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OZET

Yiiksek Lisans Tezi

SERAGENIN YUKLU HIDROJEL SENTEZI VE ILAC SALIM OZELLIiKLERININ
ARASTIRILMASI

Nawal Y A ALJAYYOUSI

Bursa Uludag Universitesi
Fen Bilimleri Enstitiisii
Kimya Anabilim Dali

Damsman: Prof. Dr. Bilgen OSMAN

Bu calismada, liyofilizasyon yontemiyle seragenin yiiklii polivinil alkol (PVA)/aljinat
(SA)/jelatin (G) (PAG) hidrojel hazirlandi. Seragenin olarak CSA-44 kullanild.
Hazirlanan hidrojel (PAG-CSA), glutaraldehit (GA) ile kimyasal olarak ¢apraz baglandi.
Hidrojel bilesimindeki PVA, SA ve G orani; farkli GA miktarlarinda ve ¢apraz baglanma
stirelerinde hazirlanan 7 farkli PAG hidrojel iizerinde yapilan optimizasyon ¢alismalari
ile belirlendi. PVA:SA:G orani 2:1:3 olarak belirlendi ve seragenin yiiklii liyofilize PAG-
CSA hidrojel % 0,125 (v/v) GA oraninda 20 dakika ¢apraz baglama ile hazirlandi. PAG
ve PAG-CSA hidrojeller Fourier Doniistimii kizilotesi spektroskopisi (FTIR), taramali
elektron mikroskobu (SEM) ve civa porozimetrisi ile karakterize edildi. PAG ve PAG-
CSA hidrojellerin sisme (%), hidrolitik ve enzimatik bozunma (%), dehidrasyon (%), su
buhar1 gegirgenligi, hava gecirgenligi, gerilme mukavemeti, temas ac¢is1 ve kalinligi
belirlendi. Hidrojelden CSA-44 salim ¢alismalar1 yapildi ve verilerin kinetik modellere
uygunlugu arastirildi.

PAG-CSA hidrojelin sisme oran1 %780,48 + 14,80 olarak belirlendi. Hidrojel bir ay
sonunda sirastyla %61,17 £ 9,3 ve %48,16 = 4,29 degredasyon oranlar ile hidrolitik ve
enzimatik degredasyona kars1 direng gosterdi. PAG-CSA'nin hava gecirgenlik degeri 50,7
+ 1,69 1/m?/s, su buhar1 gegirgenligi degeri ise 905,41 + 35,38 g/m?/giin olarak belirlendi.
Gerilme mukavemeti 9,14 + 2,39 kPa olup CSA-44 ilavesi ile esneklik azaldi. PAG-CSA
hidrojelin temas agis1 degeri Olgiilemedi. Bu sonu¢ hidrojele CSA dahil edildikten
1slanabilirligin arttigini1 gosterdi. Dehidrasyon testi sonuglari hidrojelin 37 °C'de 3 saat
icinde kurudugunu ve dehidrasyon oranini koruyarak su tutma 6zelligi ile maserasyonu
Oonleme arasinda bir denge sagladigini gosterdi. CSA-44 salimi Fickian olmayan
Korsmeyer-Peppas salim model (n=0,61) ile acikland. ilag salim ¢alismalar1 CSA-44’iin
8 saat i¢inde % 23 oraninda patlama salim ile salindigini ve 7 giin sonra (%29) dengeye
ulastigin1 gosterdi. Elde edilen sonucglara gore PAG-CSA hidrojeli yanik yaralari igin
antibakteriyel bir yara ortiisii olarak kullanilma potansiyeline sahiptir.

Anahtar Kelimeler: Hidrojel, seragenin, katyonik steroid antibiyotik, yanik yara ortiisii,

ilag salimi
2015, vii + 114 sayfa.



ABSTRACT

MSc Thesis

SYNTHESIS OF CERAGENIN-LOADED HYDROGEL AND INVESTIGATION OF
ITS DRUG RELEASE CHARACTERISTICS

Nawal Y A ALJAYYOUSI

Bursa Uludag University
Graduate School of Natural and Applied Sciences
Department of Chemistry

Supervisor: Prof. Dr. Bilgen OSMAN

In this study, ceragenin-loaded polyvinyl alcohol (PVA)/alginate (SA)/gelatin (G) (PAG)
hydrogel was prepared by lyophilization. CSA-44 was used as ceragenin. The resulting
hydrogel (PAG-CSA) was chemically cross-linked with glutaraldehyde (GA). The
amount of PVA, SA, and G was determined after optimization studies preparing seven
different PAG hydrogel compositions at different GA amounts and cross-linking times.
The PVA:SA: G ratio was determined at 2:1:3 and used to prepare ceragenin-loaded
lyophilized PAG-CSA hydrogel cross-linking with 0.125% GA for 20 min. The PAG and
PAG-CSA hydrogels were characterized by Fourier Transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and mercury porosimetry. Swelling (%),
hydrolytic and enzymatic degradation (%), dehydration (%), water vapor transmission
rate (WVTR), air permeability, tensile strength, water contact angle (WCA), and
thickness of the PAG and PAG-CSA hydrogel were determined. The CSA-44 release
studies were conducted, and the fitness of the data to the kinetic models was investigated.

The PAG-CSA had a swelling ratio of 780.48% + 14.80 and maintained resistance
towards hydrolytic and enzymatic degradation, which appeared to be 61.17% + 9.3 and
48.16% + 4.29, respectively, after a month. The air permeability value of PAG-CSA was
50.7 £ 1.69 I/m%s, while the WVTR value was 905.41 + 35.38 g/m?%/d. Tensile strength
was 9.14 + 2.39 kPa, indicating decreased flexibility attributed to cross-linking. WCA
was not measured after CSA incorporation, demonstrating the hydrophilicity of the PAG-
CSA hydrogel. The dehydration test showed that the hydrogel dries out within 3 hours at
37 oC, indicating the ability to keep a balance between water retention and preventing
maceration by maintaining a reasonable dehydration rate. The CSA-44 release followed
the non-fickian Korsmeyer-Peppas release model (n=0.6103). The drug release studies
showed a burst release of 23% CSA-44 within 8 hours, reaching equilibrium after 7 days
(29%). The PAG-CSA hydrogel has a high potential to be used as an antibacterial wound
dressing material for burn wounds.

Key words: Hydrogel, ceragenin, cationic steroid antibiotic, burn wound dressing, drug
release2023, vii + 114 pages.



PREFACE AND/OR ACKNOWLEGDEMENT

I would like to express my heartfelt appreciation to Prof. Dr. Bilgen OSMAN, my
supervisor, for her invaluable guidance and support throughout my master's degree.
Without her great knowledge, patience and help, my academic pursuits would have
remained unfulfilled. She was consistently eager to impart all her theoretical and practical
knowledge to me, and never hesitated to provide guidance whenever | needed it.

I would like to extend my sincere gratitude to Assoc. Prof. Dr. Emel TAMAHKAR
IRMAK, my committee member, for her unwavering patience and eagerness to share her
knowledge with me. She went above and beyond by readily answering all my questions
and providing invaluable guidance throughout my academic journey.

| would like to extend my sincere appreciation to Prof. Dr. Elif TUMAY OZER for her
unwavering determination in finding solutions to the various challenges | faced during
my work. Her persistence was crucial in overcoming these obstacles and completing my
project successfully.

| owe my deepest gratitude to Dr. Anas AL ALI for introducing me to the chemistry field
and being a great support through every step of my academic journey. | would also love
to thank every teacher who encouraged me to pursue my academic career.

I am indebted to my teacher Asst. Prof. Monireh YUCEL, and colleagues Azize CERCI,
Melike KUCUK and Merve flkay ALTUNTUG CESUR for supporting me all the way
long. Without their help and compassion, | would have never been able to pursue my
journey nor write this thesis the way | did.

This thesis would have remained a dream had it not been for my lovely family, my first
teacher my grandfather Abdelhalim ALJAYYOUSI, my first supporter my father Dr.
Yazid ALJAYYOUSI, my loving mother, Liliya ALJAYYOUSI and my siblings Dana,
Jumana and Murad ALJAYYOUSI and all of my other family members to whom | owe
a great amount of gratitude and appreciation. They have always been there to support me
through all the ups and downs and encouraged me to pursue my dream.

I am deeply grateful to all my friends and loved ones who stood by me, supported me,
and helped me through difficult times, especially when | felt overwhelmed and hopeless.
I am also grateful for the family who never made me feel homesick and who considered
me one of their own children Mehmet and Leyla CERCI.

Finally, I want to thank Prof. Dr. Paul B. SAVAGE for providing us with CSA-44, Prof.
Cagla BOZKURT GUZEL for establishing this communication and Prof. Dr. Esra
KARACA and her team for providing us with their laboratory facilities. Finally, 1 want
to thank Bursa Uludag University Scientific Research Projects Unit, which supported my
thesis through project number FOA-2022-1097.

Nawal Y A ALJAYYOUSI
o



CONTENTS

Page
OZET oottt i
F N S I ¥ O SRS i
PREFACE AND/OR ACKNOWLEGDEMENT ......cccoiiiiiiiiieieice e ii
SYMBOLS and ABBREVIATIONS .......ooci ittt Vi
FIGURES ...ttt bbb e neenaenaenee e viii
TABLES ...ttt bt re e et nens iX
1. INTRODUCTION ..ottt ettt bt nneas 1
2. THEORETICAL BASICS and LITERATURE REVIEW ........ccccoevviiveie e 4
2.1 HYAIOQEIS ...ttt ettt et e e re e nre e e 4
2.2. Antibacterial NYArogels ..........coviiiiiiii 10
2.3. Wound and wound heAIING..........cccciieieiie e 12
2.4, BUIN WOUNGS ....c.vvivieiiieiieeie ettt eaneesteete s e steenteaneesreenseanee e 18
2.5. WOUND ArESSINUS ...vveveeieeireiieeste ettt e ste e et e et e ssaesteetesaeestaesseeseestaebeaneesraenneanee e 23
2.5.1. Antibacterial agents used in WouNd AreSSINGS ........cceverviriererieiieie e 27
ANLIDIOLICS IN WOUN AFrESSINGS ...vevvecvieiieeiecie ettt e e e e 27
Nanoparticles as antimicrobial agents in wound dreSSings ........c.ccooevvverenieenenneseenees 28
Natural product in WOUNAS AreSSING ........coveiieiiiireeiesee e 30
2.6. ANtIMICIODIAl PEPLIARS ..o 31
A R O - To 1= 1 T OSSR 33
2.7.1. Mechanism of action Of CEragenins...........ccoourieiiieieresise e 34
2.7.2. Medical applications Of CEIragenins...........cocuriiieieieresesise e 37
CONLACT TBNSES ...ttt ettt bbb r et e st e e sbenbearennenneas 37
Implanted medical deViCe COATINGS .......ovviiiiiririeiieieee s 38
BONE FrACTUIES ...t et b et b e 38
IMAGING INTECTIONS ..ot bbb 39
GastroiNteStINAl JISEASES .........eiieieieieie et sre e ereas 39
2.8. Hydrogels as WOUN ArESSINGS .......coveverieriiriiiieieeiesie ettt 40
3. MATERIALS and METHODS.........cooi it 50
3.1. Materials (ChemiCalS) ........cccooiiiiiiiiiiieee e 50
3.2, IMIBENOUS ..ttt r e reeneas 50
3.2.1. Preparation of PAG hydrogel...........ccooviiiiiiiii e 50
3.2.2. Swelling and hydrolytic degradation testS ...........cccccveveiiieiieiecie e 51
3.2.3. Preparation of PAG-CSA hydrogel..........ccooeiiiiiiiiiiniiiecece e 52
3.2.4. Characterization 0g PAG-CSA hydrogel .........cccoeiieiiiieiieieeie e 53
Fourier transform infrared spectroscopy (FTIR) analysis .........cc.ccoovvvvieiinencnienennnn 53
Scanning electron microscopy (SEM) analysiS.........cccevveiiieiiieiie e 53
WECA MEASUIMEMENT ...ttt sttt ettt et e et e s ste e sbeeanbeenreeenreens 54
Mercury POroSIMetry @nNaAlYSIS .........ccviiiiiiieiie e 54
THICKNESS MEASUIEMENT........cviieieiiieieeie et e et ee e ste et este e esreesaeeneesreesseaneeas 54
TONSHIE TESE ettt ettt re e 54
AIE PEIMEADTIITY TEST......itiiiiiecie e 55
WVTR EESE oottt ettt sttt b e et e st et e nbesbesnenneeneanes 55
DENYAFALION TEST..... ettt e bbb 55



SWEITING TEST .ottt sbe e beeteareenbeenee s 56

Hydrolytic and enzymatic degradation teStS..........cccevveriiiieieere e 56
3.2.5. Drug release StUAIES ........ccueiuiriiriiiiiieieeieeei et 56
4, RESULTS and DESCUSSION .......ccoiiiiiiiiiiiiieesie s 58
4.1. Optimization of the PAG hydrogel composition ..........ccccoviiiiiiiiiiiieiciesesens 58
4.2. Properties of PAG-CSA hydrogel.........c.ooviieiieiiie e 60
4.2.1. ChemiCal PrOPEITIES .....cveieiiierieeieiti ettt 60
4.2.2. Morrphological PrOPEItIES......c.cccuiiieiieiecie ettt e e e 69
4.2.3. Hyrophilicity of the hydrogel............oooiiiiiii s 71
4.2.4. Dehydration and swelling properties of the hydrogels ..........cccocvveviiiiieiien, 72
4.2.5. Hydrolytic and enzymatic degradation properties ...........c.cceoeeveverenenenenenennnns 75
4.2.6. ThICKNESS MEASUIEIMENT .....ovvitiiiitiiiisieeiie ettt sb et sbe e nneas 76
4.2.7 TeNSHE SIENGEN ..o 77
4.2.8 Porosity and pore size distribution of the PAG-CSA hydrogel .............ccccoveevvenne 78
4.2.9 Air permeability and WV TR ........ooiiiiiiice e 79
4.3 CSA-44 release from the cross-linked PAG-CSA hydrogel ..........ccccovevveveiieiieennnne 80
5. CONCLUSION ..ottt ettt st e ebaana e s e e esaesbesreaneaneaneas 89
REFERENGCES. ..ottt bbbttt bbb ne e 92
RESUME ..o ettt bbbttt b e reanes 106



Symbols

SYMBOLS and ABBREVIATIONS

Definition

Cross-sectional area

The amount of drug released in time

Initial drug amount in the solution

Drug amount that is dissolved in a specific time
Break force

The water content of the hydrogel

Tensile strength

n value in korsmeyer peppas

Vi



Abbreviation

AMPs
AMPS
CA
CHI
CMC
CMCS
CMGG
DHBA
ECM
EDA
EDX
EGF
ESBL
GMs
HNTs
HPLC
MA
MBC
MFC
MIC
MRSA
OAlg
PAG
PAG-CSA
PEGDA
PEI
PHEA
PSSA-MA
PWD
SF
TBSA
uv
VEGF
ZN

Definition

Antimicrobial peptides
2-acrylamido-2-methylpropane

Cellulose acetate

Chondroitin

Carboxymethyl cellulose

Carboxymethyl Chitosan

Carboxymethyl guar gum
2,3-dihydroxybenzoic acid

Extracellular matrix

Ethylenediamine

Energy dispersive X-ray

Epidermal growth factor

Extended spectrum beta-lactamase
Gelatin microspheres

Halloysite Nanotubes

High performance liquid chromatography
Methacrylamide

Minimum bactericidal concentration
Minimum fungicidal concentration
Minimal inhibitory concentration
Methicillin-resistant Staphylococcus aureus
Oxidized Alginate

Polyvinyl alcohol/Sodium alginate/Gelatin
(Polyvinyl alcohol/Sodium alginate/Gelatin)-CSA 44
Poly(ethylene glycol) diacrylate
Polyethyleneimine
Poly(2-hydroxyethylacrylate)

Poly(styrene sulfonic acid-co-maleic acid)
Platform wound device

Silk fibroin

Total body surface area affected (% TBSA)
Ultraviolet

Vascular endothelial growth factor

Zein

Vil



Figure 2.1.
Figure 2.2.
Figure 2.3.
Figure 2.4.
Figure 2.5.
Figure 2.6.
Figure 2.7.
Figure 2.8.
Figure 2.9.

Figure 2.10.
Figure 2.11.
Figure 2.12.
Figure 2.13.
Figure 2.14.
Figure 2.15.

Figure 3.1.
Figure 4.1.

Figure 4.2.
Figure 4.3.
Figure 4.4.
Figure 4.5.
Figure 4.6.

Figure 4.7.
Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.
Figure 4.12.
Figure 4.13.
Figure 4.14.
Figure 4.15.
Figure 4.16.
Figure 4.17.
Figure 4.18.
Figure 4.19.
Figure 4.20.
Figure 4.21.
Figure 4.22.

Figure 4.23.

FIGURES

Preparation of a hydrogel............ccooveviiiiii i
Compositions and applications of antibacterial hydrogels.........
Layers OF SKIN ....cviiiicc e
Classification of WOUNGS..........c.cccouereriiiiinieieieseee e
The stages of wound healing ..........ccccoovviiievicic i,
Types of burns based on the affected skin layer..............c..........
Timeline of wound dressings development over the years.........
The features of ideal wound dressings ........cccoceeveveerenieeneennenn,
Classification of wound dressSings ..........cccevevereenveresieeseereennes
Classification OF AMPS........ccoiiiiiiiee s
Structures of selected Ceragenins..........cccccvvveveveesvece e s
Hydrogels in burn wound care...........ccoceveieiiniiininiseeee,
Polyvinyl alcohol ............ccooviiie e
General structure of gelatin ..o
AlQINALe SEIUCIUIE.......cuveivieecieee e
PAG-CSA hydrogel lyophilization process............c.ccoovveveivennne.
The swelling ratios of PAG hydrogels prepared via solvent
casting and lyophilization methods............ccccceveiiiiiiiinicieen,
FTIR spectrum Of PVA ...t
FTIR SPectrum of SA ...
FTIR spectrum of gelatin..........cccocovieiiiiiiiicccce e
FTIR spectrum of CSA-44 ..o
FTIR spectra of Noncross-linked PAG hydrogel and
noncross-linked PAG-CSA hydrogels. .........ccccocviviniininnnn
The crosslinking of PVA With GA ...,
FTIR spectrum of noncross-linked PAG-CSAhydrogel and
cross-linked PAG-CSA hydrogels .........cccovveveivieieeie i
SEM images of cross-linked PAG (100X (a) & 500X (c)) and
noncross-linked PAG-CSA (100X (b) & 500X (d)) hydrogels .
SEM images of cross-linked PAG-CSA hydrogel surface (a) and
cross- linked PAG-CSA hydrogel cross section (b)..................
PAG-CSA the decrease of contact angle value within 8 seconds
PAG-CSA contact angle measurement...........c.cccccveveeveveenenne
Dehydration (%) of PAG and PAG-CSA hydrogels..................
Swelling rates of PAG and PAG-CSA ...,
Hydrolytic degradation (%) of PAG and PAG-CSA hydrogels
Enzymatic degradation (%) of PAG and PAG-CSA hydrogels
Elongation curve of PAG and PAG-CSA........ccccoiiniiiniienen,
Pore size distribution of the PAG-CSA hydrogel......................
Diffusion controlled drug delivery systems...........c.ccoccvevvivnnne.
Most used mathematical models for drug release systems........
CSA-44 calibration graph ..........ccocevveiiieicieeeeeeee,
Cumulative release (%) of CSA-44 from cross-linked PAG-CSA
RYATOGEL ...
Graphs of release patterns of CSA-44 release from cross-linked
PAG-CSA hydrogel ........cccooeiiiiiiiiiieieeee e

Page

13
15
17
19
24
25
26
32
33
43
45
46
48
52

60
62
63
64
65

66
67

68
70

70
71
72
73
74
75
76
77
78
82
83
86

86

88



Table 2.1.

Table2.2.
Table 2.3.
Table 2.4.
Table 2.5.
Table 2.6.
Table 2.7.

Table 2.8.

Table 2.9.
Table 2.10.

Table 2.11.
Table 3.1.
Table 4.1.
Table 4.2.
Table 4.3.

TABLES

Applications of some physically and chemically cross-linked
NYAIOQEIS ...
Pathogens responsible for burn infections...........c.ccccoocvvviiennenn.
Antimicrobial agents used in burn wounds.............cccccvvvvervenennn.
Antibiotic incorporated wound dressings ..........coccoeevereniieieennenn
Nanoparticle incorporated wound dresSings.........ccceeeeeeervvenene
Wound dressings incorporated with natural antibacterial agents
Antibacterial activity of ceragenins against tested strains
associated with oral infections compared to LL-37....................
Ceragenins antifungal activity against C. Auris compared to
antifungal AgENTS ........cviieiiee e
Summary of four types of wound dressings ..........cccoceevvevviiennnn
Examples of hydrogel dressings that are used for partial and
TUll thickNESS DUINS ..o
Release mechanism based on nvalue ...........cccocooiniiiiiiiieen,
Chemicals used in this Study...........cccvveviiieiic i,
Some commercial wound dressings and their WVTR values......
The values of PAG-CSA cumulative release............cc.ccoovvrveennnns
CSA-44 release parameter from PAG-CSA hydrogel .................

35

35
40

43
85
50
80
87
87



1. INTRODUCTION

Wounds occur when the function and normal anatomical structure of the skin are
disrupted, and that can be caused by thermal, physical, mechanical, or electrical shock
(Boateng et al., 2008). Wounds can be sorted into seven categories according to duration,
depth, complexity, cause, contamination, type of injury, and the color of contaminated
tissue (Dubay and Franz, 2003; Katz et al., 1991; Li et al., 2007). If left untreated nor
managed, wounds can cause significant medical issues such as infections due to bacterial
colonization, sepsis, the need for limb amputations, and can even be life-threatening.
Proper wound management is essential for optimal healing and prevention of
complications. According to World Health Organization (WHO) burn wounds are one of
the most causes of disability, where each year 27 million require professional treatment
and 7 million of those need hospitalisation (WHO, 2014). While autologous skin grafting
is the standard treatment for burn wounds it might not be always possible due to the lack
of a suitable skin donor, improper physiological condition of the patient for the surgery
and other reasons. The importance of preparing burn wound dressings came from these
reasons (Dhaliwal et al., 2018).

Burns are defined as disruption of the skin that is caused by extreme heat, chemicals,
electricity, or friction. Third-degree burns, or named as full-thickness burns, are one of
burn wound types. This type specifically can destroy all three layers of the skin
(epidermis, dermis and hypodermis) which provokes immediate cell death and the

destruction of matrix.

In the ancient times there were several methods that were used to treat wounds and
decrease infections. These methods included dressing a wound with resin and honey after
washing it with water and milk, or even using vinegar or wine to clean wounds (Daunton
et al., 2012). It was only until the late 20" century when occlusive dressings were
introduced to protect the wound and to keep it moisturized. The first cotton gauze was
produced in 1891 while the effect of moist chamber was only described in 1948 by Oscar
Gilje. The initial contemporary wound dressing was created in the mid-1980s. It was
feasible with this dressing to maintain a moist environment and absorb exudates of the

wound. After this, a great development in wound dressings production occurred. Different



types of wound dressings were synthesized for different wound types such as hydrogels,
nanofibers, alginates, films, and foams (Rezvani Ghomi et al., 2019).

Hydrogels have distinguishing properties that made them excellent candidates for wound
dressings. They have high water retention ability which helps to create a moist
environment for the wound. Hydrogels are also known to facilitate gas exchange for the
wound site as they are highly porous materials. Hydrogels are usually synthesized of
biodegradable and biocompatible materials that do not provoke an immune system
response. They are non-adhesive materials which eliminates the need of continuous
change of the dressing, and they are capable of absorbing wound exudates. Hydrogels are
important in burn wounds especially as they have a cooling effect due to their water
retention ability. In burn wounds, these substances aid in the decomposition of necrotic
tissue by using the body's natural immune cells and enzymes that break down proteins.
This process reduces the likelihood of scarring and infection in the affected area
(Dhaliwal and Lopez, 2018).

Wounds in general are susceptible to infections as the most popular types of infections
are skin and soft tissue infections. These infections can be mild or even life threatening.
Even though our immune system gets activated in case of a wound and tries to eliminate
pathogens, it sometimes fails, and infection occurs. P. aeruginosa is a common bacteria
that is found in burn injuries which is also associated with high morbidity (Savage,2020).
Due to this, it is crucial to develop wound dressings with antibacterial effect. A lot of
antibacterial agents (e.g antibiotics, nanoparticles, natural products, antibacterial
peptides, etc.) are being incorporated into wound dressing to prevent bacterial infection
from both gram-positive and gram-negative bacteria. Antimicrobial peptides (AMPSs) are
molecules that are produced in animal and plant tissues as a first line of defense. They
have a broad antibacterial spectrum as they connect to the bacterial membrane that causes
it to interrupt the bacterial activity, in addition to antifungal, antiviral and antiparasitic
activity (Li et al., 2018; ). Zhou et al. (2011) prepared a hydrogel from &-poly-L-lysine-
graft-methacrylamide which is an AMP and photopolymerized it, this hydrogel showed
to be a good antibacterial coating for implants and some medical devices. Despite the
great potential of AMPs in fighting wound infections without gaining bacterial resistance

towards it, the production expenses, their susceptibility to degradation by bacterial



proteases, hemolysis and tissue toxicity made their applications limited. However, Ding
et al. (2004) and Savage et al. (2002) synthesized non peptide mimics of AMPs that are
called ceragenins. Ceragenins, or as also also called, cationic steroid antibiotics (CSAS),
can be classified into two groups: squalamine mimics and polymyxin mimics. Ceragenins
are easy and cheaper to synthesize, they are stable and are not susceptible to bacterial
proteases as they are not peptide based, and they also have a similar broad antibacterial
spectrum as AMPs because they mimic the amphiphilic structure of them (Hashemi et al.,
2018). Ceragenins exhibit antibacterial, antifungal, antibiofilm, sporicidal, antiviral, and
anti-parasite properties. Savage (2020) assessed the effect of CSA-44 on P. aeruginosa
in a porcine second degree burn wound model. Results showed that with 0.05% of
aqueous CSA-44 there was a 99.6% reduction of bacterial counts which provides us with

the applicability of ceragenins to fight burn wounds infections.

In this study we have used three biocompatible polymers (PVA, SA and G) to synthesize
a hydrogel for burn wound dressing application. These three polymers combined were
mentioned in literature in three places. Satish et al. (2018) designed an
alginate/gelatin/polyvinyl alcohol hydrogel by lyophilization and incorporated it with
trilodothyronine hormone for chronic wound tissue regeneration. Kuo et al. (2019), PVA,
SA, and Gel were bound to methacrylic anhydride (MA) and photo-cross-linked to
prepare PVAMA-SAMA-GelMA hydrogels for the purpose of pancreatic differentiation
of the induced pluripotent stem cells (iPS) cells. The last is a freeze-thawed G/ PVA
hydrogel that was prepared by Marrella et al. 2018 and incorporated with alginate micro-
particles as a porogens to be used as a substitute for meniscus cartilage. In our study we
used these three polymers in different ratios and concentrations of these found in literature
to prepare our hydrogel and incorporated it with CSA-44 as an antibacterial which was
proved to reduce bacteria infection in burn wounds. A hydrogel with this polymeric
combination accompanied with CSA-44 was not prepared in the literature and was not

characterized before.



2. THEORETICAL BASICS and LITERATURE REVIEW

2.1. Hydrogels

Hydrogels are polymeric networks that are hydrophilic and have a porous, three-
dimensional structure, with the capability to absorb water ranging from ten to a thousand
times their own weight (Cho et al., 2018; Gonzalez-Henriquez et al., 2017). They are
usually synthesized from hydrophilic monomers; however, hydrophobic polymers can
sometimes modify the hydrogel’s properties for specific uses. Their properties or
solubilities in water can also be adjusted using different cross-linking methods (Ahmet,
2015; Peppas et al., 2006) (Figure 2.1).

Chemical or physical
cross-linking

—

Polymer chain Hydrogel

Figure 2.1. Preparation of a hydrogel.

Hydrogels have distinguishing properties that make them popular in different types of
applications. They have exquisite moisture retention and donation properties and can be
easily removed as they are non-adhesive. In addition, hydrogels can be loaded with
different healing agents and antimicrobial agents, which can be released at a controlled
rate (Gupta et al., 2019). Moreover, hydrogels have a high gas permeability, are
biodegradable, and have enhanced biocompatibility (Li et al., 2018).



Throughout the years, hydrogels have been used as joint and dental implants and as a
coating for urinary catheters. Cao et al. (2019) developed a chitosan (CS) based
biocompatible and thermosensitive hydrogel used for lubricating and sealing in dental
implant systems, exhibiting a significant antibacterial effect and biocompatibility.
Hydrogels have also been used to carry different antimicrobial agents for a systematic
drug release which helped to overcome bacterial resistance (Li et al., 2018). Figure 2.2

summarizes different compositions of antibacterial hydrogels and their applications.
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Figure 2.2. Compositions and applications of antibacterial hydrogels

Wichterle and Lim (1960) prepared the first synthesized hydrogel from cross-linked 1-
hydroxyethyl methacrylate (HEMA). Due to its hydrophilicity, the develped hydrogel
was used in various biomedical applications like drug delivery systems, osteoporosis, and
neoplasm (Gibas and Janik, 2010). After that, Yannas et al. (1981) developed a hydrogel
of a natural polymer for wound dressing applications. The increasing popularity of
hydrogels has led to a revolution in wound dressing. Thanks to hydrogels, wound dressing
shifted from passive dressings having minimal effect on wound healing to active ones.
Winter (1962) developed the first polymeric wound dressing providing an optimal

environment for wound healing. After that, chitin-based wound dressings appeared and



were preferred due to their antimicrobial activity. For a while, researchers believed that
hydrogels have ideal properties to heal burn wounds because hydrogels control fluid loss,
maintain the wound’s bed moisture, and mimic the tissue structure. Unfortunately, due to
the low mechanical stability of hydrogels in a swollen state, they are not ideal. To
overcome this obstacle, hybrid or composite hydrogel membranes that consist of more
than one polymer were developed. In addition, the stability of hydrogels were incerased

by using chemical or physical cross-linking techniques (Kamoun et al., 2017).

Hydrogels are categorized in different ways. They are categorized into solid, semi-solid,
and liquid forms, based on their physical state. Another method of classification, which
is more prevalent, is based on the cross-linking technique. Hydrogels of both natural and
synthetic polymers are classified to chemically and physically cross-linked hydrogels
(Chung and Park, 2009; Sharma et al., 2014).

The importance of solid hydrogels lies in their capability of mimicking the properties and
structure of most living tissues, which creates a suitable cellular microenvironment. Solid
hydrogels are solid at room temperature due to their cross-linked structure. However, they
can quickly swell in water and biological fluids. Many biological and inorganic materials
were incorporated into this hydrogel type to fulfill the biomedical application in which it
will be used (Jayaramudu et al., 2013). In a study by Hu et al. (2016), a UV cross-linked
triclosan (TC) incorporated acryloyl chloride-modified hydrogel was developed. It was
concluded that TC was released in a controllable way, which can help reduce the drug's

side effects and cytotoxicity.

Semisolid hydrogels play a crucial role in medical applications that require prolonged and
effective drug delivery due to their unique adhesive characteristics. Therefore, these
hydrogels are named mucoadhesive and bio-adhesive hydrogels. The synthesis of those
hydrogels includes a material of a biological nature and polymers of a high molecular
weight (Varaprasad et al., 2017). Singh et al. (2014) developed a ciprofloxacin-loaded
polyvinylpyrrolidone (PVP) and polysaccharide sterculia gum hydrogel for
gastrointestinal tract drug delivery. The drug release exhibited a non-Fickian diffusion
mechanism of 45% release of the drug in 24h in an acidic buffer.



Liquid hydrogels are liquid at room temperature. However, at specific temperatures,
liquid hydrogels have an elastic phase. Liquid hydrogels are easily synthesized and
adjusted. They stand out because of their ability to get easily incorporated with various
organic and inorganic materials and their injectability without any surgical procedure
(Varaprasad et al., 2017). Kakkar et al. (2016) developed a keratin-silica hydrogel as a
wound dressing material. The novel hydrogel showed high biocompatibility with

fibroblast cells.

Due to the widespread use of hydrogels in biomedical area and food industries, chemical
cross-linking agents are not preferred; instead, physical cross-linking methods are used.
Physical cross-linking is based on the physical interactions between the polymer chains
of the hydrogel. Physically cross-linked hydrogels are synthesized in different ways:
freeze-thawing, ionic interaction, stereo complex formation, H-bonding, and maturation
(heat-induced aggregation) (Chung and Park, 2009; Slaughter et al., 2009). Freeze-
thawing is based on continual freeze-thawing cycles that help to create microcrystals in
the structure. This method enhances the porosity and elasticity of hydrogels compared to
other methods. Marrella et al. 2018 prepared a G/ PVA hydrogel by the freeze-thawing
method as a substitute for meniscus cartilage. It was incorporated with alginate micro-
particles to function as a porogen. The resulting hydrogel was highly porous and elastic
and reached a swelling ratio plateau after 48 hours. Stereocomplex formation is simple
since the hydrogel is formed by dissolving each polymer in water and mixing these
polymer solutions all together. This method's main restriction is that only a few specific
polymer compositions can be used. The ionic interaction method is applied by adding
multivalent ions of opposite charge to a polyelectrolyte solution that forms a cross-linked
hydrogel. H-bonding cross-linking is achieved by replacing an ion in the hydrogel
network with hydrogen, eventually leading to cross-linking of the hydrogel. The final
method is maturation, in which heat causes aggregation and accumulation of components
with an accurately ordered molecular dimension, consequently forming a hydrogel with

enhanced mechanical properties and swelling ability (Varaprasad et al., 2017).

Chemically cross-linked hydrogels are prepared by covalently bonding hydrogel’s

polymer chains. This covalent bonding stabilizes the hydrogel and makes it insoluble in



solvents if the covalent bonds are not broken. Chemical cross-linking increases the
mechanical stability of hydrogel networks, subsequently extending degradation time.
Several ways of chemical cross-linking were mentioned in the literature: agents, grafting,
radical polymerization, condensation reaction, enzymatic reaction, and high-energy
radiation (Chung and Park, 2009; Slaughter et al., 2009). Chemical cross-linking is
applied by using chemical agents such as GA to create covalent linkages through the
reaction between functional groups. Lin et al. (2019) developed a hydrogel using different
ratios of PVA, dextran, and CS, then cross-linked it using GA. The results showed that
using higher GA concentration led to chitosan not being released. In contrast, lower
concentrations enabled chitosan release, inhibiting the growth of both gram-positive and
negative bacteria (E. coliand S. aureus). Meanwhile, grafting is associated with
polymerizing a monomer on a main polymer chain and can be divided into two categories
based on the type of activation: chemical grafting and radiation grafting. On the other
hand, one of the most used methods for preparing hydrogels is radical
polymerization which involves cross-linking low molecular weight monomers by
successive addition of radical monomers. Radical polymerization leads to the formation
of hydrogels quickly and efficiently, even under mild conditions. Condensation reactions
usually involve hydrogels containing amine groups, hydroxyl groups, carboxylic acids,
or their compounds. Nonetheless, enzymatic reactions involve enzyme catalyzing of
linkages between polymers. Finally, in high-energy cross-linking, water-soluble
polymers are derivatized with vinyl groups using radiation, such as gamma rays, which
creates radicals on the polymer chains through homolytic scission (Varaprasad et al.,
2017). Table 2.1 shows different types of physically and chemically cross-linked
hydrogels and their applications (Varaprasad et al., 2017).



Table 2.1. Applications of some physically and chemically cross-linked hydrogels

(Varaprasad et al., 2017)

Cross-linking
method

Polymers

Applications

Freeze-thawing

PVA
PVAJ/CS, PVA/starch,
PVA/G

Therapeutic applications
Tissue engineering

lonic interaction

Cellulose microfibrils
Chitosan

Drug delivery
Antigen delivery

Stereocomplex

Dextran, poly(lactic acid)

Drug delivery

(heat-induced

Hyaluronic acid

formation Poly(ethylene glycol) Biomedical and
pharmaceutical

H-bonding Hyaluronic acid Drug delivery
Cyclodextrin, Biomedical
polypseudorotaxane

Chemical Chitosan-cellulose Agriculture and

grafting horticulture

Radiation Poly(e-caprolactone), Tissue engineering

grafting Poly(ethylene glycol)

Maturation Alginate capsules Cartilage tissue

Soft tissue engineering,

aggregation) cell scaffold.
Radical Poly(ethylene glycol)methyl  Antifouling
polymerization ether
Methacrylate
Chemical cross- Whey protein -
linking Poly(ethylene glycol) Biomedical
Enzymatic reaction  Poly(ethylene glycol) Biocatalysis and tissue
methacrylate engineering
Chitosan Wound dressing and

packaging

Condensation

B-Cyclodextrin

Controlled delivery

reaction Cellulose nanofiber Advanced
High-energy Poly(oligo(propylene glycol)  Biomedical
radiation methacrylate)




2.2. Antibacterial hydrogels

Antibiotics have played a crucial role in improving the human life quality and have helped
defeating many infections and diseases since their discovery. Nevertheless, many
pathogens have gained multidrug resistance over time due to the continued and wrong
consumption of antibiotics, which caused an increase in the mortality ratio. To conquer
this issue, researchers have been developing antibacterial materials, which unfortunately,
kill not just pathogens but also healthy cells. As the need for an effective biocompatible
antibacterial material has risen, hydrogels have been researched as an ideal alternatives.
Antibacterial hydrogels can be divided into three categories: inorganic antibacterial
containing hydrogels, antibacterial agent-containing hydrogels, and hydrogels with
inherent antibacterial capabilities (Li et al., 2018).

Inorganic antibacterial agent-incorporated hydrogels are primarily incorporated with
metal ions or metal oxide nanoparticles. Those include silver, gold, zinc oxide, nickel
oxide, and much more. However, the most prevalent inorganic antibacterial are silver
nanoparticles. Those hydrogels can prolong the drug release time, which by decreases
bacterial resistance chances (Li et al., 2018). Silver nanoparticles were incorporated into
a SA hydrogel and cross-linked with Ca?* or N, N-methylene bisacrylamide by Neibert
et al. (2012). The developed hydrogels showed a prolonged inhibitory effect against E.
coli, and silver was released in a sustained matter. Boonkaew et al. (2014) synthesized 2-
acrylamido-2-methylpropane sulfonic acid sodium salt (AMPS-Na*) hydrogel loaded
with silver-nanoparticles (SNPs) as a burn wound dressing material. To synthesize SNP-
infused hydrogel, silver nitrate was dissolved in an AMPS-Na+ solution and then
subjected to gamma irradiation. Drug release studies showed a burst release of 60% of
silver in the first 24 h. In the 24-72 h, burst release was followed by the cumulative release
of silver 82.41% for 2.5 mM, 75.63% for 5 mM, and 78.56% for1l0 mM. The terminal
release was relatively small but continuous for all hydrogels, which continued for 240 h.
According to the pilot study, the 5 mM silver hydrogel was effective in preventing
bacterial colonization of wounds and showed comparable results to commercial silver
dressings. The hydrogels loaded with silver demonstrated potent inhibitory effects against
P. aeruginosa and MRSA.
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To overcome the obstacle of bacterial resistance mentioned before, there had to be a way
to decrease the antibiotic dosage and increase the delivery time. Due to the hydrogels’
porosity and similarity to the structure of living tissue, drugs can be selectively released
at a specific site (Norowski and Bumbgadner, 2009; Montanari et al., 2014). Therefore,
antibacterial agent-containing hydrogels have been developed. Roy et al. (2016)
developed ciprofloxacin-loaded keratin hydrogels to help heal porcine skin's partial
thickness thermal burn. For both P. aeruginosa and S. aureus, the levels of bacteria in the
tissue remained under 10* cfu per gram during the first two weeks post injury. Wen et al.
(2020) synthesized SA incorporated with G hydrogels loaded with the antibiotic
tetracycline hydrochloride (TCH) to be used in wound dressing applications. The G/SA
hydrogel exhibited a swelling ratio of 2190% after 24 h. This can be attributed to the
abundance of carboxyl and hydroxyl groups in SA and G in addition to the amino groups
of G. In contrast, TCH-loaded hydrogels showed slightly lower swelling ratios of 1780%
to 1960% due to the decrease of the porosity of hydrogels after incorporating TCH.
Hydrogels displayed a burst release behavior in the first hour due to the drug distribution
on the surface of the hydrogel. The release had gradually increased since then to last for
12 h. Hydrogels can also be loaded with biological extracts from animals and plants, such
as seaweed extract, curcumin, and much more. Naghshineh et al. (2019) designed three
CS-based hydrogels, one containing SA in addition to CS, the other containing G, and the
last containing collagen. Curcumin was incorporated into all three hydrogels.
Antibacterial studies showed that all hydrogel composites exhibited an inhibitory effect
on the bacteria; however, the highest impact was revealed by the CS/G/curcumin
composite.

Hydrogels with inherent antibacterial activity consist of antibacterial components. They
can be synthesized from antibacterial polymers, AMPs, or amphoteric ion hydrogels.
Antibacterial polymers have specific functional groups in their structures that help to
inhibit bacteria; not just that, but they are also biocompatible (Li et al., 2018). AMPs have
a strong inhibitory effect against different types of pathogens. Bai et al. (2016) developed
hydrogel by the gelation of self-assembling peptide AoK> that showed remarkable
selectivity, good biocompatibility, and inhibitory effect for gram-negative and gram-

positive bacterial cells. This type of hydrogel has some disadvantages, including
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cytotoxicity and hemolysis. However, compared to synthetic drugs, they still have the
upper hand in antibacterial ability and biocompatibility (Forbes et al., 2013). Amphoteric
ion hydrogels have a mechanism of action similar to AMPs as they create electrostatic
interactions that lead to the binding of bacterial membranes and polymers, which lead to

the destruction of the bacterial membrane and, subsequently, cell death (Liu et al., 2012).

2.3. Wound and wound healing

Comprising of three layers, namely epidermis, dermis, and hypodermis, the skin is
recognized as the human body's largest organ (Ambekar and Kandasubramanian, 2019).
The skin operates as a protective layer of the underlying tissues, such as bones, ligaments,
muscles, and internal organs, from external chemical, biological, physical, and
mechanical factors (Chua et al., 2016; Sundaramurthi et al., 2014). Skin also plays a
significant role in regulating body temperature, immunological monitoring, reduction of
dehydration rate, and vitamin D3 synthesis (Paul, 2015). Nevertheless, skin is vulnerable
to cuts, burns, or diseases such as diabetes (Miihlstddt et al., 2012). Epidermis layer
comprises melanocytes, keratinocytes, and Merkel and Langerhans cells that aid in
sustaining the body temperature. Stratum corneum, stratum granlosum, stratum lucidum,
stratum germinativum and stratum spinosum are the five layers into which the epidermis
is subdivided. Epidermis can heal after a superficial injury by constantly shedding old
epidermal cells and replacing them with new ones. Dermis is the layer that consists of
connective tissue and contains hair follicles, sweat glands, sebaceous glands, apocrine
glands, and lymphatic and blood vessels. Based on the depth of the epidermis, dermis can
be divided into two regions, namely the papillary and reticular regions, and the primary
function of epidermis is to shield the body from external stress. Hypodermis lies under
the dermis. It comprises fibroblasts, macrophages, and adipocyte cells (Ambekar and

Kandasubramanian, 2019). Figure 2.3 represents the layers of the skin.
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When the usual anatomical structure and function of the skin are disturbed, it is referred
to as a wound. This distruption may occur due to thermal, physical, mechanical, or
electrical factors (Alonso, 1996; Boateng et al., 2008; Lazarus et al., 1994). Wounds are
classified into seven categories according to duration, depth, complexity, cause,
contamination, type of injury, and the color of contaminated tissue (Dubay and Franz,
2003; Katz et al., 1991; Li et al., 2007). Based on healing time, wounds are categorized
into acute and chronic wounds. While acute wounds heal quickly without needing
external assistance, chronic wounds required longer time to heal. In addition, chronic
wounds do not adhere to the usual sequence of stages involved in the healing process of
a wound (Kim et al., 2003; Stojadinovic et al., 2005; Visavadia et al., 2008). Based
on depth, wounds are classified as superficial, deep dermal, and full-thickness wounds. If
the damaged layer is only the epidermis, then the wound is considered superficial. These
wounds usually heal quickly (10 days) without leaving any marks (Debats et al., 2009;
Subrahmanyam, 1998). A deep dermal wound usually heals through scar formation in 10-
21 days (Chong et al., 2007; Marler et al., 1998). A full-thickness wound happens when

the wound has extended to reach both of dermis as well as the hypodermis by default

13



needing a longer healing time (>21 days) (Debats et al., 2009; Roh et al., 2006). The
wound can also be categorized as simple, complex, or complicated wound based on
the complexity of the wound (Berk et al., 1992). The superficial wound is related to the
loss in the dermal layer, while the complex wound is related to severe tissue loss. The
complicated wound is the name of a complex infected wound (Kendrick et al., 1982;
Serensen et al., 2002). As for the cause of the wound, it can be sorted into three groups:
traumatic, iatrogenic, and burn wounds. Traumatic wounds include abrasions, cuts, skin
tears, and bites (Khan and Naqvi, 2006). latrogenic is an infected wound that is mainly
caused by surgeries. Burn wound is caused by thermal shock on the skin. Unfortunately,
burn wounds are prone to bacterial infection due to damage to macrophages and
neutrophils (Rodriguez et al., 1997). Contamination wounds are divided to clean wounds,
clean soiled wounds, contaminated wounds, and finally dirty wounds. A clean wound is
free of infection but might get infected by bacteria on the skin's surface. A
clean/contaminated wound refers to a wound on the respiratory or digestive tract that
hasn't lost tissue fluid. A contaminated wound does not contain exudate, while a dirty
wound does (Ambekar and Kandasubramanian, 2019). Wounds are classified into
abrasion, ulceration, incision, laceration, and degloving according to the mode of injury.
The abrasion wound comprises the epidermis subcutaneous layer, and blood leakage
indicates this type of wound (Ambekar and Kandasubramanian, 2019). Ulceration wound
includes wounds that take more than 6 months to heal because of different ulcer types.
(Markova and Mostow, 2012). An incision is a wound that occurs due to surgery, and
these types of wounds close within 6 hours (Dorsett-Martin, 2004). Laceration is a wound
that occurs due to skin contact with a blunt object or heavy swimming (Atiye et al., 2009).
Degloving occurs due to the skin rupture from the underlying fascia layer. In this case,
the wound-healing process is complicated due to edema and bleeding of the underlying
tissue (Hudson et al., 1992). Wounds can be classified based on the color of the
contaminated tissue. Necrotic tissue is defined as black, infected tissue as green, drooping
tissue as yellow, granulation tissue as red, and epithelial tissue as pink (Gizaw et al.,

2018). Figure 2.4 summarizes the classification of wounds.
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Figure 2.4. Classification of wounds

After the skin structure is ruptured, its functions and structure should be re-established
quickly to ensure body homeostasis. After a skin injury, the wound-healing process starts
to prevent the risk of bacterial contamination (Mihlstadt et al., 2012). Wound healing
happens in four phases; hemostasis, inflammation, proliferation, and remodeling (Figure
2.5) (Ambekar and Kandasubramanian, 2019). In hemostasis, a fibrin clot forms
preventing blood loss and microbial contamination through vasoconstriction (Thiruvoth
et al., 2015). This step is the initial response to skin injury that occurs by accumulating
platelets and inflammatory cells that bind to a structural protein like collagen in the
extracellular matrix (ECM). Platelets can secrete various proteins to aid the next stages
of wound healing and enhance the regeneration of platelets and growth factors (Ambekar
and Kandasubramanian, 2019). The inflammatory phase commences nearly at the same
time as hemostasis, and it includes the activation of neutrophil monocytes, macrophages,
and lymphocytes that give a specific response to microbes (Thiruvoth et al., 2015). The
inflammatory phase has observable signs because mast cells release enzymes and
chemicals such as histamine, which dilates blood vessels and might cause redness,

swelling, a sense of itchiness, or other signs (Bielefeld et al., 2013). During the migration
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and proliferative phase, fibroblasts that move to the wound location transform into
myofibroblasts. This process promotes ECM and the formation of new blood vessels by
producing the components of extracellular matrix such as hyaluronic acid, fibronectin,
proteoglycan, and collagen (Thiruvoth et al., 2015). Maturation or remodeling is the final
stage of wound healing. All activated processes are terminated at this stage (Morgado et
al., 2015). The last step starts 2 weeks after injury and persist for over than 1 year. Sweat
glands and hair follicles cannot heal after severe wound damage. Endothelial cells,
macrophages, and myofibroblasts leave the wound site, and the remainder undergo
apoptosis. As the small arterioles merge into larger blood vessels, the metabolic activity
involved in wound healing declines. Ultimately, the wound is mended through a
combination of apoptosis, cell migration from the wound site, and the breakdown of the
extracellular matrix by matrix metalloproteinase. (Ambekar and Kandasubramanian,
2019).
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2.4. Burn Wounds

The WHO defines a burn as an injury that affects the skin or other organic tissues and is
predominantly caused by exposure to heat, chemicals, radiation, electricity, radioactivity,
or friction. Burns are the most common soft tissue injuries, and sometimes they may result
in death. They can also cause severe mental and emotional discomfort due to skin
contractures and excessive scarring. Treating burns has always been a problematic
medical obstacle (Oryan et al., 2017). Some critical functions of the skin are restricted by
thermal injury. Surviving a severely burned patient needs immediate access to a burn care
unit. Immediate burn response and constant treatment are designed to relieve systemic
changes resulting from acute skin disruption. In burn wound treatment, tremendous
attention is paid to preventing fluid loss, maintaining body temperature homeostasis in a
constant normal range, relieving severe pain, and preventing infection (Church et al.,
2006).

Two parameters classify burns, the percentage of total body surface area affected
(TBSA%) and the burn depth. Knowing the burn type helps to determine the patient's
nutritional needs and the strategy of treatment (Rnjak et al., 2011). Burns are classified
as first, second, third, and fourth-degree burns depending on the depth of the burn (Figure
2.6). First-degree burns usually occur when only the epidermis is damaged (Hermans,
2005; Rnjak et al., 2011). Second-degree burns happen when the epidermis and part of
the dermis are damaged. Second-degree burns are subdivided into superficial and deep
dermal burns. Superficial second-degree burns have moist surface because of the plasma
that leaks from the burned area, whereas scarring is less common in these burns. Pain is
more severe in deep dermal burns. The burn may develop into a third-degree burn if
infection develops (Evers et al., 2010). Third-degree burns occur when the epidermis,
dermis, and hypodermis are wholly destroyed. Re-epithelialization in third-degree burns
depends on the disruption of the dermis, the proportion of burned hair follicles and sweat
glands, and the degree of infected areas (Evers et al., 2010). Fourth-degree burns are
wounds where the burned area extends to reach underlying tissues such as tendons,
muscles, and bones. These burns are painless since the nerve terminals are destroyed.

Nevertheless, these burns are rare and often fatal (Hermans, 2005; Parrett et al., 2006).
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Figure 2.6. Types of burns based on the affected skin layer

Moderate treatment is usually sufficient for first-degree and superficial partial-thickness
burns, which tend to heal with minimal scarring. In contrast, full-thickness and deep
dermal partial burns tend to heal with scarring and frequently require prolonged scar
management and multiple reconstructive surgeries. After a third-degree or deep burns,
the body may exhibit a range of responses, including loss of nutrients and fluids,
electrolyte imbalance, respiratory system failure, multi-organ and/or heart failure, and

immune system suppression (Wang and Kimble, 2010).

Thermal injury releases large amounts of proinflammatory cytokines and chemical
mediators, that include arachidonic acid, histamine, coagulation step products, and
oxygen-free radicals. These burns induce an escalation in vascular permeability, which
can result in hypovolemia and acute renal failure. Subsequently, wound infection and
bacterial translocation from the gastrointestinal tract can further contribute to the
development of sepsis. As a result, multiple organ failures and death occur (Church et al.,
2006). Many physiological features of the burn environment are susceptible to infection
and resistant to conventional antibiotic treatment. In burns, proteolysis and lipolysis are

upregulated. An evident increase in matrix metalloproteinases (accompanied by a decline
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in inhibitors) provokes protein degradation, which facilitates the entry of microbes into
the tissue (Church et al., 2006).

Microbial species that colonize burns have a predictable time course. Gram-positive
bacteria that can even survive thermal shock, such as Staphylococci that is found deep in
the sweat glands and hair follicles, intensively colonize the wound surface within the first
2 days. After around 5-7 days, burns are colonized by the host's naturally found in upper
respiratory and gastrointestinal flora or other microbes found in the hospital. Yeasts and
fungi are the final colonizers (Church et al., 2006). Table 2.2 shows pathogens responsible
of burn infections and their drug-resistance formation (Dai et al., 2010). Due to the
susceptibility of the burn wound to bacterial infections, topical antimicrobial agents have
been used to prevent and treat burn wound infections. The necessity of developing these
agents came from the increasing multidrug resistance of the bacteria. Table 2.3 is a
summary of topical antimicrobial agents that are used for burn wounds to prevent
bacterial infection (Dai et al., 2010).
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Table 2.2. Pathogens responsible for burn infections (Dai et al., 2010)

Gram-positive
bacteria

Coagulase-negative Staphylococci

Enterococcus species

Vancomycin-resistant Enterococci

Group Species Drug Resistance
S. aureus -
MRSA By definition

MRSA increasing

By definition

Gram-negative

P. aeruginosa
E. coli
Klebsiella pneumoniae

Serratia marcescens

High innate resistance
ESBL increasing
ESBL increasing

Increasing

Alternaria species
Rhizopus species

Mucor species

bacteria Enterobacter species ESBL increasing
Proteus species ESBL increasing
Acinetobacter species Very common
Bacteroides species Uncommon
Herpes simplex virus -

Viruses Cytomegalovirus -
Varicella-zoster virus -
Cytomegalovirus -
Varicella-zoster virus -

i Fusarium species Common in agriculture
Fungi

Common in agriculture
Azole resistance

Azole resistance
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Table 2.3. Antimicrobial agents used in burn wounds (Dai et al., 2010)

Agent Class Specific Agent Application
Duoderm Clinical 2" degree burns
Trans-Cyte Clinical 2" degree burns
Omniderm Clinical 2" degree burns
Skin substitutes Suprathel Clinical 2" degree burns
Epigard Clinical 2" degree burns
SYSpur-derm Clinical 2" degree burns
Biobrane Clinical 2" degree burns
Xenoderm Clinical 2" degree burns

Topical antibiotics

Mafenide acetate
Bacitracin
Mupirocin
Neosporin
Polymyxin B
Nitrofurazone

Nystatin

Clinical 2"/3" degree burns
Clinical 2"/3" degree burns
Clinical 2"/3" degree burns
Clinical 2"/3" degree burns
Clinical 2"/3" degree burns

Clinical 2"/3" degree burns

Clinical 2"/3" degree burns, fungal

infections

Silver nitrate
Silver sulfadiazine

Silver foams

Flammacerium

Clinical 2"/3" degree burns
Clinical 2"9/3" degree burns

Clinical 2"9/3" degree burns

Clinical 2"Y/3" degree burns

Lipooal iodine, Repithel

locide

Silver Acticoat 7 Clinical 2"/3" degree burns
Aquacel-Ag Clinical 2"9/3" degree burns
Silvercel Clinical 2"/3" degree burns
Silver amniotic membrane  Clinical 2"Y/3" degree burns
Povidone-iodine Clinical 2"/3" degree burns
) Cadexomer iodine Clinical chronic wounds
lodine

Clinical 2" degree burns

Oral infections
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Table 2.3. Antimicrobial agents used in burn wounds (Dai et al., 2010) (continued)

TBO Mouse wound infections
PEI-ce6 Mouse burn infections (A. baumannii)
XF73 In vitro, ex vivo skin infection
Photodynamic BB6 In vitro, mouse wound infection
therapy Sylsens B Mouse burn infection S. aureus
DP/hemin Guinea pig burn infections S. aureus
Cat PC In vitro, veterinary infections
EtNBSe In vitro
Hyrogel Clinical 2" degree burns
Chitosan Film 2" degree burns in rabbits
Bandage Mouse burn infections
Defensins In vitro
Demegel Pseudomonas infected rat burns
AMPs Histone H1.2 Pseudomonas infected rat burns
Cecropin B Pseudomonas infected mouse wounds
rBPI Clinical 2" degree burns
Ceragenins In vitro

Miscellaneous

Chlorohexidine (LM
Miller)
Superoxidized water
BCTP nanoemulsion
FPQC

Acidified nitrite
Phage therapy
p38MAPK inhibitor

Probiotics, Lactobacillus

Honey
Essential oils
MEBO
Papaya

Infected rat burns, clinical trial

In vitro

In vitro

Mice burns, Pseudomonas
In vitro

Mice burns, Pseudomonas
Rat burns, Pseudomonas
Clinical trial, 2", 3" degree
Clinical trial, 2" degree

In vitro

Clinical trial, 2" degree

Clinical trial, 2", 3 degree




2.5. Wound dressings

The importance of wound healing has been acknowledged since ancient times due to
continuous wars and terrible living conditions. As the medical comprehension of wounds
developed, so did the healing ways, and different types of passive wound dressings started
to appear (Figure 2.7). Carl Reyher, a surgeon of the Russian military, brought up a
debridement for cleansing the wound from foreign bodies. In World War Il, many
dangerous weapons and ammunition were used, which increased the need for surgical
dressings that helped eliminate the infection. In 1955, a poly-HEMA based hydrogel was
synthesized by professors Wichterle and Lim (1960). Although passive dressings are
cheap and partially provide protection to the wound site, they can not systematically
deliver drugs nor respond to the changes occurring during the healing process. Active
dressings were developed to overcome this problem as they contain functional materials
such as antimicrobials to prevent infection (Van Hoorick et al., 2003; George et al., 2006;
Simdes et al., 2018).

460-370 1900 2000- Current In

B.C Progress
Mesopotamian . Ancient Greeks used Emersion of Developing Entrance of
cleaned wounds with 5 : s > Siastcaio
5 3a wine or vinegar for Traditional wound integrated drug multidisciplinary
water or milk prioir to :
; é cleaning the wound bandages loaded wound technology for
use dressing with Z 3 ) -
s site dressings by using design and
honey or resin 4 s as
Electrospining fabricating smart
Technology wound dressings

Figure 2.7. Timeline of wound dressings development over the years (Farahani and
Shafiee, 2021)

Wound dressings are prepared in different physical forms (sponges, membranes, films,
hydrocolloids or hydrogels) to allow the coverage of wounds, and each form has its
distinct properties. Choosing the proper wound dressing is very important to accelerate
the process of wound-healing and to prevent any further damage in the dressing-changing
process (Hayes and Su, 2011). The main functions of wound dressings are accelerating
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the wound healing process and protecting it from any external damaging factors such as
microorganisms (Simdes et al., 2018; Wang et al., 2018). In addition to the protection
function, wound dressings provide a moist environment and absorb the exudates and this
aids wound healing, especially in burn wounds (Jones et al., 2006; Queen et al., 2004).
The wound dressing can transmit gas by allowing oxygen to enter, aiding the wound
healing stages. Another essential function of wound dressings is that they can stop
bleeding and provide support for the skin. Nevertheless, an ideal wound dressing should
have the characteristics described in Figure 2.8 (Domb and Khan, 2014; Kokabi et al.,
2007).

Moisture
control

Gas
transmission

Exudate
removal

Infection
prevention

Mechanical

stability
ow

adherence to
skin

Ideal wound

Biocompatibility .
dressing

Biodegradability Wound

necrosis
reduction

Pain

efficiency alleviation

Non-toxicity

Figure 2.8. The features of ideal wound dressings

Wounds dressings can be classified into four types depending on their affinity to the
wound: smart, passive, interactive, and advanced dressings (Figure 2.9). These kinds of
dressings can be synthesized from synthetic and natural polymers. Passive
dressings consist of a fiber network that allows gas exchange due to their porous structure,
thus providing a suitable environment and protection to facilitate wound
healing. Interactive dressings consist of a synthetic polymer and a biological agent to give
an antibacterial characteristic to the dressing. Although it promotes wound healing and
controls bacterial growth, its usage is limited due to impurities and immunogenic

reactions. Liu et al. (2010) performed a study on a polylactide-polyglycolide
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(PLGA)/collagen nanofiber that showed a remarkable resemblance to human fibroblasts,
which eventually helped the wound healing hemostasis step. Drug-loaded nanofibers are
an excellent example of advanced dressings as they can stop bacterial infection due to
their ability to be loaded with a drug. The drug release profile depends on the type of
polymer that the matrix is synthesized of, crosslinking, swelling capacity, and the drug
itself. Soltanova et al. (2016) developed a coaxial polycaprolactone (PCL) based
nanofiber loaded with ampicillin as an antibiotic. The coaxial nanofiber had a more
controlled drug release rate (7% in 4 h) followed zero-order kinetics compared to blend
nanofiber (85% in 4 h). Smart dressings are unique for different types of sensors that help
surveil the wound while healing and other various functions. Pakolpakeil et al. (2020)
developed a SA/PVA-based nanofiber matrix and incorporated it with anthocyanins
extracted from natural sources. The halochromic nanofibrous matrix exhibited detectable
colors at pHs of 4.0-6.0 and 8.0-10.0, which align with the pH changes in the wound
healing stages in a short response time.

Passive dressing Interactive dressing
Synthetic polymer nanofiber

Natural/synthetic polymer

< Biological molecule
nanofiber Y

Z \ ~
< <
N\ Classification of X
Wound dressing
[Advanced dressing| [ Smart dressing|

Natural/synthetic polymer
nanofiber

Drug

°

A o

( ( < 7 e Drug Synthetic polymer ;@ﬁz{é“

\\ > nanofiber .,y ‘._\ S
\\ Flexible heater / C\K

Figure 2.9. Classification of wound dressings (Ambekar and Kandasubramanian, 2019)
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2.5.1. Antibacterial agents used in wound dressings
Antibiotics in wound dressings

Antibiotics can prevent bacterial infection in different ways; by inhibiting the cell wall
synthesis of a bacteria cell, obstructing its metabolic pathway, intervening in protein
synthesis, and inhibiting nucleic acid synthesis. Aminoglycosides, glycopeptides, beta-
lactams, sulphonamides, quinolones, and tetracyclines are antibiotics known to be used
in wound dressings (Table 2.4) (Simdes et al., 2018). Tandi et al. (2015) developed
PVA/cellulose-based hydrogels by freeze-thawing method and incorporated one with
ciprofloxacin and the other with Tridax procumbens plant extract. Hydrogels loaded with
both drugs showed almost similar swelling ability and antibacterial effect. In a study by
Chhibber et al. (2020), chitosan-based hydrogels containing moxifloxacin were
developed to treat S. aureus infected burn wounds. The novel hydrogel had Boswellia
gum and ethylenediaminetetraacetic acid (EDTA) and the drug. Drug release studies
showed that a burst drug release was exhibited in the first 60 minutes, then increased
linearly to 360 minutes. Both conventional and novel hydrogels were effective in
eliminating MRSA four hours post-infection treatment. The drug's minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) were determined

for S. aureus and were found to be 0.06 pg/ml and 78.13 pg/ml respectively.

Table 2.4. Antibiotic incorporated wound dressings (Simdes et al., 2018)

Antibiotic Wound Materials Tested bacteria
dressing
Ceftadizime Electrospun  SF/G P. aeruginosa
membrane
Film Collagen/CMGG/EDA S. aureus
Beta-lactams P. aeruginosa
Ampicillin Electrospun  PCL S. aureus
membrane K.pneumoniae
Hydrogel PVA/SA E. coli
Cefazolin Electrospun G S. aureus
membrane
Doxycycline Film Collagen/DHBA/GMs  P. aeruginosa
Tetracycline Membrane BC E. coli
Tetracyclines hydrochloride S. aureus
Hydrogel OAIg/CMCS/GMs B. subtilis
E. coli
S. aureus
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Table 2.4. Antibiotic incorporated wound dressings (Simdes et al., 2018) (continued)

Glycopeptides

Streptomycin  Electrospun  PU/CA/ZN E. coli
membrane S. aureus
S. typhimurium
V. vulnificus
B. subtilis
Hydrogel PVA/Cellulose S. aureus
E. coli
Gentamicin Electrospun CS P. aeruginosa
membrane S. aureus
E. coli
Neomycin Electrospun  PSSA-MA/PVA S. aureus
membrane E. coli
. . Ciprofloxacin  Electrospun  PVP; E. coli
Aminoglycosides membrane PU/Dextran B. subtilis
S. aureus
S. typhimurium
V. vulnificus
Levofloxacin  Sponge CS/PHEA MSSA
MRSA
P. aeruginosa
Norfloxacin Film CS S. aureus
B. cereus
E. coli
K. pneumoniae
Moxifloxacin  Electrospun  PVA/SA P. aeruginosa
membrane S. aureus
Sulfadiazine Film BC/SA; CS/CHI E. coli
S. aureus
Sponge CS E. coli
S. aureus
B. subtilis
Sulphonamides Electrospun  PCL/PVA S. aureus
membrane
Sulfanilamide  Fiber SA E. coli
S. aureus
Vancomycin Hydrogel SF/IGMs E. coli
S. aureus
Film SA/HNTSs/Gelatin . coli

E

S. aureus
S. epidermidis

S. aureus

S. haemolyticus
S. pneumoniae

S. pyogenes
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Nanoparticles as antimicrobial agents in wound dressings

Nanoparticles are preferred over classical antibiotics because of their broad-spectrum
activity against bacterial cells, and lots of side effects of conventional drugs can be
avoided using them (Salouti and Ahangari, 2014; Yang et al.,, 2017). Their main
disadvantage is that they can be dangerous to humans because they can easily penetrate
many biological barriers and disrupt healthy human cells (Bahadar et al., 2016; Sanyicens
and Marco, 2008). Khampieng et al. (2014) prepared y-irradiation cross-linked PVP
hydrogel and incorporated it with SNPs to create an antibacterial wound dressing. The 5
mM SNP-incorporated PVP hydrogel intercepted bacterial infection and boosted wound
healing. Silver nanocomposite SA/PVA hydrogels were synthesized by acrylamide
(AAmM) monomer graft polymerization onto SA and PVA by Ghasemzadeh and Ghanaat
(2014). Ammonium persulfate (APS) was used as an initiator, and finally, the hydrogel
was cross-linked with N,N-methylenebisacrylamide (MBA). Swelling tests showed that
the swelling ratio of the hydrogels could be affected by many factors; APS concentration,
monomer weight ratio, drying time and temperature, reaction temperature, and SA/PVA
weight ratio. As the alginate content increased, the hydrogels' water uptake capacity also
increased due to the hydroxyl and carboxyl groups found in alginate. SEM imaging
showed that the hydrogel's porosity increased distinctly with increasing SA content. From
the antibacterial activity tests, nanocomposite hydrogels exhibited an inhibitory effect
against gram-negative E. coli and gram-positive S. aureus cultures. MIC for E.coli was
31.25 pg ml™! and MBC was 125 ug ml™!, while for S. aureus, they were 250 pg ml™! and
1000 ug ml ™!, respectively. Table 2.5 shows other examples of nanoparticle incorporated

wound dressings (Simdes et al., 2018).
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Table 2.5. Nanoparticle incorporated wound dressings (Simoes et al., 2018)

Type of
nanoparticles

Wound
dressing

Materials

Tested bacteria

Iron oxide

Electrospun
membrane

CS/Gelatin

E. coli
S. aureus

Titanium dioxide
(TiOy)

Composite

Electrospun
membrane

CS/human
ECM sheet;
CS/PVP

PVA/Plur/
PEI

E. coli
S. aureus
B. subtilis

P. aeruginosa
E. coli

S. aureus

S. typhi

Zinc oxide (ZnO)

Hydrogel

Composite

Hydrogel

CS; SA/gum
Acacia

BC

Alginate

E. coli
S. aureus
B. cereus

E. coli

S. aureus

P. aeruginosa
C. freundii

E. coli
S. aureus
MRSA

Silver (Ag)

Sponge

Hydrogel

CS/HA SF/
CMCS

AMPS; PVP

K. pneumoniae
MRSA

E. coli

S. aureus

P. aeruginosa

S. aureus

P. aeruginosa
S. epidermidis
MRSA

E. coli

A. iwoffii

B. cereus

S. pyogenes

Natural product in wounds dressing

Many natural products that show an antibacterial effect have been used in wound
dressings. The products are natural polymers like CS and its derivatives, essential oils, or
even honey (Essa and Sukumar, 2012; Saleem et al., 2010). Saberian et al. (2021) have
prepared and characterized SA/CS hydrogels combined with honey (H) and aloe vera
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(Alv). Antibacterial studies showed that all hydrogels had an inhibitory effect against S.
aureus as a gram-positive bacteria and P. aeruginosa as a gram-negative bacteria. Alg-
CS-Alv-H hydrogel exhibited the best inhibitory impact for S. aureus (inhibitory zone
=23 mm) and P. aeruginosa (14 mm). In contrast, the basic hydrogel of Alg-CS showed
the lowest inhibitory effect for both bacterium types. Table 2.6 shows some wound

dressings incorporated with natural products exhibiting antibacterial effects.

Table 2.6. Wound dressings incorporated with natural antibacterial agents (Simoes et
al., 2018)

Natural products Wou_n d Materials Tested bacteria
dressing
Henna (Lawsonia Electrospun CS/PEO;gelatin/oxidized E. coli
inermis) membrane Starch S. aureus
Film CSs E. coli
St John's-wort EO S. aureus
(Hypericum Electrospun PCL E. coli
perforatum) membrane S. aureus
Composite PVA E. coli
S. aureus
B. subtilis
P. vulgaris
E. faecalis
Curcumin S. epidermidis
K. pneumoniae
E. aerogenes
P. mendocina
Electrospun CA/PVP S. aureus
membrane
Electrospun PLGA S. epidermidis
Aloe vera
membrane S. aureus
Electrospun PCL/PLA E. coli
Thymol
membrane S. aureus

2.6. Antimicrobial peptides

AMPs are a type of small peptides that are found in different organisms, starting from
prokaryotes to humans. The importance of AMPs can be attributed to their role in the
immune system (Diamond et al., 2009; Huan et al., 2020). AMPs have an inhibitory effect
against bacteria, viruses, fungi, and parasites. In addition, AMPs can facilitate wound
healing by encouraging cell migration and angiogenesis (Hashemi et al., 2018; Huan et

al., 2020). AMPs’ structure consists of a polar, cationic and hydrophobic parts (Hartman
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et al., 2010). The mechanism of action of AMPs is based on the initial, selective
electrostatic interaction between its positively charged groups and the negative groups of

the target membrane.

On the other hand, the hydrophobic part of the AMPs can not get into the membrane, and
when found in an adequate concentration, AMPs cause a disturbance in the membrane,
which ends in the death of the target cell (Ding et al., 2002). Rezaei et al. (2020)
incorporated an AMP, piscidin-1 in different concentrations into a thermo-responsive CS
hydrogel as a wound dressing. The swelling test showed that the water uptake increased
sharply in the first 4 h and reached a swelling equilibrium after 10 h. Drug release studies
showed that the hydrogels exhibited a burst release of more than 40% of the AMP on the
first day, which carried on for 7 days. Disk diffusion assay showed that the hydrogels
containing 4, 8, and 16 pg mI"t AMP exhibited an inhibitory effect against common strain
bacteria. Resistant A. baumannii was only inhibited by 16 ug ml* AMP containing

hydrogel.

AMPs can be classified based on activity, source, aminoacid-rich species and structural

characteristics into four main groups (Figure 2.10) (Huan et al., 2020).
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Figure 2.10. Classification of AMPs
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2.7. Ceragenins

Unfortunately, even with the tremendous antimicrobial inhibitory effects of AMPs and
their wound-healing characteristics, there are limiting factors that discourage their clinical
applications. Some of these factors include their large-scale production and high
expenses, vulnerability against bacterial proteases, problems in folding during the
production of large AMPs, and decreased activity while immobilizing (Bahar and Ren.,
2013).

Ceragenins are non-peptide mimics of AMPs that are synthesized from cholic acid which
is a bile acid (Epand et al., 2008). Ceragenins were first discovered by Li and Savage
(2009) and patented as a new antimicrobial agent for treating infections. Due to being
non-peptide-based, ceragenins are not hydrolyzed like AMPs by ubiquitous proteases.
Ceragenins are prepared and purified relatively straightforwardly, stable under
physiological conditions, and their antibiotic activities can be conserved even under long-
term storage in solution (Hashemi et al., 2017; Isogai et al., 2009). Those characteristics
make ceragenins unique and overtop AMPs. However, ceragenins have an amphiphilic
structure similar to AMPs which makes them also exhibit a similar inhibitory activity
against bacteria, lipid-enveloped viruses and fungi (Surel et al., 2014). In Figure 2.11, the

structures of selced ceragenins were given.
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Figure 2.11. Structures of selected ceragenins (Hashemi et al., 2018)

The initial structure of ceragenins was based on the presumption of the ability to bind
lipid A to polymyxin B (Ding et al., 2004). Lipid A, which is an amphipathic molecule,
serves as the lipid core of lipopolysaccharides (Scott et al., 2017). Three primary amines
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were bonded to cholic acid to mimic the arrangement of the primary amines in the
polymyxin B molecule. The basic structure of ceragenins has exhibited inhibitory activity
against E. coli. Later, it was concluded that adding lipophilic groups to the D ring of the
cholic acid increased ceragenins activity against gram-negative bacteria and granted it a
broad-spectrum antibacterial activity. This can be attributed to the ability of these
lipophilic groups to cause a disturbance in the bacterial outer membrane and eventually

pass it to the cytoplasmic membrane (Schmidt et al., 2001).

Furthermore, other methods were used to synthesize ceragenins in which the ether bonds
binding amines to the cholic acid were replaced with amide and ester groups. Most
resulting compounds exhibited less antibacterial activity than ceragenins with ether
bonds. Nevertheless, in ester-based compounds, ester groups were immediately hydrolzed
in water (Savage, 2001; Savage, 2002; Taotafa et al., 2000).

2.7.1. Mechanism of action of ceragenins

Like AMPs, ceragenins selectively interact with microbial membranes by ion pairing
between positively charged ceragenins and negatively charged bacterial cell membranes.
Also, ceragenins segregate bacterial endotoxins, which construct the membranes of gram-
negative and gram-positive bacteria (Bucki et al., 2005; Bucki et al., 2007; Wimley,
2010).

The association between ceragenin and the outer membrane is inadequate for cell death.
It also needs access to the cytoplasmic membrane. This can be achieved through the lipid
chain of ceragenins, consisting of at least 24 carbons. The interaction of ceragenins with
the cytoplasmic membrane causes the membrane to weaken, depolarize and eventually
cause cell death (Ding et al., 2004; Kichler et al., 2005; Pogoda et al., 2014). The
mechanism of action of ceragenins on viruses and fungi is not understood; however, some
fungal and viral cells treated with ceragenins showed changes in cell shapes or lipid

envelopes.

Antimicrobial activities of ceragenins have been studied on a wide range of drug-resistant
gram-positive and gram-negative bacteria. Results showed that ceragenins exhibited a

broad range of activity on both types of bacteria. As a result of these studies, it was
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concluded that ceragenins could be used for medical applications with the growth of
antibiotic-resistant bacteria (Schmidt et al., 2001; Wnorowska et al., 2015). Some tested
ceragenins showed antibacterial activity when compared with the antimicrobial peptide
cathelicidin LL-37. Table 2.7 shows MIC [MBC] pg ml™* of LL-37 and ceragenins
against tested strains associated with some oral infections (Leszczynska et al., 2013)

Table 2.7. Antibacterial activity of ceragenins against tested strains associated with oral
infections compared to LL-37 (Leszczynska et al., 2013)

Strains MIC [MBC] pg ml™
LL-37 CSA-13 CSA-90 CSA-92
Staphylococcus 14 [28] 0.7 [1.4] 0.7 [2.8] 0.75[0.75]
aureus
ATCC 29213
Streptococcus 14 [28] 0.7 [1.4] 0.7 [1.4] 1.5[3.0]
salivarius
ATCC 13419
Streptococcus 14 [28] 0.7 [0.7] 1.6 [1.4] 1.5[3.0]
sanguinis
ATCC 10556
Streptococcus 28 [28] 0.7 [1.4] 0.7 [1.4] 0.75[1.5]
mutants
ATCC 35668
Enterococcus 14 [56] 2.8 [2.8] 1.42.8] 8.0 [3.0]
faecalis
ATCC 29212
Moraxella 28 [28] 1.4[1.4] 0.7 [1.4] 0.35[1.5]
catarrhalis
ATCC 23246
Peptostreptococcus | 224 [224] 5.6 [5.6] 22.4 [22.4] 5.8 [11.7]
Anaerobius
ATCC 27337
Lactobacillus casei 224 [224] 22.4 [44.8] 44.8 [44.8] 46.8 [46.8]
ATCC 393
Fusobacterium 224 [224] 11.2 [22.4] 11.2 [11.2] 11.7 [23.4]
nucleatum
ATCC 25586

Due to the drug-resistant fungal pathogens, the antifungal activity of ceragenins was also
studied. Since AMPs exhibit antifungal activity, some ceragenins were tested compared
to LL-37 and other antifungal drugs against fungal strains (Durna$ et al., 2016; Zhang et
al., 2018). Table 2.8 shows MIC [minimum fungicidal concentration (MFC)] pg ml™* of
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ten clinical isolates of C. auris to chosen ceragenins and three major types of antifungal
agents (Hashemi et al., 2018).

Table 2.8. Ceragenins antifungal activity against C. auris compared to antifungal agents
(Hashemi et al., 2018)

MIC [MFC] pg mL™
Strains | CSA CSA CSA CSA Caspofungin Amphotericin Fluconazole
44 131 142 144
C.auris | 05 05 40 05 2.0 1.0 16
CDC381 | 1p0] [80] [321 [2.0] [64] [48] [>100]
C. auris 0.5 0.5 4.0 1.0 nm nm nm
CDC382 | 1401 [80] [24] [8.0]

C.auris | 05 10 20 10 32 1.0 64
CDC383 | 801 [10] [64] [8] [64] [32] [>100]
C. auris 0.5 0.5 4.0 1.0 nm nm nm

CDC384 | 1401 [40] [24] [8.0]

C. auris 0.5 0.5 8.0 1.0 nm nm nm
CDC385 | 116] [40] [32] [8.0]

C.auris | 05 10 40 05 2.0 2.0 64
CDC386 | 0] [80] [32] I[8] [64] [48] [>100]
C. auris 0.5 0.5 4.0 0.5 nm nm nm
CDC387 | go] [80] [32] [8]

C. auris 1.0 0.5 4.0 2.0 nm nm nm
CDC388 | 1g0] [40] [24] [8.0]

C. auris 0.5 0.5 4.0 1.0 nm nm nm
CDC389 | 0] [80] [24] [8.0]

C.auris | 05 05 40 10 2.0 4.0 64
CDC3%0 | 1g0] [40] [16] [8.0] [100] [64] [8.0]
Calbicans | 05 05 20 20 2.0 2.0 24

'ggogg [8.0] [40] [80] [8.0] [32] [100] [>100]

nm : not measured

36



These days most infections that include chronic wounds and cystic fibrosis pneumonia,
are thought to be caused by biofilms. Biofilms are groups of cells that form a cluster
through a protective extracellular polymeric membrane (Davey and O'toole, 2000). The
relatively small size of ceragenins enables them to pass through the extracellular
membrane of biofilms (Hashemi et al., 2017). Ceragenins, like AMPs, can also Kkill
bacterial and fungal cells despite their rapid growth, dividing, or being still (Olekson et
al., 2017).

CSA-13 was studied against the vaccina virus. It exhibited strong antiviral activity by
happened through aiming the viral envelope. A topical application of CSA-13 showed a
serious decrease in viral replication in epidermis of the infected mice (Howell et al.,
2009).

Ceragenins also have anti-parasite activity. The mechanism of action of AMPs has been
ascribed to direct contact with cell membranes. Some tested ceragenins (CSA-13, CSA-
44, CSA-131, CSA-138) showed great activity against T. vaginalis and metronidazole-
susceptible and resistant strains. However, CSA-13 has exhibited the highest activity
(Polat et al., 2016).

2.7.2. Medical applications of ceragenins
Contact lenses

Contact lenses are surfaces that are susceptible to pathogens and infections. To eliminate
the bacterial infection, AMPs were incorporated into them. Although this method was
successful at reducing bacterial colonization, it is hard to be applied due to the high price
of AMPs and their low thermal stability (Szczotka-Flynn et al., 2010). On the other hand,
ceragenins also defend against pathogens that can invade lenses while being cheaper.
Ceragenins have no chromophore groups and are soluble in the polymers that lenses are
made of, which are advantageous characteristics in producing contact lenses. Gu et al.
(2013) developed hydrogel lenses from lotrafilcon B silicone-acrylate prepolymers by
photosensitizing and irradiating under UV light for 1 min. CSA-138 was chosen to be
incorporated into the lens solution after a few other experiences with CSA-120. These

ceragenins inhibited bacterial infection for 15 days with P.aeruginosa and 30 days with S.
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aureus. Drug delivery studies of CSA-138 elution showed that concentrations of the
ceragenins were never higher than 5 pg/ml in 24 hours. After 4 days of elution,

concentrations decreased to <0.5 ug/ml, maintaining antibacterial activity.

Implanted medical device coatings

Infections after implants are common. To eliminate these infections, those implants need
a coating that releases a drug for a relatively long period. However, conventional
antibiotics added to the coatings can not protect the implants due to the formation of
biofilms. From here, ceragenins became necessary as they exhibit antibiofilm and
antibacterial activity without being affected by proteases (Hashemi et al., 2.18). Williams
et al. (2013) were the first to develop a CSA-13-incorporated polydimethylsiloxane
(PDMS) coating for a fracture fixation plate. Their study showed that CSA-13 had no
specific effect on PDMS physical properties. SEM imaging showed that CSA-13 has
evenly dispersed within the coating. Within 30 days, CSA-13 continued being released
from the coating, which protected the implant from forming biofilm and infections for
over 12 weeks. CSA-13 incorporated coating exhibited thermal stability, bone healing
effect, and no cytotoxicity. Another medical device that is susceptible to microbial
invasion is endotracheal tubes. Hashemi et al. (2017) developed a polyurethane (PU)-
based hydrogel coating and incorporated it with 10% CSA-131. The endotracheal tube
coated with CSA-131 incorporated PU was tested against MRSA, P. aeruginosa, K.
pneumoniae, C. albican, and C. auris. There was no trace of pathogens within 16 days,

and no biofilm was formed within 4 days.

Bone fractures

Since AMPs exhibit bone healing activity, this ability was also tested for CSA. Schindeler
et al. (2015) studied the effect of CSA on osteoblast differentiation and mineralization
and its bacterial inhibitory effect in a rat open fracture. CSA-90 showed the most suitable
activity. When CSA-90 was used synergistically with bone morphogenic protein-2, the
infection was eliminated, and the bone healing process was slightly impacted. On the
other hand, the open fracture left without CSA-90 observed a decline in health due to

infections usually caused by pathogens like S. aureus.
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Imaging infections

As ceragenins have exhibited an affinity towards bacterial membranes, several studies
were conducted to label them with imaging agents to image bacterial infections. Hoppens
et al. (2014) developed iron incorporated silver shell nanoparticle that is functionalized
with a monolayer of CSA-124 (DANs). MRI imaging shows that DANSs can successfully
adhere to and contrast S. aureus in vitro. DANs inhibited S. aureus at 12 mg/l and E.
coli at 24 mg/I, five times more effective than just silver. DANs can be further used to

diagnose and treat deep tissue infections, as concluded from these results.

Gastrointestinal diseases

The role of ceragenins in gastrointestinal diseases was mainly studied on H. pylori which
affect the world’s half-adult population, and C. difficile. In a study by Leszczynska et al.
(2009), CSA-13 bactericidal effect against H. pylori was compared to LL-37 and WLBU?2
peptides. The results showed that CSA-13 needs fewer concentrations to inhibit bacterial
activity after the same incubation time. However, H. pylori showed a slight resistance to
ceragenins due to cholesterol in the bacterial membrane. In another study performed by
Wang et al. (2018), the effect of CSA-13 on the infection caused by C. difficile
was investigated in a mouse model. Subcutaneous and oral administration of CSA-13
showed an inhibitory effect on C. difficile as its concentration decreased in mouse fecal
samples. However, the disadvantage of using CSA-13 in this application was the increase
of Peptostreptococcaceae bacteria which can be linked to the CSA-13 mechanism on C.

difficile that alters the intestinal microbiota.
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2.8. Hydrogels as wound dressings

Recent advances in wound dressings include synthesizing a non-invasive wound dressing
with the ability of a controlled release that promotes wound tissue regeneration with less
scar formation and the least possible pain (Andreu et al., 2015). One of the best wound
healing techniques to achieve the goals above is moist healing, suggested by George
Winter (Winter, 1995). Dressing types used these days are films, hydrocolloids, foams,
and hydrogels. Table 2.9 summarizes the advantages and disadvantages of those four
forms of wound dressings with some of their available commercial forms. Hydrogels
were the best choice compared to the mentioned forms of wound dressings due to their
ideal wound-dressing properties. However, hydrogels are mechanically unstable in a
swollen state (Kamoun et al., 2017).

Hydrogels have a high water absorption ratio depending on the cross-linking affinity of
the functional groups found in the three-dimensional polymeric matrix, such as amide,
amino, carboxyl, and hydroxyl groups (Miguel et al., 2014). Their high water content,
biocompatibility, easy removal, and mimicking characteristics of the living tissues make

them perfect candidates for an ideal wound dressing (Gupta et al., 2019).

Hydrogels play a significant role in wound healing by creating a moist environment that
facilitates healing and provides a soothing effect. In addition, hydrogels are easily
removed due to their limited adhesion, making them less painful and traumatic for
patients. Hydrogels can also be enhanced by incorporating a drug or an active
biomolecule, as they can release those two in a controlled manner (Gupta et al., 2019).

Due to all these properties, hydrogels are used globally in various types of wounds.
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Table 2.9. Summary of four types of wound dressings (Kamoun et al., 2017).

Type of dressing

Characteristics

Cautions

Proprietary products

Film dressings

*Polyurethane films with an adhesive to hold the
dressing

*Create moist healing environment

* Elastic, durable and conformable
*Waterproof and transparent
*Semi-permeable to water vapour and gases
*Impermeable to bacteria

*Impervious to liquids such as wound fluid
*No secondary dressing required

*Being non-absorbent, limited
use for highly exuding
wounds

*Being adhesive, newly
formed epithelium could be
disrupted during removal

*Frequently develop leakage
channels

Opsite® Films (Smith &
Nephew)

Tegaderm™ (3M™, UK PIc.)

Mepitel®Film (Molnlycke
Health Care Limited)

Hydrocolloid
dressings

 Moist wound dressing
* Capable of absorbing wound exudate

* Usually made of polyurethane film with an
adhesive mass

 Adhesive mass is often composed of gelatin,
pectin and sodium carboxymethyl cellulose
(CMC) which swells on absorbing exudate

* Impermeable to water and gases

» Not indicated for infected or
heavy exudating wounds

* Being opaque difficult to
follow the healing process
without prior removal

* May produce a distinct
odour at wound site

DuoDERM® (ConvaTec
Inc.)

3MT™ Tegaderm™
hydrocolloid dressing

(3M™, UK PIc.)
Replicare ® (Smith and
Nephew)
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Table 2.9. Summary of four types of wound dressings (Kamoun et al., 2017) (continued)

Foam dressings

*Bilaminate (or trilaminate) moist wound
dressing with varying thickness

* Excellent absorption capacity
* Can expand and conform to wound shape
* Easy to remove

 Can be loaded with antimicrobials and other
active agents

*Not suitable for low
exudating wounds

* Frequent change may be
required for heavy exudating
wounds

* May cause maceration on
saturation with exudate

Mepilex® and

Mepilex Ag®
(Molnlycke Health Care)

Allevyn (Smith and
Nephew)

Aquacel® (ConvaTec Inc.)

Cutimed® Siltec B (BSN
medical Inc.)

Biatain® Silicone Ag
(Coloplast Ltd.)

Hydrogel dressings

*Insoluble aqueous gels as moist wound dressing
* Moisture retention and donation properties
« Usually non-adhesive so easy to remove

» Can be loaded with antimicrobials and several
active wound healing agents

* Can be smart and stimuli responsive

* Can be injected
« Can be cross-linked in situ

» Some hydrogels are
mechanically weak in swollen
state, but mechanical
properties can be enhanced by
copolymerisation with
appropriate polymer(s).

* May cause maceration after
accumulation of exudate

* May require secondary
dressing

Purilon® Gel (Coloplast
Ltd)

Derma-Gel (Medline Ind.
Inc.)

Intrasite® Gel (smith & Nephew)




Burn wounds damage the skin's protective function, making it susceptible to many
infections and complications. As a result, a primary treatment for the burn wound is
needed, especially for patients incompatible with skin grafting. As hydrogels have various
wound healing properties, such as providing moisture through swelling, being non-
adherent, and mimicking the natural ECM of the skin, they are considered to be the most
suitable dressings for burn wounds (Dhaliwal and Lopez, 2018; Stoica et al., 2020).
Figure 2.12 explains the uses of hydrogels in burn wound care (Madaghiele et al., 2014).

Hydrogels for
burn wound care
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First aid Primary wound Skin regenerative
treatment dressings templates
-Temperature Promoting wound Partial skin Full skin
decrease closure synthesis synthesis
-Pain reduction ‘
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Figure 2.12. Hydrogels in burn wound care

Nevertheless, most hydrogels can not terminate pathogens threatening wound healing.
Due to this, hydrogels loaded with different types of antimicrobial agents are being
developed to enhance the efficiency of the wound-healing process (Kaur et al., 2019;
Francesko et al., 2018). Table 2.10 summarizes some examples in the literature of

hydrogel dressings used for partial and full-thickness burns (Madaghiele et al., 2014).
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Table 2.10. Examples of hydrogel dressings that are used for partial and full thickness
burns (Madaghiele et al., 2014).

Burn Depth

Partial-thickness

Hydrogel precursor(s) Additional
component(s)

AMPS/PEGDA —

AMPS Silver nanoparticles

Chitin ZnO nanoparticles

Chitosan —

Keratin —

Laponite®/alginate Mafenide

PVA/chitosan Silver sulfadiazine

PVA Silver nanoparticles

PV A/lysine/vanillin

PVP/PEG

Honey

PVP/PEG

Sea cucumber

Self-assembling peptides

Full-thickness

Chitosan

Chitosan/collagen

Lysostaphin

Collagen/PEG/fibrin

Dextran/PEGDA —

Dextran Chitosan microparticles
with EGF and VEGF

Hyaluronan —

Some polymers have been frequently used in synthesizing hydrogels due to their unique

characteristics, such as their biocompatibility, porosity, and biodegradability. PVA, SA,

and G usage in hydrogel synthesis have increased as single-component or mixed

components hydrogels.

PVA s a linear synthetic polymer prepared by hydroxylation of polyvinyl acetate.

Hydroxylation can be complete or partial, and its amount regulates the yielding PVA's

physical, chemical, and mechanical properties (Tubbs, 1966). For example, the higher the
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degree of hydroxylation of PVA, the less soluble it becomes in water and the more
challenging to crystallize (Jones, 1973). The structure of PVVA can be seen in Figure 2.13.

o Xy

Vinyl alcohol

OH

n

Repeating unit for Polyvinyl Alcohol

Figure 2.13. Polyvinyl alcohol

PVA has unique characteristics that make it preferable for medical uses. While PVA is
very soluble in water, it is insoluble in most organic solvents. It has low protein
adsorption, high biocompatibility, and good chemical resistance (Baker et al., 2012). Due
to its properties, PVA has been used in many medical applications, such as eye drops,

contact lenses, tissue adhesion barriers, embolization particles, and nerve cuffs.

As a hydrogel, PVA has been used in injectable implants, artificial organs, drug delivery
systems, aesthetic surgeries, and wound dressings (Hassan and Peppas, 2000). In
hydrogels, PVA is preferred to be blended with other polymers due to its relative stiffness

and insufficient water uptake (Kamoun et al., 2015).

In a study by Oliveira et al. (2015), a propolis-loaded PVA hydrogel was synthesized by
the freeze-thawing method for burn wound healing applications. All the hydrogels
containing different concentrations of propolis exhibited a maximum swelling degree
near 400% in 4 days in both PBS and aqueous solution at pH 4.0. Based on the drug
release studies, high propolis release in the initial hours was observed, and the cumulative
release reached constant values up to 1 day of immersion. P\VA—propolis gels with
concentrations of 15% propolis or more had an inhibitory effect against S.
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aureus. Varguez-Catzim et al. (2021) developed a bilayer hydrogel membrane from PVA
and poly (2-acryloamido-2- methyl-1-propanesulfonic acid) (PAMPS) and cross-linked
it with succinic acid for wound dressing applications. Cell cytotoxicity studies showed
that all membranes did not exhibit any cytotoxic effect. The antimicrobial activity test
showed that PVA/PAMPS membranes exhibited an inhibitory effect against E. coli and S.
aureus, which increased by increasing PAMPS ratio in the blend. Tamahkar et al. (2020)
developed a multilayer hydrogel of four layers for wound dressing applications. The
layers comprised of carboxylated polyvinyl alcohol, gelatin, hyaluronic acid (HA), and
gelatin. The HA layer was loaded with an ampicillin antibiotic. The degradation test
showed that the hydrogel exhibited a degradation with good stability that lasted for 15
days. The results of the drug release study showed that the hydrogel had a burst release
of 34.5% within 6 h. Within seven days, the hydrogel has exhibited a release of almost
65% of the total ampicillin, which marks the ability of these hydrogels to achieve a long-
term drug release profile.

G is a heterogeneous mixture of multi-stranded or single polypeptides derived from
hydrolyzed collagen protein with thermal, acid, or alkaline treatment. It contains between
300-4000 amino acids (Figure 2.14) (Liu et al., 2015; Harrington and VVon Hippel, 1962).

o 0 o o)
I w I |~
G—N—DH—G—N—?H—C——N—?H—G— N}

OH

H ﬁ H ﬁ )‘* ‘:3H? . e HT
g OH-C N CH-C N\j G cH ﬁ N CHl|:|} N/j
CH; H CHo C=0 o) 0 W
A [ -
(|:=NH? ©
Ny

Figure 2.14. General structure of gelatin

Due to the biocompatibility, low cytotoxicity, biodegradability, low antigenicity, and the
ability to facilitate cellular growth and attachment, G has been used for several
applications such as drug and gene delivery, tissue engineering, wound healing, food

industry, and cosmetic industries (Suarato et al., 2018).
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In wound dressing, G has been widely used due to its previously mentioned properties.
In addition, it can absorb 5-10 times the water of its weight, which enables it to absorb
wound fluids and debris. Its resemblance to the extracellular matrix has made gelatin an
excellent candidate for wound dressing (Ye et al., 2019). However, G has some
limitations as it has low flexibility and water solubility. These limitations can be resolved
by cross-linking and/or mixing it with another polymer (Inal and Miilazimoglu., 2019).
For instance, a work performed by Stubbe et al. (2019) where G and SA polymers were
modified by photo cross-linkable functional group methacrylamide (MAA) and combined
them to develop hydrogel films (G-MAA/SA-MAA) for burn wound treatment. The G-
SA films showed increased swelling compared to the G hydrogel due to the extreme
swelling potential of alginate. Imtiaz et al. (2019) prepared Nigella sativa seeds
encapsulated PVA/G hydrogel by esterification followed by solvent casting. PVA and G
were cross-linked in the presence of hydrochloric acid (HCI). Further, the loaded hydrogel
was found to have the same swelling ability as the control hydrogel. Loaded hydrogel
exhibited an inhibitory effect against the gram-negative P. aeruginosa and the gram-

positive S. aureus.

Alginate is an anionic polymer usually derived from brown seaweed processed with alkali
solutions, generally with sodium hydroxide (NaOH). The extract was added with calcium
chloride (CaCly) or ether sodium (Smidsred and Skja, 1990). Alginate consists of linear
copolymers containing blocks of a-L-guluronate and (1,4)-linked B-D-mannuronate
residues. The blocks are arranged in a certain way, either consecutive or alternating.
Alginates usually differ in these arrangements based on the source they were extracted
from (Figure 2.15) (Lee and Mooney, 2012).
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Figure 2.15. Alginate structure

In hydrogel preparation, it is believed that only the a-L-guluronate blocks of alginate
participate in intermolecular cross-linking with divalent cations (e.g., Ca®*) (George and
Abraham, 2006).

Alginates have been wused in various biomedical applications owing to their
biocompatibility, gelation ability, low toxicity, swelling capacity, and resemblance to the
extracellular matrices. Alginates are widely used in wound healing, delivery of drugs and
proteins, in addition to cell transplantation. Alginates are used in wound dressing
applications because they preserve a moist environment, inhibit bacterial infections to
some extent, and accelerate the wound healing process. The release of drugs and proteins

in a controlled way can be achieved via the cross-linking (Lee and Mooney, 2012).

Sodium ampicillin incorporated PVA/ SA hydrogel membranes were developed by
Kamoun et al. (2015) for wound dressing application. Hydrogels were prepared by the
freeze-thawing method after mixing different ratios of PVA and SA solutions. Burst
release of ampicillin was observed from drug release studies as it reached 38-45% in the

first 15 min. This was ascribed to ampicillin dispersal, which was close to the hydrogels’
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surface. The drug release behavior did not significantly increase after 6 h. It was found
that the addition of SA decreased the percentage of the released drug. From the swelling
test, it was found that the hydrogels which had no SA, presented lower water uptake of
1500%. After increasing SA content to 75%, it increased to 4200%.

In a study by Nuutila (2020), an antibiotic containing alginate hydrogel was prepared by
lyophilization to be used cooperatively with a platform wound device (PWD). The added
antibiotics were gentamicin, minocycline, and vancomycin, each into a different
hydrogel. Porcine studies showed that using alginate hydrogels containing a high
concentration of antibiotics with PWD decreased the number of bacteria and depth of the
burn compared to the control. Results also showed no toxicity or adverse effects exhibited
in any animals during or after treatment. From the drug release studies, all hydrogels
exhibited burst release kinetics as most of the drugs were released into the supernatant

within the first few hours.
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3. MATERIALS and METHODS

3.1. Materials (Chemicals)

Table 3.1. Chemicals used in this study.

Chemical Brand Code
Polyvinyl alcohol Aldrich 363081
Sodium alginate Sigma A2033
Gelatin Sigma G2500
Gluteraldehyde Merck S5223003
Acetone Merck 1462812
Hydrochloric acid Merck K47224017
Chloroform Merck K48774144
Benzoic anhydride Aldrich 385980
Triethylamine Merck S4940052
Methanol Merck K27693618
Sodium chloride Merck K37352804
Potassium chloride Merck K47220436
Disodium hydrogen phosphate (Na2HPO.) Sigma-Aldrich 04272
Potassium dihydrogen phosphate (KH2PO4) Ph.Eur. 26922.295
Phosphorus pentoxide Riedel-de Haen 04113

3.2. Methods
3.2.1. Preparation of PAG hydrogel

Firstly, the composition of PVA/SA/G hydrogel was investigated. For this purpose, PAG
hydrogels were prepared by solvent-casting method using different polymer ratios. A
solution of 10% PVA (w/v) was prepared by dissolving PVA in deionized water using a
water bath at 90 °C. In the same way, solutions of 2% SA (w/v) and 5% G (w/v) were
prepared and dissolved in a water bath at 40 °C. PVA, SA, and G ratios used to prepare
hydrogels are given in Table 3.2. After the preparation, 18 ml of each PAG mixture was
poured into petri dishes of 9 cm in diameter. The hydrogels were dried at 37 °C for a

night.
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Table 3.2. The PVA, SA and G ratios used for hydrogel preparation

Hydrogel/Polymer PVA SA G
PAG1 1 1 1
PAG2 1.5 0.5 1
PAG3 0.5 15 1
PAG4 0.5 1 1.5
PAGS 1.5 1 0.5
PAG6 1 0.5 1.5
PAG7 1 15 0.5

The prepared hydrogels, PAG1, PAG2, PAG3, PAG4, PAG5, PAG6, and PAGT7 were
cross-linked with glutaraldehyde solutions (v/v) prepared at different concentrations
(0.5%, 0.375%, 0.1875%, 0.125%) for 5 minutes and tested for swelling and hydrolytic
degradation. PAG1, PAG4, and PAG6 hydrogels were cross-linked with 0.375% GA
solution to investigate the cross-linking time for 10 min, 20 min, and 30 min.

3.2.2. Swelling and hydrolytic degradation tests

The swelling test was performed at room temperature in distilled water. For this purpose,
the dry weight of the hydrogels was determined, then the hydrogels were soaked in 30 ml
of distilled water. The wet hydrogels were weighed after the excess water was carefully
removed. By weighing the wet samples at certain time intervals, the time of the swelling

equilibrium was determined. Swelling (%) was calculated using Equation 3.1.
Swelling % = == x 100 (3.1)

where Wi is the dry weight (g) and Ws is the wet weight (g).

The hydrolytic degradation test was performed at room temperature in distilled water.
Hydrogels’ initial weights were taken, and then the degradation rate was determined at
different intervals by drying the soaked hydrogels’ pieces and weighing them. The
degradation test was carried out for one month. Degradation (%) was calculated using

Equation 3.2.
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Degradation% = % x 100 (3.2

4

where Wi is initial dry weight (g), W4 is the dry weight after being soaked in the water.

3.2.3. Preparation of PAG-CSA hydrogel

Considering the results of optimization studies, PAG6 hydrogel formulation was selected
to prepare PAG-CSA hydrogel. The hydrogel mixture PAG was prepared by mixing
PVA, SA, and G in the ratio of 2:1:3, respectively. PVA and SA were mixed for 2 h, then
G was added and left to mix all overnight. The next day, CSA-44 was added with a ratio
of 1.77% (w/w) and left to mix in the hydrogel solution for half an hour until it totally
dissolved. The solution was divided into 6-well plates (d=3.5 cm each well), which were
previously coated with glycerol, by pouring 2 ml of the mixture into each well. The final
CSA-44 incorporated hydrogel PAG-CSA was left in the deep freezer section of the
lyophilizer overnight (Figure 3.1). The next day, 6-well plates containing PAG-CSA
hydrogel mixtures were lyophilized for 24 hours using MCGS lyophilizer in Bursa

Uludag University, Chemistry Department, Biochemistry Research Laboratory.

PAG-CSA Hydrogel

\_ PAG-CSASoltion /

Figure 3.1. PAG-CSA hydrogel lyophilization process
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PAG and PAG-CSA hydrogels were cross-linked in 0.125% (v/v) GA solution for 20
min. The solution was prepared by mixing GA and HCI in acetone as a solute. PAG and
PAG-CSA hydrogels were washed in acetone and dried in a refrigerator (4 °C). After that,
the lyophilized hydrogels were stored in a desiccator containing phosphorus pentoxide in

the fridge for further usage.

3.2.4. Characterization og PAG-CSA hydrogel

The characterization studies for lyophilized PAG and PAG-CSA (cross-linked and non-
cross-linked) were conducted by Fourier Transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), and mercury porosimetry, Swelling (%), hydrolytic
and enzymatic degradation (%), dehydration, water vapor transmission rate (WVTR), air
permeability, tensile strength, water contact angle (WCA) and thickness of the

lyophilized hydrogels were also determined.

Fourier transform infrared spectroscopy (FTIR) analysis

FTIR analysis of PAG and PAG-CSA (cross-linked and non-cross-linked) was conducted
in a frequency range of 400-4000 cm™. The analysis was performed by FTIR
spectrophotometer with ATR apparatus (Perkin Elmer Spectrum 100 Waltham, MA,
USA).

Scanning electron microscopy (SEM) analysis

The morphological features of the prepared PAG and PAGS-CSA hydrogels were
determined by SEM analysis. The SEM images of cross-linked PAG and non-cross-linked
and cross-linked PAG-CSA were taken by SEM at different magnifications. In addition,
the cross-section of the cross-linked PAG-CSA structure was visualized by SEM. CSA-
44 integration was demonstrated by analyzing the cross-linked PVA/SA/G lyophilized
hydrogel with and without CSA-44 by SEM-EDX. SEM analyses were carried out at
Bursa Technical University using GeminiSEM 300.
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WCA measurement

The WCAs of PAG and PAG-CSA cross-linked hydrogels (1x1 cm) were measured using
a contact angle instrument (KSV attention Tetha, Hamburg, Germany) in Bursa Uludag
University, Chemistry Department, Biochemistry Research Laboratory. The sessile drop
method was used to measure the contact angle. The contact angle was determined by
taking 40 separate photos of the water drop from different parts of the hydrogels' surfaces

utilizing the instrument's software.

Mercury porosimetry analysis

The cross-linked PAG-CSA hydrogel's porosity and pore size distribution was
determined through mercury porosimetry analysis using Quantachrome Corporation,

Poremaster 60. The applied pressure was 25000 psi.

Thickness measurement

The thickness of the PAG and PAG-CSA, both cross-linked and non-cross-linked
hydrogels, was determined using an Insize brand digital micrometer. The thickness was
measured from 15 different points of the hydrogel, and the average was calculated with
the standard deviation value. The thickness measurement was performed in Bursa Uludag

University Textile Engineering Department Research Laboratory.

Tensile test

To prepare PAG and PAG-CSA hydrogels for analysis, 12 ml of PAG and PAG-CSA
hydrogel solutions were separately poured into plastic petri dishes (d = 9 cm) and
lyophilized as previously described. The hydrogels were cross-linked by 0.125% GA
solution for 20 min and left to dry in the lyophilizer. Samples were sprayed with distilled
water prior to analysis. The tensile strength test was performed using a Shimadzu AG
Xplus brand mechanical strength test device in Bursa Uludag University, Textile
Engineering Department Laboratory. Samples with dimensions of 20 mm X 25 mm were
placed between the test device's grips and pulled until they broke using a 50 N load cell
at a jaw speed of 15 mm/min with a distance of 25 mm between the grips. This test was
based on the ASTMD 3822 standard. The test was repeated three times, then the mean

and standard deviations were calculated. The elongation and stress values at the maximum

54



point were determined, and the tensile stress (TS) at the maximum point was calculated
using Equation 3.3.

TS == (3.3)

AR
where F (N) is the break force of the film and Ar (m?) is the cross-sectional area.

Air permeability test

To determine the air permeability of cross-linked PAG and PAG-CSA hydrogels, SDL
ATLAS MO021A Air Permeability Tester located in Bursa Uludag University, Textile
Engineering Laboratory was used. The test area was 5 cm?, and the pressure applied was
98 Pa, based on the BS 5636 standard. Measurements were repeated three times, and the

mean and standard deviation were calculated.

WVTR test

The water vapor transmission test was applied using the E96-00 standard method at 37
°C and 85% relative humidity (ASTM E 96-95, Annual Book of ASTM,1995). The cross-
linked PAG-CSA was cut into a circle (d=1.35 cm), placed on the mouth of a 1.35 cm
diameter glass bottle containing 10 ml of pure water, and weighed all together. Then, the
bottle was kept in a desiccator containing saturated ammonium sulfate solution at 37 °C
for 24 hours. The bottle was weighed again after 24 h, and the WVTR (g/m?/day) was
calculated using Equation 3.4. The experiment was repeated three times.

Wo—-Wyg

WVTR =
106

(3.4)

Where W, is the weight of the bottle with hydrogel before keeping it for 24 h and Wys is
their weight after 24 h.
Dehydration test

The dehydration test was conducted by soaking cross-linked PAG and PAG-CSA
hydrogels in pH 7.4 PBS solution until they had reached the swelling equilibrium time.
Then wet hydrogels were incubated at 37 °C. After that, the weight of the hydrogels was
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measured during definite time intervals until it completely dried out. The test was
repeated three times. Dehydration% was calculated using Equation 3.5.

Dehydration % = % x 100 (3.5)

where Miis the initial weight of the wet hydrogel, M is the weight of the wet hydrogel at
time t, and M is the water content of the hydrogel.

Swelling test

The swelling test for the cross-linked PAG and PAG-CSA hydrogels was performed in
PBS solution of pH 7.4 at 37 °C. For this purpose, first, the dry weight of the hydrogels
was determined, then the hydrogels were soaked in a 30 ml pH 7.4 PBS buffer. The wet
weight of the hydrogels was determined after the excess buffer solution was carefully
removed. By weighing the wet samples at certain time intervals, the time of the swelling
equilibrium was determined. Experiments were repeated three times. Swelling (%) was

calculated using Equation 3.1.

Hydrolytic and enzymatic degradation tests

The hydrolytic degradation test of cross-linked PAG and PAG-CSA was performed by
soaking the hydrogels in 50 ml PBS solution of pH 7.4. 1% lysozyme enzyme solution
(50 ml PBS at pH 7.4) was used for enzymatic degradation. Hydrogels’ initial weights
were taken, and then the degradation rate was determined at different intervals by drying
the soaked hydrogel pieces and weighing them. The degradation test was carried out for
one month. This test was repeated three times. Degredation (%) was calculated using

Equation 3.2.

3.2.5. Drug release studies

In order to plot a calibration graph for CSA-44, solutions of 5, 10, 20, 50, and 100 mg/I
of CSA-44 were prepared. Since the CSA-44 molecule does not contain chromophore
groups, solutions were derivatized for High Performance Liquid Chromotography
(HPLC)-UV detection. For this purpose, benzoic anhydride (BA) was used. 1 ml of each
CSA-44 solution was firstly mixed with BA at a ratio of 10:0.25 (Solution: BA) (v/v) and
then triethylamine (TEA) at a ratio of 10:1 (Solution: TEA) (v/v) and incubated for 1 h at
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37 °C at a stirring rate of 100 rpm. Then, 1 ml of chloroform equal to the sample volume
was added, mixed, and the resulting mixture was centrifuged at 5000 rpm. Later, 800 pl
of chloroform phase was separated and dried with N2 gas. The samples were reconstituted
in 800 pl methanol prior to analysis using HPLC. In HPLC analysis (C3 column), the
mobile phase was acetonitrile/water, and the flow rate was 0.5 ml/min. A calibration
graph was plotted using the resulted values of the averages of 2 sets of solutions.

For drug release studies 0.02 g CSA-44 was added to 18 ml of PAG solution (1.77%
(w/w) CSA-44). The solution was then divided into well plates 2 ml each and lyophilized.
The hydrogel which was used for drug release studies weighed 0.1464 g and contained
2.69 mg CSA-44. The release studies from the PAG-CSA hydrogel were conducted using
5 ml of PBS buffer (pH 7.4) as a release medium. All samples were incubated at 37 °C at
a stirring rate of 90 rpm, and the release medium was replaced with fresh PBS (5 ml) at
each analysis time at certain time intervals. The amount of CSA-44 in the release medium
was determined by HPLC after each sample was derivatized. The derivatization technique
was the same that was used in the calibration graph preparation as 1 ml of the release
medium was taken at specific time interval then dervatized and analyzed using HPLC.
The HPLC analysis was conducted at SEM Research and Development Laboratories
using Agilent HPLC 1290 Infinity.

The cumulative release (%) vs. time plots of the CSA-44 release were prepared using the

obtained release data. Cumulative release (%) values were calculated using Equation 3.6.

Cumulative release% = % x 100 (3.6)

where W is the total CSA-44 amount released into the release medium at time t (g), and

W¢ is the total amount of incorporated CSA-44.

CSA-44 release kinetics was investigated using zero order, first order, Higuchi, and

Korsmeyer-Peppas kinetic models.
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4. RESULTS and DESCUSSION

4.1. Optimization of the PAG hydrogel composition

The hydrogels prepared at seven different compositions exhibited high swelling and
degradation ratios maintaining a fair mechanical stability when 0.375% (v/v) GA solution
was used for cross-linking (Table 4.1). PAG3 and PAG?7 hydrogels prepared with 0.375%
(v/v) GA solution have high swelling ratios, but they were mechanically highly unstable.
This can be attributed to the high SA content of these hydrogels. PAG2 and PAG5 had
the lowest swelling ratios. PAG1, PAG4 and PAG6 hydrogels crosslinked with 0.375%
GA solution were mechanically stable. The hydrolytic degradation ratios of PAG1, PAG4
and PAG6 hydrogels ranged between 67 % and 84 % for 1 month.

Table 4.1. Swelling (%) and hydrolytic degradation (%) of the crosslinked PAG
hydrogels (crosslinking time: 5 min)

Degradation (%) Swelling (%)

Hydrogels 0.5% 0.375% 0.187% | 0.125% | 0.5% 0.375% | 0.187% | 0.125%
PAG1 67 67 78 81 350 424 349 312
PAG2 64 79 72 81 249 208 228 2.6
PAG3 92 93 92 96 186 554 1096 967
PAG4 79 84 92 79 2608 1181 2373 1053
PAG5 92 85 94 95 428 338 401 367
PAG6 90 83 86 96 504 439 338 537
PAG7 94 86 95 95 185 414 297 342

To study the effect of crosslinking time on swelling and degradation profiles of the
hydrogels, PAG1, PAG4, and PAG6 hydrogels crosslinked with 0.375% GA solution
were selected because they had suitable swelling and degradation ratios, and they were
relatively mechanically stable. The crosslinking time intervals were set as 10 min, 20 min,
and 30 min. The obtained results are given in Table 4.2. As it can be clearly seen that
cross-linking time did not significantly affect the swelling behavior, but it caused an
increase in the degradation time for PAG1, PAG4, and PAG6. Additionally, PAG4
exhibited poor mechanical stability despite the high swelling ratio. Therefore, the cross-

linking time was determined as 20 min to use a lower amount of GA.
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Table 4.2. Swelling (%) and hydrolytic degradation (%) of PAG1, PAG4 and PAG6
hydrogels with different cross-linking time at 0.375% GA

Crosslinking time
Parameters Hydrogel
10 min 20 min 30 min

PAG1 398 338 247
Swelling (%) PAG4 734 1116 1070

PAG6 265 246 277

PAG1 69 67 67
Hydrolytic degradation (%) PAG4 55 64 72

PAG6 56 60 55

PAG1, PAG4, and PAG6 were also lyophilized at -75 °C for 24 h to improve both the
swelling properties and mechanical stabilities. The swelling ratios of PAG1 and PAG6
significantly increased after lyophilization because lyophilization enable to preparation
of hydrogels with more prominent pores. However, no significant difference was
observed for the swelling ratio of PAG4. Although lyophilized PAG4 had the highest
swelling ratio, it had poor mechanical stability even after lyophilization. As a result, the
lyophilized PAG6 hydrogel was the most mechanically stable, and its swelling ratio
improved enough (722%) after lyophilization, maintaining an excellent porous structure
(Figure 4.1). Thus, PAG6 formulation, including PVA, SA, and G in the ratio of 2:1:3,
was determined as the optimal hydrogel composition and used to prepare ceragenins
(CSA-44) loaded lyophilized hydrogel. The final cross-linking ratio with GA was
determined to be 0.125% for 20 minutes.
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Figure 4.1. The swelling ratios of PAG hydrogels prepared via solvent casting and
lyophilization methods (cross-linking time: 30 min)

4.2. Properties of PAG-CSA hydrogel
4.2.1. Chemical properties

The FTIR spectra of PAG and PAG-CSA hydrogel were taken for chemical
characterization before and after crosslinking with GA. The polymeric components of the
hydrogel were also investigated by FTIR analysis to ensure that all the polymers entered
the structure of the hydrogel. The FTIR spectrum of PVA is given in Figure 4.2. At around
3303 cm™, the hydroxyl group stretching can be seen. The absorption band at 2937 cm™
is referred to as the asymmetric stretching of the C-H alkyl group, while 2910 cm™ is
related to the symmetric stretching of C-H. The bands seen at 1714 and 1731 cm™ refer
to the stretching of C=0 and C-O bonds of the ester carbonyl group. It can be concluded
from the C=0 and C-O bands that polyvinyl acetate wasn’t fully hydrolyzed to form PVA.

The FTIR spectrum of SA (Figure 4.3) shows a vibrational band at 3242 cm, attributed
to hydroxyl group stretching. The band at 2923 cm™ is related to the stretching of the
CHa. Asymmetric and symmetric stretching bonds of carboxylic salt ions can be seen at
1594 and 1406 cm™, respectively. The N-H stretching band was observed at 3278 cm™
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in the FTIR spectrum of G (Figure 4.4). The band at 2937 cm™ is related to the
asymmetric stretching of CHa, whereas the band around 2850 cm™ represents the
symmetric stretching of CHz. The band at 1629 cm™ is associated with C-O stretching of
amide 1. The N-H bond bending of amide 1l is observed at 1523 cm™. While the bond at
1238 cm™ is related to the C-H stretching of amide III.

FTIR spectrum of the CSA-44 is given in Figure 4.5. The N-H stretching was observed
as a weak band at 3412 cm™. The absorption band at 2924 cm™ is related to the
asymmetric stretching of CHa, while the band around 2850 cm represents the symmetric
stretching of CH>. C=0 stretching of the ester group was seen as a strong band at 1728
cmL. The C-O stretching was observed at 1208 cm™. At 1099 cm™, the C-N stretching of
the amines appeared as a weak band.

All hydrogels' functional groups of the hydrogel's polymers can be observed in the FTIR
spectrum. However, CSA characteristic bands in PAG-CSA, whether cross-linked or not,
are not apparent due to its small quantity compared to other components of the hydrogel
(Figure 4.6).
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In both cross-linked PAG and PAG-CSA (Figure 4.8) hydrogels, a band can be observed
at 2867 cm™ of C-H stretching is related to aldehydes from the unreacted GA, a duplet
absorption band is attributed to the alkyl chain (symmetric and asymmetric), and by cross-
linking PVA with GA, the O-H stretching vibration peak at around 3300 cm™ decreased
compared to the non-cross-linked hydrogel. This result suggests that the free hydroxyl
groups decreased by forming an acetal group during cross-linking. In addition, the C-O
stretching at approximately 1087 cm™ in the non-cross-linked hydrogel is replaced by a
broader absorption band at 1095 cm™, which can be attributed to C-O and the acetal bonds
(C-O-C) formed by the cross-linking reaction of PVA with GA (Figure 4.7). Therefore,
it can be assumed that PVVA was successfully cross-linked with GA (Sapalidis, 2020).

HC

= Acetal
bridges

HC

PVA Glutaraldehyde

Figure 4.7. The crosslinking of PVA with GA (Sapalidis, 2020)
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4.2.2. Morphological properties

The SEM photos of the cross-linked PAG, non-crosslinked PAG-CSA and the cross-
linked PAG-CSA hydrogels were given in Figure 4.9 and Figure 4.10, respectively. The
SEM images clearly showed that all hydrogels (cross-linked PAG and cross-linked and
non-cross-linked PAG-CSA) have heterogeneously distributed pores of different sizes. In
Figure 4.10 (a-d), the SEM photos of the cross-linked PAG and the non-cross-linked
PAG-CSA hydrogel at different magnifications are shown, demonstrating no significant
difference between the morphology of the cross-linked PAG and the non-cross-linked
PAG-CSA hydrogel. However, the GA cross-linking enormously affected the
morphology of PAG-CSA hydrogel, supporting the success of the applied cross-linking
procedure (Figure 4.11 a,b). The cross-linked PAG-CSA hydrogel is more porous than
the cross-linked PAG hydrogel. The morphological change may be attributed to CSA-44
interacting with the polymer chains of the PAG hydrogel through non-covalent

interactions.
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linked PAG-CSA hydrogel cross section (b)
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4.2.3. Hyrophilicity of the hydrogel

WCA measurement is used to determine the hydrophilicity of the materials. A WCA
higher than 90° indicates that the material's surface is hydrophobic; thus, the water droplet
does not spread on the material's surface. The surface is hydrophilic if the WCA is lower
than 90° (Kim et al., 2009). The WCA:s of the cross-linked PAG and PAG-CSA hydrogels
were measured. For cross-linked PAG, the WCA was 76.8° at the first second, and then,
it decreased to 31.8° after eight seconds. The graph representing the changes in the WCAs

over time is given in Figure 4.11.
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Figure 4.11. PAG-CSA the decrease of contact angle value within 8 seconds

The cross-linked PAG-CSA hydrogel, on the other hand, presented great hydrophilicity.
The WCA can not be measured due to the super hydrophobicity of the cross-linked PAG-
CSA hydrogel. The water droplet spread over the surface in the first second, probably
because of the presence of CSA-44, a hygroscopic compound, and the high porosity of
the cross-linked PAG-CSA hydrogel (Figure 4.12).
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Jiang et al. (2019) developed hydrogels composed of different PVA, SA, and Hyaluronic
acid (HA) ratios. The hydrogel was prepared by freeze-thawing method and cross-linked
using CaCl,. They determined that increasing the PVA amount resulted in a high WCA,
while increasing alginate decreased the WCA, which was attributed to the high
hydrophilicity of SA. The value of the contact angle ranged from 200 to 500. It was
concluded that adjusting the ratio of PVA and SA can alter the hydrophilicity of the
hydrogel to serve the application it is needed for. Kadri et al. (2016) prepared
alginate/methacrylated gelatin (GMA) hybrid hydrogels and incorporated them with
curcumin-encapsulated nanoliposomes. The WCAs of alginate, G, and their mixture with
or without liposomes ranged between 8.70 and 33.40. Alginate hydrogel had lower WCA
(10°) than GMA (33.40) due to the hydrogen bonds between the free carboxylic groups

and water molecules.

4.2.4. Dehydration and swelling properties of the hydrogels

Rapid dehydration is undesired in wound dressings. Wounds that result in high exudate
need wound dressings with a high swelling capacity and quick dehydration rate to avoid
maceration (Broussard and Powers, 2013). There was no significant difference between
the cross-linked PAG hydrogel and the cross-linked PAG-CSA hydrogel dehydration

rates as they completely dried out after around 3 hours (Figure 4.13).
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Figure 4.13. Dehydration (%) of PAG and PAG-CSA hydrogels

Tamahkar (2021) prepared a BC/PVA hydrogel by freeze-thawing method for wound
dressing application. A dehydration test was performed, and the results showed that the
hydrogel dried after 2 hours. Increasing the number of freezing cycles and PVA ratio has
enhanced the water loss of the hydrogel due to the formation of smaller pores. Luo et al.
(2016) developed a transparent doxorubicin-loaded nanodiamonds/cellulose
nanocomposite membranes by the tape casting method as a wound dressing material. All
membranes have reached dehydration equilibrium after 6 hours. Dehydration properties

were improved via the incorporation of carboxylated nanodiamonds.

Swelling is one of the most critical parameters in hydrogel production as it helps to keep
a moist wound environment which is essential, especially for burn wounds. A moist
wound environment provides a better wound healing quality. It reduces pain and scarring,
facilitates wound healing by activating collagen synthesis, promotes keratinocyte
migration over the wound surface, and supports the presence of nutrients, growth factors,
and other healing mediators. Hydrogels can swell up to 10 times their weight. Despite the
cross-linking of PAG and PAG-CSA hydrogels, they managed to keep a high swelling

ratios, which is a tremendous advantage for wound healing.
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The maximum swelling ratio for cross-linked PAG hydrogel was 973.22% + 18.42
(almost 10 times its weight), which was achieved after 15 minutes of soaking in PBS pH
7.4. For the PAG-CSA, it was found to be 780.48 + 14.80 after 15 minutes of soaking in
PBS pH 7.4 (Figure 4.14). The slight difference can be attributed to the physical cross-
link effect of CSA-44.
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Figure 4.14. Swelling rates of PAG and PAG-CSA

In a study performed for pancreatic differentiation of iPS cells by Kuo et al. (2019), PVA,
SA, and G were conjugated with MA and then were photo-cross-linked to prepare
PVAMA-SAMA-GMA hydrogels using a water-in-oil self-assembly method. The
swelling studies showed that hydrogels containing higher SAMA had higher swelling
ratios due to the hydrophilicity of SA polymer. The highest swelling ratio was 500% only

due to the compact structure of hydrogel caused by cross-linking.

Satish et al. (2018) designed an SA/G/PVA hydrogel by lyophilization. Triiodothyronine
was integrated into the hydrogel to help regenerate the wound's tissue. The hydrogel was
cross-linked with 2% CacCl; solution for 15 h. The swelling test in PBS showed that the
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hydrogel incorporated with triiodothyronine had a swelling rate of 750% in 48 h before

the degradation started.
4.2.5. Hydrolytic and enzymatic degradation properties

Both hydrogels have shown hydrolytic and enzymatic degradation resistance at the given
cross-linking ratio (0.125% GA). After 31 days, the hydrolytic degradation ratios for PAG
and PAG-CSA hydrogels were 71.17% + 0.08 and 61.17% =+ 9.31, respectively. In
comparison, the enzymatic degradation ratios for PAG and PAG-CSA hydrogels were
72.21 +£1.22 and 48.16% + 4.29, respectively. There was a difference between PAG and
PAG-CSA hydrogels in both cases, which can be ascribed to the fact that CSA-44 can
provide an extra cross-linking for PAG hydrogel (Figure 4.15 and Figure 4.16).
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Figure 4.15. Hydrolytic degradation (%) of PAG and PAG-CSA hydrogels

Bahadoran et al. (2020) have developed hydrogels of PVA/SA in different ratios by
freeze-thawing method and incorporated it with basic fibroblast growth factor (bFGF)-
encapsulated PCL microspheres. Swelling and hydrolytic degradation studies showed that
by increasing alginate content the swelling and degradation rate have increased. The
hydrogel that had the highest SA ratio had the highest degradation rate of around 50%
after 30 days.
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Figure 4.16. Enzymatic degradation (%) of PAG and PAG-CSA hydrogels

CS/ PVAI/G freezing-thawed hydrogels incorporated with different concentrations of
honey were developed by Shamloo et al. (2020) for wound healing applications. It was
concluded from the enzymatic degradation studies in lysozyme solution that the higher
the honey concentration was the quicker the degradation of the hydrogel happened. After
7 weeks of time the hydrogel containing no honey has reached a degradation of 40% while
the hydrogel that contained the highest honey concentration has reached 50%.

4.2.6. Thickness measurement

The thickness of the wound dressing plays a significant role in defining its air
permeability and WVTR. Increasing the thickness of the wound dressing causes a
decrease in both WVTR and air permeability. A high value of WVTR could be a reason
for wound dehydration and scar formation (Maver et al., 2015; Morgado et al., 2014).
Good air permeability can help prevent infections (Li et al., 2019). The thicknesses of
cross-linked PAG-CSA and non-cross-linked PAG-CSA hydrogels were 1.664 + 0.18
mm and 1.559 + 0.17 mm, respectively. The thickness of the cross-linked PAG-CSA
hydrogel provided good WVTR and air permeability results, demonstrating that PAG-
CSA can be used as a wound dressing.
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4.2.7 Tensile strength

A good indicator of the strength and elasticity of a wound dressing is the tensile strength
test, which can be measured by load and elongation at break. A suitable wound dressing
material should be stable and flexible. The elastic and flexible dressing can control
external stress on the skin (Pandima Devi et al., 2012). The tensile strengths of cross-
linked PAG-CSA and PAG hydrogels at maximum elongation were 9.14 + 2.39 kPa and
9.63+ 1.74 kPa, respectively, which can be considered low. It can be concluded that the
cross-linked PAG hydrogel elongated for a longer time than the cross-linked PAG-CSA
hydrogel before it was broken (Figure 4.17). This result indicates that CSA-44 presence
increases the physical fragileness of the hydrogel due to the possible physical cross-

linking effect it creates between the hydrogel’s polymer chains.

0,4
0,3
0,3

0,2

Load (N)

0,2

0.1 —PAG

01 — PAG-CSA

0,0

0 1 2 3 4 5 6 7 8
Elongation (mm)

Figure 4.17. Elongation curve of PAG and PAG-CSA

Satish et al. (2018) have developed an SA/G/PVA hydrogel by lyophilization and
incorporated it with triiodothyronine for exudate-intensive wound therapy. The tensile
strength of the hydrogel was found to be 3 + 0.2 MPa. Shamloo et al. (2021) developed a
CS, PVA, and G (2:1:1) hydrogel containing different concentrations of honey. It was
physically cross-linked by freeze-thawing. The ultimate tensile strength of the hydrogel
decreased by increasing honey concentration. The hydrogel incorporated with the highest

concentration of honey reached a tensile strength of 0.54 + 0.08 kPa and had the lowest
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elastic modulus of 1.3 + 0.36 kPa. However, the same hydrogel had one of the highest
elongations at the breakpoint (46.8 + 6.2 (%)). It was concluded from these results that
the ultimate strain and flexibility of hydrogels were improved by increasing H
concentration. Franco et al. (2011) Prepared a bilayered scaffold consisting of an upper
layer of electrospun PCL and poly (lacto-co-glycolic acid) and a sublayer of a CS\G
lyophilized hydrogel which was cross-linked using (3.5% v/v) GA. The tensile strength
of both layers was quite similar as they ranged between 216.7 = 21.1 and 225.7 + 33.5
kPa in the dry state while it reduced 9 times after immersing the scaffolds in PBS.
Nevertheless, the electrospun nanofiber still had higher tensile strength than lyophilized
CS\G hydrogel alone.

4.2.8 Porosity and pore size distribution of the PAG-CSA hydrogel

The porosity of the hydrogel is an essential characteristic as it affects the swelling ability,
dehydration, water-vapor and air permeability, cell adhesion, and drug release rate. The
pore size is related to the cell type, nevertheless it should be larger than the size of the
cell (i.e.,10 um). However, pore sizes of a few hundred micrometers are also important
for excellent cell migration (Pu et al., 2015). The desired porosity value for a wound
dressing is (60-90%) (Morgado et al., 2015). Still a porosity of 90% or higher is generally
desired to maintain a good cell infiltration. The cross-linked PAG-CSA hydrogel
exhibited an 89.55%. The pore size ranged between 20 and 200 um (Figure 4.18).
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Figure 4.18. Pore size distribution of the PAG-CSA hydrogel
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Franco et al. (2011) prepared a bilayer scaffold consisting of an upper layer of electrospun
PCL and poly(lacto-co-glycolic acid) and a sublayer of a CS\G lyophilized hydrogel
which was cross-linked using (3.5% v/v) GA. The porosity of each material was
determined with a mercury porositymeter. The porosity of the lyophilized hydrogel was
found to be 97.49% with an average pore diameter of 290 + 109 micrometer which is

considered to be highly porous.

4.2.9 Air permeability and WVTR

An air-permeable wound dressing facilitates oxygen access into the wound site, reducing
the wound's susceptibility to infection. The porosity of the plays a significant role in
determining the air permeability of wound dressings (Yang and Hu, 2017). Air
permeability values of the cross-linked PAG-CSA and cross-linked PAG were 88.24 +
10.75 1/m?/s and 50.7 £ 1.69 I/m?/s, respectively. As seen, PAG-CSA had a higher value
of air permeability which can be attributed to the presence of CSA-44, which causes a

total alteration in the morphology of the hydrogel.

Anjum et al. (2016) developed a wound dressing by coating a piece of cotton fabric with
a CS/poly(ethylene glycol) (PEG)/PVP blend. Air permeability tests showed that the
cotton fabric alone had an air permeability value of 200 I/m?/s, while after coating it with
CS, it significantly decreased to 40.1 I/m?/s. The addition of PEG increased the air
permeability to 80.6 I/m?/s, but when a further increase of PEG amount (%50), the air
permeability decreased again to 50 I/m?/s. Liu et al. (2012) prepared cellulose acetate
(CA)/polyester  urethane  nanofibrous  membranes as wound  dressings.
Polyhexamethylene biguanide was incorporated into the nanofibers. Increasing the CA
ratio in the nanofiber improved the membrane's air permeability because it provided the
structure with more pores. The permeability of the electrospun mats was between 5 and
40 1/m?/s. Uppal et al. (2011) prepared electrospun HA and tested its air permeability.
They compared the HA nanofiber with gauze with vaseline and found that the HA
nanofiber had an air permeability value of 504.7 1/m?/s which was way higher than the

vaseline gauze was 89 I/m?/s.
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As mentioned previously, a high value of WVTR could be a reason for wound
dehydration and scar production, while a low WVTR value may not provide enough
moisture for wound healing. The WVTR value of PAG-CSA hydrogel was 905.41 +
35.38 g/m?/d, a good value compared to some commercial wound dressings (Table 4.3).
Consequently, it can be said that the WVTR value of PAG-CSA hydrogel is enough to
retain a moisture environment for the wound to heal (Gharibi et al., 2018).

Table 4.3. Some commercial wound dressings and their WVTR values (Gharibi et al.,
2018)

Wound dressing WVTR (g/m?/d)
Op Site (Smith & Nephew) 792 +£32
Metoderm (ConvaTec Ltd) 823 £ 45
Duoderm (ConvaTec Ltd) 886 + 60
Biobrain® 1565 + 51

4.3 CSA-44 release from the cross-linked PAG-CSA hydrogel

Conventional drugs used to be pills or capsules that released the drug instantly when it
interacted with water. It wasn’t possible to control this instant release of the drug until
1952 when Smith Klein Beecham came up with the first controlled drug release system,
Spansule technology, which lasted for 12 h (Lee and li, 2010). Over the years, new and
various controlled drug delivery systems were developed and given different names, with
slight distinctions from each other. Between the 1950 and 1980s, the basics of drug
release mechanisms were understood. Back then, drug release mechanisms used were
dissolution and controlled diffusion, which were the most famous, in addition to osmosis-
based and ion-exchange-based systems. The techniques used at that time were more
focused on oral and transdermal delivery. From 1980 to 2010, the developed drug delivery
systems were less successful based on clinical products produced due to their incapability
to overcome biological barriers. The studies in this period focused more on targeted
delivery, and more complicated and smart delivery systems were used (nanoparticles,
smart polymers, and hydrogels). The current approach aims to produce strategies to

overcome physicochemical and biological barriers. All recent studies aim to create
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delivery systems that deliver poorly water-soluble drugs, peptides, proteins, and nucleic
acids to specific targets without toxic effects (Yun et al., 2015).

The primary purpose of developing drug delivery systems is to release the drug
sufficiently at an appointed time to a specific target site. Drug delivery systems are needed
because many drugs have poor solubility in physiological fluids and can’t get through
bio-barriers (Vijaya Shanti and Mrudula, 2011). Conventional methods, such as capsules
or pills, often have negative impacts due to their random distribution and uncontrolled
drug release (Liu et al., 2016). Drug release systems aim to increase drug solubility and
patient compliance and decrease the side effects and toxicity of the drug. Nowadays,
many drug delivery systems have been developed and used to deliver existing drugs to a

specified target instead of developing new drugs. (Laffleur and Keckeis, 2020).

One of the novel drug delivery systems is hydrogels. The uniqueness of hydrogels is
attributed to their similitude to the living tissue and their ability to swell. Hydrogels can
also respond to different stimuli by a change in volume or by incorporating specific
detectors (Lee et al., 2013; Vashist et al., 2014). The high porosity of hydrogels that could
be easily controlled by a cross-linking method facilitated the incorporation of drugs.
Hydrogels are good candidates for obtaining a sustained drug release due to these
properties. Drugs incorporated into hydrogels are released in different mechanisms:
diffusion-controlled, swelling-controlled, chemically controlled, and environmentally

responsive release (Hoare and Kohane, 2008).

Diffusion-controlled drug delivery systems grant the drug to be released through the
hydrogel’s matrix and can be explained in reservoir or matrix models (Figure 4.19). The
reservoir delivery system consists of a drug incorporated into a core-shell surrounded by
a hydrogel membrane layer. Due to the high drug concentration in the core, a sustained
drug release is obtained. In a matrix system, the drug is homogeneously distributed
throughout the hydrogel matrix. The drug is released via the macropores of the hydrogel
(Cal6 and Khutoryanskiy, 2015).
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Figure 4.19. Diffusion controlled drug delivery systems

In swelling-controlled systems, the drug distributed within the hydrogel matrix gets
released when the hydrogel meets physiological fluids and swells. Due to swelling, the
polymer chains loosen, and the hydrogel expands, allowing the drug diffusion of the
hydrogel matrix. The drug release is constant and time-independent in these systems
(Calo and Khutoryanskiy, 2015).

Mathematical models were developed to understand drug release processes thoroughly.
This understanding is vital in developing and enhancing the design of drug release
systems. When novel model approaches were compared, it was found that the most used
ones were drug-release fitting models. From those models, the most used equations
appear to be: zero-order, first-order Higuchi’s, Peppas’, Hixon-Crowell’s, and other

equations (Figure 4.20) (Caccavo, 2019).
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Figure 4.20. Most used mathematical models for drug release systems

Zero order model model describes some drug release systems that aim for a specific target
and time course, like coated low-soluble drugs and osmotic systems. This model can be
represented by Equation 4.1

Q¢ = Qo + Kot (4.2)

Q: is the amount of drug dissolved in a specific time t, Qo is the initial amount of drug in
the solution, and Ko is the zero-order release constant expressed in units of

concentration/time (Dash et al., 2010).

First order model explains the drug release systems impacted by the drug concentration.

This model can be described by Equation 4.2.

log Q; =logQ, + fat (4.2)

2.303

Where Qo is the initial concentration of the drug and Q is the concentration of the drug

in solution at time t (Bruschi, 2015).
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Higuchi mathematical model was introduced in 1963 to describe drug release from a
matrix system. This model aims to study drug release for drugs soluble in water or low
solubility from the solid or semisolid matrix. This model can be represented by Equation
4.3.

Q = Kyt (4.3)

The slope of the plot of the cumulative drug release rate (Q) versus the square root of time
represents the Higuchi dissolution constant (Kn). The main advantages of using this
equation are that it eases the drug-loaded system's optimization and helps recognize the

drug release mechanism (Higuchi, 1963).

Korsmeyer - Peppas model is the most used. This equation has described the drug release
mechanism from polymeric systems. Ritger and Peppas and Korsmeyer and Peppas
developed an equation to investigate swelling and non-swelling polymeric systems by
determining whether the system follows Fickian or Non-Fickian diffusion. This model

can be represented by Equation 4.4.

M,
i = KKPtn (44)

The model graph can be obtained by plotting the cumulative drug release rate log versus
the time log. Where Mt/Ma is the fraction of drug released at time t, k is the rate constant
including structural and geometric characteristics of the delivery system, and n is the
release exponent indicative of the drug transport mechanism through the polymer. The n
value is used to characterize different release mechanisms (Table 4.4) (Paarakh et al.,
2018; Dash et al., 2010).
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Table 4.4. Release mechanism based on n value (Paarakh et al., 2018; Dash et al., 2010)

Release exponent Drug transport | Rate as a function Drug release
(n) mechanism of time mechanism
Quasi-Fickian
n<0.5 _ _ t" Non swellable
diffussion o
_ matrix-diffusion
0.5 Fickian diffusion t 0
Anomalous For both diffusion
05<n<10 (Non - fickian tnt and relaxation
transport) (erosion)
(Time-
1.0 Case Il transport ) Zero order release
independent)
] Super case 11 ] ]
Higher than 1.0 tnt Relaxation/erosion
transport

Fickian diffusional release (Case 1) happens due to a potential chemical gradient
(diffusion). In the Fickian system, the diffusion rate is higher than the polymer relaxation
rate and depends on time. Non-Fickian mechanism (Case 1) relates to the polymer chains'
relaxation and their swelling in biological fluids (Ambekar and Kandasubramanian,
2019).

Hixson-Crowell model describes systems that do not undergo any geometrical change,
but only the surface area of the particles or tablets change, and then dissolution occurs.
This model is suitable only when the drug release occurs due to dissolution and not
diffusion. When the fraction of the unreleased drug is plotted against time, a linear line
should be formed if the drug release mechanism obeys the Hixson-Crowell model (Dash
et al., 2010). This model can be represented by Equation 4.5.

1/3 _ A1/3 _

0 . =Kpgct (4.5)

The cumulative realease graph was plotted using the slope equation in the calibration
graph (Figure 4.21). From the cumulative release graph (Figure 4.22) we can see that a

burst release of around 23% of CSA-44 was achieved within 480 minutes (8 hours). After
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that the realease had gradually increased to reach a plateau after 7 days. The ratio of the
drug release are shown in Table 4.4.

600
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300 .
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. y =5,2474x + 11,246
100 R2=0,9974

0 20 40 60 80 100
CSA-44 concentration (mg/l)

Figure 4.21. CSA-44 calibration graph
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Figure 4.22. Cumulative release (%) of CSA-44 from cross-linked PAG-CSA hydrogel
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Table 4.4. The cumulative release (%) of CSA-44

Time equivalent Time (min) Cumulative release (%)

10 1.04

30 4.98

1h 60 11.34
2h 120 16.63
4h 240 19.65
6h 360 21.28
8h 480 22.98

1 day 1440 24.94
2 days 2880 26.10
3 days 4320 27.55
4 days 5760 27.84
5 days 7200 28.71
6 days 8640 28.95
7 days 10080 29.05

After applying these values on the drug release fitting models (Figure 4.23), CSA-44
release from PAG-CSA hydrogel has appeared to follow Korsmeyer-Peppas model. It
was found to follow non-fickian distribution as 0.5 <n <1 (n=0.61) which means that the

drug release is swelling and degradation controlled (Table 4.5).

Table 4.5. CSA-44 release parameter from PAG-CSA hydrogel

Models (960,25 GA, 20 min)
Equation y =0.0018x + 15.429
Zero order RZ. 0.4976
0, =0, +K K, (min?) 0.0018
e e Q, (%) 15.429
Qe ~29
Equation y = 0.000057x + 1.049256
First order R? 0.25300
Kt K+ (min? 0.00013
logQ: = logQo + 5553 é,(, (%)) 11.201
Qe ~29
Higuchi Equaztlon y=0.2117x + 11.791
Q; = Ky t1/? R' 0.67
Ky (min??) 0.2117
Denklem y =0,2742x + 1,4873
Korsmeyer-Peppas
0, R? 0.8117
log 0. logKkp +nlogt | K, ,(min?) 1.8159
* n 0.6103
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5. CONCLUSION

In this study, a PAG hydrogel was prepared in the ratio 2:1:3 (PVA:SA:G) respectively
and was incorporated with %1.77 (w/w) CSA-44 to prepare lyophilized PAG-CSA
hydrogel. The synthesized hydrogel mixture was poured into proper casts and lyophilized
to reach the needed hydrogel structure with optimal characteristics. This study's final
product was a hydrogel that can release CSA-44 which is a ceragenin. The hydrogel was

further tested and characterized as follows:

e PVA:SA:G ratio for PAG-CSA hydrogel was determined as 2:1:3 and PAG and
PAG-CSA hydrogels were prepared via lyophilization.

e Both the PAG and the PAG-CSA hydrogel were synthesized and characterized by
the FTIR technique before and after cross-linking with 0.125% GA for 20
minutes.

e SEM images of the cross-linked PAG, non-crosslinked PAG-CSA, and cross-
linked PAG-CSA hydrogels were used to characterize and show the structural
differences between the hydrogels. SEM imaging confirmed the highly porous
structure of the hydrogels and the contribution of both CSA-44 and cross-linking
in altering the structure.

e The WCA was measured for both cross-linked PAG and PAG-CSA hydrogels.
The WCA of PAG hydrogel dropped from 76.8 ° to 31.8 ° within 8 s, while PAG-
CSA hydrogel absorbed the water droplet immediately after a second. These
results indicated the high hydrophilicity of both PAG and PAG-CSA hydrogels
and demonstrated the hygroscopic nature of CSA-44.

o The dehydration and swelling properties of the cross-linked PAG and PAG-CSA
hydrogels were tested. Dehydration test results of the cross-linked PAG and PAG-
CSA hydrogels showed insignificant difference caused by incorporation of CSA-
44 into the hydrogel as they completely dried out within 3 h. However, swelling
studies’ results showed that the maximum swelling ratio of PAG hydrogel was
973.22% + 18.42 while a percentage of 780.48% + 14.80 was obtained for PAG-
CSA hydrogel. This difference can be linked to the physical cross-link effect of
CSA-44 that tightens the structure of the hydrogel, as was also observed in SEM
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images. These results indicated that both PAG and PAG-CSA hydrogels can
remarkably absorb wound exudates.

The cross-linked PAG and PAG-CSA hydrogels were tested for hydrolytic and
enzymatic degradation for a month. The hydrolytic degradation ratio for PAG
hydrogel was 71.17% + 0.08, while for PAG-CSA hydrogel, it was 61.17% + 9.3.
Enzymatic degradation ratios were 72.21 + 1.22 and 48.16% =+ 4.29 for PAG and
PAG-CSA hydrogel, respectively. These results indicated that both hydrogels
resist degradation at 0.125% GA cross-linking ratio and can be used for prolonged
periods.

The thickness of PAG-CSA hydrogel before and after cross-linking was
determined as 1.664 = 0.18 mm and 1.559 £ 0.17 mm, respectively. The thickness
of PAG-CSA hydrogel is suitable for wound dressing purposes.

A tensile test was performed for cross-linked PAG and PAG-CSA hydrogels. The
tensile strengths of cross-linked PAG-CSA and PAG hydrogels at maximum
elongation were 9.14 + 2.39 kPa and 9.63+ 1.74 kPa, respectively, indicating the
fragile nature of the hydrogels. PAG hydrogel elongated for a bit longer than
PAG-CSA hydrogel before it was broken. These results suggested that the
incorporation of CSA-44 increased the fragileness of the hydrogel.

Porosity and pore size distribution measurements were performed for the cross-
linked PAG-CSA hydrogel. It exhibited a porosity of 89.55%, an excellent value
for wound dressings, while the most abundant pore sizes ranged between 20 and
200 pm.

Air permeability values for cross-linked PAG and PAG-CSA hydrogel were
measured as 88.24 + 10.75 I/m?s and 50.7 + 1.69 1/m?/s, respectively. The
difference between the values can be due to the structure alteration caused by the
incorporation of CSA-44. WV TR test was performed for cross-linked PAG-CSA
and exhibited a value of 905.41 + 35.38 g/m?/d, which was good enough compared
to some commercial wound dressings. Air permeability and WVTR test values
showed that the hydrogel could retain water without causing dehydration of the
wound bed and could facilitate the gas exchange.

CSA-44 release from PAG-CSA hydrogel was studied as the final step of this
work. The results showed that a burst release of 23% of the CSA-44 was achieved
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within the first 8 hours, which then increased gradually to reach a plateau after 7
days (29.05%). The release data fitted the Korsmeyer-Peppas model with a non-
Fickian distribution (0.61). These results indicated that the swelling and
degradation of PAG-CSA hydrogel mainly control CSA-44 release.

The results obtained in this study showed that drug release can be controlled by
altering cross-linking ratio and time, causing a change in the degradation rate and
affect the swelling ability of PAG-CSA hydrogel.

Finally, the prepared PAG-CSA hydrogel exhibited great potential to be used as
a burn wound dressing. It has excellent water retention ability, good gas
permeability, ideal porosity, and the ability to perform a controlled drug release.
Further studies and characterizations will be performed on PAG-CSA hydrogel to
determine its antibacterial effect, biocompatibility, and in vivo wound healing

studies.
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