STRUCTURAL MODIFICATION OF CHITOSAN WITH PHTHALIC
ANHYDRIDE AND PHYSICOCHEMICAL AND FILM FORMING PROPERTIES

By
Miss Sunitda Khawthong

A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree
MASTER OF SCIENCE
Program of Pharmaceutical Sciences
Graduate School
SILPAKORN UNIVERSITY
Academic Year 2011
Copyright of Graduate School, Silpakorn University



STRUCTURAL MODIFICATION OF CHITOSAN WITH PHTHALIC
ANHYDRIDE AND PHYSICOCHEMICAL AND FILM FORMING PROPERTIES

By
Miss Sunitda Khawthong

A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree
MASTER OF SCIENCE
Program of Pharmaceutical Sciences
Graduate School
SILPAKORN UNIVERSITY
Academic Year 2011
Copyright of Graduate School, Silpakorn University



myaauils lassad e lalasmuaremaniou la lasauasauiamuauiand

[ E=VTr4
agmsneay

Tag

LlNﬁ'l'Jij’ﬁﬁ@ﬂ V1IN

4

Y
a a I 1 @ a @ a
'J’I/]fﬂL!WLl‘ﬁﬁﬁjuﬁ?ﬂﬁﬁ\?ﬂl@ﬂﬂ?ﬁﬁﬂﬂ?@ﬂﬂﬁaﬂq%iﬂ%m@T@ﬂﬂTﬁTﬁﬂﬁJﬁTﬂm“ﬂﬁ

1% INMMIMANTVENaa

9 a [

UNPINGIAY VHIINAasAalng

UnsAnun 2554

o

e
auansvestuNaIneds uImeaeaaiing



The Graduate School, Silpakorn University has approved and accredited the
thesis title of “Structural Modification of Chitosan with Phthalic Anhydride and
Physicochemical and Film Forming Properties” submitted by Miss Sunitda
Khawthong as a partial fulfillment of the requirements for the degree of Master of

Science in Pharmaceutical Sciences.

(Assistant Professor Panjai Tantatsanawong, Ph.D.)
Dean of Graduate School
.............. [oveoeveneid i

The Thesis Advisor

Associate Professor Jurairat Nunthanid, Ph.D.

The Thesis Examination Committee

........................................ Chairman
(Associate Professor Prasert Akkaramongkolporn, Ph.D.)
.............. [evoveoeeeeeeid e

(Associate Professor Satit Puttipipatkhachorn, Ph.D.)
.............. Lovovvoeveeeeid e

........................................ Member
(Assistant Professor Sathit Niratisai, Ph.D.)
.............. [ovovvoeveeeeid e

........................................ Member
(Associate Professor Pornsak Sriamornsak, Ph.D.)

.............. [evoveroenecnid e

(Associate Professor Jurairat Nunthanid, Ph.D.)
.............. Y S



52361207 : MAJOR : PHARMACEUTICAL SCIENCES
KEY WORDS : CHITOSAN / PHTHALIC ANHYDRIDE / N-PHTHALOYL CHITOSAN
CHEMICAL MODIFICATION / FILM FORMING PROPERTIES / ENTERIC
POLYMER
SUNITDA KHAWTHONG : STRUCTURAL MODIFICATION OF CHITOSAN
WITH PHTHALIC ANHYDRIDE AND PHYSICOCHEMICAL AND FILM FORMING
PROPERTIES. THESIS ADVISOR: ASSOCIATE PROFESSOR JURAIRAT NUNTHANID,
Ph.D. 100 pp.

The aim of this study was to modify N-phthaloyl chitosan (N-PhCS) as an enteric
polymer by acylation at amino groups of chitosan (CS) via ring-opening reactions of phthalic
anhydride (PA). The suitable conditions for preparation and appropriate factors, i.e.
temperature, stirring time, mole ratio of CS:PA, neutralization pH (step 3 of preparation
process) and different molecular weights of CS (20 and 200 kDa) were studied.
Physicochemical properties of N-PhCS were evaluated, i.e. chemical structure, powder X-ray
diffraction, thermal property and solubility of N-PhCS in pH 1-10 media. The results showed
that the preparation under high temperature resulted in the cyclization of phthalimido
moieties. Thus, the suitable conditions to prepare N-PhCS was at 25°C under stirring for 4 h,
CS:PA at 1:5 mole ratio and neutralization pH at pH 5. The obtained N-PhCS from CS 20
kDa was chitosan-N-phthalamidate sodium (sodium 2-(chitosan-N-carbonyl) benzoate) with
the highestdegree of substitution and the solubility best fitted to enteric polymer property.
The study of stability and cytotoxicity of the polymer suggested that cyclization of N-PhCS
occurred during storage at high temperature and it was non-toxic and compatible to Caco-2
cells when used at concentrations of 0.01-1 mg/mL. N-PhCS films exhibited a good enteric
property and the solubility in simulated gastric fluid was 12.43% with complete dissolution in
simulated intestinal fluid. The moisture barrier property and tensile strength of the films were
closed to chitosan acetate film but they were more brittle. Physicochemical properties and
solubility of N-PhCS prepared from different molecular weights of CS were similar except for
the higher viscosity of the solution of the higher molecular weight salt. In conclusion,

chitosan-N-phthalamidate sodium can be applied in enteric and colonic drug delivery system.

Program of Pharmaceutical Sciences Graduate School, Silpakorn University
Student’s signature ... Academic year 2011

Thesis Advisors’ signature ..............coooiiiiiiiiinnn.

v



52361207 : @1VIFINMIMUNTHANTAS

o o a <3 a [ wAa 1A
Mdna - lalaanu / manuoulalasa /idu-mlasalalasiu / mydauils Tassade/ auiansnedldy /
DUINDIN NOALDS.
a [ 9 9 a 4 wa =
gilaan 1nes : madaudilnssadveslalaaudemanueulelassuazaniianunil

aa o " a o= a a 7 7 v ¢ o a
V‘Iﬁﬂﬁlmgﬂ"l'iﬂ@%lﬁll. mmsaﬁﬂ?nynmmuwuﬁ T IONANERNT19158 ﬂi.iﬂiiﬁu HUUNUY. 100 Wfﬁ.

£
v 2 A v

Jagulszasdvesnuiselinemsdaulsowiiug lnTaauluguuudu-mTada lalaanuiie

a

4

@ wa I a a aan a o A ] a Y a
wannauiamaiueumesnweames Tﬂﬂﬂgﬂ'iEJWLE‘J“D’Lﬂ‘]ﬂ‘H‘V]ﬁH@%NIH"U@Q%?IIW%WH?] 2m3ladeuriu

[l
o A

a J ' a = [ '
yoamanueulalasa Anwannzuaziioimunzan 1aun gaungil szoznams wiow dasiaiulua
J a Jd 2 0 PR ~ 2 =~
senanlalasuuazmanuoulalasa fesvesiuaoumsiliilunan Aunszurumssenduaoui
%’ @ dl a @ a wa aaa o o o’d'
3) wagzaimiin Tuanavesla Tawui 20 uag 200 flasadu Tasdszluauiamaualiidnd vosoywusn

a Yy ¥ a 2 o o o wa ¥ ! pu a
Wliflllllﬂ llﬂllﬂ Iﬂi\?ﬁi?\i'ﬂ”l\uﬂll NITLAYUVUINFLDNY FUUANNWAINUIDU LASAINITALANY NENNICTNIDY

a

' A A A ° Y a ) ' Aa o & A 9
1-10 WU’J’]ﬂTﬂﬁjﬂﬁJﬂqmﬁﬂuqquwa ‘ﬂ’]ah’i lﬂﬂvlclfll‘ﬂ al%%um@QWHWWIaﬂ a ﬂ\juuﬁﬂ’]jgmlﬁu’]gﬁuqﬂuﬂ

£

= A a = < o A o ' ' ' a
NITATINN QWY 25 oAl e Wua 4 "]f’)IiN mﬂmwmuim 381’”']\11?]1@"‘]5']‘1!@]@ mammu"la

J 3 o =~ 2 = 3 A & o I A Y a
lasaidlu 1:5 uazlSvannziosluduaoun 3 Wuiiey 5 Foynusnmsonlaonn lalaanu 20 Alaaa

dunaaslnseairalugiuuylalaenu-Bu-maien s (asdon dos-(laTagu-du-mivedia)

4 § A 3 a a 4 g}z o
Tanen) ADMANUAINIo UM gagauaslautiansazaieiueumesnweamweos 901U

a ' J

o Ay Y o < wa 3 A
mgwuﬁw'lﬂmmffauwamaammmm mwmﬂuwwawaaﬂﬂﬂu (Caco-2) !LaZﬁNU@]ﬂ'lil‘l_IUffﬁﬂ@V\lall

]
=

" a < ' A A g A ' 3 a ' s 3
wuauna o lnarsuvoanymladaiomnunguvgige vaz lunuanuiluiy aemadan layvesdu-m
a [ A a o 1 a aa 4 =l I 1A 1A wa I A
TagalaTamuluriaanududy 0.01-1 Taansuseladans wores sudluurulaunundauiadluidy
PUIMBIANAIDINTAIMIazaaieadosaz 12.43 Tuvearaddiasairgeslunszimizemsuazazais

v o %} 1 o Y3 U A Yy 1Y :3 R A
Tavualuveanariiasaingeslugldian druauiinlumstleaduanuduuazanunuusdadia
YA o oo A = ' o JA A P H o
Indifesnuilanlalasnuezdima uatinnualsizanni wazeynusimsen Iden Ta Tagimiin
1 v A wa aara o 1 Y a2 [ = 1 d‘d %’ o
Tuanaaunuiantiamuaii@nduazmmaazareIndifsanu sauaasazalevoid1sniimiin
1 [ I aa I a § o
Tuanageniziianuvilamnni Taeazd Talasu-du-maiien IxReuiunedwesnanunsnir il

Uszgna g luszumhdsngd ldae

AUIFINNNMIMINTFFANT uUNaINGdy Yr1Ing1agaaling
A A o o= a =
DVIHDFOUNFNHET oo eeeeee e eeeeeeees msfnui 2554

A A I a a 7
ﬂ1ﬂ§JE]°]5@'l’)1%1§fJ1’l‘Lﬁﬂ‘leﬂ'WlEJ'luWLlﬁ .........................................................



ACKNOWLEDGEMENTS

I would like to express my deepest gratitude and appreciation to my advisor,
Associate Professor Dr. Jurairat Nunthanid for her advice, attention and guidance in providing
invaluable ideas that led to the success of my thesis, and especially for her tireless patience
throughout my study. My sincere gratitude also goes to my teacher, Mr. Panjapol Laopoonpat
for his helpful support, invaluable suggestion, and kindness given to me during my study. I
am very much indebted to both of them.

I would like to especially thanks to Associate Professor Dr. Pornsak Sriamornsak,
Associate Professor Dr. Sontaya Limmatvapirat, Associate Professor Dr. Manee Luangtana-
anan and Assistant Professor Dr. Panida Asavapichayont at the Department of Pharmaceutical
Technology and Pharmaceutical Biopolymer Group (PBiG), Faculty of Pharmacy, Silpakorn
University, for giving insightful ideas and discussion in my research.

I would like to sincerely thank and am grateful for Assistant Professor Dr. Sathit
Niratisai and Associate Professor Dr. Prasert Akkaramongkolporn for their valuable
guidances and helpful comments. 1 would also like to thank Associate Professor Dr. Satit
Puttipipatkhachorn from Faculty of Pharmacy, Mahidol University for his helpful suggestion
and his valuable time being my thesis examination committee.

I am very grateful to express my gratitude to Professor Dr. Keiji Yamamoto for
giving me a great opportunity to join his laboratory at Faculty of Pharmaceutical Sciences,
Chiba University, Japan. I would also like to acknowledge Assistant Professor Dr. Waree
Limwikrant for her precious suggestions and caring during my stay in Japan. I also cannot
forget to thank all laboratory members there for their warm welcoming, help and fellowship.

This thesis is partially supported by Faculty of Pharmacy and Graduate school,
Silpakorn University and Silpakorn University Research and Development Institute. I also
would like to thank to all teachers, fellow graduate students, researchers and staff in Faculty
of Pharmacy, Silpakorn University, for giving me the place, equipments, knowledge and
friendship.

I also record my special appreciation for the kind assistance, support and
friendship granted me by all my friends, my colleagues and fellow graduate students. Finally,
I wish to declare my infinite gratitude to my family for their endless love, encouragement,

care and precious spiritual support throughout my life.

Vi



CONTENTS

Page

ENglish ADSIIACE.....c..iiiiiiiieieee ettt et v
TRAT ADSITACT . ...eeeeeeeeeeeeeeeeeeeeeeeeeeeee et e e ee e e eeeeeeeeeeeeeeaees \%
ACKNOWIEAZEIMENLES .....cceiiiiiiieeiiiecieeee et e e e e vi
LSt OF TADLES ..o et e e e e e e e viii
LSt OF FIGUIS ..ttt ettt st e e X
Chapter

1 TNETOAUCTION et e e e e e e e e eeaaeas 1

2 LIterature REVIEWS ....oooviiiiiiiiii e 5

3 Materials and MeEthOAS ... .coeeeeeeeeeee e eeee e e e e e aeees 28

4 RESUILS aNd DISCUSSION.....ueeeeeieeeeeee e e e aaeeeeas 39

5 CONCIUSIONS ..ot 65
RETEIEIICES . ..o e e e e e e e e e e e eraaaaeeas 67
APPENAIX ..ttt ettt ettt et ettt et e et e e aeeenbe e saeenbeeaeeenbeenaens 76
L2310 Tea 21 o] 1) SRR 100

vil



Table

AW N =

0 9 Y D

10

11

LIST OF TABLES

Chemical properties of Chitosan ............cocceeevieriiiiiieniieiee e
Biological properties of chitosan............coceevieeiieiiieiiieciceiee e
Solubility of N-acylated chitosan (88%DD) in water of various pH........
Solubility tests of chitosan and N-succinyl chitosan prepared at 1:1
w/w (SC1:1) and 1:3 w/w (SC1:3) of chitosan and succinic
anhydride in different solutions and pH.........c..ccccoviiiiiinincnne
Estimation of degree of substitution by ninhydrin and FTIR assays........
Toxicity of chitosan and chitosan derivatives ..........cccoeeveevienveecreenneennen.
Enteric coating polymers commonly used in tablet formulations ............
The degree of substitution of N-PhCS prepared under various
conditions using FTIR and 'H-NMR methods. ..............cccccoorvn......
Mechanical properties of N-PhCS and CSA films ........cccceeveniininiencnns
Moisture content and percent dissolved of N-PhCS and CSA films in
SGF and SIF (PH 6.8) ..eoveeiirieieeeeeeeeeee e

LiSt Of @DDIEVIALIONS ...

viil



LIST OF FIGURES

Figure Page

1 Structural representation (A) cellulose, (B) fully acetylated chitin and

(C) fully deacetylated chitosan, evidencing their structural

SIMILATIEY . c.vieeiiie et e e 6
2 Crystalline structure of ChitoSan ...........cccvveriiieeriiieeiiie e 9
3 Functional groups of chitosan..........cccccoecieiiiiiiieniiniieieceeeeee e 10
4 Multifaceted derivatization potential of chitin and chitosan..................... 11
S5 Acylation of ChitoSaN.........cocuiieiiiieiieceece e 13
6  Modification of N-succinyl chitosan ...........c.cccceevcvievieniiienienieeeeeieee, 16
7  FTIR spectra of chitosan and N-succinyl chitosan ............cccccccveeeuveennnee. 16
8  The X-ray diffraction patterns of chitosan and N-succinyl chitosan........ 17
9  Solubility of N-succinyl chitosan (DS = 0.33) in water of various pH .... 17
10  Surface tension—concentration plots of propyl-succinyl-chitosan at

different DS and N-succinyl chitosan ...........ccccceevveevcieenceeenneenns 21
11 Degree of deacetylation of chitosan and degree of substitution of

N-succinyl chitosan prepared at 1:1 w/w (SC1:1) and 1:3 w/w

(SC1:3) of chitosan and succinic anhydride determined by

ninhydrin titration and infrared SpectroSCOPY ......covvveevveercreeenveenns 22
12 The dependence of the concentration of N-succinyl chitosan colloidal

dispersion on the relative cell activity for a different period of

CEIl CUITUTE .. 26
13 Preparation process of N-PhCS prepared under preliminary study.......... 31
14 Proposed reaction between chitosan and phthalic anhydride ................... 32
15 Preparation process of N-PhCS prepared under various conditions......... 33

16 FTIR spectra of N-PhCS prepared under different temperatures and

SEITTING TIM@S ...eevvievieeereeiieeteeieeeteesteeebeesteeebeesseesnseesseesnseessnesseens 40

X



Figure

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Proposed molecular structure of (a) chitosan-N-phthalamidate sodium,

(b) N-phthalimido-chitosan and (c) chitosan-N-phthalamidic

The %transmittance of N-PhCS prepared at different temperatures and
stirring times in pH 1-10 media..........ccoooiveeiiieniieeeeeeeee e,
FTIR spectra of N-PhCS-20 prepared under various conditions by
varying mole ratio of CS:PA and neutralization pH ......................
FTIR spectra of N-PhCS-200 prepared under various conditions by
varying mole ratio of CS:PA and neutralization pH .......................
PXRD patterns of N-PhCS-20 prepared under various conditions by
varying mole ratio of CS:PA and neutralization pH .......................
PXRD patterns of N-PhCS-200 prepared under various conditions by
varying mole ratio of CS:PA and neutralization pH .......................
DSC thermograms of N-PhCS-20 prepared under various conditions
by varying mole ratio of CS:PA and neutralization pH ..................
DSC thermograms of N-PhCS-200 prepared under various conditions
by varying mole ratio of CS:PA and neutralization pH ..................
TGA thermograms of N-PhCS-20 prepared under various conditions
by varying mole ratio of CS:PA and neutralization pH ..................
TGA thermograms of N-PhCS-200 prepared under various conditions
by varying mole ratio of CS:PA and neutralization pH ..................
The %transmittance of N-PhCS-20 kDa prepared under various
conditions by varying mole ratio of CS:PA and neutralization pH.
The %transmittance of N-PhCS-200 kDa prepared under various
conditions by varying mole ratio of CS:PA and neutralization pH.
"H NMR spectra of N-PhCS prepared at 25°C for 4 h under various
NOLE TALIOS 1.ttt ettt ettt st
FTIR spectra of N-PhCS under storage at various conditions

(StADIILY STUAY).eveeeiieeeiiieeie et

Page

41

55

56



Figure

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Cytotoxicity of N-PhCS in Caco-2 cells under the MTT assay................ 61
Images of (a) N-PhCS film and (b) CSA film (digital camera)................ 62
Water vapor permeability of N-PhCS and CSA films........cccccecvevvenennes 63

The FTIR spectra of (a) N-PhCS and (b) chitosan showing the baselines

for calculating the amide I band absorbance for the ratio

A LBU5 /A BADD e 78
"H NMR spectra of N-PhCS prepared at 25°C under stirring for 4 h,
CS:PA at 1:5 mole ratio and neutralization pH at pH 5 .................. 79

TGA thermogram of N-PhCS-20 prepared at 1:1 mole ratio of CS:PA

and neutralization pH at pH 4 .......ccoooviiiiiiiiieeeeeee 80
TGA thermogram of N-PhCS-20 prepared at 1:1 mole ratio of CS:PA

and neutralization pH at pH S .....ooooiiiiiiie e, 81
TGA thermogram of N-PhCS-20 prepared at 1:1 mole ratio of CS:PA

and neutralization pH at pH 6 .........oooviiiiiiiiiiiiiiieceee e 82
TGA thermogram of N-PhCS-20 prepared at 1:3 mole ratio of CS:PA

and neutralization pH at pH 4........ccooieiiiieiiieeeeee e 83
TGA thermogram of N-PhCS-20 prepared at 1:3 mole ratio of CS:PA

and neutralization pHat pH 5., 84
TGA thermogram of N-PhCS-20 prepared at 1:3 mole ratio of CS:PA

and neutralization pH at pH 6 ......cccooeeiiiiiiiiieee e, 85
TGA thermogram of N-PhCS-20 prepared at 1:5 mole ratio of CS:PA

and neutralization pH at pH 4 ..o, 86
TGA thermogram of N-PhCS-20 prepared at 1:5 mole ratio of CS:PA

and neutralization pH at pH S ..o, 87
TGA thermogram of N-PhCS-20 prepared at 1:5 mole ratio of CS:PA

and neutralization pH at pH 6 .......ccooeiiiiiiiiiiiiee e, 88
TGA thermogram of N-PhCS-200 prepared at 1:1 mole ratio of CS:PA

and neutralization pH at pH 4 .......ccoooviiiiiiiieeeee 89

xi



Figure

46

47

48

49

50

51

52

53

TGA thermogram of N-PhCS-200 prepared at 1:1 mole ratio of CS:PA
and neutralization pH at pH S ..o,
TGA thermogram of N-PhCS-200 prepared at 1:1 mole ratio of CS:PA
and neutralization pH at pH 6 .........cooooiiiiiiiiiiii,
TGA thermogram of N-PhCS-200 prepared at 1:3 mole ratio of CS:PA
and neutralization pH at pH 4.......cccooviiiiiiiiiee e,
TGA thermogram of N-PhCS-200 prepared at 1:3 mole ratio of CS:PA
and neutralization pHat pH 5.
TGA thermogram of N-PhCS-200 prepared at 1:3 mole ratio of CS:PA
and neutralization pH at pH 6 .........ooovvviiiiiiiiiiiiieieeeee e
TGA thermogram of N-PhCS-200 prepared at 1:5 mole ratio of CS:PA
and neutralization pH at pH 4 ......ccooiiiiiiiiiee e,
TGA thermogram of N-PhCS-200 prepared at 1:5 mole ratio of CS:PA
and neutralization pH at pH S ..o,
TGA thermogram of N-PhCS-200 prepared at 1:5 mole ratio of CS:PA
and neutralization pH at pH 6 ......cccooeeiiiiiiiiieeee e,

xii

Page



CHAPTER 1
INTRODUCTION

1.1 Statement and significance of the research problem

Thailand is a great source of marine food industry. Therefore, a huge
number of wastes and bio-wastes e.g. squid pens and shrimp shells and crab shells,
etc., were regarded as a source of pollution. Nevertheless, the bio-wastes composed
of biopolymers such as chitin, chitosan, protein and astaxanthin with high economical
values. Currently, chitin and chitosan have been used in many other industries, such
as agricultural, pharmaceutical, water treatment, food science and cosmetic
applications [1]. However, the utilization of chitin has been restricted by its
intractability and insolubility because it is highly hydrophobic and insoluble in water
and most organic solvents. Chitin is soluble only in hexafluoroisopropanol,
hexafluoroacetone, chloroalcohols in conjunction with aqueous solutions of mineral
acids, thus chitosan is considerably more versatile than chitin [2].

Chitosan (2-amino-2-deoxy-(1-4)-B-D-glucopyranan) is a natural linear
biopolyaminosaccharide. Its structure is very similar to cellulose and chitin, except
that the amino group replaces the hydroxyl and acetyl amide group on the C-2
position of cellulose and chitin, respectively [3]. Chitosan is the N-deacetylated
derivative of chitin by chemical or enzyme reaction [4]. Chitin is the second
abundant polysaccharide next to cellulose in nature, which is the mainly component
of exoskeleton of insects, crustaceans such as crabs, shrimps, lobsters, squid pens and
cell walls of some fungi such as Zygomicetes, Aspergillus and Mucor [5]. In addition,
the characteristics of chitosan especially, degree of N-deacetylation (40-98%) and
molecular weight (50-2,000 kDa) are very important to their biological properties [6,
7]. Chitosan has a number of properties, such as biocompatibility, biodegradability
and non-toxicity, which suitable for usage in biomedical and pharmaceutical

formulations [8-11]. It is practically insoluble in water or aqueous solutions at pH



above 6.5 because of the semi-crystalline structure which limits its applications [12-
14]. Although chitosan is soluble in dilute organic acid, such as acetic acid, citric
acid, malic acid and some inorganic acid, such as hydrochloric acid, due to the
presence of free amino groups along the polymer [15], it may not desirable in many
applications of chitosan e.g. food, cosmetics, biomedical. However, the amino
functionality is a strong nucleophilic and reactive at higher pH values which could be
suitably modified by various chemical reactions [16], resulting in N-substituted
derivatives to enhance solubility and impart desired properties. Some N-substituted
reactions include N-alkylation, N-acylation, N-Sulfation and N-hydroxyacylation [16-
21].

N-acylation of chitosan is the most typical and extensively studied
modification reaction. It can be obtained from acyl halide and anhydride [22]. Cyclic
acid anhydrides e.g. succinic, maleic, glutaric, itaconic and phthalic anhydrides are
also used for acylation of chitosan via ring-opening reaction giving N-carboxyacyl
chitosans. This reaction is easy to prepare under mild condition [23, 24]. There are
many reports about the development and physicochemical characterization of N-
succinyl chitosan by the introduction of succinyl groups into amino groups of
glucosamine units of chitosan in various solvent systems, such as acetic acid/ethanol,
methanol, acetone, dimethylsulfoxide (DMSO) and dimethylformamide (DMF) [25-
30]. N-succinyl chitosan displays good water soluble property at various pHs. It is
initially developed as wound dressing materials. It is currently also applied as
cosmetic material and drug carrier. Currently, only a few study of the use of other
cyclic acid anhydrides such as phthalic anhydride has been reported. N-acylation of
chitosan with various cyclic anhydride such as phthalic anhydride were reported [31].
The result showed that the N-phthaloyl chitosan with 34% degree of substitution
showed the solubility even in the basic region above pH 7 and acidic region pH below
4. Although, it enhanced the solubility in basic region, the applications of colonic
drug delivery are restricted due to the solubility in acidic region. Moreover, the
physicochemical properties of N-phthaloyl chitosan such as FTIR, crystalline state
and thermal property were not clarified sufficiently and there is no report about the

toxicity of this derivative before. In addition, chitosan esters as chitosan succinate



and chitosan phthalate have been used successfully as potential matrices for the colon-
specific oral delivery.

Therefore, the aim of this study was to prepare N-phthaloyl chitosan as an
enteric polymer by acylation at amino groups of chitosan via ring-opening reactions
of phthalic anhydride. The suitable conditions for preparation and appropriate factors,
i.e. temperature, stirring time, mole ratio of chitosan and phthalic anhydride,
neutralization pH (step 3 of preparation process) and different molecular weights of
CS (20 and 200 kDa) were studied.  Physicochemical properties of N-phthaloyl
chitosan, i.e. chemical structure, powder X-ray diffraction, thermal property and
solubility in pH 1-10 media, were evaluated. The degree of substitution, cytotoxicity
to Caco-2 cells, stability and film forming properties including mechanical properties,
water vapor permeability, moisture content and pH solubility in SGF and SIF of N-

phthaloyl chitosan were also investigated.

1.2 Objectives of this research

1. To study suitable conditions for preparation and appropriate factors
for enteric polymer property of N-phthaloyl chitosan, i.e. temperature, stirring time,
mole ratio between chitosan and phthalic anhydride and molecular weight of chitosan.

2.  The physicochemical properties of N-phthaloyl -chitosan, i.e.
chemical structure, powder X-ray diffraction, thermal property, solubility and degree
of substitution were studied.

3. To investigate cytotoxicity of N-phthaloyl chitosan in Caco-2 cells.

4.  To evaluate the film forming properties of N-phthaloyl chitosan
including tensile strength, water vapor permeability, moisture content and pH

solubility.

1.3 Hypotheses of this research

1. N-phthaloyl chitosan can be prepared via ring-opening reactions of
phthalic anhydride with amino groups of chitosan under the suitable condition.

2. N-phthaloyl chitosan with high degree of substitution can enhance
the solubility of chitosan.



3. N-phthaloyl chitosan has low toxicity and cell compatibility.
4. The films of N-phthaloyl chitosan have good enteric film property.



CHAPTER 2
LITERATURE REVIEWS

2.1 Chitosan

Chitosan is a cationic biopolymer, one of the most important partially
deacetylated derivatives obtained from chitin by chemical or enzymic reaction, which
is the second abundant polysaccharide next to cellulose in nature. Chitin is found in
the exoskeleton of insects, crustaceans such as crabs, shrimps, lobsters, squid pens
and the cell walls of some fungi such as Zygomicetes, Aspergillus and Mucor [5].
However, the utilization of chitin has been restricted by its intractability and
insolubility, because it is highly hydrophobic and insoluble in water and most organic
solvents. Chitin is soluble in hexafluoroisopropanol, hexafluoroacetone,
chloroalcohols in conjunction with aqueous solutions of mineral acids, thus chitosan

is considerably more versatile than chitin [2].

2.1.1 Chemical structure of chitosan

Chitosan (2-amino-2-deoxy-(1-4)-B-D-glucopyranan) is a copolymer
consists of D-glucosamine and N-acetyl-D-glucosamine units, randomly or block
distributed throughout the biopolymer. It structure very similar to cellulose and
chitin, except that the amino group replaces the hydroxyl group and acetylamide
group on the C-2 position of the glucose rings [32]. The structural details of
cellulose, chitin and chitosan are shown in Figure 1. The characteristics of chitosan
that consist of degree of N-deacetylation (40-98%), defined in terms of the percentage
of primary amino groups in the polymer backbone, and average molecular weights
(50-2,000 kDa) are very important to the physicochemical properties of chitosan

utilization and they have been a major effect on the biological properties [6, 7, 33].



Figure 1 Structural representation (A) cellulose, (B) fully acetylated chitin and (C)
fully deacetylated chitosan, evidencing their structural similarity.
Source: Ramirez, M. A. et al., (2010). “Chitin and its derivatives as biopolymers with

potential agricultural applications.” Biotecnologia Aplicada 27: 271.

2.1.2 Properties of chitosan

Most of the naturally occurring polysaccharides such as cellulose,
pectin, alginic acid, agar, agarose and carragenas are natural and acidic in nature.
Meanwhile, chitin and chitosan are examples of highly basic polysaccharides. Their
properties include solubility in various media, solution, viscosity, polyelectrolyte
behavior, and ability of form films, metal chelations and structural characteristics
[34]. The chemical and biological properties of chitosan were reported in Tables 1
and 2 [6]. These properties make chitosan as a good candidate for the development of
conventional and novel drug and gene delivery systems [35]. Chitosan acetate was
combined with hydroxypropyl methylcellulose, showed the potential of a new
combination coating material for colonic drug delivery [10]. It has also been used as
a pharmaceutical excipient, as a diluents compression of tablets and a binder in wet

granulation [15]. Chitosan performs as an absorption enhancer in the intestine by



increasing the residence time of dosage forms at mucosal sites, inhibiting proteolytic
enzymes and increasing the permeability of protein and peptide drugs across mucosal
membranes. Chitosan is degraded by the microflora that is available in the colon. As
a result, this compound could be promising for colon-specific drug delivery [36].
Chitosan esters, such as chitosan succinate and chitosan phthalate have been used

successfully as potential matrices for the colon-specific oral delivery [31].

Film forming property of chitosan

Chitosan has been well known for its good film-forming property as a
result of intra- and intermolecular hydrogen bonding. Films from aqueous acidic
chitosan solution are clear, tough, flexible and good oxygen barriers [37]. Films
prepared from pure polymers tend to be brittle and often crack upon drying. Addition
of food-grade plasticizers to film-forming solution alleviates this problem [38]. A
number of researches report the preparation of chitosan derivative films and study of
mechanical and physical properties. For example, the alkyl-chitosan derivatives
appear to be more plastic than chitosan films but less resistant [39]. N, N, N.,-
Trimethyl chitosan demonstrated a good film forming ability and a significant
reduction in contact angle corresponds to an increase in the degree of hydrophilicity
[40]. Carboxymethyl chitosan film was reported that the vapor permeability value
was higher than chitosan film [41]. Moreover, chitosan films can be used in widely
applications such as materials in food packaging, antimicrobial packaging, coating
and wound dressing as well as drug release membranes [42-45]. Although, chitosan
has been investigated for colon-specific delivery of drugs because of its
biodegradability by colonic bacteria [46], the application of chitosan as enteric

coating was less successfully due to its readily dissolving in acidic conditions [47].



Table 1 Chemical properties of chitosan.

Chemical properties of chitosan

Cationic polyamine

High charge density at pH<6.5

Adheres to negatively charged surfaces
Film-forming ability

Forms gels with polyanions

High molecular weight linear polyelectrolyte
Viscosity, high to low

Chelates certain transitional metals

Amiable to chemical modification

Reactive amino/ hydroxyl groups

Table 2 Biological properties of chitosan.

Biological properties of chitosan

Biocompatibility
Natural polymer
Biodegradable to normal body constituents

Safe and non-toxic

Hemostatic, bacteriostatic and fungstatic
Spermicidal

Anticancerogen

Anticholesteremic

Reasonable cost

Versatile

Source: Adapt from Hejazi, R. and M. Amiji, (2003). “Chitosan-based gastrointestinal
delivery systems.” Journal of Controlled Release 89: 153-154.



2.1.3 Solubility of chitosan

Chitosan is soluble only in acidic media and part inorganic acid,
such as acetic acid, citric acid, malic acid and hydrochloric acid [15], due to the
presence of free amino groups along the polymer chains make chitosan is a cationic
polyelectrolyte (pK,=~ 6.5). It is normally insoluble in water, alkali or aqueous
solutions above pH 6.5 and organic solvents make its utilization limited in the
pharmaceutical field as protein delivery is the easy dissolution of chitosan in the low
pH of stomach [33]. Because its semi-crystalline structure, which is attributed to
extensive intramolecular and intermolecular hydrogen bonding between the chains
and sheets, respectively (Figure 2) [12-14]. Despite this limitation, various
applications of chitosan and modified chitosan have been reported. Hence, improving
the solubility of chitosan is important if this abundant resource is to be utilized across

a wide pH range [49].

OH

CH,

Figure 2  Crystalline structure of chitosan.
Source: Champagne, L. M. (2008). “The synthesis of water soluble / n-acyl chitosan
derivatives for characterization as antibacterial agents.” PhD thesis, Chemistry,

Louisiana State University and Agricultural & Mechanical College: 14.
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2.2 Chemical modifications of chitosan

In order to improve or impart new properties to chitosan, chemical
modification of chitosan is important and necessary. The chemical modification of
chitosan is interesting because it not only unchanged the fundamental skeleton of
chitosan but also keep the original physicochemical and biochemical properties and
finally could bring new or improved properties [21]. Chitosan chains compose of
three attractive reactive sites for chemical modification as two hydroxyl groups (a
primary hydroxyl at C-6 and a secondary hydroxyl at C-3) and a highly reactive
amino group (at C-2) (Figure 3) [13]. The site of modification is dictated by the
desired application of the final chitosan derivative [4]. The scope for preparing a lot
of derivatives are shown in Figure 4 [13]. The presence of free amine groups along
the chitosan chain, which could be suitably modified by various chemical reactions to
impart desired properties and enhance solubility in water as well as in organic
solvents [32, 50]. The amino functionality gives starting chemical reactions such as
alkylation, acylation, quaternization, hydroxyalkylation, carboxyalkylation, thiolation,
sulfation, phosphorylation, graft copolymerization, etc [ 14, 24, 40, 51-53]. Moreover,
the derivatives provided a variety of products with properties such as antibacterial,
anti-fungal, anti-viral, anti-acid, anti-ulcer, non-toxic, non-allergenic, total

biocompatibility and biodegradability, etc [32, 54, 55].

( Primary amino function ) > NH, OH
(Secnndaxy hydroxy ﬁm.cliun) ———— LY 0 &
~0 HO = S
(Primary hydroxy function) " ’

Figure 3 Functional groups of chitosan.
Source: Mourya, V.K., and N. N. Inamdar. (2008) “Chitosan-modifications and
applications: Opportunities galore.” Reactive & Functional Polymers 68: 1017.
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Chitin/Chitosan
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= Metal chelation

= Cyanoethylation

= Nitration

* Phosphorylation

\4

Derivatization
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= Free radicals
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= Ultrasound
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- Protease
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Figure 4 Multifaceted derivatization potential of chitin and chitosan.

Source: Adapt from Prashanth, K.V.H. and R.N. Tharanathan, (2007). “Chitin/

chitosan: modifications and their unlimited application potential-an overview.”

Trends in Food Science & Technology, 18: 119.
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2.2.1 N-Acylation chitosan

N-Acyl derivatives of chitosan are the most typical and extensively
studied modification reaction. Since, chitosan is a strong nucleophile because of the
presence of nonbonding pair of electrons on its primary amino groups [56]. Chitosan
reacts readily with most aldehydes to produce imines. It also reacts with acid
anhydride and acyl halide to form the corresponding N-Acyl derivatives (Figure 5)
[21, 57].

N-acylation of chitosan has been achieved with various kinds of acid
anhydride. Since most acid anhydrides exhibit very little solubility in aqueous media,
the reactions between chitosan and acid anhydrides are conducted under
heterogeneous experimental conditions. In a general way, acylation reactions lead
frequently in mediums as aqueous acetic acid/methanol, pyridine/chloroform,
trichloroacetic acid/dichloroethane, ethanol/methanol mixture, methanol/formamide
or DMA-LiCl [23]. N-acylation with acetic anhydride was reported to give an
improved method of preparing water-soluble chitosan. The haft N-acetylated chitosan
exhibited good water solubility. Thus, the amount of acetic anhydride was the most

important factor affecting the substitution degree of the chitosan [58].

2.2.2 Cyclic acid anhydride

Acid anhydrides are formed from the dehydration reaction of two
carboxylic acid groups. Anhydrides are highly reactive toward nucleophiles and are
able to acylate a number of the important functional groups of proteins and other
macromolecules as well as amino groups of chitosan [57]. Cyclic acid anhydrides are
used for acylation reaction of chitosan via ring-opening reaction giving N-acyl
chitosans, e.g. succinic, maleic, glutaric, itaconic and phthalic anhydrides, this
reaction is easily to prepare under mind condition [23, 24].

N-acylation via ring opening reactions of partially deacetylated
chitosan (88% DD) with various cyclic anhydrides in aqueous methanol system was
reported [24]. The authors reported that all of the derivatives (DS = 0.21-0.80)
displayed solubility in water at various pH. All of the products exhibited solubility in
the pH region below 4.0 and above pH 7.0 (Table 3). The solubility in the acidic
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region would be caused by the protonation of the N-amino groups (-NH, to —NH3"),
and the solubility in the basic region would be caused by the change of the carboxy
groups to carboxylate ions (—-COOH to —COQ"). The derivatives did not exhibit
complete solubility in the pH range of 4.0 — 7.0, which corresponded to the isoelectric
point of the products. In this pH range, an equimolar of -NH;" and -COO™ groups

existed in the macromolecule [24].

o o or i OH
R o™ R RC ~p Q
CH,OH / CH,COOH HO w Q.
"; R
o]
i Acyl chitosan
OH R/JJ‘M\D OH
o]
o o Cyclic anhydride ~0 0,
HO O~ - o o
NH, MH
R—COOH
8]
Carboxyacy| chitosan
OH
~0 o]
Lactone .,
. HO N
J—R-OH
Hydroxyacy! chitosan

OH
RCOOH ™S 2
Carbodiimide HO O
NH
o=

R
Acyl chitosan

Figure 5 Acylation of chitosan.
Source: Mourya, V.K. and N. N. Inamdar. (2008) “Chitosan-modifications and
applications: Opportunities galore.” Reactive & Functional Polymers 68: 1026.
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Table 3  Solubility of N-acylated chitosan (88%DD) in water of various pH®.

Solubility
Sample® DS pH:1 3 5 7 9 11 13
Suc 0.32 [ T ]
Gltl 0.43 I 00 il
Phth 0.34 I '
THP 0.32 [ [ |
Norb 0.33 | | |
Cycl 0.36 | [N |
Ttim 0.20 I |
CS-88 | 5

a. Solid sample (100 mg; 88%DD) was dispersed in HO (20 mL). The pH of the solution was
adjusted with 0.5% (w/v) aqueous HCI and NaOH.

b. Suc, succinic; Gltl, glutalic; Phth, phthalic; THP, cis-1,2,3,6-tetrahydrophthalic; Norb, 5-
norbornyl-endo-2,3-dicarboxylic; Cycl, cis-1,2-cyclohexyl dicarboxylic; Trim, trimellitic
anhydride; CS-88, chitosan (88%DD).

¢. white bar, soluble; black bar, insoluble.

Source: Adapt from Sashiwa, H. and Y. Shigemasa, (1999). “Chemical modification
of chitin and chitosan 2: preparation and water soluble property of N-acylated or N-

alkylated partially deacetylated chitins.” Carbohydrate Polymers 39: 129.

Succinic anhydride

N-succinyl chitosan has been reports by many researchers. It has
been obtained via ring-opening reaction by introduction of succinyl groups into N-
terminal of the glucosamine units of chitosan (Figure 6) [28]. Succinylation degree of
N-succinyl chitosan could be easily modified by changing reaction conditions using
succinic anhydride in various solvent systems, such as acetic acid/ethanol, methanol,
acetone, dimethylsulfoxide (DMSO) and dimethylformamide (DMF). The reaction

temperature ranged from room temperature to 65°C for 3-24 h. Moreover, chitosan
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was used in their reactions have the ranging of deacetylation degree from 85 to 90
%DD and molecular weight ranging from10 to 300 kDa [26-30, 59]. The structure
changes of derivatives were confirmed by 'H-NMR, "“C-NMR and FTIR
spectroscopy and their physical properties were analyzed by powder X-ray diffraction
(PXRD) and differential scanning calorimetry (DSC) to investigate the crystallinity of
the derivatives. The comparison between the FTIR spectra and the PXRD patterns of
chitosan and N-succinyl chitosan were reported (Figure 7-8). In the FTIR spectrum of
N-succinyl chitosan, the absorption bands of stretching vibration of the ~OH and —
NH; (3300-3500 cm™') became narrower and shifted to lower wave number after
introducing succinyl groups. Another major change could be observed at the new
absorption band of 1413 cm ™', corresponding to symmetric stretching of the ~COO
group. The peak at 1650 cm™' (Amide I) increased and no absorption bands appeared
at 1720-1750 ecm ', indicating that the succinyl derivation reaction took place at the
N-position and -NH—CO- groups have been formed. Meanwhile, the peak at 1597
cm ' (-NH, bending) decreased greatly, and the new signal at 1566 cm ' (assigned to
the secondary amines) further suggested that the amino groups of chitosan were
substituted. The X-ray diffraction pattern of chitosan showed distinct crystalline
peaks at around 11° and 20° compared to N-succinyl chitosan. A lot of strong
intermolecular and intramolecular hydrogen bonds (H- bonds) make chitosan to form
crystalline regions easily and be insoluble in water. However, the peak at 11° in N-
succinyl chitosan X-ray diffraction spectrum disappeared and the peak at 20°
weakened obviously. This result suggests that with the substitution of N-succinyl
resulting in the hydrogen bonding capacity decreased. The solubility of N-succinyl
chitosan in various pH was reported, it has degree of substitution of 33% showed the
solubility of both acidic and basic region (Figure 9). As the derivative has both amino
and carboxy group, the solubility in acid region (pH 1-3) would be caused by the
protonation of amino group. The solubility in alkaline region (pH 7-13) would also
be caused by the change of carboxy group to carboxylate ion. In addition, the
solubility between pH 4.5-6.8 would be owing to the isoelectric point which exists
equimolar of -NH;3" and -COO™ groups in the molecule [30]. Whereas N-succinyl
chitosan with high degree of substitution (degree of substitution > 65%) exhibits the
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opposite behavior of chitosan [21]. The application of N-succinyl chitosan has been
widely researched in cosmetics and pharmaceutical field such as drug carrier, film or
membrane formation, enzyme immobilization [25, 29, 59]. However, it was initially
developed as wound dressing materials, it is currently also applied as cosmetic

materials (Moistfine liquids) [59].

CH,0H
0 L0 CH,0H
o cHy-c7 0
OH o 0
CH»-C
N‘}-[z n 2 ‘:\\O OH
NH n
|
I(“l—(‘Hz—CHz—ﬁ —OH
0 0
Chitosan Succinic anhydride N-succinyl chitosan

Figure 6 Modification of N-succinyl chitosan.
Source: Sui, W. et al. (2008). “Preparation and properties of an amphiphilic derivative

of succinyl-chitosan.” Colloids and Surfaces A: Physicochem. Eng. Aspects 316:
172.
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Figure 7 FTIR spectra of chitosan and N-succinyl chitosan (NSC).
Source: Zhou, J. Q. and J. W. Wang (2009). “Immobilization of alliinase with a water
soluble—insoluble reversible N-succinyl-chitosan for allicin production” Enzyme and

Microbial Technology 45: 301.
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Figure 8 The X-ray diffraction patterns of chitosan and N-succinyl chitosan (NSC).
Source: Zhou, J. Q. and J. W. Wang (2009). “Immobilization of alliinase with a water
soluble—insoluble reversible N-succinyl-chitosan for allicin production” Enzyme and

Microbial Technology 45: 301.
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Figure 9 Solubility of N-succinyl chitosan (DS=0.33) in water of various pH.
Source: Yan, C., et al. (2006). “Preparation of N-succinyl chitosan and their physical-
chemical properties as a novel excipient.” Yakugaku Zasshi: Journal of the

Pharmaceutical Society of Japan 126 (9): 791.
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Phthalic anhydride
Phthalic anhydride is a member of cyclic acid anhydrides that utilized
in this study by introduction of phthaloyl groups into amino groups of the
glucosamine units of chitosan. Phthalic anhydride itself is used as a monomer for
synthetic resins such as glyptal, the alkyd resins and polyester resins [60]. Phthalates,
in combination with various polymers, may be used as plasticizers and film coating
agents in orally ingested solid pharmaceutical dosage forms and in numerous types of
modified-release drug delivery systems such as enteric-coated and delayed-release
tablets, pelletized delayed-release capsules, enteric-coated capsules, and controlled-
release transdermal films [61]. Several different phthalates are currently used as
excipients in approved pharmaceutical formulations:
1. Cellulose acetate phthalate (CAP)

CAP is produced by reacting the partial acetate ester of cellulose
with phthalic anhydride in the presence of a tertiary organic base such as pyridine, or
a strong acid such as sulfuric acid. CAP is used as an enteric film coating material, or
as a matrix binder for tablets and capsules. Such coatings resist prolonged contact
with the strongly acidic gastric fluid, but dissolve in the mildly acidic or neutral
intestinal environment. CAP is commonly applied to solid-dosage forms either by
coating from organic or aqueous solvent systems, or by direct compression.
Concentrations generally used are 0.5-9.0% of the core weight. The addition of
plasticizers improves the water resistance of this coating material, and formulations
using such plasticizers are more effective than when CAP is used alone [62].

2. Dibutyl Phthalate (DBP)

DBP is produced from n-butanol and phthalic anhydride in an ester
formation reaction. DBP is used in pharmaceutical formulations as a plasticizer in
film-coatings. It has been evaluated as a pore-forming agent in novel delivery
systems. It is also used extensively as a solvent, particularly in cosmetic formulations
such as antiperspirants, hair shampoos, and hair sprays [63].

3. Diethyl Phthalate (DEP)
DEP is produced by the reaction of phthalic anhydride with ethanol

in the presence of sulfuric acid. It is used as a plasticizer for film coatings on tablets,



19

beads, and granules at concentrations of 10-30% by weight of polymer. DEP is also
used as an alcohol denaturant and as a solvent for cellulose acetate in the manufacture
of varnishes and dopes [64].

4. Dimethyl Phthalate (DMP)

DMP is produced industrially from phthalic anhydride and
methanol. DMP is used in pharmaceutical applications as a solvent and plasticizer for
film-coatings such as hydroxypropyl methylcellulose, cellulose acetate and cellulose
acetate—butyrate mixtures. In addition to a number of industrial applications, DMP is
also widely used as an insect repellent with topical preparations typically applied as a
40% cream or lotion.

5. Hydroxypropyl methylcellulose phthalate (HPMCP)

HPMCP is prepared by the esterification of hypromellose with
phthalic anhydride. ~The degree of alkyloxy and carboxybenzoyl substitution
determines the properties of the polymer and in particular the pH at which it dissolves
in aqueous media. It is widely used in oral pharmaceutical formulations as an enteric
coating material for tablets or granules. HPMCP is insoluble in gastric fluid but will
swell and dissolve rapidly in the upper intestine. Generally, concentrations of 5-10%
of HPMCP are employed with the material being dissolved in either a
dichloromethane : ethanol (50 : 50) or an ethanol : water (80 : 20) solvent mixture.
HPMCP can normally be applied to tablets and granules without the addition of a
plasticizer or other film formers, using established coating techniques [65].

6. Polyvinyl Acetate Phthalate (PVAP)

Polyvinyl acetate phthalate is a reaction product of phthalic
anhydride, sodium acetate, and a partially hydrolyzed polyvinyl alcohol. The
polyvinyl alcohol is a low molecular weight grade, and 87-89 mole percent is
hydrolyzed.  Therefore, the polyvinyl acetate phthalate polymer is a partial
esterification of partially hydrolyzed polyvinyl acetate. PVAP is a viscosity-
modifying agent that is used in pharmaceutical formulations to produce enteric
coatings for products and for the core sealing of tablets prior to a sugar-coating

process. PVAP does not exhibit tackiness during coating and produces strong robust
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films. Plasticizers are often included in PVAP coating formulations to enable a
continuous, homogeneous, noncracking film to be produced [66].

Moreover, phthalic anhydride is used as protecting amino groups by
heating the amino group with phthalic anhydride [67]. The study chitosan ester as
chitosan phthalate was prepared by reacting chitosan with phthalic anhydride. The
esteric form with a different solubility profile was insoluble in acidic condition and
provided sustained release in basic condition, suggesting its suitability for colon-
specific drug delivery systems [50]. In addition, shellac ester as shellac phthalate

demonstrated to improve the thermal stability as compared to native shellac [68].

2.3 Degree of substitutions

Degree of substitution (DS): represents the number of the substitution
groups which are in the molecular unit of the glucosamine units [69]. The DS is an
important parameter when assessing the conversion of chitosan into one of its
derivates, that influences the physicochemical properties such as solubility, chemical
reactivity and biodegradability [9, 40, 53]. For example, the bioadhesive property of
chitosan was enhanced by N-acylation with fatty acid chlorides. Chitosan modified
with oleoyl chloride showed better mucoadhesion properties than chitosan modified
with lower of %DS [70]. The release of drug is controlled by diffusion, or by
swelling followed by diffusion, depending on both the acyl chain length and the
degree of acylation. The resulted showed that palmitoyl chitosan has a substitution
degree 40 — 50% the best mechanical characteristics and drug release properties [16].
The water-soluble chitosan-N-arginine with various DS from 8.7 to 28.4%, there were
able to inhibit almost all the bacteria (Staphylococcus aureus and Escherichia coli) at
a concentration higher than 150 ppm [55]. The preparation of amphiphilic derivatives
of chitosan, propyl-succinyl-chitosan (HBP-SCCHS) by chemical modification. The
DS of derivative was estimated by elemental analysis. The results showed that the
increase of DS of propyl groups resulting in the surface tension decreases at the same
concentration of the derivatives for there are more hydrophobic groups get to the

surface of the solution (Figure 10) [28].
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N-succinyl chitosan were prepared by reaction of chitosan with succinic
anhydride at 1:1 w/w (SCI1:1) and 1:3 w/w (SC1:3), respectively. DS of SC1:1 and
SC1:3 were determined by FTIR and ninhydrin assays, presented the DS is 10 and
20%, respectively (Figure 11). The solubility of chitosan and its derivative were
measured at three different pH. The result showed that chitosan was perfectly soluble
in acid media but precipitated at neutral and alkaline solutions. The higher DS
derivative (SC1:3) appeared insoluble in pH 4.0 due to the predominance of
carboxylic groups compared to amino groups but completely soluble at high pH while
the lower DS derivative (SC1:1) become partially soluble in the entire pH range due
to the increasing substitution of the amino groups by carboxylic groups, which
become negatively charged above pH 6.0 (Table 4). The result indicated that the ratio
of reagent was factor affecting of DS [29].
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Figure 10 Surface tension—concentration plots of propyl-succinyl-chitosan (HBP-
SCCHS) at different DS and N-succinyl chitosan (SC CHS).

Source: Sui, W. et al. (2008). “Preparation and properties of an amphiphilic derivative

of succinyl-chitosan.” Colloids and Surfaces A: Physicochemical and Engineering

Aspects 316: 174.
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Figure 11 Degree of deacetylation of chitosan (Chit) and degree of substitution of N-

succinyl chitosan prepared at 1:1 w/w (SCI1:1) and 1:3 w/w (SC1:3) of

chitosan and succinic anhydride determined by ninhydrin titration and

infrared spectroscopy.

Source: Mello, K., et al. (2006). "Synthesis and physicochemical characterization of

chemically modified chitosan by succinic anhydride." Brazilian archives of biology
and technology 49(4): 667.

Table 4 Solubility tests of chitosan and N-succinyl chitosan prepared at 1:1 w/w

(SC1:1) and 1:3 w/w (SC1:3) of chitosan and succinic anhydride in different solutions

and pH.
Solubility
Samples
pH=4.0 pH=7.0 pH =10.0
Chitosan ++++ - -
SC1:1 ++ ++ +++
SC1:3 - ++ ++++

(+, soluble; -, insoluble)

Source: Adapt from Mello, K., et al. (2006). "Synthesis and physicochemical

characterization of chemically modified chitosan by succinic anhydride." Brazilian

archives of biology and technology 49(4): 666.
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The methods should be established to determine the exact DS, which can
be used in manufacture, research and application of chitosan [71]. The chemical
method, such as titration (ninhydrin assay) [72] or instrument methods, such as FTIR
[16, 58, 73], NMR [24, 27, 40] and CHN elemental [55] analysis were used to
determine the DS. However, all the methods have some limitation. In the case of
chemical method, the operation is complicated and time-consuming. The instrument
methods are normally expensive, but it is easy to be available, fast and can use solid
sample directly [71]. The preparation of N-acylation of chitosan with various fatty
acid chlorides for increasing hydrophobic character of derivatives [16]. The DS
values were compared with ninhydrin and FTIR methods. The results showed no
significant differences were noticed between the values obtained by these two assays

(Table 5).

Table 5 Estimation of degree of substitution by ninhydrin and FTIR assays.

Degree of substitution (%)
Samples . .
Ninhydrin assay FTIR

Nonmodified chitosan 154+3.6 189+2.1
Caproyl chitosan 43.6+3.2 46.2+4.2
Octanoyl chitosan 41.8+3.3 43.9+£3.8
Myristoyl chitosan 45.6+3.8 47.1£2.7
Palmitoyl chitosan 444 +4.1 47.1+£3.6

Source: Adapt from Tien, C. L., et al. (2003). “N -acylated chitosan: hydrophobic

matrices for controlled drug release.” Journal of Controlled Release 93: 4.
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2.4 Toxicity of chitosan and its derivatives

Chitosan is widely regarded as a nontoxic, biologically compatible
polymer [74]. Chitosan has low oral toxicity with an LDs, in mice exceeds 16 g/kg
[75]. Moreover, chitosan was compared to common sugars and concluded that
chitosan is less toxic than these substances [76]. Toxicity of chitosan might depend
on different factors such as degree of deacetylation, molecular weight, purity and
route of administration [6]. Although, chitosan has been proved as a non-toxic
polymer, but the modifications made to chitosan could make it more or less toxic and
any residual reactants should be carefully removed before using it for biomaterials as
drug delivery systems etc. The summary of toxicity of chitosan and its derivatives is
shown in Table 6 [77].

For example, chitosan in the form of nano/microparticles was not affect
the cell viability of the Caco-2 cells when using in the concentration 0.01-0.1 mg/mL
[78]. Trimethyl chitosan has relative low cytotoxicity when it is an oligomer (3-6
kDa) with ICsp> 10 mg/mL for DS below 55%. Nevertheless, it was shown that
trimethyl chitosan of increasing degree of trimethylation increased cytotoxicity as did
higher molecular weight derivatives (100 kDa) [79]. In addition, In vitro cell toxicity
testing of N-succinyl chitosan was not shown the effect on the activity of 3T3
fibroblasts when the concentration in the range of 0-0.25 mg/mL of N-succinyl
chitosan nanospheres. These results demonstrate that N-succinyl chitosan is non-

toxic, and cell-compatible. It can be safely used as the drug matrix (Figure 12) [26].
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Figure 12 The dependence of the concentration of N-succinyl chitosan colloidal
dispersion on the relative cell activity for a different period of cell culture.
Source: Aiping, Z., et al. (2006). “Synthesis and characterization of N-succinyl-

chitosan and its self-assembly of nanospheres.” Carbohydrate Polymers 66: 278.

2.5 Enteric coating

An enteric coating is a barrier applied to oral medication that controls the
location in the digestive system where it is absorbed. Enteric refers to the small
intestine, therefore enteric coatings prevent release of medication before it reaches the
small intestine. Most enteric coatings work by presenting a surface that is stable at
the highly acidic pH found in the stomach, but breaks down rapidly at a less acidic
(relatively more basic) pH [80].

Purpose of enteric coating
Enteric coating is the most established of delayed-release products,
designed to pass through the stomach unaltered, later to release their medication
within the intestinal tract. There are three reasons for putting such a coating on a
tablet or capsule ingredient:
1. To protect the stomach from the drug.
2. To protect the drug from the stomach, e.g. antibiotics, proteins, and
peptides.

3. To release the drug after the stomach, e.g. in the intestines.
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Enteric coating materials are also used to prevent release of the drug
substance in the stomach if the drug is either an irritant to the gastric mucosa or
unstable in gastric juice. List of enteric coating polymers commonly used in tablet
formulations is shown in Table 7. The choice of enteric coating material depends on

its solubility [81].

Table 7 Enteric coating polymers commonly used in tablet formulations.

Polymer Solubility Profile | Comments
Shellac Above pH 7 Original enteric coating material,
originally used in sugar-coated tablets;
high pH required for dissolution may
delay drug release; natural product
which exhibits batch-to-batch
variability
Cellulose acetate Above pH 6 High pH required for dissolution a
phthalate (CAP) disadvantage; forms brittle films, so
must be combined with other
polymers
Polyvinylacetate Above pH 5 -
phthalate (PVAP)
Hydroxypropyl Above pH 4.5 Optimal dissolution profile for enteric
methylcellulose coating
phthalate
(HPMCP)
Polymers of Various grades -
methacrylic acid available with
and its esters dissolution
occurring above
pH 6

Source: Gad, S.C. (2008). Pharmaceutical manufacturing handbook: production

and processes. North Carolina: John wiley & sons, Inc.: 894.



CHAPTER 3
MATERIALS AND METHODS

3.1 Materials

1.  Acetone (Lot No. 10100223, LAB-SCAN, USA)

2. Calcium chloride dried granular (Code No. 328757, Carlo Erbra,
Germany)

3. Chitosan 20 kDa, 87%DD (Lot No. COA050507, Seafresh Co. Ltd.,
Thailand)

4.  Chitosan 200 kDa, 87%DD (Lot No. COA240720, Seafresh Co. Ltd.,
Thailand)

5. Dimethyl sulfoxide (Lot No. 2216B073, Amresco, USA)

6.  Dulbecco's modification of Eagle's medium (DMEM, Lot No.
861491, Gibco™,USA)

7.  Fetal Bovine Serum (Lot No. 41F6394K, Gibco, EU)

8.  Glacial acetic acid (Lot No. 6M387197A, CARLO ERBA, Italy)

9.  Hydrochloric acid 36.5-38% (Lot No. EI5W66, J.T. Baker, USA)

10. 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Lot No. D00121274, Calbiochem, Germany)

11. Potassium bromide (KBr, Lot No. BO1351607 905, Merck, Germany)

12. Potassium chloride (Lot No. AF501338, Ajax Finechem, Australia)

13. Sodium acetate (Lot No. AF604190, Ajax Finechem, Australia)

14.  Sodium hydroxide (Lot No. B0035298, Merck, Germany)

15. Tris (hydroxymethylaminomethane) (Lot No. Y70885, Research
organic, INC, USA)

16. Phthalic anhydride (Lot No. S5335992 917, Merck, Germany)

28
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3.2 Equipments

1.
Japan)

2.

3.

4.

Inc., Japan)

5
6
7.
8
9

10.
11.
12.
13.

Germany)

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

Aluminum pans (Perkins, P/N SSCO000E030 open sample pan,

CO; Incubator ( Heraeus, Germany)
Desiccators (Biologix Reseach Company, USA)

Differential scanning calorimeter (DSC 6200; SII Seiko instruments

Disintegration testing apparatus (Sotax DT3, Switzerland)

Fourier transform infrared spectrophotometer (Nicolet 4700, USA)
Freeze dryer (Free Zone2.5, Labconco, USA)

Hot air oven (Heraeus, Germany)

Laminar air flow cabinet (Hera Safe, Heracus, Germany)

Magnetic stirrer and Magnetic bar (Mettler-toledo GmbH, Germany)
Microplate reader (Packard BioScience AOPUSO1, USA))

Moisture balance (Sartorius YTX01L, Germany)

Nuclear magnetic resonance spectroscopy (ADVANCE 300, Bruker,

pH meter (Mettler Toledo seveneasy, Switzerland)

Powder X-ray diffractometer (Miniflex II, Rigaku, Japan)

Schott DURAN (250, 500, 1000 mL)

Spectrophotometer (Lamda2, Perkin-Elmer, USA)

Texture analysis (TA.XT. Plus, UK)

Thickness meter (Minitest 600B, Typ 80-121-0306, Germany)
UV-VIS spectrophotometer (Lambda 2, Perkin Elmer, USA)
Viscometer (Brook field digital viscometer, DV-III ULTRA, USA)
Vortex mixer (Gibthai VX-100, Thailand)

Water bath (SANYO, Walk-Ins, Japan)

96 well cell culture plates (Costar®, USA)
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3.3 Methods
3.3.1 Preliminary study
CS (20 kDa, 87%DD), 10% w/v in 20 mL of 2.5% v/v aqueous
acetic acid solution was prepared (Figure 13). The proposed reaction between
chitosan and phthalic anhydride is shown in Figure 14. The very low amount of
medium was used to prevent the hydrolysis of phthalic anhydride (PA). PA, 5% w/v
in acetone was dropped in CS acidic solutions at 1:1 mole ratio of CS:PA under
stirring for 4 and 24 h. The temperature was controlled at 25 and 40°C. The excess
acid in viscous dispersion was neutralized with 0.5 N NaOH. Then, the dispersion
was dropped in acetone followed by filtration. The precipitates were washed with
mixture of acetone:water, 8:1 v/v and then with excess acetone. Finally, the
precipitates were dried in oven at 40°C for 2 h and the obtained powder was collected.
The chemical structure using FTIR spectroscopy and the solubility by measurement of
% transmittance of solutions of the obtained powder was characterized.
3.3.1.1 Fourier transform infrared (FTIR) spectroscopy
FTIR spectra of CS and N-PhCS samples were recorded with
FTIR spectrophotometer (Nicolet 4700, USA) using the KBr disc method. Each
sample was pulverized and blended with KBr powder and then compressed with
pressure of 5 tons for 60 seconds. The KBr discs were placed in the sample holder
and scanned from 4000 to 400 cm™ at a resolution of 4 cm™.
3.3.1.2 Solubility study
The solubility of N-PhCS in various pH media was
determined by measurement of %transmission of solution using UV
spectrophotometry. The sample, 50 mg, was dissolved in 5 mL of pH 1-10 buffer
solutions and Y%transmission of the solution was measured using a UV-VIS
spectrophotometer (Lambda 2, Perkin Elmer, USA) at wavelength of 600 nm.
The results from preliminary study showed that the suitable
condition to prepare N-PhCS was at 25°C under stirring for 4 h. Therefore, we used

these conditions for our further experiments.



31

10% w/v CS-20 in aqueous acetic acid (2.5% v/v) 20 mL

l At 1:1 mole ratio of CS: PA
Step 1: Mixing

Drop wise in 5% w/v PA in acetone

Step 2: Reaction v

Stir at 25 or 40°C for 4 or 24 h

Step3: Neutralization v

Adjust pH with 0.5 N NaOH

Step4: Re precipitation

Disperse in absolute acetone

Filter

\4

Wash with mixture of acetone:water, 8:1 v/v and then with
absolute acetone

l

Dry at40°C for 2 h

\4

N-PhCS powders

Figure 13 Preparation process of N-PhCS prepared under preliminary study.
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OH
OH o o 0
o=c/ \c=o HO. o
" .~ T "
NH, / ﬁ n

0=C; C—ONa

Chitosan Phthalic anhydride N-phthaloyl chitosan

Figure 14 Proposed reaction between chitosan and phthalic anhydride.

3.3.2 Preparation of N-PhCS prepared under various conditions

N-PhCS was prepared from CS 20 kDa, 87%DD (CS-20) and 200
kDa, 87 %DD (CS-200) under varying mole ratio at 1:1, 1:3 and 1:5, respectively
(Figure 15). The effect of neutralization pH was also varied at pH 4, 5 and 6, because
it was found in the preliminary study that the characteristic of the precipitates
depended on the amount of the added NaOH solution.

The physicochemical properties and degree of substitution of the
obtained samples were characterized as well as cytotoxicity and film forming

properties as follows:




10% w/v CS-20 or 4% w/v CS-200 in aqueous acetic
acid (2.5% v/v) 20 or 40 mL, respectively

l At 1:1, 1:3 and 1:5 mole ratio of CS:
Step 1: Mixing

Drop wise in 5% w/v PA in

Step 2: Reaction v
Stir at 25°C for 4 h
Step3: Neutralization \4

Adjust to pH 4, 5 and 6 with 0.5 N NaOH

Step4: Reprecipitate vy

Disperse in absolute acetone

Filter

\4

Wash with mixture of acetone:water, 8:1 v/v and then
with absolute acetone

\4

Dry at 40°C for 2 h

\4

N-PhCS powders

Figure 15 Preparation process of N-PhCS prepared under various conditions.
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3.3.3 Characterization of N-PhCS prepared under various conditions
3.3.3.1 Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of N-PhCS were studied following the method
as described in section 3.3.1.1.

3.3.3.2 Powder X-ray diffractometry (PXRD)

N-PhCS and CS powder was loaded into PXRD plate and
scanned by powder X-ray diffractometer (Rigaku, Miniflex II, Japan). The PXRD
data were recorded on a Rigaku Miniflex System using Ni-filtered, Cu-K (alpha)
radiation, 30 kV, 15 mA with a scanning ratio: 20°= 4°/min.

3.3.3.3 Differential scanning colorimetry (DSC)

The DSC thermograms of N-PhCS and CS samples were
determined by differential scanning calorimetry (DSC 6200; SII Seiko instruments
Inc., Japan) using indium as a standard. About 3-4 mg of powder sample were
accurately weighed and placed in a closed aluminum solid pan. The aluminum pan
was then transferred into the furnace. The thermal behavior of the samples was
determined at heating rate of 10 C per min from 60-350 C using an empty closed
aluminum solid pan as a reference. The measurement was done under nitrogen gas at
a flow rate of 10 mL per min.

3.3.3.4 Thermogravimetric analysis (TGA)

The TGA thermograms of N-PhCS and CS samples were
measured using a thermogravimetric analyzer (TG/DTA 6200; SII Seiko instruments
Inc., Japan). About 3-4 mg of powder samples were accurately weighed into an
aluminium pan. The measurements were conducted over 60-350°C at a heating rate
of 10 °C/min under nitrogen purge.

3.3.3.5 Solubility study
Solubility study of N-PhCS was studied following the

method as described in section 3.3.1.2.
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3.3.3.6 Determination of degree of substitution (DS)

3.3.3.6.1 FTIR method
The degree of substitution of all samples was
screened by calculation of the ratio of absorbance at 1645 cm™ (amide I band) and the
hydroxyl band at 3450 cm™ of FTIR spectra (as described in section 3.3.3.1) of all N-
PhCS following the Equation (1) proposed by Moore and Roberts [82]. The FTIR

measurement of three discs (n=3) was used to obtain a statistical evaluation.

DS(%) = (‘“L*S)N_Phcs - (’“L*S)CS X100 oo (1)

A3450 A3450
Where
- Ajss 1s the absorbance of the amide-I band as a measure of the N-acyl group content
- Aj450 the absorbance of hydroxyl band as an internal standard to correct for film

thickness or for differences in chitosan

3.3.3.6.2 "H-NMR method

According to the high accuracy of the DS
investigation [28], "H NMR was used to confirm the DS of N-PhCS prepared under
the suitable pH neutralization with mole ratio of CS:PA at 1:1, 1:3 and 1:5 mole ratio.
N-PhCS was placed into dialysis bag (MWCO: 6000) for dialysis against excess
distilled water to remove the impurities. The solution in dialysis bag was dried using
freeze dryer (FreeZone 2.5, Labconco, USA). The 'H NMR spectra of the obtained
samples was recorded using nuclear magnetic resonance spectroscopy. The DS was
determined from the ratio of area between the protons of substituted group and methyl
proton of monosaccharide residue (Hj, Hs, Hs and Hg). The chemical shifts were
reported in o (ppm). The degree of substitution was calculated using the following
Equation (2):

DS (%) = | (nson_srowp )/ (Lsenarisenie )] oo 100 Q)

number of proton number of proton

where | was the integral of the hydrogen atom.
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3.3.4 Stability study
N-PhCS samples from section 3.3.3.6 with highest %DS were kept
in the hot air oven at 60, 80 and 120 & 2°C for 6, 12 and 24 hours, respectively. Then
remove the sample from the oven, cool down to room temperature and determine by
FTIR spectra.
3.3.5 Cytotoxicity test
Cytotoxicity of N-PhCS samples from section 3.3.3.6 with highest
%DS was studied by the MTT cytotoxicity assay. Caco-2 cells were harvested and
seeded in 96-well plates at a seeding density of 1 x 10* cells per well and pre-
incubated for 24 h. Then, the cells were treated with N-PhCS sample at various
concentrations ranging from 0.01-10 mg/mL in medium (pH 7.4) and incubated for 24
h. After treatment, the solutions were removed. Finally, the cells were incubated
with MTT containing medium (0.05 mg/mL) for 3 h. The medium was removed and
the formazan crystal that formed in the living cells was dissolved in 100 pL
DMSO/well. The relative viability (%) was calculated based on absorbance at 550
nm using a microplate reader (Packard BioScience AOPUSO1, USA). Viability was
determined by comparing absorbance in wells containing treated cells with that of
untreated cells. Eight replicates were measured for each concentration. The relative

cell viability was calculated according to the following Equation (3).

[ODSSOSample - ODSSOblank]

DSSO,conmt - ODSSOblank]

Relative cell viability = x100 . 3)

where ODs5s0, sample; OD550, control and ODsso, prank are optical density at 550 mM of N-

PhCS sample, control and blank solution, respectively.

3.3.6 Preparation and characterization of N-PhCS and chitosan

acetate films
The films of N-PhCS from section 3.3.3.6 with highest %DS were
prepared by casting method. N-PhCS was dissolved in distilled water at

concentration of 4% w/v. The solution, 100 mL, was then poured on a silicone coated
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glass plate (15 x 15 cm?®) and dried at 50°C for 4-5 h. The films were peeled off and
kept in a desiccators containing dried silica gel to control the moisture for all films
prior to test. Chitosan acetate (CSA) films were also prepared in the same manner by
dissolving CS-20 at concentration of 2.5% w/v in 0.5 N acetic acid solution.
3.3.6.1 Films thickness
The film thickness was determined at ten points by using a
thickness gauge Mini-Test 600 (Elektro Physik Dr. Steingroever GmbH & Co. KG,
Germany).
3.3.6.2 Mechanical properties of films
Mechanical properties of films were measured by texture
analyzer; model TA.XT plus (Stable Micro Systems Ltd., United Kingdom). A
maximum load of 50 N was used. The prepared films were cut in a dumbbell shape
with length of 25 mm and width of 6.25 mm. The thickness of the films was
measured using a micrometer. The test speed was 1 mm/sec. The tensile strength, the
elongation at break and gradient stress-strain of 10 samples were reported [83].
3.3.6.3 Water vapor permeability of films
Water vapor permeability (WVP) was conducted using
modifications of the standard procedure of the ASTM standard method E96-95
(ASTM, 1995) described by Zavareze et al. [84]. Each film sample was sealed over
the circular opening of a permeation cell containing with 30 g dried-granular calcium
chloride. These cells were then placed on desiccators with a saturated sodium
chloride solution (75% RH) at 25°C. After the samples reached steady-state
conditions, the cell weight was recorded every 24 h for 10 days. The WVP of at least

six cells for all films was calculated using the following Equation (4):

(Wwxt)

WVP coefficient =
(AXAP)

where WVP coefficient is water vapor permeability coefficient (g h” m™ Pa™),
W is the amount of water permeated through the film (g/h),
t is the thickness of film (m),
A is exposed area of film (m?),

AP is the vapor pressure difference (AP = 5386.21 Pa)
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3.3.6.4 Moisture content
The film of N-PhCS was accurately weighed (W) and dried
by loss on drying measurement (W;). The weight of film before and after drying was

calculated using the following Equation (5). All samples were performed in triplicate.

Moisture content (%) = 100 X %;Wl)

0
where W, and W, were the constant weight before and after drying, respectively.
3.3.6.5 Percentage dissolved of the films

The film was cut in a square of 1.5 cm x 1.5 cm, weighed
and placed in each tube of the basket of USP disintegration apparatus. The simulated
gastric fluid (SGF, pH 1.2) was used as immersion fluid for the first 2 h. After
immersion in SGF, the film was transferred to simulated intestinal fluid (SIF, pH 6.8
Tris buffer) for the next 3 h. The temperature was controlled at 37 +2 °C. The rest
film was dried at 70°C for 3 h, and reweighed. The percentage of dissolved film was
calculated from the percent weight loss of the film. In case of the film was

completely dissolved within 3 h in SIF solutions, the dissolving time was recorded.

3.3.7 Statistic analyses

Data of research were expressed as mean + standard deviation (SD).

The statistical analysis was carried out using analysis of variance at the 0.05

significance level.



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Preliminary study
4.1.1 FTIR spectroscopy

FITR spectra of CS and N-PhCS prepared under 1:1 mole ratio of
CS:PA at different temperatures and stirring times are presented in Figure 16. The
spectrum of CS showed characteristic peaks at 1650 and 1600 cm™ assigned to the
C=0 stretching (amide I) and the bending of amine (—NH) functional group,
respectively (Figure 16a). The absorption band at 1155 cm™ was an asymmetric
stretching of the C-O-C bridge. The peaks at 1081 and 1033 cm™ assigned to the
skeletal vibration of C-O stretching [14]. In all the spectra of N-PhCS (Figure 16 b-
e), the stretching vibration of —OH overlapped with -NH at 3500-3400 cm™ became
narrower and shifted to lower wavenumber, indicating the substitution at amino
groups of CS [25]. The new peak at 1647 cm™ assigned to the carbonyl stretching
(amide I) of N-phthaloyl amide was also observed, while the peak of (-NH,) bending
at 1600 cm™ disappeared. The strong peaks at 1560 cm™ and 1383 cm™ regions
attributed to an asymmetric and a symmetric carboxylate anion stretching (-COQO"),
respectively, indicated that N-PhCS was chitosan-N-phthalamidate sodium (sodium 2-
(chitosan-N-carbonyl) benzoate) (Figure 17a). The spectra of N-PhCS prepared under
higher temperature (40°C) for 4 and 24 h (Figure 16 d-e), showed the characteristic
peaks at 1712 cm™ and 1772 cm™ regions attributed to carbonyl group of phthalimido
moieties due to cyclization (Figure 17b) [85] while it was not observed in those
prepared at 25°C for 4 and 24 h (Figure 16 b-c). In addition, there was no effect of
the stirring time on the FTIR spectra of N-PhCS.

39



40

% Transmittance

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm1)

Figure 16 FTIR spectra of N-PhCS prepared under different temperatures and
stirring times: (a) CS, N-PhCS at 25°C for (b) 4 h and (¢) 24 h, at 40°C for
(d)4 h and (e) 24 h.
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Figure 17 Proposed molecular structure of (a) chitosan-N-phthalamidate sodium, (b)

N-phthalimido-chitosan and (c) chitosan-N-phthalamidic acid.

4.1.2 Solubility study

The %transmittance of all N-PhCS in pH 1-10 media are shown in
Figure 18. At pH 1, the swelling of N-PhCS due to the protonation of unsubstituted
amino group was observed and the %transmittance was around 20%. At pH 2-6, N-
PhCS was precipitated according to the decrease of free amino groups. At pH above
7, the solubility of N-PhCS was increased as the % transmittance increased due to salt
formation at carboxyl groups of N-PhCS as described in section 4.1.1. The %
transmittance of N-PhCS prepared at 25°C was around 90%. At 40°C for 24 h, the
solubility of N-PhCS was decreased due to the cyclization of phthalimido moieties
and the %transmittance was less than 20%. Therefore, we chose the suitable
condition to prepare N-PhCS at 25°C under 4 h stirring for further experiment. In
addition, it was also found that the characteristic of N-PhCS depended on the amount
of NaOH added in the neutralization pH (step 3 of preparation process) and the effect

of pH condition was also studied.
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Figure 18 The %transmittance of N-PhCS prepared at different temperatures and
stirring times in pH 1-10 media: N-PhCS at 25°C for (¢) 4 h and (m) 24 h,
at (A) 40°C for 4 h and (x) 24 h.

4.2 Characterization of N-PhCS prepared under various conditions
4.2.1 FTIR spectroscopy

The FITR spectra of N-PhCS prepared under various conditions by
varying mole ratio of CS:PA at 1:1, 1:3 and 1:5, neutralization pH at pH 4, 5 and 6
and different molecular weights of CS-20 and CS-200 are presented in Figures 19 and
20, respectively. All the spectra of N-PhCS-20 demonstrated the characteristic peaks
at 1647, 1560 and 1385 cm™ region assigned to the phthalate moieties of chitosan-N-
phthalamidate sodium. At pH 4, the peak at 1716 cm™ attributed to carbonyl
stretching of carboxylic functional group [86] indicating the structure of chitosan-N-
phthalamidic acid (Figure 17c) was observed only in the spectra of N-PhCS at 1:3 and
1:5 of CS:PA (Figure 19 b-c). It was indicated that at higher mole ratio of CS:PA, the
substitution with phthaloyl group was increased resulting in less salt formation of
chitosan-N-phthalamidic acid at the same pH of the neutralization step. At pH 6
under 1:5 mole ratio of CS:PA, the intense and narrow band at 3615 cm™ ' assigned to

the stretching vibrations of O—H bonds which might be inferred to the excess NaOH
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residues (Figure 191). In addition, the spectra of N-PhCS-200 showed the results
similar to those of N-PhCS-20.

(a)
(b)

(c)

(d)

(e)
¢

% Transmittance

(2

(h)

(@)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm1)

Figure 19 FTIR spectra of N-PhCS-20 prepared under various conditions by varying
mole ratio of CS:PA and neutralization pH: at pH 4 under CS:PA; (a) 1:1,
(b) 1:3 and (c) 1:5; at pH 5 under CS:PA; (d) 1:1, (e) 1:3 and (f) 1:5; at pH
6 under CS:PA; (g) 1:1, (h) 1:3 and (i) 1:5.
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Figure20 FTIR spectra of N-PhCS-200 prepared under various conditions by
varying mole ratio of CS:PA and neutralization pH: at pH 4 under
CS:PA; (a) 1:1, (b) 1:3 and (c) 1:5; at pH 5 under CS:PA; (d) 1:1, (e) 1:3
and (f) 1:5; at pH 6 under CS:PA; (g) 1:1, (h) 1:3 and (i) 1:5.
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4.2.2 Powder X-ray diffraction characterization

Powder X-ray diffraction (PXRD) patterns of N-PhCS prepared
under various conditions by varying mole ratio of CS:PA at 1:1, 1:3 and 1:5,
neutralization pH at pH 4, 5 and 6 and different molecular weights of CS-20 and CS-
200 are presented in Figures 21 and 22, respectively. The PXRD patterns of CS-20,
CS-200, PA and physical mixtures of CS-20:PA, CS-200:PA are also demonstrated.
The crystalline peaks at around 11" and 20" (20) were observed in the PXRD pattern of
CS while physical mixtures expressed the sharp peaks of PA at 13", 17", 20°, 22°, 23,
27" and 28" (20) and the broad peaks related to the peaks of CS. A lot of strong
intermolecular and intramolecular hydrogen bonds (H-bonds) make CS form
crystalline regions and results in being insoluble in water [25]. After modification,
halo diffraction patterns all of N-PhCS were observed. It was suggested that its
ability of forming hydrogen bond might be decreased after the amino groups of CS
were substituted with phthaloyl groups, resulting in the formation of amorphous solids
of N-PhCS.
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Figure 21 PXRD patterns of N-PhCS-20 prepared under various conditions by varying
mole ratio of CS:PA and neutralization pH: (a) PA, (b) physical mixture of
CS:PA, 1:1, (c) CS-20, at pH 4 under CS:PA; (d) 1:1, (e) 1:3 and (f) 1:5; at
pH 5 under CS:PA; (g) 1:1, (h) 1:3 and (1) 1:5; at pH 6 under CS:PA; (j)
1:1, (k) 1:3 and (1) 1:5.



47

’"M @
MM (e)
®
(g)
‘—m (1)
)

m v
M

(b)

(©)

.00 1000 15,00 20,00 1500 30,00 3500 40,00 45,00
2 Theta
Figure 22 PXRD patterns of N-PhCS-200 prepared under various conditions by

varying mole ratio of CS:PA and neutralization pH: (a) PA, (b) physical
mixture of CS:PA, 1:1, (¢) CS-200, at pH 4 under CS:PA; (d) 1:1, (e) 1:3
and (f) 1:5; at pH 5 under CS:PA; (g) 1:1, (h) 1:3 and (1) 1:5; at pH 6
under CS:PA; () 1:1, (k) 1:3 and (1) 1:5.
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4.2.3 Differential scanning calorimetry (DSC)

DSC thermograms of N-PhCS prepared under various conditions by
varying mole ratio of CS:PA at 1:1, 1:3 and 1:5, neutralization pH at pH 4, 5 and 6
and different molecular weights of CS-20 and CS-200 are illustrated in Figures 23 and
24, respectively. The thermograms of CS 20 and 200 kDa showed the broad
endothermic peak around 90°C due to the water vapor that the CS contains and the
exothermic decomposition peaks at onset at 290-320°C [87]. The DSC thermograms
all of N-PhCS expressed endothermic dehydration peaks around 60-80°C and the
decomposing peak at onset around 200-250°C were observed, correspond to its
thermal decomposition. The results indicated that the decomposition temperature of
N-PhCS was lower than CS base due to the structure of CS chains has been changed
after the introduction of phthaloyl groups and the reduced ability of crystallization

was in agreement with PXRD results.
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Figure 23 DSC thermograms of N-PhCS-20 prepared under various conditions by
varying mole ratio of CS:PA and neutralization pH: (a) CS-20, at pH 4
under CS:PA; (b) 1:1, (c) 1:3 and (d) 1:5; at pH 5 under CS:PA; (e) 1:1, (f)
1:3 and (g) 1:5; at pH 6 under CS:PA; (h) 1:1; (i) 1:3 and (j) 1:5.
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Figure 24 DSC thermograms of N-PhCS-200 prepared under various conditions by
varying mole ratio of CS:PA and neutralization pH: (a) CS-200, at pH 4
under CS:PA; (b) 1:1, (¢) 1:3 and (d) 1:5; at pH 5 under CS:PA; (e) 1:1, (f)
1:3 and (g) 1:5; at pH 6 under CS:PA; (h) 1:1, (1) 1:3 and (j) 1:5.
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4.2.4 Thermogravimetric analysis (TGA)

TGA thermograms of N-PhCS prepared under various conditions by
varying mole ratio of CS:PA at 1:1, 1:3 and 1:5, neutralization pH at pH 4, 5 and 6
and different molecular weights of CS-20 and CS-200 are illustrated in Figures 25 and
26, respectively. The thermogram of CS showed two steps of weight loss in which,
first step at about 90°C corresponded to the dehydration of water. The second step at
around 280-320°C, was attributed to the decomposition of the polymer [85]. The
thermograms of all of N-PhCS showed three steps of weight loss related to the
dehydration of bound water around 60-100°C, the melting behavior of impurities such
as, sodium phthathalate, phthalic acid sodium acetate and acetic acid around 100-
200°C and the decomposition of N-PhCS at around 200-250°C (as shown in Figures
36-53 of Appendix). It was indicated that N-PhCS was less stable than CS, which
was due to the weakening of the hydrogen bonding as a result of introduction of
substitution groups [25]. These behaviors were in good agreement with the DSC

results.
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Figure 25 TGA thermograms of N-PhCS-20 prepared under various conditions by
varying mole ratio of CS:PA and neutralization pH: (a) CS-20, at pH 4
under CS:PA; (b) 1:1, (¢) 1:3 and (d) 1:5; at pH 5 under CS:PA; (e) 1:1; (f)
1:3 and (g) 1:5; at pH 6 under CS:PA; (h) 1:1, (1) 1:3 and (j) 1:5.
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Figure 26 TGA thermograms of N-PhCS-200 prepared under various conditions by
varying mole ratio of CS:PA and neutralization pH: (a) CS-200, at pH 4
under CS:PA; (b) 1:1, (c) 1:3 and (d) 1:5; at pH 5 under CS:PA; (e) 1:1, (f)
1:3 and (g) 1:5; at pH 6 under CS:PA; (h) 1:1,CS:PA; (i) 1:3 and (j) 1:5.
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4.2.5 Solubility study

The %transmittance of N-PhCS prepared by varying mole ratio of
CS:PA at 1:1, 1:3 and 1:5mole ratio, neutralization pH at pH 4, 5 and 6 and different
molecular weights of CS-20 and CS-200 in pH 1-10 media are presented in Figures 27
and 28, respectively. As the mole ratio of CS:PA increased, the precipitation of N-
PhCS was observed at pH range 1-5 with zero %transmittances. N-PhCS gradually
swelled at pH 5-6 and the % transmittance was around 10-30%. The solubility of N-
PhCS was increased at pH above 7 with nearly 100% transmittances. At 1:1 mole
ratio, the partial swelling of N-PhCS at pH 1 was observed, indicating the protonation
of unsubstituted amino group as already described in section 4.1.2. At pH 5-6, the
partial swelling was not observed which might be due to the less substitution of N-
phthaloyl groups of N-PhCS [29]. In case of pH 4 in neutralization pH, the
Y%transmittance of N-PhCS at pH range 6-7 was lower than those of pH 5 and 6 which
might be due to the less salt formation of chitosan-N-phthalamidic acid as already
described in section 4.2.1. The % transmittance of N-PhCS prepared from both
different molecular weights demonstrated the similar results but the N-PhCS with

high molecular weight exhibited the higher viscosity [88].
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Figure 27 The %transmittance of N-PhCS-20 kDa prepared under various conditions
by varying mole ratio of CS:PA and neutralization pH: (a) 1:1, (b) 1:3 and
(c) 1:5 mole ratio of CS:PA and (¢) pH 4, (m) pH 5 and (A) pH 6.
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Figure 28 The %transmittance of N-PhCS-200 kDa prepared under various

conditions by varying mole ratio of CS:PA and neutralization pH: (a) 1:1,
(b) 1:3 and (c¢) 1:5 mole ratio of CS:PA and (¢) pH 4, (m) pH 5 and (A)

pH 6.
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4.2.6 Measurement of degree of substitution (DS)

The DS of all N-PhCS determined by FTIR assay is shown in Table
8. The %DS was around 10-20% and not correlated with mole ratio of CS:PA. It was
suggested that no significant difference was noticed between the values obtained by
FTIR assay. This was because the %DS of chitosan derivatives was calculated from
the ratio of absorbance at 1650 cm™ (described to amide I as probe band) and the
hydroxyl band at 3450 cm™ (reference band) [16, 45, 71]. In the spectra of N-PhCS,
the hydroxyl band became narrower and shifted to lower wavenumber as described in
section 4.1.1. Thus, FTIR assay was not suitable for estimation the DS of N-PhCS.

From the results of FTIR and solubility study, it was suggested that
N-PhCS prepared from CS-20 under the condition of pH 5 in neutralization and 1:5
mole ratio of CS:PA gave the solubility best fitted to enteric polymer property.
Therefore, the exact %DS of N-PhCS with 1:1, 1:3 and 1:5 mole ratio of CS:PA under
pH 5 in neutralization pH was confirmed by 'H-NMR assay (Figure 29). The
assignments of 'H in the NMR spectra of N-PhCS were as follows, the signals at 3.1
ppm (Hz) and 3.5-3.9 ppm (H3, Hs, Hs, He) were corresponding to the ring methenyl
protons of CS [26]. The signals at 7.4-7.9 ppm were assigned to the aromatic proton
of phthaloyl group [85]. The %DS of N-PhCS with 1:1, 1:3 and 1:5 mole ratio of
CS:PA, calculated from [(laromatic proton/ 4) /( |3+ Ha+ ns+uey / 5)] x100, were 46.0%,
64.3% and 73.2%, respectively. It was suggested that the substitution of N-phthaloyl
group increased, as the mole ratio of CS:PA increased. Therefore, N-PhCS prepared
at 1:5 mole ratio of CS:PA was chosen for stability and cytotoxicity as well as film

forming properties study.
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Table 8 The degree of substitution of N-PhCS prepared under various conditions
using FTIR and 'H-NMR methods.

%DS
Sample
FTIR assay 'H-NMR assay

N-PhCS-20 1:1;CS:PA, pH4 19.58 £ 0.39

N-PhCS-20 1:1;CS:PA, pH5 18.70 + 0.15 46.0
N-PhCS-20 1:1;CS:PA, pH6 13.61 £0.57

N-PhCS-20 1:3;CS:PA, pH4 20.07 £ 0.39

N-PhCS-20 1:3;CS:PA, pH5 17.98 +0.33 64.3
N-PhCS-20 1:3;CS:PA, pH6 14.99 +0.39

N-PhCS-20 1:5;CS:PA, pH4 16.78 + 0.85

N-PhCS-20 1:5;CS:PA, pH5 16.94 +1.01 73.2
N-PhCS-20 1:5;CS:PA, pH6 -

N-PhCS-200 1:1;CS:PA, pH4 12.34+0.81

N-PhCS-200 1:1;CS:PA, pH5 14.53 £ 1.26

N-PhCS-200 1:1;CS:PA, pH6 12.45+1.07

N-PhCS-200 1:3;CS:PA, pH4 15.79 £ 0.55

N-PhCS-200 1:3;CS:PA, pH5 12.04 + 1.54

N-PhCS-200 1:3;CS:PA, pH6 13.71+1.86

N-PhCS-200 1:5;CS:PA, pH4 12.32 +1.37

N-PhCS-200 1:5;CS:PA, pHS 13.95+0.71

N-PhCS-200 1:5;CS:PA, pH6 8.73£1.22
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Figure 29 'H NMR spectra of N-PhCS prepared at 25°C for 4 h under various mole
ratios: (a)l:1, (b) 1:3 and (¢)1:5.
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4.3 Stability study

Figure 30 demonstrates the FTIR spectra of N-PhCS stored at 60, 80 and
120 + 2°C for 6, 12 and 24 h. After storage at 120°C, the peaks at 1712 cm™ and 1772
cm™ attributed to carbonyl stretching of phthalimido moieties were observed and
tended to increase when the exposure time increased. This indicated the cyclization
of chitosan-N-phthalamidic acid after exposure to high temperature. The results
suggested the applications of N-PhCS should be aware of dealing with high

temperatures.

(Initial)

(60°C, for 6 h)

(60°C, for 12 h)

(60°C, for 24 h)
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Wavenumbers (cm™)

Figure 30 FTIR spectra of N-PhCS under storage at various conditions (stability
study).
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4.4 Cytotoxicity test
The MTT assay was performed to assess the cytotoxic activity of the N-

PhCS in Caco-2 cell lines used. As presented in Figure 31, N-PhCS in concentrations
ranges 0.01-1 mg/mL exhibited cell viability around 90% and it was not significantly
different from the control (p>0.05). As the concentrations of N-PhCS increased
higher than 2.5 mg/mL, the cell viability decreased lower than 80%. The cytotoxicity
result agrees with a previous research by Huanbutta [78] that CS in the form of

nano/microparticles was non-toxic, and cell-compatible when using in the
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Figure 31 Cytotoxicity of N-PhCS in Caco-2 cells under the MTT assay.
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The films prepared from N-PhCS were light yellow clear transparent films

with no odor and the thickness was controlled in a range of 110 & 20 um (Figure 32).

Figure 32 Images of (a) N-PhCS film and (b) CSA film (digital camera).

4.5.1 Mechanical properties

The tensile strength, including the elongation at break and gradient

stress-strain of N-PhCS and CSA films, are summarized in Table 9. The tensile

strength of N-PhCS films were not significantly different from CSA films (p>0.05)

whereas percent of elongation at break of N-PhCS was significantly lower than that of

CSA films (p< 0.05) due to the rigid aromatic ring (phthaloyl moiety) reduced the

polymer chain mobility [90].

In addition, gradient stress-strain of N-PhCS was

significantly higher than that of CSA films (p< 0.05). The results demonstrated that

N-PhCS films were more brittle than CSA films, characterized by having small

elongation and high values of gradient stress-strain.

Table 9 Mechanical properties of N-PhCS and CSA films.

Sample Thickness® sfr(::rrllsgl‘iﬁa 6101'11)%::1?:1 at Gradient St-Strain®
(mm) (MPa) (%) (MPa/% )
N-PhCS 0.117+0.008 49.891+11.4 2.881£0.79%* 19.534+1.96*
CSA 0.113+0.004 46.672+5.5 8.802+2.45 17.665+1.52

*All values were mean + SD of ten samples.

*p<0.05 (t-test)
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4.5.2 Water vapor permeability
The water vapor permeability (WVP) of N-PhCS and CSA films are
illustrate in Figure 33. N-PhCS films demonstrated not significantly different
moisture permeability (1.90 x 107 g x h" x m™ x Pa™) as compared to that of CSA
film (2.02 x 107 g x h™" x m™ x Pa) (p>0.05). It was indicated that moisture
protection of N-PhCS films was not deteriorated after introducing the phthaloyl

group.
3 -
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©
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— 1 |
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*All values were mean = SD of six samples.

"p>0.05 (t-test)

Figure 33 Water vapor permeability of N-PhCS and CSA films.
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4.5.3 Moisture content and pH solubility

The moisture content and percent dissolved of N-PhCS and CSA
films in SGF (pH 1.2) and SIF (pH 6.8) are presented in Table 10. The result showed
that the moisture content of N-PhCS was significantly higher than that of CSA film
(p< 0.05). The percent dissolved of N-PhCS films in SGF was 12.43 + 1.28 while in
SIF, the films were completely dissolved. The results were in consistent with the
solubility study of N-PhCS powder as described in section 4.2.5. On the other hand,
CSA films were completely dissolved in SGF and 23.21 + 3.11% in SIF. It was
suggested that N-PhCS film may be suitable for using as a film-forming polymer for

gastro-resistant or enteric coating.

Table 10 Moisture content and percent dissolved of N-PhCS and CSA films in SGF
and SIF (pH 6.8).

Percent dissolved®
Films % Moisture content
in SGF pH 1.2 in SIF pH 6.8
N-PhCS 11.51 £0.93* 12.43 +£1.28 100
CSA 9.54 £0.55 100 2320+3.11

*All values were mean = SD of six samples.

*p<0.05 (t-test)



CHAPTER 5
CONCLUSIONS

In this study, N-phthaloyl chitosan (N-PhCS) as an enteric polymer was
successfully prepared by acylation at amino groups of chitosan via ring-opening
reactions of phthalic anhydride (PA). The effects of various conditions by varying
temperature at 25 and 40°C, stirring time for 4 and 24 h, mole ratio of
chitosan:phthalic anhydride at 1:1, 1:3 and 1:5 mole ratio, neutralization pH (step 3 of
preparation process) at pH 4, 5 and 6 and different molecular weights of chitosan 20
and 200 kDa could be summarized as follows:

1. The suitable condition for preparing N-PhCS was at 25°C under
stirring time for 4 h. The preparation under high temperature resulted in the
cyclization of phthalimido moieties.

2. The adjusted pH in the neutralization pH at pH 5 provided the structure
of chitosan-N-phthalamidate sodium (sodium 2-(chitosan-N-carbonyl) benzoate)
while the less sodium salts formation and the excess NaOH residue was observed at
pH 4 and 6, respectively.

3. The degree of N-phthaloyl substitution increased as the mole ratio of
chitosan: phthalic anhydride increased resulting in the increase of solubility of enteric
polymer property of chitosan-N-phthalamidate sodium.

4. N-PhCS prepared from different molecular weights exhibited similar
physicochemical properties except for the higher viscosity of the solution of the
higher molecular weight salt.

5. The % degree of substitution of N-PhCS with 1:1, 1:3 and 1:5 mole
ratio of chitosan: phthalic anhydride (46.0%, 64.3% and 73.2%, respectively), was
calculated by "H-NMR assay whereas the FTIR assay was restricted according to the

change of the hydroxyl band at 3450 cm™ which was used as the reference band in

65
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the calculation of % degree of substitution, during the substitution of N-phthaloyl
groups.

6. The stability study suggested that N-PhCS was unstable when exposed
to high temperature. Therefore, the applications of N-PhCS should be aware of
dealing with high temperatures.

7. N-PhCS was non-toxic and compatible to Caco-2 cells when used at
concentration of 0.01-1 mg/mL.

8. N-PhCS films exhibited a good enteric property and the solubility in
simulated gastric fluid was 12.43% with complete dissolution in simulated intestinal
fluid. The moisture barrier property and tensile strength of the films were closed to
chitosan acetate film but they were more brittle as characterized by less elongation
and higher gradient stress-strain value.

In conclusion, the suitable conditions to prepare N-PhCS was at 25°C
under stirring for 4 h, CS:PA at 1:5 mole ratio and neutralization pH at pH 5. The
obtained N-PhCS from CS 20 kDa was chitosan-N-phthalamidate sodium with the
highest degree of substitution and the solubility best fitted to enteric polymer
property. It was non-toxic with good film forming properties. Thus, chitosan-N-
phthalamidate sodium can be applied in pharmaceutical dosage forms, especially in

enteric and colonic drug delivery system.
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APPENDIX



Phthalic anhydride [91]
Formula: C8H403

Molecular structure:

Molecular Weight: 148.12 g/mol

Synonyms: Phthalic acid anhydride
1,3-Isobenzofurandione
Isobenzofuran-1,3-dione
1,2-Benzenedicarboxylic acid anhydride
1,2-Benzenedicarboxylic anhydride
1,3-Dihydro-1,3-dioxoisobenzofurane
1,3-Dioxophthalane
1,3-Phthalandione
Phthalandione

Physical state: White flakes or needles

Melting point: 131.6 °C

Boiling point: 284.5°C

Density: 1.527 g/em’

Vapor density: 6.6 (vs air)

Flash point: 152°C

Solubility: 0.62 g/100 mL water at 20 °C

Very slightly soluble in cold water
Soluble in alcohol
Soluble in ether

Toxicity: Oral rat LDsy: 4020 mg/kg
Inhalation rat LCso: > 210 mg/m3/ lh
Skin rabbit LDso: > 10 gm/k
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Example: The Evaluation of degree of substitution (DS)
FTIR method

The DS of N-PhCS prepared at 25°C under stirring for 4 h, CS:PA at 1:5
mole ratio and neutralization pH at pH 5 by calculation from the ratio of absorbance
at 1645 cm™ (amide I band) and the hydroxyl band at 3450 cm™ of FTIR spectra of N-
PhCS (Figure 34a) and chitosan (Figure 34b). The degree of substitution was

calculated using the following Equation (1):

9%DS of N — PhCS = (Alﬂ)N_PhCS — (’“ﬂ)cs X100 (1)

A3450 A3450

%DS of N PhCS—(O'O%) (0'025) x 100
0US 0 0311y _phes  \0.200/ 6

%DS of N — PhCS = 16.43
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Figure 34 The FTIR spectra of (a) N-PhCS and (b) chitosan showing the baselines

for calculating the amide I band absorbance for the ratio A1eas /Aszazo.
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'H-NMR method

The degree of substitution of N-PhCS prepared at 25°C under stirring for 4
h, CS:PA at 1:5 mole ratio and neutralization pH at pH 5 by calculation from the ratio
of area between the aromatic protons of phthaloyl group at 7.4-7.9 ppm and methyl
proton of monosaccharide residue (H3, Hs4, Hs and Hg) at 3.5-3.9 ppm (Figure 35).

The degree of substitution was calculated using the following Equation (2):

%DS of N — PhCS = |( Laromatic_proton )/ (chaiseie ) 100 )

number of proton number of proton

4.0 3.38 + 3.45
%DS of N — PhCS = [(T) / (f)] x 100

%DS of N — PhCS = 73.2%

“W\\\\\\\\\\\\\\\\ !//W

%\
5 23

Hi: H, Hs 2H;

B

T T J T T
5 4 3 2 1 0 ppm

1 ’\sr BORCEC ¥ K

Figure 35 "H NMR spectra of N-PhCS prepared at 25°C under stirring for 4 h,

CS:PA at 1:5 mole ratio and neutralization pH at pH 5.
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Table 11 List of abbreviations.
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Symbol Definition
% percent
more than
less than
degree celsius
ng microgram
uL microliter
'H NMR proton nuclear magnetic resonance
Y%v/v percent volume by volume
Yow/v percent weight by volume
Yow/w percent weight by weight
A absorbance
cm’ wavenumbers
cm’ square centimeter
CS chitosan
CS-20 chitosan 20 kDa
CS-200 chitosan 200 kDa
N-PhCS N-phthaloyl chitosan
DD degree of deacetylation
D,O deuterium oxide
DS degree of substitution
DSC differential scanning calorimetry
e.g. exemplt gratia (Latin); for example
et al. and others
etc. et cetera (Latin); and other things/ and so forth
FTIR fourier transform infrared spectroscopy
g gram
HCI Hydrochloric acid

hours
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Symbol Definition
| integral (area under curve)
1e. id est (Latin); that is
kDa kilodalton
kg kilogram(s)
Lot. No. lot number
mg milligram
mL milliliter
MW molecular weight
N normality
NaOH Sodium hydroxide
nm nanometer
PA phthalic anhydride
p p-value
pKa the negative logarithm of the dissociation constants
ppm parts per million
PXRD powder X-ray diffraction
SD standard deviation
SGF simulated gastric fluid
SIF simulated intestinal fluid
TGA thermogravimetric analysis
Tris Tris (hydroxymethyl) aminomethane
\% weight

ultraviolet -visible
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