STUDIES ON THE DEVELOPMENT OF DEXTRAN BASED
BIONANOCOMPOSITE MEMBRANES FOR WOUND CARE

SURABHI SINGH

DEPARTMENT OF TEXTILE TECHNOLOGY
INDIAN INSTITUTE OF TECHNOLOGY DELHI
SEPTEMBER 2017



©Indian Institute of Technology Delhi (IITD), New Delhi, 2017



STUDIES ON THE DEVELOPMENT OF DEXTRAN BASED
BIONANOCOMPOSITE MEMBRANES FOR WOUND CARE

by

SURABHI SINGH

Department of Textile Technology

Submitted

In fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
SEPTEMBER 2017



“The key to life is accepting challenges”

DEDICATED T0 ALL THOSE WHO LIVE
WITH A STRONG SPIRIT AND HEAD HIGH



CERTIFICATE

This is to certify that the thesis entitled “Studies on the development of dextran based
bionanocomposite membranes for wound care” submitted by Ms. Surabhi Singh to the
Indian Institute of Technology Delhi for the award of the degree of Doctor of Philosophy is
a record of bonafide research work carried out by her. Ms. Surabhi Singh has worked under
my guidance and has fulfilled the requirements for the submission of this thesis which has
attained the standard required for a Ph.D degree of this institute. The results contained in
this thesis are original and have not been submitted in partial or full, to any other university

or institute for the award of any degree or diploma.

Dr. Bhuvanesh Gupta
Professor
Department of Textile Technology

Indian Institute of Technology Delhi

Date:

New Delhi



ACKNOWLEDGEMENTS

Immeasurable appreciation to God Almighty for his blessings that provided me the energy

and patience to craft this work.

Creating a Ph.D thesis is not an individual experience; rather it comes about in a social
context and includes guidance and assistance from several persons, whom | would like to
thank sincerely. First and foremost, | place on record my deep sense of reverence and
cordial gratitude to my supervisor, Prof. Bhuvanesh Gupta. | would never have been able
to complete my dissertation without his valuable guidance, characteristic affection, scholarly
inputs, and vast stores of knowledge. His scientific excellence, consistent encouragement,
his passion for looking for new insights and ways to comprehend the reality around us

motivated me throughout my tenure at lIT Delhi.

| sincerely wish to make my heartfelt gratitude to Prof. Amlan Gupta, SMIMS Gangtok for
providing animal experimentation facilities. A special note of thanks to Ms. Deepika Sharma,

who assisted me in designing and prompt execution of these experiments.

| express my sincere thanks to my SRC members- Prof Harpal Singh, Prof. Manjeet Jassal
and Dr. Rajiv Srivastava. Their valuable suggestions, critical evaluation and untiring help

have been greatly helpful in designing and defining my experimental strategies.

| duly acknowledge the consistent cooperation and support | received from the technical staff
of the Department of Textile Technology during my research work. Mr. Shiv Kumar
Upadhyay, Mr. Amarjeet, Mr. V.K. Kala, Mr. R. Khattar and R. K. Tejania extended their able

support for conducting various experimental studies for effective execution of this work.

My deep gratitude to my laboratory colleagues and | find myself very fortunate to work with a
great team. Every member of my group, both past and present, has supported me
tremendously both professionally and personally. Words cannot express my gratitude | feel

for Ms. Prashansa Dalal for providing me a shoulder to lean on during times thick and thin.

(i)



Special thanks to Dr. Mythili Tummalapalli for her motivating words and consistent helpful
attitude. Thanks to my mates Ms. Anupama Singh, Ms. Anushruti Jaiswal for the love and

care they have always given me.

It is indeed a great pleasure to acknowledge my former teachers for their constant
encouragement and being my guiding light- Prof. Kandukuri Venkat Raman, Prof. Sujeet

Chaudhary, Dr. T.E. Sheeja and Dr. Sushil Chandra.

The love of a family is life’s greatest blessing. | have no words to express the unfailing love,
care and moral support of my parents, Mr. Nawab Singh and Mrs. Vinita Chaudhary and my
brother, Mr. Abhishek Chaudhary, without whose blessings the aim could never be achieved.
They have always been a matter of pride and source of inspiration for me and | am deely
indebted to them for everything they have done and the trust that they have put in me. | am

also thankful to my extended family for their affection and encouragement.

Surabhi Singh

(iii)



ABSTRACT

Wound repair is a complex process involving systemic and balanced functioning of
inflammatory, connective, vascular tissue and epithelial cells. Effective management of
wound infection requires prolonged prevention from microbial contamination along with
accelerated wound healing and aesthetic closure of the wound. With these objectives in
mind, an effort has been directed towards the development of herbal based

bionanocomposite membranes for wound care in the current study.

This investigation is associated with the preparation of soy protein isolate
nanoparticles (nanosoy) reinforced dextran based wound dressings, which are the
nanocomposites based on naturally derived plant protein and a polysaccharide. Nanosoy
(NS) was prepared by nanoprecipitation which enabled excellent control over protein
aggregation, producing nanoparticles in the size range of 5-15 nm. The effect of various
process parameters, such as the temperature, solvent/nonsolvent ratio, crosslinker content
and type of surfactant on the particle size has been investigated. The structural and
morphological features have been analyzed using dynamic light scattering (DLS), X-ray
diffraction (XRD) and high resolution transmission electron microscopy (HRTEM),

respectively.

Crosslinked nanocomposite membranes were then developed by in-situ reaction of
dextran and nanosoy. The formation of covalent bond between the reducing end of dextran
and amine groups of NS leads to the in-situ crosslinking. Glycerol addition assisted in the
plasticization of membranes, thus improving their flexibility and handling features. The effect
of polymer composition on the extent of crosslinking, morphology and flexibility of the films
was investigated. Field emission scanning electron micrsocopy (FESEM) and atomic force
microscopy (AFM) unveiled that single phase, homogeneous membranes are obtained
within a specific composition of dextran/NS/glycerol (DNG). Increase in tensile strength and

decrease in Young’s modulus was observed with the increase in the NS content up to 28%
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due to reinforcing effect of NS and plasticizing effect of glycerol playing roles simultaneously

in the system.

Properties of DNG composite membranes as a function of increasing glycerol content
were explored. Surface morphology of the membranes, as evidenced from FESEM and
AFM, exhibited smoother surface with the increasing glycerol content up to 30%. Glycerol
content also significantly led to diminishing water vapor transmission rate (WVTR) with
increasing glycerol content. Influence of plasticization on rheological properties of the
composite fluid was investigated. Although tensile strength and modulus decreased with
increasing glycerol content up to 30%, a significant increment was observed in the values at
a concentration higher than 30% due to the anti-plasticizing effect of glycerol. Similar

behavior was reflected in XRD results.

In the third step of the study, chitosan incorporation into DNG membranes was
carried out to develop dextran/nanosoy/glycerol/chitosan (DNG/Ch) membranes. The
morphology of these membranes was investigated using scanning electron microscopy
(SEM) and the results indicated no microphase separation in the matrix. Tensile strength
showed a slight increase from 3.43 MPa to 4.81 MPa upto chitosan content of 21% beyond
which the strength declined. Rise in the value of elongation at break at 14% chitosan content
was observed. WVTR and swelling of the membranes as a function of the chitosan content
were investigated. Mild antibacterial nature was introduced into the DNG/Ch membranes as

compared to DNG membranes.

To fabricate dextran based bionanocomposite wound dressings, bioactive agents
were incorporated into DNG/Ch membranes. Wound care membranes were produced by
casting the mixed solutions of biopolymers in water at 70°C followed by subsequent addition
of clove oil (CO), sandalwood oil (SO), aloe vera (AV) and manuka honey (MH) at room
temperature to obtain DNG/Ch/CO, DNG/Ch/SO, DNG/Ch/AV and DNG/Ch/MH wound

dressings. The antibacterial behavior of the dressings was studied against both S. aureus
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and E. coli at different drug concentrations. Tensile, water sorption and swelling behavior of
the membranes was studied. Drug release was measured using bacterial reduction count
and serial plate transfer disk diffusion test over a period of 72 h for DNG/Ch/CO and
DNG/Ch/SO dressings, whereas release was monitored spectrophotometrically for
DNG/Ch/AV and DNG/Ch/MH dressings. Bacterial adherence test was performed to

demonstrate the efficiency of dressings for arresting microbial invasion.

In vivo wound healing studies and histological examination was conducted using
male swiss albino mice of Balb/C strain. DNG/Ch/AV dressings exhibited complete healing in
just 14 days with remarkable efficacy in prevention of scar formation. Histological analysis on
healed tissue revealed the deposition of ordered collagen along with fibroblast migration in

drug loaded membranes as compared to DNG and DNG/Ch dressings.
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L3108

g7 T AFHT Ueh Sifed IihaT &, Tora# 3cdolan, G, TdgaT 3de 3 39ahdl
IR oh AT AR Hfeld T TEi A § | BT HheA0T & FeTeT Tetiel o forw
H1a & caid s1a 3R "l 98 & WI-A1Y GaAST TGH0T & ol AT e UHATH FHr

TIRIHAT &l $o7 32T Y AT H T §T, TAATT AT o GaNT €1 T AT &

T ga el 3TUTRT IR FaI oI Biee o A fAd el &7 9aTd fHar I=ar &

g AT TIAT JIEIT VAT -0l oot GTicehed (Aa1101) Yaford seragr 3TaRd g1d #A6H-
TEY I A el ¥ FHaTa B, St wishfes &9 & gree diell & Jiéle 3R aielaass
W IR AAhFATSe &1 AT (T TH) sl IfAdIersT GarT IR fohar arm ar st
o TeTd W THANRIOT R 3chse AIT0T & TTY-AIY 5 - 15 TATH TR A1 A0l &
SO FT 3cUTesT AT fHAT ITAT AT| SoT FHUN & SR/ AT R AT ufshar AT,
S o 9fshar 1 dT9AT, Fierde/ AlTdlede 3e]drd, Shidtoie] FHE R fHee- e
TR & ThHFee & THIT T dghield HI =T g1 SAIHG ASe TheRal (3Teud),
Y TlheRieT (THEIRE)) 3R g (@RI CEfANS Soldclel HIgshIEhIT
(TTIIRESTH) FT 3T Flah GIAATCHSD 3R FTcHS [TATAT3iT 1 faeeryor fhar arar
gl

SeFHCTeT 3 AT i g1-Hie gfafehar gart fades dafteeaifoe Bree & fasfad
foram 3 | Saere & YETAeT HeHg 3N TAvH & UAle Hegl & o HeHdIsTeh ot
SoT-TE, HITTel(haT T STl &l & | FTERRTel TeTeT & Freel & Tzl & TEradT
el g%, S o 8% erdiieldet AR gsfelsT Brod & FuR o 6T &1 Feeh & mepfd
AT, PITEATRIT T ATAT, 3T THITT T Sg el TTTT & GHTG T S Sy 7| Freg
TR ThiciaT Folagle HISHIERIY (VHSUHSUH) 3R UCiiAch Bl HIgshIEhdr
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(TTHTH) o 3TTaR0T ThIT foh SeFaered/ T/ ToraRid (S10sTal) I fafrse AT & vl
TROT HATT Seell sl AT fohdT 3T | TTUH HIHAT & ATl TH1d 3R Teradiel &
CeTERTSSIRTeT J3TTd <hT JUTTel # Teh T {fHAT o HRUT TATH AT ok 28 % Feh I I
O e B A gig 3R STHARTST ATCsTew H el ars ar |

TTera]icl AT 6T AT AT Tol & DI H STl FHIT [Foell & IJOI BT HavoT fhar
| W@wmwﬁmﬁgm%mﬁaﬁmao%wmw
TSTeoll ol 3TTeRTRehT Helg 3R &7 FRrenelt TS RI 81 W1 &Y | TToraRier 1 AT # gig & Ay
aTeX AW SIHTARIET T (Sec af € 3TR) H IohT §< cleh el IIAT IY | FHadiiole ool Tard
T RAeITSeRer IO IR CoArErIgaIret & FHTa I S 1 715 Y| aea i, Ferasrar el
& 28 % o $T gig A AT ¥ 3R AT ATTsgew 7wl ar$ =AY | Ferarier &
TEN- TATEhTS SIS THTd o ShROT & $&Heh 30 % & ATeeh ATAT glel W o7 0N H HIH e
% gie ST 15| T 3R Y IROMTAT & 8l FAed caagR gfafeferd g3im o)

3T & AR TOT H, 3FFCe/ Aarary Fererier Raraa (Ereesty d@va) et &
il et & forw RarasT 1 S Bree & AT frar aar ar| ST saweia
ATSHIFHIUT (THSTH) T 3TANT leh $o1 [ TeeTdl Sl TR TG T ST I 315 3
IRUTATTET ATRFH H PIg Y ATSHIhST 379 g1 W | RIATHT Tl & 28 % dh Fr
gig & ST T # 3.43 TANT F 4.81 TAUIT & AFHC gig ITs I 3Hb IR T H
fRrae 3 o) et @l i 28 % AT W TAAA-3d-0F A I & TS|
st Al CareT & T@d ge, ANEANR AR Breel Hr Foiet B sira 1 75| STatsi
fETealT & JofelT 7 gooh STATIRIHT FT81Ta &I STTToie WU ool 7 3cdest faar ar|

SFHCTA TUTRA faAledTheuITole g1d 3891 il A Ad ael & Tov Sraufaded Taier &l
Auae /AT ool & gfEafead fovar s o) gt 7 70 3 Afcaag W sdifead
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& TATAT arer Fr FITECT FXdh °1d f AT & AT Breell FT 3cdieeT fohar 7T,
dcIRdTd 3Tttt/ Hiway T3, STl T/ TH3, 3Te Hwa/ war 3R Sussiy
vy vHTY g1g 3w [Aefd aa & v G argaTe ox &l o (d@13M), It

el (TE3M), AT AT (T 3R HefehT Age, (THTH) T Hebfold foham ardm | 3orT-37019T
37wy i Aigdl R THRTE 3R Sehlelrs et & wfdeher 3Edad & SiaroRred afafafer
T ITETTA T 917 AT| ool T dedal, areX Wiedled 3R Folel STGER T T
e araT| dFEIRTST REFAT FI3¢ FHT 3UIRT Hlh 39T Rellol I AT AT AT, 72 €
$r 3afer & gl Brustely vy T3 3R Svetsiy dvay a3 AIRTe tole g
foFer g gdietor fomar o 3R Fafd el Hivay wdr 3R Svasy diva) AT
Reliet & T TaergpIcIAfen s SUART fohdT aTaT| FeHsIT HThATT Sl Hadg
arel 3TFew T gaTaT T FIfed I & fav SFARTS Tear Jrg &l fersdresT fRar arr

a1

got-faa area / €Y Aol & Feaw sifeaa <gh & 3uaier e ara Rfcar sreaws 3k
eI iolehet TIeT & FaTfeld fohar 27| f&% 14 f&AT & Sruststy dvwy vay 3f@er 4 a1

& AT AT TEAT H Vbt F Sood@AIT YT T 3R FAT| 3RFT Fded W/
feEcTelifotenel faeelvor gl @1 AT o Suarelt 3R Suerely diww f&eT &1 Jefel &
mﬁﬂﬁg‘émﬁmq‘lsww JeTHe o HII-HTY HTATE letolel SUTAILT &

(ix)



CONTENTS

Certificate
Acknowledgements
Abstract

Contents

List of figures

List of tables

List of abbreviations

Chapter 1- Introduction and literature review
1.1 Overview of wound healing process
1.2 Characteristics of an ideal wound dressing
1.3 Types of wound dressings
1.3.1 Gauze bandages
1.3.2 Gels, hydrogels and Ointments
1.3.3 Films/Membranes
1.3.4 Foams
1.3.5 Electrospun scaffolds and mats
1.4 Biopolymers for wound healing
1.4.1 Dextran for biomedical applications
1.4.2 Soy protein isolate for biomedical applications
1.4.3 Chitosan for biomedical applications
1.5 Polysaccharide based nanocomposites for wound care
1.5.1 Polysaccharide-metal/metal oxides nanocomposites
1.5.2 Polysaccharide-bioactive agent nanocomposites
1.5.3 Polysaccharide-inorganic compound nanocomposites

1.5.4 Polysaccharide-protein nanocomposites

(x)

(i)
(ii-iii)
(iv-vi)
(X-XiV)
(XV-XXii)
(xxiii)
(xxiv-xxvi)
Page No.
1-36
1

4

10
13
15
16
17
18
19

21



1.6 Objectives of work 24

1.7 Format of the thesis 24
1.8 References 27
Chapter 2- Preparation of nanosoy via nanoprecipitation 37-56
2.1 Introduction 37
2.2 Experimental section 38
2.2.1 Materials 38
2.2.2 Nanosoy preparation by nanoprecipitation 39
2.2.3 Investigation of the content of precipitating medium 39
2.2.4 Investigation of the effect of temperature 39
2.2.5 Investigation of the surfactant type 39
2.2.6 Investigation of the effect of crosslinking 39
2.2.7 Dynamic light scattering (DLS) 40
2.2.8 Zeta potential measurements 40
2.2.9 High resolution transmission electron microscopy (HRTEM) 40
2.2.10 X-Ray diffraction (XRD) 40
2.3 Results and discussion 41
2.4 Conclusions 53
2.5 References 95
Chapter 3- Preparation and characterization of dextran/nanosoy/ 57-101

glycerol bionanocomposite membranes

3.1 Introduction 57
3.2 Experimental 58
3.2.1 Materials 58
3.2.2 Preparation of DNG nanocomposite membranes 58
3.2.3 Investigation of hanosoy content in DNG system 59
3.2.4 Investigation of polymer concentration in DNG system 59

3.2.5 Investigation of glycerol content in DNG system 59

(xi)



3.2.6 Determination of the amine content
3.2.7 Field emission scanning electron microscopy (FESEM)
3.2.8 Atomic force microscopy (AFM)
3.2.9 X-ray diffraction (XRD)
3.2.10 Raman analysis
3.2.11 Attenuated total reflectance (ATR)
3.2.12 Tensile studies
3.2.13 Gel content
3.2.14 Swelling studies
3.2.15 Contact angle measurement
3.2.16 Water vapor transmission rate (WVTR)
3.2.17 Thermogravimetric analysis (TGA)
3.2.18 Color measurements
3.2.19 UV-Protection factor (UPF)
3.2.20 Rheology studies
3.3 Results and discussion
3.4 Conclusions
3.5 References
Chapter 4- Preparation and characterization of dextran/nanosoy/
glycerol/chitosan bionanocomposite membranes
4.1 Introduction
4.2. Experimental
4.2.1 Materials
4.2.2 Fabrication of DNG/Ch bionanocomposite membranes
4.2.3 Scanning electron microscopy (SEM)
4.2.4 Tensile strength
4.2.5 Antibacterial activity tests

4.2.6 Colony forming unit method

(xii)

60

61

61

61

61

62

62

62

63

63

63

64

64

64

64

65

96

98

102-118

102

103

103

103

104

104

105

105



4.2.7 Attenuated total reflectance (ATR) 106

4.2.8 Swelling studies 106
4.2.9 Water vapor transmission rate (WVTR) 106
4.3 Results and discussion 107
4.4 Conclusion 116
4.5 References 117

Chapter 5- Drug incorporation and drug release from bionanocomposite 119-151

dressings

5.1 Introduction 119

5.2. Experimental 121
5.2.1 Materials 121
5.2.2 Fabrication of drug loaded DNG/Ch bionanocomposite 121
membranes
5.2.3 Scanning electron microscopy (SEM) 122
5.2.4 Tensile Strength 122
5.2.5 Water vapor transmission rate (WVTR) 123
5.2.6 Swelling studies 123
5.2.7 Antibacterial activity tests 123
5.2.8 Colony forming unit method 123
5.2.9 Zone of inhibition 124
5.2.10 Bacterial adherence test 125
5.2.11 Drug release by bacterial reduction count for DNG/Ch/CO 125

and DNG/Ch/SO dressing

5.2.12 Drug release by serial plate transfer disk diffusion test 125
(SPTDDT) for DNG/Ch/CO and DNG/Ch/SO dressings

5.2.13 Drug release by UV spectrophotometric method for 126

DNG/Ch/AV and DNG/Ch/MH dressings

(xiii)



5.2.14 Statistical analysis
5.3 Results and discussions
5.4 Conclusions

5.5 References

Chapter 6- Wound healing and histopathology studies of

bionanocomposite dressings

6.1 Introduction

6.2. Experimental
6.2.1 Wound healing studies
6.2.2 Histopathological studies
6.2.3 Statistical analysis

6.3 Results and discussion

6.4 Conclusions

6.5 References

Chapter 7- Summary

7.1 Summary

7.2 Scope for future work

Curriculum Vitae

(xiv)

126

126

149

150

152-166

152

154

154

155

155

155

163

165

167-171

167

171

172-174



LIST OF FIGURES

Chapter 1

Fig. 1.1 Classification of the wound tissue based on the color of wound bed

Fig.1.2 Worldwide wound management market, segment size & growth, 2012-2020
Fig 1.3 Schematic showing ring opening in dextran

Fig. 1.4 Mechanism of Maillard reaction

Chapter 2

Fig. 2.1. Schematic presentation of the one-step nanoprecipitation based preparation of NS
using route A (without surfactant) and route B (with surfactant)

Fig. 2.2 Zeta potential measurements of NS as a function of pH. NS exhibited positive and
negative surface change under different pH conditions

Fig 2.3. TEM micrographs showing influence of solvent/nonsolvent ratio (1:10-1:30) on
particle size and size distribution of NS.

Fig. 2.4. (a) Influence of varying solvent/nonsolvent ratio (1:10-1:30) on the size of NS using
DLS measurements. Large rate of solvent mass transfer at high solvent/nonsolvent ratio
results in bigger size particles (b) Stability and surface charge of NS using zeta potential
measurements

Fig. 2.5. Size distribution curves of NS as a function of solvent/nonsolvent ratio

Fig. 2.6 TEM micrographs depicting folding patterns, particle size and size distribution in NS
with increasing temperature (30-70°C) at an optimized solvent /nonsolvent ration of 1:30.
Unfolding of protein is demonstrated at 70°C

Fig. 2.7. (a) Size and polydispersity index of NS with varying temperature (30-70°C) using
DLS measurements (b) Zeta potential measurement of NS determining surface charge and
stability as a function of temperature

Fig. 2.8. Size distribution curves of NS as a function of temperature

Fig. 2.9 X-ray diffraction pattern of NS with increase in temperature (30-70°C)

(xv)



Fig. 2.10. TEM micrographs presenting distribution of NS with Tween20, Tween 80 and
Triton X-100. Formation of NS micellar structures is demonstrated after surfactant addition at
solvent/nonsolvent ratio of 1:30 and temperature of 30°C. The scale bar is 100 nm

Fig. 2.11. Representation of the formation of nanoaggregates due to inter-particle covalent
association and intra-particle interactions between NS prepared at solvent/nonsolvent ratio
of 1:30 and temperature of 30°C during glyoxal crosslinking

Fig. 2.12. (a) Size and polydispersity index of nanoaggregates of SPI with varying glyoxal
content (0.025-0.2%) using DLS measurements (b) Stability of NS with increasing glyoxal
content using zeta potential measurements

Fig. 2.13. Size distribution curves of NS as a function of glyoxal content

Fig. 2.14. TEM micrographs showing influence of glyoxal content (0.025-0.2%) on the size of
nanoaggregates. Extensive aggregation at high glyoxal content is revealed in images. The

scale bar is 0.5 ym

Chapter 3

Fig. 3.1. Schematic presentation of the preparation of DNG bionanocomposite membranes
Fig. 3.2. Pictorial representation of the influence of NS content (7-35%) on the homogeneity
of DNG bionanocomposite membranes

Fig. 3.3 Representation of the effect of process parameters on stability of membranes.
Homogeneity in membranes has been attained by strong interactions between dextran and
NS arising due to maillard reaction that occurred during blending reaction time of 48 h in
aqueous state

Fig. 3.4 (a) Effect of blending reaction time and NS content (14-35%) on the extent of
crosslinking in DNG membranes (b) Variation of free amine groups present after 48 h of
reaction

Fig. 3.5. Effect of NS concentration (14-35%) and blending reaction time on the gel content

of plasticized in-situ crosslinked membranes. 28% NS without glycerol represents the gel

(xvi)



content values of membrane produced with optimized NS content in absence of plasticizing
agent

Fig. 3.6. A 3C’s model representing the compatibility and crosslinking pattern between
dextran and NS at different NS content. Minimum compatibility and crosslinking is dominant
at 7% and 35% NS content due to independent domain formation of NS and dextran in the
system

Fig. 3.7. FESEM images of in-situ crosslinked DNG membranes with varying NS content
Fig. 3.8. AFM images of in-situ crosslinked DNG membranes with varying NS content

Fig 3.9. XRD spectra of pristine dextran, pristine NS and in-situ crosslinked DNG
membranes with varying NS content (7-35%)

Fig. 3.10. Raman spectra of pristine dextran, pristine NS and in-situ crosslinked DNG
nanocomposite membranes with varying NS content (7-35%)

Fig. 3.11. (a) Load-displacement curves of glycerol plasticized DNG nanocomposite
membranes under tensile stress. Gauge length 25 mm; strain rate 50 mm min; load cell 10
N (b) Effect of NS content on the Young’s modulus and tensile strength of DNG membranes

Fig. 3.12. TGA analysis of pristine dextran, pristine NS and sample S4

Fig. 3.13. Pictorial representation of DNG membranes with varying polymer concentration (a)
2%, (b) 4% (c) 6% and (d) 8%

Fig. 3.14 Increase in bending length of DNG membranes with increasing polymer
concentration.

Fig. 3.15. Pictorial representation of DNG membranes with glycerol content (0% - 40%)

Fig. 3.16. AFM images of DNG membranes depicting surface roughness with glycerol
concentration (0-40%)

Fig. 3.17. FESEM images of DNG membranes with glycerol content (0-40%)

Fig. 3.18. Effect of glycerol content on the hydrophilicity of DNG membranes

Fig. 3.19. Gel content, weight loss in DNG membranes with glycerol content (10-40%)

Fig. 3.20. Fractional loss of D/NS in DNG membranes with glycerol content (10-40%)

(xvii)



Fig. 3.21. Equilibrium swelling of DNG membranes with glycerol content (10-40%)

Fig. 3.22. Effect of glycerol plasticization on the shear viscosity of DNG composite fluid with
glycerol content (10-40%)

Fig. 3.23. ATR spectra of pristine dextran, pristine NS, DNG membranes with glycerol
content (10-40%)

Fig. 3.24. Diffractogram of DNG membranes with glycerol content (10-40%)

Fig. 3.25. Load-displacement curves of glycerol plasticized D/SPI/G membranes under
tensile stress. Gauge length 30 mm; strain rate 50 mm min; load cell 10 N
Fig. 3.26. Water vapor transmission rate in DNG membranes with glycerol content (0-40%)

Fig. 3.27. Water vapor loss from DNG membranes at different time intervals

Chapter 4

Fig. 4.1. Pictomicrographs of DNG/Ch bionanocomposite membranes at different chitosan
contents (7-35%)

Fig. 4.2. Formation of homogeneous polymer solution after chitosan addition into the system
Fig. 4.3. SEM micrographs of DNG/Ch bionanocomposite membranes at various chitosan
contents (7-35%)

Fig. 4.4. Load-displacement curves of DNG/Ch membranes with varying chitosan content
under tensile stress. Gauge length 30 mm; strain rate 50 mm/min; load cell 10 N.

Fig. 4.5. ATR spectra of DNG/Ch bionanocomposite membranes at various chitosan
contents (7-35%)

Fig. 4.6. Water vapor transmission rate in DNG/Ch membranes with glycerol content (0O-
40%)

Fig. 4.7. Pictomicrographs of membranes representing percentage change in area after
swelling in PBS (a) 0% chitosan (b) 7% chitosan

Fig. 4.8. Pictomicrographs of membranes representing percentage change in area after

swelling in PBS (a) 14% chitosan (b) 21% chitosan

(xviii)



Fig. 4.9. Pictomicrographs of membranes representing percentage change in area after
swelling in PBS (a) 28% chitosan (b) 35% chitosan

Fig. 4.10. Equilibrium swelling of DNG/Ch nanocomposite membranes with varying chitosan
content (7-35%)

Fig. 4.11. Antibacterial activity of DNG/Ch membranes with varying chitosan content (7-35%)
against S. aureus

Fig. 4.12. Antibacterial activity of DNG/Ch membranes with varying chitosan content (7-35%)

against E. coli

Chapter 5

Fig. 5.1. Schematic representation of the fabrication of clove oil, sandalwood oil, aloe vera
and manuka honey loaded bionanocomposite dressings

Fig. 5.2. Macroscopic appearance of DNG/Ch/CO dressings with varying CO concentration
Fig. 5.3. Macroscopic appearance of DNG/Ch/SO dressings with varying SO concentration
Fig. 5.4. Macroscopic appearance of DNG/Ch/AV dressings with varying AV concentration
Fig. 5.5. Macroscopic appearance of DNG/Ch/MH dressings with varying MH concentration
Fig. 5.6. Antibacterial activity of DNG/Ch/CO dressings by zone of inhibition against (a) E.
coli, and (b) S. aureus

Fig. 5.7. ZOl measurements of DNG/Ch/CO dressings against E. coli and S. aureus with
varying CO loading

Fig. 5.8. Antibacterial activity of DNG/Ch/SO dressings by zone of inhibition against (a) E.
coli, and (b) S. aureus

Fig. 5.9. ZOl measurements of DNG/Ch/SO dressings against E. coli and S. aureus with
varying SO loading

Fig. 5.10. Antibacterial activity of DNG/Ch/AV dressings by zone of inhibition against (a) E.
coli, and (b) S. aureus

Fig. 5.11. ZOIl measurements of DNG/Ch/AV dressings against E. coli and S. aureus with

varying AV loading

(xix)



Fig. 5.12. Antibacterial activity of DNG/Ch/AV dressings by zone of inhibition against (a) E.
coli, and (b) S. aureus

Fig. 5.13. ZOIl measurements of DNG/Ch/MH dressings against E. coli and S. aureus with
varying MH loading

Fig. 5.14. Antibacterial activity of bionanocompaosite dressings by colony forming unit method
against S. aureus

Fig 5.15. Bacterial reduction count (%) for drug loaded bionanocomposite dressings as
compared to DNG dressing

Fig. 5.16. Morphological analysis of DNG/Ch/AV, DNG/Ch/MH, DNG/Ch/CO and
DNG/Ch/SO dressings with optimized drug concentration

Fig. 5.17. Water vapor transmission rate in DNG/Ch/AV, DNG/Ch/MH, DNG/Ch/CO and
DNG/Ch/SO dressings with optimized drug concentration

Fig. 5.18. Load-displacement curves of drug loaded membranes under tensile stress. Gauge
length 30 mm; strain rate 50mm/min; load cell 10 N

Fig 5.19. Equilibrium swelling in DNG/Ch/CO, DNG/Ch/SO, DNG/Ch/AV and DNG/Ch/MH
dressings with optimized drug concentration

Fig. 5.20. SEM micrographs representing intensity of bacterial adherence on DNG dressings
against S. aureus and E. coli

Fig. 5.21. SEM micrographs representing intensity of bacterial adherence on DNG/Ch
dressings against S. aureus and E. coli

Fig. 5.22. SEM micrographs representing intensity of bacterial adherence on DNG/Ch/CO
dressings against S. aureus and E. coli

Fig. 5.23. SEM micrographs representing intensity of bacterial adherence on DNG/Ch/SO
dressings against S. aureus and E. coli

Fig. 5.24. SEM micrographs representing intensity of bacterial adherence on DNG/Ch/AV
dressings against S. aureus and E. coli

Fig. 5.25. SEM micrographs representing intensity of bacterial adherence on DNG/Ch/MH

dressings against S. aureus and E. coli

(xx)



Fig. 5.26. Effectiveness of DNG/Ch dressings against S. aureus and E. coli over a time
period of 72h

Fig. 5.27. Effectiveness of DNG/Ch/CO dressings against S. aureus and E. coli over a time
period of 72h

Fig. 5.28. Effectiveness of DNG/Ch/SO dressings against S. aureus and E. coli over a time
period of 72h

Fig. 5.29. Bacterial reduction (%) using DNG/Ch/CO dressings against S. aureus and E. coli
Fig. 5.30. Bacterial reduction (%) using DNG/Ch/SO dressings against S. aureus and E. coli
Fig. 5.31. Manifestation of zone of inhibition indicating drug efficacy over a period of 72 h (a)
DNG/Ch/CO dressings (b) DNG/Ch/SO dressings (c) Measure of zone of inhibition diameter
(mm) for DNG/Ch/CO and DNG/Ch/SO dressings against S. aureus (d) Measure of zone of
inhibition diameter (mm) for DNG/Ch/CO and DNG/Ch/SO dressings against E. coli

Fig. 5.32. (a) Drug release from DNG/Ch/MH dressings (b) Drug release from DNG/CH/AV
dressings

Fig 5.33. (a) Non-fickian (b) Quasi-fickian release profile of DNG/Ch/MH dressings

Fig 5.34. (a) Non-fickian (b) Quasi-fickian release profile of DNG/Ch/AH dressings

Chapter 6

Fig. 6.1. Appearance of wound for Group I- Group VI on day O after wound creation

Fig. 6.2. Typical wound contraction changes for Group |- Group VI at 3™ post wounding day
Fig. 6.3. Typical wound contraction changes for Group |- Group VI at 7" post wounding day
Fig. 6.4. Typical wound contraction changes for Group I- Group VI at 14" post wounding day
Fig. 6.5. Typical wound contraction changes for Group |- Group VI at 21% post wounding day
Fig. 6.6. Percentage wound contraction in group |- group VI with time

Fig. 6.7. Histological analysis of excised healthy wound tissue on day 21 when treated with
DNG dressing

Fig. 6.8. Histological analysis of excised healthy wound tissue on day 21 when treated with

DNG/Ch dressing

(xxi)



Fig. 6.9. Histological analysis of excised healthy wound tissue on day 21 when treated with
DNG/Ch/CO dressing
Fig. 6.10. Histological analysis of excised healthy wound tissue on day 21 when treated with
DNG/Ch/SO dressing
Fig. 6.11. Histological analysis of excised healthy wound tissue on day 21 when treated with
DNG/Ch/AV dressing
Fig. 6.12. Histological analysis of excised healthy wound tissue on day 21 when treated with

DNG/Ch/MH dressing

(xxii)



LIST OF TABLES

Chapter 1
Table 1.1 Selection of an appropriate wound dressing based on the wound tissue type

Table 1.2 Advantages of natural over synthetic biopolymers

Chapter 3

Table 3.1 Composition of dextran, NS and glycerol in DNG membranes
Table 3.2 Composition of dextran, NS and glycerol in DNG membranes

Table 3.3 Amine content of DNG membranes determining the degree of crosslinking with
variation in NS concentration (14-35%) and blending reaction time

Table 3.4 Gel content (%) values of DNG membranes with variation in NS concentration (14-
35%) and blending reaction time. S4 without glycerol represents the gel content values of
membrane produced with optimized NS content i.e. 28% in absence of plasticizing agent
Table 3.5 Influence of NS concentration on the tensile properties of DNG nanocomposite
membranes. Gauge length 25 mm; strain rate 50 mm mint; load cell 10 N

Table 3.6 Color values (I*, a*, b* and c*) of control membrane and glycerol plasticized
membranes

Table 3.7 UPF values of DNG membranes at different glycerol concentrations

Table 3.8 Effect of glycerol content on the tensile properties of DNG membranes. Gauge

length 30 mm; strain rate 50 mm min?; load cell 10 N

Chapter 4

Table 4.1. Composition of components in DNG/Ch bionanocomposite membranes

(xxiiii)






LIST OF ABBREVIATIONS

Polyvinylpyrrolidone
Polyethylene glycol

Silver

Soy protein isolate
Poly(lactic-co-glycolic acid)
Polyvinyl alcohol
Extracellular matrix
Escherichia coli
Staphylococcus aureus
Methicillin-resistant staphylococcus aureus
Bacillus subtilis
Salmonella typhimurium
Staphylococcus albus
Vibrio vulnificus
Pseudomonas aeruginosa
Klebsiella pneumoniae
Polylactide

Bovine serum albumin
Endothelial growth factor
Cleome droserifolia

Silver nanoparticles
Titanium dioxide

Zinc oxide

Oxidised pectin-gelatin
Halloysite nanotubes

Halloysite nanoclay

(xxiv)

PVP

PEG

Ag

SPI

PLGA

PVA

ECM

E. coli
S.aureus
MRSA

B. subtilis

S. typhimurium
S. albus

V. vulnificus
P. aeruginosa
K. pneumoniae
PLA

BSA

EGF

CE

AgNPs

TiO>

Zn0O

OP-Gel

HNTs

HNC



Sodium-montmorillonite

SPI nanoparticles

Dextran/NS/Glycerol
Dextran/NS/Glycerol/Chitosan
Dextran/NS/Glycerol/Chitosan/Clove oil
Dextran/NS/Glycerol/Chitosan/Sandalwood oil
Dextran/NS/Glycerol/Chitosan/Aloe vera
Dextran/NS/Glycerol/Chitosan/Manuka honey
Sodium hydroxide

Sodium chloride

Hydrochloric acid

Dynamic light scattering

High resolution transmission electron microscopy
X-ray diffraction

Isoelectric point

Critical micelle concentration

Field emission transmission electron microscopy
Scanning electron microscopy

Atomic force microscopy

Acid orange 7

Attenuated total reflectance

Water vapour transmission rate
Thermogravimetric analysis

UV-Protection factor

Phosphate buffer

Root mean square value

Tensile strength

Young’s modulus

(xxv)

Na-MMT
NS
DNG
DNG/Ch
DNG/Ch/CO
DNG/Ch/SO
DNG/Ch/AV
DNG/Ch/MH
NaOH
NaCl
HCI

DLS

HRTEM

XRD

pl

CMC

FESEM

SEM

AFM

AO7

ATR

WVTR

TGA

UPF

PBS

Sq

TS

YM



Colony forming unit CFU

Zone of inhibition Z0Ol
Essential oils EO
Polyurethane PU

(xxvi)



	PhD thesis (Surabhi Singh) 2017.pdf
	1
	2
	3
	4




