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Abstract

In this work, we report a method for preparing carboxymethyl chitosan (CMC)
networks modified with poly(ester urethane)s. Two different compositions of
polyurethanes (PU) were focused: PU1 and PU2. PU1 was prepared from the reaction

between poly(ethylene adipate) (PEA) and 1,6-hexamethylene diisocyanate (HDI). PU2

| was prepared from the reaction between HDI and polyester made from the condensation

reaction between 1,6-hexanediol and malonic acid (PHM). Their chemical structures and
molecular weights were characterized by H NMR, FTIR and GPC.

To prepare CMC-PU networks, 1-60 wt % of PEA-based PU (PU1) or PHM-
based PU (PU2) were infroduced into a CMC solution of THF:H,O (50:50 viv) fnixture
containing 10 wi% of hexamethylene-1,6-di-(aminocarboxysulfonate) (HDA) crosslinkers.

Increasing percent of PUT in CMC tended to increase network density of the modified

— samples, whereas those of CMC-PU2 exhibited an insignificant change. As compared to
, the CMC networks without PU, equilibrium water content (EWC) of CMC-PU1 and CMC—
PU2 decreased due to hydrophobic characteristics of polyester soft segments in PU.
SEM showed microphase separation of PU phases dispersed thoroughly in CMC
continuous phase. According to tensile strength and elongation measurements, only

CMC-PU1 showed an enhancement in foughness properties as compared to the

unmodified CMC networks. Preliminary cytotoxicity testing informed that CMC modified
with PU2 was toxic, whereas CMC-PU1 was not. The PU1 modified CMC might be a

good candidate for a wound dressing application.
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CMC-PU2

g/mol = nsusialug
cm’ = ANSITURLIAT
THIF = T
N = $19#d (Newton)
MPa = wnzlhamaa
mal = mole
NMR = Nuclear Magnetic Resonance
"H NMR = Proton Nuclear Magnetic Resonance
ppm = part per million
- D,0 > Deuterium oxide
CDCl, = Deuterated chloroform
PEA = Polyethylene adipate
PU = Polyurethane
CMC = Carboxymethyl chitosan
HDI = 1,6-hexamethylene diisocyanate
HDA = hexamethylene-1,6-di-{aminocarboxysulfonate)
PHM = waRiaamaFiasianliaanUiatssudng malonic acid
ex 1,6-hexanediol
EG = ethylene glycol
PU1 = woRguufsRmimnann PEA
PU2 = waﬁg?‘muﬁmdsﬂummn PHM
CMC-HDA = AN B WARINFIEIINN CMC e HDA
CMC-PU1 = mqﬁhﬂmamﬁszwdw CMC uaz PU1

AndnenafNeiTzndne CMC uay PU2
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#1040 Amfuiazanslinluledu Gandiue 7 8 18) 91ana ks aaduuan ity
2 1
WANAINTN1INITUNNE T :1897UN 17187 N-acetyl-D-glucosamine TU1%5nw lediadaxn
- 1 % | =y d’ ] diy dl 1 ﬂil = 1 1 b
Tngefunadrdedeniiainwinnisdnnieusssilededeniiniavatssnindanszgn

13 Glucosamine luansiesiulunisdunszi Proteoglycan uaz Matix 18ansEanaaw
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5, 'mgﬁ'u‘ﬁ:mm'l.ﬂtmmu (Chitosan derivatives)

nsdszgnilflatngrudngnérindasantAinienaninsaslalngiu
o . . o o doa ,
Wasanlalngwliannsoazanaluiahazanafiunans (Neutral) Teiinaattaunnse
madsegnadliludusneg AalifinsAnkuuasimunauifnisazaraaslalneulii

a Aad = v v & 4 Y

UszAnBnmiaau Tnenissenlalnanlfiedlugdayiufaadlalagm Gallanuddy
] e d{ as o oy B .
fanisAnmuagAse ediulgsusswmunautiRsaslalnewiiamiBimanzas awnsn

Q & o = dd A o 1
i lnersaiedunssiaivarssinauieinldszgnMdnulunuseg

5.1 Chitosan sulfate
a1nN13AN AN LI Chitosan suifate 1 ua150%M1 1% 1820 0 udada
(Anticoagulant) LiasannipgeaiiaaszdanuoislndAasiy Heparin Tafluansdasiunig
o ar = = dl o’ =3 = . dyv I . o’
wivArraaaantiauialnwu L aifanan2 wana nileanudn Chitosan sulfate 1ius?
v o W J ! o o . 1)
fugfanisulae Fiorinogen Miilugnsfivinlfiaaaudasa (Fibrin) [28]
5.2 N-Methylene phosphonic chitosan [29]

uayiugraslalnguiiiianaudlu Anionic g13120dauftugnstleznan

IiARuanswan Cation 1w Ca” uazwanlanzysuddu v, Cd™ uay zn flud)

] 1 JV J = o T = J L] o
Tegrsdsenauanlingnliduansiafaufiniovadlan: Tnsaywusaaiminidalui

u

o =

UffFaiuasiiivgdaia (Akyl group) azinliiansiiquauiingeuuasldtauin
(Amphiphilic properties) dvanansarilihlszenflinainueiasdiang
5.3 Trimethylchitosan ammonium [30]
= e o =y, ] o . -
anusared lilaanisindl §iBensemndnglalagsiuiu Glycidyl trimethyl
ammonium chloride 14 Sodium hydroxide (n# 3) ayWusAINa9a 1M13aza eI H Ty
A =

g pH gadulanzlin Redinasinlddduansmnmznen (Flocculation) Awiuiinfalu

ARIUNITH
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H}C\\ /\Q OH’
H,c/ | ; J
CH, - 0
Reactive n\“

oL NH
NH, AS_‘“
Chilosan H + JH
JC:;N
HyC [ ar
CH,

{Yuaternary chitosan

£ 171

(3)
nw 3 Tasegiramaaiiass Trimethylchitosan ammaonium

5.4 Phthaloyl chitosan (PHCS) [31]

guasaeulilngnasirUjfisuasewdaclalngiu @) AU Phihalic

anhyadiride (nTw4) Tre vz Phathalic Az il asTeius s iug wiunnl A a1 Tes lAlaTy
o . -
i1 Phthaloylchitosan (5) a1unsnazanslilugnsazane Dimethyl formamide (DMF) A9

o ) o = = A 1 &
wliignsadaansilalamusoniunafmeitinau] lfedu

N, _ OH,

Pl
vy e e
HO o oMF | HO

H, OH g
n = =} f

(4) (5)

A 4 nnsdaameiuazlaseaienaaiitas Phathaloylchitosan (PHCS)
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5.5 Chitosan-grafted copolymers
dunaswenlalnsullegludnyaswafimefuuuiiulanedwes
(Chitosan-grafted copolymer) daulv ) fienl4 Poly(ethylene glycol) ifasananuisn
azaneinld Tifansdiufir [32] sihiiluuszand#lumensusnd
5.6 N,O-Carboxymethylchitosan (CMC)
Arfuandiuiialalnaiu Carboxymethylchitosan (CMC) (6) finatilu

A ﬂ" 1 ) A
#158xa18nd pH ~ 7 azamnsossaeluin i witinetluarsazane®ill 2.5 <pH <65

azifianisusndu (Phase separation) tasaniAaninliuangasssitalszauanuazay
(331 Amfuanduiialalnauauisowianlalaonisindfiizenseudnelalmemiunsstyly
anelsazdin danlasairsnspnfveniumalalnsmisznaylifaamy -COOH ua—
NH, fagnnsatinlidammeiianfuan e iaiy (NN 5) Lﬁﬂﬂ%’uﬂgmuu"ﬁmmmﬁ"mn%
aidialalrmudnniunasszgndliludnusne BnvislifinsdnmasnReesariuandumia
Talasnunudn faiuganasalunsslesiudannai e (Antibacterial activity) ll#iaa1a

hussiaden i (Non-toxic) armnsndnfuldnisiananiugnanasanmsed (Biocompatible)

Q = A L] 'y =
[33] AwiWiiueAaTiazinarsuandwiialalngnunsyegnd i lunranisuwne Wy seuy

wdenailasi dantauea dudu

OH
o O

on Nz |

Chitosan

CI2H2000H

OH S
ﬁgﬁlhgy
NH
OH NH
| Jalon 7% Um

CH,COOH

N,O-Carboxymethylchitosan (CMC)
(6)

N 5 Taneasanaalieaspsuandiialalngiu [33]



15

i) 2006 Sun uazAniz [34] TRRNEINISTRNASUanT e laTag i
=y ey [ Y = Qs d o [
Ujireniu 2,3-anandiwefic lnswdssulnion Wedwiuldiduansgaiu (Pulp-cap)
d‘ 1 o A = dv o!: ar = al =l n’ v
199 nnsANEwLd W agRwiTanTuN g satasiunneayteuuafi Faidudunse
N . J L N 14 ]
15 (Antimicrobial) wsna nRlutlideasu Yin wazanse [35] Aniatenlalnsiaasendng
aduandwialalnan uarlanefiuefiesacaian ueda fuazAsaiuied Tneiungly
] ) o~ ] . A =i

mirenedmafuuuunsniuey (Interpenetrating network) Feliansngnasnan ladiilu

ftenmdiawedined wudmeRivefionawnsagadureanadlds uezilandasadonn

- - ﬂll o 1 a d ol
Uszinvdugduliinialumaan 1 4alne annuadandrnarnsmizld@nededmuituseoy

11gaeN
.J’ 4 ool ql o L] e =l = d' s
wananilAteuddanaaiunasina fuentuiislelaewiedssynili

Wudagilaunalos Fan wazanz [36] Ansnisizanwiuilduaiuandnialalnmunay

o Al 1

or o | T = A 'y '
Auduledas i wudnduildusrauliduilemaaiy ddanunuiawssie (Tensile

. \ , 4R\
strength) Wa=AINI7EmaaN (Breaking elongation) anadldaliudnsigdauaassnfuend

wialalagauasllunsuil @ _Tnadnsdonivalduduidnidanureusadwazaanasin— —

E’Adv

A [} = & -
panfngn Ao wiuiduaddnmdaunnfusndiwiialalngin 10 LAz 30 wi% wazain
5 [] 1
NMIANHIANLAN5UNN (Water-retention properties) WudileNaAsgauIIANFLAN
;24 1 8

Fudalalagiuasllluduilduasdana luudlduilaniiinisuontn Ande Tnsuduiduy

. A A a i P Ay ey & W ' o ~ry
Aduandwialalnmuinasiuuesaatudidiazaiunsnuain i udsiaeiidedelu
Fasaarnlszaasuduildy Addatunsodaundnduianilounalélnonse Haed
nsAnnainauFiaoudauinraauiufldn G9a1naAduaas Yu [37] wazansswudn

Y AI 1 1 | 1 =) s ' ~ s |74 I
waRgEmuamsiinAndawn RuwiuAdua fuanfufialalaawld Tnaniswtasn
mdawafiuefuuuunsniues (Interpenetrating network) szminamnsuendiuiialalngiu
[ % - d! = = [ & dl [ - s 1 df‘ Aa' =
Aunadeiny Sallarsngnisan laaiiuidaunidranadived wuduflamuliunmed
eFmuaallluuuidy azinlifuduiduiidnisiireanfinduidenFouRsutuudui gy

I's =t - cl 1 & o o =y g A b4 1 2 b Y 1 I3
miuentiuiialalaguilallfnaunedeiimuadly anemidsenldnaroundnadiu wudians

13 1
vandwialalnguiderreaiuisnazataluinly uddlawouduiduilduuddoass
L7 o
prnndazilsnz imsnzgdwiudnliiduianlaunslaens dniuanddefitailu
1 17 ar QA s =l = dl AI 1 1 =X 1 2

najaiunisiaudsantinresaiuenduiia lalag e fuaoudauituast aguiae

NaRLIINY
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WRALUSINY (Polyurethane)

A,

=] o a
1. dszARuasAanuiivanuanadgFiny

ar

L= Y = rzl = 1
#aALIMU (Polyurethane) WuwafNainANUsLEIINU (-NH-CO-O-) AELUU

-~ al

L4 t 2 [ = | 7% :.: 14 = @ 2/ =
Taseatrsatdnelios 1wy TagarsrsowFanifanadsisiunaraaioinlfinadeinud

U

aes o o ! ' =t . o = gyt =l
ANUANVAINNANY L‘IhJ Nﬂ?']uﬂﬁ“ﬂuq@ HANUNURBAIIUTD ﬂuu?ﬁlﬂﬂﬂ'ﬂ'\uiﬂﬂuﬂ:ﬁu

auiinsfindia Wi Seamnsodmndszgnfldfudagwanadssian du seusin qeang

BNE Lm:smﬁ’q_fh'ﬁmﬁﬁlﬁﬁimumme‘uazﬁm 1A [38] HanAANG
AINRINUATIETRN e AT udufnann st ouneRTnu il Tassaiaunnsnaiu
atiaidy wadeinunillassairadudiunss (Thermoplastic) #unsnutalngnislians
Fadutanaondylals 9y (Difunctional material) waziiafiaanisnafBmuiilasaaand
418 (Thermoset 130 Elastomer) @131501s3 03 nenasl%an s fuvdefaneoanaldd
Whala@deAdu (Multifunctional material) Uffseaszudragsslalslaemm uazansm

- A o :: 1 A m o 1 =
lansanda Wunidnunisudanesssd 1o Tnsanuidaans Wurz [39] win1sfununad

L4 1N 1
grmwbufiniulutl 1937 g Otto Bayer [40] (a3 1.G. Farbenindustrie #4088

=

H d é = o i o
wanudeidu Farbenfabriken Bayer) @unsowirauwaasize (9) Zailunafiuesnsiansoe

au

L
InfReadunedeimuliduaiawsn (11w e) aniliizan Polyaddition sewdng wEngsiy

#aw-1,6-lalaltloeniumn (7) AU @ngz-1,6-1aeily (8) (German Patent DRP 728981)

O
.
Cs /\/\/\/N\ /\/\/\/NH
3 =
N C\:‘\‘o - H2N 2
Hexamethylene-1,6-diisocyanate Hexa-1,6-diamine

T8 ‘ " (8)

O
N N 2
H H n

Polyurea

(9)

|

NN 6 NsRUATEIweaiTY [39]

(1)
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1 12
e | ar - - A
wedgamulagnisTuatuaiousnlul 1938 Henrich Rinke [40) Fafluanizf]

323 9NA4HID Bayer anunsawiFannefeiing (12) andfifnszwing Octamethylene

) . . y : K
diisocyanate (10) fuf 1,4-Butanediol (11) (01w 7) FeDalfidniluqadufiureasnisdnm
4 o 5 =oa ] ! b4 2 . YLl o S ol 2/ & n] ar
Weanfunsdumssinadeimusiinfnoe AalinnenddlAlginMsouazAuadfeaiy

o wﬂaﬁJ

= o A o e { 'y o
wedgmududuaunnn desinwedtimuaiunsarantidaudifivanuansdeduiy

e B

aaisiuuarATlunasuweaR e nviaanunsmih ddesgniliiuanlfnanmlszian

O\\C“N/\/\/\/\/N OH
+ _ Ho/\/\/
Octamethylene diisocyanate 1,4-Butanediol

(10) (11}

Csy

H
n

o

Polyurethane
(12)

Mw 7 nsfaAIzineALFInY [40]

-

= = nnr-J i ' L= £ = d' = ] 1 1
Wfaaga‘mummmﬂmmLmunmwammﬁumu Tmﬂumquumtguua:mwm@

=5

anmuaafan ngninliusrgndlidmiuiuansindauvia

avndaaR1e Talsdinas

q

L=

'
=4 1

wann linafgimullanimnuansreiusaniy Wu wedeimunfirnumtinneugs (Flexible
foam) @mnsanusausAlin uarwedgimundacuudeus (Rigid foam) drsnsalfifu
i 9 ] 2 o g [ cJ [ % -oa o =
dowierpugunsalsine sy TaensidouasimuninaeiuneReimulifuauiiongely
| 7 [ 1
UssinAltasiudrsatasnlanaied 2 WAERINRATRIRIATINAIN N1 5338 LA SR RIUN
9 = d! & gr=d o . = o e dld = &
Revyfias auiiafugaaensnlull 1950 inswmuinsndanefeimuninediasimes
L . . - é ar
\hulaseatrandn (Disocyanate-polyester flexible foam) ludegaaunssn delEiuasiny
avladluatrawinluniagratvnssuaesvaislssme wazsanlull 1957 1By
Y 1 :4 L4 = o A ! = 'y %
ainuvamildlfiinisu@nneRemunlinaddmafiflulasairamdn (Polyether-based

foam) eilsrargnndmedeimusingug Inuluaqiiunedeimuliiiudiulsznauly
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Timdszdndu Teaamrsonufiwiall Wy nraugl wnzsaads saadin Fudousnoud
uwazdaanrenisuwnd Wby 1wl 2004 Guan uazane [41] IHAnINsETaReRLTMY
nUjiFawedefinadunuuacuuiu (Polycondensation) szuinagnsfinfalatalelaen
o = @ =l T [y 1 =] A =l | L ] 4 =
wa nulanedinelvasdinaiuaziesmal wud wedgsmunuidanldflan 7,60 wasiien
= = asy 5 . a o o oA
nstinaangs Fulunisuansanisaudauguaainafgime anisliasmbBunureed
- cada s o a A o BY o ¢ wymd A
weflulanedwmainlfinsaunedtimu asviliinadeimiamnsaunuinlifiu iesann

(3 n’ { 0” . o ]
wamailiuansildeaudn (Hydrophobic) nasantBuiniaadiagmaiaatlunisanninlsl

0
s o 9

> o - i
18184 Asiinadinlinadgimuaunsogaduiilfinaniy uenannil Zhu uazan [42]

¥

=

v o 1. =] & = aj & ar 1 1 S &
Tivannafnensuauwsuiidunaddimunlioamefiiular g man wuduhiidune

= (=l =y ] 1 =i o 2 -] o o &s
grwmulidaonnduiindesnig Geinliannnionedimuuidsegndi¥lunig

=D

Mt 15
2. mﬂﬁﬂmsm‘%'ﬂuwaﬁg‘%mu (Preparation of polyurethane) [43)
watlalunsiwzauweleinulsznaufonaisiiiuaesaiiafe avevflelelaen

\WARATAIIWAA AT ALNAARA (61793 IeaNadad) Ten15v1fiianiunasegluanias

UsrAaaniin Lﬁ@ﬁ@ﬂﬂmﬂﬂt‘ﬂ‘ﬁﬂ’]Lumd'ﬂﬁhﬁi'ﬂﬂ’]i‘ﬁ’]ﬂﬁﬁ?‘ﬂ'}ﬁ’llﬁ’mﬁLﬁﬂﬂﬁﬁnﬁ‘ﬂ’]ﬁuﬁ’ﬂ
ﬁlqLﬂummﬁﬁuﬁuﬂﬁﬁ?mm?ﬁqLﬂmzﬁwa'ﬁg?‘mu Tmﬂmﬂm‘éﬂuwﬁqmwfummmuﬂq
Fenawiruseanfidugadiudng T

2.1 3% One-shot Taansfintfsenaasansionuanteniy Tnebifeastes
Prepolymer Ty Imﬂmmﬂunnﬂehasqmﬁ’ulmfum@mﬁm (1w 8) HewaRwedalna
paa asuylolalasiue AaLEeLfNzen (Catalyst) warasveedals (Chain extender)

2.2 98NI9HTEN Prepolymer Tunriay lngnsnlizensendanefiuesa
lnanes arsmflalrlaenmmfunifiune wazsafaljnzen s Prepolymer (N 8)
fmfeedulelslaeumsciiasnlelrlseuandelunfie anduinsiuns
atnageTdadliinl§ienfu Prepolymer uazansmylelrlasnunfivaaannlffeniin

WhuweRefiing



PREPOLYMER

Polymeric Glycol + Diisocyanate (excess)

Catalyst l

Prepolymer | + Chain extender

N
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ONE-SHOT

Polymeric Glycol

Diisocyanate (excess)
Chain extender

Catalyst

v

T ¥

Polyurethane

MW 8 Wasan et Tnulnes

Prepolymer LLa<3is One shot

t o @A oacl A A . 9 A e
nswrasweRtimulagis Prepolymer 113875 Stepwise 1unisinljien

szudanatweia lnapaauazlalalslsorniaduwefiue it anslalelsawm

- o oo 1 = =5 : =
WL enszudsdeunenaans duarlalrlsemmnvaaanduneuusn Bl

waRtFnu (1w 9) Tnedidouanuily (Soft segment) amwadwasalnanaa wazdauuds

(Hard segment) @ﬂnﬁuﬁ:g‘%muﬁtﬁmmnﬂﬁﬁ?mswdw%‘f&n‘lmmmmLm::LLfaan'aaﬂﬁ [44]

i s oo :: 1 & ar ar o oo & = L) cr’
msinedginuiliadondanuazdoniisaduiuluansldwafe i i linsfwasaintin

mnl dv [ = L 1 ﬂil 2 -é = a aa & =
ﬂNUlﬂ‘V’I‘ViﬂWﬂ‘Wﬂ'IEI‘IIM@%ﬂi.l‘]]’ldﬁ]‘ll'ﬂ\‘lﬁ'lu'ﬂ’ﬂu‘léwfll'ﬂ Fearaldunafnamad naaawaiviena

amduammild wenaniainaedlalalaguni E A linnaunanuane 1 iduiu
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+
Large Excess OCN——R——NCO Diisocyanate

'

+
Excess OCN—R——NCO
+
HO 7R1’—— OH Chain Extender _

Hard segment

\ /‘ Soft segment

P e e

Polyurethane

MW 9 wananswieunedeFmulntds Prepolymer

ni; =l L= £l ar aj.:l i . = 2 a - =l
Twiupauniswzanmedsminuiiladonnuianinasenissusmwed g mi 1%

5 2 L3 L 1 2 1
dminTuanagsliiuanssasiusiasdiaoiuiigns ifassinauluiaw Fearmlsunou
nafiaUfiTn 1 warluaoindfienaimnaiiafialssainanuduiissminitagia
Ugisanddlelslsenunduaiunfinueda vinliiAansusdsduinfidannisfiafluned
= ~l 3 a s e gr =l = - = ar ® as T
gamu aniannsdunnzinealimulililseAninimgsqnaziaautanfainazant, Ao

] QA - ‘i: !
UfEen uazgnuuginlimanzanduansiafiunld
3. UpnFenansarswylalalaenun (Isocyanate reactions) [43]

nsduaszinadeimusunsaiiieslfananswjueanasadiuansmylalels

s

L[] A 1 ! o - e o A
ewun Tasansvyflalalaenundivasidesladentsinljisen arunsainlfirendu

[l L3
=

nalalWdanil Active hydrogen etinasanids Aalulffenvessremilalrlonnunded

a A oar

o ] < oo =&I @ oam 1 cJ a du
pudAtysiansdauassinefling RUjiemesnlalloenmmiddyilsad

U
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3.1 Ujmenlalglaanmniuuesnesed

S

a = FF 1 A H
nswisenadgiinulasnisinlfisenseuineanshilug lalrlosenun (13)

U

a@r A 1 J Edona-] a’ 1 -] = ar =
Auasiimjueanased (14) JanaanUfiFendainanaintitioduiuszeimg (15)

o
R-NCO + R~OH ———»  R-NH-G-O-R,

{493 FZ WA eraranas fd
£13) i ————00W%-(15)

3.2 dffrenlalleanuniiiediy
o Loty L ‘J ] s A 1
Wlunvsvidfizanduansiiinflalsloaaun (13) Auansidnyiedu (16)

4 . e & 1 o o or
BanaanifinzenfanaeialififadlwiusyyGe (17)

0
R-NCO + Ry—NH, ————»  R-NH-C-NHR,

(13) (16) g(5e (17)

3.3 dAsentalalzen i

= 1

nawireuneRginuianfisanssudneansuy loTrlwun (13) fuans
MUBANBELH Wniun (18) agluseninnisidgnsaiazianuy aArfuiiiaueda
(Carbamic acid) (19) wailuianalsiadus Ainlifintsuantussiiaduiefiuuazing
prfusulnnanlad duaily (16) anunrovinlfjirenduansuglelslasralul §iseqls

eandnilug Fe (20)
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R1_NCO + H_.O_H —_— R1“NH'&OH

(13) (18) cabamic acid
(19)
i R>—NCO 0
R;-NH-C-OH Toz-n— Ry=NH; ————» R -NH-C-NHR,
(16) urea
(20)

3.4 Uffsenlelglaenmadumiuenidnusda

L] V-9 1 cj 1 & ﬂj 1 & =Y
nsvdisenszudnsansaiusleldlannme (13) fuansiflugenfuend

L1 [ ! - —"—% o = A ] -y @ o
anuada (21) Ganaandfisevinliinduaisiladiafas Aafanisunniusziufing

asusulaaan e fuansvialud (22)

R—NCO + R-COOH @ — & Ry~ NH-G-0-C-R
(13) (21)
-COo,

I
R4~-NH-C-R
amide

(22)

3.5 dffsenlelslaanwniuginu

< - -1 1 A 1 ar - d
nsinUfisensendnasnshiivglellaanun (13) fugdng (15) Fanaaan

ﬂﬁﬁ?mwﬂmﬁw'ﬁ AnnuLluans allophanate (23)
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R-NCO + RyNHC-O-R, ————>  R-NHC-N-C-O-R,
(13) (15) Ry
allophanate

(23)

3.6 dfsenlaleloawmiugFe

Uil EednSnemfiduans Biuret (24)

0]

R-NCO + R -NH-C-NHR, —— » R-NH-C—N-C-O-NH-R,
(13) (17) R

biuret

(24)

3.7 Upsenlalalaeumiuelud
L4 o1 T i 1 [ L3 =§
n1snuisenszudnagnsndluglalslaome (13) Auelus (25) Tanaann

ﬂﬁﬁ?mﬁﬂﬁlﬁmﬁmﬁmﬂﬂum? Acrylurea (26)

0
R-NCO + RyNH-C-R, ——— R-NH-C-N-C~R,
(13) (25) Ry
acylurea
(26)

=

4. medszannldaninaiginu
Wasnwedgiinullaninlaasunansetiha iy Sacuviiangugs amiso

h

] o = o ° ar EJ
nusiansaAa 1R uariiaouudus dliinededmuaruasnsinlidszyndldfuaui
Y =] a8 oa ' oy dy 1 ar [y
WAINUANE NSIRENTE lunsuiranefemunsasaiindua fuguanifuazrnuiinimis
Tunasi il seTemnd

4.1 PMIAURUATENTIAABUNN (Paint and vanish)
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o °

wadgFmuningnin i lunseanduazansindeutiaaiunisdadou [45]
LY & [ A o b E!I oA [ [ 1 o o

doulvnlidumnsalnnusistiniinantli deanmeReBmusaninguisnudwadein
o o = = 1 ar ar =t 1 ' .
nidnruziuidudviaiuingamasoasiunisiadau (Abrasion-resistant) uazaAau

a o A g s = . =
Fauwinlidastinargnislfawaesingld vansanflantimlunstingia (Adhesive) 19ned
Amuldgnimndssgnfliluntsu@nnig

4.2 ydiugunsoimnusierilasinge [46]

wadtFmudngnihun ldudawiaiinisuosilugratunssunisein

& ) [T al & o o
gunsaianusle wiu 16z v dubiu TaaweReBinuilantiBianuamu (Durable) wazany
daundoatosiunisnszunnlin Aeiinaiawadeimusnlfidudoulsznaulugneal
' & v -2 J = Fi4 J e © -
B 1 inzenaust Tz lulsabBouuazlsana una Wufiu vananiilidnisimed

] 9
ghmmAadseyndlidudanuarensalafinie) vy Fudouie Saeeq Skateboard

gunsalrenfolnaiiazaunaniig ludiv

4.3 NIRIUNITUANE
INANTRAMINEBUN UATAMUABAN L AENTBINAREFING Y Hined

Funugninun 1 lunianisuwnd vy winineandaw galdiden wirastemela uaz
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wadlaamafazilsznaufaausieawmafatuuanaldudnatrediaauilony

WARBAITAI T INOATNES THAID: L ARAARAN NATINLATE UGS INEAAAIAAMAIANE 1155
azilqauaaNan (Melting point) LAz 7, Andnazlsunfinnedinamas [51] TnanaRies
. copd 2 L d - am :
madgndapiziliduaiausnludasesanulanaisn 1 andjAduannsaauniu
s ] 1 =y o
(Condensation reaction) seudaasmlueanagaduaziedn lneludoafiuaaspnasswh 19
= f‘al A o 1 = = =
wadlaginefFuiunidanainnisliaeufeuld anfuanian wadueds uas ndases

{ o £ = 4 1 ) 1 “l’ 1
FanaanlfiianliansusznavaenanaiiauilalifillafdiAearls aunszisdanatud

polyester) Tpadsinsziainiinaaseudas lauada (Anhydrides) i 1,2-lnaea uazifin
naluwad 1u styrene miﬂtﬁ’aﬁQﬂﬁﬁ?‘m Free-radical copolymerization fiugiei3wag

2

wawed arsaratofliazuldnuantnduseadaasblazats ludaiiazaneladiasan

AnlAsesnandii Gewodiasmesriadenannligniinlsyy ndliafousnludas

gearnlanaiad 2 daualutl 1940 Whinfield [53] Aan¥iedvAani989 Calico Printers

Association Tugvsia1miang 151’1J5‘:ﬂummﬁ'|L'??@'Lunmﬁuqmuﬂ@umm (Melting point)

ursaMRNNsnuAT NI oUIaIWaRIedmas e uwinduleluseu laanaifinazlsunfa

naluad (Terephthalic acid) asuulargirsraanedvamaisouiuaisinanaanaldngg

11 (Aliphatic diols) S ¥ nadaamaarnironumnsbeuldaiu antuugsaensiulan
Afail 2 AvdiinrreneRieamaignATaLATTINRIENINAEY ICI. Uaz DuPont

Aan Ul 1941 John Rex Whinfield LazAtz (A1N1L3HN Imperial Chemical

Industries 38 IC1) 1ivanisan@nitinmwefieainaifidedn Terylene i Polyethylene

terephthalate (PET w5@ PETE) (29) a1nUd jATa192%919 Terephthalic acid (27) iy

: Ethylene glycol (28) Tmg Polyethylene terephthalate (PET) [52] (n1w 10) 1Wunaa

wamafffinisaanuiniigalulan WefifnglszasdifteinlluszgnMddudatidme

(Textile} WazNNTULLTTY (Packaging)
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0 0O
o )L@,LOH + o~ OH
terepthalic acid ethylene glycol
(27) (28)

0O

z.

0 .
AU
[~ N/

ester group
polyethylene terephthalate
(29)

NN 10 NYEAALASIER Polyethylene terephthalate (PET) [52]

Wil 1945 Wallace Carothers (a7n1i3%% DuPont) 1iv1n15TeRe@nseaaned

WALNATNIATN IC] BazyINN1sTRIWIFaNIn 81678 Dacron Taadanilutl 1952 139w
-] =y —_ f; - ! 1 ] - =

DuPont LEvian1suad anwedieame Suna sl aningal Ao undassunnndnedeame s

BUY TFNd Mylar [51] aannasAnsnasinuiadisdeiiiasinlfnafedamefilluned
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Polyethylene terephthalate wailuua sz findninisuaniuatafeiiasluauian
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2.1 dfianesmefiviadulaemss (Direct esterification)

nMsduATzinateamnes (32) wuuedinasiniadulasnsailunisma
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= oy 1 . 1 A=J ral ol;
UfjiztnAILLu (Condensation) semdngansniivyueaneaadnlaievissasinnialases

a

. o A 1 = ﬁ] a‘; =, . .
(Diol) (30) 1y @1snfinguadnfitaaisgadinavdalaneBa (Diacid) (31) (1AW 11) 49N

= e szny J ~ I ar = P g 3 -3 ooy =S ~
Ujfrerazlfiireenudacinasednsninindjizen faluluoneindiierdenesd
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HO-R-OH + HOQOC-R'-COOH

diol
(30}

diacid

(a1)

0o o0
-I-R—O—E—R'—('i—an

polyester
(32)

A% 11 Psdaarziinaateamasaanlaeeauas laledn

uananlanisawiaunafieamesifandjidainsueamaiwindu

(Transesterification) szydnalagaa (30) Auwamas (33) (NN 12)

HO-R-0H

(30)

+ 'R-00C-R-COO-R'
(33)

o 9
*[—R—O-C—R'-C—O-]—n 2R"CH

A 12 nsfaaszvinadedmaiainlaeeatuedamas

Uit nasimefiviadusinsasuguiminluanalfannisaugy
5

]
|

urdliasagsisiunlfuazAaunanannisansualanes (Carother's equation) [53)

Mw =

Mo(1+p)/(1-p)
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Toed Mw iwihminluanaresnedieamainsiesnis Mo haimin
Tuianarenedieamaisia 1 repeating unit waz p iusnmdrulaainaszudnlnenauay
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naaNa8ea (35) (NN 13)

0 0
+ —_—
\R1/”\CI HO\RZ/ \[«RHJ\O,Rzln
(34) (35)

N 13 N3A9LATIZTWARDAMNATR I NLAANAZRANLILATA

2.2 Ufjiremsiiiagg (Ring opening)
WhalfiEsimsifmsanaesmefliiunedmamesanatinss daionns
Wanlaalduaulagan (Anionic), wanlaaau (Cationic) uazWiusfiana (Free radical) il
AL FTEN Tneldansdsfudunetusefaames 194 uaAtnu (Lactone), uamlng
(Lactide) wazanlilianlni (Caprolactone) Lilufu amnaIw 14 grunsndunseiwaaaniyl

unalnu (36) daflunedeawaisreidnsedfiarnaluaning (37)

0]
) —— ot
0
0 +n
caprolactone linear polyester
(36) (37)

AW 14 N3gaATzinadaamaiuuLilnosssanlduanlnu

2.3 UfjireansBin (Polyaddition reactions)
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Wunismdgizensendeatsusananlas (Epoxide) (38) AugnmyAng
uandan (Carboxylic acid) (39) Wirauanlalaf (Anhydrides) Lﬂuﬁfgﬁnlu% ANaNTisFu
(Epoxy resins) (NN 15) wﬂﬁmﬂma%ﬁé’qLﬂm:ﬁlﬁ@nﬂuﬂﬂﬂT«ﬂmsaﬁﬁﬁaLﬁuw:"lam‘fan%
(40) ﬁﬁlaqummﬂlﬁlﬁmnwuﬂjq{l’u’tumsﬁqﬂﬁﬁ?m v lansandavinUifsunduueda sse

aanavmtawadiuad

O N 0| 1l R
T -/ R - N
\RfJ\OH o 2 Ry O Y @)
OH
(38) (39) (40)

NI 15 N3 zvinaatasmasainawenlad

- Jasilauma(Wound dressing)

o A os 6’: 1 1 = o
nisfnmusunsiluidanuaiaus 1,500 UrieuAzannia Iagaanudngiunng
9 8 1
dsrdRmranivudiuysdaialusmaddlidne lodudniuazinie afnsiunausauas
3 ) 1
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witalalngudsasiidaida luteresmaundaazinloe Mlilivancandwmiuiiuian
Haunalaomse Aadiuuadanlunisanulsiadsrasenfuenduialalngiu Tnesannasdne
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UNN 3

AEALUUUIAE

VA3 (Equipments and chemicals)

1. a1 nsoi (Equipments)

a4
=1

HPARANE-(ROGE-DotoR Sk I RP=rO0=250-was-500-m

=1

1.2
1.3
1.4
1.5
1.6
1.7

IIAAUNAL 2 AD (2-neck Round bottom flask) i 100 ez 250 ml
wAfiunau 3 Af (3-neck Round bottom flask) 9u1A 100 WAL 250 ml
fininaf (Beaker) 1114 100, 250, 500 uaz 1000 mi

egilruy (Erdenmeyer flask) 4118 125 wag 250 m

nIeUanm2 (Cylinder) 4%m 10, 50, 100 waz 500 mi

naan NMR (NMR tube)

1.8

1.9

1.10
1.1
1.12
1.13
1.14
1.15
1.16
1.17
1.18
1.19
1.20
1.21
1.22
1.23

NARARAAANTULILLAY 219 1, 3, 5, 10 uaz 20 ml
VADAARATHANGRN 1A 1, 3, 5, 10 URY 20 ml
\IRAANT (Syringe)
ns=ANFad (Filter paper)
nEnses (Funnel)
neatLen (Seperatory funnel)
naaanAaad (Test tube) 1WA 2, 5 LAz 10 ml
‘]J']ﬁ?@ (Stand)
AU (Clamp)
AuAL {Forcep)
AN (Septum)
wiawastile (Pasture pipette)
WINAUUNIUAN (Magnetic bar)
NI UUNIEN (Magnetic stirrer)
dneda 2 Faumis was 4 Frumly

iradszmaiaarata ifinazguaani ALy
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(Rotary evaporator)
A 1
1.24 Lﬂﬁ"ﬂdﬁuqmﬂpn’mﬁmi‘ﬂu:@ﬁ {(High vacuum pump)

1.25 gaanaulaans (Trap)

1
1.26 fimapandu (Desiceator)
1.27 uneuAntiunavugns (Stirring rod)
1.28 Lﬂd‘ér"ax‘]‘]ffumu {Mechanical stirrer)

) .
1.29 wA?a4 Differntial Scanning Calorimeter (DSC)

(Perkin-Elmer Pyris-1)
1.30 lﬁ&g‘m Gel Permeation Chromatography (GPC} (PL-GPC 110)
1.31 erg‘m FTIR Spectrophotometer (Perkin-Elmer Spectrum '
U GXO SeriesX)
.1.32 Lﬁﬁl‘ﬂd Scanning Electron Microscopy (SEM) (LEO 1455 VP)
1.33 Lﬂ‘%’ﬂd Nuclear Magnetic Resonance (NMR) (Bruker 400 MHz)

2. AAVINAZA1E (Solvents)

2.1 2v%1nu (Acetone, C,H,0) commercial grade (nﬁl’uﬁﬂuﬁ)

2.2 lnaaalsfiiau (Dichloromethane, CH,CI,) commercial grade
(nduneul¥)

2.3 meﬁ‘ﬂﬂfmi‘ﬂui"m (Tetrahydrofuran, (THF)} analytical grade, Merck

2.4 lalalwswues (sopropanol,C,H,OH)commercial grade
(né'"uﬁﬂulgﬁ)

2.5 wnuag (Methanol, CH,OH) commercial grade (néburiaula’ﬁ)

2.6 Deuterated solvents for NMR (chloroform-d, 99.8 atom % D, CDCl,,
Aldrich, acetic-d; acid-d, 99.5 atom % D, CD,COOD, Acros uaz Deuterium oxide, 99.8

atom % D, D,0O, Acros)

3. AavimlfjnsenuAdl (Reagents)
3.1 1,6-aneaulraas (1,6-Hexanediol 99 %, CH,,0,), Acros
3.2 wlailaueda (Malonic acid 99%, C,H,0,), Acros

3.3 lnfiafisfiveanlad (Dibutyitinoxide 98%, C,H,,08n ). Acros



3.4 wiaulnanas (Ethylene glycol, C,H¢O,), Mallinckrodt

3.5 1,6-anazwiaulalalsleenmm (1,6-Diisocyanatohexane, 99 %,
CeHi,O.N,), Acros

3.6 Tmhanwanludatvsi (Sodium metabisulphite) Carlo Erba reagents

3.7 wadlefiavaslawmn (Dihydroxy terminated poly(ethylene adipate))

(widnluiang 1,000 g/mol), Aldrich

3.8 lndenlansanlan (Sodium hydroxide, NaOH)

3.9 Afuantuialalngau (Carboxymethyichitosan, CMC), liifuariy
pylAIzhan A2 dunians, Audwalulaglavznazdanuisnnd (MTEC)

3.10 Tmﬁﬂaatmﬁﬁnuﬁm (Monochloroacetic acid, CICH,COOH)

3.1 Arelulssiau (N, HP 99.5%)

3.12 Magnesium sulphate anhydrous (MgSO,), Fluka

. 3-13-Caleium-chloride-anhydrous-pewder 96%-(CaCl,);-Acros

A8N15VRans (Experimental)

o

nsdinulsmrfuandiialalnaudosnadeiing azmiaandugadoudifey

| 4
s

Wud dumeunisduamzinafeivg uazdunaunisdawlsafuaniwiialalneiusos

= A 1 =

1 = e | dp - - |
wadgimu Ganafdimuililunismnaafiazied 2 9ln A waddsmuaiian 1 (PU1)

u u

wisanlfanUiensyudnmedief@uerlamn 7 1 6-isnazmfidulalalrlosqun dou

[ 1 b
wadtimutriinngsd (PU2) awnsalsdunlfiain PHM (nedaaimaitedanszidunnann

=y

Ujitenszudnsunlatioweda A 1,6-uamaulaees) indjiRendy 1,6-1anauniaulalals
laeniun ewieudy U2 %qmﬁq‘%muﬁqmmﬁm:ﬂququlﬁ{wﬁnmﬂqﬂwhﬁ“u uas
ﬁqnqsﬂuﬂ’u‘f,mm‘éwmaLﬂﬁt;ﬂ:ﬁnﬁﬁnTuLﬂQﬂé}’oﬂmﬂﬁﬂ FTIR, "H NMR uei GPC anniix
AuibhnedgPmulddaudsanfuandiuialalaamisaldananaanfifu-1, 6-ln-aziluang
venddalwiusiugndenndranedued arlunmasesmzuiaiuaiuendudialaln

=

suspudsFoenefemusiian 1 (CMC-PUT) uazafuaniuinlalnaudmwlsfanede

u

Tmueiad 2 (CMC-PU2) nanimadauidefidudmid enwafiuas autinasuantin
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o dv =y < 1 1 [g = = A:I 1 [ | 4 ~
ANPIUSWUND LLﬁ$ﬂ’muﬂﬂﬂﬂu‘ﬂﬂdLLNuﬂ’]i‘Uﬂﬂ“ﬁLNﬂﬂ‘lﬂtWﬂ’]uﬂNfluﬂ'li‘ﬂﬂlLﬂi‘ﬂ'JﬂW’ﬂﬂg
~ =l (% 1 [y =l = cJ L] ar 24 o o
s Baudeusuuduaniuandudislalag i bilidunisdaudsdioanedeim

1. NMFRUATIEANDALRANGS (Synthesis of polyester)

wadwameiausawienaIniersuwauadurznisdlauainuaslooes

=

{ o o = ] a o 1 a a . .
TyideildenfwadieameiivanliandiiBenszudne unlalauadn (Malonic acid)

[ . = & e Jl { a‘.:
v 1,6-i@niaulaeas (1,6-Hexanediol) (Fenwadwdmaiailaiidn PHM) Waeanansviaaad

= ar 2 o o 3 . . o &
siaddnwnzlassatraniiugWaidunanesisaasding (Difunctional group) Anllinededinas

4l

o = ar

= ‘o . . 2

Mfaarziiuuniuisnwoelass$raduiuniduns (Linear structure) Seanunsaazans 1y
= i 5 o 1 o o’ d’ Q 3 1 =

lugnrazaeawsd walidnaaviuniswizasiianin 14 ludumawsdald Inanafeamaf
1 1 = A
anunsnpauAnmgLane liiune laasanda (OH) Foanasli 1 6-aninuleees nBuind
= dy ﬂy - -9 & 9 s
wnfiune wananlansnasupuiiinluanawesed edmailne igunisseualamad

(Carother's equation) [53]

= (1 (1)

X_ A8 21494999 Repeating units Aasnislugna dnadieanas

r Ao amsdonleelus sevdnainialia uadn waz1 s-anaulnena

AINANNITINABIN INeRegmaitiminliana 10,000 o/mot asfinalunlatia
weda (15 g, 0.1441 mol) 11 1,6-@nEulaaas (17.68 g, 0.1496 mol) (FNFAIMININARAY
agjluniaruan n) Tnedupeulunisndjizeniuaninuniaiia uade du  16-4anedln

aaaaelindfjisen Teal¥lndahiatiueanlad (Dibutyltinoxide) iludafalfizen #in

Ufsanigoungil 180 °C melfianiorannaadiu dluioan 24 dalus (1 16) Luﬂauqm
ﬂﬁ’“mmmmnmdfmﬂ"lumﬂgm‘ﬂ'mfan Inenfinansazarelaaaslsiiiswduaslduganii
nmsaskaanszmenies Weswn 1 6-animilasesiivdannufialiszanelulanse
= o a=J 1 e = s ] 3 e o/ ar O 174
Telliaudin dowresasnliifadfsenagnnsssaanl aandunidnsdavinazaiasanson
WATBTEIME AN NITAAAINNABULLUYY UAZIATAIARANARANRIGY (High vacuum

pump) ATNAAL
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0] 0
M /\/\/\/OH
HO OH + HO
malonic acid 1,6-hexane diol
excess
Vac | Gibutyltin oxide
180 °C

-

|
O\/W\O/L!\/;!\O/\/\/\/’UH
| ' |

PHM

N 16 nMsdalaseinaaamaissidsanlalin uade uaz 1, 6-aniaulaees (PHM)

2, mfiﬁ'amiﬂzﬁwaﬁg‘%mu (Synthesis of polyurethane)

wedgnmuanunsosanldanilfitanszwinawe daaatugnsinlalalonnium

IelumdieiliFenlinedieames 2 windumsmedons

1. nadehaueslniwe (PEA)

2. PHM (Wo lnama i lEanndumnen 2.1)
?ﬁlamamﬂmﬂ%ﬁqﬂm‘nﬁmq:muqulﬁﬁﬁﬁuﬁntutﬂqaﬂ@:mm 1,000 g/mol Belunsin
UfRenazwen i Bunodlaleldlasnumnniiune Hensuaulaeseamadgimg
dunyflalaleeiiun uazarnsninljizaadudowaanaanald (chain extender) Taanas
famsinedtisvuaisauLeasniiy 2 sualiun

2.1 nwﬁ’mﬂm:ﬁweaqﬂémmﬁmﬁ 1 (PU1)

pU1 witenlda U RSersendranadefiduazlanm (PEA) (ﬁuﬂuﬂ’n
Tsiana 1,000 g/mol) (5 g, 0.005 mol) iy 1,6-nazwhdulalelelaarun (HDY) (2.1 g,
0.0125 mol) ﬁqﬂﬁﬁ?mﬁfqmuqﬁ 105 °C aeldianazusseanadlulasiaw lunen 2
dalue anniudinieiaulnanes (EG) (0.15 g. 0.0025 mol) B¢ iludauaenaansdasiuvia

Ufjfasdaiuaan 2 dalue (1w 17) felidunmeldisanasussanastulnsian
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O /N\//\\//\V/NCO

n Hexamethylene diisocyanate
Poly(ethylene adipate) excess

105 °C (HDI)
N
2

H 0 0
OCN”\/WNTOV\OJI\N\I(O\/\OJKN/\/\/\/NCO
0 On H

PU-Prepolymer

OCN/R\//\\//\”/NCO HO\/\OH
Hexamethylene diisocyanate - | ethylene glycol

0 H
lyest o
e er{O)LN/\/\\/\/N\ﬂ/
' O

| ' 4

m
PU1

= s =y A
N 17 nasdaarzinedeimustian 1 (PU1)

anwmnisAnednsadaulunsuiaunedinusanasasimiinluiana
Intaruguemsdaulneg luaszudnanedeidueslame 1 s-anazmidulalelrloenun
waziefidgulnanea HidnsndaulnaluadllunisuBonunnsineiu 3 sasgudauaasly
Ail a = ﬂ” [ oA 3 ar 2/
A1999% 1 TeevansAnwufFaudsuniminluanasaanedgimuisanudnsdousiag

WmANA GPC
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| 4
pn3e 1 meAndnndouiae luasdanasaniminlianalunisdanssinadeimu

a

ansrdaulaalus (Molar ratio) PU1A PU1B PU1C
wadefauezlamm (PEA) 1 1.5 1
1,6-nazinianlalelaloequn (HDI) 25 25 2.5
whiaulnarer (EG) 0.5 0.5 1

g L] = A
2.2 msduanzinadtimuniion 2 (PU2)

PU2 it lfandfiFenseudne PHM (e ldluduneu 2.1) (5 g, 0.005

| o o o ey 4=J £a
mol} fiu 1,6-anaziiianialalalagiium (2.1 g, 0.0125 mol) MfiTienfignamali 105 °C

naelignasrussaanadiulnsiau - uead 2 dalue aantuidneidvinares (©015g—— - —
! e b o A = ey
0.0025 mol) TaludauaeinaansldasliindffFaiivatslalslsenivmasanlfizen

wnlfmsendaliiluesn 2 dalue (w 18) dliiduneldaniosussenialulasa
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: 0O O
HO\/\/\/‘fOJ]\/U\Of\/\/\}OH n OCN/\/\/\/NCO
n HDI

PHM excess

O @]
A NCO
O O "N

PU-Prepolymer

/\/\/\/NCO
OCN HO‘/\OH

Hexamethylene diisocyanate | ethylene glycol

O

H
lyest (0]
RY§3 er{OJJ\H/\/\/\/N\”/
O

S m

PU2
N 18 nsdaasnzineReWuTiag 2 (PU2)

3. meanudsrnfuanfiadalalnauisewedgSinu

nszusunsimnlsafiandidialalngiy (OMC) fosweddhmudunissie
ANTNENARMATTEWIN9 CMC, HDA uas (PUT w5 PU2) (W 19) Taeinastiunat CMC (5
g) lwinngu (100 ml) uaen 2 dalus fsmnfum?ﬂnwa'ﬁg‘?fmuﬁﬁfé’mmmuﬁqmm 2 lu
A158ZA1E THF (100 m) uazaza1pdIsangsiniau-1,6-la-aziluarfuanddaldium
(HDA) (0.5 g) Tutindu (10 ml) a1nsfutive sy asnnan it udoseiaetunawd
aumpifiandluna 2 9ol wansazanaadlumifninszanauna 10 peaw. wazssmads
Frazarnding ludeuiigamgi 40 °C uwaen 24 Galus Weufasduusiu CMC-PUT uax
CMC-PU2 flufieaiin aantuiinasAnsulefiudnndnanedines Lﬂﬂ%L%uﬁmsmuﬁVq
anwaurdugiuingn andidng wazanmduissesanissaudy CMC-PUT waz

cMC-PU2 ulnuisufuweiu cMC Aldlfiduntsdnuls
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M A

HDA + (PU1 or PU2) + CMC
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AN914 2 ARsdauluNsLATMNEY CMC-PUT uas CMC-PU2

wit% a3 PU CMC-PU1 CMC-PU2
Tu cMe CMC (g) PU1 (g) CMC (g) PU2 (g)

10 5.0 0.5 5.0 0.5

20 5.0 1.0 5.0 1.0

30 5.0 1.5 5.0 1.5

40 5.0 2.0 5.0 2.0

50 5.0 2.5 5.0 2.5

60 5.0 3.0 5.0 3.0
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a1% hexamethylene-1,6-di-(aminocarboxysulfonate (HDA) 17111% Lﬂuﬂ'm:ﬁ;'ﬂum'\
ﬁhﬂW@ELm-;?‘lfummmLﬂ?m‘lﬁmnﬂﬁﬁ?m?zudw 1,6-nlalelgewuntaianigu (HD)
(20 g, 0.12 mol) Aulmdanumnludawa (25 g, 0.13 mol) lutiondu (50 ml) (N 20)
ST unfguugiifendiuani 24 Falug Lf;faayuqmﬂﬁﬁ?mﬁﬂmsmnmsnfau HDA lu
ansaranEaziiog udadnenzneudontiingu avnisinnemnazneuluasaratezalauan

0’: ‘g o L 7 A o §r
ATIUUN LLﬂ:ﬁVI’]'LﬂLmQﬂQmﬂQNWﬂQ

o~~~ NeD
OCN

N5128205 Hzo

O

H
N SO;Na*
"Na'055 N
H

@)

MW 20 N8daLATIzi hexamethylene-1,8-di-(aminccarboxysulfonate) (HDA) [9]

Arfuandiudialalngiu (Carboxymethylchitosan, CMC) (AW 21) Wizeisl
ol lalngns (40 o) ftlrunnlszanng 0.2 mm- Udaslulelainswiuea (200 mi) i
FatRnasasanlnielansentisd (40.32 g T 100.8 m) Tnauild 6 ﬂé‘:ﬁ?}n"] 5 Ul
vlfteniigquavaidiaaiunan 75 wit ubsdafinansazans liluaaalsariinueda (48 g
Luutin 100 mi) w14 6 ﬂ%qvgnq 10wt AU fFRurefigaumgfl 60 °C e 5 9ol
AaanniiuRan iy pH 189d17azaasiansalalnsaadin (6 N) Widunas (pH = 7)
aniTuANmzNeY CMC Fatmanues (500 mi) uavdnInEnauBIaMIazaENaN Wues:
11 (70:30 uax 80:20 MndndL) itednainAesen flfudeRgoangi 40 °C Falunns
witan CMC lifuanuayiasziain asalinn dunfins annguinalulsdlanvuasian

WA (MTEC)
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- OH
oo\ 0
/&A‘ ~ m\/“\
NH OH
L oH 2

n

Chitosan monochloreacetic acid
CH COOH
Y 2
- oH a4 0 -
o 0
A \
\
iy NH
OH I OH 2
CH cooH " "

N,O-Carboxymethylchitosan (CMC)

MU 21 nsdaessirniuendwiatalngay (CMC)

nENGAVIANANLOI (Characterization) WAZNISVARBUANIR A 7|

1. ﬂﬂiﬁQQﬁL’anﬁ)ﬂHrﬁ (Characterization)

1.1 mshameilanafeniuaisesmwedwafaunsoinlifaamatia
"H NMR (Bruker 400 MHz) 1atil CDCI, %%a D,0 usavinazane Usznaufunnsimsiesd
wi e dusiaimaila FTIR (Perkin-Elmer Spectrum §1 GXO Series X) Tnensizendaagig
Wunuuudurnsuuuiulnunaidaunsalsd Lﬁfaﬁuﬁumﬂﬁmﬂﬁﬁ?ﬂﬂmﬂmﬁmﬁzﬁmm
uANGNTERI NSRS LN SRR DT

1.2 mqwfau{wﬁniuLaqamﬂqwaﬁLﬂﬂLwﬂ?’ uREWeRE MU (PUTUAY PU2)

fnanalia GPC Tt ldaediniuvunantfin B2 Hawiagweu 10 Jm (PLgel 10 Wm) uazda
n99930 (detector) Wil reflactive index fannazaenlife THF Yansn1sua (flow rate)

1 mimin Renmail 30 °C
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| 1 Iy T a o
1.3 arageunisilanunlasdl 7, sasmedieame? wadeinu (PU1 uas
& - A (] a’ = o
PU2) uazmriuandwialalnguitiunisinuilsfoanafginuy (CMC-PUT uaz CMC-

PU2) #aennatin DSC (Perkin-Elmer Pyris-1) (14 rate of scan 10 °C / min)

2. wafidusmaisilumdiawadnas (Percent crosslinking)

=y } = -4 17 1 ar 1 -Jnl
ﬂﬂ?ﬁﬂﬂ"lﬂqi‘LﬂﬁLﬂuﬂ"rﬂ'}ﬂW'ﬂﬂLuﬂ?ﬂﬂiﬂiﬂﬂﬂ']‘é‘LL“ﬂLLNHW'JﬂEI'IG‘VlN“IIU’]F"I

Oy ol/ ald = 3 qy 2/1:1 o g @
dsnnnd 2x2 me.an. WnduidfBunamanifiuwe seielingumniifes ihunan 7 du

= =4 1 = ' = &« w o i [
waﬂﬂ:mﬂmuﬂuanLﬂuMﬁﬂlﬂHW@JﬂLuﬂi@ﬂn1ﬂ @’mu‘u‘n’mW?ﬂﬁ"ﬂﬁmu‘niuﬁzmﬂmﬂ

2 1 o’ ] b7 - -] 1 Y3 1 8 |7 A [e]
NTEATMNTAY AuiuFaag9Atea1sazantazdlne nanasauuLusag Bt s0°C
[] 1 i3
laan 24 2009 nanfsdeinminaaauduinadiaiazan o dudnnialumd

I WARINDTAAAHNTF

wafiguanisiinidundenafiuas (%) = [(W,) /W] x 100

tﬂ’ == g’ o 94 1 o [ 1 = 0!’ % L0

Wa W, aa wininwisaaaniuiatanaunisudludisazatsnas W, Aadavinuieaag
1 1L 1 3 1 ]

WAt ana R Nt luan savas ausasfinasnensiin1sNeaa 19 @ NASUHRANT AN LR

LLﬂ::Phﬂ'J']NLﬁENLUNN’]ﬂ?j’m

3. MSNARALANLANITUINUT (Equilibrium water content)

v

ar

nsANEANIRNNT U e HRsgat A N s oL T uaas i unausell

ey,

D" 1 - ] :: ‘J A
3.1 NITUINUIVBIRKNUAIBRLNNANN 1 (%EWC-1) Wunsimseiant®inas

0!’ 1 o 1 =!A=l [ 1 [ a L 7 7y ar 1
U’JNH’]’H@QLLNHWJ?J?JNVIN@ﬂﬁm:LﬂuLLNu1ﬂtﬂ?LQﬁ ('lum'mn']?m“lmmq) Tnen samLEL
L L

nv ﬂ" Y - or & A

lalnnaaliidauradssnnn 4X4 n5.94. udqfqudaqlutinguininifune fanelsf
- 2 x, o &4 .

griupiteaduina 48 Falne amiuninisnsesassuinnauinnzuuuEulalasaafon

| Y- ull o =2 Bp [ 1 A:J 0" [4 A [N
NFEAIENIEY WatANMINIsTaaziunniminvesudulalanasiivanidni (w ) faa

1 2

dl 9 o 1 a & ] o 1 L T 74 =a’ -~ [e) nlt
WWiseedd 4 muis anntiuiiniseuniiusaesn liuiahigouugli 40 °C hanan 24 dalus

1 v 15
NIN18T RN UEUAIDEN (W) URSAMINAINITLINUIAINANNNT

% EWC-1 = W, —-W)/W, | X100
st~ Wl LWy



43

¥ D e 4k o
3.2 NTHINIITRLHUAat9ATIR 2 (BEWC-2) lunmadeusieliasuas

_ . o d oo & woa &
TiRaatiaineafiuiy %EWC-1 Taafiananisdaudiudadafnie (W) wiatufingming

©

o ) o 1 L U

Fal6 siuslusaadasinanudasluinnau@dnafmils W, ) Wunan 48 $olue udavianag

o o LY ] o [] n‘ 0” L1 ej A u'f ] [ @ n‘:
uuﬁnmv]unLmum'amwmummw RotLATRITY 4 AU m%m@mwmm

AN %EWC-2 /1NdNNIg

% EWC-2 = [w,-w,)/w, ] x 100
] o 1 =l Oy 3 ) I c] 1 nj
LWHAAZAMME MNAZHNIINARDITIETHUATINEWIATRA DR EATAITH LU SN WA E]E‘E’m

4. MINTINRRUANBUSAYFIUINBITRIURUAIRE IR INALA SEM

N1 AReUanHedugIAna v LU sadlun 1 IRsIaRaUAN ALY

Hufinvesiaetiasluszalunsay lasrounnsiesd ﬁim@uLLduﬁq@dmlﬁLdA‘qﬁqmmﬁ_
60 °C LLa:ﬂmmquﬁ’uﬁwLﬁﬁ;mammmﬁuﬁqﬂ“ﬁqmﬂuwm 24 Faliq ansiuRasaat1ens
vudntiadagiiiley (aluminum stub) LE9RMMINATNAR AL Hoeiprae SEM (Scanning
Electran Microscopy) (LEO 1455 V) Tae/ldfndalnlia 20 kv fiinnsdngnimiisoniuiae

LASNINEATIN ST BILEAARENT ANEINTIAIUENE 100 WRZ 1,000 W1

5. NSVAARUANLALEeNa (Mechanical properties) [61]
N3NAKAUANTRIEINaTRINtFatiag i sauLeaan il ansnagavuan
2 =2 . - =l \
ANTNANUNMIUSAY (Tensile strength) narnmaautlaiidusnistimean (Elongation) N1e
NARBUAIAINNAEINIIDANGL (Tensile ‘s modulus) WATNITNARBLAIAITNIKUYY
1 ar 1 e = =§ N . -

(Toughness) latlHudrat199zNIN19IATIZHAY8LATES Universal Testing Machine
1 = L] g 1 ar 1 i eJ 5

(Instron Model 55R4502) niauntsdiasizisiasinnisdaudufataiug 8 ivaentiufin1g
Hauraseunnd 1x10 A7.T3. (ASTM D882) ArnaaFuiiuresfatrsilinagay (gage

length) A8 1.0 93, wazANEAlUNNTAY 10 WY, 7 W
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Tensile strength

Stress

Elastic's modulus =
) ‘ Slope = stress / strain

Stiain

AN 22 NINARDLIANL RTINS

1 2

- o J td ol 3
mqgmmumumﬁa (Tensile strength) HAZuiiailsa AYNINTERNA9aN

— - — — — — fuWuinaadaenne- Tnavaaganazua e faas 1l aeanainnu-axasaaunaliaan——— —

a9 as : A [} L3 1 L s
MAHIE oy gaiuriusiaetineumnsin (nw 22) Aeaunig

ATATNATUNIULIAY (MPa/mm?) = N144 84 AARANIAN (Breaking force) (MPa)

ar

A Al w sl P
WUNBUIFAABIAIBENNNARDL (mm )

. ar ] LY . 1 A
wlefidudinistinean (Elongation) Wlunisdnanaiinutfi lnanisinariuereesiaatned

] b 1 1
NI UN TN LAY BENIIARANAN NI FIRNNNT

wWefidudnnstineen (%) = ALY D 9AUWANRN (mm) x 100

ANEENEY (mm)
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ATAITNRIHITDASTY (Tensile 's modulus) iTUAMAAIAIINAINTALUNITNULG

c!' [ 1 . 1 IJ
A AUNTENIBMINEIUTINING stress WAE strain HARIA (AW 22)

ANANANNNT0AEY (MPa) = ANFIYR9nI W stress-strain (MPa)

] =1 ] [ n!: J 9s =5 1 a ] 5
AAUIMie (Toughness) IDUAINANUAMNARIE lun1rRsudumqntalliTmeanann
1

1 =l dv ‘=I 2 '
ATAINHLKUEN (MPa) = NasaNgRINUNLFns W stress-strain (MPa)

1 ar 1 ﬂ” ar 1 ! ] A ] A
um::mm’m:ﬁn']:mma’au%'\ 5 F’W'EIEI'NLﬁ'ﬁﬁ’lﬂ’lt'ﬂﬂﬂLLﬂzﬂ’]LUENLUUN’]ﬂTE’]u

6. ms’a’mdmuﬁ'ﬂﬁ’mmﬁﬁ {(Water contact angle)

N9 AN NAN AR89 WUNNIANTEAN Y ur i aeieed Tatn1sun s

¥ 1 v 1
WasuuiuResasrattaasdnyudnda (0) aasiadnsiumen (1w 23) Kuirraein

yududa n quuniiiios diadaiianindinesifasin i sy Tnautas

Q- n‘/ 3 A 1] H 1 i
paatvinnmaaesdl 3 afsiiewdraftuazAdeuuuIR§IY

@
MW 23 NIRRT NANERIBNIN
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7. NISNARDUAINLLURAE (Cytotoxicity Test)
n1snaaauaNLRAMNITuRmaasutufqat1e (Mwnalia direct contact test)
} %
Tnadnsantelifauntseann 1 X 1 sng, dlilandagos ethylene oxide gas RN1%
113
L 1 A 1 L 1 = a’

9195 BHN RN R RN u A uEUAUINAT9 3.5 9. Bindaatinsfiniuany

& , & .
WIZIREA28 non-toxic dental wax WWNZIAELERS L929 (mouse fibroblasts) 4luanu

J ﬂJd or 1 =l 1 4 L}

wzagahfifat4lnadarunuIuily 6 x10" IIARAENA. 10981FREAIEAINNT N0

s 3 Ll J .I/ as 3 g ] o o 1 1
2 H&. ‘Mmmnuumiﬂmnzmmtﬂuwm 48 dalug wasmiugadndudaansfietusias

=Y Q CJ o
giinargninfian@diag 0.01% neutral red Haza el phosphate buffer saline wazi1uA
nIAdeU U Nan B IzIRgadUALNIIRAAAA N a8 phase contrast light microscopy
Trunrsnageuiasld high-density polyethylene (HDPE) 11114 non-toxic contro! (negative

control) Was natural rubber containing carbon black it toxic control (positive control)

8. NsvAgauANNITINRIANIaZan W (Biocompatibility)

&

; o o=y 2 o o 1 J 1
Jagiiumesevantiiacudiadulénisdonan ra shedidunimagau

a 2 : = = b ot 2 : = 4 A

Ariiuiwidonudnlidaonuiuiis leavinnasuizaudaad i uGuimaanauna

2 L] r J 2 = e u‘; = Q o 1 ar ’
dsznnn 1x1 cm® uazinldsimasan ethylene oxide gas nasaINLARINGRLNAINE0

O ar ] o J 5"

Tvagauasudaiulinedoninaasianiamad Tnaviinisassaad L929 (mouse

i o . k74 -
fibroblasts) UL uHasNas 9T agaafiny A9 1x10° wadAasad e TuanmsiReead 2
= - ey o o =ll ar o ar ﬂ!l ﬂi
fadans ihuoan 7 uaz 14 T lnpasinnsilfauaninsdeagadyng 3 54 Wassuoand
hd a (=3 ar 1 ol 1 d, 9 v =
NuARINgLILAat R na e i audmiunisAnenisiain) waznistimnizaes

TARGIE scanning eleciron microscopy
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A
UNN 4
NANISVINARILAZNITDNLS NS

= nl 1 ar aa 1
nasizenafuendwialalagiu (CMC) AdaumsdaulsfoawaReimy wilanng

NARBIBANTIY 3 TUABUAITL

T MTAATIEAREAIBAIAZ (PHM) e NE17ona 198 [ALA WaT
' o
uwaz 1,6-nulanns antuiinisfigafiandnuninianiifommalia 'H NMR usg FTIR
=1 o oo S cJ dl o o qld o o
2. MamsaNnadtIMUTEAn 1 (PU1) Tuduwedtiinuninadiaiduaslamn
1 1 o s = AE - oo | Y
(PEA) Wudondauiy uazniawsdaunadeinugioi 2 (PU2) Taduradgimuiinedieg
waf (PHM) iludondauiis (n1w 24) antuviinisigaiianansniniaaiiesnafeBiny
&
visaaaila (PUT uaz PU2) Tagldmafiasiaeg Wi 'H NMR, FTIR, GPC uaz DSC

- o 'y = L] - A =
3. nsdautlsaniRnasaniuenfiuiinlalosusoawedeimusiion 1 vida wady

Tuaiad 2 (CMC-PU1 uaz CMC-PU2) uarnadauauiinmigeg auAnNsUaNtn
wafiFuAnasAafusndionediie namsageudnenziuiokinmaiia SEM nag
NARBUANTTAUT AN SRR water contact angle N vagalA NIduREHas9N 8
syl waznisvageuaninudy Wikudauaniidinaniua fuanfudialalngid

Tdeunissnils
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O O

M NS -OH
RO OH +HO 1,6-hexane dio!

o malonic acid slight excess
H \/\o*/\/\ﬁo\/\OH OR dibutyitin oxide
n
Poly(ethylene adipate) O 0
HO\/\/\/{OJJ\)LO*\/\/\,]OH
n

oenE NCO

1,6-hexamethylene diisocyanate (HDI)
exXCcess

. O ' 0
OCN\/\/\/\ JJ\ ~Ppolyester_ /IL /\\/\/\/NCO
N 0 0 N
H H
PU-Prepolyrer
NCO
OCN HO\/\OH
rpmainjng_HD' _ethylene glycol
o H
polyester N. .O
{OJ\N e
H 0 n

¥ 24 UARINTRUATITNRREFINUTTAT 1 uaz waReFmusiind 2 (PU1 waz PU2)

¢ = o
NSRUATIEVNNRALDHINDS

nsduamminefieameininyaedulansanGa Idnguszasdiielfidudoy
BN (Soft segment) lunsdanssinedeinuinalidmudsaiuandinialalngnulid
§

By -] o’ or v J = aa
autmsnzanduiunsssgnalfdudanouna sellarivandufialalnsuiiastivinas
¢ yem 1=l a4 s 1y | . v = P
v lin wazliiaonnduiivsiesniy usifiieids e Wasdluaninzussiamuuda
uazitn: Auiuningrunsadnanifaondewnrasneagimudin i luwduafuand

= L GAA o o’ s ;
vislalnsuasi illanianuusdmiuliddudaslauwasunniy
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1. nMeRgaillandnueizas PHM
PHM duasizilianndizarreumusdusendng snlaflaueda uay 1,648

o ) = L8 o q DA A -
naulasaa e liladefafiueanlafiduiosnliien Tanrmimezilasaaiianig

= [-¥ ] = ‘J
\Allaee PHM Hatmailla 'H-NMR deuamelunan 25 wudtygoilisneusasjinfidun

o8

. o . : do . d o
AEURANURUEZIRRINDIARINY (-OC-CH,-CO-) MAMNY e M 3.3 ppm (N1 C) mﬁ'rucgﬂm

o 1 v = ] aa o 1 ) i ¥ e
sangnlfulaauulssnandyyinlilssausamfuiauiiodsendamafuendanae

L1
ar e

A a oo v d
wlatinuadn (-OC-CH,-CO-) A uuu a vl 3.4 ppm (NN A) ansl fanudoy oo

ar  ar

lusmanrndnynfiduiayfinfuiuszieames (-CO-0-CH,- CH,-) Afuwda f uazAiumils

EJ o ar J @ 1 ] o
g 41 uaz 1.4 ppm ANATAY (119 C) Tedryarasssnanalilsng lusulnainaesans

L

nl/’ 22 =1 o ar | = &
AU (N A LAY B) wanainiiaiuisnsudunylaigrasnadiaamadidanndynin

L3 %3 B |

ol - de g
Wemauwasuswiiauifadunylansanfaflatsanald (HO-CH,-CH,) fisiumie b

kT

3.5 ppm

malonic acid

a
h
d
g
b d
HO/W‘\/OH
¢ d b g
1,6-hexsne diol
B
f d
g
bd g e 9 d ¢l
¢
C
—p——— —
2 1

™

Iy
hydroxyl-terminated polyester A

3

o=
-
-

ppm

N 25 'H-NMR sidneisnarasuniaiiuadn (A), 1.6-wanwulnana (B)

WAZHAARAMET (PHM) (C)
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annsipseiugWaidusicaatia FTIR Auanslunin 26 azdunmdiuiia
o

C=0 stretching 324usjAFuandan 7 1702 cm™ 98eu1laiiaueda (N1 B) Hanas
wasuusailesiinnsdaasziidu PHM Taedumisiia C=0 stretching 184WUT A%
masazuldsuulasunagi 1720 cm™ (1w ©) Bnvialuaiinasuaes PHM danuiiaaas
O-H stretching 1 3400 cm™ (M C) Aaun st feriduiidareanelduas PHM

wylansands

c-H
2930 e’

3400cm’

L

1702 ¢m’"

O-H
3400 ey’

C=0

29(-3761"1.1 1720 em”

3000 2000 1300 1000,

N 26 FTIR dudnmsnead 1,6-@naulnesa (A), unlailaueda (B)

uazwaaeamnad (PHM) (C)

2. madswiiminlaanates PHV
ﬁlwﬁnimaqmm PHM insdiassiainaulnniy 'H-NMR dsnaw 25Tan
n1AuIMIAN integration ratio szudedey fynoandiaullsaauiiRafuiussieamas 7
fuvle f uazduonnisiaulilsneufiegintumiUarssemedieamed Adwmis b Tng
ANz niAtddnAfN TH-NMR (AnAaNuWan ) wuqn PHM ﬁﬁmﬁnfmﬂqa 900 g/mol
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1,500 g/mol (AMn1snszatesiaasiminiueng = 1.42) Fanasisizen PHM Al latowiahu
o’ 1 L o 0" ar OI A Qs °§J &
ludaeUiseninli PHM flwinTuanad Weswnifadewanediou vy widslfann
- e sll = 1 oYY A [=) [ 1 0” & ¢
Uffdenpauawedy aralinafedjizenisidieuaialdnedivame i llwminluanas
a’: 1 | o oo o e o o o e ] |
anviadiaulaewsaisalfisananniadofiofudunsadaddin wudn PHM Ausfaslésiaang
Op o ql J} = 0” ar -
wilauaznwinlanaiingaauédniien launaannnisiassiinmintuane feamaila
1 :l L] ] w 1 ey op o 1
GPC wudn PHM Alnsadadainidusiaded jazeniidaminiuiens 3,400 g/mol (Anas

ar ol’ ol 1 L ol IJ} 4& M A Mm or ]
nszantsarasminluans = 1.57) wiluweddaii@anld PHM Telfladiafofiudludaise

o ey dl = Ob ar & o o’ = oo :J _~ gl
Uifiren wesaniuwintuianalnfifssiunafieiduaclamn Fadunedieamaian
I~ A A e o o - a a a ool o
aiiawileRdeu et Faufioudy PHM lunnsuiiounadeimy anvakendn@dudogm
nzuanduludupauntssautlusuRdusauRua S uand e la laauy

o o oL =y o & &2 1 )
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o o J 5 = s A | ]
lunuddsiidenlinadieainaiaassiniiludoudans (soft segment) lunag

WrENNRRLTMY AR wedTAuazlanm (PEA) AIn1i3En Acros (ﬂywﬁ’n'imarm 1,000
gimol) wlugaugauyalunisuaunadyhmuailai 1 (PU1) HAZ PHM FawFaalFann
Ufferaumurduszudanniaiia uadna uaz 1 s-anaulaass (ﬁyﬂuﬁnimaqa 1,500
gimol) iludausamulunisisiaunadeiimuring 2 (PU2) Ingaougultinganaas
wadgmudhunlolsloenwndonnisliBunoanslaleloenwefiuniuwe amiudai
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weRgFmuNsasniallvinnsdnulsasiifaesanfuendmiialaloeuludusausialy

1. m‘a‘ﬁgqﬁmné’nﬂnﬁmmw@ﬁg?mwﬁmﬁ 1 (PU1)

PU1 Aataseiilfiannufiiansewdng PEA AU 1, 6-anazindidulalalslonwun

HDN) W unaniiuwe Tnalfieddulnanaaiiludeuasnaanald (chain extender)

BATNINFIATIZTIATIAF19NIAATE8d PU1 foamatia "H-NMR fdauandlunin 27 aan
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H-NMR alnaswudy il smauaesuyiniiduihedf afumylaieaes PEA (-CO-0-

CH,-CH,-OH) MA11s e waz d 9 4.0 WAL 3.8 ppm AMNAIAL (N A) Teadyyrni
o 1 ar 1 1 a J’w o & 1
Aumndssananalidsanguanneiuaes PU1 (0w ©) uenanRdanudyoyronfindulusd

A 1 Ay i 18 e e = o | -
gadludyeyuilimauremyuituiagRaiuiussginu (-0-CO-NH-CH,) RAWmMA i

'
= o b

A : ar 1 = <
# 3.1 ppm (1w C) anviaanudy gyrnlilsnanaaamsjiniauiag Raduuylalaloorum

u

~ o rvn'

(CH,-CH,-NCO) iftumia f 71 3.2 ppm (M C) Fatlumieriduiislanasialdaas PU1
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M7 27 'H-NMR gilnnsnasswaneyiauezlowws (PEA) (A), 1,6-anasiuiay

Iolalalgaqwm (HDI) (B) uaswedtiwmuailadl 1 (PU1) (C)

A nNIFAzinL T uAemATle FTIR Asugaslunin 28 amnanlnmaiues

PU1 wudiiafia C=0 stretching 1895 usstRimuci 1684 cm™ (0w C) Ridumdalngiufia

. [ ra! - ¥ @
C=0 stretching 194N UELIBAINATH 1736 cm ' 989 PHM (Nw C) wananiaulnaiuaag

L 1 : — A o [ 5 ar i
PU1 flanuimrasnlalsloenium (-N=C=0) # 2276 cm” Failumstiudumiteiduiilas
: b

anttdaamafeimudunylalalaaun
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C=0
1736 cm’

N=C=0
T B |
2176 cm
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W .
N=C=0
169 e’
C=0
=0 1684 ¢!
17dem’t

L v T T T T T T ¥ b
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A 28 aldnms FTIR 1aanedefiauas lawmm (PEA) (A), 1,6-l@ngsinfisiu

/M & = A
InlelslaeniumHDI) (B) waswedtsmuaiian 1 (PU1) (C)

R v =l a8 a . o
wsnanilifinsdnsdnadanlunissdanweieFinusananinyaeuulag
k%
animidniuana lngaauguansdoulnsluaszniinaamiauas lamn © 1,6-angsm
ey =y e é 1 L
fawlalalalaeiun : widulnanaa (PEA : HDI: EG) Teutlsanniily 3 dnsndau Aa PUTA
Hdfmsdaulnelua (PEA: HDI: EG) winfiu 1:2.5: 05, PU1B Hldnsdaulnalua (PEA
HD!': EG) Winfiu 1.5 : 2.5: 0.5 uay PU1IC Jamsdaulnelug (PEA : HDI: EG) Winfy 1
v
2.5:1 aqnua GPC Tasulnunsnaas PUTA, PUIB WaZ PUIC (N9 29) WUG1%98Y
AaasnsiliwintuienalndiBesiu Tne PU1A SinminTuana 9,700 g/mol HA1nasnszans
o 0!’ o =l oy o = ar
saraaiminiuiana 2.94 , PUTB Huwiniuiana 10,000 g/mol RANITNIzatfaaag
v L4 L 2
wwiintaiana 3.38 waz PU1C Hunwintutana 9,400 g/mol Hldanisnszanafasasitmin
= 1 1w =i ] ‘J ov ar
Tuiana 2.02 Andelindnmdanine iualifinasdanafawlaniminluianares

PU1
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"H NMR wudty oy 1o T smauaaany infiauiagiaduuyUaioaaq PHM (-CH,-OH)

1
1 ar 1
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{ o 1 - - S ] - ;ﬂl
PU2 (A C) Fatilunistiududa PHM el izenedieanisnl wananfidewudy oy

= ‘g’ Id! 1 ) A 1~
dnezwinddaiudy yiallsneanresmiiuidunagin

ar

UAUsZEFNU (-O-CO-NH-CH,)

A 9 [ ! LI | ry } = o [l
ARume j 91 3.1 ppm (00 ©) wailsinudiygnoeluseauasanyudaunatFadumylalsls

81LUA (-CH,-CH,-NCO) Maililinasnann PHM snailfiadontaswafinaiussiadiniuasuas

o
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hydiexyl-terminated peolyester

A 30 &idnman 'H NMR 999%a810amaT (PHM) (A), 1,6-8NTLu%aw

Inlalglaenmen (HDI) (B) uazwaRemusiiafl 2 (PU2) (C)

AINNNFIAT SR LATE T nALAR A EwATA FTIR (1w 31) anawnmniuesd

SD_"‘"

PU2 wudifisiia C=0 stretching mﬂqﬁuﬁzeﬁmuﬁ 1682 cm’ (AW C) AfwmdaIndriuia
C=0 stretching 289WUELDMNE ST 1738 om™ 984 PHM (" C) anialuailnafuaes
PU2 flawufA N-H stretching m@ﬁuﬁ:g?mu’ifuﬁ 3320 cm™ (A7 C) saunistiusunag
WiavuszeEing widnlinufia N=C=0 stretching aamylale e ilenaiiisanan
PHM fivadauramedimefuasiadlnueuautuar) vilifiiunamacuylelalaaiunly

mavindfnzenldifteanafiasinli PU2 ugjdarenilulalalaeiun
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=0
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1682010
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3. msmrEinninluanauasnisnssaefrasihwinluanadas

wRrlA GPC ,
wmalla GPC aanasniudunisdunsvinafdginuannisiasmeiinun

o & =l ar =y A el
Tuanaresmedioamaiufauieuiuweddimy a1nniw 32 WanBoueulasuninunsy
| 4

984 PEA 1 PU1 wudn PEA Hiinnsinluana 2,200 gimol wazfidinisnszanadages
0” % . . { A o 1 1
dnmdnTuiana (polydispersity) 1.42 Faillewn PEA mfidugaudeujulumsisian pU1

o L7 = . ar dv I3 = or a ar
azfi1li PU1T Hdamiinluienageauns 9,700 g/mol wasiiAIn1snszanafreastinmin
Tuana (polydispersity) 2.94 TagarntwinluanauasAinisnszatsfgesiminluana
E, G\I ép 9 1 !
mAnTwees PUT MililasunTaunsuans PUT Haaunstuazluginaniasuainunsueeg

PEA
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uay wmgsmumimﬁ L(PUNB)

£

aqntasualaunsy GPC 28 PHM iwFsudouiy PU2 wudinaRinainian
Aadiwinanalndidinei (v 33) T PHM SiwdnTuana 1,500 gimol fAnas
ns:mm‘i’wmﬁwﬁnimaqﬂ 141 wazidiaid PHM 1 it dudousassuly PU2 §
ﬁyfmﬁ’nimaqa 2,100 g/mol LLazﬁﬁ'qma‘nsmwﬁwmfwﬁniumqﬂ 1.60 AMUARINAND
wansliiudn PHV AL udousaulunisuiion PU2 Suaialddwinluanain weil
a1aifiganaan PHM Hdanrnsnedweiuariedlnaiuanivay lnadunnainlasuiis
unsuwes PHM azillugia (shoulder) 1 retention time 18 w1 (n1w 32) S ldiBunmunes
lelelasn ualiRaaefiasinl§Re dudaaaaeld finlk pu2 ﬁﬁyﬂﬂﬁﬂimﬂﬂﬂﬁi'}

FIRAAINAAAARARITUNAIIN 'H NMR Uas FTIR
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dwdiflauns udiipsannpaiuidudaiisietusesasuendwialalaa CELEHEN
Fnlinedumeiiaenila s ild Fiudaliasaranona fewiounedinef
aaerfinlfigmnsaazaneliluansazaneianty

1. NENAFAUAMNFINITOIUNTALANY

i 4 n]
nsagaLANRINITa TuNTarAaHa sz asAEBMIAINNR T AN LA
dwiuniedaudsarfuantiiialatasufoanwedeiing (PU1T waz PU2) Tagfianisnmaany

as 0 n=, :: 1 L4 o O = -
Twsnazarendanududauansinety Taelddvinazans 1 ml azanawades 0.1 g uaz

Mnlazanufoearaaeiduinan 10 W anuanmagaLnudIA Tuenuiialalngnu

L |
o

azanebA Wit wHdmEu PUT waz PU2 gvunsaasana lifludiiiazaiafisidana

ar

Wi THF, acetone waz DMF Tasgiuisnazauli@niasludaniasatelanaslstigy

2
ar

(CH,CL,) uaz aaalsWaiu (CHCL) (M1n974 3) TeaamniRAuiidannaes PUT uaz PU2 994
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|2 ]
Waanalalgeuin (hydrophobic) 1aswadiagimeisaiudiudawulu PUT uay PU2
al o °y re [ ar - ar 3
PouriasiBANIaL (hydrophilic) AR niusyefing Aedi PU1T uas PU2 Asguise
va o B Ao
avangiFlufavinazarefifidatunans

AN914 3 NINARALAMHAINIT TUNITASARIUDY PU1, PU2 uaz CMC

) H,0 | CH,0H | DMF | THF | acetone | CH,CI, | CHCI,
= S < J
WaRLINUTUAY 1 (PU1)
waRedinuaiinh 2 (PU2)
I - - ++ | 4+ ++ + +
Arsuendisdia lalog
++ - : - - - -
(CMC)
Wa - = ldazany, + = aranglfd@niian (@sazanugu) uae ++ = ansaaranaléia

(ansazanalalilingnaw)

o ] Ve B nJ ] a8 ar J

sInEafINatanLdnfeitaratsnuntzaudaniudrnfunimaasitife
ansmeaIaNaNszdsiLazianse lalnsysnu (THF) 1ndmsdau 50 : 50 TnaiBuins

Ly
(M1579 4) MIUTAAN THF @11190asa7e PUT was PU2 105 uavatuisoazartsamdlu
d” = o °§; | ] :: = =4 2 ol o’ = ﬂv = o 174 (] B.”
Wemeoiutnli andsiigananlndifasiuqainentatn a9 i ldifianisuanduly
& o o & A ¢ Al
fumaunisrswesiainasataanivassauieuday

o

A7 4 N1FAEA18283 PU1, PUZ uas CMC TuasasaENaN H,O: THF 7 ﬁ]ﬁ"’lﬁ"éuﬁi’lﬁ"]

amgg9uszudng H,0 : THF
ang
10:90 30:70 50 : 50 70:30 90:10
wadtFimutiian 1 (PU1) ++ ++ ++ : ;
wodgFmusilah 2 (PU2) 4+ ++ ok - ;
AfuandluialaTagi (CMC) - - ot ++ 4t
l  dle - = llazany waz ++ = awnsaszanelin
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2. msdpssilnaiwnsanrasgsdenndrenafiuas
o polg o o e A d P 5
1Wadan CMC aunsnazaneifaluty anvsaonuiidafiuansiraiusesanfuan
[’ L v
Tuhalalnriunefeghing araduailifianisdussndnedneiieotriia foilu

-~ e J’ Ll o oo = & o 4 d
MAdaiRmnnRNgrnanasieiau-1,6-ln-esdluanfuanddaivun (HDA) Failuidau

Annanadwmas (crosslinker) adliafinacrunuwivasanisinunidionadiues

Tael HDA gnansnwiiesldaindfifisensendnaans 1 6-angemiaulnlalalegrmm (HDN)

iy Tndesman luda vl wasannisdmmeivdfaiduaas HDA Fouwmaiia FTIR wudn

a

- . - /4 ad e
AR C=0 streiching Wazita N-H stretching 71 1680 Way 3400 cm ' Sadudnszanig

aasmjpfuanddatwium o] Audunistiudulfizan1swses HDA

{ H-H sreiching
M3 ke
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] =l g el A4 o Y] ] 1 = rq‘ d"
wyeiiuvulanaivvedlalarulia Faialfiasmnuinaanitianafimefiiuiliudang
Q assy o“ [ u’: J o =y ﬂl
v lfiganiFnIsuaNtIanas Aaiulun1IvaaestaenInisiAssiul SN ieas HDA 7

WMNNEAN WRAANTTRNNTUANTNNAY8Y CMC Tasn fmTaNmANd e nedINeF e mIneans
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vanduwialaingiuuas HDA (CMC-HDA) 1aail HDA 10 - 70 wi% a9niunIn15a1As =i
lafifusnidnewadined (Percent crosslinking) 984 CMC-HDA Taginnsuduts CMC-HDA
0“ tli [ L & & g ) ) 's Oy % 1 l:J
Tuinnguuoan 7 du Awnidefiduiandrawedwmedanniamsinaasusiy CMC-HDA #
[ D’} Q ﬂl‘ 3 d 1] A 1 A
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Py ' P cq & = o 4w G &
(NAKUAN ) TINARINNTNARDINLI NN afFuRaae HDA Huana il afidusing
T |1
dewafined1as CMC-HDA RAvdnTuataliiadndny (nw 34) Taadfldwlefidusiniafia

) = i J 1 A
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dugnadeumdiewediwe’ (i PU)

dleweffudnisfianidemedwefifindy SnaviiauFnisuaitisasand
vendialalnmuanss Fuiudeianisdneulefifuinisuonii (Equilibrium water
content, % EWC) 1838msdaulun sy CMC-HDA Rl HDA 10 - 70 wi% Taeinns
Foviminuein CMC-HDA udluvndiuduinan 48 $alua fannmaanedn 3 afuitewn

1 | 1 Y J
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WU %EWC HAranasad198dad1Any (nan 35) Inanas1d HDA 10 wi% Huatia
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ar
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1 J Ll o ar J
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3. msdmsevANiRBsAnTausatinatia DSC
waiia DSC iluinaiARLE U1 T, 18svaaias Iaen1sine el
oo Felusnidniinaila Dsc Ugninsa e nsnasiioyf unlaeuBoudiey
AINIANANTRAN T, sndnanafiaained waRdiny wazanfuandwfialalasuitng

s -1 & 1 A
nsARUlsAaenaatzmng AN 37 mailunngi A uaniey 7, 989 PEA Rlszunn 57

1 14
=

A 1 1 1 1 1
°C Tauflal¥ PEA I ludaudeminluniswizan PUT wudndn 7, 209 PUT fAngedn

(7,-87 °C) iailifasanndininfia§Tenszuing PEA HDI uaziefiaulnanas (chain
extender) (haidu PUT Feitdonans hard segment Rasu i linedwefaunsaniay
fretiedaszanay Aadum T, 989 PU1 AsilArgandn 7, 4m4 PEA wiilafianroin oMC
Anualsfion PUT 3u10e 10 wi% (tedluunsu ©) nduldwud 7, Usnget Wiilana
(fiaannann oMc Tdfidn 7, (Liwupn 7, 999 CMC deunnadiaudssion PU) Aevinlilalsng

J
T, 184 PU1 RHBunoaiies 10 wi%
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Heatflow (endo up)
w

Temperature (°C)

A 37 DSC medinunsuaeswadiefauezlawe (PEA) (A),

< ' o ]
RINATN 38 mafluunsu A LaaIA Tg 289 PHM filszanns -67 °C TﬂEJLfIﬂI"!ﬁ

PHM dudausaujilunisiion PU2 midadn 7, 10 PU2 (7, -76 °C) fidlndiRnnites
ndAn T, s PHM Landias Wefliiasann PHM mqﬁv‘fqiﬂa‘[mgaﬁ,m:wﬁLamsf‘uﬂuﬁ’wagi
Finlilalil HD! wRawefiasinlfiienfudaussnnatald Jeaanadasiunaann 'H NMR
ua FTIR @atisisn T, 4m4 PHM AslenIn§ifeeiudn 7, 1a9 PU2 vanarnilileRanson
oMC Pidausfian PU2 W3anas 10 wi% (mefluunsa ©) néulainudn T, dsngag] Wil
anaiflasunann cmc Lifidn 7, (liwuAn 7, 98¢ CMC deuntadaulssiog PU) Aain il
Usng) 7, 489 PU2 AfiBananiies 10 wi% fedumaila DSC Aadluaenistudunag
Widtin PUT waz PU2 tinidu wiliianansnBudunnfiad§idensswing oMC f pU LK

= o4 s 2r A 2 ) 1 T o T t = A A o = moo
TueiselfisentfimatialunismAdedidudmdranefwefifed uduniaioU jizen

$24919 CMC uay PU
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Heat flow {(endo up)
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T T T T
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Temperature {°C)
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= O = A
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T T T T T T A msaasgnlastiunmndiawan iiasaadan s uandi e AR une
neAnwlgAaE PUT wsa PU2 (CMC-PU1 Lag CMC-PU2)
n1s3AsIevidasidunin1dianafiuadtay CMC-PUT uay CMC-PU2
"mqﬂs:mﬁﬁlﬂﬁnmNamfmﬂ?mm PU1 uaz PU2 flamenugndsn lun1sifian Nt wed
wef TaAdueufinn oy HDA Hiasdl 10 wive iesannidusfunndienfigafinnlHusi
eMC anunsnasgilagiiluin anndunaseuingeiusuduarfuandidfialalasndsl
WRuN0s PUT W82 PUZ G316 1 — 60 wi% Taeiiieis CMC-PUT e CMC-PU2 Tutinndy
uhaduanmlefdudnndnewedinefanntiminges CMC-PU1 uaz CMC-PU2 7yl
aranelutingy Teansmnansdn 3 ﬂ’?\iLﬁﬂﬁﬂuQMﬁﬂﬁiﬁLﬂﬁlﬂLLﬂzﬁﬂLﬁﬂﬁtuuﬂd’lﬂﬁ‘g’m
(nAKYAN A)
annrsaessidaitiudnisiiannditnadmaianas CMC-PU1 (1w 39)
RUIUEY CMC-PU1 iR Bunns PUT il nasin e S udmntneved e i uating
Aeadniny falaraitasnan PUT fuyflalalaaiummaendwind e (wasan 'H
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35) Hafipnanilinaiiiosain PHM Fegrustaiudoudenialu PU2 anafiBunmresin
Anufizenauiaulaiumiaadu1eden Avenafiadiianiy HDI ANl anyiailu
Fadulu PU2 [43] v lfignansaiianadranaRieiy HDA Tiuannda CMC-PUT uay
CMC-HDA usitiipeanifiunnsmns HDA ARuadldildaiasialfulefdudnidnaned

wafas CMC-PU2 Harasimanulilfiag



66

5. nﬂsﬂmﬂﬂuﬂuﬁanﬂiuquﬁa(EqMHmhm1waerOMem)
5.1 Wefduinisuaninad 1 { %EWC-1)
nIIMAREL %EWC-1 ﬁi’mqﬂszmﬁlﬁﬂwmﬂ'ﬂumqumm?n’lums‘muﬁ’ﬂ
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WY %EWC-2 55113l CMC-PU1 ez CMC-PU2 #id1A1 %EWC-2 989 CMC-
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6. MIATINARUNNHUEAURINATA WA AU IFILNATIA SEM
AN M N UL RURLZNNA A2 (cross-section) Haatnalian SEM
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NeLaNtfaet NN uETa Lk uHAN Lasiinisnszanafovuiiiuduiiadinaueey PU
S d i ; J X o
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AW 43 NHENELARNINERTIN9T89 CMC RIErunsdals (A), CMC Firinu
nsdaulsdag HDA 10 wt % (1! PU) (B), CMC rinunasdaulsdas
10 %PU1 (C), CMC fiHnnsdaulsdan 10% PU2 (D), CMC friunsdn
wilsiag 30 % PUT (E), CMC Tirnunsdaurlsiag 30% PU2 (F), CMC 7

buNIsARLLSA9E 50 % PU1 (G) uaz CMC AiRnun1ssantlsfag 50 %
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7. nﬂﬁwmﬂﬂuguﬁuﬁ)ﬂmmﬁﬁ (Water contact angle)
n193mA water contact angle ﬁfi’ﬂqﬂszmﬁLﬁﬂﬁLﬂﬁ:ﬁﬁ’nﬁm:f{uﬁwm
RLYRE ijma‘é’mummwmfmuﬁ”uﬁq‘nmﬁqmiw Fenaaannisdinszinudiuiy
CMC-PU1 uas CMC-PU2 i1A1 water contact angle ag/lugaasendn4 65 - 85° (N 44)
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8. NITNAAAURNIIALAINS (Mechanical properties)
nsagauaNURdanatluns AN AIANAIUNIULIAS (Tensile strength)

wefifudnnstinann (Percent Elongation) AvAaruatuasnlunisaegy (Tensile 's
modulus) WRZANAMMILER (Toughness) 184K CMC-PUT Wae CMC-PU2 1fieuifiay
fuuH CMC uay CMC-HDA 7ilsilfrnunisdmudsting PU TaaRqadszasfilanngay
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9. NINA@BLAMNILIURY (Cytotoxicity Test)
ANNInagaLAuduie 1neRd direct contact test 184U CMC-PU1 WAz

CMC-PU2 FlU37 04 PU 30 wi% W3uiiteiuiy high-density polyethylene (HDPE) 1§l
non-toxic control {negative control) W& natural rubber containing carbon black 114 toxic
control (positive control) WLAMAIRINIEAE L929 dudasntailunan 48 Falue wadh
fufaueu CMC-PU1 way CMC-HDA ganrsolasqiiulnliln® wazanisofianfingd

neutral red (MW 47) SaluanantRvessssniFin Tnalfnamdouiuadidudandy

HDPE {negative control)

E

QN 47 NIINAFDLIAMNTIUAEIBLEY HDPE (negative control) (A), Wit Natural rubber
containing carbon black (positive control) (B), Wi CMC-PU1 (30 wt% of PU1)
(C), Ul CMC-PU2 (30 wt% of PU2) (D) uaziielis CMC-HDA (143 PU) (E)
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10. nanagauatdInulaniedanan (Biocompatibility)
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- . o
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e L
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uni 5
A7UnauazdaLauRLUY

A3Unan15338 (Conclusion)
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ArataNsATUILRaAILAN NN TNIANAYRINe ALadNaS (PHM)
Taeldannisrasunlsinas

wedeamas (PHM) awnsoisizananiizainauiauaduszudng 1,6-ianwm
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Insaaiuunlaliue@n uazrauquimintuanaresmefiaamaifosannisreunlsames

(Carother 's equation) [53]

X=0+n/{(1-1)

I o T E . -
X, A A10u8d repeating units Afiaantslugralinededmes

- = s ) =
—  — — — —— — e snrdoulnaTuaszudtanrtatisuedouast etanirstnesa

A = L9 ﬂu a’
LNﬂﬁﬂQﬂ’]ﬁ‘WﬂﬂL‘ﬂmﬂﬂﬁ‘u’muﬂtuLﬁi]ﬂ 10,000 g/mol

0 N2 o

hydroxyl-terminated polyester

e wwinTuenssia 1 unit 9aewadieamaida 186 g/mol
dwinBusnaveanlatiausdawindy 104 g/mol

B
wninluienates 1,6-anumlneaswinfu 118 g/mol

79U repeating unit IDInaALRNAT 10,000/186

= 54 unit



uwnuA luannseaquplamad

g1

¥

54 = (A+n/{1-r
54(1-1) = t+r
54 — 54r = 1+r
54 -1 = r+bh4r
5o r = 53
r = 53/565
r = 1/1.0377

. anmdoulneluaszudneinlaliruedatu 1 s-anuulaaawiaiy 17 1.0377

B y
AIIAINLTL U faanIs 1y

G lnlalin uadn 10 g a=vindu (10 g/ 104 g/mol) = 0.0962 mol
_ Gefusefeclde-mnialanea  0.0062 molx 1.0377 = 0:0998-mol- — —
0.0998 mol x 118 g/mol = 11.78 g
/13 siwin ﬁquﬁnimaqa Auoulua | dnsdoulaniua
(g} {g/mal)
uladla uadn 10.00 104 0.0962 1
1.6-anulnenn 11.78 118 0.0997 1.0377
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2 50 'H NMR uaaaaminluanazas PHM
o . S .
wa Aol integration ratio wwqﬂmu PHM (m1uuud e) itany  0.3991
o A 1 r ar
ulsnanivgjiaeses PHM winiu 4 MBI

Al 1 Tdsmewaziien integration ratio Winfiy 0.3991/4 = 0.0998

1 N . . =3 An ot ar = o 1 1] ar
A1 integration ratio vaunfaulLrnaufstuiisziaame’ Raumils ) wiany 1.1638

fail PHM Raflanuaullsmeuwvianun windu 1.1638 7 0.0998 = 12

3 unit

Al PHM #9119 repeating unit WAy 1274

g1 1 unit 284 PHM Hawinlaiana wiadu 307 g/mol

PHM fisiwinfuangs windu 3x 307 = 921 1szuang 900 g/mol
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MAKNUIN A

¢ & L4 = [ 1 = 4
psesdnstasidunnisinallumananasinasg

= °p L3 1 A y 1 =
A1 5 dayanuuanainninasudu CMC Tl HDA uasidannnawadmes

(CMC-HDA) (lilil PU)

fﬂmﬁﬂnﬁﬁmﬂﬂ-(wo—)—"—ﬂywﬁ’mtﬁwﬁ’mzmﬂ-(wg——”
wt % 984 HDA
1 . 3 1 2 3
10 02240 | 02173 | 02420 | 0.1123 | 00955 | 0.1004
20 02379 | 02779 | 0.2565 | 04143 | 01233 | 0.1167
30 02494 | 01798 | 0.1879 | 0.1270 | 0.0881 | 0.1039
40 03285 | 03952 | 04008 | 0.2113 | 0.2603 | 0.2700
50 02364 | 02189 | 02827 | 0.1651 | 0.1605 | 0.1932
| 0 | 01983 | 02329 | 02907 | 0.1400 | 0.1668 | 0.2048
70 02846 | 0.4189 | 03766 | 0.2261 | 0.3198 | 0.2659

wefiusinianiadiunidianadmas (%) =

N34 6 wWafduinmdiewafinai1aun CMC-HDA

[(W,) / W.] % 100

wadifuimaanwediwes (%) | Ao
wt % 184 HDA ANBRE (%)
1 2 3 #9757 (SD.)
10 50.13 43.94 45.21 46.42 3.27
20 48.04 44.36 45.49 45.96 1.88
30 50.92 48.99 55.29 21.73 3.22
40 64.32 65.86 67.36 65.84 1.52
50 69.83 73.32 68.34 70.49 2.96
60 70.60 71.62 77.33 73.18 3.62
70 79.44 76.34 70.60 75.46 4.48
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ﬁﬂuﬁnuﬁqﬁfauﬂ:ma Ww,) vminudiandeazans W)
wt % 184 PU1

1 2 3 1 2 3
1 0.2882 (.1940 0.3458 0.1207 0.0766 0.1452
5 0.1915 0.1306 0.1284 0.0945 0.0618 0.0605
10 0.1132 0.2183 0.1744 0.0652 0.1269 0.1012
20 0.1916 0.2166 0.3447 0.1028 0.1259 0.1783
30 0.3110 0.0478 0.1625 0.2264 0.0359 0.1248
40 0.0754 0.0700 0.1336 0.0584 0.0539 0.0998
50 0.1951 01229 | 01763 | 01576 | 0.0961 | 0.1401
60 0.0865 0.2721 0.1034 0.0714 0.2106 0.0873

weafidusnisinaduatswedwes (%)

M99 8 WafiduARITawaRAINas1adwNY CMC-PU1

[(W,) /W] % 100

wt % 9949 PU1

waddwanadasneanas (%)

ARt (%)

1 A
ATLLIENLY

1 2 3 Hm5§U (SD.)
1 41.89 39.48 41.99 41.12 1.41
5 49.34 47.32 47 11 47.92 1.25
10 57.60 58.13 58.03 57.92 0.29
20 53.65 58.12 21.72 54.50 3.28
30 72,79 75.10 75.54 74.48 2.07
40 77.45 77.00 74,70 76.38 1.47
50 80.78 78.19 79.47 79.48 1.29
60 82.54 77.40 84.43 87.46 3.64
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vminuireuasane W) winutiudeasans (W,)
wt % 984 PU2

1 2 3 1 2 3
1 0.2513 0.1825 0.1132 0.1623 0.1162 0.0744
5 0.1177 0.3847 0.1565 0.0763 0.2557 0.0964
10 0.0918 0.1512 0.1200 0.0556 0.0990 0.0822
20 0.0844 0.1575 0.2066 0.0532 01101 0.1214
30 0.0727 0.0990 0.0683 0.0495 0.0633 0.0442
40 0.1115 0.0766 0.0811 0.0699 0.0483 0.0596
50 0.0847 0.1923 0.1010 0.0666 0.1393 0.0624
60 0.2141 0.1555 0.0513 0.1486 0.0880 0.0312

wafdusnsiiauadiewedes (%)

A1519 10 Wefidusmanewafinefuaaueiiy CMC-PU2

[(W,) /W] % 100

wt % 19¢ PU2

wlafidiunniaianaaiues (%)

P
ANLRRE (%)

A
IERIELINNEEE)

1 2 3 NIRTFIU (SD.}
1 64.58 63.67 65.72 64.67 1.02
5 64.83 66.47 60.45 63.92 3.1
10 60.57 65.48 68.50 64.85 4.00
20 63.03 69.90 58.76 63.89 5.60
30 68.09 63.94 64.71 65.58 2.20
40 62.69 63.05 65.42 63.72 1.48
50 70.32 72.43 61.78 68.18 5.64
60 69.40 56.59 60.82 62.27 6.53
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A5 1NUEANUBSLTUANITUINKN

1 T 1
139 11 Saysfivnansiuinaaady CMC 7l HDA uansidanadhanafiues

(CMC-HDA)(lifl PU) arufunisdnmilasidumnasuonn

W% | BMenaeLaNinAsaT 1 r o . HMRNBIALIHTNATT 2
UINUNUML (W)
ADq (W, (W,,)
HDA 1 2 3 1 2 3 1 2 3
10 5.0482 | 4.8151 | 4.64902 | 0.0547 | 0.0499 | 0.0478 | 1.5723 | 2.0003 | 1.68227
20 3.1785 | 2.8991 1 3.3803 | 0.0438 | 0.0415 | 0.0477 | 0.8259 | 0.7031 | 0.7648
30 3.9661 | 3.6902 | 4.0090 | 0.0670 | 0.0608 | 0.0637 | 1.0904 | 0.2397 | 1.1509
40 | 3.5655 | 3.2443 | 3.2080 | 0.0642 | 0.0617 | 0.0598 | 0.8854 [ 0.8061 | 0.8389 |
50 3.4127 | 3.4087 | 4.2180 | 0.0713 | 0.0719 | 0.0901 | 0.9046 | 1.0028 | 0.9147
60 2.9031 | 2.3128 | 2.7403 | 0.0758 | 0.0725 | 0.0817 | 0.8500 | 0.8917 | 0.9411
70 1.3909 [ 1.3995 | 1.7077 | 0.0426 | 0.0410 1 0.0501 | 0.4922 | 0.5225 | 0.5253

% EWC-1

% EWC-2

[(w,, —w,) /W, ] X100

[ow,—w,) 7w, ]x 100



L2
A1974 12 iWefiFusnisuanineautls CMC-HDA

101

v A y AN
wWaidusnisuanmn y iwasidusinisuainin 4
wt % P S| R P o | eawm
AN 1 ANLaAY ATIT 2 ANlaRe
289 NIRTFIU NRTFIU
(% EWC-1} (% EWC-2)
HDA, (SD.) (SD))
1 2 3 1 2 3
10 19,128 9,549 (9,626 | 9,434 268 2,774 | 3,908 | 3,205 | 3,327 568
20 | 7,156 6,885 | 6,986 | 7,009 137 1,786 | 1,594 | 1,503 | 1,628 144
30 58195969 6,193 | 5,993 188 1,527 | 1,446 | 1,706 | 1,660 133
40 5,4.53 5,158 | 5,261 | 5,290 150 1,279 1 1,206 | 1,303 | 1,263 50
50 |[4,683 4,640 |4,581 | 4,634 51 1,169 [ 1,295 915 | 1,126 193
60 | 3,729 | 3,090 | 3,254 | 3,357 332 1,021 11,130 | 1,052 1,068 56
_______ 10 _]13,202(3313]13,380 (3298 | 90 _ [1.055]1,174 | 948 [ 1,059 113

134 13 FayaRuuansinmingaasusy CMC-PUT (A8l 10 wi% 184 HDA)

siuinifiationsi ek 1 P~ Tindlauaminafad 2
wt % 84 dawinudis (w,)
(WST) (Ws2)
PU1
1 2 3 1 2 3 1 2 3

1 8.0990 | 8.3659 | 8.0344 | 0.0562 | 0.0591 | 0.0549 | 2.4473 | 2.2261 | 2.7000
5 10.8152 | 5.8449 | 6.6172 | 0.0749 | 0.0400 | 0.0516 | 3.8187 | 1.3223 | 2.1574
10 8.6767 | 9.3043 | 7.4489 } 0.0932 | 0.0971 | 0.0812 | 2.4722 | 2.7427 | 2.2289
20 42435 | 3.9745 | 4.0230 | 0.0580 | 0.0529 | 0.0514 | 0.7915 | 0.7669 | 0.6336
30 8.8994 | 5.9126 | 4.1768 | 0.1368 | 0.0855 | 0.0638 | 2.9989 | 0.9587 | 0.7994
40 5.3915 | 7.8920 [ 4.9898 | 0.0864 | 0.1245 | 0.0695 | 1.0456 | 1.3589 | 0.6921
50 2.6288 | 7.0652 | 7.2834 | 0.0966 | 0.1213 | 0.1331 | 1.0711 | 1.4833 [ 1.9111
60 4.4404 | 5.0653 | 5.8393 | 0.0990 | 0.1207 | 0.1509 | 1.0866 | 1.1590 | 1.1989
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v b A v A
& o L3 ] ar ﬂ! -1 &5 L)
wt | WesidufAnnsuaniiaidn 3 W fEusnIsUINTn 4
o4 | ey P o | e
% 1 ANLDat AN 2 ANLaRE
AT NMIFIU
489 (% EWC-1) (% EWC-2)
(SD.} (SD.)
PU1
1 2 3 1 2 3
1 14,311 | 14,061 | 14,534 | 14,302 237 4,254 1 3,666 | 4,818 | 4,246 576
5 14,333 | 14,512 | 12,724 | 13,856 a85 4998 | 3,205 (4,081 1 4,085 896
10 0209 | 9,482 | 9,073 9,254 208 2,252 | 2,724 | 2,644 1 2,540 253
20 7,216 | 7,413 | 7,726 7,451 257 1,264 | 1,349 1,132' 1,248 109
30 6,405 | 6,815 | 6,446 6,555 226 2,092 11,021 | 1,152 | 1,422 584
40 6,140 | 6,239 | 7,079 6,486 516 1,110 | 891 895 1,045 108
50| 57265724 | 5372 |- 5607|204 | 1,0081-1,122|1,335]—999_ | 166—
60 | 4,385 | 4096 | 3,769 | 4,083 308 997 | 860 | 694 | 850 152

- [ A\ . d
M54 15 Fayanulansiiiminaadus CMC-PU2 (Wil 10 wi% of HDA)

Wi URINAT 1 P smindieunaninadfi 2
wl % 189 wnvrinudia (w)
(st) (WSZ)
PU2
1 2 3 1 2 3 1 2 3

1 20.4995 | 15.4531 | 26.1151 | 0.0547 | 0.0429 | 0.0566 | 1.2569 | 0.8124 | 0.9454
5 17.8779 | 13.4309 | 17.7666 | 0.0398 | 0.0407 | 0.0481 | 0.8259 | 0.8506 | 0.8128
10 15.9599 | 24.4310 | 16.8987 | 0.0485 | 0.0700 | 0.0507 | 0.8356 | 0.9960 | 0.8274
20 11.9454 | 9.8076 | 12.3949 | 0.0680 | 0.0551 | 0.0470 | 0.7914 | 0.6862 | 0.7296
30 1'1 0274 1 11,9775 | 7.2207 | 0.0622 | 0.0771 | 0.0378 | 0.7212 | 0.9541 | 0.5776
40 ;10.3672 9.2734 | 5.6952 | 0.0799 | 0.0589 | 0.0357 | 0.8276 | 0.7786 | 0.5021
50 8.5829 | 10.1277 | 8.2128 | 0.0688 | 0.0803 | 0.0651 | 0.7439 | 0.8072 | 0.7053
60 5.5641 | 5.8202 | 7.0096 | 0.0555 | 0.0492 | 0.0731 ] 0.6059 | 0.5567 | 0.7638
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v AN . AN
& & 5 o o A T o L3 - o
wt | wafidumnisuaninaian J WaFFUANITUINTN 4
| PUENILY ¥4 o | e
% 1 AILaRE AT 2 ANLDRAE
NITFIU NIRTTIY
9814 (% EWC-1) (% EWC-2)
(SD.) (SD.)
PU2
1 Z 3 1 2 3
1 37,376 | 35,921 | 46,039 | 39,778 5,470 2198 11,794 11,6570 1,854 318
5 44,819 | 32,8992 | 36,836 | 38,184 6,073 1,975 1,989 | 1,590 1,851 226
10 | 32,807 | 34,801 | 33,230 | 33,612 1,051 1,623 11,323 | 1,632 1,493 154
20 | 17,466 | 17,699 | 26,272 | 20,479 5,018 1,064 | 1,145 | 1,452 | 1,220 205
30 117,628 | 15,455 | 19,002 | 17,361 1,788 1,059 | 1,137 | 1,428 | 1,208 194
40 [ 12,875 ] 15,644 | 15,852 | 14,781 1,662 936 | 1,222 | 752 - 970 237
| { B0 | 12,3751 12512 112,515 | 12467 | —80 | 981|905 9831 —956 —44
60 9,825 | 11,729 | 9,489 | 10,381 1,188 992 [ 1,031 1 945 989 43
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Abstract

This work focused on the syathesis and characterization of carboxymethylchitosan (CMC)-based
hydrogels modified with polyvester-containing polyurethane (PU). The polyester was first
synthesized from the condensation between 1,6-hexane diol and malonic acid, then reacted with an
excess of 1.G-hexamethylene disocyapate (HDI),and followed by-the reaction-with-ethylene ————— — -
Elycol to gain PU. CMC was chemically crosslinked with a water soluble crosslinker in the
presence of 1-60 wi?s of PU fo obtain highly water swollen CMC hyvdrogels. Upon addition of PU,
the CMC hydrogel showed excellent water sweliability (up to 400 times of the dried weight), and jt
seemed to decrease as decreasing PU percentage but siill higher than those of uomodified CMC
hydrogel (95 times of the dried weighf). The drop of the water swellability was owing to
hydrophobic FU presenting in hydrophilic CMC, evidenced by the formation of PU microphase
both in the bulk and surface of the hydrogel with average size ranging between 32 pm and 49 pm
in diameter. Addition of PU was generally enhanced tensile strength properties of the hydrogel,

while an opposite trend was observed for the elongation properties.
Keywords: carboxymethylchitosan; hydrogel; network; polyurethane; modification

1. Introduction

Chitosan is a linear positively charged polysaccharide composing of p-(1,4)-2-amino-2-deoxy-D-
glucopyranose units and is typically synthesized by alkaline deacetylation of chitin [1]. It shows a
significant adyantage over cellulose and starch due fo its presence of amino groups in the strcture,
allowing for further chemical modifications and essentially extending its broad range for various

applications [2]). However, its solubility solely in aqueous acidic solution limited its potential
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applications [3, 4]. Incorporation of hydrophilic functional groups such as carboxymethy! groups
led to the formation of water soluble derivatives [5]. Carboxymethylchitosan (CMC), an anionic
denivative of chitosan, is typically synthesized through carboxymethylation between chitosan and
monochloroacetic acid in basic solution [6]. This water seluble CMC exhibited various potential
uses in biomedical applications [7), e.g. scaffold [8]. drug delivery [9], healing [10] and tissue
engineering {11] etc. Owing to its good water solubility, formation of CMC network is a promising
approach in enhancing its capabilify to retain Jarge amount of water without dissolved portion [12].
A number of researches have explored various approaches with the aim at formation of CMC

hydragelH3-15-Hewever—the-mechanical-propertiesof-EMEhydrogewithovt=rdditorstottm——————

functional polymers seemed fo be deteriorated owing to the formation of network. Hence,
incorporation of CMC hydrogels with other polymers can overconie this drawback and broaden its
use in a wider application [12, 16-18). Polyurethane (PU). a kind of polymer that consists of
carbamate units (—NH—CO-) in the siructure, is fypically prepared from the reaction between polyol
(hydroxyHerminated prepolviner) and polyisocyanate [19]. Various kinds of polyol are employed
in PU synthesis such as polycarbonate, polyether and polyester. It has bees widely used in a
number of applications, e.g. textile fibers [20, 21], elastomer [22], aufomative parts [23), medical

parts [24-26). and foams [27-20] [ref]. Researches involving the interpenetration of PU into CMC.

‘network are rather limited. Precedent has been re_p;féd that incorporation of poijfesier-based PG
into CMC hydrogel can improve its tensile strength [30].
In this work, synthesis of CMC hydrogel modified with polyester-based PU was presented

(Fig. I). Polyester was first synihesized by the reaction between malonic acid and 1.6-hexanediol
to obtain low molecular weight polyester (PHM) as a pelyol precursor. PU was then prepared from
the reaction of PHM polvol with hexamethylenediisocyanate (HDI) and an ethylene glycol chain
extender. CMC hydrogel was then prepared va the crosslinking reaction in the presence of PHM-
based PU with ihe use of a water soluble crosslinker. Percent crosslinking and water swelling
properties of CMC hydrogel were also studied. Effect of PU concentrations on water swelling
behavior, toughness properties and water contact angle of CMC hydrogel was investigated. Also,
microphase separation of CMC hydrogel as a function of PU percentage was also determined.
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Figure 1 Synthetic scheme for the preparation of PHM-based PUJ

2. Material and merfhods
2.} Materials

Chitosan from shrimp (85% degree of deacetylation)(Tating Eoterprise, Thailand), malonic acid,
99% (Acros), 1.6-hexanediol, 99% (Acros), dibufyltin oxide, 98% (Acros), 1,6-hexameihylene
diisocyanate (HDI), 99% (Acros) and sodium mefabisulphite, N225:05 (Carlo Frba reagent) were

used as received. Ethylene glycol (Mallinckrodf) were distilled and stored under mitrogen

atmosphere until used.
1.2 Syntheses

1.2.1 Preparation of CAMC from chitosan

Chitosan was swollen in isopropano] for §2 h before the reaction with NaOH for 75 min, and it was

then reacted with monochloroacetic acid at 60°C for 5 h. Afier adjusting pH of the solution with
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HC1 solution until neutral, it was then precipitated in MeOH, and washed with a MeOH:H:0
mixture (70:30 w/v) to get rid of salts. The product was filtered and then dred at 40°C under
reduced pressure until dryness.

2.2.2 Preparation of polyester polyol from malonic acid and 1,6-haxanediol (PHA)

Malonic acid (2.91 g, 0.028 mol) and 1,6-hexanediol (3.42 g, 0.020 mol) were charged into a
reaciion flask in the presence of dibutyltin oxide catalyst {the molar ratio of malonic acid to 1,6-
hexanediol was 1:1.04 in order to control the molecular weight of PHM}. The mixtore was stimed

at 180°C for 24 h under reduced pressure. The mixture was cool down to room femperatuce nnder

MNypurgiog

2.2.3 Preparation of PHM-based PU

PHM palyol prepared in the previous siep was used as a polyesfer soft segment to prepared PU. It
was prepared vo a reaction berween PHM polyol and excess HDI o obtain polyester with
isocyanate groups at bofli ends, and followed by the reaction befween the isocyanate-terminated
PHM and ethylene glycol chain exfender (Fig. 1), PHM and HDI having 1:2.5 molar ratio were
added into a round-bottom flask filled with nifrogen atmosphere. The femperature was adjusted fo
105°C for 2 h 10 obtain PHM prepolymer. Ethylene glycol (0.5 molar equivalent of PHM and HDI)

was then charged into the prepolymer to commence the chain extension reaction for 2 h. The

— - — —— - — — —mokuular weight-of the polymer wasinvestigatedvia a GPC tecimique:
- 2.2.4 Preparvation of hezamethylene-L6-di-(aminocarboxysulfonate) (HDA) as a water

soluble crosslinker
The mixture of HDI (5 g, 0.03 mol) and Na:5:05 solution (6 g, 0.02 mol in 12 m] B20) was stirred
overnight al room femperature uader Nz atmosphere. It was then ponsed in acetone to precipitate
the product and it was then filtered and dried under reduced pressure. After dissolving in water, the
product was repetitively precipitated in acetone and dried to gain white powder of HDA.
2.2.5 Preparation of poly(ester urethane)-modified carboxymethyichitosan (CAMC-PU)
A CMC mixture (2.5 g in 50 ol water) was mixed with PU solution (30 mL of THF) aud HDA
solution (0.25 g HDA in 10 mL water). After 2 h of stirring, it was cast into 2 mold to gain a
10x10 cin? sample film, which was stored at 60°C for 24 h.

1.3 Characterization

2.3.1 Characterization

Proton nuclear magnefic resonance spectroscopy (‘H NMR} was conducted on a 400 MHz Bruker
NMR spectrometer with CDCls. Fourier-transfom: infrared spectroscopy (FTIR) was carried out
using & Perkin-Elmer Model 1600 Series FTIR Spectrophotometer.  Gel permeation
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chromatography (GPC) was perfornted on PLgel' 10 yum mixed B2 colunm (1 mU/min at 30°C)
with an RI detector using tetrahydrofuran (THF) as a soivent. Morphology of the films was
conducted on LEOQ 1455 VP scanning electron microscopy (SEM) with an accelerating voltage of
20KV, Contact angle measurement was performed on a Kriiss DSA 10 Contact Angle Meter and
the results were reported from with the average of five different measurements. Tensile strength
and elongation of the films were measured on a Universal Testing Machine (Instron Model
53R4502), following an ASTM D882 standard method.

2.3.2 Measurement of percent crosslinking

- The 2 x 2 cm® sample films were immersed into water for 2 days to dissolve uncrosslinked PU

HDA and CMC. The chemicaily crosslinked CMC lhydrogel was filtered and thoroughly washed

with water and acefone to gef rid of uncrosslinked portions, and then dried at $0°C under reduced

pressure for 1 day. Percent crossilinking was estimated frou the following equation;
Percent crosslinking (%) = (173 / 11%) x 100
where J¥’; and I are dried weights of the films before and affer the dissolution, respectively. The
reporied values are the average of five different measurements.
2.3.3 Measurement of water swelliug properties
Water swelling properties of CMC hiydrogel was investigated from the measurement of equilibrium
_ . _water content (EWC). After crosslinking, the 2x2 cm?® sample films were immersed_in waterto . _
obtatn fully swellen films. After 24 h, the swollen films were removed from the containers, dried
off an excess of water on the film surface and then weighed (ITh:). The films were dried for
) another 48 b at 50°C under reduced pressure and fhen they were again weighed ([Fs). EWC1
values were estimated from fhis equation;
EWCL (%) = (Wt~ Wa)x 100 7 172
To investigate water sweHability of the pre-dried films, the same films used to investigate
EWC1 were immersed in water for 48 h. The swollen films were removed from the container,
removed water on the film surface and then weighed (IWnz). The calculation of EWC?2 values was
following:
EWC2{%) = (Wres- Wa ) x 100 51

) The averaged values are reported from five different measiurements.

2.3.4 Measurement of tensile strength and percent elengation
- The rectangular films with 1.0 cm width were tested using 30 mm gage length and the crosshead
rate of 10 mm/min. Percent elongation at break and tensile strength and were estimated using the

following equation;
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Tensile strength (N/nun?) = Breaking force (N)

Cross-sectional area of the sample (mm?)

Percent elongation at break {%3) = The increase in length at breaking point (inm) x 100
Original length {nun)

The reported values were the average of five different measurenients.

3. Resulfts and discussion

3 I'5yvnthesis and characterization of PHXI

PHM was prepared via polycondensation between malonic acid and 1,6-hexanediol. A slight
excess of 1,6-hexanediol was used to control its molecular weiglit and to obtain hydroxyl terminals
(1:1.04 molar ratio of mialonic acid:1,6-hexanediol. respactively). Nitrogen purging throughout the
feaction in combination with high reaction temperature should continuously remove water and
enhance the reaction equilibrium to the condensation product. According to 'H NMR spectra (Fig.
2A). the formation of ester linkage was confirmed by the appearance of signal e (3.3 ppm, -OC-
CH=CO-} and signal 7 (4.1 ppoy, —OC-0-CHs-CHz-) comresponding to the methylene protons

adjacent to the ester linkage in PHM, in combination with the disappearance of signal a (3.5 ppm,

HOOC-CH>-COOH) comresponding fo the methylene proton of malonic acid. In good agreement
with 'H NMR, FTIR spectra showed the change from the broad signal (1702 cnr)), which are
characteristics of the carboxylic acid functional group. of malonic acid to the shiarp peak (1720 cr”
1y of the ester linkage and the hydroxyl ends of PHM (Fig. 2B).
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Figure 2 (A) 'H NMR and (B) FTIR spectra of (i) 1,6-hexanediol, (i) malomic acid and (iit) PHM

The molecular weight of PHM, determined from the integrafion ratio of signal f in
conjunction with the protons at the chain fernmnals (signal ), was approximately 900 g/mol

(Fig2A), whereas the molecular weight determined from GPC fechnique was 1,500 g/mol

(polydispersify mdex, PDI=T1.42). The Iow wiolecular weight PHM obfained in this reacfion was
typical for polycondensation. It should be mentioned that the molecular weight of PHM prepared
from sulfuric acid-catalyzed condensation was higher (3,400 g/mol) but its distribution was slightly
broader (1.57). comparing to that using dibutyltin oxide catalysi (PDI=1.42). In this work, the low
molecular weight of PHM was more desirable than the high molecular weight ona to avoid feasible -
macroseopic phase separation of hydrophiobic polyester in hydrophilic CMC in the film preparation
step.

3.2 Synthesis of PHM-based PU

'H NMR technique confirmed the formation of PHM-based PU by observing fhe appearance of
signal j (3.13 ppm). attributed to methylene protons next to wrethane groups (Fig. JA). The
dsappearance of signal ¢ (3.50 ppm), comesponding to methylene protons af the chain terminal of
PHM, indicated the complete reaction between PHM and HDI. However, the absence of signal §
(3.20 ppm) indicated that fhere was no HDI remaining in PU structure alihough an excess of HDI
was used. In good agrezment with *H NMR results, FTIR exhibited the presence of C=0 (1682 cor”
) and N-H (3320 em?) functional groups of the urethane linkage but there was no isocyanate
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group (2276 cm?) remaining after the reaction (Fig. 3B). This was attributed fo the formation of
ester oligomers containing hydroxyl functional groups renmining from PHM opreparation step,
which can readily react with HDI and inhibited the chain extension reaction, resulting in the
disappearance of HDI and essentially gaining the low molecular weight of PU. From GPC results,
the molecular weight and PDI of Pﬁ were 4,100 g/mol and 1.60, respectively, sipnifying the
increase of these values as compared to those of PHM (1,500 g/mol, MWD 1.41). The influence of
the low molecular weight of PU on the properties of PU-modified CMC would be discussed in

details in the next section.
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Figure 3 (A) '"H NMR and (B) FTIR spectra of (i) PHM, (i} HDI and (iii) PHM-based PU

3.3 Preparation and characterization of PU-modified CMC (CMC-PU)

Pareeant crossiinking and EWC studies

In this werk, 10 wt% of water soluble HDA was used to chemically form CMC network. Percent
crossiinking and EWC of CMC hydrogel without incorporation of PHM-based PU was first
investigated as a control sample. According to the resulis in Fig. 44, percent crosslinking seemed
to increase as increasing the percentage of HDA erosslinker (10-70 wit% of HDA added), and this
was afiributed fo the formation of the dense network structure as higher amount of ihe crosslinker
incorperated. This rationalization was in good agreement with EWC properties observed (Fig. 4B).
CMC hydroge] exhibited 0,500% EWC1 {95 folds of the dried weight) as only 10 wi% of HDA
added and continuously decreased to 1,100% EWCI (11 folds of the dried weight) as 70 wi% of

HDA was added. The same phenomena were also observed in case of EWC2, EWC values
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constantly decreased owing to the increase in the crosslinker concentration in CMC network and

essentially fornnng dense netwoik structure.
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Figure 4 A) Percent crosslinking and B) EWC] (M) and EWC2 (») of CMC hydrogel (without PU)

crosslinked with various amonnts of HDA crosslinker

To study the effect of PHM-based PU on the crosslinking and EWC properties, 1-60 wt%
of PU was added to CMC network to forni CMC-PU hydrogel (10 wi% of HDA used as the
crosslinker). Percent crosshinking of CMC-PU did not show any significant change as the content

of PU in CMC increased (Fig. 5A). It was hypothesized that PU was physically blended or
interpenetrated 1 CMC due to the absence of isocyanate functional groups in PU chains, as
evidenced by 'H NMR and FTIR (Fig. 3). fo actively react with CMC. As a resnlt, increasing PU
concentration did not enhance percent crosslinking of the system.

EWCI and EWC2 were determined to investigate swelling behavior of CMC-PU hydrogel
(Fig. 5B). Addition of 1 wt% PU into CMC hydrogel exhibited an excellent EWC] vp to 40000%5
(400 times of the original dried weight) and confinuously decreased to 10000% EWCI as
increasing PU concentration to 60 wi%. The decrease in EWC of the hydrogel was attributed to the
Lydrophobicity of PHM soft segment in PU structures, which essentially inflaenced the water
swellabillity of CMC-PU hydrogel. It is noteworthy to mention that EWC2 was drastically
decreased as compared to EWC1 i all cases. Additional network formation when drying of CMC-
PU hydrogel might fake place, resulting in fhe lowering in its water swellabitity. EWC2 maintained
at ¢a.35,000% when 30-60 wt% of PU was added. This signified that no or only slight further

reaction occurnng as more than 30 wi%% PU was incorporated.
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Morphological studias

SEM evidenced the microphase separation of PLT in the hydrogel as observed on surface (Fig. 6B-
6D) and also In fhe bulk (Fig. 6B-D") of the CMC having 10-50 wt% of PU and this observation
was considered i comparison with those of CMC-HDA (without PU). crosslinked with 10 wt%%
HDA (Fig. 6A and 6A"). CMC-HDA samples (without PU) exhibited no microphase separation,

while CMC-PU showed a numiber of spherical PU microphases dispersed in CMC matrix. The size ,

~ of the PU microphase confinnonsly increased from 3220 pm (ranging 1744 jum), 30211 um

(ranging 27-50 pm}) fo 49413 pm (rapping 33-72 pm) as increasing the PU pereentage in CMC
from 10 wits, 30 wit%% to 50 wi%, respectively. The formation of the PU microphase was probably
due to the hydrophobic characler of PU diffusing in Lvdrophilic CMC mafrix. Tie increase in PU
pereentage (from 10 wit% to 50 wi%) thus enhanced this separation as indicated by the increase in

size and size distribufion of the microphase,
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Figure 6 Surface (A-D) and cross-section (A-D') morphologies of (A-A") CMC-HDA hydrogel
{without P1I}, (B-B') CMC-PU hydrogel with 10 wi% of PU, (C-C") CMC-PU hydrogel with 30
wt of PU and (D-D") CMC-PU hydrogel with 50 wt% of PU

Water contact angle studies
The studies in water contact angle of CMC-PU hydrogel (10-50 wi% of PU) were accomplished in

_companson with unmodified CMC and CMC-HDA hydropels (without PU) crosslinked with the

use of 10 wt% HDA (Fig. 7). It should be notified that a high degree of water contact angles
signified its low surface water wettability. Water contact angle of CMC-PU hydrogel increased
from 67 to 82 degree when PU concenfrations increased from 10 wi% fo 50 wit%, while both
unmodified CMC and CMC-HDA hydrogefs were 64 degree. The high percentage of PU enhanced
the formation of hydrophobic surface probably due to the migration of hvdrophobie PU fo the
hydrogel surface. This result agreed well with the SEM observation of spherical PU microphase on
the surface of CMC hydrogel with the larger size as increasing the PU percentage in the hydrogel
(Fig. 6B-6D).
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E Figure 7 Water contact angles of vimnodified CMC, CMC-HDA hydrogel (without PU) and CMC
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Tonghness property siudies
Toughness properties of CMC-PU hydrogel having 10-50 wit% of PU were investigated in

~ companison wiih those of unmodified CMC and CMC-HDA hydrogels (without PU) crosslinked

with 10 wit% of HDA (Fig. 8). Incorporation of PU in CMC generally increased tensile strength of
the hydrogel, wiule its percent elongation showed an oppaosite frend. The increase of PU in the
hydrogel from 10 wi% to 50 wi% did not show any trend of tensile strength improvement.
Conversely, the increase of PU in the hydrogel exhibited an enhancement in its toughness
properties indicated by a significant increase in percent elongation from 28% to 67% as PU
percentage increased from 10 wi% to 50 wids.
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Figure 8 (a) Tensile strength and (b) percent elongation of unmedified CMC, CMC-HDA hydrogel
(without PU) and CMC hydrogel containing 10-50 wi% of PU

4. Conclusions

CMC-based hydrogel modified with polyester (PHM)-containing PU was herein synthesized. Tt
was chemicalty crosslinked with water soluble HDA to gain highly water swollen networks. The
_properties of the liydrogel were tuned by incorporating PU into CMC hydrogel. Increasing PU
confent in the hydrogel resulted in the decrease in ifs water swellability probably owing fo the

fommatien of interpenetratmg PU in CMC hydrogel. The liydrogel surface wvas enriched with PU as
observed by the prezence of spherical PLY mictophase on its surface, as well as the enhancement in
surface hydrophobicity when the PU content was increased. Introducing PU into CMC hydrogel
generally enhanced its fensile sfrength. while an opposife trend was observed for the elongation

properties.
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pH- and thermoresporsive nameomiposite womposed of pody(N-acryloyl ghcine) (PHAG) walrix and magnaite ranoparticle
{MND) was synthesized and then wued (ot doog cootealled releass spplicstion. The effects of crosslinken, ¢g, ohylmnednmine
and trig2-aminoghylaming, and their concentegtions (1 and 10 mal%) on the size, magnaic sepacation abdity, and water
disperibility of ihe nanomnpoie were imedgzted The manommpesilte cosdinked with fris(2-aninoethyljamine {ize

Tangay betweas 5) w150 n i dianyiey) oan b Tpidly sqamled 1w iagne whil moaniaining ifs good GSperablity n

water. It can regrand to the pH and 1emperature change as indicated Ty the thanges in its741a potential and hydredynamic size,
From the in vitro release study, theoplyling e« mode) drug wax rapidly rdessed when the pH changed from nputrd to aidicf
basic canditions or when inceaing the temperetuce fram 10°C 4 37C. THs pow] nanoccemgosite showed 2 potert ial
application 25 a magnelically guidshle vehidle for drug conteolled refease with pH - and Mrermotriggered merchanisn,

L. Introduclion

Magretite nanopatice (MNP} has attracted great atention
in recenl years in biomedical and biowchmolopical spplica-
tigns [1-K] owing 1o ils maguetically guidable properties
[2], high surface area-to-volume ratio [4), high satueation
magaetiration [6, 7], low toxicty, and high biocompaibility
[8), These intriguing propertics make MNP as an ideal can-
didlite for wse in vartous Iomedical felds such as drug detive
ery [5], dagnostics, therapenties {2, 9, i), and magndic
separation f11-13),

In the magnelic scparation apphaton, MNP should
have high mapgnelic respoosivness, so that it shoutdabruptly
responid Lo a magnet and completely remine tnadsarbed
enlities afler decanting [14, 15], Formation of nanocempos-
lle containing rmulliparticles of MNP embedded in polymer
mutrix was anothér pronusing approach to enhince mag-
netic sensitivity while maintaining its good dispersibility
in the media. When individeat unique properies of bath

MNP aml palymer matric were combined, multifinctiona
nanecompasite sering as a pladomn for further conjugation
with desiralile bloenmies can be obiained {16, 17]. Thus, this
hybrid mamompodte hes been particulady wed in tve bio-
logical field qudh 2% dr iy delivery system [18, 19], controllad
redgase [16, 20, 21), and magnetic separation [M1-13). Previ-
ous works have reporiedd the smihesis of MNP-polymer
nanseom psite laving both gond magnetic separation abilite
and good water disperibilily for irug controlled release
{4, 16} amdl fir conjugation with bicentitkes [17, 23],
Interestingly, paymer matrix haviog extécral stimuli-
responsive prapertic in mnocampaosile can be ugsed ac a
handle in antraied release applications [23-27], Previous
works have presented the use of MNP coated with pH-
and thermoresponsive polymens as a hawdle for tiggered
mechanisms for drug contralled release [26). Among the
pH- and o mo-regponsive polymers, poly{N-acrloyl gly-
cine} (PNAG) is of pariicular inlerest in this research because
it @n be facilely synthsized via 2 free mdleal polymerization
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of N-acryloyl glycine monomer in aqueous solutions {12, 28],
H-bonrding netweock of carboxy] procps (-COOH) and amide
groups (-CONH-} in PNAG chains with water molecutes
plays a eruial role in s pH- and emperature o ponst ve
propedies [ 2]

Tn a basic pI1 condition, the carboxylale groups (CDO)
of PNAG should be formed, resulting in the enhaucement in
water swelling due Lo negalive-dvarge repuldnn amwoivy Use
chainis, On the olher hand, whenthe polymer was protonated
i an acidic pH condition, s edlapzed structure should e

——— —formcd f3])-PHAG slarshowed- thermoreponsive: proper

tizs when its grvivonmendal temperalure changed due 1o H-
bexsding of amide bonds in Lhe chains with water moleculis
(31, 32], similarly to Use case of the arminoadd-denived poly-
mers, such as potp{N-acryey] glycinamide) (PNAGA) [33],
poldacrylamids) (PAAm), and polylaaylic acid) (PAA)
{34-36]. Howewer, the study in upper crilical solution fein-
perature (UCST) of PNAG homopolymer has siever been
eeported, while that of FNAG-containing copolymier was very
Bmmited [37). At the lemperature below the UCST, PNAG
should be stabilized by intramaecular H-bonding, resuling
in e formation of solid hydrgels AL the temperaluce
above its CST, it can reversilly m into Huid state because
the intramokecular H-bonding is diminished and becanse of
the simukaneous formmation of intermoleculir F-banding
bdwen water molicules and chains of polymer [33].

This work reporis the synthesis of MNP nanocompos e
voated with pH-/liermoresponsive PNAG and s use in deag
controlled release, Mudification of MNP surface with PNAG
was firid preparat via a frée radical polymerization, illowed
by a crosslinking reaction. Difrent typss and concentra-
tons of the crosdinkers (Fmol% and 10 mol% of Ins2-
aminoethil}amine or ethylerrdizming) were wead in the
crosslinking in an aiempt to tune the reaction condition to
gain the nanocompnsile with good water disperghility and
high tmagnelic separation abilily. The etfed ol the crosslink-
g comdition of the nan ocomposite an the controlted release
of Ustophylline as a model drup was alsa investigated Tt was
rationalized thal PNAG can serve as a reservoir of the drug

vith both pH- and temperabure -trigmer ed drug release mech-
aniimy [Figure 17, The effecis of pH (pH 20, pH 74, and
pF 10 and temperaiure (10°C and 37°C) onils drug rdease
rale were also hierein investigated.

2, Experimental

21, Materials. Ammoniwm hydroxide (NH,OMH) [28-30%,
LT, Baker), N-{3-dimethylamin opropy])-N'-eihylcarbodii-

mide hydrodiloride (EDCHCD (GL Mochen Slanghai

Ll ], athylenediamine (Carde Frba), plyeine (AR prade),
ironflt] chlofde tetrahydrate (FeCl, 410,00 (99%, Acros
Organic), fron(ili) chlorde [Fel) (98%. Acros), oleic
acid (Cardo Erlba), wnmanivm persulfate (APS) (98%,
Carls Erba), (Saminopropyl] teiethoxyslane (APTES)
(99%, Acrog), riethylamine (TTA) (97%, Carlo Erba), the
ophylline anhydrous (299%, Sipma.Aldrch), and &is(2-
armineethyljamine (9%, Sigma- Alddch) were used as
ceceived. Acryloyl chlodde was prepared via a chloride
exchange reaction between benzoyl chloride {Aeros, 99%)
and aerylic acid (98%, Acrod) a1 78°C 1w ubtain a coloress
liguid witl 604 yleld

22 Clarae tiri zatfon. Fourier-iranstor e infrared spectrume-
try (FTTR) was conducted on o Perkin-Eimer Model F60
series FTIR spectrometer. ST NMR spectroscopy was charic
terized via a 400 MHz Bruker MMR spectrameter, Transriis-
siom elecron microscopy (TEM) was anduded on Philips
Tenai 12 operated at 120KV, The dispersion af the particle
in water was dropped on a cabon-caated copper grid a1
roem lemperature withoutl filiration. Zew potential and
hydrodynamic size (I ) of the parbicle were determined oo
NaroZS4700 namoseries Malvern photoscorrelation spec
trometer (PCE). Magretic praperiies were characienized via
a Stardard 7403 Series, [akeshare vibrating sample magne
wwmeter (VM) UV.visible spctropholomelry was oon-
duded on Analytik-Tena AG Specord 2000 plus UV-Vis
specirophotometer ab A= 272 i,
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23 Prepantion of N-Aeryloyl Glrame (NAG) Monomer. Gly-
cme {61.8mmol, 4.64 g} was dissolved ina NaOll agueous
solution (123 6mmal, 4958, An acryloy] chlonide sohition
in terahydrofuran (618 mmel, 50mL) was added into the
solution apd then stimed at 0°C far 3h The midure was
washed with diethyl ether, and ihen the aquasus solution In)w
wasadjusted toa pH 2 solution with cone, HEL The extradion
with ethyl actale was carried out, and then the organic layer
wasdrisl with andy Na,$0,, hered, and pvaporalad invacua
hm]l) while sobd as a produd was obtained: 2.41g, 36%
yietd; "I NMR {400 MHz, D,O): § 405ppm (s, 2H), 582-
584 (Ad, 1), and 624639 (dd snd 1, 2.

24 Preparation of Acpylamide-Codtad MNP, 0% NH O
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water (200 ml), oliowed by an addition of a dispersion of
agryamide-coated MNP (005 g MNP in 250m] distilled
wilery, An APS radical initiator solution (10% in disilied
vialer, 004mmol) was injected into the mixture, and the
racton was sd alpwed for 2h at W0°C under N, pas to
obtain PNAG-coated MNP nanoconiposite, Afer magnetic
separalivn and washing with distiBed water to remove
the unréacled monemers and uncoated polymer chains,
the manocown posite was then dried in sacuo. In the goslink-
ing reaction, the dispersion of Lhe nanocompisite (005
nanocumposite in 50.0ml. disdilled water) was added with
EDCHC! (3% in distilled water) as acoupling agent and stir-
red Al 25°C T h. Afer magnelic separation, Lk natocompas-
ite was redispersed in Gie erossinker solutions (1 or T0mol%

FelJ, 41,0 (21 mmal, 4.85 g) and Pe, {25 mmol, 050 g)
with stirdng al 25°C for 20min. Aller bcing separaled and
washed with distiltadl water, an aleie add solution (1 Oml)
in toluene [9.0uil) was added inlo the MNP dispersian
and then stirred a1 25°C for 50 min. Olete acid-coated MNP
was pricipitates] in aceiony, separated by a magnet, and then
redispirsed in loluene (10.0mL). TEA (136 nonol, 1.0mL)
apd APTES (H 9mmol, 25 mkL) were then added 10 the dis-
persion with sticring at 25°C under N, for 24h 19 obfain
aming-coated MNP,

Afler magnetic separation, washing, and evaportion
until dryness, amino-coated MNP (005g) was then dis-
persed in a NaD1! solution [L30g) by ulrassni@tion. An
acryloyl chloride (495 muel, 5.0 L) was sowly added inlo
the MNP dispersion at G°Cin an ice balh for th, and then
the mixtore was cominunusly stirred at 25°C for 24h, After

" magnel and then repeatedly washed with distillsd waler
and stored in the dispersion formm (0.02 g MNPl H,0).

25 Preparation of PNAG-Conted MNP Nasioconiposite,
v NAG mastosmer (025 g, T.94mranl) was dissolved in distilled

— — - —— — — — — —sveschonwasvomplaedithe particle-wasseparated by

weightof the release drugdl a given time

safutin{s “mﬁ—m&hﬂtumwm—nﬁmlmﬁmmmfhmm&mnmc e pttt

buffer solution) and then stirced for 1 b Afier the qrosdink-
ing resction, the MNP nanocomposite was rinsed with ds-
tilled water with the use of a mapnet o wash the unreactad
crasslinking agents and then dried in vaaue.

26, The Relrase Studics of Brdrapped Theaphyline from the
MNP Nanag mposite, The dispersion of the MNP nanocor-
posile (Smp of the MNP namcompodte in 10 ml aquecus
dit persion § was deopwise added with 2 theophylling solution
(1.0l Momg/ml in disalled water). After siming for 3h
it 4T the drug loaded MNP ranvcomposite was removal
(rom: an exeess drug using an external magnet. bn ihe in vitre
rdease study, the theaphyliineentrapped MNP nanocom-
positz (Smp of the MNP ranocomipasite) was dispersed in
5.0 L bufler solutions (pI12.0, pH 7.4, or pH 15.0), The dis-
persion was placed into a waler hath a1 10°C or 37°C Al 2

-peedeter nsinal -time-ntera 100 ofsanple dispergon—— —————  —

was withdrawn from the eleass malia, After each sampling,
the nanocompisile was magnetically separated and then the
supernatanl was anatyzed via UV-viable specirophotomeier

I72nm wavelength. Pocent relvase (%) was estimated
from the fallowing equation;

{1

Percent release (%} =

To determine dngp enbapment efficiency (EE) and
drup loading efficency {DLE), the weight of theaphylline
entrapped in the MNP nanommposite was delermined froc
the amouril ol the drug al the maximom potatof the release
profile corubined with those remainding in the partictes, The

i

weigh Lol the drug entrapped in the MINF namnompmtc

weight of the drig etrapped inthe \mpnamﬂmp&me

d

mamocampesle was exlracled with o 0.0 M HC salution Lo
digsalve the leflover drug and then analyred via UV-visible
specueplotometer, Therdore, EE and DLE werg defingd
from the Fllowing equations:

EE (%) =

weight of the loaded drug

weight of the drig entrapped inthe MNP nanocom pasite

# 100, &)

* 104, )

DLE (%)=

weight of the MNP nanocom posite
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Fravee 2: FTIR spectrs of {a) aorylamide-coated MNP, () PNAG homapalymer, and (¢) PHAC-coaled MNP nana piposite,

3. Results and Discession

In this work, PMAG-ciated MNP was first synthedzed vig
4 free mdical polymenzation to form 2 water dispersible
magnetic nanpeomposile. In addition 16 steric stbilization,
PNAG also provided dectrostatic repulsion subilization
the nanscospasite due to 1he presence of carbamylaw
groups. Additienal coslinking of the MNP ranocomposie
was conducted 1o obtain those with gesd magnetic separa-
tioni ability while retaining its pood water dispersibilivy,
Two differeal crosdlinkers Tethylenedmmine and fris{Z-ami-
noethyllamine) were wsed in this work o study the dTect of
the erosdinkers arid their concenirations on Dy, waler dis-
peribilily and magnetic separation ability of the MNP nana-
cumpaosite, pH- and thermorespansve properlies of FNAG
coatidd on its surface provided dual trggering mechanisms
for drug redense, Tt Lhis repart, in vitro release profile of the-
ophylline entmpped on e ranacomposdie was investigated
a5 2 function of pil (20 74 and 11.0) and temperature
(10°C and 37°C).

i1 Characterization of the MNP Nanocompesite, FTIR
spectra of the particles befare and afier coating with PNAG
are displayed in Pigure 2. The spectnun of acrylamide-
cuated MNP chemit the weak signals of NHC=O sireteling
{1539 and 1625 em™), N-H stretching (3232em™Y), and

also thuse of the MNP core al 551 e * (Be-O stretching)
{Figure 2a)). Oner Ihe nanccomposie was formed by coal-
inp MNP with PNAG, the paby saributed to C-C surelching
(1221 e, NHG=0 stretching (1550 and 1633 em™Y), G20
strelehing (1722 o, and M- H stretching (3301 em ™) were
eheerved (Figure 2{¢)). These sgnals carspanded well w
those of PNAG bomopalymer (Figure 200)), indicaling the
presence of PRAG coated o0 Lhe MNP nanocomposite.

32, Efect of Crosslinking Reactiunt on the Properties of the
MNP Nasiwecomposife. Elhylenediamine and  trfs(2-ani-
sodhyl)amine with two diferent copcenlralions (1 and
Limal%) were wsed as the crosslinkers in ihe npnocons-
pasiie. The goal of this work was 1o obtain the MNP pano-
compaiile with good negoetic separation ability while
rdaining its pood waler stability; the condilions in the
crosdlinking reactions (lype of crosdinkers and concentra-
tiong) were Lhus optimized Zeta potentials and D, of the
nanecompasites were imvestigated wsing Lhe PCS technique
(Figure 3),

As compared W acrylamide-coated MNP, PNAG coatal
MNP nanocompasite did not show an increase in I, while
ils zela polenlial vatues significantly inersased from ~12
w2V, and this was probably dee 1o e existexe of
anionie carbuxylate groups from PNAG. This result well
correspondal 16 that ohserved from the conductometric
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tivration shown in supporiing information, Alter Lhe cross-
linking reactions, D of all samples sigmficanily incresed
while its zeta polential valuss decreated. The coupling
reactions between the carboxyl proups of PNAG coated
on the paricks and the amine groups of the aosdinkers
induced Lhe nancapgrepation of the intividual pardeles,
resuliing in the (ormation of nanscompastie having multi-
ple particks embedded and 2 dight drop in e deggree of
negalive charpe. The increase in the ¢ragslinker concenira-
bos froms 1% to 0% alws promoted the formalion of the
crowlinked nznocomposile as indicated by the enlarged Dy
- Inwrestingly, the use of tris{2-eminoeliyl)amine seemed
to enhance the degree of crosslinking s compared 1o that
of ethylenediaming (2t the same cowlinker conentra-
tiong), probably dee 1o the highea number of the equiva-
lent readive amines in e reactions (Figure 4.

The sze and the size distribution of e MNP sanacom-
posite in gach siep of the reactions were 2lse observed via
TEM {Figure 5). Acrylunide-costal MNP exhibiled apgre-
gation of the partides without the formation of nansclustars
owing o the fack of polpiner coating (Figure 5(2)). When
MNP surface was coated with PNAG, the particles showed
an improvement in waler dispersibilily without significant
agpregation {(Figure 3b)). Afler the crosdinking, the cluster
feature of the nanseomposite with the sz of ca, 50-150nm
in diamieter was observed (Figuees 3(c)-50)) aud this
correspondead 1o that observed in PCS resubts. However,

Lhere was oo apparent difference in the size and the size
distribition of the nnocomposife between thase crosadinked
with ethylessdiamine and sl 2-2 minodhyllamine or with
différent conen rations.

Water dispersibility, slability, and magpetic separation
absility ol the pariides in sach siep of the readions wers inves-
ligated. Acrylamide-coated MNP agprepated within a few
minutés after the preparalion due to a lack of podymeric sla-
hilizatinn. Afier coating with PNAG, the particles were well
stabiliped trough both deric and elecirodatie repulsion
mechanisms, resulting in the stably MNP dispersicas with
insignificant agpregation even afler 24 h of the prepatation
However, thiey cannot bie completely separated after applying
with a magnet for 3min, which wolld be roublesirne when
employed for magnetic separation applications. The crosi-
linking of these nanocomposites wad conducted in an
attempl Lo enhance v magnetic speration abifity, while
rdaining its good waler sabibly, Tris(2-aminoethyl}amine
and ethylenediamine with Iwo different concemrations
(E % arul 10 mad %) were used as additional erosdinkers,
Acrording Lo the resul(s in Table 1, the nanocomposites after
crisdinking showed a fair dispersibility in water afier 24h
sanding wilh 2 dight aggregation. This was probably due
Loy the (ormation of the nannelusters with 4 larger size, which
corresporalad well to thé resubs observed from the PCS ech-
nique discuswed above, These nansesntposiles can be sepa-
rated wiliins 5 min due to the inereass in its size, resuliing
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Bravis & The proposed medhenisi of the crosslinking amdations of PNAG-wated MNP with (2) ethylensdiamine snd b) frid2-
aminoethy)aadne

&)}

{e) e

Hovek & TEM of {2) acrdamdde-coated MNP, (B tle MNP nanocnmpsite {(before cresslinking), the MNP naocmnpasite sfier
acalinking with {¢) 1 moks and (d) 10 wal% of ethylenediamine, and {2) Lol and {f) Mypo¥s of (A 2-antkicetylamine

in an improved respong Lo a magnel. Inferetingly, ascom-  dispersion and it waubd be used as 2 represemtative for ather
pared (o Lhe others, thase crogslinked with 10 sl fris(2-

studies, ey, mamelic properties, drug astrapment, and con-
ainusclliylfamine can be completely separated from the  trolled rdease studies
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Tape 1: The effact of croslinking apeinls and their concentrations on watar disperbBity and magnetic separation abllity,
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after crmeslinking with 10 mal® of i Z-aminadt iyl pmine,

33 Mudtiresponsive Propertivs of the MNP Natocomposite
w o Function of Mapnatic Feld, Disporsion pH, and
Tenperifure, Magnelic propenivs of serylamide-voaled
MNP and PNAG-coated MNP nanoscompusites before and

after vrosdinking with 10 mol% of {ris(2-aminostivlJamine
were determioed via the VSM technigue. It was found thal
the saturation magn chizatton (M) of the garticles decreasad
feom 68 ermwg to 40emw/g aler coating with PNAG due to
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pi=74 pH=1L0

Basle cendlton

D= 3618 £ 222 5m

.

T=10*C

Haal

F=3%

k= 655 £ 195 e

Ih= 3602 55 am

Fegier 7i {al pH- and (b) thermo-mesponsive properties of the MNP nanocomposts afler coslinking with 10me¥s of mrig2-

aninacthylamine,

lae presence of niamagnaic organic polyiner in the nano-
ceanpusite (Figure 6), Afier Lhe crosslinking reaction, ity M,
value increased o S0emuw/g and this was probubly owing to
the formation of MNP nanoclusiers, lealing 1o e increase
in the magnetic send Gvity {13],

Ta confinn pH-responsdve properties nf the croadinked
MNP nanocomposite, it D, was determined in pH2.0, 7.4,
and 11,0 buffer solutions 1t was found \bat I, in pFf 2.0 can-
et be measured due to nacroaggrepation of the panicles
{indicated by an arrow in ihe insel in Figure 7(a)), This was
probably because PNAG was in the COOH faum, resulting
in the lack of anionic charged repulsion In addition, its D,
increased rom 6170 (o 1011 nm when the pH chanpged

{rom pl7 A to pli110 and s was atiributed Lo presence
of neguively charged repuldion of -000° from PNAG
shaing, resulling in the swelling of the nanocompasite. The
change of Dy a3 a functio of dispersion pH correspondat
Lo Lhe pK, value of PNAG (pK, 3.2) in terms of the proton-
ated/iepratomated forms of the carloxyl groups (38), Dy of
the AINP nanocomposile was thas investigaied 210 16°C and
MG in pHY4 lalfer solutions. D, significantly dropped
Lrom 685 mm to 260 nes when Lhe temperature was decreased
froma \0°C to 37°C (Figure 7{b]}. I was ratiomalized that a
numbier of Lhe crosslinked MNP nanocartipsites might be
in the agylomerated form al 10°C dee to the H-bonding
amnng each manocomposite,
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AL 37°C, the nanocompasite mighl be separaled Fom
tach otler due to the prediminanl interaction belween
FNAG on the nanocommpmite surface and waler maecules.

34 Drug Releuse Bohavior. A showcase of the MNP nang-
composite for a dny controlled relezse application was
also carrigd eut in this work. Theophylline, 2 methybuan-
thine dnig wed in thempy for respimiony diease, was
slected as & modd drug becanse it van be quantified via
UV.vis spectrophotometry and possesses the aming groups
in tht #triscture. The protonationfdeprownation of the
aming groups in theoplylline leads te ionic adsorplions
repulsion intaractons with The carboxyl grodips of PNAG,

140

Joumnal of Nanomatertals

Data Awnilability

The data in the synthesis of PNAG -bassd magnetic nano-
composite and its drug release bebaviar used to support the
findings of Lhis study are included within the article zrnd in
the suppkmentary information file. All the maw data such
a8 hydrody namic size (D), zeta potential values, and

rdease data uwsed o supporl the findimgs of this study are
available irom the @rreponding anthor wpon request.
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rodting -~ the mhzrmggﬂ:d-brﬂz—thmgc Ot
the dispersion pHL

EE ared DLE of the MNP nanocpmiposiie crosstinked with
M mol¥ of i Z-aminoethy ) ani ne were first invesligated,
IE and DLE of he manocomposile werg 22-35% and 45-
9%, ripectively, depending on the pil and temperaiure of
the dispersions. The effect of pH and lemperalure changes
ont the theapliyiline relesse rae from the MNP nanccompos-
il was then studied The theophydling release studizs were
perfornwed using stepwise pH changes fom pili74 1o
pFI20 and fran pli 7.4 to pH L0 (Figures 6(2) and &),
I shinuld be noled that pR, of PNAG was alut 32 {38)
and that of theophylline was 85 (30 40). 1t was foand that
the dnig was rpidly released when the pH changed from
neutral 1o acidicrbasie conditians. This was atieibuied to the
negativdy charped repuldan of the deprotonated forms of
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The supplementary file containe 2 'H NMR spectrurm of
NAG manomer, the caladations of the grafiing density of
carboxyl groups on PRAG coaled MNP after dispersing in
water, aml the calibration curves of theophy(line in various
cand itions, [Supplomentary Materials)

the basie conditon (Figure 9(a)), Similiry, the pasitively
charged repuldon of the protonated formis of thee 1w cani-
porens ((COOH of PNAG and #NH' of theophyliing) was
alionalized for tse abrupt release of the drug in the cass of
acidic conditinn,

The effect of the temperature change vn the theophylline
release behavior was also shidied wsng a stepwise Lempera-
tire chenge lrom 107C to 27°C (Figure 5¢)). There wasahow
12% of the drug relaised at 10T, and it was rapidly relaused
for 929 when beated 10 37°C. Thealrupt release of the drug
from the nandcomposite wag atlributed to ihe separation of
the agglomerated nanocomposites al bigh lemperalure as
iralicated by the decrease in Dy, (Figire 9(b) ).

4, Conclusens

This wark presented the preparation of pH- and thermore-
spansive nanocomposite based on PNAG matris and MNP
ard its application in drug controlled relisise, The MNP
nanocompasite having gond magnelic sparation ability
anl water stability was oltained by tuning the types and om-
centratians of Uee crosslinkers, T exhibitet dual-responsive
properies as indicated by 1he change in 115 zeta polential
and Dy when the environmental pH and temperature were
changed Tn addiiion, this novel manocampodite was alsg
demanstratesd for use ag 2 magnetically guldalte vehicle for
theaplilline confralled release with pil- and thermorip-
gered inechanisms,
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