Qiagen, Germany) according
to the manufacturer’s instructions. Seven hundred microlitres (700 pL) of RNeasy lysis
buffer, RLT (with 10 pl B-mercaptoethanol per ml), was added, and the mixture was
vortexed vigorously. Then, 96-100% ethanol (500 pl) was added and mixed
immediately by pipetting. Half of the mixture (700 pul) was transferred to an RNeasy
spin column and centrifuged for 15 s at 8000xg. The flow-through was discarded after
centrifugation and reinserted in the collection tube. This step was repeated twice to
collect all the bacterial lysate. Bacterial lysate was washed with 350 pul of buffer RW1,
centrifuged for 15 seconds at 8000xg, and the flow-through was discarded.

DNase 1 (Qiagen, Germany) was prepared according to the manufacturer's
instructions. Ten ul DNase 1 was added to 70 pl Buffer RDD and added directly onto
the RNeasy spin column membrane before incubation at room temperature for 15
minutes. gDNA was removed from the mini spin column by buffer RW1 (350 pl) by
centrifuging for 15 s at > 8000xg. The flow-through was discarded, and the mini spin
columns were placed in new tubes. RPE buffer (500 pl) was added twice to the same
RNeasy spin column in two separate steps, and the column was centrifuged at 8000 g
for 15 seconds and 2 minutes, respectively, before discarding the flow-through from the
collection tube. RNA was eluted into a new 1.5 ml collection tube by adding 30 pl
RNase-free water directly to the spin column and centrifuging at > 8000xg for 1 minute.
This step was repeated twice to elute all RNA. A Nano-Drop spectrophotometer was
used to determine RNA concentration and purity. Three pl of eluted RNA was used to
determine the concentration by measuring the A¢o absorbance for each sample. Three
independent measurements of the same sample were performed. Purity was assessed by

calculating the Azs0/Azgo ratio. Azeo/Azgo ratios between 1.8 and 2.0 were used in the
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gene expression study. Nuclease-free water was used as blanks. All RNA samples were
diluted to 10 ng pl-1 in nuclease—free water and subjected to cDNA synthesis.cDNA
synthesis was performed using the Quantitect reverse transcription kit (Qiagen,
Germany). It consisted of three steps, as described below. In the first step, 1x gDNA
wipeout buffer (2 pl) was added to 12 ul RNA (10 ng/uL), as shown in Table 3.5, and

incubated at 42 °C for 2 minutes.

Table 3.5
Composition of Reagents Used to Eliminate Genomic DNA before Reverse
Transcription
Component Volume/reaction
gDNA Wipeout Buffer, 7x 2 ul
RNA (10 ng ul-1) 12 pl
Total volume 14 ul

In the second step, a 2x Reverse Transcription (RT) master mix was prepared
using the components provided in the kit, to which 14 pl of template RNA was added,
as outlined in Table 3.6. A reverse transcriptase-negative control (RT control) was also
included, containing all reaction components except that water was used instead of
Quantiscript reverse transcriptase. This control was used to verify the absence of
genomic DNA contamination in the RNA sample.

The third step involved synthesising complementary DNA (cDNA) from the
extracted RNA through reverse transcription. This was carried out using a thermal
cycler, with cycling conditions optimised according to the primers' specific annealing
and extension requirements. The reverse transcription process consisted of an initial
incubation at 42 °C for 15 minutes to enable cDNA synthesis, followed by a 3-minute
incubation at 85 °C to inactivate the enzyme and halt the reaction. The resulting cDNA
was stored at —20 °C for subsequent analyses.

Quantitative PCR (qPCR) was then performed using 96-well MicroAmp®
plates (Applied Biosystems, Cat. No. N801-0560), sealed with optical adhesive films
(Applied Biosystems, Cat. No. 4313663). Amplification was carried out on a
StepOnePlus™ Real-Time PCR System (Applied Biosystems) in accordance with the
manufacturer’s instructions. The plate layout, including the arrangement of samples and

controls, is shown in Figure 3.4.
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Table 3.6
Components Used to Synthesise Complementary DNA (cDNA) from RNA Samples

Component Volume/ reaction

Reverse-transcription master mix

Quantiscript Reverse Transcriptase 1 ul
Quantiscript RT buffer, 5x 4 ul

RT primer MIX 1 pl

Template RNA 14 pl

Total volume 20ul

Note: The kit components were thawed on ice, and the RT master mix prepared on ice.

Quantitative real-time PCR (RT-qPCR) was performed using iQ SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer’s
instructions, gene-specific primers (Table 3.9 and Table 3.10), and nuclease-free water.
The final reaction volume was 20 ul per well. A no-template control was included by
substituting cDNA with water. The reactions were set up in triplicate as outlined in
Table 3.7. Plates were centrifuged at 1500 rpm for 3 minutes at 20 °C to ensure all

components settled at the bottom of the wells.

Table 3.7
gPCR Reaction Setup Using SYBR Green Master Mix
Component Volume/ Reaction (ul)
IQ SYBR Green Supermix 10
Forward primer (10uM) 0.4
Reverse primer (10uM) 0.4
RNAse and DNAse —free water 8.2
cDNA (10ng/pl) 1
Total volume/well 20

The PCR machine thermocycling profile was configured as shown in Table 3.8.
gPCR was performed on a real-time PCR system, using the standard amplification
conditions recommended for SYBR Green—based detection. The thermal protocol
included initial enzyme activation, denaturation, annealing, and extension steps. A melt
curve analysis was performed at the end of the amplification cycles to verify the

specificity of the PCR products.
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Table 3.8
Thermocycling Conditions Showing Temperature and Duration for Each Step

Temperature (°C) Time (min: sec)
50 2.00
95 10.00
95 00:15 denaturation
59 (Tm value for each primer) 1:00 min annealing and extension

Reactions were run for 40 cycles, and amplified PCR products were subjected
to melting curve analysis (65-95 °C) to confirm amplification specificity. Threshold
cycle (Ct) values were obtained for each reaction. Relative gene expression was
calculated using the comparative cycle threshold (2"AACt) method (Livak &
Schmittgen, 2001). Ct values of target genes were normalised to the endogenous
reference gene (16S rRNA) to obtain ACt, followed by comparison with the untreated
control group (cells grown under the same conditions without compound) to determine
AACt. The reference gene exhibited stable Ct values across all experimental groups.
Each bead represented a technical replicate for the respective treatment group within
the same experimental run. For RT-qPCR analysis, RNA extracted from each bead-
derived biofilm sample was analysed in technical triplicates. Fold changes in gene

expression were expressed relative to the untreated control group.
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Table 3.9

Target Genes and Primer Sequences Used For RT-qPCR Analysis of Biofilm- and Virulence-Associated Genes

Inhibition Assays

in S. mutans During Biofilm

Gene

Description

Primer sequence (5°-3")

Reference

16SrRNA  Housekeeping gene F CCTACGGGAGGCAGCAGTAG (Kim et al., 2015)
R CAACAGAGCTTTACGATCCGAAA
gtfB Synthesise insoluble glucans for biofilm structure F AGCAATGCAGCCAATCTACAAAT
R ACGAACTTTGCCGTTATTGTCA
gtfC Produces soluble and insoluble glucans for F GGTTTAACGTCAAAATTAGCTGTATTAGC
dhesi
achesion R CTCAACCAACCGCCACTGTT
gtfD Binds extracellular glucans, supporting biofilm  F ACAGCAGACAGCAGCCAAGA
tability.
i R ACTGGGTTTGCTGCGTTTG
gbpB Involved in cell surface integrity and biofilm F ATGGCGGTTATGGACACGTT
accumulation
R TTTGGCCACCTTGAACACCT
brpA Regulates biofilm maturation and stress tolerance. F GGAGGAGCTGCATCAGGATTC (Hasan et al., 2014)
R AACTCCAGCACATCCAGCAAG
comDE Controls quorum sensing and biofilm-related gene F ACAATTCCTTGAGTTCCATCCAAG
regulation
R TGGTCTGCTGCCTGTTGC
ldh Catalyses lactic acid production during F TAT GAA GAC TGT GCG GAT GC (Yamashita et al., 2019)
fermentation
R GGT TAG CAG CAA CGA GGA AG-
atpD Maintains intracellular pH via proton extrusion. F TGT TGA TGG TCT GGG TGA AA
R

TTT GAC GGT CTC CGA TAA CC

Note: F = forward primer; R = reverse primer
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Table 3.10
Target Genes and Primer Sequences Used for RT-qPCR Analysis of Biofilm- And Virulence-Associated Genes in S. gordonii During Biofilm
Inhibition Assays

Gene Description Primer sequence (5°-3") Reference
165 rRNA  Housekeeping gene F AAGCAACGCGAAGAACCTTA Huanget al., 2014)
R GTCTCGCTAGAGTGCCCAAC
gtfG Synthesises glucans contributing to biofilm matrix F CCAAGACTTTGCAACCCGTG
formation.
R GACACTGTGGAGAGCACGAA
abpA Encodes amylase-binding protein A, mediating F TGATGCAGTTGAAGGTGGAA
adhesion to salivary amylase.
R TAGCTGCACCAACACGTTTC
cshA Encodes a surface protein regulating cell surface F CAGACGATGCAACCCCTATT
hydrophobicity and adhesion.
R TAACGGTCAAGGTCACCACA
sspA Encodes an antigen I/Il family adhesin involved in  F GGTTGTCCAGCCAGCCTTAT
surface attachment and co-adhesion.
R CTGCCTTAATTTGGGCCTGC

Note: F = forward primer; R = reverse primer
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Figure 3.4 Schematic Diagram Of RT-qPCR Plate Layout
Each gene was analysed in technical triplicates. Columns 1-3 represent the reference
gene, while columns 46, 7-9, and 10—12 represent target genes 1, 2, and 3,
respectively. Rows A—F correspond to control and treated samples across three
technical replicates, while rows G—H represent no-template controls (NTC).

3.16.2 Biofilm Eradication Activity of PUN and PUG on Preformed Dual-Species

Biofilms

3.16.2.1 Formation of Preformed Biofilms and Treatment

The acquired pellicle was formed on sterile glass beads (5 mm diameter), which
were individually placed into the wells of a 24-well tissue culture plate. A dual-species
suspension of S. mutans and S. gordonii was prepared at a 1:1 ratio (1 x 10° CFU/mL
per strain). Each well received one bead and 1 mL of the inoculum in BHI broth
supplemented with 1% (w/v) sucrose. The plate was incubated statically at 37 °C for 48
hours to allow the formation of mature biofilms on the glass beads, with the culture
medium replenished every 24 hours to maintain nutrient availability. During this 48-
hour incubation period, no test compounds were present, and this duration represents
biofilm growth (incubation) time rather than treatment exposure.

After incubation, nonadherent cells were removed by washing the beads twice
with sterile PBS. For biofilm eradication assays, treatments were applied only after

biofilm maturation, and the defined treatment periods (5 minutes or 4 hours) represent
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compound exposure times rather than biofilm incubation durations. Mature biofilms
were divided into two treatment groups: one exposed to PUG and PUN at 100 pg/mL
(MBECso) for 5 minutes, and the other for 4 hours, both at 37 °C. The two treatment
durations (5 minutes and 4 hours) were designed to differentiate between extrinsic
effects (immediate, surface-level disruption) and intrinsic mechanisms (time-dependent
intracellular or metabolic effects) contributing to biofilm eradication. In oral biofilm
models involving S. mutans, very short exposure periods (approximately 1—5 minutes)
primarily evaluate rapid surface interactions between antimicrobial agents and the
biofilm, including disruption of the EPS matrix (Panditet al., 2024). In contrast, longer
exposure periods allow assessment of time-dependent antimicrobial responses within
established biofilms, including metabolic inhibition, stress responses, and modulation
of biofilm-associated gene expression. Accordingly, 5-minute and 4-hour exposure
periods were selected to distinguish rapid surface-level biofilm disruption from deeper
physiological responses within mature dual-species biofilms. For each treatment
duration, beads treated with 1% DMSO served as the negative control, and those treated
with 0.12% CHX as the positive control. For each treatment group and time point, three

independent beads (technical replicates, n = 3) were analysed.

3.16.2.2 Assessment of Biomass Within Established Dual-Species Biofilms Following

Eradication Treatment

Biomass following eradication treatment was quantified using the CV assay as
described for the biofilm inhibition experiments (Section 3.16.1.2), with compound
exposure applied to established dual-species biofilms. Each bead represented one

independent technical replicate (n = 3) per treatment condition.

3.16.2.3 Assessment of Viable Cells Following Biofilm Eradication Treatment (CFU

Enumeration)

Viable cell enumeration following biofilm eradication treatment was performed
using the same CFU counting protocol described for the biofilm inhibition assay. CFU
values were calculated for each independent bead (n = 3 per group) and expressed as

CFU/mL following adjustment for dilution factor and plated volume.
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3.16.2.4 Scanning Electron Microscopy (SEM) Analysis

Biofilm-coated beads were prepared and processed according to the protocol
described in Section 3.16.1.5. Three independent beads per treatment group (n= 3) were
examined to evaluate structural alterations following eradication treatment. SEM
analysis was performed only for the 4 hours treatment condition, as structural changes
in biofilm architecture such as extracellular matrix disruption and microcolony
destabilisation typically require longer exposure to antimicrobial agents and are

unlikely to be detectable following very short treatment durations such as 5 minutes.

3.16.2.5 Gene Expression Analysis Following Treatment with PUG and PUN

The procedures for RNA extraction, cDNA synthesis, and RT-qPCR followed
the protocol in Section 3.16.1.4, with minor modifications to the primers. Specifically,
certain primers were retained from the previous set, whereas others were replaced to
target different genes under investigation. The primer sequences used for gene
expression analysis in this assay are listed in Table 3.11 and Table 3.12. Each treatment
group included three independent technical replicates (n = 3), with qPCR reactions

performed in technical triplicate.
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Table 3.11
Target Genes and Primer Sequences Used for RT-qPCR Analysis of Biofilm- and Virulence-Associated Genes in S. mutans During Biofilm
Eradication Assays

Gene Description Primer sequence (5°-3") Reference
16SrRNA  Housekeeping gene F CCTACGGGAGGCAGCAGTAG (Kim et al., 2015)
R CAACAGAGCTTTACGATCCGAAA
gtfB Synthesises insoluble glucans for biofilm F AGCAATGCAGCCAATCTACAAAT
structure R ACGAACTTTGCCGTTATTGTCA
gtfC Produces soluble and insoluble glucansfor F GGTTTAACGTCAAAATTAGCTGTATTAGC
adhesion R CTCAACCAACCGCCACTGTT
gbpD Binds extracellular glucans, supporting F ACAGCAGACAGCAGCCAAGA
biofilm stability. R ACTGGGTTTGCTGCGTTTG
gbpB Involved in cell surface integrity and F ATGGCGGTTATGGACACGTT
biofilm accumulation R TTTGGCCACCTTGAACACCT
alt4 Involvedin autolysis andcellwall turnover F CAGCAAACACAGGAACAGTCTG (Nagasawa et al., 2020)
R TCAGGAGTCTGCACAGAACTAG
IytF Encodes anautolysin contributing to cell  F GAATGCTGGCTGTTAGTTCTTATAC
separation and biofilm development. g CTGTACAGCGTTGACATCAAAAG Nagasawa et al., 2023

Note: F = forward primer; R = reverse primer
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Table 3.12
Target Genes and Primer Sequences Used For RT-qPCR Analysis of Biofilm- And Virulence-Associated Genes in S. gordonii During Biofilm
Eradication Assays

Gene Description Primer sequence (5°-3") Reference
16SrRNA  Housekeeping gene F AAGCAACGCGAAGAACCTTA (Huanget al., 2014)
R GTCTCGCTAGAGTGCCCAAC
cshA Encodes a surface protein regulating cell F CAGACGATGCAACCCCTATT
surface hydrophobicity and adhesion.
R TAACGGTCAAGGTCACCACA
sspA Encodes an antigen I/Il family adhesin F GGTTGTCCAGCCAGCCTTAT
involved in surface attachment and co-
adhesion. R CTGCCTTAATTTGGGCCTGC
scaA Encodes a metal ion (Mn*"/Fe?*) uptake ~ F GGGAATATC TTGGCGGTACAA (Veerapandian & Vediyappan, 2019)
component involved in oxidative stress
tolerance and biofilm persistence R GGTCTTGAGACTCTTGGCATAG
scaR Encodes aregulatory protein controlling F TAGTCCACCATCTGGGCTATAC
metal ion homeostasis and adaptive stress
responses R GCCAACTTGAAGGCCATTTC

Note: F = forward primer; R = reverse primer
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3.17 Operational Definition of Ecological Selectivity

In this study, ecological selectivity was defined before data analysis to ensure
consistent interpretation of the dual-species biofilm findings. Selectivity was considered
to reflect preferential suppression of S. mutans while maintaining the viability and
functional stability of the commensal species S. gordonii within the same biofilm
system.

A compound was interpreted as selective when a consistent pattern was
observed across microbiological and molecular parameters. This included a statistically
significant reduction (p < 0.05) inthe logio CFU/mL of S. mutans in treated dual-species
biofilms compared with untreated controls, together with no statistically significant
reduction, or only a comparatively smaller reduction, in the logio CFU/mL of S. gordonii
under the same treatment conditions.

At the molecular level, selectivity was further supported by significant
downregulation (p < 0.05) of S. mutans genes associated with virulence, including those
involved in extracellular polysaccharide production and acid tolerance. In contrast,
expression of S. gordonii genes related to adhesion and ecological function was
expected to remain unaffected or show no significant suppression.

Scanning electron microscopy (SEM) was used to examine overall biofilm
architecture. As species-level differentiation was not possible using conventional SEM,
morphological observations were interpreted cautiously. Structural changes such as
reduced matrix density or altered microcolony organisation were considered supportive
of the microbiological findings but were not used as standalone evidence of selectivity.

Selectivity was therefore determined through integrated interpretation of viable
counts, gene expression profiles, and structural observations rather than reliance on a
single outcome measure. This predefined integrative framework was applied
consistently across all dual-species analyses to minimise interpretative bias. This
operational definition is aligned with the ecological plaque hypothesis, which
emphasises modulation of pathogenic dominance while preserving beneficial members
of the microbial community, rather than indiscriminate biofilm eradication. All dual-
species results presented in Chapter 4 were interpreted according to these predefined

criteria.
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3.18 Statistical Analysis

All quantitative experiments were performed using biological replicates as
specified for each experimental phase. Phase I screening assays were conducted using
five independent biological replicates (n = 5), whereas Phase Il glass-bead biofilm
assays utilised three independent biological replicates (n = 3). Each biological replicate
was measured in technical triplicate. Data are presented as mean + standard deviation
(SD). Normality of data distribution was assessed using the Shapiro—Wilk test prior to
statistical analysis. Data sets that satisfied normality assumptions were analysed using
appropriate parametric statistical tests. All statistical analyses and graphical
visualisations were performed using GraphPad Prism version 10 (GraphPad Software,

USA). A p-value < 0.05 was considered statistically significant.

3.18.1 Disc Diffusion Assay

Zone of inhibition (mm) was analysed using one-way ANOVA, followed by

Tukey’s post hoc test for multiple group comparisons.

3.18.2 Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

MIC and MBC values were determined based on visual assessment of turbidity
(MIC) and colony growth on agar plates (MBC). No statistical test was applied because

these determinations were based on defined endpoints.

3.18.3 Cell Surface Hydrophobicity Assay

Hydrophobicity percentages obtained via the microbial adhesion to
hydrocarbons (MATH) method were analysed using one-way ANOVA, with Tukey’s

post hoc test for group comparison.
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3.18.4 Minimum Biofilm Inhibitory and Eradication Assays (MBIC and MBEC)

No inferential statistical analysis was applied to MBIC or MBEC values. These
parameters were determined descriptively using a threshold-based approach, defined as
the lowest tested concentrations achieving the specified percentage (50% and 90%)
reduction in biofilm biomass relative to untreated controls. MBIC and MBEC values
are therefore presented as observational outcomes rather than statistically derived

estimates.

3.18.5 Glycolytic pH Drop Assay

Changes in pH over time were analysed using two-way ANOVA, with treatment
and time as fixed factors. Tukey’s post hoc test was applied to assess differences at

individual time points across treatments.

3.18.6 Brine Shrimp Lethality Assay

The median lethal concentration (LCso), the concentration required to kill 50%
of the brine shrimp nauplii, was determined by plotting mortality data against the
logarithm of the compound concentration. The data were fitted using a nonlinear
regression model (sigmoidal dose-response curve with variable slope) in GraphPad
Prism version 10 (GraphPad Software, USA). The LCso values and corresponding 95%
confidence intervals (CI) were extrapolated from the curve. A goodness-of-fit (R? value)

was reported to assess the accuracy of the fitted model.

3.18.7 Bacterial CFU Counts Obtained from the Dual-Species Biofilm Bead Model

CFU values from biofilm inhibition and eradication assays were logio
transformed to normalise the data. A two-way ANOVA was performed to evaluate the
effects of treatment (PUG, PUN, positive control) and sampling time, including their

interaction. Tukey’s post hoc test was applied for pairwise comparison.
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3.18.8 Quantitative Real-Time PCR (RT-qPCR)

Gene expression levels were calculated using the 2"—~AACt method, normalised
to 16S rRNA as the reference gene. Group differences were assessed using one-way
ANOVA followed by Tukey’s post hoc test. The target genes were selected in advance
based on their known biological relevance; therefore, additional correction beyond

Tukey’s post hoc test was not applied.

3.18.9 Scanning Electron Microscopy (SEM)

SEM images were assessed qualitatively to observe structural changes in the

biofilm between the treated and control groups. No statistical test was applied.
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CHAPTER 4
RESULTS

4.1 Disc Diffusion Assay

The antimicrobial activity of selected pomegranate-derived compounds (PDCs),
namely corilagin (COR), ellagic acid (EA), gallocatechin (GC), kaempferol glucoside
(KG), punicalin (PUN), punicalagin (PUG) and rutin (RUT) were evaluated against
Streptococcus gordonii (S. gordonii) and Streptococcus mutans (S. mutans) using the
agar diffusion method, and the results are presented as mean zones of inhibition with
corresponding standard deviations (Table 4.1). DMSO (1% v/v) served as the vehicle
control and was used as the baseline to confirm that any observed inhibition was
attributable to the tested compounds rather than the solvent. CHX (0.12% w/v) served
as the positive control and was used as the reference antimicrobial agent for comparison
of relative inhibitory activity.

For each bacterial species, inhibition-zone diameters produced by the PDCs and
CHX were compared using one-way ANOVA followed by Tukey’s post hoc test.
Statistical comparisons were therefore performed within each bacterial species, with
CHX included as the positive reference control. The DMSO vehicle control was not
included in the letter-based comparison because it produced no measurable inhibition
zone.

Overall, all tested compounds exhibited measurable inhibitory activity against
both microorganisms when compared with the DMSO vehicle control, which showed
no inhibition. Among the compounds, PUG produced the largest inhibition zones for
both S. gordonii (17.5 £ 2.0 mm) and S. mutans (18.5 £ 2.0 mm). The inhibition
produced by PUG was statistically comparable to that of CHX (0.12%), indicating that
PUG exhibited inhibitory activity similar to the positive control under the conditions of
this assay (p > 0.05). EA also demonstrated potent antimicrobial activity, yielding
inhibition zones of 16.0 = 1.7 mm against S. gordonii and 17.0 + 1.7 mm against S.
mutans. However, EA produced significantly smaller inhibition zones than PUG and
CHX, while remaining significantly more active than several lower-performing

compounds (p <0.05).
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COR and PUN showed moderate activity against both species, with inhibition
zones of 14.0-15.0 mm. Their inhibitory effects were greater than the DMSO vehicle
control but significantly lower than those of PUG and CHX (p < 0.05). In contrast, GC
and KG exhibited comparatively smaller inhibition zones against both bacteria,
indicating lower antimicrobial efficacy within the tested group. RUT demonstrated
intermediate activity, with inhibition zones significantly lower than those of PUG and
CHX, but higher than those observed for GC and KG.

The negative control, DMSO (1% v/v), showed no observable zones of
inhibition against either bacterial species. This confirmed that the inhibitory effects
observed for the PDCs were compound-associated and not attributable to the solvent

vehicle.

Table 4.1
Zones of Inhibition (mm) of PDCs Against S. gordonii and S. mutans
Values are expressed as mean = SD from five independent experiments (n = 5). DMSO
(1% v/v) was used as the vehicle control to determine whether the solvent contributed
to bacterial inhibition, while CHX (0.12% w/v) was used as the positive antimicrobial
control. Statistical comparisons of inhibition-zone diameters were performed separately
for each bacterial species using one-way ANOVA followed by Tukey’s post hoc test.
Superscript letters indicate comparisons among treatments with measurable inhibition
zones within the same column. Values sharing the same superscript letter are not
significantly different (p > 0.05), while values with different letters are significantly
different (p <0.05). “ni” denotes no inhibition zone.

Zone of inhibition (mm + SD)

Compounds
S. gordonii S. mutans
COR 140+1.7¢ 150+1.74
EA 16.0+£1.7° 170+£1.7¢
GC 11.5£144 125+14c¢
KG 11.0£1.24 120+1.2¢
PUN 140+1.2°¢ 150+1.24
PUG 17.5+£2.02 18.5+£2.0
RUT 13.0+12¢ 140+124
CHX (0.12%) 170+£1.72 185+2.02
DMSO (1%) ni ni

Note: Values sharing the same superscript letter within each column are not significantly different (p >0.05), while
values with different letters indicate significant differences (p < 0.05).
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4.2 Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal

Concentration (MBC)

Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) values of the selected PDCs against S. gordonii and S. mutans are
presented in Table 4.2. CHX was included as a positive control.

For S. gordonii, MIC values ranged from 25 to 200 pg/mL. GC exhibited an
MIC of 25 pg/mL, whereas COR, EA, KG, and PUG each had an MIC of 100 pg/mL.
Higher MIC values of 200 pg/mL were recorded for PUN and RUT. Corresponding
MBC values for S. gordonii ranged from 100 to 800 pg/mL. The lowest MBC (100
ng/mL) was observed for GC, whereas COR exhibited the highest MBC (800 pg/mL).
The MBC/MIC ratios for S. gordonii ranged from 2 to 8.

For S. mutans, MIC values ranged from 100 to 200 pg/mL. GC, EA, KG, and
PUG each exhibited an MIC of 100 pg/mL, whereas COR, PUN, and RUT exhibited
an MIC of 200 pg/mL. MBC values for S. mutans ranged from 200 to 400 pg/mL. The
calculated MBC/MIC ratios for S. mutans ranged from 2 to 4. CHX demonstrated MIC
values of 0.015% against S. gordonii and 0.03% against S. mutans. The corresponding
MBC values were 0.015% and 0.06%, respectively. The MBC/MIC ratios for CHX

were 1 for S. gordonii and 2 for S. mutans.

Table 4.2

Minimum Inhibitory Concentrations (MIC), Minimum Bactericidal Concentrations
(MBC), and MBC/MIC Ratio of PDCs and CHX against S. gordonii and S. mutans
MIC and MBC were defined as endpoint values (no inferential statistics). Lower
MBC/MIC ratios indicate stronger bactericidal activity. CHX was included as a positive
control.

S. gordonii S. mutans
Compound MIC MBC MBC/MIC MIC MBC MBC/MIC
pg/mL pg/mL ratio pg/mL pg/mL ratio
GC 25 100 4 100 400 4
COR 100 800 8 200 400 2
EA 100 400 4 100 200 2
KG 100 200 2 100 400 4
PUN 200 400 2 200 400 2
PUG 100 400 4 100 200 2
RUT 200 400 2 200 400 2
CHX 0.015 0.015 1 0.03 0.06 2
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4.3 Cell Surface Hydrophobicity (CSH) of S. mutansand 8. gordonii Following
PDCs Treatment

The effect of compounds on the CSH of S. mutans was evaluated by measuring
the hydrophobicity index (HI, %) following exposure to subinhibitory concentrations
(0.125xMIC, 0.25xMIC, 0.5xMIC) and to the MIC. The results are shown in Figure
4.1. Statistical differences among groups were analysed using one-way ANOVA
followed by post hoc multiple comparisons, with significance indicated by different
superscripts (p < 0.05).

Untreated control cells consistently exhibited high hydrophobicity (HI = 71%),
reflecting the inherent hydrophobicity of S. mutans under baseline conditions. Among
the PDCs, PUG, PUN and RUT produced significant reductions in HI at sub-MIC
concentrations. For PUG, HI values were comparable to the control at 0.125xMIC (p >
0.05), but a significant reduction was observed at 0.25xMIC, with further significant
decreases at 0.5xMIC and MIC (p < 0.05), demonstrating a clear concentration-
dependent trend. A similar pattern was observed for PUN, where HI was significantly
reduced beginning at 0.25xMIC, followed by progressively lower values at 0.5xMIC
and MIC (p < 0.05). RUT also induced a statistically significant, graded decrease in
hydrophobicity at sub-inhibitory concentrations, with HI values not significantly
different from the control at 0.125xMIC (p > 0.05), but significantly reduced at
0.25xMIC and further decreased at 0.5xMIC and MIC (p < 0.05), indicating a dose-
dependent response.

In contrast, COR and EA did not significantly alter HI at lower sub-MIC
concentrations (0.125xMIC and 0.25xMIC; p > 0.05). However, significant reductions
in hydrophobicity were observed at 0.5xMIC, with additional decreases at MIC (p <
0.05), indicating that their effects on CSH were evident only at higher concentrations.

GC showed no significant changes in HI at any sub-MIC concentration tested
(p > 0.05), with a significant reduction observed only at MIC. Similarly, KG did not
induce significant alterations in hydrophobicity across all concentrations tested,
including MIC (p > 0.05).

Overall, the results demonstrate compound-specific and concentration-
dependent modulation of S. mutans cell surface hydrophobicity, with PUG, PUN, and
RUT exhibiting significant effects at sub-MIC concentrations (=0.25xMIC), COR and
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EA showing reductions only at higher concentrations (0.5xMIC), and GC and KG
displaying minimal or no effect.

The hydrophobicity index (HI) of S. gordonii following exposure to increasing
concentrations of PDCs is presented in Figure 4.2. Overall, the compounds exhibited
compound-specific, concentration-dependent effects on CSH, with varying degrees of
statistical significance relative to the untreated control. Treatment with COR resulted in
no significant change in HI at sub-MIC concentrations (0.125%, 0.25%, and 0.5x MIC),
as values remained comparable to the control group (p > 0.05). A significant reduction
in HI was observed only at the MIC (p < 0.05), indicating that COR predominantly
affected the CSH of S. gordonii at higher concentrations. In contrast, EA exhibited a
clear and progressive reduction in HI with increasing concentration. Significant
decreases were observed beginning at 0.125x MIC and continued through MIC, with
each concentration showing statistically distinct groupings (p < 0.05). This compound
demonstrated the most pronounced concentration-dependent effect among all tested
compounds. Similarly, KG produced a stepwise and significant decline in HI, with
reductions becoming significant from 0.25x MIC onward (p < 0.05). The HI values at
0.5x MIC and MIC were markedly lower than the control, indicating a consistent
downward trend. For GC, HI values remained comparable to the control at sub-MIC
concentrations, with a significant reduction observed only at MIC (p < 0.05). This
pattern suggests a threshold-dependent response, where hydrophobicity changes were

evident only at the highest tested concentration.
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Figure 4.1 Hydrophobicity Index (HI) of S. mutans After Exposure to PDCs at Sub-
Minimum Inhibitory Concentrations and MIC concentration
Panels represent individual compounds: (a) COR, (b) EA, (¢) GC, (d) KG, (e) PUN,
(f) PUG, and (g) RUT. Data are presented as mean + SD (n = 5). Statistical analysis
was performed using one-way ANOVA followed by Tukey’s post hoc test within each
compound panel. Different letters above the bars indicate statistically significant
differences (p < 0.05).
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Figure 4.1 (continue)

Treatment with PUG did not result in any statistically significantchanges in HI
across all tested concentrations (p > 0.05). HI values remained stable and comparable
to the untreated control, indicating minimal impact on the surface hydrophobicity of S.
gordonii. A similar trend was observed for PUN, where HI values were maintained at
sub-MIC levels, with a significant reduction detected only at MIC (p < 0.05). This
indicates limited influence on hydrophobicity except at higher concentrations. Finally,
RUT demonstrated a significant and concentration-dependent reduction in HI, with
statistically significant decreases observed from 0.25x MIC onward. The lowest HI was
recorded at MIC, representing the greatest reduction among the tested concentrations

for this compound.
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Collectively, these findings demonstrate that S. gordonii exhibits differential
sensitivity of surface hydrophobicity to phytochemical exposure, with EA, KG, and
RUT showing clear concentration-dependent reductions, while PUG displayed no
detectable effect across the tested range. Other compounds, including COR, GC, and
PUN, primarily affected hydrophobicity at MIC, indicating a threshold-dependent

response.
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Figure 4.2 Hydrophobicity Index (HI) of S. gordonii After Exposure to PDCs at Sub-
Minimum Inhibitory Concentrations and MIC Concentration
Panels represent individual compounds: (a) COR, (b) EA, (¢) GC, (d) KG, (e) PUN,
(f) PUG, and (g) RUT. Data are presented as mean + SD (n = 5). Statistical analysis
was performed using one-way ANOVA followed by Tukey’s post hoc test within each
compound panel. Different letters above the bars indicate statistically significant
differences (p < 0.05).
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Figure 4.2 (continue)

4.4  Optimisation of Dual-Species Biofilm Formation

Optimisation experiments were conducted to assess the effects of three key
parameters initial inoculum density, species inoculum ratio and sucrose concentration,
on dual-species biofilm formation by S. mutans and S. gordonii.

Variation in the initial inoculum density from 1 x 10° to 1 x 108 CFU/mL per
species produced distinct differences in biofilm formation and species recovery. Table
4.3 summarises the optimisation results obtained using both 96-well plate and glass-
bead models. Differences in biomass and absolute CFU values were expected due to

differences in assay configuration and culture volume. However, both experimental
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systems showed comparable trends in biomass development and species dominance. At
a starting inoculum density of 1 x 10° CFU/mL per species, reproducible biofilm
biomass, measured by CV staining was observed at both 24 hours and 48 hours, and
viable recovery of both S. mutans and S. gordonii was consistently detected. Increasing
the inoculum density to 1 x 107 CFU/mL resulted in greater total biomass but this was
accompanied by a disproportionate increase in the recovery of S. mutans relative to S.
gordonii. At the highest inoculum density tested (1 x 108 CFU/mL), biofilm biomass
was markedly increased. However, recovery of S. gordonii was substantially reduced
or absent, indicating pronounced species dominance by S. mutans.

The influence of inoculum ratio on dual-species biofilm composition was
evaluated using S. mutans: S. gordonii ratios of 1:2, 1:1, and 2:1. Biofilms initiated with
a 1:2 ratio demonstrated greater recovery of S. gordonii, particularly at 24 hours,
although overall biomass was relatively lower. In contrast, biofilms formed ata 2:1 ratio
exhibited increased biomass but were characterised by numerical dominance of S.
mutans, with reduced recovery of S. gordonii, especially at 48 hours. Among the ratio,
the 1:1 inoculum ratio produced reproducible biomass measurements and consistent
recovery of both species at both incubation time points, indicating stable coexistence
within the dual-species biofilm models (Table 4.4).

Sucrose concentration exerted a strong modulatory effect on both biofilm
biomass and species composition. Increasing sucrose concentration from 0.5% to 4%
(w/v) resulted in a progressive increase in CV-measured biomass. At 0.5% sucrose,
both species were recovered at comparable levels, indicating a relatively balanced
biofilm community at 1% sucrose, robust biofilm formation was observed,
accompanied by increased recovery of S. mutans while maintaining detectable levels of
S. gordonii. In contrast, sucrose concentrations of 2% and above resulted in marked S.
mutans dominance with substantially reduced or absent recovery of S. gordonii. Higher
sucrose concentrations (2% and 4%) promoted excessive biofilm accumulation and
more pronounced acidification, but these conditions also disrupted species balance by
favouring S. mutans dominance and suppressing S. gordonii. These conditions were
therefore considered less suitable for a stable and interpretable dual-species cariogenic

biofilm model.
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Table 4.3

Effect of Initial Inoculum Density (CFU/mL) on Dual-Species Biofilm Biomass and Species Recovery in 96-Well and Glass-Bead Models
96-well plate model

Glass bead model
Initial inoculum s S eordonii S. mutans S. gordonii
(CFU/mL per CV biomass - mutans . goraonu CV biomass (log10 (log10 Interpretation Decision
species) (log10 (log10 CFU/mL
p Mean = SD CFU/ml SD L SD Mean + SD CFU/mL + CFU/mL +
mL: SD) ) SD) SD)
Bal ;
1 x 108 1.35+0.05 6.01+0.10 6.05+0.12 1.45 +0.06 60+0.12 6254015 Dalancedrecovery g ed
reproducible
Increased
1 %107 1.75+£0.08 5.10+0.12 1.60+0.18 1.95+0.10 6.30+0.15 1.10+£0.22 dominance of S. Excluded
mutans
1x108 1.35+0.12 6.00+£0.10 3.80£0.12 1.60 £0.15 6.20+0.12 0.40+0.22  LossofS. gordonii Excluded
Note: Biomass is expressed as CV absorbance (ODsos), and viable counts as logio CFU/mL (mean + SD). Data were analysed by one-way ANOVA with Tukey’s post hoc test; different letters
indicate p <0.05.
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Table 4.4
Effect of Inoculum Ratio (S. mutans:S. gordonii) on Dual-Species Biofilm Biomass and Species Recovery in 96-Well and Glass-Bead Models

96-well plate model Glass bead model
Ratio . S cordonii S. mutans S. gordonii . ..
(S. gordonii: CV biomass S. mutans (log10 ’ ﬁo 10 CV biomass (log10 (log10 Interpretation Decision
S. mutans) Mean + SD CFU/mL:+ SD) & Mean+SD  CFU/mL+  CFU/mL*
CFU/mL: SD)
SD) SD)
S. mutans

1:2 1.72 £0.09 5.60+0.14 1.70 £0.20 1.95+0.11 6.85+0.16 5.55+0.25 dominance; reduced Excluded

S. gordonii recovery

Bal ;
1:1 1.46 +0.05 5.25+0.10 3.1540.12 1614007  545+0.02 330014 Dolancedrecoverys oy 4 ed

reproducible
High variability;

2:1 1.60 +1.35 6.15+0.55 450£060 178042 6254165 3.60+1.70 LB A Excluded

poor reproducibility

Note: Biomass is expressed as CV absorbance (ODsos), and viable counts as logio CFU/mL (mean + SD). Data were analysed by one-way ANOVA with Tukey’s post hoc test; different letters
indicate p <0.05.
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Table 4.5

Effect of Sucrose Concentration (%) on Dual-Species Biofilm Biomass and Species Recovery in 96-Well and Glass-Bead Models

96-well plate model Glass bead model Interpretation Decision
Sucrose S. mutans  S. gordonii S. mutans  S. gordonii
concetl)ltratlon CV biomass (log10 (log10 FinalpH  CV biomass (log10 (log10
(%) Mean+SD CFU/mL+ CFU/mL+ (mean+SD) Mean+SD CFU/mL+  CFU/mL*
SD) SD) SD) SD)
Low biomass with limited
0.5 028+0.06 590+0.15 6.10+0.18 6.35+0.1 035+0.08 6.05+020 6.20+0.22 acidification; insufficient  Excluded
matrix development
Reproducible biomass
with balanced species
1.0 1.55+0.06 530+0.12 320+0.14 548+0.10 4.89+0.09 550+0.15 335+0.16 recovery and moderate Included
acidogenic activity
Excessive biomass with
2.0 2.12+0.18  6.85+0.30 1.80+040 482+020 8.05+022 7.00+0.35 1.60+045 increasedacidificationand  Excluded
S. mutans overgrowth
Excessive biomass with
strong acidification and
4.0 220+040  7.60=+0.60 ND 455+0.15 845+0.55 7.90+0.62 ND complete suppressionof S.  Excluded

gordonii suppression of S.
gordonii

Note

ND : No colonies detected (below the detection limit of approximately 10 CFU/mL; logio = 1).

Biomass is expressed as CV absorbance (ODsos), and viable counts as logio CFU/mL (mean + SD). Data were analysed by one-way ANOVA with Tukey’s post hoc test; different letters indicate p

<0.05.
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4.5 Minimum Biofilm Inhibitory Concentration (MBIC) Using Crystal Violet
(CV) Assay

Table 4.6 presents the MBICso and MBICs values of the tested compounds
against S. gordonii, S. mutans, and dual-species biofilms. Overall, the data demonstrate
compound- and species-dependent variability in biofilm inhibitory activity. However,
dual-species biofilms did not consistently require higher inhibitory concentrations than
single-species biofilms for all compounds. Instead, dual-species MBIC values were
compound-dependent, with some compounds showing values comparable to one or
both single-species biofilms, while a marked increase in the dual-species model was
most evident for KG.

Among the tested compounds, PUG and PUN consistently exhibited the lowest
MBIC values, particularly against S. mutans and dual-species biofilms. PUG showed
an MBICso of 50 pg/mL and an MBICe of 50 pg/mL against S. mutans, while the
corresponding values in the dual-species model were 25 pg/mL and 50 pg/mlL,
respectively. These findings indicate that PUG retained strong biofilm-inhibitory
activity in the dual-species model, with no increase in MBICso compared with the S.
mutans biofilm. Similarly, PUN demonstrated low MBICso and MBICoo values across
all biofilm models, with identical MBICso values of 50 pg/mL observed for S. gordonii,
S. mutans, and dual-species biofilms. Thus, PUN showed stable inhibitory activity
across both single-species and dual-species conditions.

GC and EA displayed moderate inhibitory activity. For GC, the dual-species
MBICso and MBICeo values were 50 ug/mL and 100 pg/mL, respectively, which were
identical to those observed for S. mutans biofilms. This suggests that the dual-species
condition did not further reduce the inhibitory activity of GC beyond that observed
against S. mutans. EA showed MBICso values of 25 pg/mL against S. gordonii and 100
ng/mL against both S. mutans and dual-species biofilms, while the MBICoso value was
200 pg/mL across all three biofilm models. Therefore, EA demonstrated similar
MBICso values across the single- and dual-species models, although a higher MBICso
was observed for S. mutans and dual-species biofilms compared with S. gordonii.

In contrast, KG and COR exhibited reduced biofilm-inhibitory activity,
particularly at the MBICs level. KG showed the clearest increase in inhibitory
concentration in the dual-species model, with the MBICso increasing to 400 pg/mL and

the MBICso exceeding the highest tested concentration (>1600 pg/mL). This indicates
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reduced KG activity against the dual-species biofilm compared with both single-species
biofilms. COR exhibited high MBIC values against S. mutans and dual-species
biofilms, with MBICso and MBICso values of 200 pg/mL and 400 pg/mL, respectively,
in both models. Thus, COR showed reduced activity against S. mutans and the dual-
species biofilm compared with S. gordonii, but the dual-species values were not higher
than those observed for S. mutans alone. RUT showed poor biofilm-inhibitory activity
within the tested concentration range, with MBICoo values exceeding 1600 pg/mL for
all biofilm conditions. Although the MBICso increased from 100 pg/mL against S.
gordonii to 200 ug/mL against S. mutans and dual-species biofilms, RUT remained
weakly active overall, and its MBICo endpoint was not achieved in any model.
Across compounds, MBICso values were generally higher than MBICso values,
indicating that greater concentrations were required to achieve >90% inhibition of
biofilm formation than >50% inhibition. However, the relationship between single-
species and dual-species biofilm inhibition was not uniform across compounds. PUN,
PUG, GC, EA, and COR showed dual-species MBIC values that were comparable to
either S. mutans or both single-species models, whereas KG showed a pronounced loss
of activity in the dual-species biofilm. These findings indicate that increased tolerance
in the dual-species model was compound-specific rather than a general feature observed

across all tested PDCs.

Table 4.6
MBICso and MBICso (ng/mL) of PDCs Against Single-Species (S. gordonii, S. mutans)
and Dual-Species Biofilms

S. gordonii S. mutans Dual-species
MBIC;, MBIC,, MBIC;, MBIC,, MBIC;, MBIC,,
pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL
COR 50 100 200 400 200 400
EA 25 200 100 200 100 200
GC 12.5 50 50 100 50 100
KG 50 200 200 400 400 >1600
PUN 50 50 25 50 25 50
PUG 12.5 100 50 50 25 50
RUT 100 >1600 200 >1600 200 >1600

Note:[] Compounds with S. mutans MBICy, < S. gordonii MBICso

MBICso and MBICso denote the minimum concentrations required to achieve >50% and >90% inhibition of biofilm
biomass, respectively, relative to the untreated control. Values were derived from >5 independent experiments.
“>1600" indicates that the inhibitory endpoint was not achieved within the tested concentration range.
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4.6 Minimum Biofilm Eradication Concentration (MBEC) Using CV Assay

Table 4.7 summarises the MBECso and MBECoo values of the tested compounds
against pre-formed biofilms of S. gordonii, S. mutans, and dual-species biofilms.
Overall, substantially higher concentrations were required to reduce established biofilm
biomass than to inhibit biofilm formation, with marked compound- and species-
dependent differences observed. However, the dual-species biofilm did not consistently
show higher MBEC values than the corresponding single-species biofilms. Instead, the
eradication profile was compound-dependent, with most dual-species MBEC values
being comparable to or lower than those observed in at least one of the single-species
biofilm models.

Across all biofilm models, COR and KG showed no detectable biofilm
eradication at the tested concentrations, with MBECso and MBECso values exceeding
1600 ng/mL for all species and biofilm conditions.

Among the remaining compounds, GC demonstrated the lowest and most
consistent MBEC values across single-species and dual-species biofilms, with identical
MBECso values of 100 pg/mL and MBECso values of 200 pg/mL for S. gordonii, S.
mutans, and dual-species biofilms. This indicates that the dual -species condition did not
increase the concentration required for GC-mediated reduction of established biofilm
biomass. EA exhibited higher MBEC values, with MBECso values of 200 pg/mL against
S. gordonii and 100 pg/mL against both S. mutans and dual-species biofilms, while
MBEC»o values were uniformly 800 pg/mL across all biofilm models. Thus, EA showed
similar MBECoo values across all models, and the dual-species MBECso was not higher
than that observed for the single-species biofilms.

PUG and PUN displayed variable eradication profiles depending on biofilm
composition. PUG showed an MBECso of 200 pg/mL against S. gordonii and 100
ng/mL against both S. mutans and dual-species biofilms. The MBECs for PUG
exceeded 1600 png/mL against S. gordonii, whereas lower MBECso values 0f 400 pg/mL
were observed for both S. mutans and dual-species biofilms. Therefore, the dual-species
MBEC values for PUG were comparable to those of S. mutans and lower than those
observed for S. gordonii. In contrast, PUN exhibited alow MBECso of 50 pg/mL against
S. mutans, increasing to 100 pg/mL in the dual-species model and 200 pg/mL for S.
gordonii. Its MBECyo values ranged from 800 pg/mL against S. mutans to>1600 pg/mL
against S. gordonii, with the dual-species MBECqo recorded at 1600 png/mL. Although

116



the dual-species MBEC values for PUN were higher than those for S. mutans, they were
lower than or did not exceed those observed for S. gordonii.

RUT exhibited measurable eradication activity, with MBECso values ranging
from 50 to 100 pg/mL and MBECso values ranging from 100 to 200 pg/mL across all
biofilm conditions. For RUT, the dual-species MBECso was 100 pg/mL, which was
equal to that of S. mutans but higher than that of S. gordonii. The dual-species MBECoo
was 200 pg/mL, which was equal to that of S. mutans and higher than that of S. gordonii.
Therefore, RUT was the only compound for which the dual-species MBECs showed
an increase relative to one of the single-species biofilms, specifically S. gordonii.

Across compounds, MBECs values were consistently higher than MBECso
values, indicating that greater concentrations were required to achieve >90% reduction
of established biofilm biomass than >50% reduction. However, the data do not support
a general conclusion that dual-species biofilms exhibited higher MBEC values than
single-species biofilms. Instead, dual-species MBEC values were largely comparable to
the values observed for S. mutans or lower than those observed for S. gordonii,
depending on the compound. The only notable increase in the dual-species model was
observed for RUT MBECs when compared with S. gordonii. These findings indicate
that enhanced tolerance in the dual-species biofilm was not a universal pattern in this

CV-based MBEC assay.

Table 4.7
MBECso and MBECs (pg/mL) of PDCs Against Preformed Single-Species (S.
gordonii, S. mutans), and Dual-Species Biofilms

S. gordonii S. mutans Dual-species
MBEC;, MBEC,, MBEC;, MBEC,, MBEC;, MBEC,,

pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL

COR >1600 >1600 >1600 >1600 >1600 >1600
EA 200 800 100 800 100 800
GC 100 200 100 200 100 200

KG >1600 >1600 >1600 >1600 >1600 >1600
PUN 200 >1600 50 800 100 1600
PUG 200 >1600 100 400 100 400
RUT 50 100 100 200 100 200

Note:[] Compounds with MBECso (S. mutans) < MBECso (S. gordonii)

MBECs0 and MBECse denote the minimum concentrations required to achieve >50% and >90% reduction of pre -
formed biofilm biomass, respectively, relative to the untreated control. Values were derived from >5 independent
experiments. “>1600” indicates that the endpoint was not achieved within the tested concentration range.
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4.7 Glycolytic pH Drop Assay

The glycolytic pH drop assay demonstrated marked differences in the
acidogenic potential of S. mutans following PDC treatment over a 120-min period
(Figure 4.3). In the untreated control (1% DMSO), the addition of glucose induced a
rapid and sustained decrease in pH, with values falling below the critical
demineralisation threshold (pH 5.5) within 30 min. The pH declined progressively
throughout the incubation period, reaching a final value of 3.5 £ 0.2 at 120 min,
indicative of high glycolytic activity and substantial acid production by S. mutans.

In contrast, treatment with the PDCs attenuated both the rate and extent of pH
reduction to varying degrees. Cultures treated with GC, COR, EA, KG, PUN, PUG, and
RUT exhibited a slower decline in pH compared with the untreated control, maintaining
higher pH values throughout the time course. Among these compounds, PUN and PUG
exhibited the most pronounced suppression of acid production, as evidenced by a more
gradual pH decline and consistently higher pH values throughout the 120-min period.
Notably, treatment with PUG, PUN, and CHX maintained the pH above the critical
threshold of 5.5 at 120 min, indicating effective inhibition of glycolytic acidification.

4.5 ™~
F
4.0 T I
3.5- ++
3.0 1 1 1 1 I | I 1
0 15 30 45 6 75 9% 105 120

Time (min)
-+ GC -+ COR -« EA -+ KG -+ PUN & PUG & RUT

- CHXO0.12% -+ Control DMSO 1%

Figure 4.3 Time-Dependent Glycolytic pH Drop of S. mutans over 120 min Following
Treatment with PDCs
The dashed line indicates the critical demineralisation threshold (pH 5.5). DMSO
(1%) served as the negative control and CHX as the positive control.

118



The endpoint analysis of final pH values at 120 minutes is shown in Figure 4.4.
The untreated control (1% DMSO) exhibited the lowest final pH, indicating maximal
acidification over the assay period. In contrast, all compound-treated groups showed
significantly higher final pH values than the control (p < 0.05). Among the tested
compounds, PUN and PUG produced the highest final pH values (approximately pH
5.72-5.75), approaching those observed for the CHX control (pH = 6.2). GC, COR,
EA, KG, and RUT showed intermediate effects, with final pH values consistently
exceeding the critical demineralisation threshold of pH 5.5, as indicated by the dashed
reference line. Statistical analysis confirmed significant differences among treatment

groups, as indicated by distinct superscripts (p < 0.05).

GC COR EA KG PUN PUG RUT CHX0.12%DMSO 1%

Treatment

Figure 4.4 Endpoint pH at 120 min in the Glycolytic pH Drop Assay for S. mutans
Following Treatment with PDCs.
Bars show mean + SD (n = 5). The dashed red line indicates the critical
demineralisation threshold (pH 5.5). Different superscript letters indicate statistically
significant differences (p < 0.05)
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4.8 Brine Shrimp Lethality Assay (BSLA)

The acute toxicity of selected PDCs was evaluated using the BSLA. The median
lethal concentration (LCso), coefficients of determination (R?), and corresponding
toxicity classifications are summarised in Table 4.8. Dose—response relationships for
each compound are illustrated in Figure 4.6, which shows a concentration-dependent
increase in brine shrimp mortality for COR, EA, CG, KG, PUG, PUN, and RUT.
Nonlinear regression analysis of percentage mortality against logio-transformed
concentrations demonstrated good model fitting across all compounds, as reflected by
high R? values. Based on the derived LCso values, the compounds were categorised
according to established toxicity criteria, as reported in Table 4.8. Among the
compounds assessed, EA demonstrated the highest toxicity, with an LCso value of 159.2
ng/mL, and was therefore categorised as moderately toxic according to Clarkson’s
criteria. In contrast, all other compounds showed LCso values exceeding 500 pg/mL,
indicating low toxicity. The hydrolysable tannins, COR, PUG and PUN exhibited LCso
values of 588.9 pg/mL, 819.7 ng/mL, and 941.2 pg/mL, respectively, placing them
consistently within the low-toxicity category. Similarly, the flavonoid compounds GC,
KG and RUT demonstrated low toxicity, with LCso values ranging from 594.0 pg/mL
t0 998.9 ng/mL.

Regression analysis of the dose—response curves revealed high coefficients of
determination (R = 0.9879-0.9956) across all compounds, indicating strong linearity

and reliable LCso estimates from the assay.
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Figure 4.5 Dose—Response Curves of Brine Shrimp Mortality After 24 h Exposure to
PDCs

(a) COR, (b) EA, (c) GC, (d) KG, (e) PUG, (f) PUN, and (g) RUT.

Mortality (%) was plotted against logio concentration (ng/mL) and fitted using
nonlinear regression (sigmoidal dose—response with variable slope) to estimate LCso.

The red dashed line indicates the 50% mortality threshold used for LCso
determination. Data represent mean + SD (n = 5).
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Figure 4.5 (continue)
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Table 4.8
Lethal Concentration (LCso) Values, Coefficient of Determination (R?), and Toxicity
Classification of PDCs Determined Using the BSLA

PDCs Class LCsy (ng/mL) R? Toxicity category
COR Hydrolysable tannin 588.9 0.9923 Low toxicity
EA Polyphenol 159.2 0.9927 moderate toxicity
GC Flavonoid 594 0.9897 Low toxicity
KG Flavonoid 998.9 0.9899 Low toxicity
PUG Hydrolysable tannin 819.7 0.9879 Low toxicity
PUN Hydrolysable tannin 941.2 0.9921 Low toxicity
RUT Flavonoid 621 0.9956 Low toxicity

Note: Classification followed Clarkson’s criteria (LCso < 250 pg/mL: moderate toxicity; LCso > 500 pg/mL: low
toxicity)

4.9  Selection of Compounds for Phase II

Compound prioritisation for Phase Il was guided by a predefined five-parameter
scoring matrix integrating antibiofilm efficacy, virulence modulation, and cytotoxicity.
The selection matrix, together with the individual binary scores assigned to each
compound for each evaluation criterion and the resulting cumulative scores, is presented
in Table 4.9. Each parameter was scored as 1 (criterion met) or 0 (criterion not met),
yielding a maximum possible score of 5. Preliminary safety was treated as a compulsory
prerequisite rather than a weighted scoring criterion; compounds exhibiting LCso values
below 500 pg/mL were automatically excluded from further consideration, irrespective
of their antibacterial or antibiofilm performance. Compounds achieving a total score of
>4/5 and meeting the predefined safety threshold were considered eligible for
advancement to Phase II.

Among the seven compounds evaluated, PUG and PUN achieved the highest
total scores (5/5), meeting all predefined criteria. Both compounds demonstrated
preferential antibiofilm activity against S. mutans, as evidenced by MBICs and
MBECyo values that were lower than or equal to those observed against S. gordonii. In
addition, these compounds produced measurable reductions in S. mutans cell-surface
hydrophobicity and maintained glycolytic pH values at or above pH 5.5, indicating
attenuation of key virulence-associated traits. Notably, both compounds exhibited low

cytotoxicity, with LCso values exceeding 500 pg/mL.
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In contrast, EA met three of the five criteria but failed to maintain glycolytic pH
above the threshold and did not meet the cytotoxicity requirement, resulting in exclusion
despite favourable antibiofilm and hydrophobicity profiles. The remaining compounds
COR, GC, KG, and RUT achieved low overall scores (1-2/5), primarily due to a lack
of selective antibiofilm activity against S. mutans and minimal effects on virulence-
associated functional parameters.

Changes in S. gordonii hydrophobicity were not considered in the selection
process, in line with the study objective of preferentially suppressing cariogenic traits
while preserving commensal streptococci. Based on the integrated scoring outcomes,
PUG and PUN were shortlisted for Phase II mechanistic investigations using a dual-

species biofilm model.
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Table 4.9
Predefined Selection Matrix Used to Prioritise PDCs for Phase II.

Biofilm selectivity Virulence modulation Safety
PDC MBICso MBECso HI reduction Glycolytic pH-  LCso>500 Score Decision
selectivity selectivity (20.5x MIC) drop >5.5 pg/mL
COR 0 0 1 0 1 2 Excluded
EA 1 1 1 0 0 3 Excluded
GC 0 1 0 0 1 2 Excluded
KG 0 0 0 1 1 2 Excluded
PUG 1 1 1 1 1 5 Included
PUN 1 1 1 1 1 5 Included
RUT 0 0 1 0 1 2 Excluded

Note: Selection was based on antibiofilm selectivity against S. mutans, virulence-related functional outcomes, and preliminary cytotoxicity. Criteria were scored as 1 (met) or 0 (not met). LCso >
500 pg/mL was required for advancement. Compounds scoring >4/5 and meeting this prerequisite were shortlisted.

Abbreviations:

MBICoo selectivity: MBICoo of S. mutans < MBICoo of S. gordonii,

MBEC:so selectivity: MBECso of S. mutans < MBECso of S. gordonii;

HI: hydrophobicity index;

LCso: median lethal concentration from brine shrimp lethality assay.
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4.10 Phase II: Dual-Species Biofilm Inhibition Assay of PUG and PUN

The inhibitory effects of PUG and PUN on dual-species biofilm formation by S.
mutans and S. gordonii were evaluated using a bead-based biofilm model at early (8
hours) and established (24 hours) stages of biofilm development to assess compound

activity during different phases of biofilm model.

4.10.1 Biofilm Biomass Quantification

Biofilm biomass was quantified following treatment with PUG, PUN, and
0.12% CHX at two stages of biofilm development, early (8 hours) and established (24
hours) (Figure 4.6). Untreated biofilms exhibited the highest biomass at both time
points, confirming active biofilm development under control conditions. At 8 hours,
treatment with PUG and PUN resulted in a significant reduction in biofilm biomass
compared with the untreated control (p < 0.05), indicating effective inhibition of early
biofilm formation. PUG demonstrated a greater inhibitory effect than PUN, suggesting
stronger interference with initial biofilm development. In contrast, no detectable biofilm
biomass was observed in the CHX-treated group at 8 hours, indicating that biofilm
formation was not initiated under these conditions. At 24 hours, biofilm biomass
remained significantly lower in all treatment groups than in the control (p < 0.05).
Biofilms treated with PUG and PUN continued to exhibit suppressed biomass, with
PUG maintaining a more pronounced inhibitory effect than PUN. Although minimal
biomass formation was observed in the CHX-treated group at 24 hours, levels remained
markedly lower than those of untreated controls, indicating sustained inhibition of

biofilm development.
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Figure 4.6 Biomass of Dual-Species Biofilms (S. mutans + S. gordonii) Following

Inhibition Treatment with PUG, PUN, and CHX

Biofilms were formed on saliva-coated glass beads and treated with PUG and PUN
(50 pg/mL) and CHX (0.12%). Biofilm biomass was assessed at (a) 8 h and (b) 24 h
using CV staining (ODsos). Bars represent mean + SD of five independent
experiments, each performed using three beads per treatment condition. Statistical
analysis was conducted using one-way ANOVA followed by Tukey’s post hoc test.
Different letters indicate statistically significant differences (p < 0.05).
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4.10.2 Viable Cell Enumeration

Figure 4.7 illustrates the effects of PUG and PUN on the viability of S. mutans
and S. gordonii within dual-species biofilms at early (8 h) and established (24 h) stages
of biofilm development, as determined by colony-forming unit (CFU) enumeration. The
corresponding statistical comparisons between treatment groups for S. mutans and S.
gordonii at both time points are summarised in Table 4.10.

At 8 hours, untreated dual-species biofilms exhibited mean viable counts of S.
mutans of approximately 1.51 logio CFU/bead and S. gordonii of ~1.91 logio CFU/bead,
Treatment with PUG (50 pg/mL) significantly reduced S. mutans viability to a mean of
~0.95 logie CFU/bead, corresponding to an approximate 0.6-log reduction relative to
the control (p < 0.0001). In contrast, S. gordonii counts remained largely unchanged
(~1.90 logio CFU/bead, ns). Similarly, PUN (50 pg/mL) reduced S. mutans counts to
~1.11 logio CFU/bead, representing a ~0.4-log reduction compared with the control (p
< 0.0001), while S. gordonii viability was preserved (~1.89 logio CFU/bead, ns). The
positive control, 0.12% chlorhexidine (CHX), completely suppressed both species, with
no CFU detected.

At 24 hours, untreated biofilms demonstrated increased bacterial burden, with
S. mutans counts of approximately 5.0 logio CFU/bead and S. gordonii counts of ~2.7
logio CFU/bead. Exposure to PUG resulted in a marked reduction in S. mutans viability
to approximately 1.0 logio CFU/bead, corresponding to a ~4-log reduction relative to
the untreated control (p < 0.0001). S. gordonii counts remained largely unaffected
(~2.6-2.8 logio CFU/bead, ns). Treatment with PUN also significantly suppressed S.
mutans within the dual-species biofilm, reducing viable counts to approximately 2.8—
3.0 logio CFU/bead, representing a ~2-log reduction relative to the control (p < 0.0001).
As observed at 8 hours, S. gordonii viability was maintained. CHX treatment again

resulted in near-complete eradication of both species at 24 hours.
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Figure 4.7 Effect of PUG and PUN on Inhibition of Dual-Species Biofilm Formation
of S. mutans and S. gordonii
Logio CFU/bead counts at (a) 8 h and (b) 24 h for biofilms treated with PUG (50
pg/mL), PUN (50 pg/mL), CHX (0.12%, positive control), and DMSO (1%, negative
control). Bars represent mean =+ standard deviation (SD) of five independent
experiments, each performed using three beads per treatment condition. Statistical
analysis was conducted using one-way ANOVA followed by Tukey’s post hoc test.
For clarity, only non-significant comparisons (ns, p > 0.05) are indicated in the figure.
Significant differences are summarised Table 4.10.
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Table 4.10

Statistical Comparisons of Logio CFU/bead for S. mutans, S. gordonii, and Total
Biofilm Following Inhibition Treatment with PUG, PUN, and CHX

Pairwise comparisons were performed for biofilms assessed at 8 h and 24 h. Data were
analysed using one-way ANOVA followed by Tukey’s HSD post hoc test. Statistical
significance was set at p < 0.05.

Time Biofilm population Comparison p-value Interpretation
8h S. mutans Control vs PUG <0.0001 Significant
Control vs PUN <0.0001 Significant
Control vs CHX <0.0001 Significant
PUG vs PUN <0.0001 Significant
PUG vs CHX <0.0001 Significant
PUN vs CHX <0.0001 Significant
S. gordonii Control vs PUG >0.05 Not significant
Control vs PUN >0.05 Not significant
Control vs CHX <0.0001 Significant
PUG vs PUN >0.05 Not significant
PUG vs CHX <0.0001 Significant
PUN vs CHX <0.0001 Significant
24 h S. mutans Control vs PUG <0.0001 Significant
Control vs PUN <0.0001 Significant
Control vs CHX <0.0001 Significant
PUG vs PUN <0.0001 Significant
PUG vs CHX <0.0001 Significant
PUN vs CHX <0.0001 Significant
S. gordonii Control vs PUG >0.05 Not significant
Control vs PUN <0.0001 Significant
Control vs CHX <0.0001 Significant
PUG vs PUN <0.0001 Significant
PUG vs CHX <0.0001 Significant
PUN vs CHX <0.0001 Significant
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4.10.3 Scanning Electron Microscopy (SEM) Analysis of Dual-Species Biofilm
Formation Under Inhibition Treatment with PUG and PUN

Scanning electron microscopy (SEM) was employed to visualise the structural
organisation and surface morphology of S. mutans—S. gordonii dual-species biofilms
after 24 hours treatment with PUG and PUN. Representative micrographs were captured
at 1000x and 5000% magnifications to assess both overall biofilm architecture and
individual cell-level organisation (Figure 4.8).

In the untreated control (1% DMSO), SEM images at 1000x magnification (A-
I) revealed a dense, continuous biofilm layer covering the substratum, characterised by
extensive surface colonisation and irregular topography. The biofilm appeared highly
cohesive, with abundant extracellular material bridging bacterial aggregates. At higher
magnification (5000%; A-II), bacterial cells were observed to be tightly packed into
multilayered microcolonies, embedded within a thick extracellular matrix, forming a
compact, well-organised biofilm.

Following PUG treatment (50 pg/mL), notable alterations in biofilm
morphology were observed. At 1000x magnification (B-I), the biofilm exhibited
reduced surface coverage with visible discontinuities and exposed substratum areas
compared with the control. Biofilm clusters appeared less extensive and more spatially
separated. At 5000x magnification (B-II), bacterial cells were predominantly organised
into smaller, less compact aggregates, with reduced intercellular cohesion. The
extracellular matrix appeared diminished, and individual cells or short chains were more
readily distinguishable than in the untreated control.

Biofilms treated with PUN (50 pg/mL) displayed further morphological
disruption. At low magnification (C-I), SEM images showed a marked reduction in
biofilm biomass, with sparse bacterial attachment and large areas of exposed
substratum. Biofilm formation was limited to isolated clusters rather than continuous
coverage. At higher magnification (C-II), bacterial cells were loosely distributed, with
minimal extracellular material and reduced clustering, indicating substantial disruption
of biofilm integrity.

Treatment with 0.12% CHX resulted in the most pronounced morphological
alterations. At 1000x magnification (D-I), only scattered bacterial remnants and debris
were visible, with extensive exposure of the underlying surface. At 5000x

magnification (D-II), very few intact bacterial aggregates were observed, and remaining
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cells appeared isolated and irregularly distributed, indicating near-complete disruption
of the dual-species biofilm structure.

Overall, SEM analysis demonstrated progressive disruption of dual-species
biofilm architecture across treatment groups, with a clear morphological transition from
dense, matrix-rich biofilms in the untreated control to increasingly fragmented and
sparse bacterial structures following PUG and PUN exposure. Among the compounds
tested, PUN produced greater biofilm disruption than PUG, whereas CHX exhibited the

most significant overall reduction in biofilm presence.

— 40 pym ———— —5pym ——

Figure 4.8 SEM Analysis of Dual-Species Biofilm Formation of S. mutans and S.
gordonii Following Inhibition Treatment with PUG and PUN
SEM micrographs at 1000x magnification showing biofilm architecture after 24 h of
biofilm formation in the presence of different treatments: (A) DMSO (1% negative
control), (B) PUG 50 pg/mL, (C) PUN 50 pg/mL, and (D) CHX (0.12% positive
control). The white circle indicates the region selected for higher-magnification
imaging (5000x).
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Figure 4.8 (continued)

4.10.4 Gene Expression Analysis of Dual-Species Biofilms During Inhibition by
PUG and PUN

4.10.4.1 Gene Expression of S. mutans

The transcriptional effects of PUN and PUG on selected virulence-associated
and metabolic genes of S. mutans were evaluated at 8 hours and 24 hours using RT-
gPCR. Gene expression levels were normalised to the untreated control, which was set
to a fold change of 1.0 (Figure 4.9). At 8 hours, both PUN and PUG significantly
downregulated genes involved in glucan synthesis and surface adhesion, namely g#/C,
gtfB, gbpD, and gbpB, compared with the untreated control (p < 0.05 to p < 0.0001).
Among these genes, gtfC and gtfB showed the most pronounced early suppression,
particularly following PUG treatment. Across all adhesion-related genes, PUG
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consistently produced a greater reduction in transcript levels than PUN. Notably, gbpB
exhibited a smaller magnitude of downregulation at 8 hours compared with the other
glucan-binding and glucosyltransferase genes, indicating a comparatively delayed
transcriptional response.

The quorum-sensing regulatory gene comDE was also significantly
downregulated at 8 hours following treatment with both compounds (p < 0.05), with
PUG again exerting a stronger inhibitory effect. In contrast, b#p4 expression showed
only moderate suppression at this time point, with no significant difference observed
between PUN and PUG, suggesting reduced early sensitivity of this stress-response—
associated gene.

At 24 hours, transcriptional suppression was more extensive and uniform across
virulence-associated genes. Both PUN and PUG significantly reduced the expression of
gtfC, gtfB, gbpD, gbpB, comDE, and brpA relative to the untreated control (p < 0.0001).
The magnitude of downregulation at 24 hours exceeded that observed at 8 hours for all
virulence genes, demonstrating a clear time-dependent inhibitory trend. At this later
time point, gbpB and brpA exhibited stronger suppression than at 8 hours, indicating
delayed but sustained transcriptional inhibition. PUG consistently produced a greater
reduction in gene expression than PUN across all virulence-associated targets.

With respect to genes involved in acidogenicity and energy metabolism, /dh,
which mediates lactic acid generation from pyruvic acid, showed no significant change
at 8 hours but exhibited a modest yet statistically significant reduction in expression at
24 hours following treatment with both compounds (p < 0.05), with PUG again showing
a slightly greater effect. Similarly, atpD, a component of the FiFo-ATPase operon
involved in proton translocation and acid tolerance, showed no significant change at 8
hours but was significantly down-regulated at 24 hours compared with the untreated
control (p < 0.05). This indicates that prolonged exposure to PUG and PUN may affect
energy metabolism and acid-adaptive mechanisms in the 24-hour biofilm. Overall, the
results indicate that PUN and PUG preferentially and progressively suppress genes
associated with adhesion, extracellular polysaccharide synthesis, quorum sensing, and
stress response, while genes involved in core metabolic maintenance and proton
pumping are comparatively less affected. Across all time points and gene categories,

PUG consistently demonstrated stronger transcriptional inhibitory activity than PUN.
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Figure 4.9 Effect of PUG and PUN on S. mutans Gene Expression During Inhibition
of Dual-Species Biofilm Formation in a Sucrose-Dependent Environment
Gene expression was analysed at (a) 8 h and (b) 24 h in biofilms formed in the
presence of PUG and PUN. Expression levels of target genes were normalised to 16S
rRNA, and fold changes relative to the control were calculated using the 2”AACT
method. Data are presented as mean + SD. Statistical significance was denoted as **
(» < 0.05), *** (p < 0.001), and **** (p < 0.0001), while “ns” indicates non-
significant differences.
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4.10.4.2 Gene Expression of S. gordonii

The transcriptional response of S. gordonii in dual-species biofilms following
treatment with PUN and PUG was assessed at 8 hours and 24 hours under sucrose-
dependent conditions using RT-qPCR. Gene expression levels were normalisedto 16S
rRNA and expressed as fold changes relative to the untreated control (Figure 4.10).

At 8 hours, gtfG expression was significantly reduced by both compounds
compared with the control (p < 0.0001), with PUN producing a greater reduction than
PUG. In contrast, abpA expression showed a significant decrease following PUN
treatment (p < 0.0001), while no significant change was observed following PUG
exposure. For cshA and sspA, modest but statistically significant reductions were
detected following PUN treatment (p < 0.05), whereas PUG treatment did not result in
significant differences relative to the control. Across all genes at this time point, PUG-
treated samples generally exhibited expression levels comparable to the untreated
control.

At 24 hours, a distinct temporal pattern was observed. Expression of gtfG
remained significantly reduced following treatment with both PUN and PUG compared
with the control (p < 0.0001), with PUN again demonstrating a more pronounced
inhibitory effect. For abpA, cshA, and sspA, significant downregulation was observed
following PUN treatment (p < 0.0001), whereas expression levels in PUG-treated
samples did not differ significantly from the untreated control. The magnitude of
suppression for these genes was greater at 24 hours than at 8 hours, indicating a time-
dependent response to PUN exposure.

Overall, the results indicate that PUN induces significant, time-dependent
transcriptional suppression of multiple adhesion- and surface-associated genes in S.
gordonii within dual-species biofilms. In contrast, PUG exerts minimal or no effect on
most S. gordonii genes, except for g¢tfG. This differential transcriptional response was

consistently observed at both 8 hours and 24 hours.
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Figure 4.10 Effect of PUG and PUN on S. gordonii Gene Expression During
Inhibition of Dual-Species Biofilm Formation in a Sucrose-Dependent Environment
Gene expression was analysed at (a) 8 h and (b) 24 h in biofilms formed in the
presence of PUG and PUN. Expression levels of target genes were normalised to 16S
rRNA, and fold changes relative to the control were calculated using the 2-AACT
method. Data are presented as mean + SD. Statistical significance was denoted as **
(p <0.05), *** (p < 0.001), and **** (p < 0.0001), while “ns” indicates non-
significant differences.
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4.11 Phase II: Dual-Species Biofilm Eradication Assay of PUG and PUN

The effects of PUG, PUN, and CHX on established S. mutans—S. gordonii dual-
species biofilms were evaluated by quantification of total biofilm biomass and viable

bacterial counts following 5 minutes and 4 hours treatments.

4.11.1 Biofilm Biomass Quantification

Figure 4.11 illustrates the biomass of S. mutans—S. gordonii dual-species
biofilms following short (5 minutes) and prolonged (4 hours) exposure to PUN, PUG,
and CHX, quantified using CV staining (ODses nm).

At 5 minutes exposure (Figure 4.11a), no significant differences in biofilm
biomass were observed between the untreated control, PUN-treated, and PUG-treated
groups (p > 0.05), as indicated by shared statistical grouping. In contrast, CHX
treatment resulted in significantly lower biomass than in the control and compound-
treated groups (p < 0.05).

At 4 hours exposure (Figure 4.11b), biofilm biomass differed significantly
among all treatment groups (p < 0.05). The untreated control exhibited the highest
biomass, followed by PUN-treated biofilms. A further reduction was observed in
biofilms treated with PUG, while CHX treatment produced the lowest biomass. Each
treatment group was statistically distinct, as indicated by different superscripts. Data are
presented as mean £ SD, and statistical significance was assessed using one-way

ANOVA with appropriate post hoc analysis.

4.11.2 Viable Cell Enumeration

Viable bacterial counts were determined by CFU enumeration and expressed as
logio CFU per bead for S. mutans, S. gordonii, and total bacterial counts (Figure 4.12).
The corresponding results of Tukey’s post hoc pairwise comparisons for S. mutans and
S. gordonii at both 5 min and 4 h treatment intervals are summarised in Table 4.11.
In the untreated control, both species were recovered at high levels, resulting in the
highest total CFU values. Following treatment with PUG and PUN, viable counts were
reduced relative to the untreated control, but the statistical significance of this re duction

differed according to bacterial species and treatment duration. For S. mutans, both PUG
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and PUN produced significant reductions in CFU counts at 5 min and 4 h compared
with the untreated control (p < 0.05). This indicates that both compounds exerted an
early and sustained inhibitory effect on viable S. mutans within the pre-formed dual-
species biofilm.

For S. gordonii, reductions in viable counts following PUG and PUN treatment
were not statistically significant after 5 min of exposure (p > 0.05), indicating that short-
term treatment did not markedly compromise the recovery of this species. However,
after 4 h of treatment, S. gordonii CFU counts were significantly reduced compared
with the untreated control (p < 0.05). Therefore, although S. gordonii was relatively
preserved during short-term exposure, longer exposure resulted in a measurable
reduction in viable cell recovery.

In contrast, CHX treatment resulted in a marked reduction in viable cell counts
for both S. mutans and S. gordonii,leading to a substantial decrease in total CFU values
relative to the untreated control and compound-treated biofilms. This confirms the
broad bactericidal effect of CHX against both species within the established dual -
species biofilm.

Collectively, the results demonstrate that PUG and PUN reduced overall biofilm
biomass and viable bacterial recovery in a species- and time-dependent manner. The
reduction in S. mutans CFU counts at both 5 min and 4 h suggests that the compounds
affected the cariogenic species more consistently than S. gordonii. In contrast, S.
gordonii viability was not significantly affected after 5 min but was significantly
reduced after 4 h, indicating that selectivity was more evident during short-term
exposure. Among the compounds tested, PUG produced a greater reduction in biofilm
biomass than PUN, while CHX produced the strongest reduction in both biomass and

viable bacterial counts.
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Figure 4.11 Biomass of Dual-Species Biofilms (S. mutans + S. gordonii) Following
Eradication Treatment with PUG, PUN, and CHX
Biofilms were formed on saliva-coated glass beads for 48 h and subsequently treated
with PUG and PUN (50 pg/mL) and CHX (0.12%). Biofilm biomass was assessed
after (a) 5 min and (b) 4 h of treatment using CV staining (ODsos). Bars represent
mean £ SD of five independent experiments, each performed using three beads per
treatment condition. Statistical analysis was conducted using one-way ANOVA
followed by Tukey’s post hoc test. Different letters indicate statistically significant
differences (p < 0.05).
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Figure 4.12 Effect of PUG and PUN on Viable Bacterial Counts of S. mutans and S.
gordonii in Dual-Species Biofilms Following Eradication Treatment
Logio CFU/bead at (a) 5 min and (b) 4 h for pre-formed dual-species biofilms treated
with PUG (50 pg/mL), PUN (50 pg/mL), and CHX (0.12%). Bars represent mean +
SD of five independent experiments, each performed using three beads per treatment
condition. Statistical analysis was conducted using one-way ANOVA followed by
Tukey’s post hoc test. For clarity, only non-significant comparisons (ns, p > 0.05) are
indicated in the figure. Significant differences are summarised in Table 4.11.
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Table 4.11

Statistical Comparisons of Logio CFU/bead for S. mutans, S. gordonii, and Total
Biofilm Following Eradication Treatment with PUG, PUN, and CHX

Pairwise comparisons were performed for pre-formed dual-species biofilms assessed
after 5 min and 4 h of treatment. Data were analysed using one-way ANOVA followed
by Tukey’s HSD post hoc test. Statistical significance was set at p < 0.05.

Time Biofilm Comparison p-value Interpretation
population
5 min S. mutans Control vs PUG <0.0001 Significant
Control vs PUN <0.0001 Significant
Control vs CHX <0.0001 Significant
PUG vs PUN >0.05 Not significant
PUG vs CHX <0.0001 Significant
PUN vs CHX <0.0001 Significant
S. gordonii Control vs PUG >0.05 Not significant
Control vs PUN >0.05 Not significant
Control vs CHX <0.0001 Significant
PUG vs PUN >0.05 Not significant
PUG vs CHX <0.0001 Significant
PUN vs CHX <0.0001 Significant
4h S. mutans Control vs PUG <0.0001 Significant
Control vs PUN <0.0001 Significant
Control vs CHX <0.0001 Significant
PUG vs PUN <0.0001 Significant
PUG vs CHX <0.0001 Significant
PUN vs CHX <0.0001 Significant
S. gordonii Control vs PUG >0.05 Not significant
Control vs PUN >0.05 Not significant
Control vs CHX <0.0001 Significant
PUG vs PUN >0.05 Not significant
PUG vs CHX <0.0001 Significant
PUN vs CHX <0.0001 Significant
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4.11.3 SEM Analysis of Pre-formed Dual-Species Biofilms Following Eradication
Treatment with PUG and PUN

SEM examination of the untreated (negative control) 48-hour dual-species
biofilm revealed a dense, mature structure, characterised by extensive accumulation of
coccal cells embedded within a thick, continuous extracellular matrix (Figure 4.13A).
The biofilm surface appeared compact and heterogeneous, with cells displaying both
rounded and slightly ovoid morphologies distributed throughout the matrix. Due to
morphological overlap between species and the observation that both species exhibited
similar ovoid morphology in single-species biofilms, species-level identification based
on cell shape was not feasible. Accordingly, SEM observations were interpreted
qualitatively, while species-specific quantification was obtained through CFU
enumeration.

Treatment with PUG resulted in pronounced disruption of the dual-species
biofilm architecture (Figure 4.13B). The PUG-treated biofilm exhibited marked loss of
extracellular matrix continuity, with extensive regions of biofilm thinning and surface
exposure. Numerous areas of void formation and reduced cellular cohesion were
observed (boxed regions), and coccus cells appeared less densely packed compared with
the untreated control. These morphological features indicate substantial weakening of
the biofilm structural integrity following PUG treatment.

In contrast, PUN treatment produced moderate biofilm disruption relative to the
untreated control (Figure 4.13C). Although partial disorganisation of the extracellular
matrix was evident, the biofilm largely retained a cohesive architecture, with clustered
coccal cells embedded within residual matrix material. Localised areas of matrix
disruption and surface exposure were observed (arrows), but these were less extensive
than those seen in the PUG-treated biofilm.

Treatment with CHX resulted in the most extensive biofilm disruption among
all groups (Figure 4.13D). The biofilm structure was markedly diminished, with
substantial loss of extracellular matrix and sparse, scattered coccal cell aggregates
remaining on the surface. Large exposed areas of the underlying substrate were visible,
indicating near-complete biofilm removal. Notably, the pronounced architectural
disruption observed in PUG- and PUN-treated biofilms was not accompanied by a

significant reduction in viable cell counts at the 4 hours eradication time point, as
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determined by CFU enumeration. This indicates a dissociation between biofilm
structural destabilisation and immediate loss of bacterial viability.

Collectively, SEM observations demonstrated a treatment-dependent reduction
in biofilm integrity, with the untreated control exhibiting a dense, cohesive structure,
PUG inducing greater structural disruption than PUN, and CHX producing the most
pronounced biofilm removal. As SEM analysis was used for qualitative assessment of
biofilm morphology and architecture, quantitative evaluation of treatment effects was

supported by CFU enumeration data.

Figure 4.13 SEM Analysis of Preformed Dual-Species Biofilms (S. mutans + S.
gordonii) Following Eradication Treatment with PUG and PUN
SEM micrographs showing biofilm morphology after 48 h of biofilm formation on
saliva-coated glass beads and subsequent 4 h treatment with (a) 1% DMSO (negative
control), (b) PUG (50 pg/mL), (¢) PUN (50 pg/mL), and (d) CHX (0.12%, positive
control). Yellow arrows indicate residual extracellular polymeric substance (EPS), and
white boxes highlight regions of matrix disruption or bacterial clearance.
Magnification: 10,000x.
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4.11.4 Gene Expression Analysis of Pre-formed Dual-Species Biofilms Following

Eradication Treatment with PUG and PUN

4.11.4.1 Gene Expression of S. mutans

The effects of PUN and PUG on the expression of selected biofilm-associated
genes in S. mutans within preformed dual-species biofilms were evaluated following 5
minute and 4 hours exposures using RT-qPCR. Gene expression levels were normalised
to the housekeeping gene and expressed as fold change relative to the untreated control
(Figure 4.14)

Following 5 minutes of exposure, no significant changes in the expression of
gtfC, gtfB, gbpD, and gbpB were observed in biofilms treated with either PUN or PUG
compared with the untreated control (p > 0.05) (Figure 4.14a). Expression levels for
these genes remained near baseline, with fold changes of approximately 1.0 across all
groups. In contrast, at/4 expression was significantly upregulated in PUG-treated
biofilms compared with both the control and PUN-treated groups (p < 0.0001). No
significant difference in at/A4 expression was observed between the control and PUN-
treated biofilms (p > 0.05). Expression of IytF did not differ significantly among the
control, PUN-, and PUG-treated groups following 5 minutes of exposure (p > 0.05).
Overall, short-term exposure to PUN and PUG induced minimal transcriptional changes
in most target genes, with the notable exception of at/4 following PUG treatment.

Following 4 hours of exposure, significant alterations in gene expression were
observed for multiple targets (Figure 4.14b). Both PUN and PUG treatments resulted in
significant downregulation of g#/C, gtfB, gbpD, and gbpB compared with the untreated
control (p < 0.0001). The magnitude of downregulation varied across compounds, with
PUN generally exhibiting lower fold changes than PUG for these genes. Expression of
atlA was significantly upregulated following PUG treatment compared with both the
control and PUN-treated groups (p < 0.0001). In contrast, at/4 expression in PUN-
treated biofilms did not differ significantly from that in untreated controls (p > 0.05).
Similarly, IytF expression was significantly higher in PUG-treated biofilms than in the
control and PUN-treated groups (p < 0.0001). A modest but significant increase in /ytF
expression was also observed following PUN treatment compared with control (p <

0.05). Collectively, prolonged exposure to PUN and PUG induced time-dependent
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transcriptional changes in preformed biofilms, with more pronounced effects at 4 hours

than at 5 minutes.
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Figure 4.14 Effect of PUG and PUN on S. mutans Gene Expression in Dual-Species
Biofilms Following Eradication Treatment
Gene expression was analysed at (a) 5 min and (b) 4 h after treatment of pre-formed
dual-species biofilms with PUG and PUN (100 pg/mL; MBECso). Expression levels
of target genes were normalised to the 16S rRNA reference gene, and fold changes
relative to the untreated control were calculated using the 2"AACT method. The
dashed horizontal line indicates the baseline expression level of the control (fold
change = 1.0). Bars represent mean + SD of five independent determinations
performed in triplicate. Statistical analysis was conducted using one-way ANOVA
followed by Tukey’s post hoc test. Statistical significance is indicated as * (p < 0.05),
** (p <0.01), and **** (p < 0.0001), while “ns” denotes no significant difference.

146



4.11.4.2 Gene Expression of S. gordonii

The transcriptional response of S. gordonii to PUN and PUG was examined at
5 minutes and 4 hours to determine whether these compounds elicited immediate or
sustained changes in gene expression in the commensal species. Gene expression levels
were normalised to the reference gene and expressed as fold change relative to the
untreated control (Figure 4.15)

At 5 minutes, expression of the adhesion-associated genes cshA and sspA
remained near baseline following exposure to both PUN and PUG, with no statistically
significant differences relative to the control (Figure 4.15a). In contrast, the metal
homeostasis—associated genes scad and scaR showed a slight increase in expression for
both compounds, although the magnitude of these changes was modest.

At 4 hours, expression levels of cshA, sspA, and scaR were not significantly
different from those of the untreated control for either compound (Figure 4.15b).
However, scad expression was significantly upregulated following PUN exposure,
whereas no significant change was observed with PUG. Notably, this increase in sca4
was not accompanied by parallel upregulation of scaR or alterations in adhesion-
associated genes.

Overall, gene expression in S. gordonii remained largely stable following
exposure to PUN and PUG at both 5 minutes and 4 hours, with only minor, gene-
specific changes observed and no consistent pattern of widespread transcriptional

alteration.

147



(a) 5 min

* ok 5k % ns
L
g ns ns k¢ ok ok K o ok sk ok
K 1.5
E 1:4: * ns ns ns ns %k % %k %k
o3
SN 0 e T
3 14
g (1)8: ¥ N “mm Control
= 08 - pUN
E 8:2’: BEm PUG
2 04-
2 0.3
L 0.24
5’_::’ 0.1
= 0.0-=
E cshA sspA scaA scaRk
Gene
(b)4h
g ns ns ns ns
% 15- [ 1 1 1 1
= 1.4 ns ns ns ns * ns ns ns
= 13-
SENO0 N rn
2 1.14 -
= 1.0- e -- e ey - 4w  Control
s
= (.84 BN PUN
g 0.7
£ 0.6 B PUG
: o
5 03-
2 0.24
= 0.17
g 0.0-
;o cshA sspA scaA scak
Gene

Figure 4.15 Effect of PUG and PUN on S. gordonii Gene Expression in Dual-Species
Biofilms Following Eradication Treatment
Gene expression was analysed at (a) 5 min and (b) 4 h after treatment of pre-formed
dual-species biofilms with PUG and PUN (100 pg/mL; MBECso). Expression levels
of cshA, sspA, scaA, and scaR were normalised to the 16S rRNA reference gene, and
fold changes relative to the untreated control were calculated using the 2-AACT
method. The dashed horizontal line indicates the baseline expression level of the
control (fold change = 1.0). Bars represent mean + SD of five independent
determinations performed in triplicate. Statistical analysis was conducted using one-
way ANOVA followed by Tukey’s post hoc test. Statistical significance is indicated
as * (p < 0.05) and **** (p < 0.0001), while “ns” denotes no significant difference.
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CHAPTER 5
DISCUSSION

5.1 Overview of the Key Findings

This study investigated the antibiofilm and antivirulence potential of purified
pomegranate-derived compounds (PDCs) using an ecology-based experimental
framework designed to evaluate selective modulation of cariogenic biofilms rather than
indiscriminate bacterial killing. This ecology-centred approach reflects the
contemporary understanding that dental caries arises from functional dysbiosis within
the oral biofilm rather than infection by a single pathogen, thereby emphasising targeted
attenuation of virulence traits while preserving health-associated microbial
communities. The investigation was structured into two sequential experimental phases.
Phase I involved comparative screening of multiple PDCs to evaluate antibacterial
activity, modulation of virulence-associated traits, antibiofilm effects, acidogenicity,
and preliminary cytotoxicity. Phase II focused on detailed mechanistic evaluation of the
lead compounds punicalagin (PUG) and punicalin (PUN) using an ecologically relevant
dual-species biofilm model comprising Streptococcus mutans (S. mutans) and
Streptococcus gordonii (S. gordonii).

Overall, the findings demonstrate that selected PDCs exhibit multiple
antivirulence effects relevant to cariogenic biofilm development, including modulation
of cell surface hydrophobicity, inhibition of biofilm formation, reduction of acidogenic
potential, and selective effects on bacterial viability. Among the screened compounds,
PUG and PUN were prioritised for further investigation based on their consistent
antibiofilm performance across multiple phenotypic assays. These compounds
demonstrated the capacity to attenuate key virulence traits associated with S. mutans,
while exerting comparatively limited effects on the health-associated commensal S.
gordonii.

In the dual-species biofilm model, both compounds inhibited biofilm formation
and partially disrupted established biofilm architecture. Structural and microbiological
analyses indicated that the antibiofilm effects were associated with reduced
extracellular polysaccharide accumulation and decreased recovery of S. mutans cells,

while S. gordonii populations remained comparatively preserved.
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Gene expression analysis further revealed downregulation of several virulence-
associated pathways involved in adhesion, extracellular polysaccharide synthesis, and
stress adaptation in S. mutans, supporting the hypothesis that PUG and PUN act
primarily through antivirulence and biofilm-modulating mechanisms rather than
through broad bactericidal activity.

To the best of current knowledge, this study represents the first systematic
evaluation of multiple purified pomegranate-derived compounds within a dual-species
oral biofilm framework. Most previous investigations have relied on crude plant
extracts, and even when purified compounds were examined (Li et al., 2020; Zeng et
al., 2019), studies have largely employed simplified single-species biofilm models,
limiting their relevance to the ecological complexity of caries-associated oral biofilms.

By incorporating both cariogenic and commensal bacteria, the present study was
designed to more closely reflect clinically relevant biofilm dynamics, in which
microbial persistence and virulence are shaped by competitive and cooperative
interspecies interactions. This experimental framework therefore enables a more
nuanced interpretation of antimicrobial efficacy, including the potential for selective
suppression of cariogenic species while preserving commensal microorganisms that
contribute to oral microbial homeostasis. Accordingly, the following sections discuss
the findings of each experimental phase in relation to the study objectives and research
questions, while integrating current scientific literature to contextualise the results and
explore the underlying biological and ecological mechanisms. Particular emphasis is
placed on interpreting results across successive experimental tiers, ranging from
antibiofilm inhibition and eradication to modulation of early virulence determinants and
preliminary cellular safety, thereby providing a coherent and mechanistically informed

interpretation of the study outcomes.

5.2 Ecological Rationale for Evaluating PDCs as Selective Antibiofilm and

Antivirulence Agents

Caries prevention should aim not at indiscriminate bacterial elimination, but at
restoring environmental conditions that favour commensal competitiveness while
suppressing cariogenic dominance. This paradigm shift has driven the development of
ecological approaches to oral biofilm management, which prioritise selective

suppression of pathogenic traits while preserving or enhancing beneficial microbial
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functions. Collectively, these concepts support a caries management strategy focused
on maintaining microbial balance rather than achieving sterility.

Within this paradigm, the indiscriminate bactericidal activity of conventional
antimicrobials, particularly chlorhexidine (CHX), is increasingly regarded as
biologically suboptimal because of its potential to disrupt microbial homeostasis and
compromise ecological stability. While CHX remains highly effective for short-term
plaque and gingivitis control, its broad-spectrum, non-selective mode of action does not
differentiate between pathogenic taxa and health-associated commensals that contribute
to colonisation resistance, immune modulation, and metabolic balance within the oral
ecosystem (Angjelova et al., 2025).

At the level of microbial life forms, CHX has been shown to exert differential
effects on planktonic versus surface-associated bacteria. Early mechanistic evidence
demonstrated that initially enamel-attached Streptococcus sanguinis, a key early
coloniser associated with oral health, is markedly more susceptible to CHX than its
planktonic counterpart during early biofilm formation (Decker et al., 2003). This
heightened vulnerability is attributed to the strong substantivity of CHX and its affinity
for oral surfaces, which results in increased antimicrobial activity at the enamel —biofilm
interface. Although such activity may enhance immediate plaque suppression,
preferential elimination of early commensal colonisers may destabilise the foundational
biofilm architecture, potentially facilitating recolonisation by more acidogenic or
dysbiosis-associated species. At the community level, clinical microbiome studies
further demonstrate that CHX induces substantial ecological perturbations. Prolonged
use has been associated with reduced microbial diversity, suppression of species
richness, and broad alterations in community structure across oral niches (do Amaral et
al., 2023).

More recent analyses indicate that even short-term CHX exposure can
significantly disrupt health-associated taxa, including nitrate-reducing genera, and
induce widespread perturbations of functional pathways indicative of microbial stress
rather than ecological recovery (Wattanawongwan et al., 2025). In response to this
challenge, the present study was designed to evaluate pomegranate-derived
phytocompounds not merely as antimicrobial agents, but as selective antivirulence
modulators capable of attenuating cariogenic traits while preserving commensal
viability. By integrating assessments of planktonic susceptibility, biofilm inhibition and

eradication, virulence-associated functional assays, transcriptional profiling, and
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toxicity screening, this work adopts a mechanism-guided framework that emphasises

functional specificity over indiscriminate microbial suppression.

5.3 Planktonic Antimicrobial Activity via MIC/MBC Determination

Initial planktonic antimicrobial screening using disc diffusion assays, together
with minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) analyses, demonstrated that all tested compounds possessed measurable
antibacterial activity against S. mutans and S. gordonii. Disc diffusion testing served as
a rapid, qualitative method to visualise relative antimicrobial potency among
compounds, revealing clear zones of inhibition for all agents tested. Among these,
punicalagin (PUG) consistently produced the largest inhibition zones, comparable to
those observed for CHX, indicating strong intrinsic activity against planktonic oral
streptococci. The MIC and MBC determinations further substantiated these findings by
defining the concentration-dependent inhibitory and bactericidal thresholds for each
compound.

The compounds evaluated in this study represent multiple biologically relevant
classes of plant polyphenols, including hydrolysable tannins which include punicalagin
(PUG), punicalin (PUN), corilagin (COR), flavonoid that include gallocatechin (GC),
kaempferol-glucoside (KG) and rutin (RUT), and phenolic acid, ellagic acid (EA). The
pronounced planktonic efficacy observed for punicalagin highlights the antimicrobial
potential of hydrolysable tannins, which are characterised by high molecular weight,
multiple phenolic hydroxyl groups, and strong capacity to interact with bacterial cell
surfaces, membrane-associated proteins, and extracellular enzymes.

The pronounced planktonic efficacy observed for PUG highlights the
antimicrobial potential of hydrolysable tannins, which are characterised by high
molecular weight, a high density of phenolic hydroxyl groups, and a strong capacity to
engage in multivalent interactions with bacterial cell surfaces, membrane-associated
proteins, and extracellular enzymes. Mechanistic studies have shown that hydrolysable
tannins exert their antibacterial activity through a combination of membrane-targeting
and protein-binding effects, including disruption of membrane integrity, alteration of
membrane fluidity, and interference with surface-exposed enzymes critical for bacterial
growth and metabolism. For instance, Villanueva et al. demonstrated that unmodified

hydrolysable tannins exhibit broad antibacterial and antibiofilm activity against both
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Gram-positive and Gram-negative bacteria, and that their biological activity is closely
linked to structural features such as molecular size, charge distribution, and capacity for
surface interactions rather than simple growth inhibition alone (Villanueva et al., 2023).

At the cellular level, hydrolysable tannins have been shown to induce
pronounced physicochemical changes in bacterial membranes. Olchowik-Grabarek et
al. reported that ellagitannins and gallotannins interact directly with membrane lipids
and proteins, leading to increased membrane permeability, altered membrane fluidity,
and destabilisation of barrier function in Staphylococcus aureus. These membranotropic
effects were closely correlated with antibacterial potency and were influenced by tannin
molecular flexibility, hydrophobicity, and dipole moment, providing a structural basis
for the strong planktonic activity observed for larger, more flexible tannin molecules
(Olchowik-Grabarek et al., 2022).

Despite their utility, planktonic susceptibility assays provide only limited insight
into antimicrobial performance under biofilm-associated conditions. In the oral cavity,
Streptococcus species predominantly exist within structured biofilms, where cells are
embedded in an extracellular polymeric matrix and exhibit altered metabolic states,
reduced growth rates, and enhanced tolerance to environmental stressors. These
physiological adaptations substantially diminish susceptibility to agents that are
otherwise effective against free-living bacteria. Consequently, large inhibition zones or
low MIC values obtained under planktonic conditions do not reliably predict antibiofilm
efficacy. The present findings reinforce this limitation. Certain compounds exhibiting
relatively low MIC values in planktonic assays, such as GC, did not demonstrate
correspondingly strong antibiofilm or antivirulence effects. This divergence shows that
conclusions drawn from planktonic assays alone are insufficient for evaluating
therapeutic relevance in biofilm-associated diseases, and emphasises the importance of
assessment approaches that better reflect biofilm biology. Accordingly, MIC and MBC
values were used in this study as reference benchmarks to guide the selection of
concentrations for subsequent biofilm inhibition and eradication assays. This approach
enabled interpretation of antibiofilm outcomes in relation to established planktonic
inhibitory and bactericidal thresholds. Antibiofilm activity is increasingly recognised as
concentration-dependent and may arise through distinct mechanisms that encompass
both bactericidal effects and targeted antivirulence modulation. At concentrations at or
above the MBC, biofilm reduction is predominantly driven by reduced bacterial

viability or direct killing of biofilm-embedded cells. This requirement reflects the
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intrinsic tolerance of biofilm-associated bacteria, which exhibit reduced metabolic
activity, physiological heterogeneity, and persister subpopulations that require
bactericidal concentrations to achieve cell death (Hall & Mah, 2017). In this context,
antibiofilm effects observed at bactericidal levels should be interpreted primarily as
killing-dominated outcomes rather than selective disruption of biofilm regulatory
pathways (Coenye, 2023).

In contrast, biofilm inhibition observed at sub-MIC or sub-MBC concentrations
is more consistent with non-lethal mechanisms. Sub-inhibitory antimicrobial exposure
has been shown to alter biofilm biomass and architecture without substantial reductions
in viable cell counts, indicating functional modulation of biofilm development rather
than bactericidal action (Elawady et al., 2024). In oral streptococci, (Goc et al., 2019).
demonstrated that while biofilm eradication at MBC-equivalent concentrations was
associated with loss of bacterial viability, sub-MBC exposure selectively attenuated
adhesion, acidogenicity, and aciduricity, thereby reducing cariogenic potential without
eliminating bacterial survival (Goc et al., 2019). Complementing this concentration-
dependent framework, Xu et al. showed that tannic acid suppresses S mutans biofilm
formation through inhibition of glucosyltransferase activity and extracellular
polysaccharide synthesis without impairing bacterial growth, exemplifying a targeted
antivirulence mechanism independent of killing (Xu et al., 2025).

Together, these studies establish that antibiofilm efficacy reflects a mechanistic
spectrum ranging from killing-driven biofilm eradication at high concentrations to
selective modulation of adhesion, matrix production, and virulence-associated
pathways at sub-inhibitory levels. This integrated framework supports the use of
MIC/MBC-guided concentration selection to distinguish bactericidal effects from true

antivirulence activity in biofilm studies.

5.4  Cell Surface Hydrophobicity as an Early Antivirulence Target

Cell surface hydrophobicity (CSH) plays a central role in the earliest stages of
bacterial attachment to surfaces and is therefore a critical determinant of initial biofilm
establishment. Hydrophobic interactions enable bacteria to adhere to the tooth surface
and to neighbouring cells even before sucrose-dependent mechanisms become
dominant. Bacterial cells with low hydrophobicity generally exhibit weak surface

adhesion, which translates into reduced surface retention and impaired biofilm
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initiation. For this reason, alterations in CSH are increasingly recognised as an
important early event influencing downstream biofilm development.

In cariogenic streptococci, particularly S. mutans, high baseline hydrophobicity
is a well-documented characteristic that contributes to its strong adhesive capacity and
competitive advantage during early colonisation. Numerous studies investigating
natural products and plant-derived compounds with anticariogenic potential have
therefore incorporated CSH assays as an established parameter for assessing virulence-
associated behaviour. In untreated controls, the hydrophobicity index of S. mutans is
consistently reported to exceed 70%, highlighting its inherent tendency for surface
attachment and biofilm initiation (Vijayakumaretal., 2021; Liu et al., 2023; Sangavi et
al., 2024)

In contrast, comparatively few studies have examined CSH in oral commensal
streptococci. This limited focus is largely attributable to the biological role of these
species in maintaining oral microbial homeostasis. Early colonisers such as S. gordonii,
Streptococcus mitis, Streptococcus intermedius, and Streptococcus oralis rely
predominantly on specific adhesin—receptor interactions with salivary components
rather than nonspecific hydrophobic forces for surface attachment. Consequently, their
baseline hydrophobicity is typically low, often reported to be below 10%, reflecting an
ecological strategy geared towards stable colonisation rather than aggressive surface
dominance (Christian et al., 2024). As a result, CSH has not traditionally been
considered a primary virulence-associated trait in commensal species.

The findings of the present study are in agreement with this established
pathogenic—commensal distinction. The baseline CSH of untreated S. mutans was
approximately 70%, whereas S. gordonii exhibited a markedly lower value of around
35%. Although the baseline hydrophobicity of S. gordonii observed here was higher
than that reported in some previous studies, this variation may be attributed to strain
differences, growth conditions, or methodological factors inherent to the assay.
Importantly, the relative contrast between the cariogenic and commensal species
remained clear, reinforcing the concept that elevated hydrophobicity is a defining
virulence-associated feature of S. mutans.

From a mechanistic standpoint, early interference with CSH is likely to
compromise the initial physical anchoring of S. mutans to the tooth surface, thereby
limiting subsequent microcolony formation, extracellular polysaccharide accumulation,

and establishment of an acidic microenvironment. Previous studies have demonstrated
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that reducing the hydrophobic nature of S. mutans diminishes sucrose-independent
adherence, delays biofilm maturation, and ultimately suppresses cariogenic potential
without exerting bactericidal pressure (Sangavi et al., 2024; Vijayakumar et al., 2021).
This positions CSH modulation as an early-stage antivirulence intervention acting

upstream of irreversible biofilm architecture.

5.5 Formation of an Experimental Salivary Pellicle for Biofilm Development

In the present study, an experimental salivary pellicle was incorporated during
both the initial screening phase and Phase Il biofilm assays, and was applied prior to
bacterial inoculation for single-species and dual-species biofilm models. This approach
was adopted to more accurately simulate in vivo oral conditions, as initial bacterial
adhesion and subsequent biofilm development occur on saliva-conditioned surfaces
rather than on bare abiotic substrates. Saliva contains a range of proteins, including
proline-rich proteins (PRPs), mucins, cystatins, histatins, statherin, host defence
peptides, and a-amylase, which collectively form the acquired pellicle on oral surfaces.
Among these components, salivary a-amylase plays a key role in the adhesion of
pioneer bacteria such as S. sanguinis, S. mitis, and S. gordonii by acting as a pellicle-
associated receptor for early-colonising streptococci, thereby supporting initial
attachment, co-adhesion, and stable microbial colonisation (Lynge Pedersen &
Belstrom, 2019). Saliva processing is a critical methodological consideration in
experimental pellicle formation, as inappropriate handling may compromise the
integrity and functionality of pellicle-forming proteins. In this study, clarified whole
saliva was filtered to remove debris and microorganisms, with minimal trapping or
substantial alteration of salivary proteins involved in bacterial adhesion.
Polyethersulfone (PES) low-protein-binding filters were selected to preserve key
pellicle components, including proline-rich proteins, mucins, and glycoproteins, which
mediate receptor—ligand interactions essential for early coloniser attachment and
interspecies interactions. The use of PES membranes for saliva filtration has been
widely reported in previous studies, supporting this methodological choice for
maintaining salivary protein integrity while ensuring sterility (Ansarietal., 2017; Dang
et al., 2018). To minimise biological variability, saliva was obtained from a single
healthy donor, with exclusion criteria for recent antibiotic use and oral disease.

Although quantitative analysis of individual salivary proteins was not performed, this
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controlled approach ensured consistency across experimental phases and enabled
reliable comparison of compound effects. While alternative models employing artificial
saliva with defined media or Mucin-based Media have been reported (Ketagoda et al.,
2024; Zhang et al., 2025). In the present study, the use of carefully processed, clarified
whole saliva was considered an appropriate balance between biological authenticity and
experimental reproducibility.

The importance of salivary pellicle incorporation was further underscored by
the use of different abiotic substrates in this study. Glass beads, which possess surface
properties more closely resembling dental enamel, support the formation of a tooth-like
salivary pellicle that facilitates physiologically relevant bacterial adhesion and early
biofilm development. In contrast, polystyrene surfaces are intrinsically hydrophobic
and may introduce substrate-driven bias in microbial attachment. Salivary conditioning
of polystyrene surfaces was therefore essential to reduce hydrophobic bias, given that
the salivary pellicle is one of the most important factors influencing bacterial adhesion
and is known to homogenise surface contact angles while increasing surface
hydrophilicity. (Sardin, 2004). This conditioning promotes adhesion mediated by
pellicle—bacteria interactions rather than nonspecific physicochemical surface effects.

Collectively, incorporating a well-processed experimental salivary pellicle
across substrates and experimental phases strengthened the translational relevance of
the employed biofilm models. This approach ensured that observed differences in
biofilm inhibition, eradication, and virulence modulation could be attributed to the
effects of pomegranate-derived compounds rather than artefacts arising from substrate
properties or saliva handling, thereby supporting more meaningful interpretation within

a clinically relevant oral biofilm context.

5.6 Optimisation of a Reproducible Dual-Species Oral Biofilm Model

Establishing a reproducible, biologically relevant dual-species biofilm model is
a critical prerequisite for meaningful evaluation of antibiofilm efficacy, particularly in
systems involving functionally distinct oral streptococci, such as S. mutans and S.
gordonii. In the present study, optimisation was undertaken to balance robust biofilm
formation with reliable retention of both species within the adherent community,
thereby avoiding experimental artefacts arising from single-species dominance. The

combined evaluation of total inoculum density, sucrose concentration, and initial

157



inoculum ratio allowed identification of conditions that supported stable coexistence
while maintaining assay reproducibility.

Total starting inoculum density emerged as a key determinant of biofilm
stability and experimental consistency. Although higher inoculum densities increased
total biomass, they were frequently associated with increased heterogeneity and surface
crowding, which can obscure subtle antibiofilm effects and reduce reproducibility. In
contrast, a lower total inoculum of 1 x 10¢ CFU/mL consistently produced well -defined,
adherent biofilms with minimal variability. Importantly, this inoculum densityand a 1:1
inoculum ratio has been widely adopted in established dual-species cariogenic biofilm
models involving S. mutans and commensal species such as Streptococcus sanguinis
and S. gordonii, where each species was inoculated at 1 x 10° CFU/mL to achieve a
balanced and reproducible baseline community (Guo et al., 2019; Sun et al., 2019; Hu
et al., 2022)

The convergence of our selected inoculum parameters with these independent
studies supports the biological relevance and methodological robustness of the
optimised model. Critically, establishing a stable and reproducible untreated (baseline)
biofilm is essential before the application of any antibiofilm intervention, as it ensures
that observed treatment-associated effects can be attributed to true biological
modulation rather than variability arising from uneven initial colonisation (Heersema
& Smyth, 2019). The deliberate selection of this inoculum density therefore reflects a
balance between biological realism and experimental control, providing a reliable
platform for mechanistic evaluation of antibiofilm activity.

Sucrose concentration played a central role in shaping biofilm accumulation and
matrix development. Increasing sucrose levels from 0.5% to 4.0% (w/v) resulted in
progressively higher biofilm biomass, consistent with sucrose's role as a key substrate
for extracellular polysaccharide synthesis. However, although 2.0-4.0 %% sucrose
produced the greater biomass, this condition was associated with increased variability
and excessive matrix accumulation, suggesting the formation of an overly dense biofilm
architecture that may restrict nutrient diffusion and complicate downstream analyses.
In contrast, 1.0% (w/v) sucrose consistently supported robust and reproducible biofilm
formation while maintaining structural stability. Importantly, CFU analysis confirmed
that this concentration did not compromise S. gordonii retention when combined with

an appropriate inoculum density and a balanced inoculum ratio. These findings indicate
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that sucrose concentration alone does not dictate species dominance; rather, its impact
1s modulated by initial community composition and overall cell density.

The selection of 1.0% (w/v) sucrose in the present study is further supported by
the work of Cai et al., who reported that the turning concentration for cariogenic biofilm
formation lies within a functional range of approximately 0.6% to 2.4% sucrose,
underscoring the strong and non-linear influence of sucrose on biofilm accumulation
and caries development (Cai et al., 2018). Consistent with this functional window,
biofilms formed at 1.0% sucrose in this study exhibited reproducible biomass together
with stable dual-species retention under optimised inoculum conditions. In contrast,
higher sucrose levels led to disproportionately dense biofilms with greater variability.
Collectively, these observations support the use of 1.0% sucrose as a biologically
relevant compromise, balancing effective biofilm matrix formation with experimental
stability and reproducibility.

The initial inoculum ratio was particularly influential in maintaining species
balance within the dual-species biofilm. A 1:1 (S. mutans:S. gordonii) ratio consistently
supported coexistence of both organisms across independent experiments, whereas
biased ratios resulted in less reliable recovery of the non-dominant species. This finding
underscores the importance of controlling early competitive interactions during biofilm
initiation, especially in sucrose-rich environments that can favour rapid glucan-
mediated attachment by S. mutans. S. mutans can outcompete other oral streptococci by
rapidly synthesising extracellular polysaccharides that enhance surface adhesion,
biofilm accumulation, and ecological dominance, as demonstrated in both in vitro and
in vivo studies (Diaz-Garrido et al., 2020; Tanzer etal., 2012). By equalising the starting
abundance of both species, the present model allowed subsequent biofilm development
to reflect genuine interspecies interactions rather than initial numerical advantage,
thereby enhancing the biological relevance and ecological validity of the system. The
combined use of CV and CFU enumeration proved essential for comprehensive
assessment of optimisation outcomes. The CV assay was employed as it remains the
most widely used method for initial biofilm screening (Borowicz et al., 2023). Its low
cost and technical simplicity enable extensive biological and technical replication,
thereby improving statistical robustness and reducing variability. Importantly, the
assay's scalability enables testing across multiple concentrations, bacterial species, and
biofilm models. Beyond its practical advantages, the CV assay is also highly

standardised and extensively reported in the biofilm literature. Its widespread adoption
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across laboratories and bacterial species allows direct comparison with previous studies
and facilitates contextualisation of the present findings within the broader antibiofilm
field. This methodological consistency supports reproducibility and strengthens the
relevance of the results. However, because this assay does not differentiate species
composition, CFU enumeration of adherent biofilms was critical for confirming true
dual-species retention. Mechanical scraping of the base of the 96-well plates ensured
recovery of firmly attached cells, reducing the risk of underestimating viable biofilm
populations. The limitations of the CV assay should also be acknowledged. The assay
measures total biofilm biomass, including viable and non-viable cells as well as the
extracellular polymeric substance (EPS) matrix, and does not distinguish between these
components (Latka & Drulis-Kawa, 2020). However, this characteristic is appropriate
for the present study, which focuses on early biofilm development. During biofilm
initiation, EPS production occurs alongside bacterial attachment and plays a central role
in microcolony formation and biofilm stability. This is particularly relevant for S.
mutans, which produces substantial amounts of EPS in the presence of sucrose,
promoting rapid biofilm accumulation from the earliest stages. Because the test
compounds were present throughout the biofilm-formation period, reductions in CV-
measured biomass likely reflect suppression of EPS synthesis and early matrix assembly
rather than effects on established biofilms or direct bacterial killing. Accordingly, CV
staining provides a meaningful measure of impaired biofilm formation and supports an
antivirulence-focused interpretation centred on disruption of EPS production and
biofilm architecture.

The consistent recovery of mixed S. mutans and S. gordonii colonies from
Mitis—Salivarius agar (MSA) plates further validated the effectiveness of the optimised
conditions in sustaining a stable dual-species community. MSA is a commonly used
selective and differential medium in cariology research for isolating and enumerating
oral streptococci, enabling reliable species differentiation within mixed cariogenic
biofilms. (Kim & Young Lee, 2015; Bansal et al., 2024). Distinct colony morphologies
on MSA enabled reliable differentiation between S. mutans and S. gordonii during CFU
analysis, reinforcing the robustness of the enumeration strategy. The characteristic
frosted glass appearance and occasional glistening of S. mutans colonies under sucrose-
rich conditions reflected active glucan production, whereas the flatter, darker colonies

of S. gordonii remained clearly distinguishable. Biochemical confirmation of
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representative colonies further strengthened confidence in species identification during
optimisation, ensuring that observed trends were not artefacts of misclassification.

The final optimised condition of 1 x 10 CFU/mL total inoculum at a 1:1 (S.
mutans. gordonii) ratio in the presence of 1.0% (w/v) sucrose represented a controlled
experimental system that supported reproducible biofilm formation and retention of
both bacterial species. This ratio was not intended to reproduce the natural proportional
abundance of S. mutans and S. gordonii in dental plaque, as natural supragingival plaque
is a complex multispecies community with microbial composition that varies according
to plaque age, host factors, diet, sucrose exposure, pH, and caries status. Instead, the 1:1
inoculum was selected as a standardised starting condition to ensure that both the
cariogenic species (S. mutans) and the health-associated early coloniser (S. gordonii)
were present at comparable initial levels, allowing direct evaluation of species -selective
antibiofilm effects.

The 24-hour biofilm generated in this study should therefore be interpreted as
an established experimental dual-species biofilm rather than as a direct representation
of mature natural dental plaque. This distinction is important because early dental
plaque formation in vivo involves sequential colonisation by diverse pioneer organisms,
including oral streptococci and Actinomyces spp., followed by progressive ecological
succession toward more complex communities (Kolenbrander et al., 2002; Palmer et
al., 2003; Heller et al., 2016). Moreover, S. mutans is not necessarily abundant in all
natural plaque samples but is typically associated with cariogenic conditions and
ecological shifts favouring acidogenic and aciduric organisms (Marsh, 2003; Zhang et
al., 2022).

Importantly, applying the same optimised parameters to the bead-based dual-
species biofilm assay ensured methodological consistency across surface models,
allowing comparison of antibiofilm outcomes without confounding from differences in
inoculum density, sucrose concentration, or biofilm initiation conditions. Thus, the
model provides a simplified and reproducible platform for assessing selective
modulation of a cariogenic—commensal interaction, while acknowledging that it does

not replicate the full microbial diversity or species proportions of natural dental plaque.
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5.7 Model Validity and Scope of the Dual-Species In vitro Platform

In the present thesis, the dual-species S. mutans—S. gordonii biofilm system was
implemented across two complementary in vitro platforms, a 96-well polystyrene
microtiter plate model for Phase I high-throughput screening and glass bead model for
Phase II mechanistic validation. The 96-well format enabled systematic comparison of
multiple compounds under controlled and reproducible conditions, consistent with
standard biofilm screening methodologies widely adopted in antimicrobial research
(Haney et al., 2018; Kragh et al., 2019). The subsequent use of saliva-conditioned glass
beads, which more closely approximate enamel surface characteristics, provided a
structurally and biologically relevant substrate for confirmation of biomass, viability,
transcriptional, and ultrastructural outcomes ((Abdul Razak et al., 2017; Gilmore et al.,
2024)). Together, these platforms allowed efficient compound prioritisation while
strengthening biological relevance through cross-model validation. The dual-species
configuration captures critical ecological features of cariogenic dysbiosis, particularly
competitive and antagonistic interactions between an acidogenic, EPS-producing
pathogen (S. mutans) and a health-associated early coloniser (S. gordonii). This
ecological contrast enables assessment of selective antibiofilm activity, species-specific
viability effects, and preservation of commensal-associated functions within a
controlled environment. Unlike single-species systems, which cannot account for
interspecies modulation of virulence or matrix formation, the dual-species framework
reflects essential elements of biofilm competition, colonisation resistance, and
metabolic interplay that are central to the ecological plaque hypothesis (de Oliveira et
al., 2020; Luo et al., 2022). As such, it provides a more biologically meaningful
representation of early cariogenic biofilm dynamics while maintaining analytical
clarity.

Nevertheless, the model does not replicate the full complexity of the in vivo oral
ecosystem. Natural dental plaque comprises highly diverse, multi-taxa microbial
communities embedded within dynamic salivary flow and influenced by host immune
responses, dietary fluctuations, and mechanical shear forces (Lamont et al., 2018; Li et
al., 2022)). The present in vitro system lacks continuous saliva turnover, immune-
mediated modulation, and the spatial heterogeneity characteristic of mature
multispecies biofilms. Furthermore, while inclusion of two functionally distinct

streptococci introduces ecological interaction, it does not fully capture the network -
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level cooperation and functional redundancy observed within natural plaque
communities.

Despite these limitations, the dual-species platform represents an appropriate
and necessary mechanistic step within a staged translational framework. In vitro
reductionist models are essential for isolating specific biological interactions and
resolving compound-specific effects before introducing higher ecological complexity.
By maintaining experimental control over inoculum density, sucrose concentration, and
species ratio, the system enables precise evaluation of selective antibiofilm and
antivirulence mechanisms without confounding variability inherent to complex
microcosm models. Importantly, the consistent findings across both the polystyrene and
saliva-conditioned bead models indicate that the observed effects are likely due to true
biofilm modulation rather than differences related to the surface used. Accordingly, the
present model serves as a rational bridge between preliminary compound screening and
future evaluation in more complex multispecies, microcosm, or in situ biofilm systems.
Such progression will be necessary to confirm ecological stability, long-term
community effects, and host-relevant performance under clinically dynamic conditions.
However, mechanistic clarity at the dual-species level remains a critical prerequisite for

meaningful advancement to higher-order biological models.

5.8 Screening of PDCs for Biofilm Inhibition (MBIC Assessment)

Biofilm inhibition targets the earliest stage of biofilm development, beginning
with bacterial adhesion and the formation of initial microcolonies. At this stage,
extracellular polymeric substance (EPS) production remains limited, and the biofilm
has not yet developed the complex three-dimensional architecture associated with
heightened tolerance to antimicrobial agents and host defences. Intervention at this
point therefore represents a preventive strategy aimed at disrupting biofilm
establishment before irreversible structural and physiological adaptations occur.

In this study, early biofilm inhibition was assessed using the minimum biofilm
inhibitory concentration (MBIC) approach, with biofilm biomass quantified by the
crystal violet (CV) assay. MBIC was selected as it enables direct evaluation of
interference with biofilm initiation under controlled conditions and is suitable for
comparative screening of multiple compounds. As a Phase-1 strategy, this approach

facilitates prioritisation of candidates based on their ability to suppress biofilm
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formation rather than solely on planktonic growth inhibition. However, because CV
staining measures total adherent biomass as a composite of bacterial cells and
extracellular material, MBIC values were interpreted as indicators of reduced biofilm
accumulation rather than as direct measures of cell viability or EPS-specific inhibition.

Interpretation of MBIC values alongside MIC data was essential to determine
whether reductions in biofilm biomass occurred at concentrations associated with
planktonic growth inhibition or at concentrations below those required to inhibit
planktonic growth. Reduced bacterial viability was not disregarded, as the cellular
component is an integral part of the biofilm and loss of viable biofilm-associated cells
represents a valid mechanism of antibiofilm activity. Therefore, biofilm reduction
observed at or near MIC levels was interpreted as antibiofilm activity that may involve
reduced bacterial growth, decreased viable cell accumulation, and impaired biofilm
development. In contrast, biofilm inhibition observed at sub-MIC concentrations
suggested additional biofilm-modulatory or antivirulence effects, such as interference
with surface attachment, cell—cell interactions, early microcolony development, and
matrix organisation, without requiring overt planktonic growth inhibition.

Together, this dual-level evaluation enabled discrimination between compounds
whose antibiofilm effects were likely driven mainly by antimicrobial pressure on the
cellular component and those that also demonstrated non-lethal modulation of early
biofilm-associated processes. Both mechanisms were considered biologically relevant;
however, they imply different modes of action and therefore required interpretation in
relation to MIC values (Haney et al., 2018).

The inclusion of both single- and dual-species biofilm models enabled a
structured evaluation of antibiofilm efficacy across increasing biological complexity
and allowed assessment of compound selectivity and robustness. From a cariology
perspective, the desired activity profile is selective inhibition of S. mutans biofilm
formation with minimal impact on S. gordonii, a health-associated commensal. Such
selectivity is most readily identified under single-species conditions, where direct
compound—bacterium interactions can be examined without confounding interspecies
dynamics. Accordingly, single-species assays were an essential first step in identifying
compounds with targeted activity against cariogenic biofilms.

However, dental biofilms are inherently polymicrobial, and interspecies
interactions, including coaggregation, metabolic cooperation, competition, and the

development of a shared extracellular matrix, can substantially modify biofilm
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structure, tolerance, and susceptibility to intervention. Dual-species biofilm models
were therefore incorporated to determine whether the selective antibiofilm effects
observed in single-species systems could be preserved under conditions that more
closely reflect interspecies interactions within the oral biofilm environment. Rather than
assuming that dual-species biofilms are uniformly more tolerant than single-species
biofilms, the present study used the dual-species model to determine whether compound
efficacy was maintained, reduced, or enhanced in the presence of a second species. This
was important because mixed-species interactions may alter compound susceptibility in
a compound-specific and species-dependent manner.

Within this framework, compounds for which the MBICoo against S. mutans was
less than or equal to that against S. gordonii were explicitly highlighted, as this pattern
reflects a desirable selectivity profile in cariogenic biofilm control. Preferential
suppression of S. mutans biofilm formation, with comparatively lower impact on S.
gordonii, aligns with an ecological approach to caries prevention rather than
indiscriminate inhibition of oral streptococci. Compounds meeting this criterion were
therefore awarded one point in the scoring framework, as they demonstrate targeted
antibiofilm activity consistent with the intended therapeutic strategy.

While selectivity could be clearly identified from single-species MBIC data,
progression to Phase II evaluation required confirmation of efficacy under more
biologically relevant conditions. Dual-species biofilms incorporate interspecies
interactions and shared matrix components that are not captured in single-species
systems and are known to increase biofilm tolerance. The use of dual-species MBICoo
as the selection criterion for Phase II thus identified compounds capable of achieving
near-complete suppression of biofilm formation in a mixed-species environment. This
stringent endpoint ensured that only compounds with robust, reproducible antibiofilm
activity under increased biological complexity were advanced to downstream

mechanistic and functional analyses.

5.9 Screening of PDCs for Biofilm Eradication (MBEC Assessment)

In contrast to biofilm inhibition, eradication of established biofilms represents a
fundamentally more stringent biological challenge. In this study, selected PDCs
demonstrated measurable minimum biofilm eradication concentrations (MBEC), with

the exception of COR and KG, for which 90% eradication of mature biofilms was not
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achieved within the tested concentration range. This observation is consistent with
increasing evidence that eradication of established biofilms represents an exceptionally
stringent benchmark and that MBEC values may lie well beyond experimentally or
clinically practical limits (Tuan et al., 2024)

For compounds that achieved MBEC, eradication occurred at concentrations
substantially higher than their corresponding MBIC values. This pronounced
divergence reflects the fundamental biological distinction between preventing biofilm
formation and disrupting an established biofilm community. As biofilms mature,
structural entrenchment driven by extracellular polymeric substances (EPS),
extracellular DNA (eDNA), and spatial heterogeneity imposes severe diffusion
limitations and protects metabolically diverse bacterial subpopulations from
antimicrobial exposure (Rostami et al., 2022). Consequently, concentrations sufficient
to inhibit early adhesion and microcolony formation are often inadequate to penetrate
and destabilise the mature biofilm matrix.

The inability of COR and KG to reach MBEC within the tested concentration
range likely reflects these intrinsic biofilm defences rather than a lack of antibiofilm
potential. Both compounds exhibited inhibitory activity during early stages of biofilm
development, suggesting that their primary effects may be directed towards interference
with adhesion, early extracellular matrix assembly, or surface-associated virulence
traits rather than penetration of a fully mature biofilm. In cariogenic systems, this
challenge is further amplified under sucrose-rich conditions, where S. mutans rapidly
synthesises a dense, glucan-rich EPS matrix that stabilises biofilm architecture and
diminishes susceptibility to eradication-based interventions.

In polymicrobial oral biofilms, ecological interactions further modulate
susceptibility to eradication. Although S. gordonii exhibits antagonistic effects against
S. mutans through hydrogen peroxide production and arginine metabolism via the
arginine deiminase pathway (Kreth et al., 2008), such antagonism is most effective
during early biofilm development. Arginine-mediated alkali generation can buffer local
acidity and weaken biofilm cohesion, and has also been shown to reduce biofilm
mechanical stability under shear stress (Gloag et al., 2021). However, once a sucrose-
stabilised biofilm is established, S. mutans adapts its spatial organisation and gene
expression to persist within structured microcolonies, even in the presence of

commensal species (Rose etal., 2023). At this stage, biofilm architecture and metabolic
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adaptation outweigh interspecies antagonism, rendering eradication increasingly

difficult.

5.10 Glycolytic pH-Drop Assay: Effects on Acidogenic Activity

The glycolytic pH drop assay used in this study assesses acidogenicity at the
cellular level and reflects the combined effects of glucose uptake, glycolytic
metabolism, acid production, and proton extrusion by S. mutans. Because this assay was
used as an initial screening tool in Phase I, the results reflect functional metabolic
outcomes rather than direct evidence of gene-level regulation. Suppression of pH
reduction in this assay may occur via kinetically distinguishable mechanisms. Direct
interference with glycolytic enzymes or acid-handling systems would be expected to
affect acid production immediately after glucose addition, thereby reducing the rate of
pH decline in the early phase of the assay. In contrast, down-regulation of genes
involved in glycolysis, such as /dh, would be expected to produce a delayed effect, as
pre-existing enzyme pools remain active during the early stages of the assay before
reduced synthesis becomes functionally relevant.

In the present study, treatment with PDCs resulted in a slower decline in pH
over the 120-min period than in the untreated control. The early divergence of treated
groups from the control suggests that acidogenicity was reduced at the functional
metabolic level rather than solely through delayed transcriptional effects. However,
because Phase I of the study did not include enzyme activity or gene expression
analyses, it is not possible to determine whether this effect resulted from direct enzyme
inhibition, reduced metabolic flux, or altered proton handling.

Similar multilevel effects have been reported in previous antivirulence studies
targeting S. mutans, in which reductions in glycolytic pH drop were accompanied by
selective modulation of acidogenic and aciduric pathways rather than by complete
metabolic arrest. For example, Wang et al. demonstrated that sub-inhibitory exposure
to an antimicrobial peptide significantly attenuated glycolytic acid production and LDH
activity, while transcriptional analysis revealed downregulation of /dh and variable
regulation of atpD, highlighting that impairment of proton extrusion may arise from
both transcriptional and membrane-associated mechanisms rather than gene

suppression alone (Wang et al., 2018).
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More recently, Liu et al. further substantiated this approach by integrating
glycolytic pH-drop assays with quantitative PCR, showing that suppression of acid
production was associated with coordinated downregulation of /dh and atpD under sub-
MIC conditions, thereby reinforcing the value of combining functional assays with
targeted gene expression analysis (Liuet al., 2025). Collectively, these findings support
the present study’s phased design, in which functional screening was intentionally
separated from molecular validation to avoid overinterpretation of early phenotypic
outcomes and to establish a more robust mechanistic link between reduced

acidogenicity and modulation of metabolic and stress-response pathways.

5.11 Preliminary Toxicity Evaluation via Brine Shrimp Lethality Assay (BSLA)

The BSLA was employed as a preliminary screening tool to evaluate the acute
toxicity of selected PDCs prior to further biological investigation. In natural product
research, the BSLA is widely used as a rapid and cost-effective assay that provides an
initial indication of general cytotoxic potential. Its principal value lies in enabling early
toxicity classification and supporting the prioritisation of candidates for subsequent
phytochemical and biological evaluation, while identifying compounds that may pose
toxicological concern (Maulydia et al., 2025). Although the BSLA does not replace
mammalian toxicity testing, its use in early screening can help exclude overtly toxic
compounds and inform rational decision-making within a multi-phase development
framework.

In the present study, all PDCs exhibited clear concentration-dependent mortality
of brine shrimp nauplii, as evidenced by sigmoidal dose—response relationships and
high coefficient of determination values from nonlinear regression analysis. The
consistently high R* values indicate good model fitting and support the reliability of the
derived LCso estimates, confirming that the assay conditions were appropriate and that
the observed responses were reproducible and concentration-related.

According to Clarkson’s toxicity classification, most compounds evaluated
were categorised as low toxicity, indicating a favourable preliminary safety profile in
this model. The hydrolysable tannins (COR, PUG, and PUN) and flavonoid compounds
(GC, K@, and RUT) all exhibited LCso values exceeding 500 ug/mL, suggesting limited
acute cytotoxicity at the concentrations tested. When considered alongside their

demonstrated antimicrobial and antibiofilm activities, these findings imply that their
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biological effects are unlikely to be driven by nonspecific cytotoxic mechanisms, an
important consideration for compounds intended for oral applications.

Notably, the moderate toxicity observed for EA contrasts with reports of
negligible acute toxicity in in vivo studies using pomegranate peel extracts. For instance,
Elkoraichi et al., (2023) reported no mortality, behavioural abnormalities, or
histopathological alterations in rats following 21 days of oral administration of aqueous
pomegranate peel extract. Similarly, Jahromi et al., (2015) observed no mortality or
toxic effects in BALB/c mice. Taken together, these studies indicate that pomegranate
peel extracts were well tolerated under the specific in vivo conditions evaluated.
However, direct comparisons with isolated EA should be interpreted with caution, given
differences in composition, dosing, and biological context between purified compounds
and complex plant extracts. Pomegranate peel extracts comprise a mixture of
polyphenols, including hydrolysable tannins such as PUG and PUN, as well as other
phenolic constituents, which may be present at concentrations that differ substantially
from those tested for individual compounds. It is therefore plausible that the
concentration of EA in the extract was below the threshold required to elicit acute
toxicity, or that interactions among coexisting phytochemicals mitigated its toxic
effects. Synergistic or antagonistic interactions within complex extracts may modulate
bioavailability, cellular uptake, or target engagement, resulting in an overall toxicity
profile that differs from that of isolated constituents (Chen et al., 2022). These
observations reinforce the importance of compound-level toxicity assessment, as
conducted in the present study, to identify constituents with narrower safety margins
that may be masked within whole-extract formulations. Accordingly, while extract-
based studies support the general safety of pomegranate peel preparations, the moderate
toxicity observed for EA in the BSLA underscores the need for cautious dose
consideration and further validation in mammalian cell-based models when advancing
isolated compounds for targeted oral applications. This may be related to its lower
molecular weight and simpler structure, which could facilitate greater cellular uptake
and stronger interactions with intracellular targets compared with larger, more complex
polyphenolic compounds. These observations emphasise the need to consider toxicity
profiles alongside biological efficacy during compound selection.

It is important to note that the BSLA reflects general acute toxicity rather than
tissue-specific or long-term effects. The observed lethality is likely attributable to broad

physiological disturbances in brine shrimp nauplii, including membrane and metabolic
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disruption, which may not directly correspond to responses in mammalian or oral cell
systems. Accordingly, the BSLA is interpreted here as an initial safety screen rather
than a definitive assessment of biocompatibility, and further evaluation using relevant
mammalian cell-based models is required to refine safety margins.

Overall, the BSLA findings indicate that most PDCs exhibit low acute toxicity
while retaining biological activity, supporting their suitability for continued
investigation as antibiofilm and antivirulence agents. Based on the predefined scoring
framework, only compounds with LCso values exceeding 500 pg/mL met the toxicity
criterion and were advanced to Phase II, whereas EA, with an LCso below this threshold,
did not meet the criterion and was assigned a score of 0. Although a positive association
between BSLA-derived LCso values and in vivo LDso data has been reported, this
relationship is indicative rather than predictive; therefore, in this study, the BSLA was

used to guide early compound prioritisation rather than to infer in vivo safety.

5.12 Rationale for Compound Selection for Phase II Evaluation

Selection of compounds for Phase I followed a stepwise, biofilm-centred
screening strategy rather than reliance on planktonic antimicrobial activity alone. This
approach was adopted because conventional susceptibility measures, such as minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC), do not
reliably reflect compound performance against biofilms, which are structurally complex
and metabolically heterogeneous. Current reviews of biofilm antimicrobial
susceptibility testing have highlighted that exclusive reliance on planktonic endpoints
can be misleading and have emphasised the importance of incorporating biofilm-
specific parameters when advancing candidate compounds (Coenye, 2023).

Accordingly, compound prioritisation was based on outcomes from biofilm-
focused screening assays, including biofilm inhibition results, to identify agents
demonstrating consistent and meaningful activity under biofilm-relevant conditions.
The use of integrated antibiofilm screening frameworks has been recommended in
natural product research as a rational strategy for down-selecting lead compounds and
for distinguishing true antibiofilm activity from nonspecific antimicrobial effects
(Skogmanet al., 2016). Compounds that exhibited weak, inconsistent, or concentration-
dependent biofilm inhibition were not progressed further, ensuring that subsequent

investigations focused on candidates with robust biofilm-relevant activity.
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Based on this screening strategy, PUG and PUN were advanced to Phase II for
further investigation. While Phase I established their inhibitory effects during early
biofilm formation, it did not address the underlying biological mechanisms or structural
and cellular changes associated with these effects. Phase II was therefore designed to
provide deeper insight by examining viable cell populations, biofilm architecture, and
gene regulation using complementary approaches, including colony-forming unit
(CFU) enumeration, scanning electron microscopy (SEM), and gene expression

analysis.

5.13 Phase II Dual-Species Biofilm Inhibition by PUG and PUN

Phase II investigations were undertaken to elucidate the biological mechanisms
underlying the antibiofilm activity of PUG and PUN within a dual-species oral biofilm
comprising S. mutans and S. gordonii. The use of a multispecies or ecologically
representative biofilm model is essential for oral microbiology research, as cariogenic
biofilms arise from ecological interactions rather than the behaviour of a single
organism (Li et al., 2024). This phase therefore aimed to determine whether the lead
compounds identified during Phase I could selectively modulate cariogenic biofilm
behaviour within a biologically relevant microbial community.

The significant reduction in biofilm biomass at both 8 hours and 24 hours
indicates that PUG and PUN interfere with biofilm formation from the initial stages and
that these effects persist during biofilm progression (Fu et al., 2021). Sustained
suppression of biomass at 24 hours suggests that early disruption was not compensated
by delayed biofilm growth, a phenomenon commonly observed when interference
occurs at the level of adhesion or EPS synthesis rather than transient metabolic
inhibition. In contrast, CHX completely prevented biofilm formation at 8 hours and
maintained near-total suppression at 24 hours, consistent with its broad-spectrum
bactericidal activity and limited specificity toward biofilm-associated pathways. At the
concentration used (0.12%), CHX exerts strong bactericidal effects during the initial
adhesion phase, effectively eliminating or severely damaging bacterial cells before a
protective extracellular biofilm matrix can be established. However, this early inhibition
does not indicate permanent sterilisation of the system. Over prolonged incubation, the
antimicrobial activity of CHX may decline due to dilution, adsorption to surfaces, or

interaction with organic components of the growth medium. As a result, a small
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subpopulation of surviving or recovering cells may resume growth once inhibitory
pressure diminishes, leading to detectable biofilm formation at later time points.

To determine whether the reduction in biomass reflected selective ecological
modulation rather than uniform bacterial killing, viable cell enumeration was performed
for each species within the dual-species biofilm. Viable cell enumeration demonstrated
that the reduction in total biofilm burden following PUG and PUN treatment was driven
primarily by suppression of S. mutans, while S. gordonii viability was largely preserved.
This selective effect became more pronounced at 24 hours, particularly for PUG.
Importantly, cariogenic dysbiosis is characterised by a shift in species dominance
toward acidogenic and EPS-producing species rather than an overall increase in total
bacterial load. From this perspective, selective suppression of S. mutans without
elimination of commensal species represents a biologically relevant strategy for
modulating cariogenic biofilms.

The preservation of S. gordonii, an early coloniser associated with oral health
and biofilm homeostasis, further supports the ecological relevance of this selective
inhibition. In contrast, CHX eliminated both species, consistent with previous reports
demonstrating its non-selective antimicrobial action and potential to disrupt microbial
balance.

To further investigate the molecular basis underlying these ecological effects,
transcriptional profiling was performed to evaluate the response of key virulence-
associated genes during early and later stages of biofilm development. The
transcriptional profiles observed at 8 hours and 24 hours provide mechanistic insight
into the temporal sequence underlying the antibiofilm and anti-acidogenic effects of
PUG and PUN. At 8 hours, both compounds markedly downregulated genes involved
in extracellular polysaccharide synthesis (gt/B, g¢tfC) and glucan binding (gbpB, gbpD),
as well as regulatory genes associated with quorum sensing and biofilm stress
adaptation (comDE and brpA). These changes are consistent with the disruption of early
matrix development and biofilm organisation, which would reduce cell retention and
limit the formation of diffusion-restricted microenvironments that favour acid
accumulation (Atazhanova et al., 2024).

Notably, despite maintaining biofilm pH above the critical demineralisation
threshold (pH 5.5) following 120 min of exposure, transcription of key metabolic genes
({dh and atpD) was not significantly reduced at 8 hours. This apparent discrepancy may
indicate that the early pH changes observed following PUG and PUN exposure in
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planktonic S. mutans cannot be fully explained by immediate transcriptional
suppression of glycolytic pathways or proton extrusion systems alone. It is possible that
these effects arise, at least in part, from rapid functional influences occurring upstream
or post-transcriptionally, including reduced substrate utilisation, subtle perturbations in
intracellular redox balance, or partial inhibition of key metabolic or proton-handling
enzymes, which may collectively modulate acid production prior to the emergence of
detectable gene expression changes (Baker et al., 2015; Hasona et al., 2007; J. Li et al.,
2024).

In a dual-species context, the preservation of biofilm pH may be influenced by
metabolic buffering from S. gordonii, which possesses alkali-generating pathways, such
as the arginine deiminase system, that can counteract local acidification within mixed
biofilms (Huang et al., 2018). As a consequence of this buffered microenvironment, S.
mutans may not experience sufficient acid stress at early stages to necessitate immediate
transcriptional reprogramming of acidogenic or acid-tolerance pathways, with broader
metabolic and stress-related gene modulation emerging only as the biofilm matures and
environmental pressures become sustained (Y Li et al., 2025). By 24 hours, broader
transcriptional modulation was observed, including effects on genes linked to metabolic
activity and stress tolerance, indicating a secondary adaptive response as the biofilm
matures and experiences sustained environmental pressure (Pisithkul et al., 2019;
Stewart et al., 2019). Collectively, these findings support a model in which PUG and
PUN primarily disrupt early biofilm architecture and associated regulatory pathways,
resulting in functional suppression of acidification at initial stages, while broader
transcriptional adjustments in metabolic genes emerge later as the biofilm matures and
undergoes adaptive responses to sustained environmental pressure. This staged
mechanism explains the maintenance of pH despite minimal early changes in /dh and
atpD expression. More broadly, it highlights the potential advantage of targeting biofilm
virulence and regulatory processes rather than directly inhibiting core metabolic
pathways (Koo et al., 2017; Martinez et al., 2019). Investigating S. gordonii
transcriptional responses is essential for interpreting dual-species biofilm behaviour, as
commensal streptococci actively shape biofilm architecture, competitiveness, and
ecological stability rather than serving as passive bystanders. Inclusion of S. gordonii
gene expression data enables differentiation between selective antivirulence effects and
nonspecific antimicrobial activity, a distinction that cannot be made when analysis is

restricted to S. mutans alone. Mixed-species and dual-transcriptome studies have shown
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that commensal streptococci mount highly specific, partner-dependent transcriptional
responses, particularly in genes linked to adhesion, transport, and metabolism (Pandey
etal.,2023; Rose et al.,2023). Accordingly, a pattern in which PUG and PUN primarily
perturb S. mutans virulence-associated pathways while leaving S. gordonii growth and
key colonisation functions largely intact is consistent with a selective antivirulence
mode of action rather than nonspecific toxicity (Fitri et al., 2025; Kolenbrander, 2000).
Moreover, the S. gordonii genes examined (gtfG, abpA, cshA, and sspA) encode critical
determinants of adhesion, surface properties, and interspecies interactions (Kuboniwa
et al.,, 2006; Choo et al., 2021), enabling assessment of whether commensal
functionality is preserved while pathogenic traits are selectively attenuated.

At 8 hours, limited or non-significant modulation of cshA4 and sspA, together
with modest changes in gtfG and abpA, suggests that early exposure to PUG and PUN
does not markedly disrupt core commensal adhesion mechanisms. This preservation of
S. gordonii surface properties at an early stage is consistent with a selective
antivirulence action of PUG and PUN, in which pathogenic biofilm architecture is
weakened without broadly impairing beneficial colonisers. Importantly, the observed
changes did not reflect uniform suppression across all commensal genes; rather, they
indicated compound-induced, selective transcriptional adjustments, supporting the
notion that PUG and PUN modulate interspecies interactions rather than exert
indiscriminate antimicrobial toxicity. Consistent with this interpretation, studies of S.
gordonii interactions have shown that key adhesin genes such as cshA and sspB are
often not acutely upregulated during early dual-species encounters, even when
interspecies or interkingdom signalling is already underway, indicating that basal
adhesion machinery can remain stable while other pathways adjust (Dutton et al., 2016;
Jesionowski et al., 2016). Likewise, early transcriptional responses to partner species or
host-derived cues frequently involve metabolic, stress, or signalling pathways rather
than wholesale disruption of surface adhesins (Liu et al., 2022; Mutha et al., 2018).
Within this framework, the modest 8 h effects of PUG and PUN on gtfG, abpA, cshA,
and sspA are compatible with preservation of core adhesion and surface propertiesin a
commensal coloniser.

By 24 hours, more pronounced transcriptional modulation was observed,
particularly for gtfG and abpA, indicating that prolonged exposure influences glucan-
mediated interactions and salivary pellicle binding under competitive biofilm

conditions (Ricker et al., 2014; Chi et al.2022). Assessing commensal gene expression
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therefore provides critical evidence that the observed antibiofilm and pH-stabilising
effects arise from ecological rebalancing within the biofilm rather than wholesale
microbial suppression. This approach strengthens the translational relevance of the
findings, as effective oral antibiofilm strategies are increasingly recognised to attenuate
cariogenic virulence while preserving, or minimally perturbing, beneficial oral
commensals.

Because transcriptional responses alone cannot fully capture the structural
consequences of biofilm disruption, morphological analysis was conducted to visualise
architectural alterations within the treated biofilms. The SEM findings provide
structural corroboration for the inhibitory effects observed in the biomass, viability, and
transcriptional analyses. The dense, matrix-rich architecture of untreated dual-species
biofilms is characteristic of sucrose-driven cariogenic communities, in which extensive
EPS production supports tight microcolony packing, surface continuity, and diffusion-
limited microenvironments that favour acid retention and virulence expression (Xiao et
al., 2012; Klein et al., 2015). In contrast, treatment with PUG and PUN resulted in a
progressive loss of biofilm organisation, reflected by reduced surface coverage,
fragmented microcolonies, and diminished extracellular matrix. These architectural
changes are consistent with the early downregulation of gt/ and gbp genes and support
the conclusion that both compounds interfere with EPS-dependent biofilm assembly
rather than merely suppressing planktonic growth. Similar antibiofilm mechanisms
have also been reported for several plant-derived polyphenols investigated in oral
biofilm systems. Cranberry-derived proanthocyanidins have been shown to inhibit the
adhesion of S. mutans and reduce its tolerance to acid, thereby limiting biofilm
accumulation (Gregoire et al.,, 2007). Likewise, tea catechins, particularly
epigallocatechin gallate (EGCG), interfere with bacterial adhesion and glucan-
dependent biofilm development through suppression of glucosyltransferase enzymes
and modification of bacterial cell surface properties (Xu et al., 2011; Wu et al., 2018).
Curcumin has also demonstrated antibiofilm activity against cariogenic streptococci
through interference with carbohydrate metabolism and disruption of biofilm structural
integrity (Li et al., 2018). Similarly, resveratrol has been reported to reduce S. mutans
biofilm formation by modulating genes for acidogenic metabolism, acid tolerance and
extracellular polysaccharide synthesis (Li et al., 2020).

In comparison with these compounds, the present findings indicate that PUG

and PUN exert coordinated antibiofilm and antivirulence effects within a dual -species
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oral biofilm model, including suppression of extracellular polysaccharide synthesis,
adhesion-related traits, and quorum-sensing pathways. Importantly, unlike many
previous phytochemical studies conducted using single-species systems, the current
work demonstrates selective modulation of S. mutans virulence while largely preserving
the commensal organism S. gordonii, highlighting the ecological selectivity of
pomegranate-derived polyphenols. These findings are consistent with reports
describing matrix-targeting effects of several plant polyphenols, which weaken EPS-
dependent biofilm cohesion without necessarily eliminating all bacterial cells.
Structural evidence from the present study provides further support for this mechanism.

SEM observations further revealed the persistence of bacterial cells arranged in
smaller, loosely associated clusters, aligning with CFU data demonstrating selective
suppression of S. mutans while largely preserving S. gordonii viability. This
preservation of cellular presence within a weakened matrix provides a structural basis
for the observed maintenance of biofilm pH above the critical threshold despite limited
early changes in metabolic gene expression, as reduced matrix density would limit acid
retention and enhance diffusion. Although SEM images suggested noticeable structural
disruption following PUN treatment, the combined biomass, viability, and
transcriptional analyses indicate that PUG produced the more consistent and selective
antibiofilm effects overall. This difference in performance may also be related to
structural distinctions between the two ellagitannins. PUG possesses a larger molecular
structure (MW 1084.7 g/mol) compared with PUN (MW 782.53 g/mol), resulting in a
greater number of hydroxyl-rich polyphenolic moieties capable of participating in
hydrogen bonding and hydrophobic interactions with bacterial surface proteins. The
higher molecular weight and extended ellagitannin framework of PUG may therefore
enable multivalent interactions with adhesion-associated proteins of S. mutans,
including glucan-binding proteins and other surface adhesins involved in early biofilm
establishment. Such multivalent binding could interfere more effectively with bacterial
attachment and extracellular polysaccharide (EPS) assembly, thereby weakening
biofilm structural cohesion. In contrast, the comparatively smaller structure of PUN
may provide fewer interaction sites, potentially resulting in less efficient disruption of
adhesion-related processes. Ellagitannins and other hydrolysable tannins are well
known for their ability to form complexes with and precipitate proteins, a property
strongly influenced by molecular size, structural flexibility, and the number and density

of galloyl or hexahydroxydiphenoyl (HHDP) groups (Karonen et al., 2019). Larger and
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more structurally flexible ellagitannins generally exhibit greater protein-precipitation
capacity than smaller molecules, particularly when they contain multiple galloyl or
HHDP substituents and higher degrees of oligomerisation (Marsh et al., 2020). These
structural characteristics may therefore enhance the ability of PUG to interact with
bacterial adhesins and glucosyltransferases involved in EPS synthesis, providing a
mechanistic basis for its more consistent antibiofilm activity compared with PUN.

By contrast, SEM analysis of CHX-treated biofilms revealed near-complete
architectural collapse, characterised by minimal surface coverage and abundant cellular
debris. Such extensive disruption is consistent with the established broad-spectrum,
bactericidal mode of action of CHX, which lacks selectivity between pathogenic and
commensal oral microorganisms (Bescos et al., 2020; Chatzigiannidou et al., 2020).
Together, these SEM observations reinforce the interpretation that PUG and PUN act
primarily as biofilm-modulating agents that destabilise pathogenic architecture and
intercellular cohesion, rather than indiscriminately eradicating biofilm cells. This mode
of action is coherent with the selective, antivirulence-driven inhibition profile observed
across Phase II assays and aligns with contemporary ecological approaches to
cariogenic biofilm management that emphasise preservation of beneficial oral
commensals. Collectively, these findings indicate that PUG and PUN primarily act as
biofilm-modulating agents that weaken pathogenic biofilm architecture and virulence
regulation rather than functioning as non-selective bactericidal agents

The combined biomass, viability, transcriptional, and structural findings
indicate that PUG and PUN exert distinct ecological effects within the dual-species
biofilm. To facilitate integrated interpretation of these outcomes, the principal
functional effects of both compounds during dual-species biofilm inhibition are

summarised in Table 5.1.
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Table 5.1
Summary Comparison of the Ecological Antibiofilm Effects of PUG and PUN During
Dual-Species Biofilm Inhibition

Feature PUG PUN
Anti-adhesion effect on S.
Strong Strong
mutans
Effect N n.S. gordom.z during Minimal / selective Broader
biofilm formation
Acidogenicity suppression Present Present
Virulence gene modulation . .
Strong downregulation Moderate downregulation
(21/B, gifC, gbpB, gbpD) s & &
Metabolic gene modulation =~ Downregulated during biofilm Downregulated but less
(ldh, atpD) maturation pronounced
Ecological selectivity Higher Lower

Overall, PUG appears to exhibit greater ecological selectivity against S. mutans
during biofilm inhibition, whereas PUN demonstrates broader antibiofilm activity
across the dual-species biofilm.

As summarised in Table 5.1, Phase II findings demonstrate that PUG and PUN
inhibit dual-species biofilm formation through coordinated effects on EPS-dependent
biomass accumulation, selective suppression of S. mutans viability, downregulation of
virulence-associated gene expression, and disruption of biofilm architecture. Among
the two compounds, PUG consistently exhibited greater potency and selectivity toward
cariogenic pathways. Importantly, the preservation of S. gordonii viability and limited
disruption of commensal gene expression distinguish these compounds from broad-
spectrum antimicrobials and align with contemporary oral microbiology strategies that
aim to restore ecological balance rather than eradicate biofilms indiscriminately (Marsh
et al., 2016).

To further conceptualise these integrated findings, a mechanistic model
illustrating dual-species biofilm inhibition by PUG and PUN is proposed in Figure 5.1.
Figure 5.1 integrates the phenotypic, structural, and transcriptional findings to illustrate
the proposed mechanism of selective antibiofilm activity, linking reduced biomass and
viability of S. mutans with suppression of virulence-associated gene expression and

corresponding alterations in biofilm architecture
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Figure 5.1 Proposed Mechanism of Biofilm Inhibition by PUG and PUN in a Dual-
Species Oral Biofilm Under Sucrose-Rich Conditions
In untreated conditions (left), sucrose promotes S. mutans dominance within a dense
EPS-rich biofilm, creating an acidic microenvironment characteristic of cariogenic
biofilms. When PUG and PUN are present during incubation, early-stage biofilm
development (8 h; middle) is disrupted through downregulation of key S. mutans
virulence genes (gt/B, gtfC, gbpB, gbpD, and brpA), resulting in reduced EPS
synthesis and impaired initial biofilm formation. At 24 h (right), additional
suppression of metabolic genes (Idh and atpD) further limits EPS matrix development
and acidogenicity. In contrast, adhesion-associated genes of S. gordonii (gtfG, abpA,
cshA, and sspA) remain largely preserved following PUG exposure, while PUN causes
broader downregulation. These effects collectively reduce S. mutans dominance and
weaken biofilm architecture while largely maintaining commensal functions
supporting an ecology-based mechanism for selective modulation of cariogenic
biofilms.

5.14 Phase II Dual-Species Biofilm Eradication by PUG and PUN

While Section 5.13 focused on the inhibition of biofilm formation, the present
section evaluates whether PUG and PUN can disrupt established dual-species biofilms
formed by S. mutans and S. gordonii, which represent a more resilient and clinically
relevant stage of biofilm development. Such mature biofilms possess complex
architecture, extensive EPS matrices, and physiological heterogeneity, that substantially
increase tolerance to antimicrobial agents (Verderosa et al., 2019; Hindieh et al., 2025).

This distinction between biofilm inhibition and biofilm eradication is critical

when evaluating candidate antibiofilm agents, as compounds effective against early
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biofilm formation may exhibit reduced activity against structurally mature
communities. The lack of biomass reduction after 5-minute exposure suggests that brief
contact is insufficient to disrupt the dense EPS matrix characteristic of mature oral
biofilms. EPS acts as a physical and chemical barrier, limiting compound penetration
and delaying antimicrobial action (Magoro et al., 2025; Xiao et a., 2012). In contrast,
CHX produced an immediate and significant reduction in biomass, reflecting its strong,
non-specific membrane-disruptive activity and rapid killing kinetics (McDonnell &
Russell, 1999; Cieplik et al., 2019).

The significant biomass reduction observed after 4 hours of exposure to PUG
and PUN suggests that prolonged contact allows for gradual destabilisation of the
biofilm matrix. In the present eradication experiments, higher concentrations of PUG
and PUN were applied compared with those used during the biofilm inhibition assays.
This adjustment reflects the well-recognised tolerance of mature biofilms, in which the
dense EPS matrix, reduced metabolic activity of interior cells, and spatial heterogeneity
collectively limit antimicrobial penetration and efficacy. Consequently, concentrations
that are sufficient to inhibit early biofilm formation are often inadequate to disrupt
established biofilms. The requirement for higher compound concentrations in the
eradication phase therefore aligns with the intrinsic protective properties of mature
biofilm communities and supports the interpretation that the observed reductions in
biomass and S. mutans viability resulted from gradual matrix destabilisation rather than
immediate bactericidal activity. These findings are consistent with previous studies
demonstrating that higher antimicrobial concentrations are required to penetrate EPS -
rich biofilms compared with planktonic or early-stage biofilm cells (Stewart &
Costerton, 2001; Koo et al., 2013; Flemming et al., 2016).

The greater reduction achieved by PUG compared with PUN indicates
compound-specific differences in interaction with matrix components or biofilm-
associated cells. Importantly, despite measurable biomass loss, eradication was
incomplete, underscoring the intrinsic tolerance of mature dual-species biofilms and
distinguishing matrix disruption from complete biofilm removal.

Although complete eradication of mature biofilms was not achieved, this
outcome is consistent with well-recognised resilience of structured oral biofilms.
Mature oral biofilms are intrinsically resilient, limiting antimicrobial penetration and
increase tolerance to antimicrobial agents. In the present study, mature biofilms were

modelled using 48 hours dual-species culture grown in the presence of 1% sucrose, as
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sucrose promotes glucan synthesis via the S. mutans glucosyltransferase (g¢fB and gtfC)
leading to the formation of EPS-rich matrices and organised microcolonies
characteristic of established cariogenic oral biofilms (Xiao & Koo, 2010; Bowen &
Koo, 2011; Koo et al., 2013).

Contemporary ecological models of caries management emphasise modulation
of biofilm behaviour rather than complete microbial eradication. Commensal organisms
contribute to ecological stability, pH buffering, and colonisation resistance (Takahashi
& Nyvad, 2011; Marsh et al., 2016). In this context, the ability of PUG and PUN to
weaken EPS architecture, suppress S. mutans virulence gene expression, and preserve
S. gordonii represents a desirable ecological outcome that may facilitate mechanical
plaque removal and reduce cariogenic pressure. Therefore, the limited eradication
observed in this study is consistent with an ecology-based strategy in which selective
biofilm modulation, rather than indiscriminate bacterial killing, is prioritised for
sustainable oral biofilm management.

Consistent with the observed biomass reduction, viable cell enumeration
indicates that the decrease in total biofilm burden was primarily associated with
suppression of S. mutans viability after 4 hours of exposure, whereas no statistically
significant reduction was observed for S. gordonii, supporting a selective ecological
modulation of the dual-species biofilm. In mature biofilms, removal or loosening of
EPS can occur without immediate bacterial death, particularly over short exposure
periods (Koo et al., 2013).

In contrast, CHX caused a marked and broad reduction in CFU for both S.
mutans and S. gordonii, consistent with its bactericidal action and ability to penetrate
biofilms given sufficient concentration and exposure time (Cieplik et al., 2019). While
effective, this non-selective killing also eliminates commensal species, raising concerns
regarding long-term ecological disruption when used repeatedly in the oral cavity
(Marsh et al., 2016). The preferential reduction of S. mutans alongside preservation of
S. gordonii indicates that PUG and PUN may not act primarily through rapid broad-
spectrum bactericidal mechanisms. Instead, they appear to selectively weaken
cariogenic biofilm populations while maintaining commensal viability, a profile that
aligns with ecological plaque control strategies rather than conventional antimicrobial
eradication. This selective reduction in S. mutans viability following prolonged
exposure is consistent with the transcriptional suppression of key EPS-associated

virulence genes, including gtfB, gtfC, and gbpD, suggesting that disruption of glucan
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synthesis and adhesive stability contributes to weakening of the cariogenic biofilm
matrix. Gene expression analysis supports the interpretation that PUG and PUN exert
delayed, regulatory effects in established biofilms. The absence of significant
transcriptional changes at 5 minutes suggests that short-term exposure does not produce
immediate changes in gene expression in protected biofilm-associated cells. However,
following 4 hours of treatment, both compounds significantly downregulated key
virulence-associated genes in S. mutans, including gtfB, gtfC, and gbpD, which are
central to EPS synthesis, adhesion, and biofilm maintenance (Bowen & Koo, 2011).
Importantly, the upregulation of alt4 and [ytF, particularly following PUG exposure,
suggests activation of autolysin-mediated cell wall remodelling pathways. Autolysins
have been implicated in cell separation, biofilm restructuring, and controlled cell lysis,
processes that can contribute to matrix destabilisation without immediate loss of
viability (Ahn & Burne, 2006). This transcriptional pattern indicates that PUG, and to
a lesser extent PUN, may promote internal biofilm weakening through modulation of
cell wall turnover and EPS-associated gene networks rather than inducing acute cellular
damage.

In contrast to S. mutans, S. gordonii exhibited only minor and transient
transcriptional responses to PUG and PUN. The modest upregulation of sca4, which is
involved in metal homeostasis, suggests a limited adaptive response, with no clear
evidence of antimicrobial induced stress (Jakubovics et al., 2014). Importantly,
adhesion-associated genes such as c¢sh4 and sspA remained largely unchanged, and no
significant viability loss was observed. This stability supports the concept that S.
gordonii, a health-associated commensal and early coloniser, is largely preserved
during treatment. Such selectivity is desirable in oral biofilm management, as
commensal streptococci contribute to microbial homeostasis and can antagonise
cariogenic species through competitive and metabolic interactions (Kreth et al., 2008).
These transcriptional and structural changes underlying the destabilisation of mature
biofilms are summarised schematically in Figure 5.2. Figure 5.2 integrates phenotypic,
structural, and transcriptional evidence to illustrate the proposed mechanism of biofilm
destabilisation, whereby extracellular polysaccharide disruption and modulation of
autolysis-related genes correspond with the observed structural disintegration without

extensive bactericidal effects.
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Figure 5.2 Proposed Mechanism of Biofilm Eradication by PUG and PUN Under
Sucrose-Rich Dual-Species Biofilm Conditions.

A mature 48-h biofilm composed of S. mutans (red) and S. gordonii (green) is
characterised by a dense extracellular polymeric substance (EPS) matrix, increased
structural stability, and acid-mediated enamel demineralisation. Following short-term
exposure (5 min), minimal immediate transcriptional responses are observed in S.
mutans, with only atl4 upregulated after PUG treatment, while S. gordonii exhibits a
limited adaptive stress response marked by upregulation of scad and scaR. After
prolonged exposure (4 h), PUG and PUN suppress EPS-associated virulence genes
(gtfC, gtfB, gbpD, and gbpB) in S. mutans, accompanied by upregulation of autolysis-
related genes (at/A and [ytF), resulting in reduced EPS production, biofilm
destabilisation, and partial dispersal of the mature biofilm structure. In contrast, S.
gordonii gene expression remains largely unchanged, indicating preservation of
commensal bacterial stability. These findings illustratea selective ecology-modulating
mechanism underlying the eradication of established cariogenic biofilms by
pomegranate-derived compounds.

SEM analysis provided qualitative support of the biochemical and
transcriptional findings. PUG-treated biofilms showed pronounced disruption of EPS
continuity, reduced cellular cohesion, and formation of voids within the biofilm matrix.

PUN treatment resulted in more moderate structural changes, consistent with its weaker
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transcriptional and biomass effects. These observations support the concept that natural
compounds often induce matrix destabilisation rather than bactericidal eradication
(Flemming et al., 2016). The extensive clearance observed following CHX treatment
reflects its ability to cause widespread cell death and matrix collapse, highlighting the
non-selective nature of its antimicrobial activity. A comparative summary of the
ecological antibiofilm effects of PUG and PUN observed during the eradication phase

is summarised in Table 5.2.

Table 5.2
Summary Comparison of the Ecological Antibiofilm Effects of PUG and PUN During
Dual-Species Biofilm Eradication

Feature PUG PUN
Immediate effect (5 min exposure) Minimal Minimal
Biomass reduction after prolonged Greater reduction Moderate reduction
exposure (4 h)

Effect on S. mutans viability Significant reduction Moderate reduction
Effect on S. gordonii viability Minimal / preserved Minimal / preserved
EPS matrix disruption (SEM) Pronounced disruption and Moderate structural

void formation disruption

Virulence gene modulation Strong downregulation of Downregulation of gt/B,

gtfB, gtfC, gbpD with gtfC, gbpD with weaker
increased atlA4 and IytF autolysin response
expression
Overall eradication profile Partial but stronger biofilm Partial but weaker
destabilisation destabilisation

Overall, both compounds exhibited limited ability to eradicate mature dual-
species biofilms; however, PUG demonstrated greater capacity to destabilise EPS
architecture and reduce S. mutans viability, whereas PUN produced more moderate
structural and transcriptional effects.

Taken together, the eradication data demonstrate that PUG and PUN exhibit
limited yet biologically meaningful activity against mature dual -species biofilms. Their
effects are characterised by time-dependent reduction in biofilm biomass,
destabilisation of EPS architecture, selective transcriptional suppression of S. mutans
virulence pathways, and preservation of commensal viability. Among the two
compounds, PUG consistently showed greater capacity to weaken established biofilms.
These findings are consistent with current understanding that complete eradication of

mature oral biofilms using non-toxic agents is inherently challenging. Instead, strategies
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that attenuate virulence while preserving microbial balance are increasingly favoured
in oral microbiology (Takahashi & Nyvad, 2011; Marsh et al., 2016). In this context,
PUG emerges as a promising biofilm-modulating agent with potential utility as an
adjunctive or preventive intervention rather than a standalone biofilm eradicant. These
observations highlight the potential clinical relevance of selective biofilm-modulating
compounds and provide a rationale for considering PUG and related phytochemicals in
preventive or adjunctive strategies aimed at ecological management of cariogenic

biofilms.

5.15 Translational Relevance and Clinical Implications

From a translational standpoint, the findings of this study highlight important
distinctions between biofilm inhibition and biofilm eradication that are directly relevant
to clinical caries management. While conventional antimicrobial strategies have largely
focused on rapid bacterial killing, increasing evidence indicates that indiscriminate
eradication of oral biofilms may disrupt microbial homeostasis and contribute to
recurrent dysbiosis rather than long-term disease control (Takahashi & Nyvad, 2011;
Marsh et al.,, 2016). The present results demonstrate that pomegranate-derived
compounds, particularly PUG, exert biologically meaningful effects on cariogenic
biofilms without inducing extensive loss of commensal viability, supporting their
potential role as biofilm-modulating rather than biofilm-eliminating agents.

From a researcher’s perspective, the limited ability of PUG and PUN to
eradicate mature dual-species biofilms underscores the intrinsic resilience of
established oral biofilms. Mature biofilms are characterised by dense extracellular
polymeric substance (EPS) matrices, metabolic heterogeneity, and stress-adapted
subpopulations that collectively reduce susceptibility to antimicrobial agents
(Flemmingetal., 2016; Hall & Mah, 2017). The observed reduction in biomass without
corresponding large-scale bacterial killing suggests that these compounds primarily
destabilise biofilm architecture and virulence expression rather than inducing acute
cytotoxicity. This profile is consistent with an antivirulence or ecological intervention
strategy, which aims to weaken pathogenic traits while preserving overall microbial
function (Rasko & Sperandio, 2010).

An additional advantage of antivirulence-oriented approaches lies in their

potential to impose lower selective pressure for antimicrobial resistance compared with
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conventional bactericidal agents. Traditional antimicrobial therapies act by inhibiting
bacterial growth or inducing cell death, thereby exerting strong evolutionary pressure
that favours the emergence and persistence of resistant strains (Munita & Arias, 2016;
Galgano et al., 2025). In contrast, antivirulence strategies aim to attenuate pathogenic
behaviours without necessarily compromising bacterial viability. By targeting
processes such as adhesion, quorum sensing, or extracellular matrix synthesis, these
approaches interfere with the ability of bacteria to cause disease rather than their ability
to survive (Rasko & Sperandio, 2010). Because bacterial survival is not directly
threatened, the selective advantage conferred by resistance mutations may be reduced,
potentially slowing the evolutionary development of resistance mechanisms.

Clinically, such a mechanism is particularly relevant in the oral cavity, where
complete biofilm removal is neither feasible nor desirable. Dental plaque is a normal
biological structure, and disease arises when ecological balance shifts in favour of
acidogenic and aciduric species such as S. mutans. The selective suppression of S.
mutans virulence pathways and preservation of S. gordonii viability observed in this
study align with the ecological plaque hypothesis, which emphasises restoration of
microbial balance rather than sterilisation (Marsh, 2003; Marsh et al., 2016). From a
clinical perspective, agents that reduce EPS integrity and cariogenic dominance without
eliminating commensal bacteria may help stabilise plaque composition and reduce
caries risk over time.

The differential performance of PUG and PUN in eradication assays also has
important practical implications for formulation and clinical use. Specifically, the
absence of significant biofilm eradication following short-term exposure indicates that
these compounds are not suitable for rapid-action applications such as conventional
mouthrinses, where contact times are typically limited to 30—60 seconds. The modest
effects observed following brief treatment further suggest that these compounds do not
function as immediate bactericidal agents comparable to CHX. Instead, their activity
profile supports greater suitability for sustained-contact formulations, including
varnishes, gels, dentifrices, or other delivery systems that promote prolonged retention
at the tooth—biofilm interface. In such contexts, extended exposure is expected to
facilitate the cumulative weakening of biofilm structure and virulence expression while
minimising adverse effects associated with long-term use of broad-spectrum
antimicrobials, including staining, taste alteration, and disruption of the oral

microbiome (Brookes et al., 2023).
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From a clinical management perspective, these findings support the potential
role of PUG-containing formulations as adjuncts rather than replacements for
mechanical plaque control. Mechanical disruption remains essential for the removal of
mature biofilms; however, agents that weaken EPS cohesion and downregulate
virulence gene expression may enhance the effectiveness of brushing and professional
debridement. This is particularly relevant for high-risk patient groups, such as
individuals with xerostomia, those wearing orthodontic appliances, or those with
limited manual dexterity, in whom complete plaque removal is challenging.

Finally, the selective and non-cytotoxic nature of the observed effects supports
further development of PUG as a candidate for preventive rather than curative
applications. From a translational research perspective, these data justify progression
toward formulation studies, bioavailability assessment, and evaluation in more complex
multispecies or in situ biofilm models. From a clinical standpoint, they reinforce the
shift toward biologically informed caries prevention strategies that prioritise

modulation of biofilm behaviour over aggressive antimicrobial eradication.

5.16 Summary of Hypothesis Testing

To provide a structured evaluation of the study outcomes, each proposed
hypothesis was assessed in relation to the experimental findings obtained across both
phases of the study. The overall outcomes are summarised in Table 5.3.

In general, the findings supported the majority of the proposed hypotheses,
although the extent of support varied depending on the biological endpoint and
experimental conditions. Hypotheses H1, H4, and H6 were accepted, confirming the
antibacterial activity, attenuation of acidogenicity, and selective antivirulence effects of
the selected compounds. In contrast, H2, H3, HS, and H7 were partially accepted,
reflecting variability in responses across bacterial species, biofilm developmental
stages, and compound-specific characteristics. Notably, the antibiofilm findings (H3)
indicated that while inhibition of biofilm formation was consistently observed,
disruption of established biofilms was less pronounced and influenced by exposure
conditions. Similarly, selective effects in dual-species biofilms (H7) were dependent on
treatment duration, highlighting the increased resilience of mature biofilm structures.
Variability in preliminary safety profiles (HS), particularly the higher toxicity observed

for ellagic acid, further emphasises the importance of compound-specific evaluation.
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Taken together, these findings support the overall premise that selected PDCs,
particularly PUG and PUN, function primarily as biofilm-modulating and antivirulence
agents rather than broad-spectrum bactericidal agents, aligning with an ecological

approach to cariogenic biofilm control.

Table 5.3
Summary of Hypothesis Testing Outcomes
Hypothesis Outocome Justification
H1 Accepted Selected PDCs demonstrated antibacterial activity against S. mutans
and S. gordonii as evidenced by disc diffusion, MIC, and MBC
assays.
H2 Partially Modulation of cell surface hydrophobicity was observed, with more
accepted pronounced effects in S. mutans compared to S. gordonii, indicating
selective antivirulence activity.
H3 Partially PDCs effectively inhibited biofilm formation, while disruption of
accepted establishedbiofilmswas less pronounced and dependent on exposure
conditions, as supported by MBIC and MBEC findings.
H4 Accepted Glycolytic acidification in S. mutans was attenuated, with a reduced
rate and extent of pH decline. PUG and PUN maintained pH above
the critical threshold of 5.5.
H5 Partially Most PDCs exhibited acceptable safety (LCso> 500 png/mL), whereas
accepted ellagic acid showed higher toxicity (LCso = 159 pg/mL), indicating
compound-dependent variation.
Hé6 Accepted  PUG and PUN selectively attenuated S. mutans virulence during
biofilm formation, with minimal impacton S. gordonii, supported by
CFU and gene expression data.
H7 Partially Selective effects were observed in established biofilms, particularly

accepted at longer exposure (4 h), whereas short exposure (5 min) showed
limited impact.

5.17 Study Limitations

Although the dual-species in vitro model in this study provides a controlled
platform for mechanistic investigation, several limitations should be acknowledged.
First, despite its suitability for examining defined interspecies interactions, the model
does not capture the full taxonomic diversity and functional redundancy of natural
dental plaque communities. /n vivo, additional early colonisers such as Streptococcus
sanguinis and Actinomyces spp. contribute to biofilm development through competitive
adhesion, hydrogen peroxide production, and alkali-generating pathways. The presence
of these species may alter ecological competitiveness and influence the efficacy and

selectivity of PUG and PUN observed in the simplified system. Future studies
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incorporating multispecies or microcosm biofilm models will be necessary to determine
whether the selective effects observed here are preserved under greater ecological
complexity. Integration of such models with meta transcriptomic approaches would
enable comprehensive characterisation of community-wide functional responses,
including shifts in metabolic activity, stress adaptation, and interspecies signalling
under compound exposure.

Second, the in vitro design limits direct extrapolation to clinical settings. The
absence of continuous salivary flow, immune modulation, dietary cycling, and
mechanical shear means that the antibiofilm and antivirulence effects demonstrated in
this thesis require confirmation under in vivo or in situ conditions. Third, toxicity
assessment was limited to preliminary screening using the BSL A. While appropriate for
early compound prioritisation, BSLA does not provide tissue-specific or long-term
safety information. Comprehensive cytocompatibility testing using relevant oral
epithelial and fibroblast models will be required to refine therapeutic windows and
support translational development. Finally, mechanistic interpretations were primarily
derived from transcriptional and phenotypic outcomes. Although gene expression
analysis provides important insight into regulatory responses, it does not directly
confirm protein-level activity or compound—target interactions. Future investigations
employing proteomic, metabolomic, or molecular interaction approaches would further

strengthen mechanistic understanding and clarify the mode of action of PUG and PUN.

5.18 Future Directions

Building upon the findings of this study, several directions for future research
are warranted to strengthen biological understanding and support the translational
progression of PUG and PUN as biofilm-modulating agents.

First, evaluation of these compounds in more complex multispecies oral biofilm
models is necessary. While the present dual-species system captures key interactions
between a cariogenic pathogen and a commensal species, natural dental plaque
comprises highly diverse microbial communities with functional redundancy and
competitive dynamics. Inclusion of additional acidogenic, aciduric, and health-
associated species would allow assessment of whether the selective antibiofilm effects
observed here are maintained within a more ecologically representative environment.

In addition, future studies may benefit from applying metatranscriptomic or
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metagenomic approaches to characterise global community responses to PUG and PUN
exposure within multispecies oral biofilms. Whereas the present study examined
expression of selected virulence-associated genes using RT-qPCR, high-throughput
transcriptomic profiling would enable comprehensive analysis of metabolic pathways,
stress responses, and interspecies signalling networks across the entire microbial
community. Integration of metatranscriptomic data with microbial composition analysis
would therefore provide deeper insight into the ecological mechanisms underlying
biofilm modulation and help determine whether PUG and PUN promote a stable, health-
associated oral microbiome.

Second, long-term investigations of ecological stability are required to
determine how repeated exposure to these compounds influences oral microbiome
composition. Although short-term assays provide valuable information on immediate
antibiofilm effects, prolonged exposure may lead to microbial adaptation or community
shifts. Longitudinal studies using repeated-treatment biofilm models or microcosm
systems would help clarify whether PUG and PUN support sustained ecological
modulation or inadvertently promote dysbiosis. Such studies are particularly relevant
given the increasing emphasis on preserving commensal microbial populations in
contemporary caries prevention strategies.

Third, investigation of potential synergistic or additive effects with established
anticariogenic agents, such as fluoride or arginine-based formulations, represents a
logical extension of this work. Fluoride enhances enamel resistance and inhibits
bacterial metabolism, whereas arginine promotes alkali generation and ecological
balance within dental biofilms. Combining these agents with compounds that disrupt
extracellular polysaccharide (EPS) integrity and virulence regulation may produce
complementary effects that enhance overall caries control. Systematic evaluation of
such combinations could identify formulations that achieve improved efficacy at lower
concentrations while minimising potential adverse effects.

Fourth, further investigation into the structure—activity relationships (SAR) of
pomegranate-derived ellagitannins would provide valuable mechanistic insight. The
present findings indicate that PUG demonstrated greater ecological selectivity and
antibiofilm activity than PUN, suggesting that molecular features such as molecular
size, hydroxyl group density, and the number and arrangement of galloyl or
hexahydroxydiphenoyl (HHDP) groups may influence antibiofilm potency. Systematic

comparison of structurally related ellagitannins and their derivatives could therefore
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help identify the structural determinants responsible for optimal interactions with
bacterial adhesins, glucosyltransferases, and extracellular polymeric substances. Such
studies may involve evaluation of additional purified ellagitannins, semi-synthetic
derivatives, or structurally simplified analogues to determine how specific functional
groups contribute to antibiofilm activity and ecological selectivity.

Fifth, development and optimisation of delivery systems to enhance compound
retention within the oral cavity will be critical for clinical translation. The limited
eradication observed following short exposure highlights the importance of sustained
contact for maximal biofilm modulation. Encapsulation strategies, bioadhesive carriers,
or slow-release systems incorporated into dentifrices, varnishes, or gels could improve
compound stability and prolong interaction with biofilms. Future studies should
therefore evaluate how formulation influences compound stability, release kinetics, and
antibiofilm performance under simulated oral conditions.

Although the brine shrimp lethality assay (BSLA) used in this study provided a
rapid preliminary indication of the general toxicity profile of the tested compounds, it
represents a non-specific screening model and does not directly reflect the biological
responses of human oral tissues. Future investigations should therefore include
cytocompatibility assessment using mammalian cell models relevant to the oral
environment. Human gingival fibroblasts (HGF-1) may be used to evaluate potential
effects on gingival connective tissues, while human oral keratinocytes (HOK) or
immortalised oral epithelial cell lines such as OKF6/TERT-2 could be employed to
assess epithelial tolerance to the compounds. These models would allow evaluation of
cell viability, proliferation, and potential inflammatory responses following exposure to
PUG and PUN, thereby providing a more clinically relevant safety assessment prior to
in vivo studies. Establishing these cytocompatibility margins is essential to define the
therapeutic window of the compounds and represents the immediate next translational
hurdle prior to formulation development and clinical application.

Following confirmation of cytocompatibility in mammalian cell models,
subsequent in vivo validation of both anticariogenic efficacy and safety will be required
before clinical application can be considered. Animal models and, ultimately, human
studies are necessary to determine whether the antibiofilm and antivirulence effects
observed in vitro translate into measurable reductions in caries development without

compromising oral tissue health or microbial homeostasis. Such investigations should
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integrate microbiological, clinical, and safety endpoints to provide a comprehensive and
clinically meaningful evaluation.

Collectively, these future investigations will address key knowledge gaps
related to ecological impact, molecular mechanism, formulation, and in vivo
performance. Advancing along these lines will not only clarify the clinical applicability
of PUG and PUN but also contribute to the broader development of biofilm-modulating
strategies that align with contemporary ecology-based approaches to caries prevention.

More broadly, this line of research supports the emerging paradigm of precision
modulation of the oral microbiome, where targeted antivirulence strategies selectively
attenuate pathogenic behaviours while preserving beneficial microbial functions. By
integrating ecological microbiology, natural product chemistry, and translational
formulation research, future studies may facilitate the development of next-generation
therapeutics that promote microbial homeostasis rather than indiscriminate

antimicrobial eradication.
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CHAPTER 6
CONCLUSION

6.1 Summary of Key Findings and Mechanistic Interpretation

This thesis provides a comprehensive and mechanistically informed evaluation
of pomegranate-derived compounds (PDC) as selective antibiofilm agents targeting
cariogenic oral biofilms. Using a structured two-phase experimental framework, the
study systematically progressed from broad compound screening to in-depth
mechanistic analysis within biologically relevant dual-species biofilm models
comprising Streptococcus mutans (S. mutans) and Streptococcus gordonii (S. gordonii).
Through this integrated experimental approach, the study successfully addressed the
research objectives by identifying biofilm-active PDCs and elucidating the mechanisms
underlying their selective effects on cariogenic biofilms.

In Phase I, comparative screening of multiple PDCs demonstrated marked
heterogeneity in antibacterial and antibiofilm performance. While several compounds
exhibited planktonic antimicrobial activity, punicalagin (PUG) and punicalin (PUN)
emerged as the most promising candidates based on their ability to inhibit biofilm
formation at sub-MIC concentrations, attenuate virulence-associated traits such as cell
surface hydrophobicity and acidogenicity, and maintain favourable preliminary safety
profiles. Importantly, prioritisation was guided by biofilm-specific endpoints rather
than planktonic susceptibility alone, addressing a key limitation of many previous
phytochemical studies.

Phase II provided mechanistic insight into how PUG and PUN interact with
multispecies oral biofilms under both inhibition and eradication conditions. In dual-
species biofilm inhibition assays, both compounds suppressed biofilm biomass and
selectively reduced S. mutans viability, while largely preserving S. gordonii. This
selective activity was supported at the molecular level by significant downregulation of
S. mutans genes involved in extracellular polysaccharide synthesis, adhesion, quorum
sensing, and stress response, including gt/B, gtfC, gbpB, gbpD, comDE, and brpA. The
preservation of core metabolic gene expression further suggests that these compounds
act primarily through antivirulence and antibiofilm mechanisms rather than

indiscriminate bactericidal effects.
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In biofilm eradication assays targeting mature, structurally complex biofilms,
PUG and PUN exhibited a more limited but biologically meaningful activity profile.
While short-term exposure did not substantially reduce biomass or viability, prolonged
treatment resulted in significant disruption of the biofilm matrix without extensive
bacterial killing. This dissociation between biomass reduction and viable cell counts
reflects the intrinsic tolerance of mature biofilms and underscores the difficulty of
complete eradication using non-toxic agents. Transcriptional upregulation of autolysis-
and cell wall remodelling-associated genes (at/A and [ytF) following prolonged
exposure, particularly with PUG, suggests internal structural destabilisation of the
biofilm architecture rather than direct cytotoxicity. In contrast, CHX produced rapid
and extensive killing of both species, reinforcing the mechanistic distinction between
ecological biofilm modulation and broad-spectrum antisepsis.

Across all experimental parameters, PUG consistently demonstrated superior
antibiofilm potency and ecological selectivity compared to PUN, particularly in
suppressing S. mutans virulence pathways and destabilising extracellular matrix
structure. At the same time, the limited transcriptional and viability effects observed in
S. gordonii support the ecological selectivity of these compounds. This is a critical
finding, as preservation of commensal pioneer species is increasingly recognised as

essential for maintaining oral microbial homeostasis and preventing recurrent dysbiosis.

6.2 Scientific Contribution, Translational Implications and Future Direction

The findings of this thesis advance current understanding of how plant-derived
phytocompounds can be rationally evaluated and prioritised as biofilm-modulating
agents rather than conventional antimicrobials. By integrating phenotypic, molecular,
and structural analyses within a dual-species model, this work moves beyond
reductionist single-species approaches and more closely reflects the biological
complexity of dental plaque. The results support the concept that effective caries
prevention does not require complete biofilm eradication, but rather targeted attenuation
of cariogenic dominance and virulence within the biofilm ecosystem.

From a translational perspective, while both compounds represent significant
advancements in plant-derived antivirulence strategies, the distinct activity profile of
PUG position it as primary candidates for further translational development. Its ability

to selectively attenuate S. mutans dominance while preserving the viability of the
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commensal S. gordonii supports its potential incorporation into sustained-contact oral
care formulations, such as varnishes or bioadhesive gels. This work provides the
scientific foundation necessary to advance PUG toward mammalian cytocompatibility
testing and subsequent in vivo validation in the pursuit of sustainable, ecology-based
caries prevention. In conclusion, this thesis provides original mechanistic insight into
the selective modulation of cariogenic biofilms by PDCs. The findings demonstrate that
these compounds can attenuate S. mutans—driven cariogenic biofilm development
through coordinated effects on biofilm architecture, regulation of virulence-associated
gene expression, and preservation of ecological balance within the microbial
community. By integrating microbiological, structural, and molecular evidence, this
study proposes a mechanistically informed framework describing how plant-derived
polyphenols can modulate biofilm pathogenicity without indiscriminate bacterial
eradication. This framework provides a scientific basis for the future development of
targeted ecology-based antibiofilm strategies and plant-based therapeutics for

sustainable prevention and management of dental caries.
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compounds for antimicrobial and antivirulence effects against cariogenic
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Preliminary screening of pomegranate-derived compounds
for antimicrobial and anti-virulence effects against cariogenic
streptococci

Nurhayati Mohamad Zain'©® - Indah Mohd Amin’ - Fathilah Abdul Razak®* - Mohamed Ibrahim Abu Hassan**®

Received: 15 July 2025 / Accepted: 28 September 2025
© The Author(s) 2025

Abstract

As a biofilm-mediated discase, dental caries is primarily attributed to the activity of Streprococcus mutrans and Streptococcus
sobrinus, key contributors to enamel mineral loss under acidic conditions. Current broad-spectrum antimicrobials disrupt
the oral microbiota and carry undesirable side effects, prompting interest in targeted, microbiome-friendly alternatives. This
study evaluated the antimicrobial, anti-cariogenic, and cytotoxic properties of pomegranate (Punica granatum) derived
compounds, corilagin, ellagic acid, gallocatechin, kaempferol-7-O-glucoside, punicalagin, punicalin, and rutin against cari-
ogenic S. mutans and S. sobrinus, and the commensal S. gordonii. Antibacterial activity was assessed using disc diffusion,
minimum inhibitory concentration (MIC), and minimum bactericidal concentration (MBC) methods. Anti-virulence effects
were evaluated through glycolytic pH drop and cell surface hydrophobicity assays. Cytotoxicity was determined using the
brine shrimp lethality assay. Punicalagin, punicalin, and ellagic acid showed strong, selective bactericidal activity against
S. mutans and S. sobrinus, with low MICs and MBC/MIC ratios, while sparing S. gordenii. These compounds significantly
suppressed acid production, maintaining pH above the critical demineralisation threshold, and reduced surface hydropho-
bicity in cariogenic strains without affecting the commensal. Most compounds exhibited low toxicity (LCs, > 500 pg/mL),
indicating a favourable safety profile. Overall, punicalagin and punicalin demonstrated dual antimicrobial and anti-virulence
activity with selective targeting of cariogenic pathogens. These findings support the potential inclusion of punicalagin and
punicalin in oral care formulations aimed at preventing dental caries while preserving beneficial oral microbiota. As this
is a preliminary screening study, the results should be interpreted cautiously, and further biofilm and host-cell assays are
needed to confirm translational potential.

Keywords Anticaries - Oral streptococci - Pomegranate-derived compound

1 Introduction

5% Nurhayati Mohamad Zain Dental caries ranks among the most widespread chronic con-

nurhayati8370 @ uitm.cdu.my ditions worldwide, impacting more than a billion individuals
and playing a major role in global oral health inequalities.
Untreated caries leads to pain, infection, tooth loss, school
absenteeism, and reduced quality of life, especially among
Faculty of Dentistry, Universiti Malaya, Kuala Lumpur, Avu]?eArable pOPu]a_tiO_ns such as children, the elde‘r]y, and
Malaysia individuals with limited access to dental care (Eid et al.
N 2020; Lima et al. 2018).
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Streptococcus mutans (S.mutans) and Streptococcus
sobrinus (S.sobrinus), belonging to the mutans streptococci
group, are recognised as key contributors to dental car-
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enamel demineralisation. Importantly, the co-presence of 5.
mutans and 8. sobrinus has been linked to more severe caries
outcomes. For example, children harbouring both species
show higher DMFT scores than those with 5. mutans alone
(Korona-Glowniak et al, 2022; Okada et al, 2012). Despite
preventive advances, including fluoride-based therapies and
oral hygiene measures, current interventions often fall short
in completely preventing caries.

The usc of broad-spectrum antimicrobials, such as chlo-
rhexidine. while effective, 1s associated with side effects
including tooth staining, mucosal irritation, altered taste,
and disruption of the commensal oral flora (Boulares et al.
2025; James et al. 2017). This may result in microbial dys-
biosis and reduced ecological resilience of the oral micro-
biome. According to the ecological plague hypothesis, dis-
ease occurs when environmental changes in the oral cavity
promote the overgrowth of pathogenic bacteria. This has
led to growing interest in strategics that modulate the oral
ecosystem rather than eradicate bacteria indiscriminately.

Natural products, particularly those derived from medic-
inal plants, are being explored as selective antimicrobial
agents with the potential w suppress oral pathogens while
preserving beneficial microbes (Tzimas ct al. 2024). Pome-
granate (Punica granatum) has attracted attention for its
broad pharmacological properties, including antimicrobial,
antioxidant, and anticancer activitics (Sweidan ct al. 2023;
Chaves et al. 2020). While crude pomegranate extracts have
shown effectiveness across various applications, the results
have been inconsistent due to variations in composition
influenced by factors such as cultivar, extraction method,
and solvent polarity (Man et al. 2022; Young et al. 2017).
Maodern drug discovery increasingly prioritizes purified
phytocompounds over complex plant exiracts due Lo their
superior sclectivity, consistent potency, and suitability for
high-throughput screening (Nemmani 2021). Isolated phy-
tochemicals not only serve as therapeutic agents themselves
but also act as valuable chemical leads for the synthesis of
bioactive analogs. The enduring pharmaccutical relevance of
phytochemicals is underscored by data showing that nearly
50% of all approved drugs within the 25 vears leading up to
2007 were derived from plant-based natural products or their
synthetic counterparts (Alam et al. 2022).

The present study conducted a preliminary screening of
seven purified pomegranate-derived compounds—corilagin,
ellagic acid, gallocatechin, kaempferol-7-O-glucoside, puni-
calagin, punicalin, and rutin for their antimicrobial, cytotoxic,
and anti-virulence propertics. The compounds were tested
against the cariogenic streptococed S, mutans and S. sobri-
nus, alongside the commensal Streptococcus gordonii. The
evaluation included antibacterial activity, cylotoxicily using
the brine shrimp lethality assay, and inhibition of two key
virulence traits, glycolytic acid production and cell surface
hydrophobicity, This approach provides preliminary insights

@ Springer

into the potential of pomegranate-derived agents as microbi-
ome-friendly oral therapeutics for targeted caries prevention.

2 Materials and methods
2.1 Phytocompounds

The compounds used in this study corilagin (CG), cllagic
acid (EA), gallocatechin (GC)., kaempferol-7-O-glucoside
(KPG), punicalagin (PUGY, punicalin (PUN) and rutin (RT)
were selected based on their identification as major bioactive
constituents of pomegranate peel, as reported by Man et al,
(20022). To ensure consistency, purity, and traceability of the
test materials, all compounds were procured from a reputa-
ble commercial supplier, BOC Sciences (Shirley, NY, USA).

2.2 Bacterial strain

The bacterial strain, Streptococeus mutans (ATCC 700610},
Streptococeus sobrinus (ATCC 33478) and Streprococcus
gordonii (ATCC 51656) were oblained [rom the American
Type Culture Collcction (ATCC). Streptococcus muians
(S.mutans) and Streptococcus sobrinus (S.sobrinus) were
selected as the primary cariogenic pathogens due to their
well-cstablished role in dental plaque formation, acid produc-
tion, and enamel demineralisation. Lo contrast, S. gordonii
represents a common commensal species in the oral cavity
that contributes to microbial homeostasis and early colonisa-
tion without significant cariogenic potential. The inclusion of
both groups enables the assessment of compound selectivity,
allowing differentiation between broad-spectrum antimicro-
bial effects and targeted inhibition of pathogenic species,

2.3 Discdiffusion assay

The antibacterial activity of the phytocompounds was
assessed using the disc diffusion assay following the CLSI
guidelines (CLST 2012} with minor modifications. A volume
of 25 pL from each compound stock solution (20 mg/mL)
was applied onto sterile filter paper discs (6 mm diameter},
corresponding to 0.5 mg per disc. A standardised bacterial
suspension, approximately 10° CFU/mL, was evenly spread
on brain heart infusion (BHI) agar plates using sterile cot-
ton swabs. After allowing the surface to dry for 5 min, the
treated discs were placed on the agar, Sterile distilled water
and 0.12% chlorhexidine (CHX) discs served as negative and
positive controls, respectively. The plates were then incu-
bated at 37 °C for 16-18 h, Following incubation, inhibition
zones were recorded in millimetres with a digital calliper
under inverted plates. All experiments were conducted in
triplicate and repeated on three separate occasions to con-
firm reproducibility.
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2.4 Minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC)

The MICs of the compounds were determined using the broth
microdilution method, as outlined in CLSI guidelines (CLSI
2018), with minor adjustments, A bacterial inoculum of - 10#
CTFU/mL was diluted 1:20 in sterile BHI broth to achieve a
concentration ol 5 10¢ CFU/mL. Serial twofold dilutions
of cach compound (starting from 12,800 pg/mL) were pre-
pared i 96-well microtiter plates to obtain final concentra-
tions ranging from 12.5 to 6400 pg/mL. Each well received
90 pL of the diluted compound and 10 pL of bacterial sus-
pension, resulting in a final concentration of ~ 5 x 10° CFU/
ml per well. Each test was conducted in triplicate. Growth
control wells (bacteria+ broth), sterility controls (broth only),
and compound blanks (compound + broth without bacteria)
were included 1o verify viability, sterility, and exclude back-
ground absorbance. After 24 h of incubation at 37 °C, bacte-
rial growth was quantified by measuring the optical density
at 600 nm (OD&H00) using a microplate reader (Tecan Infinite
200 PRO). The MIC was defined as the lowest concentration
at which the OD600 diTered by less than 0.05 compared 0 the
corresponding blank control. To determine MBC, 10 pL from
wells showing no visible turbidity were streaked onto BHI
agar plates and incubated at 37 °C for 36-48 h. The MBC was
defined as the lowest concentration that completely prevented
colony formation, indicating > 99.9% bacterial killing.

2.5 Brine shrimp lethality assay (BSLA)

The cytaotoxicity of the pomegranate-derived compounds
was assessed using the brine shrimp (Arremia salina) lethal-
ity assay, & widely accepted preliminary screening tool for
cvaluating general bioactivity and toxicity. Although not
directly representative of mammalian systems, this assay
provides a simple, rapid, and cost-effective method for
identifying potentially harmful compounds before more
advanced cytotoxicity models. [ts use is especially valuable
in natural product research where high-throughpur, early
stage screening of multiple compounds is needed to inform
further safety testing relevant to oral applications.

The assay was performed with minor modifications bused
on the method by Sarah ct al. (2017). Artificial scawater was
prepared by dissolving 27 g of marine salt in 3 L of distilled
water. Brine shrimp eggs were incubated at room tempera-
ture for 48 h under continuous aeration and illumination,
The hatched nauplii were then attracted 1o a light source,
collected and transferred into fresh seawater. Stock solu-
tion of the test compounds (20,000 pg/mL) was prepared
in distilled water containing 1% DMSQ, [ollowed by serial
twofold dilutions to achicve concentrations ranging from
12.5 to 6400 pg/mL. For each concentration, 20 nauplii were
exposed to 1 mL of the compound solution combined with |

ml, of scawater. After 24 h of incubation at room tempera-
ture, mortality was assessed by counting the dead nauplii.
Negative (seawater) and solvent (1% DMSO) controls were
included. Each concentration was tested in triplicate. The
mortality percentage was calculated, and LCsy values were
estimated by nonlinear regression (variable slope) using
GraphPad Prism v1(. Toxicity was categorised using Mey-
er’s and Clarkson’s criteria: LCsp > 1000 ug/mL (non-toxic},
500 1000 pg/mL (low toxicity), 100- 500 pg/mL (moderate
toxicity) and < 100 pg/mL (high toxicity).

2.6 Glycolytic pH drop assay

The effect of pomegranate-derived compounds on the aci-
dogenic activity of . murans was assessed using a glyco-
Iytic pH drop assay, with modifications from the method of
He et al. (2019). Bacterial cultures at the mid-logarithmic
phase were collected, rinsed twice with phosphate-buffered
saline (PBS), and resuspended in a saline solution contain-
ing 50 mM potassium chloride and 1 mM magnesium chlo-
ride. Each compound was evaluated at its previously estab-
lished minimum inhibitory concentration (MIC), ensuring
4 standardised sub-inhibitory level relevant for assessing
anti-virulence activity, This strategy allowed the bacteria
to remain viable while enabling measurement of reductions
in pathogenic traits, Chlorhexidine (0.12%) and 1% DMSO
were included as positive and negative controls, respectively,
The suspension was supplemented with glucose to a final
concentration of 1% (w/v), and its initial pH was adjusted
to 7.2-7.4 using 0.2 M potassium hydroxide (KOH). Mcas-
urements were taken at 15-min intervals for 120 min with a
calibrated pH meter. The acidogenic response was expressed
as the overall decrease in pH during the assay.

2.7 Cell surface hydrophobicity (CSH) assay

The influence of the test compounds on the cell surface
hydrophobicity of 8. mutens and 5. gordenii was cvalu-
ated using the microbial adhesion to hydrocarbon (MATH)
method, as described by Rosenberg (2006), with modifica-
tions. To assess anti-adhesive propertics independent of bac-
tericidal effects, all compounds were tested at their respective
MICs, which represent hiologically relevant sub-inhibitory
concentrations. This allows the evaluation of virulence mod-
ulation under non-lethal exposure conditions. Untreated cells
were used as the negative control (NC), whereas a 1% DMSO
vehicle control (VC) was included to verify that the solvent
did not influence cell surface characteristics. Bacterial sus-
pensions were exposed to the test compounds at 37 °C for
I h. Following exposure, the cells were harvested by cen-
tritugation (5000 x g, 5 min, 4 “C), rinsed twice with sterile
distilled water, and resuspended in PUM buffer (potassium
phosphate, urea, and magnesium sulfate; pH 7.1) to achieve
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an optical density of 0.8 at 600 nm (OD,).For each measure-
ment, 3 mL of the bacterial suspension was combined with
0.2 mL of hexadecane, vortexed for 60 s, and allowed to sepa-
rate for 15 min. The absorbance of the aqueous layer was then
recorded at 600 nm (ODx), and cell surface hydrophobicity
was determined using the following formula:

0D0 - ODI

Hydrophobicity (%) = oD0

x 100
The assay was performed in five independent determina-
tions, each in triplicate.

2.8 Statistical analysis

All experiments were carried out in at least three independent
replicates. Results are expressed as mean values + standard devi-
ation (SD). Statistical analyses were performed using GraphPad
Prism (version 10). For comparison among multiple groups,
one-way ANOVA followed by Tukey’s post hoc test was applied
to determine significant differences in both disc diffusion and
cell surface hydrophobicity assays. A threshold of p <0.05 was
considered statistically significant, and distinct superscript letters
were used to indicate differences between groups.

For the brine shrimp lethality assay, the lethal concentra-
tion (LCsg) values were calculated using nonlinear regres-
sion analysis with a variable slope model. Goodness of fit
was assessed using the coefficient of determination (R?) to
confirm the reliability of dose—response relationships.

3 Results
3.1 Disc diffusion assay

All pomegranate-derived compounds exhibited measurable
antibacterial activity against S. gordonii, S. mutans, and S.
sobrinus, while no inhibition was observed with the nega-
tive control (Table 1). Among them, PUG demonstrated
the most potent effect, with inhibition zones comparable to
CHX, 0.12%, particularly against S. mutans (18.5 +2.0 mm)
and S. sobrinus (19.0+ 1.1 mm). EA followed closely, show-
ing consistent activity across all species. In contrast, GC
and KPG showed significantly lower inhibition (p < 0.05).
These results indicate that different compounds exert distinct
effects on oral streptococcal species, reflecting species- and
compound-specific antimicrobial activities.

3.2 Minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC)

The antimicrobial activity of selected pomegranate-derived
compounds was assessed against S. gordonii, S. mutans,
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Table 1 Zone of inhibition (mean diameter in mm + standard devia-
tion) of selected pomegranate-derived compounds and controls
against 8, gordonii, 8. mutans and 8.sobrinus

Compounds Zone of inhibition (mm + SD)

S.gordonii S.mutans S.sobrinus
GC 11.6+£1.4¢ 125+1.4° 13.0+1.2°
CG 14.0+1.7¢ 15.0+1.7¢ 155+1.5¢
EA 16.0+1.7" 17.0+1.7¢ 17.2+1.3¢
KPG 11.0£12¢ 120+12° 11.8+1.3°
PUN 140+£12°¢ 150+12¢ 15.4+1.4°
PUG 14.2+2.0° 18.5+£2.0° 19.0£1.1°
RT 13.0+1.2 cd 1404124 145+1.5¢
CHX (0.12%) 17.0£1.7*¢ 18.5+2.0° 193+1.2%
DMSO (1%) ni ni ni

Different superscript letters (a—e) within the same column indicate
statistically significant differences (p <0.05). “ni” indicates no inhibi-
tion

Chlorhexidine (CHX, 0.12%) was used as a positive control, while
dimethyl sulfoxide (DMSO, 1%) served as the negative control

and S. sobrinus using MIC, MBC, and MBC/MIC ratios
(Table 2). PUG, PUN and EA exhibited the most potent
and selective bactericidal activity against cariogenic §.
mutans and S. sobrinus, with low MIC values (100 pg/mL)
and favourable MBC/MIC ratios (2), while showing higher
MICs and MBCs against S. gordonii. CG displayed moder-
ate activity, with a higher MBC/MIC ratio (8) against S.
gordonii, indicating reduced bactericidal efficacy. KPG and
RT showed weaker overall activity with higher MIC val-
ues and MBC/MIC ratios of 2—4 across all species. CHX
demonstrated potent but non-selective antimicrobial activity
across all tested species. It showed identical or similar MIC
and MBC values for both cariogenic (S. mutans, S. sobri-
nus) and commensal (S. gordonii) bacteria, with MBC/MIC
ratios ranging from 1 to 2. These findings highlight CHX's
broad-spectrum action.

3.3 Brine shrimp lethality assay (BSLA)

The brine shrimp lethality assay results are summarised in
Table 3. Most of the tested pomegranate-derived compounds
demonstrated low toxicity, with LCsq values exceeding 500
pg/mL and strong dose-response correlations (R*>0.98),
indicating a favourable safety profile. PUN (941.2 pg/mL)
and KPG (998.9 pg/mL) exhibited the highest LCsj values.
In contrast, EA was the only compound classified under
moderate toxicity, with an LCs, of 159.2 pg/mL, according
to Clarkson’s toxicity criteria. All other compounds were
categorised as low toxicity. Notably, the LCs, values for all
compounds were substantially higher than their respective
MIC values, indicating a wide therapeutic margin and sup-
porting their potential for safe antimicrobial application.
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Table 2 Minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), and MBC/MIC ratio of selected pomegranate-

derived compounds against S. gordonii. S. mutans and S.sobrinus

S.gordonii S.mutans S.sobrinus

Compound  MIC MBC MBC/MIC ratio  MIC MBC MBC/MIC ratio  MIC MBC MBC/MIC ratio
pg/mL ng/mlL pg/ml pg/mL pg/mL ng/mL

GC 25 100 4 100 400 4 100 400 4

CG 100 800 8 200 400 2 200 400 2

EA 100 400 4 100 200 2 100 200 2

KPG 100 200 2 100 400 4 100 400 4

PUN 200 400 2 200 400 2 100 200 2

PUG 100 400 4 100 200 2 100 200 2

RT 200 400 2 200 400 2 200 400 2
MIC MBC MBC/MIC ratio  MIC MBC MBC/MIC ratio  MIC MBC MBC/MIC ratio
% % % % % %

CHX 0.015 0.015 1 0.03 0.06 2 0.03 0.06 2

CHX was included as a positive control. The MBC/MIC ratio was used to indicate bactericidal efficacy, with lower ratios suggesting stronger

bactericidal activity

Table 3 Lethal concentration (LCsg), coefficient of determination
(R?), and toxicity classification of sclected pomegranate-derived phy-
tocompounds as determined by the brine shrimp lethality assay

Compounds Class LCy, R? Toxicity category
(ug/mL)

RT Flavonoid 621 0.9956 Low toxicity

CG Hydrolysable 588.9 09923 Low loxicity
tannin

EA Polyphenol 159.2  0.9927 moderate toxicity

PUG Hydrolysable 819.7 0.9879 Low toxicity
tannin

PUN Hydrolysable 941.2  0.9921 Low toxicity
tannin

KPG Flavonoid 998.9 0.9899 Low toxicity

GC Flavonoid 594 0.9897 Low toxicity

Compounds were categorised based on Clarkson’s criteria, where
LCs, <250 pg/mL indicates moderate toxicity and LCs,> 500 pg/mL
indicates low toxicity

3.4 Glycolytic pH drop

The glycolytic pH drop assay (Fig. 1) demonstrated clear
differences in the acidogenic potential of S. mutans and S.
sobrinus following treatment with the tested compounds
over 120 min period. In the untreated control (1% DMSO),
both species exhibited a rapid and sustained decrease in
pH, dropping below the critical demineralisation threshold
(pH 5.5) within 30 min. By the end of the experiment, the
final pH reached 3.5+0.2 for S. murans and 4.0 +0.3 for
S. sobrinus, indicating high glycolytic activity. In contrast,
selected compounds notably suppressed acid production. For
S. mutans PUG, PUN, and CHX, the final pH values were
maintained above 5.5 at 120 min, indicating effective sup-
pression of acid production. For §. sobrinus, PUG, PUN, GT,

and CHX achieved similar suppression, suggesting broader
inhibitory effects in this species. To further assess early aci-
dogenic activity, the initial rate of pH drop during the first 15
min was calculated for each treatment (Table 4). The control
group exhibited the highest pH drop rates, 0.0467 pH units/
min for §. mutans and 0.0600 pH units/min for S. sobri-
nus. Among the tested compounds, PUG most effectively
reduced initial acid production, with corresponding rates of
0.025 and 0.013 pH units/min, respectively. These results
indicate that specific pomegranate-derived compounds can
attenuate the acidogenic activity of cariogenic bacteria in a
time-dependent manner.

3.5 Cell surface hydrophobicity (CSH) assay

The hydrophobicity index of S. mutans, S. sobrinus, and
S. gordonii was significantly influenced by treatment with
the tested compounds (Fig. 2a—c). For S. mutans (Fig. 2a),
untreated control cells showed the highest hydrophobicity
(~75%). Treatment with CHX 0.12% significantly reduced
hydrophobicity (p <0.05) to below 40%, showing the most
substantial reduction among all treatments. Among the com-
pounds, PUN, PUG, and CG caused significant decreases
in hydrophobicity compared to the control, with PUG and
PUN showing the lowest values among natural compounds.
EA and RT also showed moderate but statistically signifi-
cant reductions (p <0.05). In contrast, KPG and NC (DMSO
control) maintained high hydrophobicity levels similar to
the untreated control (denoted by shared superscript ‘a’),
indicating minimal effect. For S. sobrinus (Fig. 2b), a simi-
lar pattern was observed. The control group maintained a
high hydrophobicity index (~55%), whereas CHX signifi-
cantly decreased the hydrophobicity (p <0.05). Natural
compounds, such as PUN, PUG, and CG, caused significant
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Fig. 1 Effect of compounds on (a)S.mutans
glycolytic pH drop by (a) S. 7.5
mutans and (b) S. sobrinus over
a 120 min incubation period. 7.04
The initial pH was 7.4, and pH
3 6.5
was recorded at regular intervals
15 min. The honzonta_l h!ack 6.0 - GT
dashed line at pH 5.5 indicates c6
the critical pH threshold below - 5.5 R
which enamel demineralization o - EA
is likely to occur. Data are pre- 5.0 -+ KPG
sented as mean+ SD (n=35) 45 - PUN
’ - PUG
4.0 = RT
3.54 - CHX0.12%
~+ Control DMSO 1%
3.0 T T T T T T T 1
0 15 30 45 60 75 90 105 120
Time (min)
(b) S.sobrinus

GT

CG

EA

KPG

PUN

PUG

RT

CHX 0.12%
Control DMSO 1%

N IR R )

0 15 30

Table4 Initial glycolytic ph drop rates (pH unit/min) of S. mutans
and S. sobrinus within the first 15 min following treatment with
pomegranate-derived compounds and controls

Treatment Initial Rate (pH unit/min)
S. mutans S. sobrinus

GT 0.037 0.041
CG 0.031 0.033
EA 0.04 0.057
KPG 0.033 0.055
PUG 0.025 0.013
PUN 0.032 0.033
RT 0.037 0.031
CHX 0.12% 0.012 0.018
Control DMSO 1% 0.0467 0.06
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reductions (p <0.05) compared to the untreated group, with
PUN showing one of the most potent effects. Interestingly,
KPG, EA, and RT retained hydrophobicity values statisti-
cally comparable to those of the control, suggesting less
pronounced anti-hydrophobicity activity against S. sobrinus.
For S. gordonii (Fig. 2c), the baseline hydrophobicity was
lower (~35%) compared to the mutans group. CHX 0.12%
again showed the most drastic reduction (p <0.05). Among
the natural compounds, only EA significantly reduced hydro-
phobicity (p <0.05), while PUN, PUG, CG, and KPG did not
produce a statistically significant effect, maintaining values
comparable to the control. This suggests a degree of selec-
tivity, where some compounds reduced hydrophobicity in
cariogenic strains while sparing the commensal S. gordonii.
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Fig.2 (continued)

4 Discussion

This study demonstrated the selective antimicrobial and
anti-virulence effects of purified pomegranate-derived phy-
tocompounds against cariogenic mutans streptococci, while
sparing the beneficial oral commensal S. gordonii. These
findings align with the ecological approach to caries preven-
tion, which favours microbiome-preserving strategies over
broad-spectrum eradication.

The inclusion of both . mutans and S. sobrinus was
guided by increasing evidence of their synergistic role in car-
iogenesis, While S. mutans is well-established as a key etio-
logical agent, S. sobrinus is often associated with increased
caries severity, particularly in early childhood caries (ECC)
and severe ECC. Studies have shown that individuals harbor-
ing both species exhibited significantly higher DMFT scores
than those colonised by S.mutans alone (Korona-Glowniak
et al. 2022; Veena and Nagarathna 2020; Gotouda et al.
2017). Thus evaluating both pathogens provides a more com-
prehensive and clinically relevant assessment of compound
efficacy. To assess selectivity, S. gordonii was included as
a representative oral commensal. Streptococcus gordonii an
early coloniser of dental surfaces, supports oral microbial
balance by competing with S. mutans for binding sites and
nutrients while also generating alkaline by-products and
antimicrobial subtances (Ye et al. 2025).
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The cytotoxicity profiles of the tested compounds
were first evaluated using the brine shrimp lethality assay
(BSLA), a widely accepted screening tool in natural product
research. Most compounds exhibited low toxicity, with LCs,
values exceeding 500 pg/mL. Notably, PUN and KPG dem-
onstrated the highest LCs,, values, while EA was the only
compound classified under moderate toxicity (LCsy=159.2
pg/mL). Nevertheless, this moderate cytotoxicity observed
in vitro contrasts with findings form in vivo model. Oral
administration of EA at doses up to 2000 mg/kg showed
no sign of toxicity in animal (Hurtado-Nufez et al. 2022).
Likewise, Sprague—Dawley rats receiving a punicalagin-rich
diet (~4.8 g/kg/day) for 37 days exhibited no harmful effects
(Cerda et al. 2003). Collectively, these results indicate that
although BSLA provides useful preliminary safety informa-
tion, in vitro cytotoxicity outcomes may not fully predict
in vivo tolerance, highlighting the importance of confirming
safety through mammalian-based cytocompatibility assays
in future work.,

In addition to their antimicrobial selectivity, PUG
and PUN significantly suppressed acidogenic activity in
S.mutans and S.sobrinus as shown by the glycolytic pH
drop assay in Sect. 3.4. The glycolytic pH drop assay reflects
the capacity of cariogenic bacteria to ferment dietary sug-
ars into organic acids, primarily lactic acid, leading to a
rapid decrease in environmental pH and promoting enamel
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demineralisation. S. mutans and S. sobrinus can persist and
continue glycolytic activity at low-pH environments, which
gives them an advantage over oral bacteria that are less toler-
ant to low pH. This adaptation is considered a key factor in
caries progression (Nascimento et al. 2004). Marsh (2017)
has also noted that oral microbial dysbiosis often arised from
ecological changes, such as sustained acidity or inflamma-
tion, which favour the growth of acidogenic, aciduric, or
proteolytic species. In the present study, treatment with PUG
and PUN significantly reduced the glycolytic pH drop in
both 8. mutans and S.sobrinus, showing cffective suppres-
sion of acid production. Lower acidogenicity implies inter-
ference with importamt virulence mechanisms and could help
promaote a shift towards a less cariogenic microbial balance.
These findings are consistent with the ecological plague
hypothesis, which stresses modifying environmental condi-
tions to influence microbial composition rather than relying
solely on broad-spectrum antimicrobials (Rajasekaran et al.
2024).

The cell surface hydrophobicity (CSH) as demonstrated
in Sect. 3.5 plays an important role in the initial adhesion
of oral bacteria to tooth surfaces, which is the first step
in biofilm formation. According to Spatafora et al. (2024),
the adhesion to oral surfaces involves specific adhesins
and non-specific forces such as hydrophobic interactions
and van der Waals forces. Consequently, reducing the
hydrophobicity index (I1) of bacterial cells can weaken
their ability to adhere, coaggregate with other species,
and establish hiofilms. Previous studies have shown that
several plant-derived compounds are capable of lowering
the HI of 5. mutans, thereby reducing its prevalence within
treated groups (Karnjana et al. 2023; Hassan et al., 2015).
However, little is known about how S. sobrinus responds to
such interventions, and direct comparisons with 8. muans
remain scarce. In the present study, treatment with pome-
granate-derived compounds significantly reduced the HI of
8. mutans and 8. sobrinus. In contrast, S. gordonii, a benefi-
cial carly coloniscr that contributes to microbial homeosta-
sis, exhibited no significant changes in HI after treatment.
This selective action suggests that the tested compounds
can target pathogenic species while preserving commensal
adhesion, an attribute that is crucial for maintaining a bal-
anced oral microbiome,

PUG and PUN consistently outperformed other pome-
granale-derived phytocompounds in their animicrobial and
anti-virulence activities against S. murans and S. sobrinus.
Their enhanced efficacy is likely attributed to their unique
molecular structures and physicochemical properties. PUG
(MW: 1084.7 g/mol) and PUN (MW: 782.5 g/mol) are large,
highly hydroxylated ellagitannins containing multiple gal-
loyl moieties. These features enable strong interactions with
bacterial surface proteins, glucosyltransferases, and mem-
brane compenents, contributing to their broad antimicrobial

patential. As hydrolysable tannins, PUG and PUN exert
antibacterial effects through multiple, well-documented
mechanisms, Tanning exert their antibacterial effects through
multiple mechanisms, such as sequestering iron, disrupting
cell membrane integrity, interfering with cell wall synthesis,
and inhibiting fatty acid biosynthesis. Additionally, they can
suppress the expression of key virulence factors, including
those involved in biofilm development, enzymatic activ-
ity, adhesion, motility, and toxin production by acting as
quorum-sensing antagonists (Farha et al, 2020). In contrast,
EA, although structurally related as a degradation product
of ellagitannins, exhibits low abhsorption primarily due to
its poor solubility (less than 10 pg/mL) and low lipophi-
licity, which together limut its membrane permeability and
stahility in aqueous environments (Nyamhba et al. 2021). The
CG (molecular weight: 634.45 g/mol), while also an ellagi-
tannin, is structurally smaller and shows moderate activity,
possibly due to fewer reactive hydroxyl groups available for
hydrogen bonding. Flavonoids such as GC, KPG, and RT are
known for their antioxidam properties but generally possess
less antimicrobial potency, which may be attributed to their
limited structural complexity and fewer functional groups
relevant to disrupting bacterial virulence mechanisms. These
findings suggest that larger, highly polar, and polyphenol-
rich compounds may exert stronger selective pressure on
cariogenic bacteria.

Despite promising results, this work should be interpreted
as a preliminary screening study. Only three bacterial spe-
cies were evaluated, and virulence testing was restricted 10
acidogenicity and cell surface hydrophobicity. While these
assays provide valuable first insights, other key virulence
traits such as biofilm formation, extracellular polysaccharide
production, and acidurance were not included. Moreover,
the use of planktonic monospecies cultures does not fully
capture the complex dynamics of multispecies aral biofilms.
All tested straing, as described in Sect. 2.2, were laboratory
reference strains, which may not reflect the diversity and
resistance profiles of clinical isolates.

The cytotoxicity assessment was also limited to the brine
shrimp lethality assay as described in Sect. 2.5, which,
although widely used for preliminary toxicity screening,
does not predict mammalian cytocompatibility. Importantly,
no host-cell assays were conducted 1o evaluate the compat-
ibility of the compounds with oral epithelial or keratinocyte
cells. These limitations highlight the need (or further studies
incarporating dual- or multispecies biofilm models, clini-
cal isolates, and host cell cytocompatibility assays to fully
validate the selective anti-virulence potential of punicalagin
and punicalin. In addition, integrating these compounds into
prototype oral care formulations such as varnishes, rinses,
or gels and testing their stability and performance under
simulated oral conditions will be critical steps toward trans-
lational application,
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5 Conclusion

This study highlights the selective antimicrobial and anti-
virulence potential of purified pomegranate-derived com-
pounds against cariogenic Streptococeus species. Punica-
lagin (PUG) and punicalin (PUN) demonstrated the most
promising activity, combining selective bactericidal effects
with inhibition of acidogenicity and surface hydrophobicity,
two key traits in caries development. Their ability to sup-
press pathogenic species while sparing beneficial commen-
sals underscores their relevance to microbiome-friendly and
ecological approaches in oral health management. Overall,
these findings provide an essential first step toward the trans-
lational development of phytochemical-based therapeutics
in preventive dentistry. In particular, their incorporation into
oral care formulations such as mouth rinse, gels or tooth-
pastes represents a promising direction for future develop-
ment, offering a strong foundation for more advanced studies
and future formulation work.
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Abstract

Dental caries 1s a biofilm-associated disease primarily caused by Streprococcns mntans (S. mutans), while Streptococcus
gordonii (8. gordonii) influences the early stages of biofilm formation. Natural compounds with selective antibiofilm
activity offer the potential for alternative caries prevention. This study investigates the antibiofilm effects of
punicalin (PUN) and punicalagin (PUG) from pomegranate against 5. wutans and S. gordonii in single- and dual-
species biofilms. The minimum biofilm inhibitory concentration (MBIC) of phytocompounds against both single
and dual-species biofilms was evaluated using the crystal violet assay. The MBICo concentration, determined as
50 pg/mlL, was selected and further examined using a glass bead assay to assess the impact on gene expression
in S, mutans and S. gordonii through R1-qPCR analysis. Additionally, we prepared PUN- and PUG-treated biofilms
for morphological examination using scanning electron microscopy. Our results demonstrated that PUN and
PUG exhibited significant antibiofilm activities against single- and dual-species biofilms. Particularly, PUN
showed a notable reduction in bacterial adherence and biofilm formation (P < 0.05) across all tested specices.
Conversely, PUG displayed selective antibiofilm activity, primarily targeting §. matans. The RT-qPCR data
confirmed reduced expression of virulence genes in 5. zutans, which may contribute to the antibiofilm activity.
Our findings highlight the potential of PUN and PUG as effective inhibitors of biofilm formation and their
ability to influence virulence factors in S. mutans dual-specics biofilms. These compounds have potential to be
incorporated into clinical applications as antibiofilm agents, thereby aiding in the prevention of dental caries
development.

Keywords: antibiofilm, dual-species, punicalagin, punicalin, Streptococcis gordonii, Streplococcns mutans

INTRODUCTION extracellular  polysaccharides (EPS) that enhance

adhesion and acid retention. Conversely, Streptococcus

Dental caries remains one of the most prevalent oral sordomii (S. gordonii), a commensal oral species, is
diseases, affecting approximately 2 billion individuals involved in early biofilm formation and microbial
with permanent teeth and 514 million children with homeostasis, potentially inhibiting the overgrowth of
primary tooth decay (Global Oral Health Status pathogenic  species  (Abranches et al., 2018).
Report: Towards Universal Health Coverage for Oral Traditional caries prevention primarily focuses on
Health by 2030, 2022). The biofilm-associated disease mechanical plaque removal through toothbrushing
arises from an imbalance in the oral microbiome, and flossing. However, complete biofilm elimination
favouring acidogenic and aciduric bacteria that is challenging, particularly for individuals with limited
promote enamel demineralisation and subsequent manual dexterity, such as children and elderly patients.
tooth decay (Zhan, 2018). As dysbiosis progresses, Dental professionals often recommend mouthwashes
cariogenic bacteria such as  Sireptococcns  mutans containing chlorhexidine (CHX), the gold-standard
(S.mutans)  dominate  the  biofilm,  producing antiseptic, to improve oral hygiene (Brookes er al,
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2020). Chlorhexidine reduces biofilm by disrupting
bacterial cell membranes and causing cell lysis
(Lukomska-Szymarniska et al, 2017). However,
prolonged use 1s associated with undesirable side
cftects, including tooth staining (Brookes ct al., 2020),
antimicrobial  resistance  (Kampf, 2016), and
hypersensitivity reaction, including severe anaphylaxis
(Fontaine et al., 2024).

Numerous 7 rifro studies have successfully
identified pure compounds exhibiting antimicrobial
and antibiofilm activity against 5. wutans (Gabe et al.,
2019; Zeng ct al.,, 2019). However, extending efficacy
assessment to dual-species and multispecies biofilms
is essential to reflect better actual oral conditions,
where S. mmtans interacts with other microbes,
influencing  biofilm  structure,  resilience, and
antimicrobial response. Previous in vitro and clinical
studies have shown that pomegranate peel extract
effectively reduces oral plaque by targeting oral
microorganisms (Jacob et al,, 2021; Abd-El-Aziz & A
Sallam, 2020; Ferrazzano et al., 2017; Umar et al.,
2016; Subramaniam et al, 2012). Ilowever, the
effective concentrations reported in studies vary due
to differences in pomegranate cultivars, countries of
origin, and extraction solvents, leading rto
inconsistencies  that make standardisation and
commercialization difficult. A promising approach 1s
to investigate purified bioactive compounds from
pomegranate for a more comprehensive analysis.
While pomegranate peel extracts contain various
polyphenols including punicalagin, punicalin, ellagic
acid, catechin and gallic acid { Man et al., 2022; Li et
al., 2015), studies suggest that punicalagin (PUG) and
punicalin  (PUN) play a more prominent role.
Thercfore, this study evaluates the antibiofilm cffects
of purified PUG and PUN to determine their
targeted effects on S.matans and S. gordonii in dual-
species biofilms. A particular focus is placed on their
cffects at the molecular level, including alterations in
virulence gene expression in both species.

MATERIALS AND METHODS

Compound and preparation

PUN (CAS 65995-64-4) and PUG (CAS 65995-63-3)
from Punica granatum 1.. (298% purity, HPLC) were
purchased from Chengdu Biopurify Phytochemicals
Ltd (China). They were dissolved n 10% DMSO
(Sigma-Aldrich) and stored as 20 mg/ml. stock at -20
°C. Tor assays, compounds were diluted in DMSO,
ensuring a working concentration of <1% to prevent
any antimicrobial effects from DMSO.

Bacterial strains
S. gordoni ATCC 51656 and . mutans UA 159 (ATCC)

129

were obtained from the Microb Bank, Rescarch Tab
1, Dentistry, UITM, and stored mn 25% glycerol.

Saliva collection and preparation of experimental
pellicle

Written consent was obtained from a healthy 40-year-
old female subject who met the exclusion criteria. The
study was approved by the UM Research Ethics
Committee  (REC/01/2023  (PG/MR/27)).
Stmulated whole saliva (50 mL) was collected using
Parafilm M stimulation, mixed 1:1 with adsorption
buffer, supplemented with 0.1 M
phenylmethylsulfonyl — fluoride  (PMSF),  and
centrifuged at 5500 g for 10 min at 4°C (Rahmani-
Badi et al, 2015). The supernatant was filtered
through a 0.22 pm polyethersulfone (PES) filter and
used immediately to preserve enzymatic activity

(Lemos et al., 2010).

Determination of minimum biofilm inhibition
concentration (MBICy) using the crystal violet
assay
‘This study employed two types of biofilm assays: (1)
a mucrotiter plate-based biofilm inhibition assay to
determine MBICog using the crystal violet assay and
(2) a biofilm bead assay using MBICy concentrations
from the previous assay to assess biofilm formation,
microcolony architecture, and gene expression. The
MBICs was defined as the lowest compound
concentration that reduces biofilm formation by at
least 90% compared to untreated controls. In this
study, MBICo was chosen over MBICs; for several
reasons. A 90% reduction threshold ensures more
potent and more clinically relevant inhibition of
biofilm formation, aligning with the expected efficacy
of antibiofilm agents used in oral health applications.
Single- and dual-species biofilms were grown in
96-well  polystyrene  plates  (Corning®  Costar®)
following a moditied protocol by Sun et al. (2019). An
experimental pellicle was formed by treating wells
with clarified human saliva for 120 minutes at 37°C,
with the saliva replaced every 30 minutes (Pela et al.,
2020). S. mutans and S. gordonii suspensions (100
CFU/mL) were mixed with PUG and PUN, resulting
in 25-400 pg/mL final concentrations. Dual-species
biofilms were established using a 1:1 ratio by mixing
equal volumes of each bacterial suspension, 100 pl.
of 8. mutans and 100 pL of S. gardonii. Cultures in 1%
DMSO served as the negative control (solvent
control), while 0.12% CHX, a widely used oral
antiseptic with established antimicrobial activity, was
used as the positive control. After 24 hours of
incubation at 37°C, biofims were washed, gently
tapped to remove excess water and stained with 0.1%
crystal violet for 30 min, and destained with 30%
glacial acetic acid. Biofilm biomass was quantified by
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measuring absorbance at 595 nm using a Tecan
Infinite® 200 PRO. Each experiment was conducted
in triplicate with five independent replicates. Results
were cxpressed as biofilm inhibition percentages
using the following equation (Teanpaisan ct al., 2017).

0D test

Biofilm inhibition % = 1—(—
© on % = 0D negative control

)x 100]

We aimed to determine the minimum biofilm
inhibition concentration (MBICs), the lowest
compound concentration that reduces biofilm
formation by at least 90% compared to the untreated
control. The MBICo concentration was then used in
the subsequent biofilm bead assay.

Biofilm bead assay

The biofilm bead assay was optimised based on
Konrat et al. (2016) to determine the ideal bacterial
ratio and concentration for stable biofilm formation.
The acquired pellicle was formed on glass beads (5
mm radius), which were individually placed in 24-well
plates and inoculated with S. wautans and S. gordonii at
a 1:1 ratio (1 X 10° CFU/mL). The assay evaluated
the effects of 50 pg/mL (MBICoo) of PUN and PUG
on biofilm formation, microcolony architecrure, and
expression of virulence genes. The concentration of
50 pg/ml. for PUN and PUG was chosen based on
its MBICoo value for S. maians, as this bacterium plays
a primary role in cariogenic biofilms. Beads were
collected at 8 and 24 hours for CFU counting
(bacterial adherence), SEM analysis (microcolony
architecture), and RNA extraction (expression of
virulence genes).

Gene expression analysis (RT-gPCR)

Gene expression analysis was conducted using reverse
transcription quantitative  PCR - (R1-qPCR) with
SYBR Green dye as the fluorescent reporter, in
accordance with the Minimum Information for
Publication of  Quantirative Real-Time PCR
Experiments (MIQE) guidelines (Bustin et al., 2009).
For §. mutans, the primer sequences for the reference
gene (165 tRNA) and biofilm-associated genes were
adapted from Kim et al. (2015). These genes include
2B (water-insoluble glucan production), g/ (soluble
and insoluble glucans synthesis), g/ID (water-soluble
glucan production), and ghpB (encoding a glucan-
binding protein). Additionally, the primers for brpl, a
biofilm regulatory protein, and ww»DE, which plays a
role in competence-stimulating peptide production,
were adapted from Hasan et al. 2015. For 5. gordoniz,
the 168 rRNA gene served as an internal reference.
The biofilm-associated genes analysed included gifG

(elucosyltransferase  production);  abpA  (amylasc-
binding protein synthesis); cihA, (encoding a high-
molecular-weight adhesin for biofilm formation); and
spA, (encoding a surfacc protein crucial for
adherence to salivary agglutinin glycoproteins and
coaggregation with other oral bacteria). All primers
were adapted from Huang et al. 2014. The complete
primer sequences for all genes are provided in
Supplementary ‘Iable 1. The relative expression levels
were analysed via the 2—AACT method.

Scanning electron microscopy (SEM)

Beads were fixed in 4% glutaraldehyde overnight,
washed with 0.1 M sodium cacodylate bufter (pI17.4),
and fixed in 2% osmium tetroxide overnight. The
samples underwent stepwise cthanol dehydration,
followed by immersion in acetone and critical point
drying (~2 hours). Dried samples were mounted on
aluminium  stubs, gold-coated, and examined at
1,000 and 5,000% magnification using a Quanta™
FEG 450 SEM (Netherlands).

Statistical analysis

Statistical analysis was carried out using IBM SPSS
Statistics 27. All experiments were conducted in
triplicate with five independent replicates, and data
were expressed as a mean T standard deviation (SD).
The normality of the data was assessed using the
Shapiro-Wilk test, and Levenes test was used to
evaluate the homogeneity of wvariances. For the
comparison of multiple groups, a one-way analysis of
variance (ANOVA) was conducted, followed by
Tukey’s Tonestly Significant Difference (ITSD) test
for post hoc analysis. Statistical significance was set at
p < 0.05, with highly significant differences at p <
0.01.

RESULTS
Minimum biofilm inhibition concentration
(MBICy)
The difference in MBICo values between PUG and
PUN suggests variations in antibiofilm activity. ‘The
MBICop values for PUG were 50 pg/ml. for 5. mutans,
100 pg/mL for §. gordoniz, and 100 pg/mL for the
mixed biofilm. The MBICyvalues for PUN were 50
pg/mL for S. mutans, S. gordonii, and the mixed
biofilm. The MBICy, for CHX was consistently 0.12%
across all tested biofilms.

Biofilm bead assay

Figure 1 shows logio CFU/bead values, illustrating
inhibition of dual-species biofilm after exposure to 50
pg/mL PUG and PUN, 1% DMSO (negative
control), and 0.12% CIHX (positive control) at 8 and
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24 hours. In the negative control group, the S, gordonii adherence at 8 hours compared to the negative
population  was higher at 8 hours (1.9 log control, while not affecting S. gordonii. By 24 hours,
CI'U/bead) than 5. zeians (1.51 logie CIU/bead). both compounds reduced total bacterial counts, but
However, by 24 hours, S. #stans became dominant, their effects differed: PUN inhibited both specics,
reaching 5.14 logio CFU/bead, while 5. gordonii was while PUG selectively reduced S, mutans. Notably, 5.
2.84 logiy CL'U /bead. In the PUG- and PUN-treated mutans levels in the PUG-treated group at 24 hours
groups, both compounds inhibited S.  mutans were similar to those in the CHX group.
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Figure 1. Effect of PUG and PUN on dual-species biofilm formation of §. mutans and S, gordonsi at 8 and 24 hours.
(A) Log CTU /bead values at 8 hours and B) at 24 hours for biofilm treated with 50 pg/mI PUN, 50 pg/mL PUG,
0.12% CHX (positive control) and 1% DMSO (negative control). The bar represents mean values T standard
deviations obtained from triplicate measurements conducted in five independent experiments. Asterisks indicate
statistical significance, while "ns" denotes non-significant differences. The statistical analysis employed ANOVA
followed by Tukey’s HSD test, with a significance level set at p = 0.05.
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Biofilm architecture by SEM

Figure 2 presents SEM micrographs of beads treated
with 1% DMSO, PUN, PUG, and 0.12% CHX for 24
hours. The negative control biofilms (Figure 2-AT and
Figure 2A-TT) exhibited multilayered, confluent, and
thick biofilm masses showing extensive streptococcal
interactions. The PUG-treated group showed a
cluster of cells with scattered cells (Figure 2B-I and
Figure 2B-1I). Although SEM cannot differentiate
between S. mutans and S. gordonii, viable cell count

1000x magnification

50005 magnification

D DI

analysis confirmed a higher colonisation of S, gordonii
in the PUG-treated group. The PUN-treated group
exhibited fewer cells and microcolonies via SEM
(Figure 2C-T and Figure 2C-IT). Scanning clectron
micrograph (SEM) of CHX-treated biofilm (Figure
2D-I and Fiigure 2D-II) showing disrupted bacterial
structures with visible debris agglutination. The large,
clustered formations may represent agglutinated
cellular debsis resulting from membrane lysis, a
characteristic effect of chlorhexidine treatment.

Figure 2. Morphological alteration of dual-species
biofilm after 24 hours of treatment with PUG and
PUN. SEM micrograph at 1000x (left column) and
5000x magnifications (right column) showing biofilm
architecture for (A-I and A-II) 1% DMSO (negative
control), (B-I and B-1I) PUG 50 pg/mL, (C-I and C-
11) PUN 50 pg/mL, (D-I and D-II) 0.12% CHX. The
white circle indicates the region where the picture was
captured for 5000x magnification.
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Gene expression analysis

Figure 3 illustrates the gene expression fold changes
for S.matans within dual-species biofilm treated with
PUG and PUN. Choosing 8 hours allows for
assessing whether PUN and PUG interfere with the
initial attachment and extracellular matrix production,
and 24 hours reflects a mature biofilm, where key
virulence genes regulate stability and structural
integrity. At the 8-hour time, both PUG and PUN
resulted in the downregulation of the tested virulence
genes (gtfC, gtfBgyfD, gbpB, comDE and brpA) n §.
mutans. However, the suppressive effect was more
pronounced with PUG, indicating a more significant

A) 8 hours

impact on gene expression. At 24 hours, a similar
downregulation pattern was observed, with both
PUG and PUN suppressing the tested virulence
genes of 5. mrans, although the effect was more
substantial with PUG. Figure 4 shows the genc
expression fold changes for 5. gordonii within the same
biofilm during treatment with PUG and PUN.
Treatment with PUN downregulated all the tested
genes (¢/fG, abpl, eshel and sspo1). However, no gene
downregulation was detected at the 8-hour sampling
for the PUG-treated group, whereas at 24 hours, only
2tfG was downregulated in 8. gordonii.
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Figure 3. Effect of PUG and PUN on S.matans gene expression in dual-species biofilm at (A) 8 and (B) 24 hours
in a sucrose-dependent environment. The expression level of cach gene was normalised to 165 rfRNA expression,
and the fold change relative to the control was determined using the 2—AACT method. The results are presented
as the mean £ SD with the error bars indicating standard deviation. Statistical significance was denoted by **,
P <0.05; ¥ P< 0.0005 *#* P < 0.0001, while “ns” indicates non-significant differences.
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Figure 4. Effect of PUG and PUN S gordonii gene expression in dual-species biofilm at (A) 8 hours and (B) 24
hours in a sucrose-dependent environment. 'The expression level of each gene was normalised to 165 rRNA
expression, and the fold change relative to the control was determined using the 2—AACT method. The results are
presented as the mean + SD with the error bars indicating standard deviation. Statistical significance was denoted
by %, P <0.05; #+*, P< 0.0005; ¥+ P <0.0001, while “ns” indicates non-significant differences.

DISCUSSION

This study assessed the in vitro antibiofilm activity of
pomegranate-derived  PUN  and PUG  against
cariogenic bacteria S.muans and commensal species
§.gordonti in a dual-species model. Unlike conventional
antimicrobial agents that indiseriminately disrupt the
oral microbiome, potentially leading to dysbiosis and
antimicrobial resistance, our approach focuses on
selectively inhibiting S.mutans while preserving
benefictal commensals such as 5. gordonii. The
findings suggest that PUG exhibits more selective

antibiofilm activity, while PUN has a broader
inhibitory effect on both species.

The ability of S. zstans to form a robust biofilm
is heavily dependent on its glucosyltransferase
enzymes (Gtfs), which synthesise extracellular
polysaccharides (EPS) to facilitate adhesion and
bacterial aggregation (Kim et al., 2015). Our results
show that PUG and PUN significantly downregulate
key biofilm-associated genes in S. zeians, particulazly
4ifB (responsible for water-insoluble glucan synthesis)
and ghpB (a glucan-binding protein that stabilises the
biofilm matrix). Suppression of these genes leads to a
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weaker  biofilm  structure,  making  bacterial
detachment easier and reducing overall pathogenicity.
This aligns with previous studies showing that
phytocompounds mnhibit = S.watans  biofilm  via
virulence genes suppression (Kaur er al., 2017; Hasan
etal, 2015; Kim et al., 2015). However, most of these
studies focus on single-species biofilms, which fail to
capture the synergistic and competitive interactions
within oral microbial communities. In contrast, 5.
gordonii biofilms are primarily influenced by G,
which facilitates interbacterial interactions and
glucan-mediated  adhesion. While PUN  broadly
inhibited adhesion-associated genes (whA, spA) and
2ifG, PUG selectively downregulated g#G at 24 hours
without affecting other genes, preserving commensal
biofilm integrity.  This suggests that PUG
preferentially inhibits §. mwtans while sparing S.
gordonti, making it a promising candidate for
microbiome-friendly antibiofilm therapy

One key finding is the differential effects of PUG
and PUN on dual-species biofilms. PUG selectively
inhibits 8. mutans, likely due to its strong affinity for
S. wmmtans adhesins and EPS-regulating pathways,
making it a more targeted inhibitor of cariogenic
biofilms. In contrast, PUN  exhibits broader
antibiofilm activity, suppressing both S, wutans and §.
gordonti. This difference may be attributed to structural
variations between the two compounds. PUG, as a
larger ellagitannin, may interact more selectively with
S. mutans surface adhesins, potentially blocking key
biofilm-forming pathways. PUN, with a simpler
structure, may disrupt biofilm integrity across both
species, making it a more general antibiofilm agent.
‘This apparent species-dependent activity observed in
our dual-species model suggests a potential role in
maintaining microbial balance. This balance is
particularly  important preventing  caries
progression while preserving commensal bacteria, as
oral homeostasis depends on a delicate balance
between cariogenic and non-cariogenic —species
(Abranches et al, 2018). Sucrose is a key
environmental factor influencing cariogenic biofilm
development. In a  sucrose-supplemented
environment, 8. matans  typically  outcompete
commensal species, forming a highly structured
acidogenic biofilm (Diaz-Garrido et al., 2020). Our
findings show that PUG and PUN remained effective
against S.mutans despite the presence of sucrose,
suggesting their potential to counteract sucrose-
driven biofilm formation. Clinically, this is significant
because PUG selectivity for S.mumtans may preserve
oral commensals, whereas PUN could provide
broader antibiofilm coverage.

"To our knowledge, this is the first in vitro study
specifically evaluating isolated PUN and PUG against
dual-species S. mutans-S. gordonsi biofilms. Clinical

in

studics on pomegranate peel extract have reported a
reduction in oral plaque, salvary S.wutans and
improved oral hygiene in patients (Marrone et al.,
2024; Mahd et al., 2023; Pinni et al., 2018), but these
studics used whole extracts rather than purified
compounds. In general, whole extracts contain
multiple bioactive compounds, which may vary in
concentration due to differences in plant source,
extraction method, and environmental factors
(Khanna et al., 2025; Taido et al,, 2024; Vizquez-
Leén et al, 2017). This variability affects
reproducibility and makes it difficult to determine
which specific compounds are responsible for the
observed effects. Selective 1solation allows for dose
optimisation and toxicity assessment, supporting
safer translation into  clinical use. A common
challenge in using isolated phytocompounds is the
potential loss of efficacy that can occur when they are
separated from their natural martrix. However, our
results demonstrate that both PUG and PUN exhibit
significant antibiofilm activity independently, aligning
with other studies on the efficacy of single
compounds, such as thymol isolated from the
essential oil of Thymus spp. (Utami et al., 2021:
Miladi et al., 2017). This suggests that PUG and PUN
are capable of acting independently, making them
promising candidates for targeted caries prevention
strategies.

I‘uture studies should investigate the impact of
PUG and PUN on other commensal species, such as
S. sanguinis and S, muitis, to assess their broader
microbiome selectivity and potential effects on
maintaining microbial balance. To complement the
gene expression data, advanced bioinformatics and
molecular docking analyses could provide insight into
how PUG and PUN interact with bacterial surface
proteins  involyed in  biofilm  formation.
Understanding these interactions could refine their
formulation and optimise their cffectiveness  as
targeted oral health therapies.

CONCLUSION

Exposure to PUN and PUG significantly affected the
formation of dual-species biofilm involving 5. gordonii
and S.
antibiofilm activity, targeting both bacterial species
rather than acting selectively on 5. azutans. In contrast,
PUG sclectively regulated the composition of dual-
species biofilms by reducing the 5. mutans population,
reducing LIPS synthesis and disrupting  biofilm
formation while sparing S. gordonii. This sclective
targeting of 5. mutans, even in the presence of
commensal . gordoniZ, highlights PUG’s potential as a
targeted antibiofilm agent. Furthermore, PUG may

mutans. PUN  exhibited broad-spectrum
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serve as a valuable tool for investigating the molecular
mechanisms by which 8. mutans responds to biofilm
inhibitors, while commensal streptococci evade its
mnhibitory effects, maintaining microbial balance in
the oral environment.
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