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ABSTRACT

Thousands of surgical procedures are performed daily to repair or replace tissue damaged
by disease or trauma, with scaffolds playing a critical role in supporting bone regeneration.
However, the clinical application of a scaffold remains challenging, particularly in the
treatment of periodontal disease, where bone loss and microbial infection significantly
impede the healing process. Tissue engineering aims to overcome these limitations by
developing biodegradable scaffolds that not only support tissue regrowth but also deliver
therapeutic agents to the defect site. These scaffolds act as temporary templates that guide
regeneration while simultaneously preventing infection. Recent advances in nano-assisted
drug delivery have enabled localised and sustained drug release, thereby reducing systemic
side effects and minimising the risk of antibiotic resistance. This study aimed to develop a
biodegradable collagen—chitosan scaffold loaded with metronidazole nanoparticles (CC-
MNP) for periodontal bone regeneration. The scaffold was fabricated by blending chitosan
and collagen at a 70:30 ratio, with MNP incorporated at various concentrations (0—40%
wi/v). Physical crosslinking was achieved using dehydrothermal treatment. Characterisation
of the scaffolds was conducted using field emission scanning electron microscopy
(FESEM) to assess morphology, pore structure, and pore size. In vitro studies were
conducted to assess antibacterial activity, biocompatibility, and cell adhesion. Antibacterial
efficacy was tested against Porphyromonas gingivalis and Fusobacterium nucleatum using
the disc diffusion method. Biocompatibility was evaluated using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay with human gingival
fibroblasts (HGF-1), and cell adhesion was visualised using FESEM. Based on the in vitro
results, the scaffold exhibiting the optimal characteristic was selected for in vivo evaluation.
The selected scaffold was implanted into critical-size calvarial bone defects in a rat model.
Bone regeneration was assessed after a four-week healing period using histological staining
and morphometric analysis. The findings revealed that the 30% w/v MNP-loaded scaffold
exhibited desirable physical characteristics, including appropriate pore size and controlled
biodegradability. It showed a significant inhibitory effect against the tested periodontal
pathogens and promoted the proliferation, viability, and adhesion of HGF-1 cells. In vivo
analysis demonstrated enhanced new bone formation at the defect site compared to
controls, confirming the scaffold’s regenerative potential. In conclusion, the CC scaffold
loaded with 30% w/v MNP demonstrated promising results for periodontal bone
regeneration. It offers a targeted, dual action approach by combining antimicrobial
protection with structural support for tissue healing. This strategy provides an alternative
to conventional systemic antibiotic therapies and contributes to the advancement of
scaffold-based regenerative techniques in tissue engineering and dental medicine.



Ganl) adls

s 3y paiall Aaad) Jlanay e dal el clleadl @Y1 g 528
alaall paniaca A lga 1) 0 VW Caali S cciliiall) sl zal 5aY),
L_g\..u.u Y obaad dal ¢ Yl 4aSulkY ilandatl) J) 3 Y eclly 23
o) Ay Sud) (gl s alaall it ga55 Cun Ayl el #5le
IR e lbasill oda ket ) dauaY) duais Caagd | S IS0 (el
GV sdn Jatiy camd) g ) 5 pilie Al Jalsall Jlay) e
O By Laa cadld i gll (8 (5 sanll aie e 0l dlac da 5 A8 50 2l 58S
pda Chdaa ¢ 4 gal) Chlalcaall 4a glaa jad e asg g 4 jleadl Al Y
o yall allaell Casae #30ad g5l 5 ey dlese iy ghal ) 4l )l
Js s el Clapus 5 jumad o5 Al (5 5320 (MNP) (s Lelaeni
ae ol sl Glasn mad & ¢70:30 Ay Gl siSllg cpa &I EYLE
sl Al alaaiuly aeady @Yl (Dehydrothermal
treatment) ala3iul sluall ana g sdand) JKG Jilas 239 duil) il
C'“Ld\ 6.1}).\55:)“ )@AAM (FESEM)c paladll Z\_m.ul\ e..ps:\ 63 Lainy
ua LSl Porphyromonas  gingivalis  sFusobacterium
nucleatum s sl (38 il (uld 5 ol Y1 8 LY LAl @yl oo
DL aladiuly MTT 4gpddl Al WA e (HGF-1). 2l Je sl
S JLERL el aY Bl Gailadll cld Vi Laal & dy il
g3 Ge bl Aal ey O N 8 Aeseal) e el aladiule
euw QA)SSL;/\).\.\SMM\ M\jM\w‘y\ Csmaﬁm
\;@_] L_NM\ XY )Sj.sj ALJLA\ L_m\.cyq;.db 4\4)\3.4 JJJ\J.\.U)M\
?‘L”d‘ cladl ng:u.d\ ?‘;j‘ﬁ AL g Seall Baliasll dlasll u.-}-.’@%:!‘%ﬁf‘
e Badizal) paaill LT et gad dadia B glad daai) yTW) el aad g
Ol g ) daia Jlae 8 <V,



APPROVAL PAGE

The thesis of Nora Azirah Binti Mohd Zayi has been approved by the following:

P

Mohd Y usdf Mohamad
Supervisor

=

Ahmad Fahmi Harun Ismail
Co-supervisor

Mohd Hafiz Arzmi
Co-supervisor

\j:\‘v i )
U [ |

Pram Kumar A/L Subramaniam
Co-supervisor

Muhammad Salahuddin Haris
Internal Examiner

Nor Adinar Baharudin
External examiner

Azlini Binti Ismail
Chairman



DECLARATION

| hereby declare that this dissertation is the result of my investigations, except where
otherwise stated. | also declare that it has not been previously or concurrently

submitted as a whole for any other degrees at [IUM or other institutions.

Nora Azirah Bt Mohd Zayi

] 27/05/2025
Signature.........oooevviiiiiiiii Date........coovveiiiilt.



INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA

DECLARATION OF COPYRIGHT AND AFFIRMATION OF
FAIR USE OF UNPUBLISHED RESEARCH

EVALUATION OF FISH-DERIVED COLLAGEN-CHITOSAN
SCAFFOLD LOADED WITH METRONIDAZOLE
NANOPARTICLES FOR PERIODONTAL BONE
RENEGERATION

| declare that the copyright holder of this thesis/dissertation are jointly owned
by the student and HUM.

Copyright © 2014 Nora Azirah Bt Mohd Zayi and International Islamic University Malaysia.
All rights reserved.

No part of this unpublished research may be reproduced, stored in a retrieval
system, or transmitted, in any form or by any means, electronic, mechanical,
photocopying, recording or otherwise without prior written permission of the
copyright holder except as provided below

1. Any material contained in or derived from this unpublished research may
only be used by others in their writing with due acknowledgement.

2. IIUM or its library will have the right to make and transmit copies (print
or electronic) for institutional and academic purpose.

3. The IIUM library will have the right to make, store in a retrieval system
and supply copies of this unpublished research if requested by other
universities and research libraries.

By signing this form, I acknowledged that I have read and understand the UM
Intellectual Property Right and Commercialization policy.

Affirmed by Student Name

23/05/2025

Signature Date

Vi




This thesis is dedicated to my late father, Mohd Zayi Bin Yahya, who returned to the
Almighty Allah on 5th Rajab 1427 / 30 July 2006. His memory continues to motivate
and uplift me, reminding me of the strength and resilience he instilled in me. May Allah

bless his soul, Ameen.

vii



ACKNOWLEDGEMENTS

In the name of Allah, the Most Gracious, the Most Merciful. All praise be to
Allah for His infinite blessings and guidance throughout my academic journey. His
grace has been my strength in overcoming the challenges that came with completing
this thesis.

I would like to extend my deepest gratitude and love to my husband,
Muhammad Wasim Risma, and my son, Hadif Qasim Risma. Your unwavering
support, patience, and love have been my pillars of strength. Not to forget, | am deeply
thankful to my mother, Zainun Md Yusof, and my in-laws, Fauziah Ali and
Rismayuddin Idris, whose prayers and encouragement have been invaluable
throughout this journey. | am also grateful to my friends, siblings, and sister-in-law
for their continuous support and companionship and for bringing joy and positivity
into my life.

| am most indebted to my supervisor, Asst. Prof. Dr. Mohd Yusof Mohamad,
for his exceptional guidance, kindness, insightful advice, and unwavering support.
The encouragement, dedication, and moral support he extended to me were
undoubtedly instrumental in helping me complete this research work. 1 am also
grateful to my co- supervisors, Asst. Prof. Dr. Ahmad Fahmi Harun Ismail, Assoc.
Prof. Dr. Mohd Hafiz Arzmi, and Dr. Pram Kumar A/L Subramaniam, for their
valuable support and guidance, which contributed significantly to the success of this
research.

My sincere thanks also go to the Kulliyyah of Allied Health Sciences,
Kulliyyah of Pharmacy, Kulliyyah of Dentistry, Institute of Planetary Survival for
Sustainable Well-being (PLANETIIUM), and the Cluster of Cancer Research
Initiative 1IUM (COCRI), as well as the Ministry of Higher Education, for the
financial support provided under the grant (FRGS/1/2018/SKK11/UIAM/03/1),
which was vital in bringing this research to fruition. Lastly, | once again praise Allah
for His endless mercy and for granting me the strength and perseverance to complete
this thesis. Alhamdulillah.

viii



TABLE OF CONTENTS

ADSEIACT. . ..t il
ADSEraCt IN AADIC. ... i
APPIOVal PagE. ... et e WY
DECIATALION. ...ttt e %
(000]0)Y/ 410 | 1| S PRSP Vi
DediCatiON. ... ettt vii
ACKNOWIEAGEMENES. ... et viii
LiStOf TabIES. ..o Xiil
LISt OF FIQUIES oo Xiv
List 0f SYmDOIS. ..ot XViii
List Of ADDIEVIALIONS. ... ..ot XIX
CHAPTER ONE: INTRODUCTION. .....cctiiiieieieiesie et 1
1.1 Research BaCKgroUNG...........cueiveieiieieeie e e 1
1.2 Problem StateMeNt.........coouiiiiiiiii e e 4
1.3 SIgNITICANE OF STUAY ...cvieeciceee s 6
1.4 RESEAICN ODJECTIVES ....eeiiieiic ittt s raesnne e 7
1.4.1 General ODJECHIVES .....cvciuiiie ettt 7
1.4.1.1 SPECITIC ODJECHIVES......couiiiieiieieieiiese e 7
Research HYPOtESES ........c.coveiieiieiic i 8
1.5.1 General HYPOtheSIS. .......cviiieiiiiiiiiiiieieeeeee s 7
1.5.2 SPECITIC HYPOINESES. ......veiveeeieciicite et 7
1.5 Flowchart of Research Study ..........ccooiiiiiiiiiniice e 10
CHAPTER TWO: LITERATURE REVIEW..........coooiiiiiicecteeeeee e 11
2.1 PeriodoNtal DISBASE ........ccveieieieiesiisie st atesreeie et see b sbenreas 11
2.2 Management Of PeriotdONtitiS. ........oouiiiiiiiiiieieic e 12
2.2.1 Guided Tissue Regeneration/ Bone Regeneration Therapy ................. 12
2.3 Scaffold in TiSSUe ENGINEEIING.......c.oiimiiiiieieieie et 14
2.3.1 Types Of SCaffolds ..........cceoieiiii e 14
2.3.2 Collagen-Based Scaffolds............coviiniiiiiiieee e 16
2.3.2.1 Collagen-Chitosan (CC) Scaffolds ..........ccccevvevviieiiciecnnns 17
2.4 Application of Scaffold in Drug DeliVery ... 18
2.5 Encapsulation of Nano Antibiotic Scaffold..............cccooovveiiiicii e 20
2.6 Periodontal PathOgen........ ..o 21
2.7 The Rationale of AntibiotiC Therapy ........ccceveiieiieie i 23
2.7.1 Metronidazole as an Effective AntibiotiC..........cccocvvvvvieiiveiiiieiecs 24
2.7.1.1 Potential Application of Local Metronidazole ......................... 26
2.7.1.2 Metronidazole-Loaded onto Scaffold as Local Drug Delivery30
2.7.2Properties and Mechanism Action of Metronidazole............c..ccccevennee. 31

2.8 Nanoparticle in Scaffold SYStem ........cccovveiiiieiieiece e 33
2.8.1 Chitosan as NaNOCAITIEr .........cccueruerierieeiesiee e eee e 36

iX



2.9 Bone Regeneration Scaffold in Animal Model ............ccccooeeiiiiiienieen 40

2.10 Sample Size in Animal Model...........cccocooiiiiiiiii 43
CHAPTER THREE: PREPARATION AND CHARACTERISATION OF
MMETRONIDAZOLE NANOPARTICLE (MNP).....cccccviiiiaieienenese s 45

3.1 INTFOAUCTION ..viii bbbt 45
3.2 Material and Methods ..........ccviiiiiiiiiee e 47
3.2.1 Analytical Method Development and Validation........................... 47
3.2.1.1 Preparation of Stock Solution of Metronidazole ................ 47
3.2.1.2 SPECITICILY ... 48
3.2.1.3 Linearity and Calibration Curve ............ccocceeoeienieieseenne. 48
3.2 1.4 PrECISION ...ttt 49
3.2.1.5 ACCUIACY ..vviiiieiiiieiee ettt 50
3.2.1.6 RODUSENESS......vivierieiiiiesiesiesiee et 50
3.2.1.7 RUQQEUANESS. ....cveeieeriesteesieeniesieesieesiessee st sreesne e sneeseeeneas 50
3.2.1.8 Limit of Detection (LOD) and Limit of Quantification
WL CIO)E g W ST . SOSTTOIONS ORRROR 50
3.2.2 Fabrication of metronidazole nanoparticles (MNP) .................... 51
3.2.2.1 Particle size, PDI, and zeta potential .............ccccccoeevieinnnne 52
3.2.2.2 Drug encapsulation efficiency (EE) ..........ccccceviveveiveinnennn. 52
3.2.2.3 Formulation selection of MNP ..........ccccooiviiniiiinnicecn 53
3.2.2.4 Field emission scanning electron microscope (FESEM) ...55
3.2.2.5 Fourier transform infrared spectroscopy (FTIR) ............... 55
3.3ReSUIt AN DISCUSSION .....c.verviiiiiiieiiisieeeeie ettt nrens 55
3.3.1 Analytical Method Development and Validation.............cc.ccoeeee. 55
3.3.1.1 SPECIFICITY ...ecvveiviecie e 55
3.3.1.2 Linearity and Calibration Curve..............ccooevevenenencnenn. 57
3.3 1.3 PrECISION ...ttt 60
3.3.1.4 ACCUIACY ..ottt 62
3.3.1.5 RODUSENESS.....ccveeiiiiieiiieieeie et 62
3.3.1.6 RUQOEUNESS. ..ottt 64
3.3.1.7 Limit of Detection and Limit of Quantification.................. 63
3.3.2 Development of metronidazole nanoparticles (MNP) .................... 65
3.3.2.1 Particle Size, Polydispersity Index, and Zeta Potential ..... 66
3.3.2.2 Encapsulation Efficiency (EE)...............coooviiiiinnnn 70
3.3.2.3 Selection OF MNP ......ccuoiiiiiiiiiieeeeee s 71
3.3.2.4 FESEM @NAlYSIS ....ccveivieiiieiecieesie e sie st sie e 74
3.3. 25 ATR-FTIR ANAIYSIS ....ccviiaiieieieie e 76
3.4 CONCIUSION ...ttt bbbt bbb 79

CHAPTER FOUR: FABRICATION OF COLLAGEN-CHITOSAN
SCAFFOLD LOADED WITH METRONIDAZOLE NANOPARTICLE (CC-

VI P e ettt ——— 81
AT INEFOAUCTION . nenn 81
i \V] 111 ToTo (o] [0 | OSSO SSS 83

4.2.1 Fabrication OF CC-IMNP ....oooeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeae 83

X



4.2.2 Physical Characterisation of Scaffolds.............ccccooveviiiiiiiiciinnns 84

4.2.3 Pore Size and Morphology of CC-MNP ..........ccccvviiiiineniienn 84
4.2.4 Swelling Ratio of CC-MNP..........cccccoiiiiiiiiiiic e 84
4.2.5 Biodegradation Study of CC-MNP ..........ccoooiiiiniiiiiicienec e 85
4.2.6  Mechanical Analysis of CC-MNP ..........cccccooviiiiiiiieiie i 85
4.2.7  Statistical ANAIYSIS.......cceieeiiiieiieie e 86
4.3 ReSUlt and DISCUSSION ......cuiiiieiiieieiie i stee ettt see e 86
4.3.1 Fabrication of CC-MNP scaffold...........cccoceviiiiiiininiiiicce 86
4.3.1.1 Physical Characteristics of the CC-MNP Scaffold ............. 86
4.3.1.2 Morphological Properties of Scaffold...........c.ccccccveienne. 89
4.3.1.3 Pore Size of Scaffold...........ccooveeiiiiiiiiieiee e 90
4.3.1.4 Swelling ratio Of CC-MNP..........ccccoveviiiieiececee e 92
4.3.1.5 Biodegradation Study of CC-MNP.........ccccceviiieiiiirnnne 95
4.3.1.6 Mechanical ANalysisS ..........cccecvveiiereiicieese e 97
O O] Tod [ 1] o] USRNSSR 101
CHAPTER FIVE: IN VITRO STUDY COLLAGEN-CHITOSAN SCAFFOLD
LOADED WITH METRONIDAZOLE NANOPARTICLE (CC-MNP)....... 103
5.1 INEFOTAUCTION ..ottt 103
5.2 MEthOAOIOQY ... ..ccveiiiieieiieee e e 104
5.2.1 Disc Diffusion Method...........ccccoeiiiiiiiiiiiic e 104

5.2.2 In-vitro release of MT nanoparticle from Nanocarrier and CC -
MNP ... o™ ... 0 ... 105
5.2.3 Fourier Transform Infrared AnalysiS...........cccooevieieiieieeniesnnn, 105
5.2.4 Biocompatibility Analysis of CC-MNP Scaffold ........................ 106
5.2.4.1 Standard CUINVE...........ccoviieieieeie e 106

5.2.4.2 MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay..........c.ccceevervvevuenen. 106
5.2.4.3 Cellular attachment morphology on CC-MNP................. 107
5.3ReSult and DISCUSSION .....ccviruiiiiiiiiiiesieeiie e 107
5.3.1  ANIDACTErial ASSAY .......ceiiiiiiiieiiiieiie et 107
5.3.2 InVitro Drug Release..........ccccviiieiiiiiii i 112
5.3.3 FTIR MEASUIEMENT .....ccuviiiiiiiiiiiie ettt 115
5.3.4 Biocompatibility Analysis of CC-MNP Scaffold ........................ 117
5.3.4.1 Standard CUIVE...........coeiiiiiiieiie e e 117
5.3 42 MTT ASSQY ..voveieiiiieniesieeiesiesie et e s eeee e ssessesnas 120
5.3.4.3 Morphology of HGF-1 cell on CC-MNP ..........c.ccoeeueee. 122
5.4 CONCIUSION ...t 125

CHAPTER SIX: IN VIVO ASSESSMENT OF CC-MNP FOR BONE

REGENERATION IN RAT SKULL DEFECTS.....ccccoiiie e 127
TR L1 (0T 18T T o I 127
6.1.1 Rationale for ANIMal USE .........ccuvviiiiiiiii e 128

I (=1 g ToTo (o] (o]0 Y 2RSSR 129
6.2.1  Animal REQUITEMENIS ........cccoviiiiieieieee e 129

Xi



6.2.2 Source and TranSportation ...........cccccvveviveeieesiieesee e esee e 130

6.2.3  Source and TranSportation ...........ccoeerererenieneenene e 130
6.2.4 Biological Material Use for Animals...........cccccoevveviiiveeiieenen. 130
6.2.5 Experimental Design and Procedure............c.ccoovvverenenencnienne. 131
6.2.5.1 Sample SIZe......ccocoov i 131
6.2.5.2 ANAESENESIA .....ovviviiiiiieieieie e 134
6.2.5.3 Surgical ProCedure ...........cooereeieneeniee e 136
6.2.5.4 Post-Operative Observation.......................cc.ooeeene.n. 138
6.2.4.4.1 External Changes..............c..cooeeieieininn 138
6.2.5.5 Experiment ENdpoint ..........cccccoevevievniiieveece e 138
6.2.5.6 INVIVO XTQY ..ooviiiiiiieiiieicee e 139
6.2.5.7 Histological AnalysiS..........ccccvvevieiivereiiieniese e 140
6.3ReSUIt aNd DISCUSSION .....ccuviriieiieieiiie st 140
6.3.2 Post-Operative ObSErvation.............cccceeevvevesieiieese e 140
6.3.3 Radiological ObServation............ccccceeveerinieniieiiee e 144
6.3.3.1 X-ray Evaluation of Bone Defects.........c.ccccccevvennnne. 144
6.3.3.2 Analysis of Region of Interest (ROI)..........cccccvrenee 146
6.3.3.3 Quantitative Assessment of Bone Regeneration......... 147
6.3.4 Histological analysis............cccceieiiiiniiiiieeeeee s 149
6.4 CONCIUSION ...ttt et 155
CHAPTER SEVEN: CONCLUSION ......cociiiiiiiiiiieieiee e 157
/8 O] Tod 1115 [ o PR 157
7.2 FULUIE PLAN ..ot e 159
7.3 LIMItAtion OF STUAY .......coviiiieiiiieie e 160
REFERENCES ..ottt et 161
APPENDIX T  ETHICAL APPROVAL....ccoovtintrritierese et ssnne s 209
APPENDIX Il  FUL ARTICLE, CONFERENCE PROCEEDING, AND
ABSTRACT CONTRIBUTED TO THIS THESIS............... 210
APPENDIX 111 LIST OF OTHER ARTICLES, PROCEEDINGS, AND
ABSTRACT ..ottt ettt se s 217
APPENDIX IV AWARDS AND ACHIEVEMENT.......ccooiieeereeeeeeeeeves 219

Xii



Table 2.1

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 4.1

Table 4.2

Table 4.3

Table 5.1

Table 5.2

Table 6.1

Table 6.2

Table 6.3

Table 6.4

LIST OF TABLES

Summary of MT applications via LDD systems for periodontal
therapy
Experimental design for the development of MNP

Means absorbance of MT (n=3+ S.D.)

Intraday - precision (=3 + S. D.)

Interday - precision (n=3+ S.D.)

Robustness

Ruggedness

Summary of validation parameter of MT

Physicochemical properties of nanoparticles (n =3+ S.D.)
Swelling ratio of CC-MNP scaffold

Biodegradation percentage of CC-MNP scaffold

Mechanical properties of CC-MNP scaffold

Inhibition zones of CC-MNP scaffolds against P. gingivalis and F.

nucleatum
MTT assay of HGF-1 on Scaffolds with and without MNP at 1, 3,
and 7 Days

Animal requirement for rat skull defect study
Study design
Recommended anaesthesia agents based on different sources

Analysis of wound area in experimental groups at days 14 and 28

Xiii

28

54

59

60

61

63

63

64

70

93

96

98

110

121

129

133

135

142



Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4

Figure 3.2

Figure 3.3
Figure 3.4

Figure 3.5

Figure 3.6
Figure 3.7

Figure 3.8
Figure 3.9

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

LIST OF FIGURES

Vehicles used for local drug delivery of MT

Structure of MT

Schematic diagram of porous scaffolds before and after
nanoparticle incorporation

Schematic illustration of ionic cross-linking between chitosan
(CS) and tripolyphospate (TPP)

A schematic illustration of encapsulated and unencapsulated
MT nanoparticles

The A max of MT using a spectrophotometer at 320 nm
Calibration curve between absorbance vs concentration of
MT

Z-average particle size and PDI of MT nanoparticles for
Formulation F1

Zeta potential distribution

Visualisation of nanoparticle flow in periodontal disease
treatment

Images of CS (a) and MNP (b-c)

ATR-FTIR images of MT (a), CS (b), CS nanopatrticle (c),
and MNP nanoparticle (d)

The photograph of a scaffold containing different amounts of
MNP

The SEM micrographs of a scaffold containing different
amounts of MNP

The average pore size of scaffolds at different concentrations
of MNP (0 - 40% w/v). Error bars indicate the mean + S.D.
[llustration of the Swelling Behaviour of the Scaffold

27

32

36

38

53

56
58

67

68
73

75
78

88

89

91

94

Illustration of nanoparticle aggregation within the scaffold 100

Xiv



Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10
Figure 5.11

Figure 5.12

Figure 6.1

Figure 6.2

matrix

P. gingivalils (a) and F. bacterium (b) on blood agar

Gram-Positive Staining of the Rod Shape of P .gingivalis (a)
and F.bacterium (B). Magnification 100x.

Inhibition zone of scaffold loaded with MNP (0 -30% w/v) (a),
positive and negative control (b) against P. gingivalis
Inhibition zone of scaffold loaded with MNP (10% -30%) (a),
positive and negative control (b) against F. nucleatum

Drug release profile of MNP encapsulated in nanocarriers and
scaffold system

Water-induced swelling in polymer matrices for controlled drug
release

FTIR spectra of (a) CS nanocarrier and (b) MT-loaded onto CS
nanocarrier

Morphology of HGF-1 cells at 10x (a—b) and 40x (c—d)
magnification

Standard calibration curve of HGF-1 using the MTT assay

Morphology of fibroblasts on CC-MNP scaffold showing
spheroid cells (a), elongated cells with filopodia (b), cells in
contact with scaffold (c), and flattened cells (d)

Morphology of fibroblasts on empty CC scaffold showing
spheroid cells (a), elongated cells with filopodia (b), cells in
contact with scaffold (c), and flattened cells spread on the
scaffold (d)

Schematic illustration of the preparation and application of CC-
MNP scaffold in a rat skull defect model

Photograph of surgical procedure. Skin and tissue were separated
using a refractor (a), skull defects were created (b), the scaffold

was placed on the defect area (c), surgical sire was sutured (d),

XV

108

109

111

111

113

114

115

118

119
123

124

131

137



Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

and the skin was cleaned with iodine (e)

Wound area photographs of non-implanted (a—b), empty
scaffold-implanted (c—d), and MNP-loaded scaffold-implanted
groups (e—f) at days 14 and 28.

Figure 6.4 Radiographic comparison of bone healing in rats. The
defect area is marked with arrows (—), and error bars indicate
variation in radiographic bone density

ROI images of the defect area analyzed using ImageJ. Error bars
(—) indicate variation in grayscale intensity measurements
Percentage of bone regeneration in rat calvarial defects among
the control group (no scaffold implantation), the group implanted
with empty CC scaffold, and the group implanted with a CC
scaffold loaded with MNP

Histological images of rats in the control group. (a) At 0 weeks
(baseline), (b) at 4 weeks, showing OB (old bone area) and FT
(fibrous tissue)

Histological images of rats implanted with scaffolds at 4 weeks.
(a) Rats implanted with an empty scaffold, (b) rats implanted
with an MNP-loaded scaffold, showing OB (old bone area) and
NB (new bone) in the defect area. (4x magnification)
Histological images of rats implanted with scaffolds at 4 weeks.
(a-b) Rats implanted with an empty scaffold; (c-d) rats implanted
with an CC scaffold loaded MNP. The arrows indicate osteocytes
distributed within the bone matrix (100x magnification)
Schematic Diagram of the sequential release of MNP,
biodegradation of the CC scaffold, and subsequent tissue and

bone regeneration over time

XVi

141

145

146

147

149

151

152

153



LIST OF SYMBOLS

RSD Relative standard deviation
LOD Limit of detection
S.D. Standard deviation of the response

m Slope
Amax maximum absorbance
E Young Modulus (MPA)

o Stress applied to the material (MPA)
€ Strain

E Sample size of animals

XVii



LIST OF SYMBOLS

3D Three dimensional

3Rs Replacement, reduction, and refinement
ATCC American Type Culture Collection
BMP-2 Bone morphogenetic protein-2

CC-MNP Collagen-Chitosan Scaffold Loaded with Metronidazole Nanoparticle

CMUIACUC Institutional Animal Care and Use Committee of China Medical University

Co-Cr Cobalt-chromium

CS Chitosan

CSD Critical-size defect

DHT Dehydrothermal treatment
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid
EE Encapsulation efficiency

EVA Ethylene vinyl acetate

FDA Food and Drug Administration
FDI FDI World Dental Federation
FESEM Field Emission Scanning Electron Microscope
FT Fibrous tissue

XViii



FTIR Fourier Transform Infrared Spectroscopy

GBD Global Burden Disease

GBR Guided Bone Regeneration

GDP Gross Domestic Product

GTR Guided Tissue Regeneration

HA Hydroxyapatite

HGF-1 Human Gingival Fibroblast cells

HPLC High-performance liquid chromatography
H&E Haematoxylin and eosin

IACUC Institutional Animal Care and Use Committee

ICH Q2(R1) International Conference on Harmonisation

KB Kirby-Bauer

LDD Local drug delivery

MIC Minimal Inhibitory Concentration
Mg Magnesium

MT Metronidazole

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NB New bone

NCDs Non-Communicable Diseases
OB Old bone

OVAT One-Variable-at-a-Time

PDI Polydispersity

PE Polypropylene

PEG Polyethylene glycol

PGA Polyglycolic acid

XixX



PHB Poly(3-hydroxybutyrate)

PLA Poly (lactic acid)

PLBW Premature and Low Birthweight

PLGA Poly (lactic-co-glycollic acid)

PLLA Poly L-lactic acid

PMMA Polymethyl Methacrylate

PMNs Human Polymorphonuclear Neutrophils
PP Polymethyl Methacrylate

PVP Polyvinylpyrrolidone

rhBMP-2 Recombinant human BMP-2

ROI Region of Interest

RSD Relative standard deviation

SDGs Sustainable Development Goals

SRP Scaling and Root Planning

TPP Tripolyphosphate

ULAM University of Michigan’s Unit for Laboratory Animal Medicine
UV-Vis Ultraviolet visible spectroscopy

WHO World Health Organisation

XX



CHAPTER ONE

INTRODUCTION

1.1 RESEARCH BACKGROUND

Periodontal disease is recognised as a major global oral health burden in developed and
developing countries. The Global Burden of Disease (GBD) study estimates that as of 2019,
severe periodontal disease affected approximately 10.8% of the global population aged 15
years and older. This condition, which involves chronic inflammation of the tissues
supporting the teeth, can lead to tooth loss and other serious health complications if not
properly managed. According to the World Health Organization (WHO), this issue is a
major concern, especially in noncommunicable diseases, requiring more attention and
preventive measures (Chen et al., 2021). In Malaysia, periodontal disease continues to be a
major public health concern. The Ministry of Health Malaysia (2020) reported that
approximately 94.5% of Malaysian adults were affected by periodontal disease. The
economic burden of managing periodontitis in Malaysia was estimated at around MYR
32.5 billion, representing 3.83% of the 2012 Gross Domestic Product (GDP). This total
encompasses the costs of treating moderate and severe disease cases (Dom et al., 2016).
Severe periodontal disease, also known as advanced periodontitis, is marked by extensive
inflammation of the gums, significant loss of the supporting bone structure, deep
periodontal pockets, and mobility of teeth. If not properly managed, it can lead to serious
complications, including tooth loss (Kwon et al., 2021; Salvi et al., 2023). Guided bone
regeneration (GBR) therapy has emerged as a promising approach in the treatment of
periodontal disease (Wang et al., 2023). In the context of GBR therapy, scaffolds highlight
a significant potential in periodontal regeneration, particularly with ongoing research
advancement in biomaterial technology (Chen et al., 2024). Scaffolds are designed to
mimic the natural extracellular matrix, promoting the growth and integration of new bone
tissue while protecting the regenerating site from mechanical disruptions and bacterial
invasion (Woo et al., 2021). By enhancing the regenerative capacity of the periodontal

tissues, scaffolds improve clinical outcomes and contribute to the overall effectiveness of
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periodontal treatment (Valamvanos et al., 2024). The use of animal-derived scaffolds,
particularly from bovine and porcine sources in GBR for periodontal disease raises several
concerns, including cultural and ethical issues related to religious restrictions and animal
welfare, as well as risks associated with disease transmission and allergic reactions. These
challenges highlight the need for alternative materials and approaches that address safety
and patient acceptability (Nurilmalaetal., 2022). Fish-derived scaffolds have been explored
as a promising alternative to traditional animal-derived biomaterials due to their ethical and
cultural acceptability, biocompatibility, and sustainability. These scaffolds, often made
from fish scales or collagen, offer several advantages for tissue engineering applications
while addressing some of the concerns associated with terrestrial animal sources (Yamada
et al., 2014; Zain & Hamdan, 2021). Among the numerous biomaterials developed from
different sources, the collagen-chitosan (CC) scaffold has gained significant attention in the
field of tissue engineering and regenerative medicine due to its promising properties such
as biocompatibility, biodegradability, and structural versatility, making it a suitable
candidate for various biomedical applications (Irastorza et al., 2021; Martinez et al., 2015;
Parenteau-Bareil et al., 2010). However, a major issue with current scaffolds is their
susceptibility to infection due to their colonisation by pathogens in the periodontal pocket
during the bone healing process, which decreases the amount of regenerated bone (Ma et

al., 2016).

The use of scaffolds in GBR poses notable risks during the healing process,
particularly due to their susceptibility to microbial contamination. The colonisation of
scaffolds by periodontal pathogens such as Porphyromonas gingivalis and Fusobacterium
nucleatum has been shown to compromise tissue integration and impair bone regeneration
outcomes (Wang et al., 2023). While systemic antibiotic therapy is commonly used to
manage infection, it often results in challenges such as bacterial resistance, gastrointestinal
disturbances, and allergic reactions. Furthermore, achieving and maintaining effective drug
concentrations at the targeted site remains difficult, leading to the development and
preference for localised antibiotic delivery methods (Zucchelli et al., 1999). Several
antibiotics have been explored for local delivery in periodontal regeneration, including

tetracycline, minocycline, doxycycline, amoxicillin, clindamycin, and ciprofloxacin, each
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selected based on their antimicrobial spectrum and compatibility with delivery systems (Al-
Delayme, 2017; Jain et al., 2020; Sedghi et al., 2021). Among these, metronidazole (MT)
has gained special interest due to its selective efficacy against obligate anaerobes such as
P. gingivalis and F. nucleatum, which are key pathogens interfering with scaffold
integration and bone healing (Dingsdag & Hunter, 2018; Nastri et al., 2019). These
pathogens produce toxins and proteolytic enzymes that degrade extracellular matrix
proteins and hinder the regenerative capacity of scaffolds, thereby contributing to GBR
failure (Valamvanos et al., 2024). Although MT gel has been locally applied to reduce
microbial loads in periodontal pockets, limitations such as rapid clearance and inadequate
retention at the site have restricted its long-term efficacy. As a result, advanced strategies
involving the encapsulation of MT into nanoparticulate drug delivery systems have been
developed to enhance therapeutic outcomes. Embedding metronidazole-loaded
nanoparticles (MNP) into biodegradable scaffolds offers dual benefits, sustained, localised
release of the antibiotic and simultaneous support for cellular infiltration and new bone
formation (Garg et al., 2018; Xue et al., 2014). These scaffolds not only act as physical
barriers and regenerative matrices but also serve as reservoirs for controlled drug delivery,
thereby improving infection control and regeneration efficiency (Chen et al., 2024).
Therefore, this study aims to formulate MNP and incorporate them into a CC scaffold for
enhanced periodontal bone and tissue regeneration. The experiment was divided into (1)
the development and characterisation of metronidazole-loaded nanoparticles (MNP), (2)
the assessment of CC scaffolds with and without MNP in terms of their physicochemical
properties, (3) antimicrobial, (4) biocompatibility properties, and (5) pre-clinical in vivo
bone regeneration capacity. This study focuses on the development of enhanced CC
scaffolds with targeted drug delivery, which may contribute to future improvements in
periodontal therapy. Moreover, the use of fish-derived collagen supports sustainability by
utilising marine by-products, while contributing to innovation in biomaterials and localised

drug delivery for periodontal regeneration.



1.2 PROBLEM STATEMENT

Periodontitis is a progressive and destructive inflammatory disease that compromises the
soft tissue and alveolar bone supporting the teeth. If left untreated, it leads not only to tooth
loss but also contributes to systemic complications, including diabetes mellitus and
cardiovascular diseases (Chen et al., 2021). The persistence of periodontitis in the
population places a substantial burden on both individual health and national healthcare
systems. In Malaysia, this issue is especially severe. According to the National Oral Health
Survey of Adults (NOHSA) 2020, 94.5% of Malaysian adults show signs of periodontal
disease, with only 5.1% exhibiting a healthy periodontium (Ministry of Health Malaysia,
2020). The management of periodontitis was previously estimated to cost MYR 32.5 billion
annually, representing 3.83% of Malaysia’s Gross Domestic Product (GDP) and exceeding
the Ministry of Health’s 2012 annual budget by 60.6% (Dom et al., 2016). A more recent
estimate showed that non-surgical periodontal treatments alone impose a financial burden
of MYR 696 million annually in Malaysia’s public and private sectors (Yusof et al., 2024).
Without effective regenerative therapies, these costs are expected to rise due to increased
disease prevalence and aging demographics. These statistics highlight a persistent public
health challenge that urgently requires innovative and sustainable solutions. GBR
represents a significant advancement in periodontal therapy, aiding bone healing by
providing a physical barrier that supports cellular migration and tissue regeneration (Alavi
et al., 2023). Traditional GBR materials, including non-resorbable scaffolds such as
poly(lactic-co-glycolic acid) (PLGA), gelatin sponges, and bioactive ceramics, require
secondary surgery for removal, increasing the risk of infection and patient discomfort
(Shimauchi et al., 2013; Abtahi et al., 2023). This has led to growing interest in developing
resorbable scaffold materials that eliminate the need for surgical retrieval while still
supporting bone regeneration. Among various biomaterials, fish-derived collagen has
attracted attention due to its excellent biocompatibility, availability, and reduced zoonotic
risk. However, However, collagen alone has limitations, such as poor mechanical strength
and rapid degradation. To overcome these issues, it has been cross-linked with CS, resulting
in composite scaffolds with enhanced structural stability and regenerative potential (Zain

& Hamdan, 2021). Despite these advancements, infection remains a critical challenge in
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GBR, as microbial colonisation can compromise healing and reduce bone regeneration.
Bacterial colonisation of scaffolds particularly by periodontal pathogens like
Porphyromonas gingivalis and Fusobacterium nucleateun can impair healing by producing
proteolytic enzymes that degrade the extracellular matrix (Valamvanos et al., 2024). While
systemic antibiotics are commonly used to combat these infections, they are often
associated with systemic side effects, rising antimicrobial resistance, and limited drug
availability at the targeted site (Zucchelli et al., 1999). As a result, several antibiotics
including tetracycline, minocycline, doxycycline, amoxicillin, clindamycin, and
ciprofloxacin have been investigated for local delivery in periodontal applications (Al-
Delayme, 2017; Jain et al., 2020; Sedghi et al., 2021). Among these, MT has attracted
considerable interest due to its selective efficacy against obligate anaerobic bacteria,
minimal disturbance to beneficial oral flora, low systemic toxicity, and established clinical
use. However, topical delivery of MT is limited by poor drug retention at the infection site,
rapid salivary clearance, and insufficient sustained release (Garg et al., 2018; Xue et al.,
2014). Among these, MT has attracted considerable interest due to its selective efficacy
against obligate anaerobic bacteria, minimal disturbance to beneficial oral flora, low
systemic toxicity, and established clinical use. However, topical delivery of MT is limited
by poor drug retention at the infection site, rapid salivary clearance, and insufficient
sustained release (Garg et al., 2018; Xue et al., 2014). To address these limitations, recent
studies have explored the incorporation of MT into nanoparticulate drug delivery systems
embedded within biodegradable scaffolds. This approach offers dual benefits, sustained,
site-specific antibiotic release and structural support for tissue regeneration (Garg et al.,
2018; Xue et al., 2014). These composite scaffolds act not only as regenerative matrices
but also as antimicrobial reservoirs, significantly enhancing both infection control and bone
healing (Chen et al., 2024). Therefore, the development and evaluation of a MT-loaded CC
scaffold addresses a critical gap in current periodontal therapy by offering an integrated

solution to control infection and promote periodontal bone regeneration.



1.3 SIGNIFICANT OF STUDY

The 11" Malaysian Plan highlights the importance of research, development, and
commercialisation in enhancing both national and organisational competitiveness and
sustainability. Within this framework, health-related innovation particularly in clinical
interventions, dentistry, pharmacy, and epidemiology, is recognised as a key contributor to
Malaysia’s Gross Domestic Product (GDP) and the advancement of public healthcare. In
line with these national priorities, this study presents a novel advancement in GBR
technology through the development of a bioactive scaffold with antibacterial properties.
Compared to traditional GBR scaffolds, the proposed biomaterial offers a more affordable
and sustainable alternative by utilising the fish derived collagen crosslinked with CS. This
highlights the potential use of underexploited marine by-products such as tilapia skin and
scales as a future sustainable resource. These by-products, widely available through
Malaysia’s aquaculture and fish processing industries, could offer a local, low-cost
alternative for collagen production in future scaffold manufacturing. This approach may
help reduce reliance on imported biomaterials and contribute to domestic economic
development and sustainability. Currently, many GBR materials in the market are derived
from expensive or culturally sensitive sources. For example, AlloDerm (LifeCell, USA) is
sourced from human cadaveric dermis, Lyoplant (B. Braun, Germany) is derived from
bovine pericardium, and Bio-Gide (Geistlich Pharma, Switzerland) is produced from
porcine collagen. These materials pose challenges not only in terms of cost and accessibility
but also in terms of cultural and religious acceptance, particularly in multiethnic societies.
In contrast, marine-based collagen represents a promising alternative that could address
these issues while supporting local industry and resource circularity. Beyond economic and
resource advantages, the scaffold developed in this study incorporates MNP, enabling
sustained, site-specific antibiotic release. This dual functionality addresses a critical
limitation in GBR applications, bacterial contamination during the healing process which
often compromises the regenerative outcome. By enhancing both bone regeneration and
localised infection control, the scaffold improves therapeutic effectiveness in clinical
settings where pathogenic organisms such as Porphyromonas gingivalis and

Fusobacterium nucleatum are prevalent. Given that periodontitis is a prevalent oral
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condition with strong links to systemic diseases such as diabetes and cardiovascular
disease, this study supports broader public health efforts to manage chronic disease through
improved periodontal care. Moreover, the development of a locally relevant, cost-effective,
and scalable scaffold has the potential to alleviate financial pressures on Malaysia’s
healthcare system by improving treatment outcomes and reducing long-term care needs. In
summary, this study provides an innovative, practical, and culturally adaptable contribution
to periodontal regenerative therapy. It not only advances clinical treatment strategies but
also opens opportunities for future material sourcing from sustainable marine by-products.
As such, it supports national goals in health innovation, economic resilience, and

bioresource utilisation.

1.4 RESEARCH OBJECTIVE

1.4.1 General Objective

To develop and characterise CC-MNP scaffolds and evaluate their potential for periodontal

bone regeneration through in vitro and in vivo studies.

1.4.1.1 Specific Objectives

The specific objectives of this study were outlined as follows:

For chapter 3: The objective of this chapter is to develop and validate a UV
spectrophotometric method for quantifying MT in CS noncarrier, ensuring that it meets the
standards set by the ICH Q2(R1) guidelines. The chapter also aims to formulate MT loaded
onto CS nanocarrier using ionic gelation and to characterise their size, stability (zeta
potential), morphology, and encapsulation efficiency to ensure their suitability for treating

local periodontal disease.



For chapter 4: The objective of this chapter is to fabricate CC scaffolds incorporating MNP
at various concentrations and to conduct an extensive evaluation of the scaffolds' properties,
including pore size, swelling behaviour, biodegradation rate, and mechanical properties, to

assess their suitability for periodontal therapy.

For chapter 5: The objective of this chapter is to evaluate the effectiveness of the CC-MNP
scaffold in inhibiting the growth of Porphyromonas gingivalis (ATCC 3327) and
Fusobacterium nucleatum (ATCC 25586) in vitro, characterise the in vitro drug release
profile of MT over 14 days, and analyse the molecular interactions within the scaffold using
FTIR measurements. Additionally, the study will assess the biocompatibility of the CC-
MNP scaffold with human gingival fibroblast cells (HGF-1) to ensure support for cell

viability and proliferation necessary for periodontal bone regeneration.

For chapter 6: The objective of this chapter is to conduct surgical procedures utilizing a rat
skull defect model to mimic conditions with periodontal disease. The study aims to evaluate
the effectiveness of the CC scaffold loaded with MNP nano-antibiotics in enhancing new
bone formation within the skull defect compared to control groups. This evaluation will
involve imaging techniques (X-rays) and histological analysis to assess the integration of
the scaffold with the surrounding bone and the presence of new bone formation. The CC
scaffolds loaded with MNP will effectively promote periodontal bone and tissue

regeneration, leading to enhanced healing compared to scaffolds without MNP

1.5 RESEARCH HYPOTHESES

1.5.1 General Hypotesis

The CC scaffolds loaded with MNP will effectively promote periodontal bone and tissue

regeneration, leading to enhanced healing compared to scaffolds without MNP
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1.5.2 Specific Hypotheses

Hypotheses for Chapter 3 (Nanoparticle Formulation and Characterisation):

The development and validation of the UV spectrophotometric method will meet the ICH
Q2(R1) guidelines for accurately and reliably quantifying MT in CS nanoparticle. MT-
loaded CS nanoparticles formulated via ionic gelation will exhibit optimal size, stability,

morphology, and efficiency for effective drug delivery in periodontal applications.

Hypotheses for Chapter 4 (Scaffold Fabrication and Characterisation):

CC scaffolds with incorporated MNP will exhibit favourable properties, such as adequate
pore size, controlled swelling, appropriate biodegradation rates, and mechanical properties

suitable for periodontal therapy.

Hypotheses for Chapter 5 (Antibacterial Activity, Drug Release, and Biocompatibility):

The CC-MNP scaffold will inhibit the growth of P. gingivalis and F. nucleatum in vitro.
The MT released from the CC-MNP scaffold will follow a controlled release profile over
14 days, with an initial burst release followed by a sustained release phase. The CC-MNP
scaffold will be biocompatible with human gingival fibroblast (HGF-1) cells, supporting
cell viability and proliferation necessary for periodontal bone regeneration.

Hypotheses for Chapter 6 (Animal Model and In Vivo Assessment):

The CC scaffold loaded with MNP will promote new bone formation in the periodontal

defect area compared to control groups, as evidenced by imaging and histological analysi
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CHAPTER TWO

LITERATURE REVIEW

2.1 PERIODONTAL DISEASE

Periodontal disease encompasses a range of inflammatory conditions affecting the tissues
surrounding the teeth and remains a significant global public health concern. It affects a
large proportion of the adult population, with severe forms such as aggressive periodontitis
causing rapid attachment loss and bone destruction, particularly in adolescents and young
adults (Hung etal., 2023). The disease spectrum begins with gingivitis, which is a reversible
condition characterised by red, swollen gums and bleeding on probing due to dental plaque
accumulation (Pahuja, 2019). If left untreated, gingivitis may progress to periodontitis, an
irreversible condition involving not only inflammation but also the degradation of the
periodontal ligament and alveolar bone (Hajishengallis & Lamont, 2012; Salvi et al., 2023).

Periodontitis is marked by the formation of periodontal pockets where bacteria and
inflammatory mediators accumulate, leading to progressive destruction of periodontal
support structures (Armitage, 1999). The systemic impact of periodontitis is profound and
multifaceted, as it contributes to chronic systemic inflammation and is associated with an increased
risk of several non-communicable diseases, including cardiovascular disease, diabetes, and adverse
pregnancy outcomes (Sanz et al., 2020). Additionally, research has drawn connections
between periodontal disease and conditions such as rheumatoid arthritis, adverse pregnancy

outcomes, and even certain cancers (Winning & Linden, 2017).

The underlying mechanisms involve the translocation of periodontal pathogens and
their byproducts into the systemic circulation, which triggers inflammatory and immune
responses in distant organs (Hajishengallis & Lamont, 2012; Preshaw et al., 2012). This is
consistent with the focal infection theory first proposed by Miller in 1891, which suggested

that oral infections could impact systemic health. Contemporary evidence supports this
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theory, particularly in the context of preterm and low-birthweight (PLBW) deliveries,

where infections are implicated in 30% to 50% of cases (Saini et al., 2010).

In this context, understanding the pathogenesis and systemic implications of
periodontal disease highlights the urgent need for effective, targeted, and sustainable
treatments. This underscores the importance of developing novel therapeutic strategies,
such as localised drug delivery systems and bioactive scaffolds, which this study aims to
explore. These approaches could significantly enhance clinical outcomes by addressing
both microbial control and tissue regeneration on a single platform.

2.2 MANAGEMENT OF PERIODONTITIS

Periodontitis management is crucial for preventing tooth loss and reducing the risk of
systemic complications associated with this chronic inflammatory disease. A
comprehensive management strategy includes both surgical and non-surgical approaches,
such as scaling and root planing, guided tissue regeneration (GTR), guided bone
regeneration (GBR), and the adjunctive use of antibiotics like MT (Moskvin & Khadartsev,
2024; Graziani et al., 2018). Furthermore, emerging therapies such as light-activated
antibacterial treatments and antimicrobial photodynamic therapy (aPDT) have shown
promise in improving treatment outcomes in severe cases (Sidlauskiené et al., 2024;
Kademani et al., 2024). These advances highlight the shift toward multimodal therapies
that combine antimicrobial control and tissue regeneration. The integration of MT into a
CC scaffold supports targeted antibacterial action while providing regenerative support,

enhancing overall treatment efficacy and aligning with current innovations.

2.2.1 Guided Tissue Regeneration/ Bone Regeneration Therapy

Guided tissue regeneration (GTR) and guided bone regeneration (GBR) are advanced
surgical techniques employed in periodontology and implant dentistry to restore

periodontal tissues and alveolar bone, respectively. These techniques are crucial for
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managing tissue deficiencies resulting from periodontal disease, trauma, or surgical
interventions. In the 1980s, guided tissue regeneration (GTR) was introduced, proposing
that regeneration of a specific tissue type could be achieved by allowing regenerative cells
to populate the defect during the healing process. Similarly, Guided Bone Regeneration
(GBR) was developed based on this principle but focused on bone regeneration. GBR aims
to prevent unwanted soft tissue from invading the bone defect, allowing only bone-forming

cells to repopulate the area (Nyman, 1991; Retzepi & Donos, 2010).

Tissue engineering and regenerative medicine have significantly advanced the
treatment of bone loss caused by disease, trauma, or cancer. A key element in these
techniques is the use of engineered scaffolds or barrier membranes, which can be either
biodegradable or non-biodegradable. These scaffolds provide structural support and guide
the regeneration process (McGovern et al., 2018). Biomimetic materials, such as collagen,
are crucial in GTR and GBR. Collagen mimics the native extracellular matrix (ECM) and
supports cell recruitment, adhesion, proliferation, differentiation, and neo-tissue formation
(Ebert & Greenberg, 2008). Synthetic biomaterials like polylactic acid (PLA) and
hydroxyapatite enhance scaffold performance. These materials offer benefits such as
controlled degradation rates and mechanical stability, essential for successful regeneration
(McGovern et al., 2018). Clinical studies have demonstrated that GTR and GBR effectively
improve clinical outcomes. GTR techniques enhance clinical attachment levels and reduce
probing depths in periodontal defects, improving overall periodontal health. GBR is
successful in restoring bone volume and contour, which facilitates successful implant
placement and improves aesthetic outcomes (Gottlow et al., 1986; Needleman et al., 2006).
The incorporation of MT-loaded nanoparticles into CC scaffolds, as proposed in this study,
aligns with current trends in enhancing scaffold performance. This approach enables site-
specific antimicrobial delivery and creates a regenerative environment conducive to bone

and tissue healing, addressing two critical challenges in periodontal therapy.
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2.3 SCAFFOLD IN TISSUE ENGINEERING

Since the first term “tissue engineering” emerged in the late 1990s, biomaterial-based
scaffolds have played a vital role in GBR by providing mechanical stability and creating a
favourable environment for cellular activity, essentially replicating native tissue functions
(Ebert & Greenberg, 2008). Scaffolds serve as three-dimensional structures that support
cell adhesion, proliferation, and differentiation, ultimately forming new tissue. Scaffolds
are three-dimensional structures that enable cell attachment, proliferation, and
differentiation to form new tissue. Their core functions include mimicking the ECM,
offering mechanical support, and guiding tissue formation. Ideally, these scaffolds degrade
at a controlled rate, making way for newly regenerated tissue (O’Brien, 2011; Patterson et
al., 2010). An ideal 3D tissue-engineered scaffold mimicks native tissue by providing a
suitable environment for tissue repairs such as low toxicity, high porosity, biocompatibility,
and suitable absorbability, allowing water vapour to pass through and promoting cell
growth while protecting against infections (EI-Shanshory et al., 2022). Secondly, an ideal
scaffold for GBR must meet specific mechanical and structural requirements. It should
provide adequate support to maintain the space for new bone formation while resisting
collapse or deformation. Mechanical strength, porosity, and structural integrity are crucial
factors that influence the scaffold’s effectiveness in guiding bone regeneration and
supporting newly formed tissue (McGovern et al., 2018). These characteristics underscore
the rationale for selecting CC as the base material in this study. Collagen offers biological
compatibility, while CS contributes structural strength. The scaffold’s ability to stimulate
natural ECM and degraded in parallel with new tissue formation makes it ideal for

periodontal bone regeneration applications.

2.3.1 Types of Scaffolds

Scaffolds used in guided bone regeneration fall broadly into two categories, non-resorbable
and resorbable. Non-resorbable scaffolds, such as metallic structures and certain synthetic
polymers, offer durable support but may elicit foreign body responses or necessitate

surgical removal. Common non-degradable materials include titanium, cobalt-chromium

14



alloys, and polymers like polyethylene and PMMA, which offer mechanical resilience but
often lack bioactivity (Alavi et al., 2023; Maitz, 2015; Nikolova & Chavali, 2019).

Non-resorbable scaffolds are intended to remain permanently within the body,
offering long-term structural support without being broken down or absorbed by the
surrounding tissue (Alavi et al., 2023). Metallic 3D scaffolds, as first-generation bone
substitute materials, are particularly favoured for load-bearing applications due to their high
mechanical strength, fatigue resistance, and ease of manufacturing, with common materials
including titanium, stainless steel, cobalt-chromium (Co—Cr) alloys, and magnesium (Mg).
Synthetic polymer materials are also extensively used in tissue repair due to their
advantageous properties, such as biocompatibility, consistent mechanical and physical
characteristics, workability, and cost-effectiveness. Examples of these materials include
polyethene (PE), polypropylene (PP), and polymethyl methacrylate (PMMA) (Maitz, 2015;
Nikolova & Chavali, 2019). While non-resorbable scaffolds provide long-term support,
they can pose challenges such as biomaterial stiffness. This may lead to soft tissue
degradation and subsequent failure within the first three weeks after membrane
implantation. This can expose the area to bacterial infection, chronic inflammation, and
foreign body reactions and potentially necessitate a second surgical procedure for removal
(Gentile et al., 2011).

In contrast, resorbable scaffolds degrade over time and are naturally replaced by
regenerating tissue. Materials such as polylactic acid (PLA), polyglycolic acid (PGA), and
collagen have shown promise in this regard (lkada, 2006; Rezwan et al., 2006). Natural
scaffolds like collagen, gelatin, and CS offer excellent biocompatibility and bioactivity,
mimicking ECM and encouraging cellular processes. However, these natural biomaterials
are sometimes limited by inconsistent source quality and rapid degradation rates (El-
Shanshory et al., 2022). The present study’s scaffold selection is grounded in the advantages of
resorbable natural biomaterials. The collagen—chiotsan composite harnesses collagen's bioactivity
and CS's durability, forming a synergistic platform capable of supporting bone regeneration while
providing localised drug delivery. This alignment between material properties and therapeutic

objectives reinforces the scaffold’s potential as a next-generation GBR material.
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2.3.2 Collagen-Based Scaffolds

In Collagen-based scaffolds are increasingly used in regenerative medicine due to their
biocompatibility and structural similarity to the natural ECM. As the most abundant ECM
protein, collagen supports cellular adhesion, proliferation, and differentiation, a key process
in tissue repair (Zhao et al., 2023). Traditionally, collagen is sourced from mammalian
tissues such as bovine and porcine origins. However, concerns over disease transmission,
including bovine spongiform encephalopathy (BSE), and religious or cultural restrictions
have spurred interest in alternative sources like marine collagen (Zhang et al., 2021).
Marine-derived collagen, particularly from fish like tilapia, cod, salmon, and carp, has
gained traction for its lower immunogenicity and eco-sustainable origin. For instance,
collagen extracted from tilapia skin demonstrates promise for scaffold production with
minimal waste and high acceptance across diverse populations (Gaikwad & Kim, 2024;
Lim et al., 2019). Marine collagen, mainly derived from fish, has emerged as a promising
alternative due to its biocompatibility, low immunogenicity, and environmental benefits. For
instance, collagen extracted from tilapia skin has been identified as a viable biomaterial for
scaffold production, aligning with environmental sustainability and religious requirements
(Gaikwad & Kim, 2024; Lim et al., 2019). Moreover, the use of fish by-products for collagen
extraction not only minimises waste but also enhances the financial value of fishery products
(Zain & Hamdan, 2021). However, collagen scaffolds face challenges such as rapid degradation
and poor mechanical strength, which limit their application in long-term tissue engineering
(Yan et al., 2010). Despite these advantages, collagen scaffolds face challenges, notably
rapid degradation and limited mechanical strength, which can hinder their application in
long-term tissue engineering. To address these issues, researchers have explored various
cross-linking techniques and the incorporation of other biomaterials. For example,
combining collagen with CS has been shown to enhance the structural integrity and
functionality of the scaffolds. This approach not only improves mechanical properties but
also aligns sustainability goals and cultural considerations, supporting broader adoption of

the developed scaffolds.

16



2.3.2.1 Collagen-chitosan (CC) Scaffolds

In recent years, research on collagen-based scaffolds has progressed significantly, focusing
on improving mechanical strength, biocompatibility, and degradation behaviour through
advanced cross-linking techniques and the integration of composite materials (Kaczmarek-
Szczepanska et al., 2023). Among these, CC composite scaffolds have emerged as
promising candidates due to their synergistic properties. Collagen facilitates biological
recognition and cell adhesion, while CS contributes to mechanical reinforcement (Grabska-
Zielinska et al., 2021; Przybylek et al., 2023). Together, they form a bioactive and
biodegradable matrix that closely mimics the ECM, making them highly suitable for
applications in bone, cartilage, skin, and periodontal regeneration (Filippi et al., 2020).

Grabska-Zielinska et al. (2021) reported that the incorporation of dialdehyde
chitosan (DAC) improves the physicochemical properties of collagen-based scaffolds
without compromising cellular viability, reinforcing their potential in tissue regeneration.
Furthermore, molecular simulations by Przybytek et al. (2023) demonstrated that
environmental pH and ionic concentrations significantly influence CC interactions,
offering critical insights for optimising fabrication protocols. The high porosity and
interconnected pore network of these scaffolds create a favourable environment for drug
encapsulation and controlled release (Li et al., 2021). This dual functionality is particularly
beneficial in periodontal and orthopaedic contexts, where simultaneous tissue regeneration

and infection control are essential (Chacon et al., 2023).

Recent advancements in scaffold fabrication, including electrospinning and 3D
bioprinting, have enabled the incorporation of growth factors, nanoparticles, and antibiotics
into the CC matrix (Dasgupta et al., 2023). For instance, Liu et al. (2021) utilised 3D-
printed CC scaffolds embedded with brain-derived neurotrophic factor (BDNF),
demonstrating multifunctional therapeutic potential in spinal cord injury repair. The
excellent biocompatibility and minimal immunogenicity of these scaffolds support their
clinical translation, particularly when the degradation rate is synchronised with new tissue

formation (Hidalgo-Vicelis et al., 2020). Additionally, sourcing collagen and CS from halal
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and sustainable materials, such as fish skin and fungi, aligns with ethical, cultural, and
environmental values, thereby enhancing public acceptance and global commercialisation
prospects (Nurilmala et al., 2022; Coppola et al., 2020; Hug et al., 2022).

2.4 APPLICATION OF SCAFFOLD IN DRUG DELIVERY

Recent advancements in scaffold technology have led to the development of third-
generation scaffolds designed to serve dual purposes such as barriers and drug delivery
devices (Sam & Madhavan Pillai, 2014). These advanced scaffolds provide structural
support and enable the controlled release of therapeutic agents, including antibiotics, anti-
inflammatory drugs, growth factors, proteins, nucleic acids, and herbal extracts (Yang et
al., 2019). For instance, asymmetric membranes loaded with nanoparticles have been
engineered for targeted drug delivery, optimising drug release profiles to improve

therapeutic outcomes (Da Silva et al., 2016).

Controlled drug delivery through scaffolds can be achieved by physically or
chemically adsorbing drugs onto the scaffold's surface, encapsulating drugs within the
scaffold, or incorporating drug delivery systems into the scaffold (Rambhia & Ma, 2015).
Drugs attached to the scaffold surface via surface loading allow for rapid release, leaving
little to no residual drug in the implanted materials after a set release period. This reduces
the harmful effects of residual drugs on subsequent bone regeneration and is particularly
useful for delivering high doses of drugs to control infections in the early stages of
implantation (Wei et al., 2019). The surface attachment of antimicrobial agents on scaffolds
can rapidly respond to bacterial contamination, thereby preventing infection and promoting
healing (Liang et al., 2022; Sheehy et al., 2025). Drug release from scaffolds can occur
through diffusion or via the degradation of the scaffold or encapsulating material (Rambhia
& Ma, 2015). CC scaffolds have been explored as drug delivery systems for controlled
release applications. Advances in scaffold design include incorporating stimuli-responsive
elements and improved drug loading capacities, allowing drug release in response to

specific stimuli such as changes in pH, temperature, or enzymatic activity (Schoeller et al.,

18



2021). CS-based scaffolds are especially effective in responsive release due to their pH-
sensitive nature (Kumar et al., 2021). With its pH-sensitive properties, CS is well-suited for
targeted drug delivery in slightly acidic environments, such as inflamed or infected tissues
(Donos et al., 2015). For example, CC-MNP has shown the potential to promote bone
regeneration by delivering antibiotics directly to the implantation site (Porgham Daryasari
et al., 2019). Integrating drug-loaded scaffolds into tissue engineering strategies represents
asignificant advancement in the field, allowing for the simultaneous delivery of therapeutic

agents and providing structural support for tissue regeneration.

Pre-clinical trials investigating scaffold-based drug delivery systems have
demonstrated significant promise across various medical applications, particularly in
wound healing and bone regeneration. In wound healing, scaffold-based systems have been
employed to deliver growth factors, antibiotics, and anti-inflammatory agents, facilitating
faster and more efficient tissue repair. For instance, the use of nanoparticles in a diabetic
mouse model has shown potential for promoting wound healing, suggesting their utility as
dressings for patients with diabetic foot ulcers (Losi et al., 2013). In bone regeneration,
scaffold-based drug delivery systems have been notably successful in promoting the repair
of bone defects and enhancing the integration of bone grafts. A prominent clinical trial
examined the use of hydroxyapatite (HA) scaffold combined with bone morphogenetic
protein-2 (BMP-2) for treating critical-sized bone defects. Results indicated that patients
receiving the BMP-2-loaded scaffold exhibited significantly higher bone regeneration and
graft integration rates than those treated with the scaffold alone (Deininger etal., 2022). This
finding underscoresthe critical role of localised BMP-2 delivery in stimulating osteogenesis
and accelerating the healing process. Further clinical trials have explored the incorporation
of hydroxyapatite into collagen scaffolds, which has been shown to enhance the
therapeutic efficacy of recombinant human BMP-2 (rhBMP-2). This combination has
demonstrated superior bone healing and regeneration in weight-bearing femoral defect
models compared to collagen-only scaffolds (Lackington et al., 2021). Integrating
antibiotics and growth factors into scaffolds also shows promise for promoting new bone

growth and supporting the healing process.
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Overall, scaffold-based drug delivery systems significantly advance regenerative
medicine and tissue engineering. By integrating drug delivery capabilities into scaffolds,
these systems provide both structural support and controlled release of therapeutic agents,
thereby enhancing the efficacy of treatments for tissue repair and regeneration (Sheehy et
al., 2025).

2.5 ENCAPSULATION OF NANO ANTIBIOTIC SCAFFOLD

The encapsulation of nano-antibiotics into biodegradable scaffolds has emerged as a highly
effective strategy for managing periodontal and bone infections. Systemic antibiotic
therapy, although commonly prescribed, is associated with side effects such as
gastrointestinal discomfort, hypersensitivity reactions, and an increasing threat of bacterial
resistance (Shrestha et al., 2023). In contrast, local drug delivery systems (LDDS) offer
notable advantages by enabling the targeted release of high concentrations of antibiotics
directly at the infection site while minimising systemic toxicity (He et al., 2020).
Incorporating antibiotics into scaffold matrices particularly based on collagen and CS able
to facilitate sustained and localised release, thereby overcoming challenges such as biofilm
formation and poor drug penetration into deep tissues (Alghofaily et al., 2024). This
approach also offers the advantage of protecting antibiotics from enzymatic degradation
and allows for better retention in the periodontal pocket, which is otherwise prone to rapid
clearance (Jiang et al., 2020). For example, Lazarevi¢ et al. (2023) reported that a collagen
membrane modified with CS and nano-hydroxyapatite showed enhanced antibacterial
activity against periodontal pathogens and promoted osteogenic differentiation of dental

stem cells, supporting its dual therapeutic role.

Nano-antibiotics with particle sizes below 500 nm have been demonstrated to
effectively penetrate biofilms and infected tissues, thereby improving therapeutic efficacy
while reducing the need for frequent dosing (Shrestha et al., 2021). Encapsulation also
enhances drug stability and enables controlled release within dynamic microenvironments,

such as those found in inflamed periodontal tissues. Various techniques including ionic
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gelation, solvent evaporation, spray drying, and electrospinning are employed to integrate
nano-antibiotics into scaffolds (Theodoridis et al., 2023). In more advanced applications,
cell membrane-coated nanoparticles have been developed to enhance both targeting and
immune evasion. For instance, Park et al. (2021) designed dexamethasone-loaded
nanoparticles cloaked with genetically engineered cell membranes, allowing them to home
to inflame tissues and suppress local inflammation effectively. This strategy reflects
growing interest in scaffold systems that not only deliver antibiotics but also modulate
immune responses to foster a conducive healing environment.The convergence of
antimicrobial activity and tissue regeneration within a single biomaterial platform aligns
well with the objectives of periodontal and orthopaedic therapy. Alghofaily et al. (2024)
demonstrated that antibiotic-loaded CS—gelatin scaffolds exhibited both strong
antibacterial effects and compatibility with dental stem cells. Similarly, Theodoridis et al.
(2023) showed that 3D-printed polycaprolactone scaffolds loaded with tetracycline
hydrochloride achieved effective antibacterial action and supported osteoblast
proliferation, indicating suitability for alveolar bone regeneration.Thus, nano-antibiotic
encapsulation within CC and composite scaffolds offers a promising dual-function
approach by providing structural support for regeneration while ensuring sustained
antimicrobial protection. This strategy has significant potential to overcome the limitations
of conventional antibiotic therapy, improve clinical outcomes, and enhance patient

compliance through localised, controlled delivery.

2.6 PERIODONTAL PATHOGENS

Periodontitis is a chronic inflammatory disease driven by dysbiotic oral microbiota and
aberrant host responses, leading to destruction of periodontal tissues and alveolar bone
(Lamont & Kuboniwa, 2024; Shi et al., 2023). Among the diverse subgingival microbiota,
Porphyromonas gingivalis and Fusobacterium nucleatum have emerged as key
contributors to periodontitis. P. gingivalis is a Gram-negative anaerobe traditionally
classified in the “red complex™ of periodontal pathogens and is strongly associated with

disease development and progression (Hajishengallis & Diaz, 2020). F. nucleatum, a Gram-
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negative fusiform anaerobe, is highly prevalent in the oral cavity of both healthy and
diseased individuals but plays a pivotal role in the transition from health to disease by

bridging and integrating the microbial community (Groeger et al., 2022).

P. gingivalis adheres to and invades host tissues using fimbriae and outer membrane
vesicles (OMVs) that deliver virulence factors into host cells. It secretes gingipain, a
cysteine protease that degrades extracellular matrix components and immune mediators
leading to tissue destruction and evasion of immune responses (Hajishengallis & Diaz,
2020; Lamont & Kuboniwa, 2024). It also selectively dysregulates innate immunity and
activates host receptors to incite the immune response, promoting chronic inflammation. F.
nucleatum acts as a bridging organism in oral biofilms, physically linking early and late
colonisers. Its adhesins, including Receptor Antigen D (RadD) and Fusobacterium
adhesion A (FadA), facilitate co-aggregation with other bacteria and invasion of host cells
(Groeger et al., 2022). It also induces matrix metalloproteinases and stimulates secretion of
pro-inflammatory cytokines such including interleukin-6 (IL-6) and interleukin-8 (IL-8),
thereby exacerbating tissue damage and sustaining the inflammatory milieu (Shi et al.,
2023). Both pathogens disrupt host—microbe homeostasis. P. gingivalis functions as a
keystone pathogen by promoting dysbiosis and chronic inflammation despite being a minor
constituent of the microbiota. It manipulates Toll-like receptors and complement pathways
to evade immune clearance while inducing cytokine release (Hajishengallis & Diaz, 2020).
F. nucleatum flourishes in the resulting inflammatory environment, further amplifying
immune activation and supporting the survival of other pathogens (Shi et al., 2023). Their
interaction enhances pathogenicity. F. nucleatum facilitates the colonisation and invasion
of P. gingivalis, and co-infection results in higher levels of inflammation and tissue
destruction than either species alone. Co-culture studies have shown synergistic
upregulation of IL-6 via TLR4 signalling in oral epithelial cells (Yafez et al., 2024). In
vivo, mixed infections lead to more severe bone loss and immune cell infiltration compared

to monoinfections (Binder Gallimidi et al., 2015).

Clinically, both pathogens are markers of periodontal disease. P. gingivalis is rarely
detected in health but commonly found in deep periodontal pockets and correlates with

22



disease severity (Suhaimi et al., 2025). Its detection is predictive of ongoing tissue
destruction. F. nucleatum, while present in health, increases in abundance in severe
periodontitis and enhances the pathogenic biofilm (Groeger et al., 2022). Monitoring and
targeting these pathogens are crucial for accurate diagnosis, effective treatment, and
preventing disease progression. The pathogenic roles and synergy of P. gingivalis and F.
nucleatum in periodontitis highlights the necessity for designing targeted scaffolds for dual-
pathogen control that could enhance the efficacy of antimicrobial delivery systems and

promote more effective periodontal tissue regeneration.

2.7 THE RATIONALE OF ANTIBIOTIC THERAPY

The oral route is regarded as the most convenient means of drug administration due to its
ease and non-invasiveness. However, systemic antibiotic therapy is frequently associated
with undesirable side effects, most notably the development of antimicrobial resistance,
which poses a significant challenge in the management of microbial infections (Mamikutty
& Ng, 2022). Furthermore, oral drug delivery is often hindered by the first-pass effect, in
which drug absorption through the gastrointestinal tract and liver leads to a substantial
reduction in bioavailability due to pH variations and enzymatic degradation (Amato et al.,
2023). These limitations have prompted growing interest in local drug delivery (LDD)
systems. LDD allows the administration of antimicrobials directly into the periodontal
pocket, resulting in higher concentrations of the therapeutic agent at the site of infection
while requiring lower doses. This targeted approach not only enhances clinical efficacy but
also minimises systemic toxicity and side effects (Amato et al., 2023). Additionally, LDDs
are less likely to disrupt the oral microbial balance and may reduce the risk of bacterial
resistance that arises from the prolonged or inappropriate use of systemic antibiotics. Given
these advantages, LDD systems present a promising strategy for managing periodontal

disease with greater safety and precision.
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2.7.2 MT as an Effective Antibiotic

MT is a nitroimidazole antibiotic widely recognised for its efficacy against obligate
anaerobic bacteria, which constitute many of the key pathogens in periodontitis.
Mechanistically, MT acts as a prodrug that is activated by anaerobic microbial enzymes to
produce cytotoxic free radicals, leading to DNA strand breakage and bacterial cell death
(Gandhi et al., 2025). Since its initial discovery in the treatment of Trichomonas vaginalis,
it has been increasingly employed in the management of various infections, including
periodontitis, due to its broad-spectrum activity against obligate anaerobes such as
Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola (Gandhi et al.,
2025; Hagenfeld et al., 2020). Compared to other antibiotics like tetracyclines, MT exerts
a lower impact on the host’s normal microbiota and carries a reduced risk of promoting
multi-drug resistance, making it a safer and more selective alternative. The bactericidal
mechanism of MT involves the reduction of its 5-nitro group within the anaerobic cell,
resulting in the production of cytotoxic free radicals that disrupt DNA synthesis and lead
to cell death (Gandhi et al., 2025). Its efficacy has been demonstrated against a broad range
of periodontal pathogens, including Aggregatibacter actinomycetemcomitans, Prevotella
intermedia, Fusobacterium nucleatum, Streptococcus sanguinis, Parvimonas micra, and

Eikenella corrodens (Mugri, 2022).

MT has been extensively employed in the treatment of periodontitis due to its potent
activity against obligate anaerobic bacteria, particularly Porphyromonas gingivalis and
Fusobacterium nucleatum, both of which play pivotal roles in the pathogenesis of
periodontal disease. In vitro and in vivo studies have consistently demonstrated the
susceptibility of these pathogens to M T, with minimal resistance. Numerous clinical studies
support the use of MT, particularly in combination with mechanical debridement such as
scaling and root planing, as this approach consistently yields greater reductions in
periodontal pocket depth and improved clinical attachment levels compared to mechanical
treatment alone (Gandhi et al., 2025; Mugri, 2022). Rams et al. (2020) showed that clinical
isolates of P. gingivalis and F. nucleatum were completely inhibited by therapeutic

concentrations of MT, indicating strong antimicrobial efficacy. Similarly, Werner et al.
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(2025) found that systemic administration of MT significantly reduced the levels of these
pathogens in periodontal pockets and improved clinical parameters when used alongside
scaling and root planing. The antimicrobial mechanism of MT involves the intracellular
reduction of its nitro group under anaerobic conditions, leading to the formation of free
radicals that damage bacterial DNA and result in cell death (Gandhi et al., 2025). This
mechanism ensures selective toxicity against anaerobic pathogens while sparing beneficial
aerobic microbiota, thereby preserving microbial homeostasis. Clinical outcomes further
support by Jepsen et al. (2021) observed that susceptibility of MT among subgingival
isolates remained consistently high over several years of surveillance, with no significant
emergence of resistance. Furthermore, longitudinal studies have confirmed that MT retains
its efficacy against P. gingivalis, with resistance levels remaining below 1% in patient
samples (Rams et al., 2023). Furthermore, it is capable of achieving effective
concentrations in the gingival crevicular fluid, ensuring its local action at the site of
infection while minimising systemic exposure and side effects (Mugri, 2022). MT delivery
in gel or tablet form enables sufficient therapeutic concentrations within the gingival
crevicular fluid, which enhances its local effectiveness while minimising systemic exposure
(Mamikutty & Ng, 2022). Adverse effects are generally mild and transient, with
gastrointestinal discomfort and metallic taste being the most frequently reported.The
evidence strongly supports MT as a key adjunctive agent in the management of

periodontitis, particularly against anaerobic pathogens associated with disease progression.

2..7.3 Topical Antibiotic in Managing Periodontitis

Antibiotic resistance remains a major global health concern, with the World Health Organisation
projecting a sharp increase in antimicrobial-resistant infections if current prescribing trends
continue. Systemic administration of MT has proven effective in reducing bacterial load in the oral
cavity, however, it is frequently associated with undesirable side effects such as gastrointestinal
discomfort, metallic taste, and in some cases, peripheral neuropathy. Moreover, its systemic use
contributes to the growing concern of antimicrobial resistance, especially when administered
broadly (Mehravani et al., 2024). To address these limitations, the local delivery of MT has gained

increasing interest due to its ability to provide high concentrations of the drug directly to the
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infection site, while reducing systemic exposure and adverse effects (Dental Update, 2021). The
targeted application of MT via local delivery helps mitigate this risk by minimising the impact on
the host’s systemic microbiome, thus preserving the efficacy of existing antibiotics and reducing

selective pressure for resistance (Gager and Gotz, 2023).

LDD systems such as gels, films, and fibres have been developed to enhance the
efficacy of MT. Recent advancements include the formulation of thermosensitive hydrogels
incorporating polymers such as pluronic F127, methylcellulose, and silk fibroin. These
hydrogels exhibit sol-gel transitions at body temperature, thereby facilitating sustained MT
release over an extended period and ensuring drug stability within the periodontal pocket
(Wang et al., 2021). Similarly, pectin-based films loaded with MT have demonstrated
promising antimicrobial activity against key periodontal pathogens, offering a controlled
release profile suitable for clinical application (Phaechamud and Mahadlek, 2018).
Electrospun fibres made from polylactic acid (PLA) containing MT have also been
developed to target periodontal infections. These fibres exhibit slow drug elution over a
period of several days to weeks, which effectively reduces bacterial populations while
maintaining biocompatibility with periodontal tissues (Budai-Sziics et al., 2020). These
emerging technologies highlight the critical role of biomaterials in targeted, sustained-release
therapies. Building on these concepts, the current study introduces a novel biodegradable scaffold
composed of marine-derived collagen and CS, which not only provides mechanical support for
tissue regeneration but also acts as a smart carrier for nano-encapsulated MT. This scaffold-based
delivery approach is designed to overcome the limitations of existing LDD systems by offering
improved biocompatibility, structural integrity, and degradation kinetics tailored to the healing

dynamics of periodontal tissues.

2.7.3.1 Potential Application of Local Metronidazole

Various carriers have been employed for the local delivery of MT, each demonstrating
unique drug release profiles suitable for periodontal therapy. Advances in local drug
delivery (LDD) technologies have facilitated the design of novel MT-based delivery
systems, including hydrogels, films, fibres, and nanogels. These systems are designed to
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provide sustained and controlled release of MT within the periodontal pocket, thereby
enhancing therapeutic efficacy while minimising systemic side effects. Gels typically
provide a rapid release within 1-7 days, whereas films and fibre mats offer extended-release
durations ranging from 2 to 28 days. These carriers have demonstrated biocompatibility,
mechanical stability, and non-toxic behaviour which are crucial characteristics for effective
periodontal pocket treatment (Mirzaeei et al., 2021; Pham et al., 2021; Hasan et al., 2020).
For example, thermosensitive hydrogels composed of Pluronic F127 and silk fibroin were
able to sustain MT release for up to 10 days (Pham et al., 2021). Mucoadhesive films
derived from low methoxyl pectin provided an initial burst release followed by a sustained
seven-day delivery, ensuring effective contact with the periodontal site (Azadi Boroujeni
et al., 2020). Meanwhile, electrospun polylactic acid (PLA) fibres extended MT release for
up to 28 days, facilitating prolonged antimicrobial activity and bacterial inhibition
(Mirzaeei et al., 2021). These delivery vehicles not only enhance the local therapeutic
effects of MT but also reduce systemic exposure and the associated risk of antibiotic
resistance. As illustrated in Figure 2.1, the variety of MT-loaded vehicles underscores the

evolving strategies in periodontal therapy.

Film ’ Mouthwash

Fibers/sponges

Figure 2.1 Vehicles used for local drug delivery of MT
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Additionally, various MT-based LDD systems investigated globally over the past
decade, highlighting their mechanisms, types, and therapeutic outcomes in periodontal
treatment. Moreover, there is an increasing trend towards employing scaffolds as local drug
delivery systems due to their ability to provide sustained and targeted release, improved
biocompatibility, and enhanced therapeutic efficacy (Mirzaeei et al., 2021; Pham et al.,
2021). Thus, scaffolds have gained increasing interest as promising carriers for delivering
MT locally in periodontal therapy. Table 2.1 presents a summary of MT-based LDD
applications reported worldwide over the last ten years, highlighting their formulation

types, release profiles, and therapeutic implications.

Table 2.1 Summary of MT applications via LDD systems for periodontal therapy

Authors Mechanism Local drug delivery | Findings
system
Mirzaeei Electrospinning Nanofiber Controlled drug release
etal., 2021 over 7-10 days in animal
models.

Bio-compactible, non-
toxic, and good
mechanical properties.

Pham Physical mixing Thermosensitive The hydrogels sustained

etal., 2021 hydrogel the release of MT for 10
days.

Dhedage Modified Intrapacket film An initial burst release

etal., 2020 | solvent casting followed by a continuous

release of more than 11
days.
Exhibited a biphasic

drug release profile
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Azadi Casting Mucoadhesive Releases the antibiotics up
Boroujeni film to 48 hours
etal., 2020
Léber Complex Anhydrous Sustain drug release with
etal., 2019 | composition lipid-based swellable and degradable
systems.
Antimicrobial activity
against six different strains
of the pathogen
that initiate periodontitis
Lauren liquid moulding Mucoadhesive Rapid drug release of
etal., 2018 films MT observed in 30 minutes
Rivis Lyophilisation Collagen/Strontium | The degradable system
etal., 2018 | of composite gels | sponges within 24 hours
Rapid release of drug at
first 30- 60 minutes
followed by gradual
release over about 4
hours
Hasan Clinical phase trial | Gel and mouthwash | Significant reduction of
et al., 2020 periodontitis within four

weeks

The gel is more effective
than mouthwash in
reducing clinical
attachment loss and
inflammatory biomarkers.

No side effects reported
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Rangabhatla | Thermoresponsive | Hydrogel Mucoadhesive ability and

etal., 2017 | in-situ biocompatible.
Sustained the release of
MT over 24 hours.
Mei Inverse Solution—gel The MIC of the drug is
etal., 2017 lyotropic maintained for over 10
liquid days in rabbits without a
crystalline (LCC) detectable drug in the
blood.

Intra-pocket LLC system
for local treatment of

chronic periodontitis.

Labib Solvent casting Films The burst release rate of
et al., 2014 MT for the first two hours
then decreased.

Enhances the therapeutic
effect of scaling and root

planning (SRP) procedure

than SRP
alone
Peerapattana | Chemical mixing Films MT slowly released from
etal., 2015 the matrices over five
days.
Reise Electrospun Polylactide fibres MT is released up to the
et al, 2012 28th day from fibre mats.

2.7.3.2 Metronidazole-Loaded onto Scaffold as Local Drug Delivery

GBR scaffolds are widely used in dental surgeries to facilitate bone healing. However, a
significant challenge with these scaffolds is their susceptibility to infection due to pathogen
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colonisation at wound sites, necessitating the use of antibiotics to mitigate infection risk
during the healing process (Sanchez-Carrefio Lépez et al., 2025). The integration of MT
into GBR scaffolds as a localised drug delivery system has emerged as a promising strategy
to enhance the effectiveness of these scaffolds in preventing infections. Localised delivery
of MT offers the advantage of maintaining high drug concentrations at the wound site,
thereby reducing the risk of systemic side effects. Recent studies have advanced the
development of MT-loaded scaffolds with enhanced antimicrobial and regenerative
properties. For instance, multilayered scaffolds incorporating MT and ozone have
demonstrated improved antimicrobial efficacy against resistant bacterial strains while
supporting bone regeneration due to the presence of hydroxyapatite (Sdnchez-Carrefio
Lopez et al., 2025). Similarly, MT-loaded silk fibroin methacrylated (SilkMA) electrospun
scaffolds have been developed for the localised treatment of periapical lesions, effectively
managing infection and promoting bone healing (Chakraborty et al., 2025). Furthermore,
Gandhi et al. (2025) highlighted the successful application of MT as a local drug delivery
agent in periodontal therapy, demonstrating significant improvements in clinical
parameters by targeting periodontal pathogens directly at the site of infection.These
advancements underscore the potential of MT-loaded scaffolds in GBR applications,
offering targeted antimicrobial therapy that not only mitigates infection risks but also
supports the regenerative processes essential for successful bone healing. Despite these
promising attributes, further research is needed to optimise scaffold composition, drug
loading capacity, and release kinetics to meet the complex environment of periodontal
pockets. Aditionally, comprehensive in vitro and in vivo investigations are required to
validate the long-term efficacy, safety, and clinical performance of these scaffolds before

routine clinical use.

2.7.3.3 Properties and Mechanism Action of Metronidazole
MT (CsHsNsO:s) is a synthetic 5-nitroimidazole derivative widely used for its antimicrobial

and antiparasitic properties. It exists as a white to pale-yellow crystalline powder with a

molecular weight of 171.15 g/mol and a water solubility of approximately 10 mg/mL at
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room temperature, moderately soluble in water (Chen et al., 2022). Its solubility can be
significantly influenced by the pH of the medium and the presence of solubilising agents.
According to the Japanese Pharmacopoeia, MT is freely soluble in acetic acid, highlighting
its favourable solubility under acidic conditions (Japanese Pharmacopoeia, 2021). This
property makes it particularly amenable to inclusion in acid-based solvent systems, eutectic
solvents, and biodegradable scaffolds where pH-sensitive or sustained release is desired.
Chemically MT is known as 2-(2-methyl-5-nitro-1H-imidazol-1-yl) ethanol. Its chemical
structure is illustrated in Figure 2.2 (created with BioRender.com). It exhibits moderate
lipophilicity (logP = —0.02) and remains stable in solid form under controlled conditions

(Chen et al., 2022).

/[\
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Figure 2.2 Structure of MT (Biorender.com)

Pharmacologically, MT acts as a prodrug that requires intracellular activation under
anaerobic conditions. Upon diffusion into microbial cells, its 5-nitro group is reduced by
redox enzymes such as ferredoxins and nitroreductases, producing cytotoxic intermediates
like nitro radical anions and hydroxylamines (Olaitan et al., 2023). These reactive species
bind to microbial DNA, causing strand breaks and inhibiting nucleic acid synthesis,
ultimately resulting in cell death. This mechanism is selective for anaerobic and
microaerophilic organisms because the presence of oxygen inhibits this activation by
competing for electrons (Olaitan et al., 2023). In scaffold-based applications, MT’s

anaerobic selectivity is particularly advantageous for targeting infections in low-oxygen
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environments, such as periodontal pockets. Its incorporation into localised drug delivery
systems allows for sustained therapeutic concentrations directly at the site of infection,
minimising systemic exposure. For instance, Mirzaeei et al. (2021) developed electrospun
nanofibres made of poly(lactic-co-glycolic acid) (PLGA) and polycaprolactone (PCL)
loaded with MT and amoxicillin, demonstrating prolonged release, excellent
biocompatibility, and over 80% cell viability in periodontal therapy applications.
Additional studies have used MT in thermosensitive hydrogels and bioadhesive films for
localised treatment. Bastos et al. (2024) reported that MT-containing polymeric gels and
films significantly improved clinical parameters such as probing depth and bleeding index
when used as adjuncts to scaling and root planing in periodontitis patients. These findings
support the clinical relevance of sustained-release scaffold systems incorporating MT.
Moreover, Herold (2022) demonstrated the feasibility of custom 3D-printed silicone
scaffolds impregnated with MT. These scaffolds showed controlled drug release profiles
over 14 days and potential applicability in managing localised infections. Together, these
technologies leverage the drug’s physicochemical properties specifically, its moderate
solubility and anaerobic targeting to enable effective and targeted antimicrobial delivery.
The combination of MT’s chemical stability, selective mechanism of action, and moderate

solubility makes it a suitable candidate for scaffold-based drug delivery systems.

2.8 NANOPARTICLE IN SCAFFOLD SYSTEM

The incorporation of nanoparticles into three-dimensional (3D) scaffold systems has
become a significant advancement in medical and dental regenerative applications. These
nanoscale materials can be engineered to modulate scaffold properties by enhancing
mechanical strength, mimicking ECM nanostructure, and serving as carriers for bioactive
or antimicrobial agents (Farjaminejad, S., Farjaminejad, R., & Garcia-Godoy, 2024;
Mansour et al., 2023). When encapsulated within scaffold matrices, these nanoparticles
enable localised and sustained drug delivery to target sites, thereby improving treatment
efficacy while minimising systemic exposure (Grierosu et al., 2023; Li et al., 2024). For

example, incorporating nanoparticles such as silver or bioactive glass confers antimicrobial
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and osteogenic properties, respectively, without compromising scaffold biocompatibility
(Takallu et al., 2024). Additionally, scaffolds incorporating growth factors and anti-
inflammatory agents, delivered through nanoparticle systems, have shown improved bone
healing and reduced inflammation. For example, nanocarriers containing bone
morphogenetic proteins (BMPs) and other regenerative factors can enhance scaffold
performance by promoting osteogenesis and minimising inflammatory responses
(Narayanan, 2025).

Porous scaffolds serve as biomimetic ECM substitutes, facilitating cell adhesion,
proliferation, and differentiation. Ideal scaffolds exhibit high porosity (typically >80%) with
interconnected pore networks that allow for adequate vascularisation, nutrient diffusion, and waste
removal (Lutzweiler, Halili, & Vrana, 2020; Borges et al., 2023). Natural polymers such as collagen
and CS are frequently employed due to their biocompatibility, biodegradability, and similarity to
native tissue structures (Farjaminejad, S., Farjaminejad, R., & Garcia-Godoy, 2024; Piszko et al.,
2024). Collagen provides a fibrillar framework essential for osteoblastic activity, whereas CS
regulates degradation Kinetics. The combination of these polymers results in scaffolds with optimal
physical and biological characteristics. Furthermore, scaffold architecture, including pore size and
distribution, is critical in regulating cell behaviour, with studies showing that pores between 50—
150 um are ideal for periodontal tissue engineering applications (Lutzweiler et al., 2020). Their
high porosity with interconnected pores is critical in facilitating essential biological processes such
as vascularisation, nutrient diffusion, and cellular infiltration. These structural characteristics are
vital for supporting tissue regeneration, particularly in compromised or infected wound
environments. In a recent study, Dorazilova et al. (2020) demonstrated that freeze-dried CC
scaffolds formed a highly porous, three-dimensional matrix with interconnected pores that enabled
efficient nutrient transport and created a favourable microenvironment for cellular activity.
Furthermore, the study integrated selenium nanoparticles (SeNPs) into the scaffold without
compromising its porosity. The resulting composite not only maintained structural integrity but also
provided sustained antibacterial activity, effectively inhibiting common wound pathogens such as
Staphylococcus aureus, MRSA, and S. epidermidis. Furthermore, the incorporation of nanoparticles
into porous scaffolds has gained significant interest in regenerative medicine due to its capacity to
substantially enhance their functional and mechanical properties. The process of incorporating
nanoparticles within the scaffold matrix, commonly referred to as nano-crosslinking resulting in

improved structural integrity. For instance, Asghar et al. (2021) reported that scaffolds doped with
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zinc-doped hydroxyapatite (Zn-HAp) nanoparticles showed enhanced load-bearing strength and
biocompatibility, highlighting their suitability for bone tissue regeneration. These enhancements
are attributed to the nanoparticles’ ability to interact with the scaffold’s polymer network,
improving mechanical stability while also influencing cell behaviour and promoting tissue

integration.

In periodontal therapy, the incorporation of antibiotic-loaded nanoparticles into
scaffolds is a promising strategy for enhancing treatment efficacy. Periodontitis is a chronic
inflammatory disease primarily driven by anaerobic bacteria in the deep periodontal
pockets (Mirzaeei et al., 2022). Conventional systemic delivery of antimicrobials often fails
to maintain therapeutic concentrations in these sites, so localised delivery via scaffolds is
desirable. Scaffolds can act as controlled-release drug delivery systems, releasing MT
directly at the infection site and thus minimising the need for systemic administration and
its associated side effects. Recent studies have explored MT-loaded nanoparticles in
periodontal tissue engineering. Nanoformulations of MT have also been shown to improve
drug penetration into biofilms and to sustain antimicrobial activity within periodontal
pockets (Ho et al., 2022). For example, Chen et al. (2023) developed guided-tissue-
regeneration membranes incorporating MT-loaded nanoparticles to improve drug
permeation and support periodontal tissue recovery. These advances underscore the
potential of nanoparticle-integrated scaffolds to deliver targeted antimicrobial therapy that
mitigates infection and supports the regenerative processes essential for successful bone
healing. By loading MT nanoparticles into a scaffold, a sustained, site-specific
antimicrobial action can be achieved directly within periodontal defects, reducing reliance

on systemic therapy and enhancing healing outcomes.

Figure 2.3 presents a schematic diagram of a 3D-printed porous scaffold with
nanoparticles incorporated throughout (created using BioRender.com) and conceptually
adapted from Yang et al., 2024; Toosi et al., 2022). The scaffold is illustrated as a
cylindrical structure with visible interconnected pores, reflecting the characteristic
architecture of tissue-engineered scaffolds. Such a porous environment is essential for
mimicking the native tissue microenvironment, allowing for vascularisation, nutrient

diffusion, and cellular infiltration critical processes for successful tissue regeneration (Yang
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et al., 2024; Toosi et al., 2022). The nano-crosslinked scaffolds have shown the potential
to serve as dual-function systems providing mechanical support for tissue in-growth while
delivering bioactive compounds or antimicrobials at the site of interest (Piszko et al.,
2024).These findings highlight the potential of nano-crosslinked scaffolds not only as
structural templates for tissue growth but also as bioactive platforms for improved cellular
responses and targeted therapeutic delivery. Despite these promising attributes, further
research is needed to optimise scaffold design, drug loading capacity, and release kinetics
to align with the dynamic conditions present in periodontal lesions. Extensive in vitro and
in vivo studies are essential to assess long-term safety, efficacy, and translational potential
before clinical application.
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Figure 2.3: Schematic diagram of porous scaffolds before and after nanoparticle

incorporation (created using Biorender.com)

2.8.1 Chitosan as Nanocarrier

Chitosan (CS), a cationic, biocompatible, and biodegradable polysaccharide derived from
chitin, has been widely investigated as a nanocarrier in drug delivery applications. It is
frequently employed in biomedical research, particularly as a coating material for nano-
sized drug carriers, to improve their stability, bioavailability, and targeting efficiency

(Jafernik et al., 2023).Additionally, CS has been approved for several medical applications
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by regulatory agencies, including the U.S. Food and Drug Administration (FDA), reflecting
its established safety profile in specific contexts such as wound care products (FDA, 2021,
Pawar et al., 2023). The protonation of its amino groups under acidic condition promotes
pH-responsive solubility and facilitate electrostatic interactions with negatively charged
mucosal surfaces and biological membranes, thereby enhancing mucoadhesion and
improving bioavailability (Pérez-Pacheco et al., 2025; Sangnim et al., 2023). This
mucoadhesive nature allows CS noncarrier to adhere to mucosal tissues such as buccal,
nasal, and gastrointestinal surfaces resulting in prolonged drug residence time and
improved absorption (Sangnim et al., 2023). One of CS’s most notable characteristics is its
pH responsiveness. It swells in acidic conditions and remains stable in neutral
environments, which is particularly beneficial for delivering drugs to inflamed or infected
tissues with lower pH levels, such as periodontal pockets (Pérez-Pacheco et al., 2025).
Additionally, CS nanocarrier provide controlled drug release via a biphasic mechanism
with an initial burst release of surface-bound drug, followed by a slower, sustained
diffusion phase (Cadinoiu et al., 2025). The properties of CS nanocarrier can be modulated
by altering formulation parameters. For example, the chitosan- tripolyphoptate (CS-TPP)
mass ratio influences the cross-linking density, particle size, and surface charge. The higher
TPP levels tend to produce more compact particles, while excess CS can result in larger
aggregates (Yanat & Schréen, 2021). Similarly, the concentration of CS affects viscosity
and nanoparticle yield and significantly influence nanoparticle size and polydispersity
(Gutiérrez-Ruiz et al., 2024). These variables offer tunable control over the drug-loading
capacity, stability, and release profile of the nanoparticles. Due to its operational simplicity,
lack of cytotoxic agents, and compatibility with biologically active compounds, ionic
gelation remains the most practical and biocompatible technique for fabricating CS-based

nanocarriers for therapeutic delivery

CS nanocarrier can be prepared by various methods. Traditional approaches include
physical or chemical cross-linking. For example, covalent cross-linking in emulsions (e.g.
using glutaraldehyde) and precipitation or desolvation methods. Such methods often
require organic solvents, high shear or toxic reagents. For instance, early protocols used

emulsification with glutaraldehyde as a cross-linker (Akdasgi et al., 2025), but
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glutaraldehyde’s toxicity and drug compatibility issues have led to a decline in its use. In
contrast, ionic gelation has emerged as the simplest and most biocompatible method for CS
nanocarrier, avoiding harsh conditions and toxic crosslinkers. In contrast, ionic gelation has
emerged as a widely preferred method for preparing CS nanocarrier due to its simplicity,
biocompatibility, and avoidance of harsh solvents or reagents (Gutiérrez-Ruiz et al., 2024).
This method involves electrostatic interaction between the protonated amino groups of CS
and anionic multivalent cross-linkers such as TPP forming polyelectrolyte complexes in
aqueous media. CS solution is prepared in diluted acetic acid to protonate the amino groups,
and then an aqueous solution of TPP is added under gentle stirring, leading to the spontaneous
formation of nanoparticles. The mechanism of ionic cross-linking between CS and TPP is illustrated
in Figure 2.4 (created using BioRender.com) and adapted from Pacheco et al. (2024). This mild,
room-temperature, solvent-free method is particularly well-suited for the encapsulation of sensitive
bioactive compounds. This includes antibiotics such as ciprofloxacin, tetracycline, gentamycin and
MT whose stability and therapeutic efficacy may be compromised under harsh processing
conditions (Ibrahim et al. 2015; Kalyane et al. 2020). For instance, a study by Kalyane et al. (2020)
successfully formulated MT loaded CS nanoparticles using the ionic gelation method. The resulting
nanoparticles exhibited controlled release properties and maintained the antimicrobial efficacy of
MT. The process relies on electrostatic interactions between the cationic amino groups of CS and
polyanionic cross-linkers such as TPP, facilitating the formation of stable nanoparticles without the
use of organic solvents or high temperatures. This technique has been widely used for the
development of CS-based nanocarriers aimed at improving the controlled release and

bioavailability of various antibiotics.
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Figure 2.4: Schematic illustration of ionic cross-linking between chitosan (CS) and

tripolyphospate (TPP) (created using BioRender)
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In general, CS nanocarrier have been evaluated in biomedical applications for
antimicrobial, anticancer, and anti-inflammatory therapies due to their ability to
encapsulate both hydrophilic and hydrophobic drugs, cross epithelial barriers, and degrade
into non-toxic by-products (Jafernik et al., 2023; Sangnim et al., 2023). In preclinical
models, CS nanoparticles have demonstrated promising results across various
administration routes including oral, nasal, buccal, and mucosal due to their adaptability,
mucoadhesive properties, and ability to sustain drug release (Jha & Mayanovic, 2023).
Their safety and effectiveness have also been confirmed for various mucosal applications,
including oral and ocular delivery (Jafernik et al., 2023). In the context of periodontal
therapy, CS nanocarrier have demonstrated considerable potential. Their small size allows
penetration into periodontal pockets, and their mucoadhesive properties promote
localisation at the site of infection (Sousa et al., 2024). This enhances drug retention and
allows for sustained antimicrobial action. For instance, CS nanocarrier-loaded MT have
shown prolonged release profiles and increased drug retention in gingival fluid compared
to conventional formulations (Cadinoiu et al., 2025). Moreover, in vivo studies confirm
their effectiveness in reducing periodontal inflammation and promoting tissue regeneration.
Elangwe et al. (2022) demonstrated that curcumin-loaded CS nanocarrier improved
periodontal healing and reduced inflammatory markers in hypertensive rat models of
periodontitis. The combination of CS nanoparticles with scaffolds further enhances their
therapeutic efficacy. Composite systems such as injectable CS-—glycerophosphate
hydrogels and CC membranes embedded with MT nanoparticles provide structural support
and sustained drug delivery at the target site (Atia et al., 2022). These formulations have
been found to be highly biocompatible with periodontal ligament fibroblasts and have
successfully promoted bone regeneration in preclinical models (Atia et al., 2022; Sousa et
al., 2024). Their biodegradability, mucoadhesion, and pH responsiveness make them ideal
for controlled release applications, while ionic gelation provides a simple and efficient
fabrication method. When integrated into scaffold systems, CS nanocarrier support
localised drug action and tissue healing, thereby representing a promising strategy for

advanced therapeutic interventions in periodontitis.
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2.9 BONE REGENERATION SCAFFOLD IN ANIMAL MODEL

Preclinical animal models are essential in evaluating the safety, biocompatibility,
osteoconductivity, and therapeutic efficacy of scaffolds used in bone regeneration prior to
clinical application. The selection of an appropriate model must account for anatomical
relevance, bone turnover rates, mechanical loading, cost, surgical complexity, and ethical
considerations (McGovern & Hutmacher, 2018; Haff et al., 2022; Zhang & Li, 2021).
Among the numerous animal models employed ranging from rodents to large animals such
as rabbits, pigs, and sheep, the rat calvarial critical-size defect (CSD) model has become a
widely accepted standard for early-stage scaffold evaluation. Compared to large animals,
rats offer several practical advantages. These include low maintenance costs, well-
established handling protocols, high reproducibility, and compatibility with advanced
imaging and histological techniques. Importantly, rats exhibit consistent bone healing
pathways such as intramembranous ossification, vascularisation, and inflammatory
response similar to humans in early phases of regeneration, despite differences in skeletal
structure (Wang et al., 2024).

The rat calvarial defect model involves the creation of a standardised, non-load-
bearing bone defect in the parietal region of the skull, allowing researchers to isolate
scaffold-related effects from mechanical stresses encountered in load-bearing bones
(Chakka et al., 2021). The CSD typically ranging from 5 to 8 mm in diameter, is defined
as the smallest intraosseous wound that does not heal spontaneously during the animal’s
lifetime. This model facilitates consistent comparison across studies and is suitable for
evaluating scaffolds made from both synthetic and natural polymers, with or without
cellular or drug loading (Hudieb et al., 2021; Uribe et al., 2022). In terms of methodology,
the surgical procedure involves creating a circular bone defect using a trephine drill while
preserving the underlying dura mater. The periosteum and skin are then sutured, and the
healing response is monitored using micro-computed tomography (UCT), histological

staining, and biomechanical testing (Hatakeyama, 2022).

40



A key advantage of the rat model is its suitability for antibiotic-loaded scaffolds,
which are increasingly important in managing infected or compromised bone defects. For
example, Li et al. (2021) demonstrated that a CS-based scaffold loaded with ciprofloxacin
nanoparticles not only enhanced bone healing in rat calvarial defects but also prevented
microbial colonisation. This underscores the model’s effectiveness in assessing
multifunctional biomaterials, such as the MT loaded CC scaffold developed in the present
study. Other studies have also validated the use of the rat model in assessing bioactive and
gene-activated scaffolds. Chakka et al. (2021) reported enhanced osteogenesis using a
VEGF gene-activated polydopamine-coated scaffold in a rat CSD model, while Fazeli et
al. (2023) confirmed rapid calvarial bone regeneration using a 3D-printed polycaprolactone
scaffold coated with hydroxyapatite and bioglass. While larger animals such as sheep and
pigs better replicate human bone size and mechanical loading, their use is more appropriate
in later translational stages due to ethical, financial, and logistical limitations (Gomez-
Cerezoetal., 2019). In contrast, the rat calvarial defect model remains ideal for early-phase
testing, enabling rapid, ethical, and reproducible assessment of bone scaffolds before
scaling up to more complex models. This highlights the rat model offers a balance between
biological relevance and experimental feasibility, making it the most suitable animal model
for evaluating the scaffold in this study. Its successful use in previous research further

supports its selection as a validated platform for bone tissue engineering applications.

When generating bone defect models, the size of the induced defect, referred to as
the CSD is crucial. Schmitz and Hollinger (1986) originally defined the CSD as the smallest
intraosseous wound in a specific bone and species that will not heal spontaneously during
the animal’s lifetime, thereby necessitating external intervention to induce bone
regeneration. This concept is particularly pivotal in the calvarial defect model, where the
non-load-bearing nature of the cranial bone and ease of surgical access make it suitable for
consistent and reproducible experimentation (Spicer et al., 2012). In rat models, calvarial
defects ranging from 5 to 8 mm in diameter are widely accepted as critical, as they typically
fail to undergo spontaneous healing and instead become filled with fibrous connective
tissue (Hatakeyama et al., 2022). This inability to self-repair through mechanical fixation
alone highlights the necessity for scaffold-based interventions or bone grafts to stimulate
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osteogenesis (Fazeli et al., 2023; Zain & Hamdan, 2021). The CSD model, therefore, allows
for the assessment of both the osteoconductive and osteoinductive properties of scaffolds

without interference from the host’s natural bone repair mechanisms (Amid et al., 2021).

Recent studies employing advanced biomaterials, including 3D-printed
polycaprolactone-based scaffolds and composite matrices, have demonstrated the model's
capacity to yield consistent and translational results (Elsayed, 2023). These models are
essential in establishing “proof-of-principle” for emerging therapies prior to their transition
into larger animal studies or clinical application. Moreover, a systematic review by Cao et
al. (2023) emphasized the need for standardisation in defect dimensions and evaluation
parameters to enhance the comparability of outcomes across studies. The reproducibility,
simplicity, and anatomical relevance of the rat calvarial model make it widely accepted for
preclinical evaluation. The procedure typically involves creating a sagittal incision, raising
a flap to expose the calvarial bone, and using a trephine drill to generate a standardized
circular defect, with careful removal of the bone disc to avoid damaging the dura mater.
The periosteum and skin are then repositioned and sutured (Spicer et al., 2012). Recent
studies have demonstrated the utility of the calvarial CSD model for testing advanced
biomaterials. For example, highly pressed nano-hydroxyapatite/collagen (P-nHAP/COL)
scaffolds promoted significant bone regeneration within four weeks (Hatakeyama et al.,
2022). Similarly, 3D-printed polycaprolactone (PCL) scaffolds coated with hydroxyapatite
and bioglass confirmed accelerated calvarial bone regeneration, with increased bone
volume and trabecular thickness compared to unmodified PCL (Fazeli et al., 2023).
Moreover, combinatorial strategies using photobiomodulation and adipose-derived stem
cells (ADSCs) have shown synergistic effects in promoting osteogenesis within CSD,
further demonstrating the versatility of this model for evaluating emerging therapies
(Khosravipour et al., 2022). Collectively, CSD models remain the gold standard for early-
stage assessment of bone regeneration strategies, offering a discriminative platform to
validate the biological performance and therapeutic potential of novel interventions under

well-controlled in vivo conditions (Bassi et al., 2021; Amid et al., 2021).
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2.10 SAMPLE SIZE IN ANIMAL MODEL

Accurate determination of sample size in animal studies is crucial for balancing scientific
rigour, ethical responsibility, and resource efficiency. In line with the 3Rs principle
(Replacement, Reduction, and Refinement), researchers must minimise animal usage while

ensuring statistically meaningful results (Russell & Burch, 1959; Tadich & Tarazona, 2022).

Among several statistical approaches available, the Resource Equation Method
(REM) also known as the Resource Equation Approach (RSD)is one of the most widely
adopted methods in exploratory biomedical research where variance and effect sizes are
difficult to predict (Liang et al., 2022). This is especially relevant in tissue engineering
studies involving novel scaffolds or drug-delivery systems, where data variability is often
high and prior knowledge is limited. The REM evaluates sample size based on the error
degrees of freedom (E) in an ANOVA framework, with an optimal range for E between 10
and 20. This range ensures that the study has sufficient power to detect meaningful
differences without inflating animal numbers unnecessarily (Liang et al., 2022; Uribe et al.,

2022). The formula used to determine (E) is shown in Equation (2.1):

E = Total number of animals — Total number of groups (2.1)

For example, a study with 24 rats divided into 4 groups would yield E = 20, falling
within the optimal range. This method is particularly advantageous in pilot studies or in
cases where preliminary screening of scaffold efficacy is needed prior to scaling up to larger
or more complex animal models (Ko & Lim, 2021). In rat calvarial bone defect models,
which are commonly used in scaffold evaluation, published studies have reported
consistent and statistically significant outcomes with 5-6 animals per group, especially
when differences in bone volume, new tissue formation, or biomaterial degradation are the
primary endpoints (Priya et al., 2021; Al Qabbani et al., 2023). Applying the REM in this
context provides a rational framework that justifies sample size in the absence of precise
power calculations. Moreover, the REM is supported by institutional ethical guidelines,
ITUM Animal Care and Use Committee (IACUC), which emphasise careful planning of
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sample size to minimise unnecessary animal use while ensuring scientific integrity.
Surgical procedures such as creating CSD inherently carry a risk of post-operative
complications. Hence, an attrition of approximately 20% is typically added to the calculated
sample size to accommodate expected attrition and still retain sufficient statistical power
for analysis (Uribe et al., 2022).

By adopting the REM, researchers can demonstrate compliance with ethical
principles, satisfy regulatory expectations, and maintain methodological rigour. The
method is particularly well-suited for bone regeneration studies involving scaffold
evaluation in small animal models, where resource limitations and animal welfare are of
heightened concern. Pakgohar and Mehrannia (2024) emphasise that the Resource Equation
Method (REM) is particularly useful in situations where precise effect sizes are unknown,
a common scenario in innovative biomaterial research. It helps minimise unnecessary
animal use while maintaining statistical validity, especially in pilot studies or early-phase
scaffold evaluations. Furthermore, documenting the rationale behind sample size using this
method adds transparency and reproducibility to the research, both of which are critical in
publishing and ethical review processes. In conclusion, the Resource Equation Method
offers a robust, flexible, and ethically defensible approach to sample size determination in
preclinical animal research. When combined with empirical evidence from prior studies
and institutional recommendations, it ensures that scaffold evaluations are conducted with

scientific integrity while upholding animal welfare standards.
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CHAPTER THREE

PREPARATION AND CHARACTERISATION OF
METRONIDAZOLE NANOPARTICLE (MNP)

3.1 INTRODUCTION

In conventional drug administration, a significant challenge lies in the inability of many
drugs to reach their therapeutic target due to limitations such as large molecular size. For
instance, MT with a molecular weight of 171.15 g/mol and moderate aqueous solubility,
can face diffusion barriers, particularly in poorly vascularised or infected tissues (Li et al.,
2021). These limitations often result in only a small proportion of the administered dose
reaching the intended site, with most of the drug dispersing systemically. This widespread
distribution not only reduces efficacy but also heightens the risk of systemic side effects.
Therefore, designing a drug delivery system that enhances therapeutic efficiency while
minimising toxicity is a critical focus in pharmaceutical research. One promising strategy
is the utilisation of colloidal drug carriers, such as nanoparticles, which allow site-specific
or targeted delivery along with controlled drug release. Nanoparticles can enhance the
bioavailability of drugs like MT and improve clinical outcomes, particularly when localised

treatment is desired as in the case of periodontal disease (Basudan, 2022).

Among various drug carriers, polymeric nanoparticles have shown notable potential
due to their reproducibility, stability, and functional versatility. Nanoencapsulation
encasing drugs within nanoparticles ranging from 1 to 1000 nm can effectively increase the
concentration of MT at the site of infection while reducing systemic exposure (Sreeharsha
et al., 2020). However, effective periodontal drug delivery, particle size, plays a crucial
role. Studies have shown that nanoparticles must be smaller than 500 nm to effectively
penetrate the junctional epithelium and localise within periodontal pockets (Aminu et al.,
2018). Particles larger than this threshold may be less effective at reaching the subgingival
target site and are more likely to be cleared or diluted in the oral cavity. Thus, nanoparticles
below 500 nm not only facilitate epithelial permeation but also prolong retention time,
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enabling sustained drug release and enhanced therapeutic effect. Additionally, a review by
Chen et al. (2022) highlighted the challenges of nanoparticle permeability in periodontal
pockets due to their complex and constricted structures. The study emphasised that many
previously reported nanoparticles exhibited poor penetration and retention in periodontal
sites, reinforcing the importance of optimizing nanoparticle size and surface properties for
successful localised delivery. These findings collectively reinforce the strategy of formulating

nanoparticles with sizes below 500 nm to enhance penetration through the junctional epithelium

and improve localized treatment outcomes in periodontal disease.

CS a natural biopolymer, is especially suitable for this purpose due to its
biocompatibility, biodegradability, mucoadhesive properties, and inherent antimicrobial
activity. Despite its solubility constraints, CS remains widely employed in biomedical
applications and is considered safe by regulatory agencies such as the FDA (Sreeharsha et
al., 2020). In this study, CS nanoparticles were synthesised using ionic gelation, a process
that leverages electrostatic interactions between the positively charged amino groups of CS
and negatively charged polyanions such as TPP to form stable particles (Basudan, 2022).
Such nanoparticles are particularly relevant for localised periodontal therapy, where
prolonged retention and controlled release of MT at the diseased site are crucial for
therapeutic success. Accurate quantification of MT encapsulated in CS nanoparticles is
essential for evaluating the formulation’s efficacy. In this regard, UV spectrophotometry
offers a simple, cost-effective, and reproducible analytical approach suitable for routine
quality control. Despite the higher sensitivity and specificity of high-performance liquid
chromatography (HPLC), its cost, operational complexity, and resource requirements make
UV spectrophotometry preferable for this study (Ganieva & Yunuskhodjaev, 2020).
Furthermore, MT exhibits strong UV absorbance near 320 nm, making it amenable to this
technique (Sanchez-Carrefio Lopez et al., 2025). The analytical parameters employed in
this study were established in accordance with the International Council for Harmonisation
(ICH) Q2(R1) guidelines, with method validation conducted through statistical analysis of
the relative standard deviation (RSD) to ensure the reliability and reproducibility of the
results (European Medicines Agency ICH, 2005). The objectives of this research are
twofold, first, to develop and validate a UV spectrophotometric method for the quantitative
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determination of MT in CS nanocarrier and second, to formulate and characterise MT-
loaded CS nanocarrier with optimised properties for localised treatment of periodontal
disease. By achieving these aims, this study intends to support more effective management
of periodontitis through localised, sustained drug release, thereby enhancing therapeutic

outcomes while reducing the risk of antibiotic resistance.

3.2 MATERIAL AND METHODS

3.2.1 Analytical Method Development and Validation

A simple, precise, and rapid UV spectrophotometric analytical method for post-fabrication
of MNP was developed to confirm that the analytical procedure employed is suitable for
identifying and quantifying substances of interest. Thus, this research develops and
validates the spectrophotometric method according to International Conference on
Harmonisation (ICH) Q2 (R1) guidelines. The guidelines provide all the detailed
parameters to perform the analytical method and analysis, which included specificity,
linearity, accuracy, precision (in the form of repeatability), the limit of detection (LOD) as
well as the limit of quantification (LOQ), range, and robustness. The validation procedures
consist of specific characteristic parameters that must meet a particular acceptance criterion

to make the analytical method acceptable.

3.2.1.1 Preparation of Stock Solution of Metronidazole

A primary stock solution of MT was prepared by accurately weighing 10 mg of MT and
dissolving it in 100 mL of distilled water, resulting in a final stock concentration of 100
pg/mL From this stock, serial dilutions were prepared using distilled water to obtain
working standard solutions with concentrations of 2 pg/mL, 4 pg/mL, 6 pg/mL, 8 pg/mL,
10 pg/mL, and 12 pg/mL. This concentration range was selected to ensure that the
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absorbance readings remained below 1.0, which is necessary for accurate and reliable
measurements in accordance with the linearity range of the Beer—Lambert Law. Moreover,
these values reflect the anticipated concentration of MT released from the scaffold during
in vitro drug release studies, ensuring the calibration curve is both analytically valid and
biologically relevant. Each concentration was prepared and analysed in triplicate (n = 3) to

ensure accuracy, precision, and repeatability in method validation.

3.2.1.2 Specificity

The specificity of the UV spectrophotometric method was evaluated by analysing a
standard solution of MT at a concentration of 8 ug/mL, prepared from the stock solution.
The UV absorbance spectrum of the solution was recorded across the wavelength range of
200 nm to 400 nm using a UV-Vis spectrophotometer. The objective was to identify the
maximum absorbance wavelength (Amax) specific to MT, ensuring no interference from
excipients or other substances. This analysis was performed in triplicate (n = 3) to confirm

the reproducibility of the Amax and the method’s specificity.

3.2.1.3 Linearity and Calibration Curve

The aliquots of concentration, ranging from 2 pg/mL, 4 pg/mL, 6 pg/mL, 8 pg/mL, 10
pg/mL, and 12 pg/mL, were prepared in triplicate. The calibration curve concentration vs.
absorbance was plotted and subjected to least squares regression analysis, yielding the
equation y = mx + ¢, and the R2 was established. The analyte concentration was determined
using the notations "x" and "y" as the absorbance values. The correlation coefficient R?
value for all the standard curves constructed must not be less than 0.995 as one of the

acceptance criteria.
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3.2.1.4 Precision

There is a need to ascertain that the time variation does not influence MT concentration
measurement. Thus, in this study, the precision of the assay method was assessed in terms
of repeatability via intraday and interday measurements by subjecting three concentration
levels of MT (8 pug/ml, 10 pg/mL, and 12 pg/mL) to the same wavelength. Intraday
precisions were measured by analysing the three prepared samples at three different
specific time points on the same day, and interday precisions were measured on three
consecutive days, respectively. The precision was calculated using the percentage relative
standard deviation (% RSD), as shown in Equation (3.1), with % RSV values required to be

less than 2.0% to meet the acceptance criteria.

standard deviation of measurement
% RSD = x 100 (3.1)

mean value of measurement

Precision was identified by the repeatability of an analytical method under normal
operation conditions; repeatability was done using method precision. Method precision was
achieved by repeating the same solution preparation procedure six times, measuring the
absorbance, and calculating the %RSD. This shows whether a method is giving constant
results for a single batch. The precision of the assay was determined by repeatability
(intraday) and intermediate precision (inter-day). In the intraday variation study, nine
different solutions of concentration 8 pg/mL, 10 pg/mL, and 12 pg/mL were analysed three
times a day, i.e. from the morning, afternoon, and evening, and the absorbances were noted.
From the absorbance, the result means, standard deviation, and %RSD were calculated. In
the inter-day variation studies, the solution of concentration 8-12 pg/mL was analysed three
times for three consecutive days, and the absorbance result was observed. Mean, standard
deviation and %RSD were calculated. The precision was determined by considering the
deviation of the absorbance value obtained for each concentration. The percentage recovery
should not be less than 98% and over 102%, with a %RSD value smaller than 2.0% to meet

the acceptance criteria (Rajitha et al., 2011).
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3.2.1.5 Accuracy (Recovery)

For accuracy, three different concentrations of MT (8 pg/ml, 10 pg/mL, and 12 pg/mL)
were subjected to a wavelength of 320 nm, and the experimental concentrations, as well as
the mean and standard deviation, were recorded in triplicate. The accuracy was calculated
using the percentage recovery from the calibration curve. The percentage recovery was
calculated using Equation (3.2), and was required to fall within the range of 98% to 102% to be
deemed acceptable

Amount found

% Recovery = ———— x 100 (3.2)

Amount added

3.2.1.6 Robustness

The robustness analysis was conducted to evaluate the reliability of the UV-Vis
spectrophotometric method concerning deliberate variations in method parameters. In this
study, robustness was tested by adjusting the set wavelength of 320 nm by + 2 nm,
measuring absorbance at 318 nm and 322 nm. An 8 ug/mL concentration of MT was
prepared and measured in triplicate at these two different wavelength conditions. The
absorbance values obtained were used to calculate the results, which are presented as %

relative standard deviation (% RSD), as shown in Equation (3.1).

3.2.1.7 Ruggedness

The ruggedness was carried out using two different instruments (Secomam UVline 9400

and UV-1800, Shimadzu). The UV-spectrophotometer method was performed by

analyzing seven samples of 8 ug/mL MT. The results are presented in % RSD, as shown in
Equation (3.1).
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3.2.1.8 Limit of Detection (LOD) and Limit of Quantification (LOQ)

The limit of quantification (LOQ) of an analytical procedure is the lowest amount of drug in a
sample that can be quantitatively determined with suitable precision and accuracy. To determine the
LOD and LOQ of MT, the solution was prepared in triplicate near the lower limit of the analytical
curve and subjected to the same wavelength to quantify the samples. The limit of detection (LOD)
and limit of quantification (LOQ) of MT were determined using the standard deviation of the
response (o), referring to the o. of the sample and slope (S) obtained from the calibration curve

constructed and calculated according to Equations (3.3) and (3.4) described below:

33X0

LOD = 322 (33)
LOQ = =22 (3.4)

3.2.2 Fabrication of Metronidazole Nanoparticle (MNP)

MT; 99% purity was sourced from Xi'an Henrikang Biotech, China; chitosan (CS) from
Xi’an Ceres Biotech, China; and tripolyphosphate (TPP) and acetic acid from Evachem,
Selangor, Malaysia. MT-loaded onto CS nanocarrier (CS-MNP) were synthesised via the
ionic gelation method, following protocols previously described with slight modifications
(Oliveiraet al., 2021; Omar et al., 2015; Sukhbir et al., 2017). Initially, 300 mg of CS was
dissolved in 100 mL of 2% (v/v) aqueous acetic acid under continuous stirring until a clear
homogenous solution was obtained. Various concentrations of MT (150 mg, 300 mg, 450
mg, and 600 mg) were subsequently incorporated into the CS solution and homogenised to
ensure uniform dispersion of the drug. A 0.1% (w/v) TPP solution was then added dropwise
to the MT-CS mixture over a 60-minute period, under constant stirring at 800 rpm. The
electrostatic interaction between the positively charged CS and negatively charged TPP
induced ionic gelation, resulting in the formation of a turbid, white suspension indicating
successful nanoparticle synthesis. The resultant dispersion was centrifuged at 1,500 rpm
for 30 minutes to collect the nanoparticle-containing gel-like pellet, which was then freeze-
dried at —80°C for 24 hours to obtain dry MT-CS nanoparticle powder. Blank CS
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nanoparticles were also prepared using the same method without the addition of MT. The
overall preparation process is illustrated in Figure 3.1, adapted from Zhang et al. (2016),
showing the step-by-step formation of MT-loaded onto CS nanoparticles via the ionic

gelation technique.

g TR

MT MT-CS

Figure 3.1 Preparation of MT-loaded CS nanoparticles via ionic gelation, where CS is

mixed with MT and crosslinked with TPP for encapsulation (created using Biorender.com)

3.2.2.1 Particle size, PDI, and zeta potential

The average particle size and PDI were measured by the dynamic light scattering (DLS)
technique using Nano S (Malvern Zetasizer, Malvern, United Kingdom). Zeta potentials
were measured by laser Droppler microelectrophoresis using Nano Z (Malvern Zetasizer,
Malvern, United Kingdom) (Ataide et al., 2021). All the samples were run in triplicate. The
samples were sonicated for 5 min in a bath ultrasonicator (QSonica, Connecticut, USA)
before being analysed and immediately used for measurements. All measurements were
obtained in triplicate (n = 3) (Karimi et al., 2018; Katas et al., 2013).

3.2.2.2 Drug encapsulation efficiency (EE)

The encapsulation efficiency of the MT nanoparticle was determined by an indirect method.

Briefly, the nanoparticle was centrifuged at 1,500 rpm for 30 minutes. The amount of MT
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in nanoparticles was calculated as the difference between the total amount used to prepare
the nanoparticles and the amount of MT present in the supernatant (non-encapsulated MT).
The concentration of free MT was determined by UV-spectrophotometry, as shown in
Figure 3.2. The encapsulation efficiency was calculated in triplicate using Equation (3.5),
following the method described by Jackson et al. (2019) and Oliveira et al. (2021).

drug concentration in the formulaion — drug concentration in supernatant
— . x 100 (3.5)
drug concentration in the formulation

% EE =

CS-TPP

Nanocarrier
l o Non-encapslated MT—@ ©) o
/ 09 @

@O
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Figure 3.2 A schematic illustration of encapsulated and unencapsulated MT

nanoparticles created using (BioRender.com)

3.2.2.3 Formulation selection of MNP

The development of MNP was guided by a one-variable-at-a-time (OVAT) optimisation
strategy, which allows systematic investigation of each formulation parameter while
maintaining others constant. This approach was selected to clearly understand the influence
of individual variables on the physicochemical properties of the nanoparticles and to

facilitate reproducible formulation development.

Key selection criteria were established based on widely accepted benchmarks in
nanoparticle drug delivery systems. A polydispersity index (PDI) below 0.3 was targeted
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to ensure a narrow particle size distribution, which is critical for achieving consistent drug
release kinetics, enhanced cellular uptake, and batch-to-batch uniformity. Higher PDI
values typically indicate heterogeneity, which may lead to aggregation or unpredictable
drug behaviour in biological environments (BOC Sciences, 2024; Diversa Technologies,
2024; Inside Therapeutics; 2024). In a similar context, Ren et al. (2019) developed piperine-
loaded nanoparticles using a nanoprecipitation method for epilepsy control and observed a
PDI less than 0.3, demonstrating a relatively narrow distribution that contributed to
enhanced oral bioavailability and dissolution. A zeta potential threshold of +20 mV or
higher was adopted to promote colloidal stability. Nanoparticles with sufficient surface
charge generate electrostatic repulsion, reducing the likelihood of aggregation during
storage and application. A positive zeta potential is also favourable for interactions with
negatively charged bacterial cell membranes and periodontal tissues, potentially enhancing
mucoadhesion and therapeutic efficacy (Malvern, n.d.; Oztiirk, & Calis, 2024). These criteria
were applied throughout formulation screening to identify nanoparticle systems most
suitable for further in vitro and in vivo evaluation. A positive zeta potential is also favourable
for interactions with negatively charged bacterial membranes and mucosal surfaces, enhancing
mucoadhesion and drug delivery performance (Le-Vinh et al., 2019). The concentration of MT
varied from 0.15% to 0.60% (w/v), while maintaining a constant CS concentration of 0.3%
(w/v), to explore the effect of drug loading on particle characteristics and encapsulation
behaviour. The formulation compositions are listed in Table 3.1.

Table 3.1 Experimental design for the development of MNP.

Formulation Concentrations
CS (% wiv) MT (% wiv)
1 0.3 0.15
2 0.3 0.30
3 0.3 0.45
4 0.3 0.60
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3.2.2.4 Field emission scanning electron microscope (FESEM)

The surface morphology of optimised MNP was analysed to observe the shape and
aggregation phenomena. The nanoparticle was fixed on a glass plate and dried at room
temperature. The dry nanoparticle was coated with gold under a vacuum and then analysed

using field emission scanning electron microscopy (FESEM).

3.2.2.5 Fourier transform infrared spectroscopy (FTIR)

The functional groups present in empty MT and CS, as well as MNP and CS nanoparticles,
were characterised using attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy (Spectrum 100, Perkin EImer, Massachusetts, USA). Approximately 5
mg of each sample was analysed. Spectra were acquired using 16 scans over the
wavenumber range of 4000-600 cm™ (Ruchika & Himanshi, 2019).

3.3 RESULT AND DISCUSSION

3.3.1 Analytical Method Development and Validation (UV-Spectrophotometer)

Validation of an analytical procedure refers to the process of verifying and documenting
that an analytical method is suitable for its intended use. The validation process involves
demonstrating that the analytical procedure is accurate, precise, specific, and robust for its
intended application. It is an essential step in ensuring that the results obtained from the

analytical method are reliable.
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3.3.1.1 Specificity

The ultraviolet-visible (UV-Vis) absorption spectrum of MT reveals a single prominent
absorption peak centred at 320 nm, which is characteristic of MT molecular structure. This
observation confirms the specific absorbance profile of MT, aligning with previously
reported findings (Mondal et al., 2007). The absorbance value, which remains below 1.0,
lies within the optimal range for UV-Vis spectrophotometry, ensuring linearity and
reliability of the measurements. Maintaining absorbance values under this threshold is
crucial for accurate determination of A_max and minimises potential deviations due to
instrumental limitations or sample oversaturation. These results validate the use of 320 nm
as the analytical wavelength for subsequent quantification and characterisation studies
involving MT, particularly in drug encapsulation and release investigations, as illustrated

in Figure 3.3.
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Figure 3.3 The A max of MT using a spectrophotometer at 320 nm

As stated in a previous study, CS is water-insoluble due to strong
intermolecular hydrogen bonds between polymer chains, and drug release from CS is
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driven by swelling, drug diffusion, degradation, or a combination of both (Bashir et
al., 2022; Herdiana et al., 2022). The CS nanocarrier that dissolves upon contact with
the media causes an explosive effect on the drug trapped, which may fail the
nanosystem. As a result, the insoluble nanocarrier is an essential feature for
nanoparticle formulation because it can provide a slow release of encapsulated
drugs.In this study, CS was used as the primary carrier in the nanosystems and was
also shown to be insoluble in water. Because CS can only disperse in water, they
effectively act as nanocarriers, preventing rapid drug release and promoting MT
release via nanocarriers. As a result, long-term control of MT release at the site of
action is possible. Furthermore, the interaction between two oppositely charged
polymers, CS and TPP, leads to more hydrogen bond formation, causing the outer
layer of nanocarrier CS-TPP to swell in the water system due to strong hydrogen
bonds between polymers. As the pH rises, the CS-TPP swells, preventing the
nanocarrier structure from breaking (Mohammed et al., 2017). However, a study
found that the solubility of CS can be reduced due to entanglement with a polymeric
matrix in an acidic medium (Sukhbir et al., 2017). Thus, CS-TPP was not included in

the specificity because it is insoluble in water.

3.3.1.2 Linearity and Calibration Curve

The absorbance peaks of MT were analysed at a wavelength of 320 nm using a UV-visible

spectrophotometer to determine the drug’s linearity range and establish a standard

calibration curve. A series of six MT standard solutions were prepared at concentrations

ranging from 2 pg/mL to 12 pg/mL. The absorbance for each concentration was measured

in triplicate to ensure consistency and reliability of the data. The results demonstrated a

distinct and proportional increase in absorbance with rising MT concentrations, indicative

of compliance with Beer’s Law, which states that absorbance is directly proportional to

concentration in a homogenous solution. This relationship is essential for ensuring accurate

quantitative analysis.
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The generated calibration curve plotted with precision and fitted using a linear
regression analysis The regression equation obtained from the curve was y = 0.004628x +
0.04402, with a coefficient of determination (R?) of 0.99902. This signifies the linear model
demonstrates strong correlation between MT concentration and absorbance. According to
Ismail et al. (2016), an R? value exceeding 0.995 is considered indicative of a robust and
analytically reliable method. Thus, the findings in this study confirm the UV-Vis
spectrophotometric method as precise and dependable for the quantification of MT within
the tested concentration range. Figure 3.4 illustrates the calibration curve, which exhibits a

clearly defined linear regression line.
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Figure 3.4 Calibration curve between absorbance vs concentration of MT

The mean absorbance values for each standard concentration, measured in
triplicate (n = 3) and expressed as mean + standard deviation (S.D.). These values
reveal a progressive increase in absorbance with increasing MT concentration, with
low standard deviations at each point, further supporting the method’s precision. For
instance, the absorbance for 2 ug/mL MT was recorded as 0.139 +0.006, while the
highest concentration of 12 pg/mL yielded an absorbance of 0.606 + 0.004. Notably,
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the narrow range of standard deviations across all concentration levels (ranging from
+0.004 to £0.015) reflects high measurement consistency and low intra-sample
variation. The mean absorbance values corresponding to each concentration are

summarised in Table 3.2.

Table 3.2 Means absorbance of MT (n=3+S.D.).

MT (ug/mL) Mean Absorbance (nm)
2 0.139+0.006
4 0.228+0.015
6 0.313+0.011
8 0.424+0.011
10 0.510+0.007
12 0.606+0.004

A calibration curve is a graphical representation of the relationship between the
concentration of a substance and the corresponding signal response measured by an
analytical instrument. Once established, this curve enables accurate determination of
unknown sample concentrations by interpolating their absorbance values onto the curve.
According to Beer’s Lambert Law, absorbance is directly proportional to concentration,
allowing the spectrophotometer to predict the concentration of an analyte based on its
absorbance (Delgado, 2022). In this study, the calibration curve was constructed at the
A_max of 320 nm, with absorbance plotted against MT concentrations. The high linearity
(R2 = 0.999) further confirms the suitability of this method for accurately estimating the
concentration of encapsulated MT in nanoparticle formulations. These findings support the
use of this UV-Vis method in future quantification studies involving MT, especially where
reliable estimation of drug loading and release is critical for evaluating formulation

performance.
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3.3.1.3 Precision

To evaluate the reliability and reproducibility of the UV-spectrophotometric method, both
intraday and interday precision studies were conducted using MT concentrations of 8, 10,
and 12 pg/mL. Precision was expressed as the percentage relative standard deviation (%
RSD), calculated from the mean absorbance and standard deviation for three replicates (n
= 3) at each time point. Table 3.3 shows the intraday precision results, with measurements
taken at 9 a.m., 12 p.m., and 3 p.m. across the concentration range. The % RSD values

remained consistently below 2.0, indicating good repeatability.

Table 3.3 Intraday - precision (n=3+S.D.).

Time | Concentrations (ug/mL) | Mean absorbance (nm) | % RSD
9am |8 0.456 + 0.008 1.754
10 0.525 + 0.008 1.524
12 0.627 + 0.009 1.435
12pm | 8 0.458 + 0.008 1.746
10 0.518 £ 0.004 0.772
12 0.615 + 0.004 0.650
3pm |8 0.460 + 0.002 0.435
10 0.534 + 0.002 0.375
12 0.627 +£0.011 1.754

The interday precision study was conducted to evaluate the reproducibility of the UV-
spectrophotometric method across three consecutive days using MT concentrations of 8, 10, and 12
pHg/mL. The results consistently demonstrated percentage relative standard deviation (% RSD)
values below the commonly accepted threshold of 2.0, indicating minimal variability between days.
This confirms the method’s high reproducibility, a critical factor in validating an analytical

procedure for routine use. The ability of the method to yield stable results under varying temporal

60



conditions, which may include slight fluctuations in instrumentation or environmental factors,
reflects its robustness and reliability. Such performance is essential for ensuring accurate drug
guantification in longitudinal studies or quality control settings. These findings reinforce the
method’s validity for consistent application in the analysis of MT in nanoparticle formulations. The

detailed interday absorbance values and associated % RSDs are presented in Table 3.4.

Table 3.4 Interday - precision (n=3+ S.D.).

Day | Concentrations (ug/mL) | Mean absorbance (nm) | % RSD
1 8 0.438 + 0.006 1.369
10 0.516 + 0.003 0.581
12 0.610 + 0.008 1311
2 8 0.460 + 0.002 0.435
10 0.534 +0.002 0.375
12 0.627 £0.011 1.754
3 8 0.438 + 0.004 0.913
10 0.516 + 0.010 1.938
12 0.593 £+ 0.010 1.686

The precision of a measurement reflects the consistency and reproducibility of
results under specified conditions and can be expressed either as standard deviation or the
coefficient of variation (% RSD). A lower standard deviation or % RSD indicates higher
precision. For an analytical method to be considered reliable, it must consistently produce
reproducible results across multiple measurements. As highlighted by Mishra et al. (2014),
precision contributes significantly to the overall accuracy of an analytical procedure. In this
study, both intra- and interday precision analyses were conducted at three concentration
levels (8, 10, and 12 pg/mL). The % RSD values for all measurements were less than 2.0,

which falls within the accepted limits for analytical method validation. This demonstrates
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the method’s robustness and confirms its applicability for routine quantitative analysis of
MT using UV spectrophotometry. These findings underscore the developed method’s
suitability for consistent performance across different time points and operational
conditions, further supporting its use in nanoparticle formulation and drug release studies
involving MT.

3.3.1.4 Accuracy

The accuracy of a measurement can be expressed as a percentage or an absolute value, such
as the difference between the measured value and the true value. It is often evaluated by
comparing the results obtained from the experiment to a known standard or reference
material. The accuracy of an analytical method is an important parameter in chemical
analysis, as it determines the reliability and validity of the results obtained. The accuracy
of samples was assessed to evaluate the known impurity level following ICH Q2 (R1)
guidelines. A minimum of nine determinations were conducted, consisting of three
concentration levels and three replicates per sample. The result was expressed as a percent
recovery and should be between 98% and 102% (Harun Ismail et al., 2015). The result
showed that drug recoveries of 99.73-101.92% were obtained at concentrations of 8
png/mL-12ug/mL. Based on the results, the developed UV method was found to be highly

accurate, as the percentage recovery was within the standard range.

3.3.1.5 Robustness

The robustness of analytical methods measures the method’s ability to remain unaffected
when slight intentional changes in method parameters occur. In this study, the robustness
of the UV spectrophotometer analytical method was established by reading the absorbance
at a different wavelength. Change in wavelength did not affect the method's performance,
as the %RSD values at 318 nm and 322 nm were found to be between 0.581 and 0.749,

respectively, as shown in Table 3.5. The robustness of the proposed UV analytical method
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was demonstrated by a value of % RSD less than two.

Table 3.5 Robustness.

Wavelength | Mean Absorbance (nm) | %RSD
318 0.516 + 0.003 0.581
322 0.534 + 0.004 0.749

3.3.1.6 Ruggedness

The ruggedness of an analytical method is the degree of reproducibility of test results
obtained by analysing the same samples under different test conditions. This study used
two different UV spectrophotometers in different laboratories and at different times to test
the analytical method's ruggedness. The results obtained from lab-to-lab and time-to-time

variation were reproducible, as the %RSD did not exceed 2%, as shown in Table 3.6.

Table 3.6 Ruggedness.

Instrument Mean Absorbance (nm) | % RSD
UV line 9400, Secomam | 0.626 + 0.0077 1.230
UV-1800, SHIMADZU | 0.617 +0.0049 0.794

3.3.1.7 Limit of Detection and Limit of Quantification

LOD, or limit of detection, is the lowest amount of analyte that can be reliably detected by
an analytical method. This is typically defined as the concentration or amount of analyte.
that produces a signal that is significantly different from the background noise of the

method. In other words, the smallest substance can be detected with any certainty. LOQ, or
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limit of quantification, is the lowest amount of analytes that can be accurately quantified or
measured by an analytical method. This is typically defined as the concentration or amount
of analyte that produces a signal that is reliably different from the background noise of the
method and falls within an acceptable range of uncertainty. In other words, the smallest
amount of a substance can be accurately measured with a specific degree of confidence.
LOD and LOQ were calculated using standard calibration curves. LOD and LOQ were
found to be 0.040 ug/mL and 0.120 pg/mL, respectively, indicating that the method was

suitable for analysing samples containing even a small amount of MT.

Table 3.7 Summary of validation parameter of MT.

Parameter Normal range Result
Linearity 0.999 0.999
Accuracy 98-102 99.73 -101.92 %

Max A - 320 nm

Repeatability

Intraday <2% 0.332- 1.790
Precision | Interday 0.332- 1.849
LOD (pg/mL) - 0.040ug/mL
LOQ (pg/mL) - 0.120pg/mL

318 320 322

Robustness %RSD <2% 0.592 1.373 | 0.757
Ruggedness %RSD <2% 1.314

Table 3.7 shows the summary of validation parameter of MT. The validation study
used UV-visible spectroscopy to check the concentration of MT over a wavelength range
of 200-400 nm. The maximum absorbance was found at 320 nm. The method adhered to

ICH Q2(R1) guidelines, ensuring that it met rigorous standards for analytical methods. The
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calibration curve established with the equation y=0.4628x+0.4402 with r? value of 0.999
highlights the reliability and accuracy of the method. The relative standard deviations
(%RSD) for precision, robustness, and ruggedness were consistently below 2%, confirming
the method's reproducibility and reliability. The findings from the stability study, indicating
that MT samples remained stable over a 24-hour period, confirmed that the method was
effective for assessing drug concentration. This UV spectrophotometric approach is
presented as a simple, fast, precise, and cost-effective method for quantifying MNP. This
UV spectrophotometric approach was presented as a simple, fast, precise, and cost-
effective method for quantifying MNP. The overall results from the validation parameters
indicated that UV-visible spectroscopy was a suitable analytical method for measuring MT
concentrations. The method's robustness, accuracy, and precision made it an excellent
choice for determining the content of MNP, supporting its application in pharmaceutical

analysis.

3.3.2 Development of metronidazole nanoparticles (MNP)

Initially, CS, soluble in acidic conditions, formed a clear solution. However, upon addition
to the TPP solution, rapid gelation and precipitation occurred, turning the solution cloudy
as a gel formed. This indicates that CS reacted with TPP and transformed into a solid-like
structure. The reaction occurs because the positively charged amine groups on CS interact
with the negatively charged phosphate groups in TPP. As the acid in the CS solution is
neutralised, the pH increases, causing CS to become less soluble and initiate gel formation.
The phosphate ions from TPP bind with CS, leading to its precipitation and the
simultaneous entrapment of MT within the CS matrix. This process results in stable gel
beads that can be used for drug delivery, as the MT remains encapsulated within the CS
structure (Srinatha et al., 2008).
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3.3.2.1 Particle Size, Polydispersity Index, and Zeta Potential

The synthesis of MT nanoparticles via ionic cross-linking between CS and TPP
demonstrated that MT concentration significantly affected particle size, polydispersity
index (PDI), and encapsulation efficiency (%EE). The particle sizes of the nanoparticle
formulations ranged from 308.0 = 9.18 nm to 746.9 £ 13.7 nm. A statistically significant
increase in particle size was observed as the MT concentration increased from 0.15% w/v
to 0.45% wl/v (p < 0.05), indicating a direct correlation between drug concentration and
nanoparticle size. This trend suggests that higher MT concentrations promote particle
aggregation, likely due to increased molecular crowding. These findings are consistent with
previous studies reporting that elevated drug loading can lead to larger particles as a result
of aggregation phenomena (Ruchika & Himanshi, 2019). It is observed that formulation
F1, which contained 0.15% w/v MT, exhibited the smallest particle size. This suggests an
optimal balance between CS and TPP, achieving controlled gelation and efficient
nanoparticle formation without excessive cross-linking. These observations highlight the
importance of maintaining a critical balance between drug concentration and polymer-to-

crosslinker ratio for desirable nanoparticle characteristics.

The PDI reflects the uniformity of particle size distribution, which is crucial for
consistent drug release and bioavailability. In this study, PDI values ranged from 0.374 +
0.625 to 0.625 + 0.083, indicating increasing heterogeneity with higher MT concentrations.
Formulation F1 (0.15% w/v MT) exhibited a PDI of 0.374, suggesting a moderately
monodispersed system. In contrast, Formulation F4 (0.45% w/v MT) recorded the highest
PDI (0.625), indicating a broader size distribution and reduced stability. While
Formulations F1 and F2 (0.30% w/v MT) showed no statistically significant difference in
PDI (p = 0.0735), In contrast, higher MT concentrations, as observed in F3 and F4, resulted
in significantly elevated PDI values (p < 0.05), suggesting greater particle size
heterogeneity and reduced stability This trend suggests that increasing MT concentration
results in particle heterogeneity, likely due to the saturation of TPP and uneven crosslinking
between CS and TPP, leading to the formation of particles with variable sizes (Oliveira et
al., 2022). A PDI below 0.5 is generally considered acceptable for nanoparticle-based drug
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delivery systems, as it denotes a narrow and uniform size distribution (Danaei et al., 2018).
Values above 0.4 indicate moderate polydispersity, consistent with the findings of this
study. A narrower distribution, as seen in F1, is desirable for enhanced nanoparticle
stability and predictable drug release. As illustrated in Figure 3.5, Formulation F1
comprising 0.3% w/v CS and 0.15% w/v MT demonstrated a Z-average particle size of
308.0 nm with a PDI of 0.374. This indicates an optimal balance in the ionic gelation

process, leading to the formation of uniform nanoparticles.
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Figure 3.5 Z-average particle size and PDI of MT nanoparticles for Formulation F1

Another important parameter in evaluating nanoparticle performance, alongside
particle size and PDI, is zeta potential. In this study, the zeta potential of the CS
nanoparticles ranged from 26.6 + 6.100 mV to 46.6 £ 0.231 mV, indicating positively
charged surfaces that contribute to colloidal stability. Formulation F2 exhibited a
significantly higher zeta potential compared to F1 and F3 (p < 0.05), which enhances
electrostatic repulsion between particles, thereby minimising aggregation and improving
dispersion stability. Notably, higher zeta potential values are generally associated with
improved nanoparticle stability, owing to their ability to promote electrostatic repulsion
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and prevent particle agglomeration (Honary & Zahir, 2013). The highest zeta potential
recorded in this study was observed in Formulation F1, which comprised 0.3% w/v CS and
0.15% w/v MT, with a value of 46.6 + 0.231 mV, as presented in Figure 3.6.

Mean (mV) Area (%) St Dev (mV)

Zeta Potential (mV): 46.6 Peak 1: 46.6 100.0 428

Zeta Deviation (mV): 376 Peak 2: 0.00 0.00 0.00

Conductivity (mS/cm): 0144 Peak 3: 0.00 0.00 0.00
Result
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Figure 3.6 Zeta potential distribution

Nanoparticles prepared with CS are widely recognised for their significant role in
drug delivery and tissue engineering, primarily due to their positive zeta potential. The
positive zeta potential arises from the amino groups along the CS polymer backbone, which
enhances stability and functionality in various applications (Mohammed et al., 2017). The
charge facilitates electrostatic repulsion between nanoparticles, preventing aggregation and
ensuring a stable dispersion in aqueous solutions (Honary & Zahir, 2013). Recent studies
indicate that CS nanoparticle synthesised with TPP exhibits higher zeta potential and
greater stability in suspension (Ribeiro et al., 2020). Positive zeta potential not only
improves stability but also enhances cellular uptake by increasing interactions with
negatively charged cell membranes. This leads to prolonged blood circulation time and

reduces premature drug elimination (Mohammed et al., 2017).CS-based nanoparticles are
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well recognised for their positive zeta potential, attributed to protonated amino groups
along the polymer backbone. This positive surface charge facilitates electrostatic repulsion
between particles, preventing aggregation and promoting colloidal stability (Honary &
Zahir, 2013). Furthermore, nanoparticles crosslinked with TPP often exhibit improved zeta
potential and enhanced stability (Ribeiro et al., 2020). The positive zeta potential also
increases cellular uptake by enhancing interactions with negatively charged cell
membranes, thereby prolonging circulation time and reducing premature drug elimination
(Mohammed et al., 2017).

CS nanoparticles are crucial for drug delivery because their positive zeta potential
improves cellular uptake and controls drug release. This has been observed with CS-capped
gold nanoparticles, which exhibit higher zeta potentials and improved antibacterial activity
due to better interaction with bacterial cell membranes (Fuster et al., 2020; Wang et al.,
2017). Recent research has also highlighted the significant influence of zeta potential on
bacterial adhesion. The antibacterial activity of CS-gold nanoparticles (Cs-AuNPS) is
positively correlated with their zeta potential due to the electrostatic attraction between
positively charged nanoparticles and negatively charged bacterial cell membranes (Wang
et al., 2017). A higher zeta potential, around 50 mV, enhances this interaction, improving
the nanoparticles' ability to disrupt bacterial growth and making them more effective
against bacteria (Fuster et al., 2020). However, an increase in drug concentration, such MT,
can reduce the zeta potential by neutralising positive surface charges, potentially impacting
the stability and efficacy of the nanoparticles. This shift in surface charge dynamics can
weaken electrostatic repulsion and affect the overall performance of the nanoparticles. The
observed decrease in zeta potential with increasing MT concentration suggests that non-
encapsulated MT may neutralise some of the positive charges, diminishing the
nanoparticles' ability to maintain a high surface charge and potentially affecting dispersion
stability (Kaur et al., 2017). Overall, an optimal physiochemicall properties of particle size,
uniformity, and surface charge was achieved in Formulation F2 (0.3% w/v MT), identifying

it as the most stable and suitable formulation for further investigation.
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3.3.2.2 Encapsulation Efficiency (EE)

The encapsulation efficiency (EE) of MT within CS-based nanoparticles varied
significantly, with values ranging from 26.42% to 87.95%. This variation highlights the
influence of drug concentration on the entrapment capacity of the polymer matrix. At a
fixed CS concentration of 0.3% w/v, an inverse relationship between MT concentration and
EE was observed: increasing the MT concentration led to a notable decline in EE. The
highest EE (87.95%), achieved at the lowest MT concentration (0.15% wi/v, Formulation
F1), reflects highly efficient encapsulation within the CS network. This suggests that at
lower drug concentrations, the availability of cross-linking sites between CS and TPP is
sufficient to retain most of the drug molecules within a stable nanoparticulate structure. In
contrast, the lowest EE (26.42%), recorded at the highest MT concentration (0.6% wl/v,
Formulation F4), indicates that the saturation threshold of the polymer had been exceeded,
leaving excess drug unencapsulated. This unentrapped drug could contribute to instability,
undesired burst release, or reduced therapeutic efficiency. The EE values across
formulations decreased with increasing MT concentration, reinforcing the critical role of
polymer—drug ratio in nanoparticle design. The physicochemical characteristics of all tested
formulations including particle size, PDI, zeta potential, and EE are summarised in Table
3.8, offering a comprehensive view of the formulation performance under varying MT

concentrations.

Table 3.8. Physicochemical properties of nanoparticles (n=3 £ S.D.)

No | Independent variable Dependent variable

CS polymer | Drug Size (nm) PDI (nm) Zeta EE%

(W/v%) (W/v%) Potential

(mV)

F1 0.3 0.15 308.0+9.18* | 0.374+0.37% | 46.6+0.23* | 87.95+ 0.07°2
F2 [ 0.3 0.30 594.2 + 14.7° | 0.479 + 0.04% | 35.6 + 0.40° | 85.06 + 0.082
F3 /0.3 0.45 746.9 +13.7° | 0.581+0.08" | 26.6 +6.10° | 35.79 + 0.42"
F4 | 0.3 0.6 600.5+22.4° | 0.625+0.08" | 32.9+0.87° | 26.42 + 1.35°
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The observed trend in encapsulation efficiency underscores the importance of
maintaining an optimal balance between drug and polymer concentrations in nanoparticle
formulations. As drug concentration increases, the polymer matrix eventually becomes
saturated, limiting its ability to encapsulate additional drug molecules. This was evident in
the current study, where increasing MT concentration from 0.15% to 0.6% w/v at a fixed
0.3% wi/v CS led to a significant decline in EE from 87.95% to 26.42%. This aligns with
findings from Sujathan and Sharma (2021), who emphasised that EE decreases when the
drug load exceeds the polymer’s entrapment capacity unless the polymer concentration is
adjusted proportionally. This phenomenon reflects a trade-off commonly reported in
nanoparticle systems: although higher drug concentrations increase the loading capacity,
they often result in a lower percentage of drug being effectively encapsulated (Kandav et
al., 2019; Sreeharsha et al., 2020). At a constant CS concentration, the polymer network
reaches a threshold beyond which drug molecules remain unentrapped, reducing overall
efficiency. This has been corroborated by studies showing that increasing CS concentration
can improve EE by strengthening the polymeric network and enhancing drug retention
(Garud & Garud, 2010; Sreeharsha et al., 2020). Moreover, Yang et al. (2009) reported that
denser CS matrices formed at higher polymer concentrations provide better entrapment
conditions and reduce early drug leakage. In the context of this study, 0.3% w/v CS
appeared optimal for encapsulating lower concentrations of MT, achieving efficient loading
with minimal loss. Formulation F1, containing the lowest drug concentration, achieved
superior EE and stability, while higher drug loads (F4) resulted in reduced entrapment and
poorer nanoparticle characteristics. These results suggest that for effective drug
encapsulation, the drug-to-polymer ratio was carefully optimised based on the saturation

threshold of the polymer system.

3.3.2.3 Selection of MNP

The capacity of CS to adhere to mucosal surfaces has gained significant attention over the
past few decades. Its ability to provide longer residence times at the application site,

harmonise release kinetics, and enhance mucoadhesive properties was a key reason for the
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utilisation of CS in this study. The particle size was one of the key variables that needed to
be controlled at the nanoscale (1-1,000 nm) to be recognised as a nanoparticle and suitable
for application in the treatment of periodontal disease. Delivering a therapeutic agent across
the gingival sulcus to the underlying connective tissue should be a key desirable property
for any ideal drug delivery system intended for the localised treatment of periodontal
disease. According to a previous study, particles larger than 500 nm in diameter may not
permeate through the junctional epithelium to deliver the drug at the site of action (Aminu
etal., 2018). Thus, this study chose the optimal nanoparticle formulations based on particle
sizes less than 500 nm. Secondly, the PDI value reflects the nanoparticle size distribution,
where samples with a wider range of particle sizes have higher PDI values, while samples
consisting of an evenly distributed particle size distribution have lower PDI values
(Masarudin et al., 2015). Our studies observed a lower PDI value of 0.374 = 0.374,
indicating monodisperse CS nanoparticle. Meanwhile, all of the formulated materials have
a zeta potential greater than +20 mV, and the highest encapsulation efficiency in this study
is 87.95 + 0.07%.

Research has shown that varying the CS—-TPP concentration can significantly
influence nanoparticle characteristics, particularly particle size, polydispersity index (PDI),
and zeta potential. These parameters are further affected when active pharmaceutical
ingredients, such as MT are introduced, with particle size often displaying the most
predictable change due to drug entrapment (Simpson & Lowry, 2024). To systematically
assess these effects, the OVAT approach was adopted, as described by Sukhbir et al. (2017).
In this study, OVAT was employed to examine the effect of varying MT concentrations,
while the CS and TPP concentrations were maintained at 0.3% w/v and 0.1 w/v%,
respectively. This approach enabled direct attribution of observed changes in nanoparticle
characteristics such as particle size, PDI, zeta potential, and encapsulation efficiency to the
concentration of MT. Statistical validation was carried out using one-way ANOVA
followed by appropriate post hoc analyses, which revealed significant differences (p < 0.05)
in all measured characteristics across formulations. Among the tested formulations, F1
significantly improved nanoparticle characteristics, with the smallest particle size (308.0 +
9.18 nm), lowest PDI (0.374 + 0.01), and highest encapsulation efficiency (87.95 £ 0.07%)
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(p < 0.05), indicating a strong influence of MT concentration on nanoparticle optimisation,

as visualised in Figure 3.7.
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Figure 3.7 Visualisation of nanoparticle flow in periodontal disease treatment (created

using Biorender.com

This mucoadhesion not only improved drug delivery by increasing the surface area
but also enhanced bioavailability by protecting the drug from degradation. The adhesive
properties of CS were particularly valuable for pharmaceutical applications, as mucosal
drug delivery significantly improved drug absorption and bioavailability through mucosal
membranes (Eliyahu & Bianco, 2018). This increased adhesion to mucosal surfaces
enhanced the contact time for drug penetration, thereby facilitating better therapeutic
outcomes (MikuSovéa & Mikus, 2021). Previous research primarily focused on MNP aimed
at selective delivery to the colon through the oral route (Ruchika & Himanshi, 2019;
Sreeharsha et al., 2020). However, this study was the first to explore the potential of MNP
for local drug delivery in periodontal applications. Figure 3.7 depicts a process similar to
the flow of the nanoparticle drug at the affected site in periodontal disease, demonstrating
the interaction of nanoparticles with inflamed bone tissue facilitates targeted drug delivery
and enhances therapeutic action.
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Although advanced experimental designs such as factorial design, response surface
methodology (RSM), or Design of Experiments (DoE) enable simultaneous investigation
of multiple variables and their interactions, OVAT was chosen for its straightforward and
practical application in this initial formulation study. OVAT is particularly advantageous
during preliminary research stages, where understanding the individual impact of each
variable is critical (Matawo et al., 2020). Despite its inability to detect interactions between
variables, OVAT continues to be widely accepted for initial screening and provides a strong
foundation for future optimisation (Yousefi et al., 2023). These findings confirm the
reliability of the OVAT approach and validate the robustness of the experimental setup.
Previous literature supports these findings. For example, Omar et al. (2015) demonstrated
that nanoparticles formulated with 0.3% w/v CS and 0.1% wi/v TPP exhibited a high zeta
potential, with particle size increasing only at higher CS concentrations without
significantly altering zeta potential. This further justifies the selection of these
concentrations in the present study and affirms that the observed trends are consistent with
established scientific principles. Thus, F1 was identified as the optimal formulation,
offering the most favourable nanoparticle properties for MT delivery in periodontal

applications.

3.3.2.4 FESEM analysis

Figure 3.8 shows the morphology of pure CS as captured by a Field Emission Scanning
Electron Microscope (FESEM). The images illustrate that CS appears to have an irregular
shape and flake-like structure, with a wide size distribution consistent with the previous
findings (Kim et al., 2020). Similar morphology was found in this study, where the selected
MNP exhibited a uniform distribution and spherical-like structure in large clumps, which

indicated that the MNP were successfully formulated.
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Figure 3.8 Images of CS (a) and MNP (b-c).

This observation aligns with previous studies, which also reported that CS in its
native form exhibits a flaky appearance, whereas CS nanoparticle tend to exhibit a rounded
shape (Vaezifar et al., 2013). In many studies, CS nanoparticles loaded with drug MT have
been observed to have a spherical shape with a solid surface and a porous structure (Adlin
& Anton, 2013; Oliveira et al., 2022; Sukhbir et al., 2017). SEM images of an empty CS
nanoparticle also showed the spherical-like structure in the agglomerated state (Oh et al.,
2019). The matrix structure observed in the nanoparticles is due to the electrostatic
attraction between anionic and cationic groups of CS (Sukhbir et al., 2017). Freeze-drying,
or lyophilisation, is another technique used to enhance the stability of CS nanoparticle by

removing water and preserving particle properties (Ataide et al., 2021). However, the
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agglomeration of MNP observed in the dry state is attributed to freeze-drying. This
common drying method can cause particles to aggregate as water is removed, leading to
close contact and subsequent agglomeration of the particles (Ataide et al., 2021; Oh et al.,
2019). When particles are drying, the introduction of air-water interfaces (as water
evaporates) can cause the particles to stick together due to capillary forces. This leads to
the formation of clusters or agglomerates. During the drying process, the introduction of
air-water interfaces as water evaporates can cause particles to stick together due to capillary
forces. This leads to the formation of clusters or agglomerates. As the suspension dries and
the concentration of ions and particles increases, the tendency for particles to clump
together also increases. In high ion concentration suspensions, the usual repulsive forces
that keep particles apart are neutralised, making attractive forces (such as London—-Van der
Waals and ion-ion correlation forces) more significant. This phenomenon, resulting in
significant agglomeration in the dry state (Vertanessian et al., 2003), is confirmed by

observations.

3.3.2.5 ATR-FTIR Analysis

Fourier-transform infrared spectroscopy (FTIR) analysis provides valuable insights into the
molecular structure of both MT and the components of CS-based nanoparticles. In this
study, the FTIR spectrum of MT offers a detailed characterisation of its molecular structure
through specific vibrational peaks. The peak observed at 1185 cm™, assigned to C-O
stretching vibrations, confirms the presence of ether or hydroxyl functionalities within the
molecular structure of MT. This peak falls within the range of 1275-1096 cm™, as reported
in previous literature (Trivedi et al., 2015). The principal absorption peaks at 1534 and 1367
cm ' correspond to N=0O asymmetric stretching, which typically falls within the range of
1550-1350 cm™, confirming the presence of the nitro group in the MT molecule. These
peaks are essential for confirming the presence of the nitro group, which is critical for MT's
biological activity (Kumar & Awasthi, 2015; Sukhbir et al., 2017). Furthermore, the peak
at 3097 cm !, corresponding to C-H stretching vibrations of the aromatic rings, is consistent

with expected stretching vibrations for aromatic C-H bonds in the nitroimidazole structure
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of MT. This observation aligns with previously reported values of 3000-3100 cm™,
providing additional confirmation of the integrity of the aromatic ring structure in the
molecule (Kumar & Awasthi, 2015).

In pure CS, the region between 3600 and 3200 cm™ is assigned to O—H stretching
vibrations (Helen et al., 2020), with a peak maximum at 3343 cm™', indicating hydrogen
bonding involving hydroxyl (—OH) and amine (—NH-) groups. This broad absorption band
results from extensive intramolecular hydrogen bonding (Szymanska-Chargot et al., 2019).
The N-H bending vibration at 1591 cm™!, associated with the amine group (Amide II), is
also prominent in pure CS. After cross-linking with TPP, this peak shifts to 3199 cm™,
reflecting a reduction in hydrogen bonding due to interactions between CS’s functional
groups and TPP’s phosphate groups. The shift to a lower wavenumber indicates the
formation of ionic bonds or complexation between protonated amine groups (—-NHs*) and
the phosphate groups of TPP (Ruchika & Himanshi, 2019). When MT is loaded into the
CS-TPP complex, the peak shifts further to 3100 cm™, suggesting additional modifications

in hydrogen bonding due to drug interactions.

The peak at 1591 cm™! for pure CS, associated with the N-H bending vibration
(Amide II band), decreases to 1533 cm™ in CS nanoparticles. This shift indicates reduced
hydrogen bonding or ionic interactions due to cross-linking. The consistent peak at 1533
cm™! in MT-loaded CS nanoparticles suggests that drug incorporation does not significantly
alter the N-H bending or C-N stretching vibrations of the amine group, reflecting effective
drug loading while maintaining the structural integrity of the CS network (Ahmad et al.,
2023; Lustriane et al., 2018). Another important feature is the C-O stretching vibration,
which occurs at 1025 cm™ in pure CS (Queiroz et al., 2015). This peak shifts to 1066 cm™
after nanoparticle formation due to interactions between CS and the crosslinker. After MT
loading, this peak shifts slightly to 1063 cm™, indicating that drug loading does not cause
major structural changes in the nanoparticles, as demonstrated in Figure 3.9 (Alasas et al.,
2024; Kumar et al., 2021).
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Figure 3.9: ATR-FTIR images of MT (a), CS (b), CS nanopatrticle (c), and MNP

nanoparticle (d).

The FTIR spectra of MT-loaded onto CS nanocarrier exhibited the absence of
distinct drug-specific peaks, suggesting that MT exists in an amorphous state within the
polymer matrix. This observation is attributed to a reduction in the crystallinity of the drug,
likely caused by its physical entrapment within the CS-TPP network. Similar findings have
been reported in previous studies, where drug-loaded nanoparticles frequently display
diminished or absent sharp FTIR peaks, reflecting a loss of crystallinity upon integration
into amorphous polymer matrices (Thamilselvan et al., 2023). For instance, Hamdi et al.
(2021) documented a significant reduction in characteristic peaks in ascorbic acid-loaded
PLGA nanoparticles, reinforcing the concept that encapsulated drugs undergo physical
state transitions. In general, drug incorporation into nanoparticle systems leads to peak
broadening or disappearance in FTIR spectra, attributed to molecular dispersion and
reduced intermolecular order (Sakhi et al., 2022; Singh et al., 2018). Furthermore, the
stability of the nanoparticle formulation in this study is corroborated by the retention of key
spectral features and the absence of substantial changes in surface charge following drug
loading (Oliveira et al., 2022). The FTIR spectra of CS-TPP loaded MNP closely resembled

those of the unloaded formulation, with no emergence of new peaks. The preservation of
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principal CS-TPP bands and the absence of MT-specific signals strongly suggest that MT
is physically encapsulated rather than chemically bonded. The CC-MNP closely resembles
that of pure CS nanoparticles, with observed shifts in wavenumbers attributed to
crosslinking with TPP and no new peaks emerging. This similarity indicates that drug
loading does not interfere with the CS-TPP bonds, thereby maintaining the stability of the
nanoparticles. These findings underscore the potential of the CS-TPP nanocarrier system

for efficient drug delivery, particularly for encapsulating hydrophilic drugs like MT.

These findings imply that no covalent bonding occurs between MT and the polymer
matrix. Instead, recent studies have confirmed that drug encapsulation in CT-based or
supramolecular polymer nanoparticles typically involves non-covalent interactions such as
hydrogen bonding, van der Waals forces, and electrostatic attractions which facilitate stable
yet reversible drug—polymer associations (Zhang et al., 2025; Buaksuntear et al., 2022).
These interactions are particularly advantageous in controlled-release systems, as they
allow for sustained release without compromising the structural integrity of either the
carrier or the drug. In conclusion, the FTIR analysis confirms that MT does not chemically
crosslink with the CS matrix but is successfully entrapped via non-covalent interactions
within the CS-TPP nanoparticles. This encapsulation results in reduced drug crystallinity
and stable incorporation, supporting the suitability of this nanoparticulate system for

controlled-release drug delivery applications.

3.3 CONCLUSION

The quantification method for MT content in CS nanocarriers was developed and
rigorously validated using UV spectrophotometry. This method met all the acceptance
criteria outlined by ICH Q2 (R1) guidelines, showcasing its precision, linearity, specificity,
accuracy, robustness, and ruggedness. The analysis identified a maximum absorbance
wavelength of 320 nm and demonstrated a linear relationship (Rz = 0.999) within the range
of 2-12 pg/mL, confirming the method's reliability for quantifying MT in nanosized

formulations.
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Following successful validation of the UV spectrophotometry method, MNP was
fabricated using an ionic gelation technique. The resulting nanoparticles exhibited desirable
properties for local drug delivery, including a particle size of 308.0 + 9.18 nm, a
polydispersity index (PDI) of 0.374 £+ 0.37, a zeta potential of 46.6 + 0.23 mV, and an
encapsulation efficiency of 87.95 + 0.07%. These characteristics suggest that nanoparticles
are well-suited for targeted, sustained-release applications, particularly in treating
periodontal disease. Among the various formulations evaluated, formulation number one
(F1) proved to be the most optimal, with a CS concentration of 0.3% w/v and a MT
concentration of 0.15 w/v%. This formulation achieved the smallest particle size, the lowest
PDI, the highest zeta potential, and the highest encapsulation efficiency, making it the most

promising for further development.

The validated UV spectrophotometry method, coupled with the successful
fabrication of MNP, lays a strong foundation for developing effective local antibacterial
agents for periodontal therapy. Although the nanoparticles show significant promise,
further in vitro and in vivo studies are required to assess their efficacy and safety. Future
research will also focus on integrating MNP into guided bone regeneration (GBR) scaffolds
to evaluate their impact on bone regeneration and infection prevention. In summary, the
combination of precise UV quantification and effective nanoparticle fabrication highlights
the potential of these mt-loaded CS nanocarriers for targeted, sustained, and controlled drug

delivery in periodontal treatment.
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CHAPTER FOUR

FABRICATION OF COLLAGEN-CHITOSAN SCAFFOLD LOADED
WITH METRONIDAZOLE NANOPARTICLES (CC-MNP)

4.1 INTRODUCTION

Periodontal disease remains a significant global oral health challenge, impacting
approximately 14.5% of the global population, as reported by the 2019 Global Burden of
Disease Study (Arigbede et al., 2012). This chronic inflammatory condition affects the
supporting tissues of the teeth and can lead to severe complications, including tooth loss, if
inadequately managed. The Global Burden of Disease Study further indicates that severe
periodontal disease affected approximately 10.8% of the population aged 15 years and older
in 2019 (Chen et al., 2021). Early manifestations of periodontal disease include gum
inflammation, swelling, discomfort, and bad breath, with advanced stages potentially
resulting in tooth mobility and loss due to the degradation of the supporting alveolar bone
(Arigbede et al., 2012).

Guided Bone Regeneration (GBR) therapy has become a pivotal intervention to halt
the progression of periodontal disease and facilitate the restoration of lost tissue through
scaffold utilisation. In tissue engineering, scaffolds are designed to replicate the
extracellular matrix (ECM), providing a supportive framework for cellular activities
essential for tissue repair and regeneration (Mao et al., 2003; Sahai et al., 2018). Collagen
has been extensively utilised in scaffold fabrication due to its inherent biocompatibility and
biodegradability. However, traditional collagen sources from mammals, such as porcine and
bovine, raise concerns about halal compliance and disease transmission risks, such as
bovine spongiform encephalopathy (Zain & Hamdan, 2021). As a result, fish-derived
collagen has emerged as a promising alternative, offering a halal-compliant and safer
source of collagen (Nurilmala et al., 2022). CS, a biopolymer derived from chitin, is

commonly blended with collagen to enhance scaffold properties. The ionic interactions
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between CS and collagen improve the mechanical strength and stability of the
scaffold, addressing the rapid biodegradation and limited mechanical strength challenges
faced by non-crosslinked collagen scaffolds (Eun et al., 2004; Ullah et al., 2017).
Incorporating MNP into these scaffolds provides localised antibacterial effects, which are
advantageous in periodontal therapy where systemic antibiotic use can lead to adverse side
effects and bacterial resistance (Khabeer et al., 2021; Soares et al., 2012; Walker, 1996).

The fabrication process involves blending collagen and CS, incorporating MNP, and
cross-linking the mixture to form a porous 3D scaffold. This approach optimises key
scaffold characteristics, such as pore size, swelling behaviour, and biodegradation rate,
which are essential for ensuring scaffold functionality. Recent advancements in tissue
engineering and nanotechnology have focused on designing scaffolds with specific
properties to support tissue regeneration and drug delivery (O’Brien, 2011). These scaffolds
are designed as 3D biomaterials for host cells, guiding their attachment, growth,
differentiation, proliferation, phenotype, and migration to facilitate new tissue
development. Despite these advancements, achieving well-defined drug-loaded scaffolds
with precise properties remains challenging due to the complexity of biological tissues. The
scaffolds must meet various requirements, including appropriate pore size, swelling ability,
biodegradability, and morphological and structural characteristics that promote cellular
adhesion, integration, and interaction with the biological environment (Tipa et al., 2022).
The scaffold should exhibit structural consistency, a suitable pore size, and the capacity to
absorb and retain water while maintaining its 3D structure, thereby creating a favourable
environment for essential biological interactions, such as nutrient and oxygen exchange
crucial for cell proliferation, adhesion, differentiation, and tissue formation (Thang et al.,
2023). Additionally, the degradation rate of scaffolds is critical, as it affects tissue viability
and is influenced by factors such as physical loading, scaffold environment, structure, and
surface and chemical modifications (Echeverria Molina et al., 2021). The ability of the
scaffold to modulate biodegradation while ensuring controlled drug release is a crucial
property that enhances its potential as a vehicle for drug delivery. This capability is crucial
for advancing therapeutic and regenerative strategies. Key characteristics such as pore size,
swelling behaviour, and biodegradation rate play significant roles in scaffold functionality.
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Specifically, pore size influences cellular infiltration and tissue regeneration, while swelling
behaviour affects moisture retention and cellular support. The biodegradation rate is
essential for controlling the release of MT and maintaining scaffold integrity (Fernandes et
al., 2011; Loh & Choong, 2013; Tipa et al., 2022). This study aims to develop and
characterise CC scaffolds loaded with MT, focusing on the impact of varying MT
nanoparticle concentrations (10, 20, 30, and 40 w/v%) on key properties of the scaffold.
These properties include pore size, swelling behaviour, and biodegradation rate. By
evaluating these factors, the study seeks to optimise the scaffold’s performance in terms of
cellular infiltration, moisture retention, and controlled drug release, ultimately enhancing

its efficacy for periodontal disease treatment.

4.2 METHODOLOGY

4.2.1 Fabrication of CC-MNP

The fish collagen, derived from a Tilapia mossambica source, was purchased from Eva
Chemicals in Kuala Lumpur, Malaysia. The CC blend was prepared by mixing 30 mL of
collagen solution (3 w/v%) with 70 mL of CS solution (3 w/v%). The ratio of collagen to
CS was maintained at 30:70. Glycerin (0.9% v/v) was added to the blend, which was
continuously stirred until homogeneous. To neutralise the CC blend, sodium bicarbonate
(NaHCO:s) solution was gradually added while stirring. The mixture was then transferred
into 96-well plates as moulds, and MNP ranging from 10 mg, 20 mg, 30 mg, and 40 mg
were uniformly dispersed into different wells. To achieve the desired structural
characteristics, CC scaffolds were cross-linked by combining hydrothermal treatment. The
samples were frozen at temperatures of -20°C, -40°C, and -70°C for 24 hours before
undergoing lyophilisation (freeze-drying) under vacuum pressure (<100 mTorr) at a
condenser temperature of -40°C for 24 hours. The resulting lyophilised samples were
subsequently subjected to dehydrothermal treatment (DHT) at a temperature of 105°C for

48 hours. This process facilitated the removal of moisture and the generation of a dry,
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porous structure. For comparative analysis, CS-collagen blends without the incorporation
of MNP were fabricated using the same methodology. (Oliveira et al., 2021; Ullah et al.,
2017).

4.2.2 Physical Characterisation of Scaffolds

The scaffold's thickness was measured with a micrometre screw gauge, which was used to
measure by assessing three randomly selected scaffolds from each group. For the
assessment of weight variation, each group was individually weighed using an analytical

balance, and the average weight was then calculated (n = 3) (Khan et al., 2016).

4.2.3 Pore Size and Morphology of CC-MNP

The scaffold’s morphology was characterised using scanning electron microscopy (SEM)
(Fei Quanta 450 EDX, Oxford), and its pore size was measured randomly (n = 6). Before
observation, the surface of the scaffold was coated with a thin layer of gold-coated and

examined under the microscope at a voltage of 5 kV (Khan et al., 2016).

4.2.4 Swelling Ratio of CC-MNP

The swelling ratio was calculated by immersing the scaffold in phosphate buffer saline
(PBS) with a pH of 7.4 at 37°C. After a 24-hour immersion period, the scaffold was gently
dried on filter paper and weighed using an analytical balance. The swelling ratio was then
calculated using the provided equation (4.1) (Grabska-Zielinska et al., 2020).

Swelling ratio (%) = [(Ww — Wd) / Wd] x100 (4.1)

Where Wd is the dry weight of the scaffold, Ww is the weight of the scaffold after
swelling (n = 3).
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4.2.5 Biodegradation Study of CC-MNP

To assess the scaffold's biodegradation properties, it was immersed in 5 mL of PBS with a
pH of 7.4, maintained at 37 °C, and maintained at 37 °C for 28 days. At specific time
intervals of 7, 14, 21, and 28 days, the scaffold was removed from the degradation medium
and allowed to air-dry. The degradation rate was then quantified as a percentage using
equation (4.2) (Ullah et al., 2017).

Degradation rate (%): [(Wb — Wa)/Wp]x 100 (4.2)

Where Wb represents the initial weight of the scaffold before degradation, and Wa

represents the weight of the scaffold after degradation (n = 3).

4.2.6 Mechanical Analysis of CC-MNP

The mechanical properties of the scaffolds were determined using a texture analyser
(Brookfield, UK) based on previous studies (Sangsen et al., 2011). Each sample was
accurately placed on a plate under the punch of the instrument. Measurement The upper
punch of the apparatus was compressed to half of the original height of the scaffold at a test
speed of 0.5 mm/s, followed by the removal of the probe. The recovery was assessed by
compressing the scaffold twice, and the stress was measured against time. The elastic
modulus (E) of scaffolds can be calculated using the following equation, which involves
measuring stress and strain (Zhang et al., 2019).

EE = ofe (4.4)

Where o is the stress applied to the material (MPa), € is the strain experienced by

the material (dimensionless).
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4.2.7 Statistical Analysis

A one-way analysis of variance (ANOVA) was conducted using GraphPad Prism (Version
9.01) to determine the significance of differences among the means. ANOVA was followed
by post-hoc analysis using Tukey's Honest Significant Difference (HSD) test to determine
the exact p-values for each comparison and verify statistical significance.

4.3 RESULT AND DISCUSSION

4.3.1 Fabrication of CC-MNP scaffold

4.3.1.1 Physical characteristics of the CC-MNP scaffold

In the initial phase of preparation, CC was neutralised using a sodium hydroxide solution,
followed by the addition of MNP to the CC blend. As highlighted in Chapter 4,
nanoparticles, particularly MNP, tend to precipitate or agglomerate in aqueous media due
to their insolubility in neutral pH, posing a risk of potential precipitation. This emphasises
the need for careful consideration when integrating nanoparticles into aqueous mediums,
as achieving uniform dispersion of nanoparticles within the CC matrix can be challenging.
Despite these challenges, prior research has shown that collagen-gelatin blends synthesised
with different nanoparticles can serve as a stabilising agent for nanoparticles, preventing
their agglomeration (Sethi et al., 2022). In our study, a CC blend with a specific ratio
(30:70) exhibited increased viscosity compared to an aqueous medium. This is attributed
to CS, a robust viscosity-building agent. The amino groups in CS can interact with water
molecules through hydrogen bonding, resulting in the thickening or gelling of the solution
(Rodriguez-Vazquez et al., 2015). This property makes CS an effective viscosity-building
agent in mediums, allowing for control over fluidity and the ability to form a stable scaffold.

This improved viscosity contributed to the homogeneous distribution of nanoparticles in
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the blend and hindered the precipitation of the nanoparticles. The CC blend not only
prevented the MNP from settling down but also facilitated their uniform dispersion in the
blend without clumping. Our findings indicate that the viscosity of the (30:70) blend played
a crucial role in achieving an even dispersion of nanoparticles, distinguishing it from blends
with ratios (70:30) and (50:50), as mentioned in a previous study, the colloidal dispersion
(opalescent) instead of white precipitate achieved at the bottom of the vial indicates the
stabilisation of the nanoparticle (Smith et al., 2019). This observation suggests that the
MNP was effectively stabilised, as evidenced by the absence of precipitation in the blend.

Therefore, we chose the (30:70) ratio for incorporating the MNP.

CC scaffolds typically exhibited an off-white or beige colour due to the natural
colour of the collagen and CS materials. This observation was supported by a previous
study in which CC scaffolds loaded with L-glutamic acid displayed an off-white scaffold
colour (Kumar et al., 2022). Furthermore, CC-hydroxyapatite scaffolds for bone repair in
ovariectomised rats were also noted to exhibit similar white three-dimensional structures
(Chacon et al., 2023). Consistent with previous findings, both the drug-free scaffold and
scaffold containing different concentrations of MNP (10 - 40 w/v%) in this study appeared
beige in colour with no noticeable physical appearance. In this study, the scaffold without
the MNP (0 w/v%) served as a blank scaffold, while the CC scaffold with the drug (ranging
from 10 - 40 w/v%) was also examined. The thickness and weight variation of the scaffold
were directly associated with mass uniformity and dosing accuracy (Khan et al., 2016). The
average thickness of all prepared scaffolds ranged from 5.003 £ 0.004 mm to 5.017 + 0.012
mm in length, 6.037 £ 0.010 mm to 6.072 = 0.007 mm in width, showing a consistent three-
dimensional structure of similar size. The weight variation values increased as the
concentration of MNP increased, ranging from 5.96 £ 0.07 mg to 6.31 + 0.08 mg. However,
each group exhibited uniform weight, indicating that the drug was uniformly distributed.
The consistent thickness and weight values obtained in this study depicted the scaffold’s
uniformity in their physical appearance. These dimensions were specifically designed to
comply with established CSD models in rat calvarial and mandibular bones, where 5 mm
defect diameters are widely recognised as non-healing thresholds (Schmitz & Hollinger,
1986; Spicer et al., 2012; Hatakeyama et al., 2022). The scaffold dimensions therefore fall
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within suitable parameters for use in preclinical CSD models aimed at evaluating bone
regeneration. Their dimensional consistency supports reliable assessment of regenerative

efficacy without the risk of spontaneous healing.

Figure 4.1 The photograph of a scaffold containing different amounts of MNP (a) 0% wi/v,
(b) 10% wi/v, (c) 20% wiv, (d) 30% w/v, (e) 40% wiv.

Figure 4.1 visually demonstrates the macroscopic appearance of CC scaffolds
containing increasing MNP concentrations (0-40 w/v%), reinforcing the physical
uniformity and colour consistency described above. The beige colour, consistent thickness,
and weight uniformity across formulations confirm the reproducibility of the fabrication
process. The observed absence of nanoparticle precipitation in the selected (30:70) blend
further validates the role of CS in stabilising MNP within the scaffold matrix. The

combination of favourable handling properties and standardised dimensions suitable for
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critical-sized defect models positions this scaffold formulation as a strong candidate for

subsequent in vivo evaluation.

4.3.1.2 Morphological Properties of Scaffold

The 3D porous structures of scaffolds play a crucial role in supporting cell nutrition,
proliferation, and migration, aiding tissue vascularisation and tissue formation. The SEM
micrographs of both the prepared drug-free scaffold and the scaffold containing different
concentrations of MNP in the range of 10-40% w/v showed an open porous structure with
a uniformly interconnected network, as illustrated in Figure 4.2.

Figure 4.2 The SEM micrographs of a scaffold containing different amounts of MNP (a)
0% wiv, (b) 10% wiv, (c) 20% w/v, (d) 30% w/v, (e) 40% wiv.

This structural characteristic is predominantly achieved through a combination

of freeze-drying and subsequent hydrothermal crosslinking treatment, forming a
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porous scaffold (Xu et al.,, 2012). It was also noted in a previous study that
lyophilisation produces an interconnected porous structure through the elimination of
ice crystals from the frozen solution (Irastorza et al., 2021), an essential parameter for
exchanging gas, waste, and nutrients for cells inside the scaffolds (Felfel et al., 2019).
Instead of the pore network structure that guides and promotes the development of
new tissue, the porous surface also facilitates mechanical interlocking, thereby
enhancing the implant’s stability (Loh & Choong, 2013). Following the crosslinking
process, the samples underwent DHT for 24 hours under static vacuum conditions.
This crucial step produces an interconnected porous structure, enhancing the scaffolds'
stability and long-term integrity. The DHT process played a vital role in removing
excess water content from the scaffolds, further improving their stability and resistance
to degradation. This is supported by a previous study wherein CC blend samples, after
undergoing cross-linking and DHT treatment, demonstrated enhanced stability when
exposed to an aqueous medium (Oliveira et al., 2021). As a result, the scaffold became
better equipped to withstand the various physiological conditions within the body.
Furthermore, scaffold morphology can be noticed in elongated or round shapes (Felfel
et al., 2019). In this study, an empty scaffold (Figure 4.2a) and drug-loaded scaffolds
(Figure 4.2b—e) exhibited a similar structure and geometry of the surface of the
scaffold with similar rounded pores. Thus, the drug-loaded scaffold did not influence

the structure and geometry of the surface of the scaffold.

4.3.1.3 Pore Size of Scaffold

In this study, the mean values of pore size displayed a gradual decline as the MNP
concentration incorporated into the scaffold increased, as shown in Figure 4.3. The
control group exhibited the highest mean value pore size of 110.9 + 5.8 um, followed
by the MNP-loaded scaffolds (105.2 + 3.2 um, 104.8 = 4.8 um, 101.9 £ 5.2 um, and
101.5 + 4.8 pum for 10% w/v, 20% wi/v, 30% w/v, and 40% w/v groups, respectively).
Thus, the pore size of both the empty scaffold and the drug-loaded scaffold met the

minimum requirement of pore size for 3D bone regeneration.
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Figure 4.3 The average pore size of scaffolds at different concentrations of MNP (0 -40%
wi/v). Error bars indicate the mean + S.D. (n = 6). No statistically significant differences
were observed among the groups (p > 0.05)

In the field of bone tissue engineering, the ideal pore size for engineered scaffolds
remains a topic of debate. This is because the average pore size of a scaffold plays a critical
role in influencing cell penetration and proliferation within the structure (Nokoorani et al.,
2021). Additionally, it is essential for cell adhesion and attachment to the pore surface of
scaffolds (Bruzauskaité et al., 2016). The range of pore sizes offers diverse advantages for
various applications. Generally, scaffold pores in the range of 20 to 1500 um have been
used (Loh & Choong, 2013), with larger pore sizes being advantageous for promoting cell
attachment (Felfel et al., 2019). However, it has been reported that the best cell attachment
is on 3D scaffolds with 100 um pores (Bruzauskaité et al., 2016), and the minimum
recommended pore size for a scaffold is 100 um to ensure adequate vascularisation of the

repaired tissue or organ (Qasim et al., 2015). This is because the scaffold's macropore size
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is crucial for cell seeding, distribution, migration, and further neovascularisation in vivo
(Bruzauskaite et al., 2016; Qasim et al., 2015). Further analysis of variance (ANOVA) was
conducted to compare the means of the pore sizes between the scaffold without the drug
(control) and the scaffold with the drug. However, the highest concentrations of the drug
did not show any significant difference in the pore size compared to the empty scaffold,
and the pore size falls within the range mentioned in the previous study of 50 to 300 um
achieved through freeze-drying techniques (Bruzauskaité et al., 2016). This indicates the
effectiveness of the physical crosslinking technique employed in the fabrication of the

scaffold.

The scaffold's pores can be broken down into nanosize (100 nm), micropore size
(200 nm — 100 um), and macro-roughness (100 um-millimetres) (Felfel et al., 2019). This
suggests that the 100 um pore size of the scaffold will not hinder the release of the drug,
making it suitable for the efficient release of MNP in nanometre dimensions. This can be
supported by previous studies where melatonin in the range of 110-200 nm could sustain
the release of the drug from the scaffold for 21 days (Rao et al., 2020). Another study
revealed that nanoparticles were homogeneously dispersed on a porous collagen scaffold,
forming an interconnected porous structure with a pore size ranging from 150 to 200 pm,
irrespective of the amount of nanoparticles, and the porosity of scaffolds kept almost
unchanged with the increment of the nanoparticles (Xu et al., 2012). Thus, the pore size of
the scaffold is suitable not only to facilitate tissue growth and regeneration but also to

release nanoparticle drugs, providing a sustained and localised drug delivery system.

4.3.1.4 Swelling ratio of CC-MNP

Previous research has demonstrated that silk fibroin, collagen, and CS can be crosslinked
and lyophilised to make a 3D scaffold that swells up to 3000% after 1 hour of immersion.
This characteristic makes them well-suited for tissue engineering applications (Grabska-
Zielinska et al., 2020b). The swelling ratio of the CC-MNP scaffold was evaluated across
varying MNP concentrations. The highest swelling ratio was observed in the scaffold
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without incorporating MNP at 0% w/v. At 10% wi/v, the swelling ratio reduced to 77.51%
+ 0.63. This trend continued with increasing MNP concentration: at 20% w/v, the swelling
ratio dropped to 51.86% = 0.60, while at 30% w/v and 40% wl/v, it further reduced to
43.42% + 0.45 and 42.26% =+ 1.06, respectively. This reduction correlates with the

influence of nanoparticles on the water transport pathways within the scaffold matrix.

Table 4.1 Swelling ratio of CC-MNP scaffold.

CC-MNP (% wi/v) | Swelling Ratio (x100%) + SD
0 85.17 £ 3.26
10 82.97 +2.17
20 77.42 +0.30
30 75.90 £ 0.30
40 70.75 £ 2.55

The swelling ability is a crucial factor in tissue engineering scaffold applications, impacting
critical parameters like pore size, interconnection conditions, and scaffold volume.
Additionally, swelling contributes to an increase in pore size and total porosity, thereby
maximising the internal surface area of the scaffolds. This optimisation of the internal
surface area is essential for facilitating the infiltration of cells into scaffolds during both in
vitro and in vivo tissue formation. Scaffolds with a heightened degree of swelling exhibit a
greater surface area-to-volume ratio, thus allowing the samples to have the maximum
probability of cell infusion into the 3D scaffold and better attachment and cell growth to
the scaffold surface (Azhar et al., 2014). The swelling capability of the scaffold is crucial
as it enables the absorption and retention of a significant amount of water or biological
fluids and facilitates biological interaction (Thang et al., 2023). However, while the
swelling of scaffolds would promote cell adhesion, it could inversely affect the mechanical
properties of the scaffold. To determine the swelling properties, the scaffolds were

subjected to the swelling test as described in the previous study (Grabska-Zielinska et al.,
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2020). In this study, the swelling ratio is expressed as a percentage of the original scaffold

size, as shown in Figure 4.4.
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Figure 4.4 Illustration of swelling behaviour of the scaffold (created using

BioRender.com)

As shown in Figure 4.4, water molecules diffuse into the scaffold, causing swelling
until it reaches equilibrium (Namazi et al., 2019). However, the presence of nanoparticles
might decrease the available holes within the scaffold, leading to less water diffusion into
the drug-loaded scaffold and a subsequent decrease in swelling compared to the empty
scaffold (Tipa et al., 2022). This observation aligns with prior research involving CS-
collagen scaffolds with zinc oxide nanoparticles, where reduced swelling was noted due to

nanoparticle-restricted water penetration (Ullah et al., 2017).

Another phenomenon can be noticed in a previous study where ZnO nanoparticles
were added to swollen oxidised starch hydrogel, and there was a decrease in the swelling
ratio due to ZnO nanoparticles as crosslinking (Namazi et al., 2019). Furthermore, MNP
exhibits poor solubility in water at pH 7.4 (Celebioglu & Uyar, 2019), reducing the
scaffold's water retention capability. This is similar to a previous study where incorporating

ibuprofen in scaffolds may reduce water retention capability because ibuprofen is non-polar
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and insoluble in water (Sangsen et al., 2011). Despite these considerations, water retention
is well-suited for sustained drug delivery over an extended period, allowing for the control
of the swelling behaviour of scaffolds and aiding in filling specific tissue defects for stable
implantation (Kumar et al., 2019). This efficiency in delivering bioactive molecules, such
as drugs or growth factors, also enables targeted drug delivery at the site of action,
indirectly minimising systemic side effects and maximising therapeutic efficiency (Thang
etal., 2023). However, both the scaffolds with different MNP concentrations (10-40% w/v)
and the MNP-free scaffold (0% w/v) displayed significant swelling capability, exceeding
3000%. As previously noted in a different study, a swelling score surpassing 3000%
indicates the scaffold's excellent swellability. Additionally, it was observed in a prior
investigation that the CC scaffold reached equilibrium after being immersed in a PBS
solution overnight. Consequently, all scaffolds displayed excellent swelling abilities when
submerged in a PBS solution for 24 hours. This can be attributed to the highly hydrophilic
nature of collagen and CS polymers, which exhibit a notable capacity to absorb and retain
water while maintaining their 3D structure (Tripathi et al., 2021). This highlights its
suitability for tissue engineering applications, aligning with the swelling behaviour
indicated in prior studies (Priya et al., 2021; Thang et al., 2023).

4.3.1.5 Biodegradation Study of CC-MNP

The biodegradation profiles of CC-MNP scaffolds with varying concentrations of MNP (0—
40% wi/v) exhibited degradation rates of 69%, 68%, 60%, and 57%, respectively, after one
week of immersion in phosphate-buffered saline (PBS). Notably, scaffolds containing 0%
wi/v and 10% w/v MNP degraded more rapidly, reaching 92% and 90% degradation within
two weeks. In contrast, scaffolds loaded with higher MNP concentrations (20—40% w/v)
showed a slower and more gradual degradation trend over the four-week period. By week
two, the degradation rates for scaffolds with 20%, 30%, and 40% w/v MNP were 78%,
75%, and 73%, respectively. These values increased to 88%, 88%, and 87% by the end of
week four. Table 4.2 presents the scaffold’s biodegradation rate (%) at different
concentrations of MNP (0-40% w/v).
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Table 4.2 Biodegradation percentage of CC-MNP scaffold.

Weeks

Concentration MNP (% wi/v)

0

10

20

30

40

Week 1

68.80 + 1.51

67.83 +2.48

60.19 + 0.80

57.03+x1.71

53.68 + 0.87

Week 2

92.33+2.08

89.95+0.42

78.4 +£1.36

74.77 £2.55

72.89 £ 254

Week 3

92.47 +£2.25

90.38 £ 0.50

88.19 £ 0.49

87.77+1.05

82.33 £ 0.47

Week 4

94.00 +1.00

90.69 + 0.36

87.80 + 0.33

87.47 +0.69

87.36 + 1.05

Note. The values are expressed as mean + standard deviation (n=3)

The immersion medium employed in this study was PBS at pH 7.4, a standard buffer
system widely used in biomaterials research to simulate physiological conditions for in
vitro degradation and drug release studies. PBS at this pH closely mimics the ionic
composition and osmolarity of extracellular fluids, providing a stable and reproducible
environment for scaffold evaluation (Mndlovu et al., 2024). Although PBS is slightly more
alkaline than the typical pH of the oral cavity during active periodontal disease, it is a
widely accepted medium for standardised degradation testing due to its physiochemical
stability and ease of reproducibility (Mndlovu, & Choonara, 2024). In the oral cavity, pH
levels are dynamic, fluctuating in response to salivary composition, dietary intake, and
microbial metabolism. Under healthy conditions, salivary pH generally ranges from 6.2 to
7.6, but may decrease significantly during inflammation, bacterial activity, or pathological
changes due to periodontitis (Amtha et al., 2024; Choi et al., 2017; Schwerdt & Gekle,
2025). While PBS at pH 7.4 does not precisely mimic these acidic conditions, it serves as
a reliable and controlled environment for comparative scaffold degradation profiling and

initial drug release modelling.
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The observed slower degradation with increasing MNP concentration is
attributed to reduced water infiltration and the low aqueous solubility of MNP at pH
7.4 (Celebioglu & Uyar, 2019; Ullah et al., 2017). Nevertheless, all scaffold groups
demonstrated excellent biodegradability, with degradation percentages exceeding
80% by week four. Importantly, the presence of MNP did not hinder the scaffold's
breakdown but instead facilitated a more controlled and sustained degradation
profile.This gradual degradation is advantageous in the context of local drug delivery,
as the release of the active compound is regulated by both diffusion and scaffold
matrix degradation (Egorikhina et al., 2021; Potr¢ et al., 2015; Rambhia & Ma, 2015).
The structural stability of the scaffolds over four weeks correlates well with the early
phases of bone regeneration observed in vivo (Ma et al., 2016). Previous studies have
reported that 3D CC scaffolds treated with DHT crosslinking retained their
architecture for over 45 days, which supports the current findings. In the present
study, drug-loaded CC scaffolds with varying MNP concentrations successfully
maintained their three-dimensional porous structure and demonstrated delayed
degradation over four weeks. These findings indicate that scaffolds possess both
biodegradability and biostability, making them promising candidates for use in tissue
engineering and regenerative applications, particularly in periodontal defect repair.

4.3.1.6 Mechanical Analysis

The mechanical properties of scaffolds loaded with varying concentrations of MNP.
The control scaffold (0 mg MNP) had Young's modulus of 9.40 £ 1.19 MPa, serving as a

baseline for comparison. Incorporating 10 mg of MNP increased the modulus to 11.38 £

1.48 MPa, indicating enhanced stiffness. However, at 20 mg and 30 mg MNP, Young's

modulus decreased to 7.94 + 0.44 MPa and 7.65 + 0.29 MPa, respectively, suggesting a

reduction in stiffness with increasing MNP concentrations. The scaffold containing 40 mg

MNP exhibited the lowest Young's modulus of 4.68 + 0.12 MPa, representing a significant

reduction compared to the control and other concentrations. While the differences between

the control and scaffolds with 10-30% w/v MNP were not statistically significant (p >0.05),
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a significant difference was observed between the control and the scaffold containing 40 mg
MNP (p = 0.013). This indicates that an excessive concentration of MNP compromises the
mechanical strength of the scaffold. Table 4.3 shows Table 4.3 Mechanical properties of
scaffold-loaded MNP at varying concentrations (0- 40 mg MNP)

Table 4.3 Mechanical properties of CC-MNP scaffold.

Scaffold + MNP (% wi/v) | Strain (e) £ S.D. | Stress (o0) (N'mm?) | (E) (MPa)
0 0.24 £ 0.04 2.22 £0.10 9.40+1.19
10 0.27 £ 0.04 3.02 £ 0.08 11.38 +1.48
20 0.43 +0.02 3.37+0.15 7.94 +0.44
30 0.49 + 0.02 3.57+0.14 7.65%0.29
40 0.95+0.05 443 +0.10 4.68 +0.12

Note: The values areexpressed as mean + standard deviation (n=3)

Previous research shows that adding nanoparticles can improve the mechanical
properties of scaffolds, such as stiffness, strength, and load-bearing capacity. For instance,
incorporating bioactive glass (BG) nanoparticles into poly(e-caprolactone) (PCL) scaffolds
enhance their tensile strength and modulus, making them suited for bone regeneration.
Increasing the nanoparticle concentration to 15% w/v improves stiffness due to the
reinforcing effect of BG. However, adding more than 15% w/v up to 20% w/v reduces
strength and increases brittleness, indicating a threshold limit where further additions cause
clumping and weaken the material (lelo et al., 2022). Similar observations have been
observed in studies involving electrospun nanohybrids. The incorporation of 5%
hydroxyapatite (HA) nanoparticles into a poly(3-hydroxybutyrate) (PHB) matrix yielded
the highest mechanical strength and elastic modulus. However, exceeding 10% HA
nanoparticles led to a decline in mechanical strength, indicating an optimal concentration

range for nanoparticle inclusion (Kouhi etal., 2013). Similarly, adding zirconia to polymer
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scaffolds improved tensile modulus at low concentrations. However, it reduced mechanical
performance at higher concentrations due to disrupted fibre interactions and fibre continuity
loss (Martin et al., 2015).

Scaffolds utilised in tissue engineering and regenerative medicine are subjected to
various mechanical loads once implanted into the human or animal body. These loads
include compression, tension, and shear, with compression being the most prevalent in vivo.
Due to their critical role in maintaining structural integrity and functionality, the
mechanical properties of scaffold are crucial for ensuring successful tissue integration and
load-bearing capacity. One of the most important properties is the elastic modulus, which
determines a scaffold's ability to resist deformation under applied stress. This property is
typically assessed in tensile and compressive modes to ensure the scaffold can effectively
support the required load (Zhang et al., 2019). The mechanical behaviour of scaffolds is
highly dependent on their composition and structural design. For example, scaffolds
intended for hard tissues, such as bone, must exhibit high stiffness and strength, while
scaffolds for soft tissues, like skin or nerves, require more flexibility (Suamte et al., 2023).
A key mechanical parameter, Young’s modulus (denoted by E), represents the ratio between
stress and strain, quantifying the stiffness or rigidity of a material. It is also often referred
to as rigidity, elasticity, or tissue modulus, that is, its resistance against deformation when
subjected to a given stress (Akhmanova et al., 2015). In this study, the focus is on evaluating
the impact of MNP on the mechanical properties of scaffolds, explicitly examining how

MNP influences scaffold stiffness as measured by Young's modulus.

In this study, the addition of MNP initially enhanced scaffold stiffness, but higher
concentrations (40% w/v) negatively impacted stiffness, as observed in other nanoparticle
studies. This may be due to the high surface area-to-volume ratio of nanoparticles, which
promotes aggregation. Aggregation reduces the potential enhancement of mechanical
properties, as clumping forms stress concentration points that weaken the material (Zare et
al., 2017). Nanoparticle aggregation disrupts their uniform distribution, resulting in uneven
load transfer and diminished scaffold performance under mechanical stress. This alters the
mechanical behaviour of the nanocomposite and reduces its structural integrity (Ashraf et
al., 2018). Similar findings have been reported in earlier studies, where low nanoparticle
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concentrations enhanced scaffold strength, but excessive loading caused brittleness due to
reduced matrix flexibility (Zainol et al., 2022). This aggregation behaviour is shown in

Figure 4.5 and is consistent with the morphology reported by Ashraf et al. (2018).

Aggregation or
Agglomeration

' 4

Figure 4.5 Illustration of nanoparticle aggregation within the scaffold matrix (created

using BioRender.com)

Based on a comprehensive analysis of physical characteristics, morphological
features, swelling behaviour, biodegradation, and mechanical properties, the scaffold
containing 30% w/v MNP was selected as the optimal formulation for further application
in bone tissue engineering. The 30% w/v MNP scaffold demonstrated consistent thickness
and uniform weight distribution, indicating reliable fabrication and homogeneous drug
loading, which are critical for dosing accuracy and reproducibility (Khan et al., 2016). The
pore size of approximately 101.9 £ 5.2 um falls within the ideal range for bone regeneration
(50-300 um), facilitating effective cell infiltration, vascularisation, and nutrient exchange,
while also supporting sustained, localised drug release (Bruzauskaite et al., 2016; Rao et
al., 2020). Additionally, the swelling ratio of 30% w/v MT-scaffold (75.90%) provided a
balanced hydration state, avoiding excessive swelling that could compromise scaffold
integrity and mechanical stability in vivo (Oliveira et al., 2021). The biodegradation profile
demonstrated controlled and gradual degradation, with approximately 75% mass loss by

week two and 88% by week four, aligning well with the typical bone healing timeline,
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thereby ensuring sufficient mechanical support during early regeneration phases whilst
allowing gradual load transfer to newly formed tissue (Spicer et al., 2012). Furthermore,
mechanical testing showed that the 30% w/v MNP scaffold exhibited enhanced stiffness
and Young’s modulus compared to lower concentrations, without the brittleness associated
with higher nanoparticle loading, which can cause aggregation and reduced structural
integrity (Zainol et al., 2022; Zare et al., 2017). This balance of mechanical strength and
biodegradability is essential for scaffolds intended for load-bearing applications such as
bone repair (Akhmanova et al., 2015). Collectively, these characteristics demonstrate that
the 30% w/v MNP scaffold offers an optimal combination of structural, functional, and
biological properties, making it the most suitable candidate to promote effective bone

regeneration and localised antimicrobial therapy.

4.4 CONCLUSION

In conclusion, this study successfully fabricated and characterised a CC scaffold loaded
with MNP, demonstrating its potential for tissue engineering, particularly in periodontal
therapy. The scaffold's fabrication process resulted in a well-structured three-dimensional
porous matrix incorporating MNP, further enhancing its functionality. Key characteristics
of the scaffold include its optimal pore size, which is crucial for cell adhesion, proliferation,
and differentiation, thereby supporting effective tissue regeneration. Key characteristics of
the scaffold include optimal pore size, which is essential for cell adhesion, proliferation,
and differentiation and support effective tissue regeneration. The scaffold's excellent
swelling ability also promotes cellular activity and nutrient exchange. Scanning electron
microscopy (SEM) analysis confirmed that the scaffold maintained its intended three-
dimensional porous structure, which is essential for providing reliable tissue support and

regeneration framework.

A pivotal finding of this study is the impact of MNP incorporation on the scaffold's
biodegradation rate. Scaffolds without MNP exhibited rapid degradation, which can be
suitable for applications requiring fast tissue regeneration. However, adding MNP slowed
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the degradation process, creating a controlled release system for metronidazole. This slower
degradation rate is important for therapeutic applications requiring prolonged drug delivery
and tissue regeneration, such as bone and periodontal repair. The controlled, sustained
release of MT aligns with the body’s natural bone formation process in vivo. This can help
the scaffold serve as an effective delivery system for localised, long-term antibiotic therapy.
While MNP can reinforce the scaffold at lower concentrations, excessive amounts lead to
nanoparticle aggregation, compromising the scaffold's structural integrity. Therefore, an
optimal MNP concentration range between 10 — 30 mg provides mechanical stability and is
suitable for further analysis. This finding highlights the importance of balancing
nanoparticle concentration to maintain scaffold performance. Furthermore, successfully
integrating fish collagen with the CS scaffold introduces a novel, ethical, and sustainable
material with potential applications in various medical fields, mainly where halal
compliance is a critical consideration. The scaffold demonstrated excellent tissue
regeneration properties, with optimal pore sizes and robust structural integrity, particularly
when incorporating 10-30% (w/v) of MNP. The inclusion of MNP may provide effective
localised drug delivery, which can help reduce the need for systemic treatment. This design
ensures halal compliance while potentially enhancing healing and minimising side effects,
making the scaffold a promising solution for future biomedical application
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CHAPTER FIVE

IN VITRO STUDY OF COLLAGEN CHITOSAN SCAFFOLD
INCORPORATED WITH METRONIDAZOLE NANOPARTICLE
(CC-MNP)

5.1 INTRODUCTION

Periodontal disease arises from multifactorial inflammation primarily triggered by the
accumulation of bacterial pathogens within the periodontal tissues, often leading to damage
to the supporting structure of the teeth, such as tissue and bone, eventually resulting in tooth
loss (Atiaetal., 2022). In the field of dental tissue engineering, various strategies have been
implemented to address periodontal diseases, with one promising approach involving the
use of biomaterials to facilitate the regeneration of local tissues. Among the numerous
biomaterials developed from different sources, the collagen-CC scaffold has gained
significant attention in the field of tissue engineering and regenerative medicine due to its
promising properties such as biocompatibility, biodegradability, and structural versatility,
making it a suitable candidate for various biomedical applications. However, a major issue
with current scaffolds is their susceptibility to infection due to their colonisation by
pathogens in the periodontal pocket during the bone healing process, decreasing the
regenerated bone (Ma et al., 2016a). Thus, incorporating antibiotics into biomaterials has

become an important strategy for preventing or treating infections at the implantation site.

Previous studies have shown that antibacterial agents such as metronidazole,
chlorhexidine, tetracycline, amoxicillin, and minocycline effectively treat periodontal
disease. Among these antibiotics, MT is particularly effective for treating patients with
periodontal disease by inhibiting Porphyromonas gingivalis, an anaerobic pathogen
primarily responsible for periodontal disorders. Although previous studies have
successfully fabricated CC scaffolds loaded with MNP (Zayi et al., 2023), the

examination mainly focused on fabrication and characterisation. Further in vitro
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investigations are necessary before advancing to in vivo and clinical implementation. In
vitro studies play a crucial role in evaluating biomaterials' effectiveness and potential

applications for various medical purposes.

Thus, this study aims to investigate the potential of CC scaffold incorporated with
metronidazole nanoparticles (CC-MNP) in vitro. The study's first goal was to determine if
the CC-MNP effectively inhibits Porphyromonas gingivalis (ATCC 3327) and
Fusobacterium nucleatum (ATCC 25586) bacteria. Additionally, the in vitro drug release
profile of MT from the scaffolds was evaluated over 14 days, involving the assessment of
the initial burst release followed by a sustained release phase. This release profile was
crucial for maintaining effective antibiotic levels in tissues, aiding in infection control, and
promoting wound healing. Furthermore, FTIR measurements were conducted to analyse
the molecular interactions within the scaffold before and after loading with MNP. The CC-
MNP, which exhibited a prominent zone of inhibition, was also selected for further
evaluation of its biocompatibility with human gingival fibroblast cells (HGF-1), which play
a vital role in periodontal bone regeneration. These preliminary studies are essential to
ensure the safety and efficacy of the CC-MNP before implementation in in vivo studies,
significantly contributing to the development of an effective scaffold for treating

periodontal disease.

5.2 METHODOLOGY

5.2.1 Disc Diffusion Method

The study aimed to assess the antibacterial effects of scaffolds loaded with different
concentrations of MNP on P. gingivalis and F. nucleatum using disk diffusion. The test
followed the methodology described by the Kirby-Bauer Disc Diffusion Susceptibility Test
Protocol. The Brain Heart Infusion agar surface was inoculated with P. gingivalis and F.

nucleatum at a density of 0.5 McFarland. After a 5-minute drying period, scaffolds at
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different concentrations of MNP (0%, 10%, 20%, and 30%) were placed on the agar plates.
The scaffolds used in this assay exhibited consistent dimensions, with an average length of
5.010 £ 0.010 mm and an average width of 6.055 £+ 0.010 mm. The uniformity in scaffold
size was maintained to ensure experimental consistency across all test groups. All plates
were incubated anaerobically at 37 °C for 24 hours. Following the incubation period, the
diameter of the zone of inhibition surrounding each scaffold was measured using a digital
calliper to evaluate antibacterial efficacy. MT antibiotic discs were used as positive
controls, while scaffolds without MNP (0%) served as negative controls to confirm that any
antibacterial activity observed was due to the presence of MNP. The minimum inhibitory
concentration (MIC) for each concentration of composite scaffold (CC-MNP) was
determined through visual inspection, defined as the lowest concentration at which no
visible bacterial growth occurred (lbrahim et al., 2023). All experiments were performed
in triplicate, and data were subjected to one-way ANOVA to assess statistically significant

differences (p < 0.05) among scaffold concentrations and controls.

5.2.2 In-vitro release of MT nanoparticles from Nanocarrier and CC-MNP

In vitro drug release of Mt from nanocarrier and scaffold was evaluated in phosphate buffer
solution, PBS (pH 7.4 at 37 °C). At each time interval, the supernatant was collected, and
ultraviolet spectrophotometry (BioSpectrometer, Eppendorf, Germany) was used to
measure the amount of MT released at 320 nm (n = 3). Sampling was at specified time
intervals, and an equal amount of fresh PBS was added. Each drug release experiment was
tested in triplicate in vitro. The concentrations of MTwere calculated through comparisons

with a standard curve.

5.2.3 Fourier Transform Infrared Analysis

The chemical composition of the CC-MNP scaffold was analysed to verify any chemical
interactions between the MNP and the CC matrix. ATR-FTIR was performed using a
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Spectrum 100 instrument (Perkin Elmer, Massachusetts, USA. An average of 20 spectra
was recorded for each sample over a wavenumber range of 4000400 cm™, with a

resolution of 1 cm™ (Khan et al., 2016).

5.2.4 Biocompatibility Analysis of CC-MNP Scaffold

5.2.4.1 Standard Curve

To establish a linear relationship for estimating cell counts based on absorbance readings,
a standard curve was generated using Human Gingival Fibroblast cells with concentrations
ranging from 5.0x10° to x10* cells/mL, which were seeded into a 96-well plate containing
complete medium, Dulbecco’s modified Eagle’s medium (DMEM, GIBCO), supplemented
with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin,. Each concentration
had three replicates on the same plate. After a 4-hour incubation period, the MTT assay
was performed, and absorbance was measured at 570 nm using a microplate reader. The
linear regression equation derived from the standard curve facilitated the estimation of cell
counts in the experimental samples based on their absorbance values. A calibration curve
was constructed by plotting optical density (Y-axis) against cell concentration (X-axis),

enabling accurate estimation of cell numbers in the samples (Singh et al., 2015).

5.4.2.2. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay

The scaffold was sterilised by UV irradiation on both sides for 15 min and via ethanol
(70%), followed by a PBS washing treatment. After sterilisation, the scaffold was placed into
96 well plates and pre-wetted with culture medium before being seeded with Human
Gingival Fibroblast Cells at a density of 2x10* cellssmL. The 3D culture plates were
incubated at 37 °C in an incubator with 5% CO2. After every 48 hours, the culture media,

Dulbecco’s modified Eagle’s medium (DMEM, GIBCO), containing 10% foetal bovine
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serum (FBS) and 1% penicillin/streptomycin, were changed. The cell proliferation of the
3D culture was evaluated on days 1, 3, and 7 post-culturing via an MTT assay kit. The
plates were incubated with MTT formazan at 37 °C for 4 hours and measured at 570 nm via
microplate spectrophotometer (Power Wave XS, Biotek) (Ullah et al., 2017).

5.2.4.3 Cellular attachment morphology on CC-MNP

For FESEM preparation, the CC-MNP was fixed with 4% glutaraldehyde (Sigma Aldrich,
UK) overnight, then washed with phosphate buffer saline (PBS) and dehydrated using a
series of graded ethanol. Finally, dried cells were coated with a thin layer of gold, and the
morphology of cells on the CC-MNP was observed using FESEM imaging (Ullah et al.,
2017).

5.3 RESULT AND DISCUSSION

5.3.1 Antibacterial Assay

Previous research has identified an effective concentration of metronidazole, particularly
for oral applications. For example, 25% MT incorporated into a gel (Elyzol®) has been
shown to eliminate certain periodontal pathogens in clinical settings (Bottino et al., 2014).
Another study involving CS hydrogel-based MT (0.12 — 3% CS hydrogel) demonstrated
enhanced cell viability and non-cytotoxicity in 3T3 fibroblast cells (Rasni et al., 2018).
Furthermore, an electrospun biodegradable PCL nanofiber membrane loaded with 30% MT
was found to be an optimal option for localised drug delivery through GTR/GBR
membranes, effectively preventing implant-associated infections and treating periodontal
disease (Xue et al., 2014). As demonstrated in the mechanical analysis in Chapter 4,
scaffold stability was found to be optimal at 10 — 30 % MT concentrations. Based on these
findings, we conducted disk diffusion tests using scaffolds containing MT concentrations
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ranging from 0% to 30% w/v. The inoculum was prepared from microbial cultures with a
density of 0.5 McFarland standard. The samples' antimicrobial activity was tested using the
disc diffusion method, as described in the Kirby—Bauer Disc Diffusion Susceptibility Test
Protocol.

BHI agar plates were inoculated with an overnight culture of each bacterial
suspension, containing approximately 1.0 x108 cells, which were evenly spread using sterile
cotton swabs. The diameters of the clear zones around the scaffolds were measured from
one edge of the clear zone to the opposite edge, passing through the scaffold. The
characteristic black pigmentation of P. gingivalis colonies, when cultured on horse blood
agar, is due to the accumulation of haemin, which is the oxidised form of heme, on the
bacterial cell surface during its growth as shown in Figure 5.1 (How et al., 2016). In contrast,
Fusobacterium nucleatum, another key Gram-negative bacterium involved in periodontal

disease, forms whitish colonies on blood agar, visually distinct from P. gingivalis.

Figure 5.1 P. gingivalils (a) and F.bacterium (b) on blood agar

P. gingivalis is a Gram-negative, short, rod-shaped bacterium. Its ability to form
biofilms and contribute to the pathogenesis of periodontal disease establishes it as a
significant oral pathogen, particularly in the advanced stages of periodontitis. Both P.

gingivalis and F. nucleatum are notable as a significant contributor to the pathogenesis of
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periodontal disorders. Their ability to form biofilms and evade host immune responses
poses significant treatment challenges. Under light microscopy at x100 magnification, P.
gingivalis exhibits its characteristic short rod shape, as depicted in Figure 5.2(a), consistent
with observations reported by Gamboa et al. (2014). In contrast, F. nucleatum exhibits a
fusiform rod morphology that varies in length. These rods may appear either short with
rounded ends or long and slender with pointed ends, both of which are morphological
features of F. nucleatum, as shown in Figure 5.2(b), consistent with previous observation
by Brennan & Garrett (2019), Garrett & Onderdonk (2017), and Rahbari et al (2017).

(a) (b)

100x 100x

Figure 5.2 Gram-Positive Staining of the Rod-Shaped P. gingivalis (a) and F.
bacterium (b) at 100x magnification.

Based on the Kirby—Bauer (KB) test from the American Society of Microbiology,
the size of the inhibition zone is used to determine the sensitivity or resistance of a pathogen
to varying concentrations of the same antimicrobial agent. This antimicrobial susceptibility
testing (AST) was performed using the disc diffusion method with scaffolds containing
MNP ranging from 0% to 30% wi/v. Classification of inhibition zones was based on
established standards. For P. gingivalis, diameters less than 16 mm were classified as
resistant, 16-20 mm as intermediate, and >21 mm as susceptible (Andrei et al., 2022; Xia
et al., 1994). For F. nucleatum, diameters >17 mm indicated susceptibility, while <15 mm
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indicated resistance (Hazim et al., 2020). Prior studies reported an inhibition zone of 26.65
mm £ 0.52 for P. gingivalis and 24.5 mm £ 0.1 for F. nucleatum, using standard MT
treatments (Justesen et al., 2023). In this study, the blank CC scaffold (0% MNP) showed
no inhibition zone for either bacterial strain. At 10% MNP, inhibition zones were minimal
for both P. gingivalis (16.67 £ 1.53 mm) and F. nucleatum (11.33 = 0.58 mm), indicating
resistance. At 20% MNP, a significant increase was observed for P. gingivalis (25.83 %
1.61 mm, susceptible), while F. nucleatum remained intermediate (15.67 = 1.58 mm). The
30% MNP scaffold demonstrated the highest inhibition for both strains: P. gingivalis (26.17
+0.76 mm) and F. nucleatum (25.33 £ 1.26 mm), both within the susceptible category. The
MT control disc confirmed expected activity with comparable zones.

Table 5.1 Inhibition zones of CC-MNP scaffolds against P. gingivalis and F. nucleatum.

Scaffold + MNP | P. gingivalis | Classification | F. nucleatum | Classification
(% wiv) (mm) (P. gingivalis) | (mm) (F. nucleatum)
Blank CC 0.00+£0.00 |- 0.00£ 0.0 -

10 16.67 + 1.53 | Resistance 11.33 £ 0.58 | Resistance

20 25.83 = 1.61 | Susceptibility | 15.67 £ 1.58 | Moderate

30 26.17 £ 0.76 | Susceptibility | 25.33 +1.26 | Susceptibility
MT disc 25.67 £ 1.16 | Susceptibility | 25.17 £ 0.76 | Susceptibility

Note. The values areexpressed as mean * standard deviation (n=3)

The antibacterial activity of scaffolds loaded with varying concentrations of MNP
(0-30% wi/v) was evaluated against P. gingivalis and F. nucleatum using the agar diffusion
method. As shown in Figure 5.3a and Figure 5.4a, inhibition zones were observed around
scaffolds containing MNP, with increasing diameters corresponding to higher MNP
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concentrations. The positive control exhibited a clear inhibition zone, while no inhibition
was observed for the negative control, as illustrated in Figure 5.3b and Figure 5.4b. These

results confirm the antibacterial efficacy of CC-MNP scaffold against both pathogens.

Figure 5.3 Inhibition zone of scaffold loaded with MNP (0 -30% w/v) (a), positive and

negative control (b) against P. gingivalis

Figure 5.4 Inhibition zone of scaffold loaded with MNP (0 -30% w/v) (a), positive and

negative control (b) against F. nucleatum
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The inhibition zones of CC-MNP against P. gingivalis and F. nucleatum are
illustrated in Figures 5.4 and 5.5. The blank scaffold (0% MNP) demonstrated no inhibition
against either bacterium, confirming that MT was the active agent. The least inhibition was
observed at 10% MNP, and a concentration-dependent increase in activity was noted up to
30%. There was no statistically significant difference (p > 0.05) between the inhibition
zones of the 20% and 30% MNP scaffolds against P. gingivalis, both exceeding the
susceptibility threshold. However, F. nucleatum showed a more distinct concentration
response, transitioning from resistance at 10% to susceptibility at 30%. At 30% MNP, the
scaffold showed strong inhibitory effects against both pathogens, comparable to the
standard MT disc (p = 0.6495). These findings indicate that MNP was successfully
incorporated and released from the scaffold. This release mechanism is particularly
important for addressing the initial high bacterial burden in periodontal pockets (Khan et
al., 2016; Zamani et al., 2010). Overall, the 30% MT-loaded scaffold exhibited optimal
antimicrobial performance and is considered a promising candidate for localised

periodontal drug delivery.

5.3.2 In vitro Drug Release

The release profile of MT from both the CS nanocarrier and scaffolds exhibited a clearly
defined biphasic pattern, reflecting two distinct kinetic behaviours. During the initial phase,
spanning the first 2—-3 days, a rapid burst release was observed. This was more pronounced
in the empty MNP group, which released a greater proportion of its drug content early on
compared to the CC-MNP scaffold. On day 2, approximately 49.55% of the drug was
released from the empty scaffold, while 38.82% was released from the MNP-loaded
scaffold. This rapid diffusion of MT molecules is likely due to drug located near the

scaffold surface escaping quickly into the surrounding medium.

From days 3 to 7, the release became more gradual and controlled. The cumulative
release during this phase was 64.60% for the empty scaffold and 55.95% for the MNP-
loaded scaffold. By day 14, total release reached 83.56% and 79.81%, respectively. This
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slower, sustained release in the MNP-loaded scaffold reflects the influence of the
nanoparticle matrix in moderating drug diffusion, supporting its potential for prolonged

therapeutic action, as illustrated in Figure 5.6.
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Figure 5.6 Drug release profile of MNP encapsulated in nanocarriers and scaffold system

This biphasic release behaviour is a defining feature of drug delivery systems based
on hydrophilic biopolymers like CS. In the early phase, water rapidly penetrates the outer
regions of the polymeric matrix, leading to immediate swelling and the fast release of drug
molecules loosely bound to or located near the surface. As hydration continues, polymer
chains expand and form a gel-like network, allowing the encapsulated drug to gradually
diffuse outward through this hydrated matrix. This controlled swelling not only facilitates
a sustained and prolonged release profile but also protects the drug from rapid degradation
or clearance. Such a mechanism ensures extended therapeutic availability, making it
particularly beneficial for localised treatments requiring prolonged drug action, such as in
periodontal therapy. The stepwise diffusion enabled by this polymer swelling mechanism

is visually represented in Figure 5.7.
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Figure 5.7 Water-induced swelling in polymer matrices for controlled drug release

(created using Biorender.com)

Similar biphasic behaviours have been reported in other studies. For example, drug delivery
systems encapsulating paclitaxel exhibited a significant burst release within the first three
days, releasing over 60% of the total drug, followed by a slower release up to day 13 (Li et
al., 2009). Muhsin et al. (2016) reported that CS nanoparticles released 16 + 0.32% initially,
reaching 23 £ 0.31% by day 8 and 52 + 1.55% by day 16. This dual-phase release is
advantageous for achieving immediate therapeutic effects and sustaining drug availability,

which is particularly useful in wound healing (Cam et al., 2020; Setterstrom et al., 2000).

The sustained release observed in the scaffold loaded MNP likely results from the
combination of scaffold swelling and diffusion barriers provided by the nanoparticles. The
scaffold acts as an additional matrix, hindering drug mobility and enabling prolonged
release. This mechanism is supported by evidence that bioactive agents can be physically
adsorbed or chemically bound to scaffolds to allow for gradual release (Mo et al., 2023).
Similarly, electrospun and electrosprayed scaffolds have demonstrated slowed and
stabilised release profiles compared to systems without such modifications (Kass &
Nguyen, 2022; Abudula et al., 2020; Jiang et al., 2023).
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Clinical application of such release profiles is particularly relevant in periodontal
therapy. Antibiotic therapy typically spans 6 to 14 days, targeting infection control and
healing support. Devices such as EVA fibres and acrylic strips exemplify systems that
release drugs over this duration (Nair & Anoop, 2012). This aligns with current findings
where the sustained release observed in the CC-MNP scaffold supports a 14-day
therapeutic window, as required for post-surgical treatment (Salgado-Peralvo et al., 2022;
Alassy et al., 2021). Thus, incorporating MNP into the scaffold effectively modulated
release kinetics, achieving a balance between initial therapeutic concentration and

prolonged delivery.

5.3.3 FTIR measurement

The FTIR spectrum of the empty CC scaffold reveals important molecular interactions
between collagen and CS, as shown in Figure 5.8. Key peaks are identified in the O-H/N-H
stretching, amide 1, 11, 11, and C-H bending regions reflecting the scaffold's intermolecular
interactions. This aligns with previous findings that highlight the importance of these bands
in evaluating the structural integrity and intermolecular interactions within the scaffold
(Fernandes et al., 2011). In the FTIR analysis, the peak at 3311.43 cm™ corresponds to the
O-H and N-H stretching vibrations. It is characteristic of the hydrogen bonding interactions
within the collagen and CS empty scaffold (Rodrigues et al., 2023). After loading the
scaffold with MNP encapsulated in CS nanocarriers, this peak shifts to 3363.59 cm™. The
shift to a higher wavenumber suggests the formation of stronger hydrogen bonds due to the
collagen, CS, and drug-loaded nanoparticles, which could enhance the scaffold's structural

properties.

The amide | peak, associated with C=0 stretching and primarily indicates the
structural integrity of collagen, appears at 1636.08 cm™ in the empty scaffold and was
shifted slightly to 1637.15 cm™ upon loading with MNP. This minimal shift suggests that
the triple helix structure of collagen remained largely intact, in agreement with studies
indicating that amide | changes reflect only subtle alterations in molecular conformation
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(Ramli et al., 2016). The amide II peak, located at 1557.53 cm™ in the empty scaffold,
remained relatively unchanged, appearing at 1556.09 cm™ in the loaded scaffold, indicating
that the core structure of the collagen remained intact after the addition of the drug. There
were no significant changes in the amide Il band after incorporating therapeutic agents into
collagen-based scaffolds. The amide III band, observed at 1407.94 cm™!, corresponds to N-
H stretching and C-H bending. After adding metronidazole-loaded nanoparticles, this peak
shifted slightly to 1411.33 cm™, indicating a slight modification in molecular interactions
but not significantly altering the molecular interactions within the scaffold. Similarly, the
peaks at 1076.84 cm ' and 1032 cm™!, corresponding to C-O stretching and C-N bonds, also
demonstrated minor shifts upon nanoparticle incorporation. The slight shifts suggest that
the hydrogen bonding network within the scaffold remained largely unaffected. The
preservation of this network indicates that the scaffold's molecular architecture is stable,
even after the introduction of drug-loaded nanoparticles, further supporting the conclusion

that the collagen matrix maintained its triple helix integrity (Rodrigues et al., 2023).

The peaks at 1076.84 cm™* and 1032 cm™ indicate the presence of C-O stretching
and C-N bonds associated with the interactions between collagen and CS (Rodrigues et al.,
2023). These peaks suggest a stable hydrogen bonding network within the scaffold matrix.
The peak at 1077 cm™ indicates a slight increase in wavenumber, while the incorporation
of MNP into the scaffold slightly shifts the peak at 1031 cm™, showing a corresponding
decrease. The peak at 1032 cm™ in the empty scaffold shifts to 1031 ecm™ in the loaded
scaffold. This slight reduction suggests that the incorporation of MNP encapsulated in CS
nanocarriers has a minor effect on the molecular interactions while preserving the overall
integrity of the collagen and CS matrix. Moreover, the absence of any significant shift in
the acetic acid band at 1700-1725 cm™ suggests that no free acetic acid remained in the
sample, further confirming the scaffold’s chemical stability after the freeze-drying process
(Fernandes et al., 2011).
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Figure 5.8 FTIR spectra of (a) CS nanocarrier and (b) MT-loaded onto CS nanocarrier

5.3.4 Biocompatibility Analysis of CC-MNP Scaffold

5.3.4.1 Standard curve

Prior to establishing the standard curve, the morphology of human gingival fibroblast cells
(HGF-1) was assessed using an inverted optical microscope to verify cellular health and
suitability for subsequent cytocompatibility studies. Blue dye staining was employed to
differentiate viable cells, enabling clearer visualisation of cellular morphology and
arrangement. The HGF-1 cells displayed characteristic fibroblastic features, including
elongated, spindle-shaped bodies and the tendency to align in parallel arrays or small
clustered formations. These observations align with previous reports by Guo et al. (2011),
Marconi et al. (2021), and Saczko et al. (2008), which described similar fibroblast

characteristics under optimal culture conditions. The presence of such features supports the
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absence of cytotoxic stress and affirms the suitability of these cells for further MTT-based
assays, including scaffold seeding to evaluate biocompatibility. The illustrated cellular

morphology is shown in Figure 5.9.

Figure 5.9 Morphology of HGF-1 cells at 10x (a—b) and 40x (c—d) magnification

To quantify cell viability and proliferation, the MTT assay was employed. This
colorimetric assay measures the enzymatic reduction of MTT to insoluble formazan
crystals by metabolically active mitochondria. MTT solution was added to each well and
incubated for four hours. Subsequently, dimethyl sulfoxide (DMSQO) was used to solubilise
the formazan, and the absorbance was measured at 570 nm using a microplate reader
(Yildiz et al., 2023). The standard curve generated from the linear regression analysis
demonstrated a robust linear relationship between absorbance and cell concentration, with

the equation y =6x10°x + 0.2741y as and an R2 value of 0.9605, as shown in Figure 5.10.
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Figure 5.10 Standard calibration curve of HGF-1 using the MTT assay

While the linear regression model offers statistical accuracy for estimating cell
numbers within a defined range, in vitro cell proliferation generally follows a sigmoidal
growth pattern consisting of three phases: lag, exponential, and plateau (Sigma-Aldrich,
n.d.; AAT Bioquest, 2020). In the lag phase, cells are metabolically active but not dividing
as they adapt to the culture environment. The exponential phase is characterized by rapid
cell division, while the plateau phase results from nutrient depletion and waste

accumulation, leading to reduced proliferation (Sigma-Aldrich, n.d.; AAT Bioquest, 2020).

The linear relationship observed in the current MTT assay likely reflects the
exponential growth phase, particularly given the early points assessed (Days 1, 3, and 7),
during which cells were actively proliferating without confluent or nutrient constraints
(Abcam, n.d.). This correlation aligns with typical short-term assays under optimal seeding

densities, where cell growth is relatively uninhibited. In this context, the MTT assay
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provided a practical and reliable approach for quantifying relative cell viability through
absorbance measurements. The strong linear correlation between absorbance and viable
cell concentration confirms the assay's utility in evaluating the initial biological
performance of scaffold formulations. This method is especially valuable for comparing
the cytocompatibility of biomaterials, such as CC and CC-MNP scaffolds, and for assessing

their influence on early cellular proliferation dynamics (Salis et al., 2021).

5.3.4.2 MTT Assay

The MTT assay, a widely used colourimetric assay, measures cell viability and proliferation
by quantifying the reduction of MTT (a yellow tetrazole) to formazan crystals by
metabolically active cells. The amount of formazan produced is proportional to the number
of viable cells, making this assay a reliable indicator of cell proliferation. The absorbance
values obtained from the MTT assay show a direct correlation with cell proliferation,
enabling accurate estimation of cell counts at various time points. Thus, the MTT assay is
essential in demonstrating the biocompatibility of biomaterials intended for in vivo
application (Subramanian & Sekaran, 2024). In this study, the MTT assay was employed
to evaluate the biocompatibility of CC and CC-MNP scaffolds by measuring absorbance
values. The results, presented in Table 5.2, show an increasing trend in absorbance values
from Day 1 to Day 7, reflecting cell growth and viability in both the scaffold loaded with
MNP and scaffold empty" conditions. On Day 1, the scaffold loaded with MNP showed an
absorbance of 0.2933 + 0.0050, corresponding to approximately 3.20 x 103 cells/mL, while
the scaffold empty group had an absorbance of 0.2900 + 0.0030, corresponding to
approximately 2.6 5x 103 ¢ cells/mL. The relatively low cell numbers observed on day 1 in
all groups might be due to oxygen and nutrients not fully penetrating and distributing on
the scaffold, limiting cell proliferation and leading to lower absorbance, as stated by a
previous study (Edmondson et al., 2014; Magliaro et al., 2019). As shown in Table 1, the
results demonstrate an increasing trend in absorbance values from Day 1 to Day 7,
indicating cell growth and viability on both the "scaffold loaded with MNP" and "scaffold
empty" conditions.
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Table 5.2 MTT assay of HGF-1 on CC scaffolds with and without MNP at 1, 3, and
7 Days.

Time (Days) Day 1 Day 3 Day 7

Scaffold Loaded with MNP | 0.2933 + 0.0050% | 0.3877 £ 0.0065% | 0.9912 + 0.455%

Scaffold Empty (No Drug) | 0.2900 + 0.0050% | 0.3607 + 0.0070° | 0.9450 + 0.0373?

Note. The table displays the mean and standard deviation values (n=3).

On Day 1, the scaffold loaded with the MNP group showed an absorbance of 0.2933 +
0.0050, corresponding to a cell count of approximately 3.20 x 10° cells/mL. In contrast, the
"scaffold empty” group had an absorbance of 0.2900 + 0.00300, corresponding to
approximately 2.65 x 10° cells/mL. This lower initial proliferation might be due to
insufficient oxygen and nutrient distribution within the 3D scaffold structure, limiting cell
proliferation and leading to lower absorbance, as stated by a previous study (Edmondson
etal., 2014; Magliaro etal., 2019). By Day 3, a significant increase in cell proliferation was
observed in both groups. The scaffold loaded with MNP exhibited an absorbance of 0.3877
+0.0065, corresponding to 1.89 x 10* cells/mL, while the scaffold empty had an absorbance
of 0.3607 £ 0.0070, approximately 1.44 x 10* cells/mL. These findings were aligned with
previous findings, where 3D-printed scaffolds demonstrated lower cell proliferation on Day
1, followed by significant increases on Days 3 and 7 (Zhang et al., 2019). On Day 7, both
groups showed a marked increase in absorbance. The scaffold loaded with MNP had an
absorbance of 0.9912 + 0.4550, correlating to approximately 1.20 x 10° cells/mL, while the
scaffold empty showed an absorbance of 0.9450 + 0.0373, corresponding to 1.12 x 10°
cells/smL. Although the difference in cell numbers between the two groups was not
statistically significant, the trend suggests that the presence of magnetic nanoparticles

(MNP) may enhance cell proliferation.
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The hydrophilic nature of the CS-based scaffold likely contributed to favourable
conditions for cell attachment and growth, as supported by previous studies
demonstrating the role of surface hydrophilicity and biocompatibility in enhancing cell
adhesion and proliferation on hydrophilic polymeric scaffolds (Dong et al., 2020).
Moreover, adding collagen further enhanced the scaffold's hydrophilic properties,
improving its ability to support cell adhesion, such as collagen, the primary ECM protein
inherently promotes cell anchorage (Sousa et al., 2014). The positive effect of
nanoparticles, especially in promoting cellular proliferation without inducing cytotoxicity,
is well documented. These findings are vital for the development of tissue engineering
materials, as the enhanced cell proliferation observed in the scaffold loaded with the MNP
group highlights the scaffold’s potential as a smart carrier for bioactive molecules,
accelerating tissue regeneration. This is particularly important for applications such as
periodontal disease treatment, where rapid and efficient healing is critical. Previous
research has also supported the role of hydrophilic nanoparticles in improving cell viability,
attachment, and proliferation on scaffolds. Studies have shown that the hydrophilic nature
of CS nanocarriers promotes favourable conditions for cell attachment (Wang et al., 2017),
while hydrophilic poly (L-lactic acid) (PLLA) nanoparticles were found to increase cell
numbers (Xu et al., 2012). The bioactivity was enhanced in the presence of nanoparticles
in scaffolds, revealed by greater cell adhesion and cell spreading, which was mainly
attributed to increased hydrophilicity (Dasari et al., 2022). In short, the hydrophilic nature
of collagen scaffolds plays a crucial role in supporting cell growth. The incorporation of
hydrophilic nanoparticles further enhances this property, improving the scaffold’s ability

to facilitate cell attachment, proliferation, and overall tissue regeneration.

5.3.4.3 Morphology of HGF-1 cell on CC-MNP

The adhesion and spreading of anchorage-dependent cells, such as HGF-1 fibroblasts, are
essential for cell viability and proliferation on scaffolds (Bashur et al., 2006). Figure 5.11
illustrates the morphology of HGF-1 fibroblasts cultured on the CC-MNP scaffold. The

FESEM images reveal several distinct cell morphologies indicating different stages of cell
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adhesion and interaction with the scaffold. In Figure 5.11 (a), fibroblast cells appeared
spheroid, typical during early attachment phases (Rabie et al., 2022). Figure 5.11 (b) shows
elongated cells with filopodia, signifying that the cells are exploring their
microenvironment and establishing contact points with the scaffold surface. In Figure 5.11
(c), cells are seen in direct contact with the scaffold, further confirming scaffold
compatibility. Figure 5.11 (d) presents flattened fibroblasts with extensive filopodia,
suggesting strong adhesion and active remodelling activity. This morphological behaviour
implies good biocompatibility and scaffold performance in supporting cellular activities

such as migration, proliferation, and ECM interaction (Szewczyk et al., 2019; Kyykallio et
al., 2020).

Figure 5.11 Morphology of fibroblasts on CC-MNP scaffolds showing spheroid cells (a),

elongated cells with filopodia (b), cells in contact with scaffold (c), and flattened cells (d).
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Figure 5.12 demonstrates the morphology of HGF-1 fibroblasts on the empty CC
scaffold. Similar to the CC-MNP scaffold, cells displayed spheroid shapes in the early
stages of attachment (Figure 5.12 (a)). Figure 5.12 (b) shows elongated fibroblasts with
filopodia, indicating scaffold interaction and early-stage spreading, a key marker of
scaffold compatibility. In Figure 5.12 (c), the cells are observed in contact with the scaffold
structure, and in Figure 5.12 (d), the fibroblasts appear flattened and well-spread across the
scaffold surface. These cell morphologies support the scaffold’s potential in promoting cell

adhesion and viability, although the structural features of the empty CC scaffold may result

in slightly less interaction intensity compared to the CC-MNP scaffold.

Figure 5.12: Morphology of fibroblasts on empty CC scaffolds showing spheroid cells (a),
elongated cells with filopodia (b), cells in contact with scaffold (c), and flattened cells

spread on the scaffold (d).

As described in previous studies, HGF-1 cells initially exhibit spheroid

morphology, transitioning to elongated and spread forms with filopodia as they adhere and
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proliferate on scaffolds (Rabie et al., 2022; Sun et al., 2021; Wood & Martin, 2002). The
presence of filopodia in both scaffolds reflects active cellular exploration, vital for ECM
interaction, scaffold remodelling, and tissue regeneration (Kyykallio et al., 2020). The CC-
MNP scaffold, however, demonstrated more extensive filopodia networks and cell
spreading compared to the empty CC scaffold, indicating superior biocompatibility and
enhanced support for cellular functions. This can be attributed to the synergistic properties
introduced by the magnetic nanoparticles, which may improve surface characteristics and
cell-material interactions (Liu et al., 2020). Both scaffolds supported fibroblast adhesion
and proliferation, but the CC-MNP scaffold exhibited more robust cellular interaction,

making it a more promising candidate for tissue engineering applications.

5.4 CONCLUSION

This study underscores the promising potential of a novel CC scaffold loaded with MNP in
treating periodontal diseases. Periodontal conditions present significant challenges to oral
health, often necessitating advanced therapeutic interventions that can effectively combat
the underlying bacterial infections while promoting tissue regeneration. Traditional
approaches, while beneficial, have been limited by inflammatory responses and suboptimal
antibacterial efficacy. Therefore, the development of innovative antibacterial scaffolds has
become increasingly important in the field of dental tissue engineering. Our findings reveal
that CC-MNP exhibits significant antibacterial activity against key periodontal pathogens,
specifically Porphyromonas gingivalis and Fusobacterium nucleatum. Notably, the CC-
MNP formulation containing 30% MT demonstrated a marked inhibitory effect, with a
minimum inhibitory concentration (MIC) established to inhibit these pathogens effectively.
This highlights the scaffold’s potential to deliver therapeutic agents and maintain a
favourable pharmacological profile. The Fourier transform infrared spectroscopy (FTIR)
analysis further supports the successful incorporation of MTinto the CC matrix. The
characteristic peaks observed in the FTIR spectra confirm the interactions between the drug
and the scaffold materials, indicating the effective loading and stability of the drug within
the scaffold structure. This chemical characterisation is crucial as it ensures the preservation
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of the drug’s efficacy while embedded in the scaffold. The Fourier-transform infrared
spectroscopy (FTIR) analysis confirmed the successful incorporation of MT into the CC
scaffold. The analysis indicated that the structural integrity of the CC matrix was preserved
after drug loading. These findings suggest that the CC-MNP scaffold retains its molecular
structure, which is essential for its application in periodontal therapy. The stability and
compatibility demonstrated through FTIR analysis support the potential of CC-MNP as an

effective drug delivery system for managing periodontal diseases.

In addition, this study highlights the biocompatibility of CC-MNP. The in vitro
release profile of MT from scaffolds showed a slower and more sustained release compared
to the unloaded scaffold, aligning with the objective of achieving controlled drug delivery
in periodontal treatment. By day 14, approximately 80% of the drug had been released,
indicating the potential of this system for extended drug delivery applications. Furthermore,
cytocompatibility assessments using Human Gingival Fibroblast (HGF-1) cells showed
that CC-MNP did not negatively impact cell morphology, viability, or proliferation, which
may support integration with host tissues and aid healing. Overall, the dual functionality of
CC-MNP as a drug delivery system and tissue engineering scaffold suggests its potential
applicability in periodontal therapy. The capability to address bacterial infection while
supporting cellular activity may contribute to improved treatment outcomes in periodontal
disease management. Future research should focus on evaluating the in vivo performance

and long-term effects of CC-MNP in periodontal health to support its clinical translation.
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CHAPTER SIX

IN VIVO ASSESSMENT CC-MNP FOR BONE REGENERATION IN
RAT SKULL DEFECTS

6.0 INTRODUCTION

Bone loss resulting from periodontal disease, trauma, or anatomical factors poses a
common therapeutic problem in the field of periodontology (Donos et al., 2015). In order
to promote bone regeneration in various types of bone defects under different systemic
conditions, various bone grafts and bone substitutes, biomaterials, or combined
regenerative procedures have been employed. However, current research has primarily
focused on investigating GBR scaffolds in the treatment of periodontal disease. This scaffold
provides a three-dimensional (3D) structure for cell attachment, growth, and tissue
regeneration (Lim et al., 2019). However, one of the common issues in GBR applications is
the biodegradation of non-biodegradable scaffolds. Non-biodegradable scaffolds do not
degrade naturally over time within the body. Therefore, a second surgical procedure is often
required to remove the scaffold once bone regeneration is complete. After the scaffold
removal, the site becomes exposed, creating a favourable environment for bacterial
colonisation and an increased risk of infection at the surgical site. This bacterial
colonisation infection can hinder the natural bone regeneration process by causing
inflammation and tissue damage, necessitating additional treatments such as antibiotics,
which can further increase systemic side effects such as antibiotic resistance, compromising
the success of the GBR procedure. By utilising a biodegradable scaffold with antibacterial
properties, we aimed to overcome the limitations associated with a non-resorbable scaffold,
reducing the risk of infection, thus promoting a favourable environment for bone
regeneration and improving the outcomes of GBR treatments. Before assessing the
biomaterial's in vivo biocompatibility and potential toxicity, in vitro testing was employed
as an initial step. In this study, firstly, we developed a CC scaffold loaded with MT
nanoantibiotic and determined the suitability and effectiveness of the CC scaffold loaded
with MNP for its intended application in periodontal regeneration.
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The scaffold successfully fulfilled the required criteria for mechanical properties,
biocompatibility, controlled drug release, stability degradation, and antibacterial assay. It
exhibited significant antibacterial activity against Porphyromonas gingivalis (ATCC No.
33277) and Fusobacterium nucleatum (ATCC No. 10953), which are the predominant
pathogenic bacteria involved in periodontitis. Another critical aspect of the GBR scaffold
is ensuring the released drugs do not interfere with cellular activity. In our experiment, the
prepared scaffold demonstrated satisfactory biocompatibility, as human gingival fibroblast
cells (HGF-1 cells) successfully attached to and proliferated on the scaffold. Given the
positive results obtained from the in vitro analysis, the CC scaffold loaded with MNP shows
excellent promise as a therapeutic option for periodontal regeneration. It is now well-suited
for further evaluation through in vivo studies to assess its biocompatibility, effectiveness in
promoting tissue regeneration, and overall performance in a living organism. These in vivo
studies provided valuable insights into the scaffold's performance and suitability for clinical
applications in the treatment of periodontal diseases: Therefore, the specific objective of
this study was to assess the effectiveness of the scaffold in promoting new bone formation
within the rat skull defect and to evaluate the scaffold's capability to prevent inflammation

in the affected area.

6.1.1 Rationale for Animal Use

Preclinical animal models played a critical role in the research and development process by
providing proof-of-concept efficacy in a short interval, as well as preliminary safety and
effectiveness of newly fabricated scaffolds before their implementation in human subjects.
The Sprague-Dawley rat was chosen as an animal model based on several factors, including
its economic feasibility, logistical convenience, ease of handling and maintenance,
and suitability for verifying basic biological principles. Moreover, the Sprague-Dawley rat
model allowed for the efficient generation of bone defects within a relatively short
timeframe, which enhanced its practicality for studying the effectiveness of the newly
fabricated scaffold in promoting bone regeneration. In this study, we used 18 animals
divided into three groups, with six rats per group. Applying the Resource Equation Method,
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the calculated sample size 'E' was 12. This sample size fell within the recommended range
of 10-20 animals for preclinical studies, indicating that our chosen sample size was adequate
for this study.

6.2 METHODOLOGY

6.2.1 Animal Requirements

Table 6.1 outlines the specific requirements for the animal subjects used in the rat skull
defect study. All procedures involving animals were conducted in compliance with the
guidelines approved by the Institutional Animal Care and Use Committee (I-ACUC), under
ethical approval number IACUC 2023-013 with supporting documentation provided in
Appendix I.

Table 6.1 Animal requirement for rat skull defect study

Parameter Details
Species Wistar rats
Strain Sprague-Dawley
Genus Rattus norvegicus
Age 8 weeks old
Weight 250-300 g
Sex Male
Number of Animals Used | 18
Source A Sapphire Enterprise
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6.2.2 Source and Transportation

The vendor, A Sapphire Enterprise, Selangor, Malaysia handled the transportation of
animals, which were delivered to the primary housing location at PLANETIIUM, Jalan

Penjara Kuantan Pahang.

6.2.3 Acclimatisation Period

Prior to the surgical procedure, the animals were subjected to a seven-day acclimatisation
period to facilitate physiological, psychological, and nutritional stabilisation in their new
environment. This period is essential to mitigate the stress associated with transportation
and environmental changes (Munk et al., 2024; Rinwa et al., 2024). Rats were housed under
controlled conditions (20-26°C, 40—-60% humidity, 12-hour light/12-hour dark cycle) with
free access to food and water, in accordance with standard laboratory animal care guidelines
(Marin et al., 2023). The acclimatisation period also serves to allow animals' physiological
parameters, such as blood glucose and stress hormone levels, to return to baseline following
transport (Marin et al., 2023). Throughout this duration, the animals were monitored daily
for signs of stress, abnormal behaviour, or any indication of illness to confirm their
suitability and optimal health status for inclusion in the experimental procedures (Munk et
al., 2024).

6.2.4 Biological Material Use for Animals

The primary biological material used in this study was CC scaffolds integrated with MNP
specifically developed for in vivo applications. This composite scaffold was designed as a
dual-function therapeutic platform intended to support bone tissue regeneration while
simultaneously delivering a localised antimicrobial effect. The rationale behind this design
is grounded in the need to prevent post-surgical infections, which frequently occur in the
context of bone defects and can significantly compromise the healing process.
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The CC scaffold was synthesised and subsequently loaded with MNP using a
freeze-drying (lyophilisation) technique to enable localised drug delivery. As the scaffold
was not commercially available, it was formulated and characterised through laboratory
protocols tailored to the requirements of this study. Each scaffold was shaped to match the
dimensions of the critical-sized bone defect in the rat model, ensuring precise and
minimally invasive implantation. By contrast, an empty scaffold (containing no MNP) was
prepared and served as a control to evaluate the specific impact of the antibiotic-loaded

system on bone healing. Figure 6.1 illustrates the final scaffold employed in this study.

Metronidazole
nanoparticles

Rat skull defect
model

Collagen-chitosan membrane
loaded with metronidazole
nanoparticle 3

Figure 6.1 Schematic illustration of the preparation and application of CC-MNP

scaffold in a rat skull defect model (created using Biorender.com)

6.2.5 Experimental Design and Procedure

6.2.5.1 Sample Size

This study utilised the Sprague-Dawley rat critical-sized calvarial defect model to evaluate
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bone regeneration capacity. The sample size was determined using the Resource Equation
Method as outlined by Charan and Kantharia (2013). According to this method, the value
of E (error degrees of freedom) between 10 and 20 is considered adequate for detecting
statistically significant differences. The value ‘E’ was calculated using the formula shown
in Equation (6.1):

E = Total number of animals — Total number of groups (6.1)

In this study, the sample size 'E' was determined by subtracting the total number of
groups from the total number of animals. The total number of animals refers to the number
of individual animals available for the study, and the total number of groups refers to the
number of experimental groups being compared. A total of 15 animals were included across

3 groups. Therefore:

E=15-3=12

This value of E = 12 falls within the acceptable range, confirming that the sample
size is statistically appropriate. Thus, based on the Resource Equation Method, the
calculated sample size ‘E’ is 12, which falls within the 10-20 range and is considered
adequate (Charan & Kantharia, 2013). The calculated sample size of 15 represents the
minimum number required to meet the predefined study parameters. To adjust for potential

attrition, the sample size was increased by 20%, using the following formula:

Adjusted sample size (E): sample size + (20% of sample size)
15 + (20% x 15)
E: 18 rats
Although the calculated sample size was 15, it was increased to 18 animals to
accommodate possible attrition, in compliance with the Institutional Animal Care and Use

Committee (IACUC-IIUM) recommendation for high-risk surgical procedures (Zhang &

Hartmann, 2023). This adjustment ensures data robustness while adhering to the ethical
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principle of the 3Rs (Replacement, Reduction, Refinement) for animal research (Liang et
al., 2022). Dropouts or attrition during the study period are common in animal research
involving surgery (Zhang & Hartmann, 2023). For instance, in previous studies where
sample size software recommended 10 animals per group, an additional 10% was added,
resulting in 11 animals per group accounting for expected attrition (Charan & Kantharia,
2013). Similarly, the IACUC-1IUM recommends accounting for a 20% attrition rate in
high-risk procedures. Therefore, the sample size in this study was adjusted accordingly.
Male Male Sprague-Dawley rats, aged approximately eight weeks and weighing between
250-300 g, were randomly divided into three main groups and sacrificed on day 28 (week

4) post-surgery, as detailed in Table 6.2.

Table 6.2 Study design

Groups

A

B

C

(n=6)

Rats’ skull defect
without any scaffold

implantation

Skull Defect No scaffold

Rats' skull defect
implanted with CC
scaffold

Skoldefect g oo

Rats' skull defect
implanted with CC-
MNP

Scaffold

Scaffoid «
nano
antiblotic

Skull defoct

In this study, a proof-of-concept study was carried out in rats using a relatively
minimum number of animals, in line with the 3Rs (replacement, reduction, and refinement)
principles for animal testing (Liang et al., 2022). A total of six rats were sacrificed in each
group at the end of the study. This approach is consistent with previous studies using similar

models. For example, in studies on titanium membranes in a rat calvarial defect mode,
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critical-size defects (8 mm) were surgically created in calvaria, and biopsies were collected
at week 4 (n = 6 per group) for micro-computed tomography and histomorphometry
analysis (Jang et al., 2019). In another study, 8 mm critical-size defects were created in the
skulls and treated with PCL-GO-CQ-hUCMSCs scaffolds, using five animals per group for
radiographic and micro-CT analysis (Kashte et al., 2021). Another study focused on
comparing the efficacy of rhBMP-2 combined with different materials for bone
regeneration in critical-sized rat calvarial defects. The study followed the ethical principles
outlined by Russell and Burch's 3Rs and aimed to use the minimum number of animals
necessary (n = 5 per group) to detect significant differences (Uribe et al., 2022).
Additionally, another study that implanted C3CA scaffolds in a rat model also used five
animals per group for analysis, demonstrating potential applications in bone tissue
engineering (Priya et al., 2021). Therefore, based on the calculated sample size, anticipated
attrition rate, and precedent from previous studies, the final sample size of 18 rats
comprising 6 animals per group is deemed adequate to fulfil the experimental parameters

of this study.

6.2.5.2 Anaesthesia

In several previous studies involving bone regeneration in rat calvarial defect models,
anaesthesia was consistently administered using a combination of ketamine and xylazine
(Chang et al., 2023; De Santana et al., 2010; Mohan et al., 2022; Uribe et al., 2022). For
instance, in a study where Sprague Dawley rats were used to create defects and inject
collagen hydrogel, anaesthesia was achieved via intraperitoneal injection of ketamine (30
mg/kg body weight) and xylazine hydrochloride (10 mg/kg body weight), as approved by
the Institutional Animal Care and Use Committee of China Medical University
(CMUIACUC-2020-125) (Chang et al., 2023). Similarly, in a biomaterials study by Uribe
et al. (2022), rats were anaesthetised using ketamine (80 mg/kg) and xylazine (10 mg/kg)
to provide a longer anaesthetic duration appropriate for surgical procedures.

Accordingly, in this study, anaesthesia was administered via intraperitoneal injection
of ketamine hydrochloride (80 mg/kg) and xylazine (10 mg/kg), following the protocol
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described by Uribe et al. (2022). This dosage was chosen to ensure an extended duration of
anaesthesia suitable for calvarial surgery. The anaesthetic combination is also aligned with

recommendations outlined by various institutions, as summarised in Table 6.3.

Table 6.3 Recommended anaesthesia agents based on different sources

Source Dosage Duration of
anesthesia

IACUC- The University of lowa Ketamine 40 - 100mg/kg IP, | 60 - 80 min

(University of IOWA, 2020) Xylazine 5 - 13mg/kg IP

IACUC - Pennsylvania State Ketamine 80 - 100mg/kg IP, | 20 - 50 min

University (Drugs & Anesthesia, Xylazine 5 - 10mg/kg IP

n.d.)

Initially, Zoletil was considered as an anaesthetic agent. However, it was not used
in this study due to limited availability and concerns about possible side effects, such as
increased salivation. Instead, ketamine and xylazine were selected for their proven efficacy
and minimal impact on salivation, as well as their compatibility with the ethical and
procedural guidelines set by IACUC-IIUM. Anaesthesia was administered via
intraperitoneal injection. Each rat was briefly restrained using a clean towel to minimise
handling stress. A sterile 1 mL syringe fitted with a 26G needle was used for the injection.
The injection site was located in the lower right quadrant of the abdomen, a region that
reduces the risk of puncturing vital internal organs such as the bladder and intestines. The
skin was gently lifted to form a tent, and the needle was inserted at a shallow angle of
approximately 30-45° to ensure proper entry into the peritoneal cavity. The anaesthetic
solution was injected slowly and steadily to minimise the risk of reflux and tissue irritation.
Following the injection, each rat was returned to its individual cage and monitored closely

until surgical anaesthesia was achieved.
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The depth of anaesthesia was confirmed by the absence of pedal withdrawal
reflexes in the hind and forelimbs, as well as the absence of the corneal reflex. Normal,
non-laboured breathing was maintained throughout the surgical procedure, indicating a
stable and adequate depth of anaesthesia (Wang et al., 2022). Xylazine was chosen not only
for its sedative properties but also for its muscle relaxant and analgesic effects, which
synergistically enhanced the anaesthetic efficacy of ketamine (Lemke, 2004). As outlined
above, this anaesthetic protocol was reviewed and approved by the Institutional Animal
Care and Use Committee of the International Islamic University Malaysia (IACUC-11UM),

ensuring compliance with ethical and scientific standards.

6.2.5.3 Surgical Procedure

All surgical procedures were conducted under aseptic conditions following ethical approval
from the Institutional Animal Care and Use Committee (IACUC-1IUM). Eighteen healthy
male Sprague Dawley rats, aged 8—10 weeks and weighing approximately 250-300 g, were
used in this study. The surgical site, located at the frontoparietal region of the calvaria, was
shaved and disinfected using a 10% polyvinylpyrrolidone-iodine (PVP-I) solution. A 4 cm
sagittal linear incision was made along the midline of the scalp using a sterile scalpel blade.
The skin and periosteum were carefully retracted using blunt dissection with a retractor to

fully expose the calvarial bone without causing damage to the underlying structures.

A standardised critical-size defect, 5 mm in diameter, was created at the centre of
the exposed skull using a sterile trephine bur attached to a slow-speed handpiece. Once the
bur reached the internal cortex, the bone disc was gently removed using a dentin curette
and scalpel blade. The surgical site was irrigated with sterile saline to remove bone debris.
Subsequently, prepared according to the experimental group allocations were gently placed
over the defect to ensure complete coverage and contact with the defect margins. Following
placement of the scaffold, the skin incision was closed using absorbable sutures in an
interrupted pattern, ensuring proper alignment and closure of the wound edges to minimise

post-operative complications. The surgical area was disinfected again using iodine solution.
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Following surgery, each rat was housed individually under controlled environmental
conditions, with unrestricted access to food and water. The surgical procedure is visually

summarised in Figure 6.2.

Figure 6.2 Photograph of surgical procedure. (a) Separation of skin and periosteum using
a retractor, (b) Creation of the calvarial defect using a trephine bur, (c) Placement of the
hydrated scaffold in the defect area, (d) Suturing of the incision with absorbable sutures,

(e) Disinfection of the closed surgical site using iodine solution.
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6.2.5.4 Post-operative Observation

In order to monitor pain, the rats were inspected every 12 hours for the first 48 hours
following skull defect surgery and then every other day thereafter. Pain assessments were
conducted using the Pain Assessment in Rats guidelines from the University of Michigan’s
Unit for Laboratory Animal Medicine (ULAM,2015) following the IACUC-I1UM Code of
Practice for the Care and Use of Animals. Observations focused on specific indicators of
pain, such as lack of grooming, changes in appetite (eating and drinking), aggressive or
abnormal behaviour, unusual stances or movements, abnormal sounds, rough coat, and
porphyrin staining around the eyes. Key signs of pain included cat-like back arching,
writhing, twitching, and aggressive behaviours, which were monitored to evaluate

postoperative pain.

6.2.5.4.1 External changes

The surgical incision wound on each rat was visually examined for signs of infection,
focusing on indicators such as haemorrhage, ulceration, scab formation, suture loss,
discharge (abscess), swelling, and any opening of the incision (Grant, 2009; Lansdown &
Rowe, 2001).

6.2.5.5 Experiment Endpoint

The euthanasia process for the 18 rats was conducted as follows:

The euthanasia chamber was prepared, and the required amount of CO2 gas was calculated
based on the chamber size and the number of rats. The chamber was pre-filled with 20 - 30%
COz2 concentration, and then the rats were gently placed inside (Moody et al., 2014).
Gradually, the CO2 concentration increased to around 70 - 100%. The rats were monitored

closely to ensure they became unconscious. After the procedure, rat mortality was
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confirmed by checking for the absence of vital signs. After the animals were euthanised,
the skullcap was removed, and the specimens were fixed in 10% formalin. Subsequently,
the specimens were undergoing processing for microscopic analysis. The primary objective
of this study is to evaluate the in vivo performance of scaffolds, with a particular focus on
assessing their material integrity over 4 weeks. Consequently, all rats in each group were
sacrificed at the end of post-surgery to examine and analyse the scaffold's performance and

material integrity.

6.2.5.6 In vivo X-ray

At the end of the 4" week, all rats were euthanised and subjected to X-ray techniques to
assess the ability of the scaffold to promote critical-size defect healing. The X-ray machine
parameters were set for small animal imaging (X-ray source, mFX-1000 (FUJIFILM,
Tokyo, Japan). The rat was aligned with the X-ray beam, with images focusing on the
calvarial defect area. Comparisons of variables during the observation period (baseline)
were performed using a paired-sample t-test (Chalikias et al., 2021). For the evaluation of
bone regeneration, the percentage of bone regeneration was measured with Image J software
determined by ROI area (Image J, JAVA-based free software) and expressed in percentage
to the total defect area (Chen et al., 2013; Ono et al., 2014).

, Iniaitla ROI area— Final ROI area
% Bone Regeneration = x100  (6.1)

Initial ROI area

6.2.5.7 Histological Analysis

After the CT scan, the sample was further processed for histological analysis. The rats were
sacrificed, and tissue samples were taken from the rat skull defect fixed with 10% formalin.
The calvarial tissue specimens were decalcified in 17% EDTA solution. Subsequently, the
specimens were dehydrated using a series of alcohol solutions and embedded in paraffin.

A thin section (around 5um) was stained with haematoxylin and eosin (H&E) staining. The
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sections underwent microscopic examination using a light microscope (BX51, Olympus,
Japan) (Carlos et al., 2020; Ma et al., 2016).

6.3 RESULT AND DISCUSSION

6.3.1 Post-operative observation

Throughout the observation period, no significant behavioural differences were observed
between the experimental and control groups, from the first 48 hours following surgery to
day 28. All animals exhibited normal grooming, feeding, and locomotor activity, and no
mortality or distress was noted. The absence of behavioural changes suggests that the
surgical procedure and subsequent post-operative care were effective in minimising

discomfort and maintaining the animals’ overall well-being.

At the end of the study, clinical examination revealed no signs of inflammation
across all groups. Specifically, there was no swelling, pus formation, distress, or reduced
activity. By the second week, gross observations revealed noticeable differences in wound
healing among the groups. In the control group, which did not receive a scaffold, visible
redness and swelling were present at or near the implantation sites. In contrast, the treatment
groups that received scaffolds loaded with nanoantibiotics exhibited improved healing,
characterised by wound closure with no signs of redness or swelling. These differences are

illustrated in Figure 6.3.

By week four, redness had subsided across all groups. The rats demonstrated normal
fur regrowth at the implantation sites. The presence of fur regrowth, observed in all groups
and depicted in Figure 6.3, was considered a key indicator of skin regeneration and

successful wound healing.
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Figure 6.3 Wound area photographs of non-implanted (a—b), empty scaffold-

implanted (c—d), and MNP-loaded scaffold-implanted groups (e—f) at days 14
and 28
Figure 6.3 illustrates the visual progression of wound healing in all experimental
groups at the 14th and 28th postoperative days, including the non-implanted group (a—
b), the group implanted with an empty scaffold (c—d), and the group implanted with
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the scaffold containing MNP (e—f). These sequential images reveal observable

differences in wound closure, inflammation, and tissue regeneration across the groups.

A more detailed comparison of these findings including the presence of scab

formation, signs of infection, and degree of wound contraction is systematically

presented in Table 6.4, providing quantitative and qualitative support for the visual

observations depicted in the figure.

Table 6.4 Analysis of wound area in experimental groups at days 14 and 28.

Groups

Day 14

Day 28

Non-implanted

- Large scab covering
wound (red arrow)

- Visible inflammation and
tissue damage

- Slow/incomplete healing

- Wound mostly healed
- No scab visible

- Fur regrowth observed in

the wound area

Implanted with an

empty scaffold

- Partial wound closure
- Smaller scab than non-
implanted

- - No inflammation

- Complete wound closure
- Minimal signs of wound

- Fur regrowth observed

Implanted with
scaffold + MNP

- Wound nearly healed

- No scab and inflammation
- Accelerated healing
compared to other groups

- Complete wound closure

- No scab or inflammation
- Fur regrowth observed,

suggesting full recovery

Wound healing is a complex, sequential process triggered by tissue injury. It begins
with haemostasis, which occurs within minutes of surgery and involves the formation of a
clot composed of fibrin mesh, white blood cells, platelets, and nutrients that collect in the

wound space to form a scab (Choudhary et al., 2024; Cross, 2003). In rats, this is typically
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marked by crusting and scab formation along the suture line, lasting about five days. In this
study, wound debris and scabs were more extensive in the control group and persisted for
at least seven days post-surgery. By this time, many sutures had externalised and been lost,
although the suture insertion points remained visible for at least 10 days (Lansdown et al.,
2001).

Scab formation is a crucial part of the wound healing process. It denotes the onset
of skin regeneration and plays a protective role by sealing the wound from external
contaminants. The scab forms from the denaturation of proteins in the coagulation zone and
typically presents as a hard, dry, brownish crust (Chhabra et al., 2017). This crust serves to
maintain wound cleanliness, shield regenerating tissue, prevent oxidative damage, and
inhibit infection by blocking microbial invasion (Desmiaty et al., 2024). The scab remains
until the underlying tissue has sufficiently healed. Once the granulation tissue and
epithelium regenerate beneath it, the scab loosens and naturally detaches. This final stage,
the proliferative phase, spans approximately days 4 to 14 and is marked by the development
of fibroblasts, collagen, and extracellular matrix components essential for epidermal
regeneration (Desmiaty et al., 2024). In this study, these biological events were accelerated
in groups treated with CC scaffolds, particularly those loaded with MNP. The wounds in
these groups exhibited early scab detachment and smoother healing surfaces, consistent

with scaffold-facilitated support for angiogenesis, granulation, and re-epithelialisation.

The observation of fur regrowth across all groups indicated substantial healing. The
CC scaffold loaded MNP group demonstrated the most favourable outcomes at day 14, with
scabs already detached and wound surfaces appearing smoother, reflecting near-complete
healing. This was attributed to the antimicrobial effect of MT, which likely reduced
microbial colonisation and inflammation while creating an optimal environment for tissue
regeneration. These findings are in line with those of El-Shanshory et al. (2022), who
reported enhanced wound healing using metronidazole-immaobilised nanofibrous scaffolds.
By comparison, the non-implanted control group exhibited thicker scabs and more
persistent wound debris, indicative of slower healing. The yellowish crust observed is a

classic sign of the early inflammatory stage, which was prolonged in the absence of scaffold
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support (Choudhary et al., 2024). Without structural or antimicrobial assistance, the wound
environment may have lacked the conditions necessary for efficient epithelial migration

and angiogenesis, delaying tissue regeneration (Cross, 2003).

Scaffolds contributed significantly to wound healing by mimicking the extracellular
matrix, regulating moisture levels, absorbing wound exudate, and providing sustained
release of antimicrobial agents. These functions are crucial in maintaining hydration,
limiting infection, and promoting collagen synthesis and vascularisation within the
granulation tissue (Negut et al., 2020; Jiang et al., 2023). The resulting environment not
only facilitated effective wound healing but also accelerated the overall recovery timeline.
By the end of the study, all rats had survived, with scabs and sutures having loosened and
naturally fallen off. Hair regrowth was evident, and there were no lingering signs of
inflammation, infection, or animal distress. These outcomes affirm that the surgical
procedure and post-operative protocol were effective and further validate the CC scaffold
system particularly when loaded with MNP as a promising therapeutic approach for

enhancing tissue regeneration.

6.3.3 Radiological Observation

6.3.3.1 X-ray Evaluation of Bone Defects

Radiographic imaging was employed to evaluate bone regeneration in cranial defects under
different treatment conditions. As shown in Figure 6.4, distinct differences in healing
outcomes were observed among the experimental groups. In the baseline image (Figure
6.4a), a well-defined, circular radiolucent void is clearly visible at the centre of the skull,
representing the surgically created critical-size defect. The sharp margins and dark centre
confirm the absence of mineralised tissue prior to treatment. In the non-implanted control
group (Figure 6.4b), the defect remains evident with only minimal peripheral radiopacity,
indicating limited bone regeneration. The persistence of the central void is consistent with

the poor healing capacity of untreated critical-size defects.
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In contrast, the groups treated with CC scaffolds, both with and without MNP
(Figure 6.4c and 6.4d), exhibit substantial bone regeneration. The defect sites are scarcely
distinguishable from the surrounding bone, and the radiographs reveal uniform radiopacity,
indicative of mature and continuous mineralised tissue formation. These findings suggest
that the scaffolds provided not only mechanical support but also enhanced osteogenesis and
tissue integration. Overall, the X-ray images validate the enhanced regenerative potential
of MNP-functionalised scaffolds, supporting their efficacy in promoting complete and

uniform bone healing in critical-sized cranial defects.

Figure 6.4 Radiographic comparison of bone healing in rats. The defect area is marked
with arrows (—), and error bars indicate variation in radiographic bone density. Baseline
defect, (b) no scaffold implantation, (c) empty CC scaffold, and (d) CC scaffold loaded
with MNP.
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6.3.3.2 Analysis of Region of Interest (ROI)

To complement the X-ray findings, a region of interest (ROI) analysis using ImageJ was
conducted to visualise and quantify defect closure. In the baseline image (Figure 6.5a), a
clearly defined circular void is observed, representing the unmineralised cranial defect prior
to treatment. In the non-implanted control group (Figure 6.5b), the void remains largely
visible, indicating minimal spontaneous bone regeneration. Some peripheral activity is
evident, but the central defect remains unhealed. The empty scaffold group (Figure 6.5¢)
shows a noticeable reduction in void size, suggesting scaffold-assisted bone formation
progressing from the margins inward. The CC scaffold-loaded MNP group (Figure 656d)
demonstrates complete void closure, with uniform darkening across the defect area,
indicating full mineralisation. These results confirm that the MNP-functionalised scaffold

significantly enhanced osteogenesis and defect bridging.

Figure 6.5 ROI images of the defect area analyzed using ImageJ. Error bars (—) indicate
variation in grayscale intensity measurements. (a) Baseline defect, (b) no scaffold
implantation, (c) empty CC scaffold, and (d) CC scaffold loaded with MNP.
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6.3.3.2 Quantitative Assessment of Bone Regeneration

The control group, which received no implantation, exhibited minimal bone regeneration
(16.79 £ 2.99%). The empty defect remained largely unhealed, indicating that natural bone
healing was insufficient to repair the critical-size cranial defect. In contrast, rats implanted
with scaffolds demonstrated significantly improved bone regeneration. The group treated
with an empty scaffold showed nearly complete defect closure (97.45 £ 0.51%), confirming
the osteoconductive role of the scaffold in supporting natural healing. The group treated
with scaffolds loaded with magnetic nanoparticles (MNP) exhibited the highest bone
regeneration rate (99.08 £ 0.76%), indicating enhanced healing compared to all other

groups, as shown in Figure 6.6.

W control rat
= rat + scaffold empty

M rat + MNP scaffold

percentage of bone regeneration (%)

Figure 6.6 Percentage of bone regeneration in rat calvarial defects among the control
group (no scaffold implantation), the group implanted with empty CC scaffold, and
the group implanted with a CC scaffold loaded with MNP

The radiological data clearly demonstrated that bone regeneration in critical-sized

cranial defects was significantly enhanced by scaffold implantation, with further
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improvement observed when CC scaffolds were loaded with MNP. The minimal bone
regeneration in the control group (16.79 £ 2.99%) is consistent with previous findings,
which reported that spontaneous healing of large bone defects is limited due to insufficient
endogenous repair mechanisms (Suvarnapathaki et al., 2022; Togari et al., 2012). Although
some bone deposition was evident, the defect remained largely open, highlighting the need
for external scaffolding to stimulate effective healing. The nearly complete bone
regeneration observed in the empty scaffold group (97.45 £ 0.51%) validated the role of
CC scaffolds as a supportive matrix that promotes cellular infiltration, vascularisation, and
new tissue formation. Previous studies have similarly shown that even non-functionalised
biodegradable scaffolds can facilitate bone healing by providing structural support and

guiding new bone growth (Suvarnapathaki et al., 2022).

The group treated with CC scaffolds loaded with MNP achieved the highest
regeneration rate (99.08 £ 0.76%). The X-ray and ROI images confirmed full defect
closure, with dense bone tissue occupying the entire defect site. These findings strongly
suggest that the incorporation of MNP not only enhances scaffold performance but also
promotes osteogenic activity. Nanoparticles may improve bone formation by stimulating
cell proliferation, differentiation, and migration, while also offering potential for controlled
therapeutic delivery (Daei-Farshbaf et al., 2014; Hatakeyama et al., 2013; Kashte et al.,
2021). The ROI images further supported these findings by visually confirming the extent
of bone coverage in each group. In particular, the CC scaffold loaded MNP group exhibited
no remaining void, indicating complete tissue restoration. This underscores the value of
MNP integration in improving scaffold efficacy for cranial bone regeneration. Overall,
these findings demonstrate that scaffolds particularly those loaded with bioactive
nanoparticles, MNP represent a promising approach for enhancing bone regeneration in
large defects. This outcome is consistent with existing literature on scaffold-based
regenerative strategies and reinforces the potential of nanoparticle-enhanced biomaterials

for future clinical applications in bone tissue engineering.

6.3.4 Histological analysis
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Histological analysis using haematoxylin and eosin (H&E) staining was conducted to
evaluate the progression of bone regeneration in the experimental groups. The comparison
across baseline, control, empty scaffold, and CC-MNP groups highlighted the influence of
scaffold architecture and bioactive agents on tissue regeneration. At baseline (Figure 6.7a),
the defect area appeared as a wide, unfilled gap between the old bone (OB) margins, with
no evidence of tissue organisation or early bone formation. The surrounding OB was clearly
demarcated, and the central defect zone was devoid of fibrous or mineralised tissue,

reflecting the immediate post-surgical condition before any regenerative response.
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Figure 6.7 Histological images of rats in the control group. (a) At 0 weeks (baseline), (b)
at 4 weeks, showing OB (old bone area) and FT (fibrous tissue) (4x magnification)

To further assess the early healing response, the non-implanted control group was
examined at four weeks post-operation (Figure 6.7b). In this group, the defect remained
unmineralised and was predominantly occupied by fibrous tissue (FT). The fibrous matrix
extended across the defect zone, but there were no signs of trabecular bone or mineralised
matrix formation. This fibrous filling indicates a typical soft-tissue repair response in the
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absence of osteoconductive support. The OB margins showed minimal integration with the
intervening tissue, suggesting poor regenerative progression. These findings are consistent
with previous reports that untreated critical-size defects predominantly heal through
connective tissue infiltration due to the absence of osteogenic stimuli and structural
scaffolding (Ono et al., 2014; Sun et al., 2018; Chen et al., 2013; Zhou & Lee, 2016). The
absence of new bone formation and the continued presence of fibrous tissue in the defect
centre underscore the limited capacity for spontaneous bone regeneration in large cranial

defects without scaffold support.

In contrast to the control group, animals implanted with empty scaffolds exhibited
clear signs of new bone (NB) formation (Figure 6.8a). Although the newly formed
trabeculae exhibited irregularity and a less organised structure characteristic of immature
bone, the new bone (NB) extended across a substantial portion of the defect. This suggests
that even in the absence of bioactive additives, the scaffold provided a physical framework
the scaffold provided a physical framework that supported cellular infiltration and early
bone matrix formation. These findings align with previous reports highlighting the
osteoconductive role of biodegradable scaffolds in guiding early-stage bone regeneration
(Sato et al., 2020). By comparison, rats implanted with MNP-loaded scaffolds
demonstrated the most organised regenerative response (Figure 6.8b). The defect area was
densely filled with NB, characterised by a uniform matrix structure and high cellularity.
The integration between newly formed and old bone (OB) was well-integrated, indicating
ongoing remodelling and scaffold-supported tissue maturation. This enhanced outcome
suggests that the inclusion of MNP not only promoted osteogenesis but also contributed to
a more stable and biologically active healing environment. These outcomes underscore the
effectiveness of scaffold-based strategies in supporting bone healing and highlight the
additional regenerative benefit conferred by bioactive agents, as visually confirmed in

Figure 6.8.
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Figure 6.8 Histological images of rats implanted with scaffolds at 4 weeks. (a) Rats
implanted with an empty scaffold, (b) rats implanted with an MNP-loaded scaffold,
showing OB (old bone area) and NB (new bone) in the defect area (4x magnification)

At higher magnification, the H&E-stained sections in Figure 6.9 provide a detailed view of
cellular activity and bone matrix development within the defect area at four weeks post-
implantation. The presence of osteocytes, identified by dark-staining nuclei within lacunae
(highlighted by arrows), confirms active bone regeneration. Osteocytes are terminally
differentiated osteoblasts that have become embedded within the mineralised matrix and
are essential for maintaining bone homeostasis and coordinating bone remodelling
(Bonewald, 2011). In the empty scaffold group (Figures 6.9a and 6.9b), osteocytes were
visible but appeared fewer in number and more scattered within a loosely arranged,
immature bone matrix. The trabeculae were thin, and the overall organisation of the bone
tissue remained incompletely organised. This suggests that while the empty scaffold was
sufficient to initiate osteogenesis, the absence of additional bioactive components limited

the extent and maturity of bone formation at this time point. These features are indicative
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of early-phase bone regeneration and are consistent with prior studies that reported modest
osteogenic activity in plain scaffold systems (Kashte et al., 2021).

Figure 6.9 Histological images of rats implanted with scaffolds at 4 weeks. (a-b) Rats

implanted with an empty scaffold; (c-d) rats implanted with an CC scaffold loaded MNP.

The arrows indicate osteocytes distributed within the bone matrix (100x magnification)

In contrast, the MNP-loaded scaffold group (Figures 6.9c and 6.9d) exhibited
numerous osteocytes that were more uniformly distributed throughout a denser and better-
organised bone matrix. The trabecular architecture appeared thicker and more continuous,
suggesting a higher level of bone maturity and mineralisation. This observation reflects an
advanced stage of healing and is supported by previous research indicating that magnetic
nanoparticles enhance cellular recruitment, promote osteoblast differentiation, and improve
scaffold integration (Dasari et al., 2022; Farazin & Mahjoubi, 2024). The distribution and
morphology of osteocytes also suggest the presence of active bone remodelling as these
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cells play a critical regulatory role in mechanotransduction and in directing osteoclast and
osteoblast activity during tissue turnover. The improved matrix quality and higher
osteocyte density in the MNP group align with reports of enhanced angiogenesis,
osteoinduction, and scaffold degradation mediated by nanoparticle incorporation
(Hatakeyama et al., 2013). The histological findings provide strong evidence that while
both scaffold types supported osteocyte development and early bone regeneration, the
inclusion of MNP significantly enhanced bone matrix maturation and cellular activity,
indicating a superior regenerative outcome. These regenerative effects are likely driven by
the coordinated mechanism of scaffold degradation and therapeutic release. In the early
phase, the CC acts as a structural matrix enabling drug release and cell infiltration. CC-
MNP are gradually released from the scaffold, establishing a localised antimicrobial
environment that also encourages the recruitment of osteogenic cells. This early-stage
interaction is visually represented in Figure 6.10, which summarises the multi-phase

regeneration process facilitated by the scaffold.
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6.10 Schematic Diagram of the sequential release of MNP, biodegradation of the CC
scaffold, and subsequent tissue and bone regeneration over time (Created using

BioRender.com)
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This initial stage plays a critical role in preventing infection and initiating
regeneration, as supported by previous findings (Farazin & Mahjoubi, 2024). As healing
progresses, the scaffold undergoes controlled degradation, breaking down into smaller
components that are resorbed or assimilated into the surrounding tissue. This degradation
coincides with a gradual reduction in drug concentration and enhanced cellular activity.
The scaffold’s resorbability is essential, as it eliminates the need for surgical removal while
supporting dynamic tissue interactions (Johnson & Garcia, 2015). In the final phase, the
coordinated release of bioactive agents, scaffold degradation, and cellular infiltration
contribute to tissue and bone formation. Osteoblasts and other reparative cells proliferate
within the scaffold voids, laying down a mineralised matrix that progressively restores the
defect site. This multi-phase process is depicted in Figure 6.10, highlighting the coordinated

progression of scaffold resorption, drug delivery, and new tissue formation.

The histological findings confirm that scaffold-based interventions significantly
improve bone regeneration in critical-sized cranial defects. The control group demonstrated
fibrous tissue infiltration but lacked new bone formation, consistent with earlier studies
showing that untreated defects heal poorly due to a lack of structural and biochemical
support (Chen et al., 2013; Zhou & Lee, 2016). The empty scaffold group supported partial
bone formation, highlighting the importance of structural scaffolds in guiding tissue growth
and cellular migration (Sato et al., 2020). However, the bone tissue appeared immature and
less organised. The CC-MNP group showed the most advanced regeneration, with well-
organised new bone (NB), seamless integration between old bone (OB) and NB, and
osteocyte-rich matrices. These outcomes align with previous reports that nano-antibiotics
and magnetic nanoparticles can accelerate bone healing by reducing infection risk and
enhancing osteogenic cell recruitment (Farazin & Mahjoubi, 2024; Dasari et al., 2022). The
antimicrobial effect also prevents chronic inflammation, which would otherwise impair
healing. Bioactive scaffolds degrade in synchrony with tissue growth, releasing therapeutic
agents that enhance cell proliferation and scaffold integration (Johnson & Garcia, 2015).
This is further validated by the presence of osteocytes, indicating that the remodelling cycle
mediated by osteoblasts and osteoclasts was actively restoring the defect site. Similar

findings were observed in previous scaffold systems involving PLLA-hydroxyapatite-
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gelatin composites (Kashte et al., 2021). Overall, the data support the conclusion that CC-
MNP creates a conducive microenvironment for osteogenesis and remodelling,

contributing to superior healing outcomes in large bone defects.

6.4 CONCLUSION

The findings of this study provide valuable insights into the regenerative potential of
scaffold-based interventions for critical-sized bone defects. Although X-ray imaging did
not reveal substantial differences between the empty scaffold and CC-MNP groups in terms
of overall bone volume, histological analysis offered a more discerning view. Scaffolds
loaded with MNP supported the formation of denser, more structurally organised bone
tissue compared to empty scaffolds. This highlights the added benefit of incorporating
bioactive agents such as MNP, which not only enhance the scaffold’s biological
performance but also contribute to a more conducive microenvironment for osteogenesis at
the cellular level. The MNP-loaded scaffolds demonstrated improved tissue density and
matrix organisation, suggesting enhanced cellular recruitment, osteoblastic activity, and
matrix mineralisation. These improvements underline the pivotal role of MNP in
accelerating and refining bone healing, beyond the structural support offered by the scaffold
alone. The presence of uniformly distributed osteocytes within the new bone further
indicates active remodelling, validating the long-term functional integration of regenerated

tissue.

In contrast, the non-implanted control group exhibited minimal bone regeneration,
characterised predominantly by fibrous tissue formation and poor integration with
surrounding bones. This emphasises the fundamental necessity of scaffolds in providing
mechanical support and a permissive biological niche for healing, especially in large or
critical-sized defects where spontaneous regeneration is insufficient. These results futher
underscore the importance of scaffold functionalisation with bioactive materials such as
MNP to optimise the regenerative process. The synergistic effect achieved through the

combination of structural support and enhanced cellular activity positions thw CC scaffold
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loaded MNP as a promising platform for future advancements in bone tissue engineering.
Their superior performance in promoting bone quality, tissue organisation, and healing
kinetics supports their potential translation into clinical applications. In summary, this study
confirms that scaffolds enhanced with MNP offer a more effective strategy for addressing
large bone defects. Their dual mechanism in improving bone architecture and expediting
the healing processes makes them a valuable tool for next-generation regenerative

therapies.
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CHAPTER SEVEN

CONCLUSION

7.1 CONCLUSION

Recognising the limitations of current periodontal treatments, this research developed and
characterised a CC-MNP, designed to offer dual functionality through localised
antimicrobial delivery and enhanced bone regeneration. The study successfully synthesised
CC-MNP with high encapsulation efficiency and optimal particle size, which were
incorporated into biodegradable scaffolds aimed at delivering a single-stage therapeutic
solution. These scaffolds were engineered to provide both structural support and sustain
antimicrobial activity while facilitating tissue integration. In vitro characterisation
confirmed the scaffold’s suitability for tissue engineering applications, demonstrating
appropriate porosity, biodegradability, and fluid absorption capacity to support effective
drug release and cellular activity. Antibacterial testing revealed strong inhibition against
periodontal pathogens such as Porphyromonas gingivalis and Fusobacterium nucleatum,
and biocompatibility assays indicated enhanced cellular adhesion and proliferation. In vivo
experiments using a rat calvarial defect model further validated the scaffold’s regenerative
potential. Radiographic and histological assessments showed significantly improved bone
formation and integration, particularly in the CC-MNP group, compared to non-loaded
scaffolds and control groups. These outcomes directly align with the research objectives
and support the conclusion that CC-MNP scaffolds offer a promising strategy for
periodontal bone regeneration by combining infection control with osteoconductive
support. The dual action of antimicrobial delivery and structural reinforcement minimises
the need for systemic antibiotics and holds the potential to reduce treatment time and

improve patient outcomes.

Nonetheless, the study has notable limitations. While the small animal model
provided critical insights into scaffold performance, the findings may not fully reflect

human clinical outcomes. This rat cranial defect model was selected due to its non-load-
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bearing nature, making it suitable for assessing bone regeneration in a controlled
environment. However, it does not replicate the complex anatomical structures and
biomechanical environment of periodontal tissues, which include components such as
cementum and the periodontal ligament and are subjected to dynamic mechanical forces.
Despite this, the inclusion of MNP, a potent antibiotic effective against periodontal
pathogens, reinforces the scaffold’s relevance for periodontal therapy and supports its

potential for future application in dental regenerative strategies.

Beyond the model-specific constraints, the study was also limited by a short
evaluation period, lack of immune response profiling, and absence of comparative testing
with current clinical treatments. Additionally, the lack of long-term data and absence of
comparison with conventional clinical treatments restricts conclusions about scaffold
durability and integration in real-world conditions. To address these gaps, future studies
should incorporate long-term evaluations in larger, more anatomically relevant animal
models that simulate periodontal environments. Inclusion of immune response analyses and
comparative studies against standard treatments will provide a more robust understanding
of clinical utility. Investigating the performance of scaffolds under inflammatory or
compromised healing conditions, as well as testing multi-drug delivery strategies, would
further enhance the translational potential of the system. Despite these constraints, this
work contributes meaningfully to the field of scaffold-mediated bone regeneration. The
incorporation of MNP into biodegradable CC scaffolds produced superior regenerative
outcomes, suggesting strong clinical potential for treating periodontal and other bone-
related conditions. These findings lay a solid foundation for further preclinical development
and future clinical translation. In summary, this study successfully fulfilled its research
objectives to evaluate the effectiveness of a CC-MNP in promoting periodontal bone and
tissue regeneration. The conclusions and recommendations are consistent with the study’s
aims and offer practical guidance for ongoing research and development. By addressing
both biological and mechanical demands of bone repair, CC-MNP scaffolds present a
promising platform for next-generation regenerative therapies in both dental and

orthopaedic contexts.
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7.2 FUTURE PLAN

Future directions may include conducting comprehensive studies in larger, load bearing
animal models to further validate the efficacy, safety, and mechanical resilience of
metronidazole-loaded scaffolds under clinically relevant conditions. These efforts may lay
the groundwork for initiating well-designed clinical trials to evaluate scaffold performance
in human subjects, focusing on both short-term and long-term outcomes related to bone
regeneration and infection control. To advance this research toward commercialisation, the
next phase may involve the optimisation of scaffold manufacturing processes, including
scale-up strategies, quality control measures, and regulatory compliance aligned with Good
Manufacturing Practices (GMP). Partnerships with biotechnology firms and regulatory
bodies may be essential for ensuring product standardisation and clinical trial approval.
Currently, scaffold packaging methods include lyophilised or pre-hydrated formats, often
vacuum-sealed in sterile blisters or medical-grade pouches to preserve integrity and shelf
life. To improve clinical usability and market readiness, future developments may focus on
refining packaging by integrating features such as easy-peel sterile barriers, dual-
compartment packaging for hydrated components, and form-fit kits that streamline surgical
handling. Incorporating temperature-stable designs for distribution in varying climates may
also enhance global accessibility. Further innovations may include incorporating patient-
specific delivery models using 3D printing technologies to enhance clinical outcomes.
Intellectual property protection through patent filing is also a priority to secure commercial
viability. Targeted market introduction may initially focus on dental specialists and
maxillofacial surgeons, with phased expansion into orthopaedic and trauma care sectors.
By integrating preclinical success, regulatory planning, and industrial collaboration, the
CC-MNP scaffold platform may be positioned for real-world application, ultimately
improving patient outcomes while offering a scalable and commercially viable solution to

bone regeneration and infection management.
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7.3 LIMITATION OF STUDY

This study provides valuable insights into scaffold-mediated bone regeneration; however,
it also possessed several limitations. The rat cranial defect model, selected for its
experimental consistency and practical advantages, does not accurately replicate the
anatomical structure, mechanical loading conditions, or microbial environment
characteristic of human periodontal tissues. Consequently, the extrapolation of these
findings to clinical settings particularly in load bearing or dynamically active regions
remains limited for further validation. Moreover, this investigation focused on early-phase
bone regeneration and did not extend to long-term assessments of scaffold integration,
degradation kinetics, or host immune responses. These parameters are critical for
evaluating the scaffold’s durability, biocompatibility, and overall therapeutic performance
in a clinical context. Additionally, the scaffold fabrication process was confined to a
laboratory scale, which may pose challenges in terms of scalability, sterility assurance,
structural consistency, and compliance with regulatory standards. These limitations
underscore the need for further preclinical studies incorporating extended observation
periods, larger and periodontally relevant animal models, and comprehensive
immunobiological evaluations. Although these constraints were, in part, influenced by the
timeframe of the current research, addressing them in future work will be essential to

support the clinical translation and commercial feasibility of the CC-MNP scaffold system.
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Abstract:

Periodontal diseases pose significant challenges to oral health, often
requiring advanced therapeutic interventions involving the utilization of
three-dimensional (3D) scaffolds, However, this intervention could not
prevent inflammatory reactions. Hence, recent years have seen a growing
emphasis on developing new antibacterial scaffolds In dental tissue
engineering. This study aimed to address these challenges by evaluating
the antibacterial and biocompatibility properties of a novel collagen-
chitosan scaffold loaded with metronidazole nanoparticles (CC-MT) for
periodontal therapy, The antibacterial activity of CC-MT against
Porphyromonas gingivalis and Fusobacterium nucleatum was assessed
using the Disk Diffusion Test. Additionally, cytocompatibility was
evaluated by examining cell viability and proliferation using Human
Gingival Fibroblast cells (HGF-1), and cell attachment was characterized
using Fourier scanning electron microscopy. Our findings revealed that
CC-MT exhibited antibacterial effects against the pathogens, with CC-MT
(30% metronidazole) showing a higher inhibitory effect, with no
significant difference compared to the positive control (metronidazole
disc) (p<0.05). In addition, in vitro cell culture studies revealed that the
CC-MT (30% metronidazole) has no negative effect on cell morphology,
viability, and proliferation and possesses good biocompatibility, Based on
these results, CC-MT's demonstrated potential as drug carniers and could
be promising candidates for the treatment of periodontal disease.
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FABRICATION AND CHARACTERIZATION OF FISH-DERIVED COLLAGEN
SCAFFOLD LOADED WITH METRONIDAZOLE NANOPARTICLE FOR
PERIODONTAL BONE REGENERATION
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Abstract. Periodontal disease poses a significant challenge to oral health, affecting the tissue
and bone supporting the teeth. Tissue engineering emerges as a pronusing approach for
restoring periodontal tissue and preventing bone loss using scaffolds, However, concern arises
when using collagen sourced from mammals like porcine and bovine in scaffolds regarding
halal stams and disease transmssion. Addionally, conventional treatment involves systemic
antibiotics to control infection, leading 1o adverse side effects. This study aims o develop a
scaffold using fish-denived collagen incorporated with metromidazole nanoparticles (MNP and
analyze scaffold properties while indirectly addressing safety and halal concerns. The scaffold
was fabncated by phvsically cross-hinking collagen denved from the ulapia fish (Filapio
rossambica) and chitosan. with metronidazole nanoparticles (MNP) incorporated into the
blend. The scaffold underwent analysis of 1ts physical characteristics, morphology. and pore
size using a scanning electron microscope (SEM), swelling, and biodegradability in phosphate
buffer solutions (pH 7.4, 37 “C). The fish-derived collagen-chitosan exhibited a consistent
three-dimensional (3D) physical structure and optimal pore sizes (=100 pm). Scatfolds with
MNP concentrations ranging from 0 to 40 w/i%: displaved excellent swelling ability and
biodegradability, exceeding 80%. As the concentration of MNP increased. the scaffold’s
biodegradation rate slowed, suggesting potential as a controlled drug release vehicle aligned
with the rates of new bone formation i vive, In conclusion, the 3D porous scaffold with
metronidazole nanoparticles met important critena for physical structure, pore size, swelling
ability, and biodegradability. These halal-compliant scaffolds hold promising potential for
applications in tissue engineering and drug delivery and are subject to further in vive and in
vitro studies.

Keywords: Periodontal disease, metronidazole, nanoparticle, scaffold, controlled release
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Development of Ultraviolet Spectroscopic Method for the
Estimation of Metronidazole Nanoparticles for Periodontal
Disease Treatment
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In periodontitis treatment, metronidazole (MT) is applied topically to reduce systemic side
effects and reach the target site. treatrment of perisdontitis via sustained MT release. The UV -
spectrophotometer analysis was developed and validated to quantify the encapsulated MT
according o ICH Q2 (R1) guidelines, which include paramecters such as specificity, linearity,
accuracy, precision (in the form of repeatability]), the limit of detection { LOD) as well as the limit
of quantification (LOG)), range, robustness, and ruggedness. Metronidazole nanopartiches (MT-
WP} were fabricated at different concentrations (0150060 mg/mL) using jonic gelation. The
encapsulated MT was examined using a UV spectrophotometer, a Mano Zetasizer, Fourier
transform infrared spectroscopy (FTIR), and a ficld emission scanning electron microscope
{(FESEM). The maximum wavclength (max) was discovered to be 320 nn, and it obeyed Beer's
law with a lincar relationship (R® = 0.999) in the range of 2-12 pg/mL. The parameters analyzed
met BCH Q2 (R1) standards. MT-MNP had a spherical structure and absorption band similar to
chitosan empty (CS), with a size of 308.0 + 918 nm, a polydispersity index of 0.374 = 0.37, 46.6
+ 0.23, and an encapsulation efficiency of 87935 £ 0.07. These findings suggest that UV -visible
can be a useful tool for the estimation of MT nanoparticles and MT-MNF as promising local
antibacterial agents to treat periodontitis.

Keywaords: Metronidazole nanoparticle; UVIVis spectroscopy; local drog delivery; eriodontal

disecase

Pervodontal discase, also known as periodontitis, is a
serious dental health problem where, sccording 1o the
Global Burden Disease Stody (2019), abowt 14.5% of
the global population suffers from severe periodontal
disorders. Periodontal disease causes redness, swelling,
gingival pain, and bad beeath, and if left untreated, the
development of a periodontal pocket occurs, where the
gum tisswe pulls away from the tooth. Patents with low
innate ability ofien experience show regencration of
healthy periodontal tissue, which worsens the discase
due to bacteria accumulation. These microorganisms
can damage the periodontal gum, alveolar jaw, and
other supporting tooth structures, which can lead to
tooth boss [1]. Periodontal disease is cansed by poor oral
hyvgiene, stress, aging, alcohol, depression, smoking,
and systemic conditions such as cardiovascular discase
and diabetes [1. 2]. The data collected showed that
periodontal disease is linked to the buildup of
FPorphyromonas gingivalis, Treponema denticala,
Fusobactertim nucleaiom, dggregatibacter acrinomy-
celemcoutiians, Prevotelle infermedia, and Tanrerella
forsyihiia. These specics are present in subgingival

Received: January 2023; Accepred: April 2023

plaque in patients suffering from chronic persodontitis
[3]- The presence of Porpliyromonas gingivalis and
Treporanta derticola, which have been demonstrated to
exhibit synergistic vinulence in animal models, was
found to be significantly corelated with the development
and severity of chronic periodontitis. Another study
found that Taumerella forsythia is also one of the
bacteria that inhabit the subgingival cavity and mitiates.
conmective tissue and alveolar bone degencration [4].
Among them is Porphyromonas gieghelis, a gram-
negative anacrobic bacterium prevalent in the oral
cavity. It secretes hydrolytic, proteolytic, lipolytic, and
toxic metabolites [5].

In the carly stages of periodontal disease, non-
surgical treatments, including scaling and root planing,
as well as local or systemic antibiotics, are the most
successful treatments. In chronic periodontitis, several
aystemic antibiotic therapies such as tetracyclines,
penicillin, metronidazole, or clindamycin are carly
approaches to mimimizing infections after dental surgery.
Among the antibiotics used, metronidazole (MT) is a

{Paper presented at the 3rd IKMPE Online Symposium 2023 - Innovation i Chemisiry Towands Sustamahble Development
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Abstract

Periodontal disease affects around 14.5% of the global adult population. It affects the tooth’s supporting
tissues, causing inflammation and tooth loss. Periodontitis treatment aims to prevent further disease
progression by restoring the lost tissue and preventing bacterial infection. MNevertheless, periodontal
breakdown may still cccur post-treatment due to the periodontal pathogens. Antibiotics were utilized to
control and prevent the infection. Local drmug delivery system (LDD) is being developed to deliver the
antibiotic due 1o its site-specific benefits. Metronidazole (MET) is widely used 1o treat periodontal
infection following treatments due to its efficacy against obligate anaerobes and broad-spectrum
characteristics. Despite its advantages, MET is attributed to systemic side effects. Therefore, this article
aimed to review in virro, in vive, and clinical stedies on the current local application of MET 1o treat
pericdontal diseases. 13 relevant research articles were analysed and provide valuable insights into the
local application of metronidazole for periodontal treatment.

Kevwords: metronidazole; local drug delivery; periodontitis, antibiotic

Abstrak
Penyakit periodontal menjejaskan sekitar 14.5% daripada populasi dewasa global. Ia menjejaskan tisu
penyokong gigi, menyebabkan keradangan dan kehilangan gigi. Rawatan periodontitis bertujuan untuk
mencegah perkembangan penyakit selanjuinyva dengan memulihkan tisun yang hilang dan mencegah
jangkitan kuman. Namun begitu, kerosakan periodontal mungkin masih berlaku selepas rawaran
disebabkan oleh patogen periodontal. Antibiotik digunakan uptuk mengawal dan mencegah jangkitan.
Sistem penghantaran ubat tempatan (LDD) sedang dibangunkan untuk menyampaikan antibiotik kerana
faedah khusus tapaknya. Mewronidazole (MET) digunakan secara meluas unmk merawat jangkitan
periodontal berikutan rawatan kerana keberkesanannya terhadap cir anaerob obligat dan spekirum luas.
Walaupun kelebihannva, MET dikaitkan dengan kKesan

*Corresponding author: sampingan sistemik. Oleh 1, artikel imi bertujuan untuk
Meohd Yusof Mohamad mengkaji secara in vitro, in vivo, dan kajian klinikal
Department of Physical Rehabilitation  mengenal aplikasi tempatan semasa MET  untuk
Sciences, merawat penyakit periodontal. 13 artikel penvelidikan
Kulliyyah of Allied Heaith Science, vang berkainan telah  dianalisis  dan  memberikan

I ti 5 S iy pandangan vang berharga tentang aplikasi tempatan
In B ‘ metronidazole untuk rawatan periodontal.

Email: yusafkahs @iium.edu.my Kata Kunci: metronidazole; penghantaran  ubat
tempatan; periodontitis, antibiotk
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ABSTRACT

Introduction: Oral cancer is the siah most commaon malignancy in the world. It is a major concern in Southeast
Asia primarily due to batel quid chewing, smoking, and alcohol consumption. In Malaysia, oral cancer related cases
accounts for 1.55% of the cause of deaths. Despite recent advances in cancer diagnoses and therapies, the survival
rate of oral cancer patients only reached 50% in the last few decades. Tissue engineering (TE} principbes may pro-
vide new technology platforms to study mechanisms of angiogenesis and umour cell growth as well as potentially
tumour cell spreading in cancer research. The use of biomaterial, appropriate cell source and proper signalling mol-
ecules are vital components of TE. Collagen biomaterial are widely used scafiold or membrane in oral application.
Mevertheless, no review has been performed on the its usage for the study of oral cancer. This study aimed to sys-
tematically review the use of collagen scaffold in oral cancer application. Methods: Research anticles were searched
using Scopus, Pubmed and Web of Science (WOS) databases. The keywords were limited to “collagen membrane
OR collagen scaffold” AMD “oral cancer”. Results: Initial search yielded 61 papers (Scopus:37, Pubmed: 12, WOSs:
12). Further scrutinization of the papers hased on the inclusion criteria resulted total of 3 papers. Two of the papers
used collagen membrane for regeneration of oral mucosal defect and increment of alveolar ridge height post-surgery.
The remaining paper utilize collagen biomaterial as scaffold for the culture of adenoid cystic carcinoma (ACC) cells.
All papers reporied significant role of collagen biomaterial in terms of tissue formation, healing scaffold and cellular
proliferation. Conclusion: Collagen utilization as biomaterial offers potential use for regeneration of oral related
structures as well providing useful madel for therapewtics anti-cancer research.
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ABSTEACT

Metronidazole is one of the most effective antibiotics for treating bacterial infections in
pericdontal disease. However, antibiotic resistance has emerged as one of the biggest risks to
public health worldwide. Consequently, new approaches are required to manage the
drawback of conventional antibiotics and prevent the emergence of antibiotic resistant-. The
drug entrapped, attached, or encapsulated in the nanomaterial matrix shown great potential
in medical applications. The combination of nanotechnology and antibiotics would be the
most promising strategy to overcome antibiotic-resistant bacteria and improving dmg
efficiency. Thus, this study aims to optimise the dmg size, stability, and encapsulation
efficiency within a nanocarrier before using it as a therapeutic agent in periodontal treatment.
The concentrations of chitosan and metronidazole were chosen as optinising parameters at
constant crosslinker sodium tripolyphosphate (STPF). Chitosan-loaded metronidazole
nanoparticles (C5-MDINPs) were fabricated by ionic gelation of chitosan with tripolyphosphate
anions, and the prepared nanoparticles were evaluated for particle size, zeta potential, and
drug entrapment efficiency. In this study, the smallest C5 MNFP3S of 30380 = 6278 nm was
successfully developed through ionic crosslinldng with a stable INPs surface charge of 46.6 &
0.231 mV ata C5: MIN mass ratio of 3: 1. The entrapment efficiency of 58% was achieved when
M was loaded into C5 the nanoparticles. The result showed that highly stable chitosan-
loaded metromidazole nanoparticles were developed by the ionic crosslinking method. This
nanoparticle has the potential to increase the efficacy of the dmg while decreasing the
antibiotic's effect. However, further studies are needed to evaluate the snitability of chitosan-
loaded metronidazele nanoparticles for periodontal treatment.

Keywords:
local dmig delivery, metronidazole, nanoparticle, periodontal disease

Acknowledgment:
The authors would like to thank the finandal support provided by the FRG519-146-0735 grant.

215




INTERNATIONAL JOURNAL OF ALILIED HEAILTH SCIENCES, 3(3), 808

APPLICATION OF METRONIDAZOLE LOADED MEMBRANE FOR PERIODONTAL
DISEASE: A BRIEF REVIEW

Nora Azirah Mohd Zavi, Muhammad Lutfi Mohamed Halim, Mohamad Yusof Mohamad*

Department ot Physical Rehabilitation Sciences, Kullivvah ot Allied Health Science,
International Islamic University Malaysia, Kuantan Campus, Pahang, Malaysia

*Corresponding author email: vusotkahs@iium.edu.my

ABSTRACT

Periodontitis is the inflammation of periodontal tissues that support the teeth. 86% ot adults
over the age of 70 suffer at least one case of moderate periodontitis leading to the 25% cases
of teeth loss. Guided bone regeneration (GBR) is an effective technique used for periodontium
reconstruction. This technique uses barrier membranes which prevent epithelial growth in the
wound site and can be supplemented with antibiotics to protect the wound against
opportunistic intections. Traditionally, the clinic therapy for anti-infection is to use antibiotics
through injection or oral administration resulted in poor delivery of antibiotic to the defect
site leading to cytotoxicity. Metronidazole (MNA), commonly used antibiotics, offer the
benefits of a high degree of efficacy and with limited adverse side effects. This paper aimed
to systematically review the current use of metronidazole loaded onto membranes in
periodontitis treatment. SCOPUS and PubMed databases were used to search the articles
systematically. The search strategy performed using the following keywords:
“metronidazole”, “membrane” and “periodontal disease”. The inclusion criteria were all
original studies published in English within five vears. The exclusion criteria were any
dissertations, unpublished documents, and review articles. Initial screening ot papers vielded
15 papers (Scopus=9 and Pubmed=6), but only tive articles met the inclusion criteria dealing
with MINA antibiotics delivery. Many of the papers reported MNA in forms of mucoadhesive
tablet or gel loaded onto difterent types of membranes (poly 3-hydroxybutyrate, collagen, and
chitosan) as topical application of sustained release of antibiotic. The drug delivery employed
were able to deliver the desired antibiotics dose to the infected site with an extended period
while minimising cytotoxicity. However, a high amount of MNA delivered to the defect site
leading to cytotoxicity. In conclusion, the use of MNA loaded membrane demonstrated
promising results for periodontitis, but improvement is needed in terms of drug delivery
mechanism.

Keywords: Metronidazole, Membrane, Periodontitis.
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The 2nd KAMS Postgraduate Open Day and Allied Mealth Sciences Colloquium 2024 was successhully organised by the Office of the Postgraduate and Ri
On behalf of the organising committee, we would also (ke to express

May Allah Subhanahu Wata'ala grant you Ms blessings 35 w

We would also Mke to offer our heartiest congratulations |

Third Prize
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DERIVED COLLAGEN/ CHITOSAN MEMBRANE LOADED WITH METRONIDAZOLE CHITOSAN NANOPARTICLE FOR
PERIODONTAL BONE REGENERATION
Supervisor: Asst. Prof. Dr. Mohd. Yusof bin Mohamad
Co-Supervisor . Asst. Prof. Dr. Ahmad Fahmi bin Harun @ Ismail, Assoc. Prof. Ts. Dr. Mohd. Hafiz bin Arzmi, Asst. Prof. Dr.
Pram Kumar AL Subramaniam
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GOLD AWARD AT THE IlTUM RESEARCH DAY 2021 (POSTER PRESENTER)

CONGRATULATIONS TO POSTGRADUATE STUDENTS - AWARD WINNERS IN THE

[IUM RESEARCH DAY 2021
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KAHS, DEPUTY DEAN POSTGRADUATE & RESEARCH OFFICE . Mon, Nov 29, 2021 at 11:47
<kahsddpgr@ium.edu.my> AM
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RAHMAT <sarahrahmat@iium.edu.my>
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On benalf of the Kullyyah of Allied Health Sciences, we would like to congratulate our

postgraduate students for the award received at the IIUM Research Day 2021
recently

Sr. Nora Azirah Mohd Zayi
DEVELOPMENT OF CHITOSAN LOADED METRONIDAZOLE NANOPARTICLE AS STABLE
LOCAL DRUG DELIVERY FOR PERIODONTAL TREATMENT
Gold Award Winner
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