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Abstract

A critical aspect in designing biomaterial
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wound healing, and drug delivery.
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as wel | as an architecture of porous ti Ssuece
engineeriwmespdhei weH wat er swelling propert)
i revsti gatreeds piomspHe drug delivery application

PG®ased pokyayetnhmmme omposites with wvaryi ng
modi fied clay were successfully synthesised
The synthesiesl was aperofmbrimed approaich oiftu h
pol ymerisati on. Hydrati on, mechanical , and
addition of c¢clay, i1llustrating its potenti al

and rapbtsioon behaviour was studied for control

Pol y-esagrnanocomposites with different <cl ay
hydrophilicity, and water vapour permeabilit

praongi ogeni ¢ addamnteohnetdroourlounsy properties wer



with the porous foam structure, the potenti a

and soft tissue engineering applications was

Overalelw etlhaestnomers devel oped in this thesi

in soft tissue healthcare applications with
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Figur#dMi Brdgraphs show the L929 cell mor phol o
of (C) the nanocomposite hydrogel with 0 wt
Wi th 5 wWt.2%. .00 MMT. 165

X X X i


file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768534
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768534
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768534
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768535
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768535
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768535
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768536
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768536
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768537
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768537
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768538
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768538
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768539
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768539
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768540
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768540
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768541
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768541
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768541

Fi

co

i n

of

Fi

ap

mi

Fi

mo

gure T p33 Representative CAM i mBgestorm) omha

unted number...of...bl.ood..vessel.s......16606
i gur ®ebeade profile of E2 from the nanocomg
1V TR 167

igureud. aed CAD coommpokied bhydnagets after

ows the col our of PUT and CAD solution af

| ouri metric determination. The st.r.4b6§er th

i gur(eA)6.tlhe f aMlroicsaitteed 3POES.c o nBp)o sXiRDe pfaitlitne r n

e decrease in the clay interl ayer spacing:

rsetsrsai n c uClvoessi tod 3POES .c.o.mp.a.s.i.t.e...f.i.l.in8 4

i gur e&€hémi2cal structure -4ofl i rkkmeidbd&BEXD s howi

U o o o Y = T I O T = PP 176

i gurd Ab. T he pl anned SI PNPGsSt rpuclt wmesr mraeltew oc

terpenetrated chitosan chains. (B) Photos

chitosan and 0, O0.1,p®lLYmenO. dfr amdl78f 88 tgo

gur ¢ Av. A micrograph shows synt heedsrn ywiemdg oP G ¢
proach synthesised in a silicone oil batt

crospheres by three diff.er.ent..s.i.l.i.d8de o0ill

gur(eA)6 . oche mol ecul ar structure and incl usi

l ecul ar bL£LODr udther enyafrophi lic edge and hydr

X X X0 i


file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768542
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768542
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768543
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768543
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768544
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768544
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768544
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768545
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768545
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768545
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768546
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768546
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768547
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768547
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768547
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768548
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768548
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768548
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768549
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768549

hogtest inclusion complex based on CDs. (B)
stretchability-ceiCDt P& kydsatoendr PGEC) A repr e

saifrn curveswbl t bcedh-RMBBRU el ast omer w.i..t1l8 30. 79 2

X X X0 0 i


file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768549
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768549
file:///D:/PhD/PhD%20viva/Revised%20version/PAAI%20416)%20Thesis_SYOON_for%20Submission%20final.docx%23_Toc30768549

Li st of Tabl es

Tabl eMez.hlani cal properties of soft tissues a

coll agen 3and.. el .astol el 6

Tabl & BuPomary of tensil e pr edpeerritvieeds naantdu raaplp |

used in soft 3P i*‘8&Pkke emegd memrirdanlg.properties o
from a chemically cr orsaslldeatkyedle, gedsatiitn igselt hnva
type of gePht.i.n..s.caf.f.ol. do. .. 22

Tabl Me2hanical properties of synthetild® ghl ym
The mechanical data of PEG wasy=f ©6®&4lNhey!l i nd

mechani cal data of PEG hydrogel wa%..f25 m a c

Tabl Mezhéanical properties of®>fatdila%...28nd syn

Tabl Sulmmzairy of the fabri é¢®fi.an..t.echni3@ues of

Tabl €ompbsitions..of..REUCS ..., 104

Tabl deséas2l e proper.t.i.es..aof. .. .REUCSs................... 116

Tabl dah®. mol ecul ar weights of nanocompd8ite r

Tabl & Sufbmary of tensile proper.t..es...ab8the n

Tabl efrhe. Tensi |l e £l opesrtice30Bf cP@&GPosi tes and

XX X1 Vv



it etlatduddel 2 175

XXXV



Chapterll nt roducti on

The subject of biomaterials is biomimetics i
with the complex physivitvmhemi saltedgndmi ebast
an attradtibveomalt®@ss abs for soft tissue heal
mechani cal behaviours are valuabl e assets

movements responding to the extThdieroméemeanicc

water content allows the transportation of d
communications, but also to%administrate the
Furthenrmer erecent progress i n debmaontdese hnol

mul ti funombi oma lwdti céne scapabl e wdr ireespiomnmu Inig  t
and/ or play multiple clinical roles in a si
healing, d®&owugihsltianery. the incorposatfibdbonldt
may be required to prevent i nf ecatoi oenn ga fnteeerr &
cel | bi ol ogy and opt/iTmiesenut he flunTsu®nradgeners
pursuing synergy amoafbsdas$fwebht asypboesosif nma

struétures.

Pol y(glycer ol sae bsaycnatthee)t IRdPSEI)asit vametrr.act ed &
attention in soft tissue applications for [
mechabeéekavVvdfous af YF utritshsetr @s.r exasiulriftasce er odi bl e
with a |inear mass | o,sswhaincdh gwooudl dsittsde alydt de fri

perforimafNt cvumber aaifdno st uddoes demonstrated

1



has good biocompatibility WiAsd amioomactqieardde
has been reviewed in the soft te ssngilearitmhg
'Howeverjtaheohsmexist in PGS in terms of th
Al t hough the mechanical properties of PGS c:
cond,?%5% bnr eloinest heenlcyr ossl inking density of t
strength and modul us are achieved byPG® mpron
is hydrophobic and I2hkisc ht hneaokhepsmbtihtey npp b s by bt
prepared into aThiyrddlohel pohyimeesp@Bnshnovoespr op
and bioactwkhkechprbasernoeabil ity to induce pos
ti ssue r.eMjoerneeorvaetri, mmdonyemt het i ¢ procedur e C

architecture of the-podmpreex retsri inc tmend ¢ $° ad i H

This PhD studryeliiomeidnetoi c reemrad elmabedf ahastt om
hydr wgeéhsdesirabl e materi al spurcohp earst it e s sfucer eg
wouhedal ing, and dr ug Ddeesliifveebayfs etdhpa |i acsatt a noenrsi ¢
i ncHiuMter oducti on dfyprmapgaecipmd vy mgmse,r gynd nanoc
wel Ildeassnraeg e r i al architectures of bketElkle gel s

s pe wibfjiecc tl ivatse doreé o w.

T To create -lmasedawpwo|PGBe,r lsgywitregn mechani cal
mi mi cking t haqgtstee oy drod tt,i dam $ @nbae B ecrattiieosn me't
tissue engimeewelnlg asmhtcisplodsi vevhbh elha ciamur
be util-resedonsai peél controlled drug deliver

T To engineer the desi-chbVYenpnopemposestéenhan
based on PGS, having controll able and bio

and biodegration behaviour s, as wel |l as
2



stcrtuur e foengohéeetisguaend drug delivery a
1T To dewedophaanbcoact bbmeseBGSdlaymenranocompo
hydr ogel systemngniocghematcoeloupowontdr ami nac
properties as Wwebh asdtvapbamr by maatbeht.di

wound healing and soft tissue engineering

The new synthesis asdwélabta€anobdn @a@erdbaehb
el ast omer hydrogel s are expectueed htecal h ddcea r

applications as discussed in the following



Chapter2Li t erature review

2.80ft tissue engineering

2. DeX¥ i nition and characteristics of S (

Soft st ws®"wengi ng bi osaongdi cdals tma theurtieadl fdl It | swaire

may be distinguished from hard (mineralised
behav?lonranat omi cal definition, the term fisc
connect, support, surround?Erampleseof sohert
(1) connectivatti skues $smaeshbhias synovial tiss
nomonnetcits vylees such as muscl es, bl ood vessel

and gattnradi rwtad 4 ¢ Fu nfel)i .n t Tehset ijnoebss of s @flte,t i s s
fat (or adipose) tissues pPlat eaclts,o csutsohrieosn,n u
bi omolecules sSiemdasischolnkstbemel to muscl e, v
bet weedThekies is the | argest single organ (1

the support tameht goroottde ct i on t o

Despihtee di versity in theirawffradtucsestandspg
defined as hiig8hdl 9wthyg divatedn 6 66r ced co®Mposit e
The major constituentebl!| 6 2) eifrbar cdeuld VIEAM arad ;r
proteins such as coll agen and el astin, (3) t
proteamsy and glycoproteins, ahd®hes4) meehaas
behaviour strongly depends on the concentrat

exampl e, t he ol dtaige nb € trYsoduamgiowse Inye draioguistP,& E) and
4



elastin (relaliVeMRBal)liexi bberelEated with the

sofuesi $§IEdl e 2.

There are severabimebbheracteaelispfopdgrisisatelsef F
undergo | arge el as thieone cdheaf noircnaal tdi doemist owi & rheo um e
structur®éfhefirE@Mxi mum physiological stretch
(meseATkrey)show in general nonlinear respons
to behave anisotropically due to the fact t
oriented in thé" Phiaf evercehch nd icradet tbeethrab/ri lboaumasg e n
i .tethe mechp@peai tciaeds pd®pend on the posiThe®n in
viscoel astic behaviours are agodceiiat efdi bwietsl]

proteoglryactamsg!| yasamps provide a viscdus | ubri

Blood vessels
Lymph vessels

Tendons
Ligaments
cartilage

Fi g@tEex amplhagmanf s 0%t
5



Tab2leMechani cal properties of soft tissues a

collagen2and el astin
o Utletnlsrrima Ul ti ma Coagdgen El ast|
Materl e tensi (%, dr (%, dt
strenc Strain we i h we i h 1
( MPa) g g
Tendon 50100 10615 7585 < 3
Ligamer 50G100 1015 70380 1015
Aort a 0.i1®. 8 50100 2535 4050
Skin 1720 3070 6080 51710
Articul at 9140 603120 4070 -

2. Gehetakhtehi esue engineering

There are three basic tisssemémagilneverikndgystr
Vacahithe useobated cell s bDhdkedel/fer Fishiced ¢ it ug e «
substancgsowand ¢8)Il s on CJFfT hwi talpipr ti tdedrdsmen
t wo met hods Idwe |Ibemn edlersiicodmce they can be u
small awmwoadfialeldt he pr oducitn dwncicrogsts wds ttdwscsase

factors i s3°tTdhoereefpoenes,i tehgrowi nd met hedoni oe

scaffol ds, has been the most domgmaorel 2. 2s ed oty
gener al prowe deimgi mdertiinng with i mplantabl e s
This approach relies extensiviedgdoobhet eagusee

to maximise theregkbhegabwyt & plohtee nsticiesafl & bol fd tma

therefore requires a number of design criter



Isolation of cells

from body

Expansion of cells ‘ i - ’

Transplantation Direct
(Surgery) - Seeding onto Injection
appropriate ‘

scaffold
720N '

S a®
% 9 Vo Injectable
g@ e@@ Scaffolds

Porous
Scaffolds

Place into culture o @

%
Fig@2®chematic illustration of the
(1) Target tissue cells are isola
in vig3p Cell seeding into the sca

arbeeing the two most common approa
proliferated on tlhaed esnc asfcfaoflfdo.l d(s5 )e

into thel°Hefect site.



2. Scaffolds requirements

Regardl ess offolthéwibhodg memtua yipenedretss gni ng ti s s

has been identiThege irnedthier d mdretratarmrespotent
s eap a‘t'emddhewiyl | be di scussedseasiieddy in the fo
Bi ocompatibility

The very first prerequisite o0oCGel By muss$s U a n:

normal ly, and pr dleif foareati ¢h’ad ra att aé mpdafnft @ltd on,

should @elil bigt bhe | mmunogenic reaction in
response, which can block the fl owbotfhenutr.i
bod¥% Thengerm biocompatibility is deter mined
wher eas ,t eérhne bsihooccampati bility i mmediately af:

surface characitAehi sviemenof ofcaf bobdompatible
by choosing maitec¢ omp sk isb*dlaft t here were one or
chemical s isiwmntl wedif soohaftamset@emo ssl i nkers or ¢

thorough washind®b9rocess is required

Il n case of the natur al pol ymar pudilidfocrda & m
t he synt hesimi ghtt beaffedgai red itmomumEymeonse
Bi ocompatibility of a t iinsswaeh dsbooarfvfedlods .M ist rnoo r

testsrtdel rebati viedty iQuic&n ries utl e stiat {f yei, s sna

nor mal |l y | as sweeswsdesd . provide more reliable dat
However, they capnégemithgnepamd! emstin et hics
exifst



Bi odegradability

Thtei ssue scaffold is not inedrotdjwaos bteo ibnep |daengtr
and eventually replaoedaby Diethat podly mMEEMc
nor mal | ysbiisdd sism eb ieondgei gnreaedraitnigon depends not
pol ymer, but also the chemicaliidtlreupchtjurihe,d itayr,
as well as the degrading coediéfiTaesdegchadasi
rate of scaffold needs to be engineered to m
the full regeneradafThephbpfduche of adegs asias e wah g
not be causing any detri ment &f ne fafinedd tmwsr vd v os u
tests on biodegradapiwheyeaeezpmeguad dtyl e xadad

bi ol ogiomarié md ncvai sien ovf ie%d tHod
Bi omi medhanimc al property

A successful t i sstuhbei smamebdoli d smeobhbdi balepr org
the tissue dfhiisntiesr e gnp.or Whainlte r egar dl ess of t
challenges for the | oad bearing tsiof&utttsessues
i mpl anted scaffold must provide otwhteh muencthialniic
degraded and r epfakt®aalblyy,natthug adc &fCfMo| d mu st
strength during most part X 3Bhr tther morses,uei tr el
acknowl edged t hat t he ibtiioominmeg i ap pmeeacrhsant oa
expression of matowtdf rECMsantl thkelclinical p

should be strong enoug#%*?to be handled by the

Whi Ihe tmechani cal property of ti ssue scaff

poglmer usead affhaobhrtiiecobh he crossl i nki ngfidlamser ,ty



wel | gdsoralgpe and syaltdetdet eromidme i bhe mecha
scaff° %®8snce the generationmatusmwadlley smakied |
mechani cal strength decreased, for some aut

mechani cal property seems to be one??f the ¢
Surface propert

The surface properties are important in tiss:¢
ti ssuesvsicaa ftfhoel dsur f ace. Il n many | iteratures,
tissue engineering has beensemphaei appealrs ¢
better cell adh®Beéemei damlhomsygr atednt hat the h
also elicits | es%F orft mesruirohmaecree hryelgs mpprmsd i ci t

adsorptiooamsbhbelwaciomi t anetcley | diétae? mici i vi ti es

Natural polymederyiospgepiodlyimgrBCMat urally cc
resi dueapepudid easvd & hWaiapairti ¢ & RGHHswew dre €
surffagaetdet imayonlngtmebhes sufficient to induce
and prolif erodttieonn,r etqghue rreef otrhes i @ wablfi l@icndg akt ik e ¢
(biofuncsuohi sat E€CM) pbionadimg, pamtekr$hid?andr s
These biomolecules tha ber ftahcclee ot @k edomjauga

physical.lZadsoéelr pt P/on

The t opogurafpahde athor phol ogy is another i mpor
behaviours ient ¢ddnissr vedl an. b@Btetrer cel |l prolif el
rouglfidesssanot her setdaxledy Bdtitginnmpeenrt using a

was réported.
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Scaffold architecture

The architecture of scaffolhes mlaecnr otsicopue a@redg

scaffol ds, and (2) rtéh.e Thh e rfoisrcotpi @n gne amacsrit a U
that the physical size and shape should be ¢
interest. For i nsuthace,scahtoldkessi ga D & quiurbe

enging’endnghe thickness of skin dimbhnosfi oa de

the tis@Pue defect

The miccoasacopitecture of tissue scaffolds,

(mitrbevel. Tissue scaffolds should have an
porosity to |let the seeded cells madadt% &netr a
Wit hout having an adequate pore structure, t
cannot b’ Fdnmstiureednore, the proper removal of
cellular wastes and degradati ons’dgirhoed ulca sk fa f
proper angiogenesis is one of the major chal
in the next chapter. The pore structas ei tal s«

has been demonstrated that the proper.”pore s

Numer ous posfouref tsctaif § ®lheh veen goiereene rpirmogd uc ed f
of synt hkdrn cexadmgiditer,ospi nning often ud®d to
The freeze drtyhi nag saupiptracbalceh swil vent for polyn
| arsgeal e product®Toe poérocgard floé¢ascshi’'A-gyareohbsi gl
i nor gamiam, ¢, oogemyaseadmsbe used to control th

scaffol ds.

11



2.2 Woealdi ng

Wound healing is a complex biological proce
including the choice of wound dressing mater
the characteristics of wounndgs,, atsr eweetlnhe mts amod

materials are discussed.

Definition andWdClhmd acteristics of

When the continuity of the epithelial l i nin
physical and thermal source,wowea'@beddmei ntdreon
the duration of the healing process, there ¢
wounds.

An acute wound heals relatively quiiclkkl y anc

weeks. Jbel ¢i man vary by the size, dept h, ar
and dermis | ayer of skin or mucosa.

Chronic wounds, on the other hand, do not
healing stages. Woundsntanebhsonaussdr giycambny
injury. Chronic wounds are often originated
di abetic foot ul cer s, bur ns’,Wopurnedsss ua &n ua lc®c
categorised into closed wounds, open wounds,
ti ssuéFolrostshepe | ast woynds, the volume of wou

i mportant (discussed bel ow).

Anot her classificati on met hod of wounds i S

sl oughy, (i i) granul ating, (i vuir eps.t hEbr alt
12



infected and mal odourous wounds, speci al ca

antibacterial agents and deodorah’s for pat.i
Wound healing is a dynamic and complex bio
foll owi ngeds;ou(i )phtahe coagul ation and haemat
infl ammatory with swelling on wound site, (1
and angiogenesi s, and finally (iv) t he matu

happ'éinhsese phases can be overlapped due to t
process and it | argely associated with wounc
property. Therefore, sgeknangegrofal pfopera waun

i mportant to achieve ideal and fast healing.

Il n a study in 2016 ind4UKReampd eDevimn médnr lonet loer e

1000 populati on, and many of them aruag eisdent
above, it can be estimated about 3500 peopl e
wound and 525 will | ive’’Asi tlhi vtidwegiurnvdw dhunrfd su e
greatly the quality of patientsdé |ife. The ¢
factor s, but al so other 1issues suooioras dtilte ,
and even mortality, as well as the burden to

by choosing the right treatment of wounds.
Gener al swoane@ghes! i mg

Traditiontadty, gabrewkbtas beemeamrneldi miTthedra&msd | c
t he wound healing worse. The gauze dressing:
healing of wounds. Besides, it cd&Wheamade

modern wound dressi'ftcenhas yar Miheedoiumdt ke ufl @

13



wound site, which is essentially Dblbodd | with

reaction to protect the woun8dThsei tex uodnactee tihrer

continuously and keep the wound moi st. Exud:;
proteinases, chemotactic, and gr owtthh ef accetlolr s
mi gration adidnagitosephithelialisation, and f
procé¥lshse. | ow oxygen tension by the moisture

inflammatt9fy phase.

However, an excessive amount of wound exuda
process of autolytic debri denfélmti,s dsepaedcsi alol yn
complications such as prolonged healing tim
excessive wound ores uddayt ep at hiongfeenad tc bacteri a
staphyl oc ostcruesp taoucr cecucpusse unpyomr a0sg eanecess g wWsstmbne a s

of thergeceluoss t a natoil u shippercm wisi ch not only is det

healing proceasse bundeadisP@Tfebeemal edotihe prir

modern wound care is based on the choice of
swel l abiliper medoivldigteeprwound moi st based on
shape. The ideal wound dressing must have t

l it effat’ufled?

T To be capable of maintaining a high humid

exudat e qgwmiattle avat er swel |l ability and vapol
T To prevent bacteri al i nvasion by bacteria
T To thermally insulating and physically p

damages.

T To all ow gasddupdxaniuam pgex ywien per meabi |l it
14



T To bet oxareal llramgentan,t i gedcdi comwi th free of
wound contaminants with ease of sterilisa

1T To have bioadhesiveness to the wound surf
traumaet wound

1T To require only I nfrequent changes with
mechanical properties with a high strengt

T To pramgiegenesi s

T To be able to remove mal odour

T Biodegradability

T Compavyi wikthttopical therapeutic agents, ¢

Ex amp Iweosu dodfessi ng

Hydrophilic and mechanically soft polymer ma
main types of wound dressings; (i) film dres
alginate dressing, and (v) hydrocoll oid dres
The fsbmndseare semiper meabl e. They are im
permeable to air and water vapour. These dre

nyl on. They are not for highly exuday ithg wo
fluids. However the transparency for inspec
make them ideal for superficial or shall ow

conf or’mati on.

Secondly, the foam dressings are made of ei
the adhessveolaproper application. They prov

to the wound sites. Their high fluid absorpt

15



However t hey ar e not suitable for wounds

repl acement s.

Thirdly, the hydrogel dressings %&Theymaaree o
insoluble thus do not | eave any parti-cles a
irri®Tmey .have cooling and soothing efégcts,
are used for | ow to moderately exudating wo!

make them difficd9€f'to handle and apply.

Fourthly, the alginate dressings have a cli
which promotes the proliferatabaoarypfphabeobTh
applied for moderate to highly exudating wou

wounds as they reduire moist to function.

Lastly, there are hydrocoll oid dressings. T
mat erials made of sodium, car bpaegmien hyt¢acmbi oué¢
or adBR¥hieyesmare adhesive to both wet and dry
exudating wounds. However, they are natural/l

requiring fr®quent inspection.

For the advanced and bioactive wound dress
mal odowmt r ol | i-mgevemttierg ipmopertiesuaiagbeéihmeg
composit e?Asne xa mpdpeoeteefnt i al bi oactiveBewennidy d
studied imhawademy Fi gwr3eA Z.hdws t he Ag/ ZnO
possessing the antibacteri al property. Figur
Ag/ ZnO and chitosan, which is also known for

Figure 2.3C shomrsopehret iaenst | dbfakcgifeZp@ripdnaeadho mpa

16



porous scaffold dressings with three bacteri
With the i1inhibition area of bacteri al gr owt
dr essi ngt el motnstgmod anRaorbnaacttiean aof pproolpyemetri en
wi f bnctniammoglacrainne r esiuce various properties wl

applications.

@

S. aureus P. aeruginosa

Fi geBeéhi tnlAgd ZnO compaoasi(the) dIrhees sA g/

used to fabricate the composite dr
of composite dressing. (C) Proven

nanoparticle wdté&dsani ndpe composite

23Angi ogenesi s

One of the Dbiggest chadnhnaenwes nd sh dahleisuiga c&n
17



vascul air.tehat devel opment of new cap8ilnaoirs
bodlye majority of e®06G @mef fomntdhevin éid me st
It has been confirmed t hatts fwdhrent itdhseud he rckinre
mm, the diffusion for nutrients, gas, and
vascul arisaf%omsi ml arqobsedvati aphysisoladgioc ¢
phenomeroni d tumours cannot grow over a sSiz

own bl od@d&uppmwmplty ng that angiogenesis iS esse

One tnleietdgs be considered, however, the degr
vari es sommasgu®lse reason comes from the nat ul

terms of tMesvastubafturei ssufsr airesthamghd )y sla

vascul ari sed, therefore achieving [f©Opiad vas
mucosa (the membranes | ining inside of the
vascularised tissue, and a®prdHdpwevangi sgmaes
tissues such as the hyaline (transparent) <c
vess§8lherefore, angi ogenes(iosr ceavne nbtem emr| ieadrtheddi)

reiguemecths ttiibagglee engi neering.

Severaalegsters of angiogenesis have been inv
common approachesanids btimalcae wlee ® | blyatc aé¢ncour a
such as vascular endothel i al gr owt hb F@kr)t,or (
pl atdelretved gr owt hpl fadried et fvi( @@k )n,1 e stamdi ol
( E2¥®183T he mechanism of how these molecules
complex and different from molecule to mol ec
directly stimul at etso tihned uered,oatnhgeita geeamsesle ésp ar |

indi weckysyattracting the positively charged
18



i nt erf&Sttiadf ol ds may be simpuyl ¢ d asedgihod dwioey

fact?fd>°4

Ot her met hods f or @aligd soegde,n easn db gi2ed | st greuire d (audo )l
The -bcaeslddd approach uses endothel i alcucetlulrsi nngi
of those cells provide a v&*sitiul ahe sbaatsireodte t t h
approach, angiogenesi sliike immduoesdompiyc tmat t
scaff%MNhes combination of differé&Bomapprkamphe:
ofcasf dealgohi t h @regireg es hown 48°nPfFgiugruer e2 .24 A1 and

a scaffodrdi nwi tWMi thhepheparin, the number of Dbl c

increased significantly in the fertilised ¢

useful where angiogenesi s is requirzdshanwg he

the patterned PGS films to guide the growth
M o A2

> (=]
1 1

PLLA

Number of Blood Vessels
n
N

5
N

o°°\

Functionalised PLLA

Angiogenesis

Figed®he scaffold designs with an
(mper ), andathedsaRaif(iloolwdenp) ant ed 1 n
eggs. (A2) The measured number of
hepearoian ed PLLA Patakefroled. R@GBLJIi hgns
(B2) Angiogenesi s inded ¢ & ay on
capi IBP-2FP i es

19



forming blood vessels accordingly to the sh
angiogenesis in tissue scahkeolbdsoch@ami dbal am

bi omechaniasal galelihod response to the wvariold

sti ARY%i .

24Bi omat eri al sapgplri csatfitons ssue

There are three main groups of bi omateri al
pol ymersooftFdri ssye cenm@immeersicnagf f ol ds are not
di scordant mechanical propertieasr wiltdhwselfdst
and a hardHmi gelnerauwr, f podé ymeric biomateri al
isoft tissulRi eemagliymerrd ngre often used in co

f or>hs

24. Conventatouraal npol ymer s

Natur al pol ymer s havet lbee eno fwti dteil sys fu @r v reasla m agdatd
all types of soft tissues. There ar-@etiwoedyp
pol ymers such &3 bammdnl kaeggreant,i my.el Aamaoamg, t hem, col
gelatin are the moby.me®ammoad gmr witdstilcuesde aHd N iyma |
ti ssueb as skjamdamdd standend human®“Whiislseu etsh esrue
are total 29 typée&t wlfl agpdn atgyeme dili sicso vmeasetd ¢ o
| i t ersatnctrees s t he most a b’dGadlalnat g etny pceo notfa i sl |
bindingsssqgRi®Hh% i ch promote cel | atdihaetsiioonn ,a nm

prol i fGeerlaattiionn.b g hgee mamiectedohl,afpenrd i s an attr a

20



pol ymesofftorti ssubdeecaagseneerfinigts bi ol ogi cal

Commerci all vy, two types Afggledtaitn nf aomm awiad |
porcine skin, and (2) type B g¥¥6Get damsi flresm b
i mmunogempared to iconttpheaciumtse®gr iamsdmiemditregl s

from chPl'8fgen

Ot her ECM proteins such as eldesttoinesdt rdastbtr h e ,

good canddafatt e si § u*é  Tanbgli2Zen e 2arnidn FFd rgeust ebnet 2 .

mechani cal properties as-dwel vedsnahesadlpgpp ol
tissue eRggumneer 2ngAl and A2 shows a <coll age
drying approach, where colldagaeaqgqueacusf igasltutd

Ssubsequedrtyifnrge eczcreeat ed t he pores by-dsyblihigmat
technique is widely used to prepare a porous
a | arge scal @epi oducetaircabn,n ewwedsld wedbt esmas | ack
extraction of porogensbaliacws the dalbaticathy
application in adlimpotski $ case, emagti mneedi adi po

gelatin hydrogel and cultured (Figure 2.5B1)

e, 2
J ~
%7 A
Jp & .
-~ S y .
v "“ . -

FigaeasEAl and A2) Coll agen scaffol
scadd odynt hesidzegd nignA 2fansdeeVz 6 mage s
struXxtf Brne anGelB2)in hydrogel for a
culturing mature adipocytes (scal

ti ssue (sc®Pe bar 50 Om).
21



tissue histology (Figure 2.5B2).

Tab22dsummatgnpi bdbperti es and -daerpil viedtn atnsr alf
usedoifm tissde *&MHYhien eneercihnagn.i cal properties o
from a chemically crosslinked gelatin gel wi

type of ga&'PBhtin scaffol

Youngds miUlIti matengée EIl ongati or

Mat e

( MPa) ( MPa) ( %)
Coll ¢2i126%0i02 9 6% 129515 0°0 1350%i506°
Gel a 5.7 51°8 811 %°8 1171331°%
Fibr 1.i8 .29° - 14772 2'6°
Ker a 10256% 275367 2715807

Amt her type of dneartiuread fproony nfearseiigsuCih) @lso g
vegatoalrced proteids{®s)ucmolayssaglchtae n,’®é&s''°such
stalMrah gi'hlaned aa,o$aes we@B) &8sl k proteismanndfrom
spi A PBhéy s@ave Dbieseend uwiimiht ddievsaeidgsmes st ruct ur es

t o be iapopflti etd s s wmen de wgpiumae rhierad i n g

Al t hough natur al pol ymers present aadnvda nt a g
bi oresorbabilpihtyg,) odogweiadb ¢d e miedk @lv aamnd mechan
several | imitations arkEheal stoiolnidedtnéatedal npo
requires tedious purification ppatchetdglmes or

i mmunogeni c®Tlrd oiprelpedr e@rets i nstability in proc

22



' i mi setloé watural polymers. Furthermore, the

exitst
24 Zonventyinarmelt isc pol ymer s

Linear aliphatipolpogl yeR® ppeces! aysluaddit (s nalcitdhe( r
copol poméysdalcycaoalRIcGaarcei d)requentl y used as bi
ti ssue . Bltaftbéuwwdacul ar structuTlees e psdchloywmer
gained US Food and Drug Admi ni $%wi athi or e FD A)

known and controllable biodegratd®®bility as w

PGA is one of the most 3Wihdee Isyy nu sheeds i sdyomtEh eBt@E

ring opening polymer i*®GtAI o3 aff yd6@)ntd inrei gfikds «

CH,
A °
H3C n CHs H3C/{/ ~CHj
O O

PGA PLA
CH, 0
/|:/o /“\/J/CH?,
H4C ., O ,
0
PLGA

Fi gaeéMol ecul ar structures of PGA,
23



due to the regul a.tlifit yi si nnotth es oclhuabi Ine &it o ubctt sutr e

l ow solubility oft°n | imits its applications

PLA is wusually prepar e-dantdr/ idcp oacnyda ctmhdeernes aa |
three differ epnotl yt@bpteiscP Daf)}ApRIDA Lt i cPLaA)AI d)y (

pol y-(Becti PDBDERKHE (ing opening polymerisation
obtain this polymer. PLA i s generallyiconsioc

CH3 sidengrdihpes ebymore resi stA°vVIehBtod WPLAr alsy.

63AB ot is rigid at p'lysiological temperatur
PLGAs synthesized by copolymerisation of | &
of t wo monomer smecdhranchahgeroperties, degr a
hydrophil i c**Hoyweovferpoltyhneesre pol ymers do not p

performansefst ftoirs s \l& haep phliigchatsitoinfsf ness and p
t sgpol ymerish reesfuditl ure under the cyclic meche
and critical decreasesddinscpehffBat moarcenomad {
pol yesters exhibit ibtehndat ke g rdd deagstc i @apre elkipmeateind ¢

with the mass | ossst,apahef o mafvieno | i mits its

Pollydprol actone)t (PeCLYf itsi lmpheogtheedrabPEL pios p
t he -orpiemg ng pol ymerisati ®oamrolt3RcElomies ! iac smm
crystalline plgoligOhe€r t werlefarlkeowt i s rFRGbery a
degrades significantly slowly than PLA, PGA,
gener aéndiimesairei ng but rmcerrem athipCéamitissv. eellbyor r ke o

cheap and soluble in a*®wide range of organic

Poly(ethylene gl ypo(y h{ P E B(eP B dpeanl yaxd y etdh y

24



Tabd3Mechani cabfpsygpeheies pofymerssappitigidne

The mechanical data of PEG was=f ©d®&¥lNhey!l i nd

mechani cal data of PEG hydrogel wa% from a c
Youngds n Tensile ¢El ongatio
Materi a
( MPa) ( MPa) ( %)
PGA 69 60 707 < 157
PLA 120604080 28567 6tl’
PLGA 1.12 1% 41735112 31167
PCL 0. pa.34 20L17 3 0705 067
PEG .18 1H° 0. BQ.'79 -

PEG hydr 0. 0iD6 G9C 0. 023 20C 0.iD. %7

(POHeppending on i}fsimowedeael pruswedghor soft
f orbmsocompati ble hydrogels with si°Hin afracnte,ct
PEG is not bi odegradabl e, and often copolyn
overcome the deficiPtrdmiy icopbigdhegiadabobhi tiy

surface to the**bi'dmMat eri als as wel |l

Whil e synthetic polymers have shown much ¢
degradati on Kki nleotriecds bcya nt hbee seyanstiNeyt itcaicondi t i
the surface of synthetic polymers | ack%s the
Therefore, surface modi fi cateisonsuicsh oEfCtMe np rroe
i nt ebgirnidni ng pepti ded° Taabnlde g2r.o3wt phr & saecrttosr sme ¢ h a

the synthetic pol ymeFrisg uifseh cRoldet atpi pslsiucea taipopn si ce

25



Fi ga@rSeynt hetic polymeures empgplnieeediiﬁn
PLA/ PGA el ectrospun scaffold for ¢
small vessel endothelial cells, art
good vascularisation as$ aweélohy 84 stal
The PCL electrospun scaffold for ¢
random fibrous structures t33f Clona

The hydrogel shasbde@sione®EGor syno

recovery of-wekeksuenpl ahtati &n, anc
ti s*sSte.
polymers in soft tissue engineering.

2.4.3 El astomer s

As the alternativemoltyanet be der ¢ dn wanesdei vceard & | a
bi odegaadabi ecolmpattormeres hatvg bpe e psoosfatd rtéiasss un
heal timcareec @Ah gkears siosm a pol ymer with Tgd gl ass
which is |l ower than room temperature and ex|

flexibility and stretchability, as well as s
26



def or M&Etliasn.omers for Dbiomedical application
categorised by their sources; nnataunrdal s yenltahse
el astomers from chemical synt hesi s keNgteprt ald
(ELP)@anel ast kn [|(iSKEd pPoplryott'ér @i r advantages [
bi ocompatibility and bilmi*medi di snechamti aqes
sourcing, reproducibility in their pemfor ma
viVvd28ynthetic elastomers can be more finely
the requirements in their physicochemical pr c

condi'ti ons.

Anot her way to classify the elastomers <cal
physical and reversible crosslinking between
with dheamidcausual |l y i rr ervneorpsliabsitei cc reol sassltionmkeirr
process, but the degradation happens ctmaba ehd
of materi al performance. Ther moset tadat iednast
rate and the following |inear performance | o
curing conditions for bi ocheni’Acnale xnaompel ceul cefs
t hermopl astic synt hetic el ast omer i s pol
poly(hydroxyal kanoahtyed)r oxyPHdAY,sr at pdl y (4P 4HB),
hydr d yy-ta®-teydr oxyval erate) (PHBV), which prod

sugar or | ipids.

For the thermosettPhlg synthesisedc!| byt dmeord,
segments have been studied ffoarciiltes eghgad ch erae g |
properties by t h*éHoswernvtelret itch ec osniydniéthieosninss.| o @l e F

chemical crosslinkers and catalysts, requi r |
27



Pol y(polyol df{eRoa)aerddd cP alcyb(@diiocl apcaduwly s € P DOP

thermosettsahgapobgest@idebyomedidcale appl it bat

processabilityg, weebpbdbddecoimpialthibydegryadakdi | i ty
perforfiamde. 2. 4 summari ses the mechanical p
applications.

Tab24dMechanical pr amar tsiyend heff 3 R4 A%t omer s .

_ Youngds n Tensile ¢El ongatio
Mat eri a
( MPa) ( MPa) ( %)
El ast i 0.713 30 126 0.id 1%° 1 0i01 5°8
ELPs 1.i% 0'8° - < 4270
SELPs 7971 %882°%9 1 5707 0'6° 5025'8°
PHASs 50206024 15567 124 1110670124
PUs 712 7°87 47 3 84285 1007 1 3 630
PPODASs 0. DB573 4 0. 130438 1071D374%%4
PDOPASs 0. 1036 0. 233 485 51150%. &

25Po{( gl ycerol sebacate)

Amongst synt hkea 9 ech ced ya(sp olmeals di c e@ralso xaytltirca cd ¢
si gniaftitceans o fotn ng isrsanertigng t s bi omi metic el asto
ti ssues In ®@oidmo beotdiywddo es exhi bited good bi ocol

bi odegradahbi tbiatbyy | anhg. bAddespbonal l vy, t he mon
28



i nexpemgi t he sy mthhiecshi swiilsl fbaec ibleenef i cf al for

251Synt hewilsy (gfl ycer ol sebacate)

With its intesnded appstuetbergihobebmowngg five d
considered in the orbygiWeatg alnhiTexet ipgdtyincerr odfe
through hydrol ysi s ptoos smtbhiwemypgaei hhenmnymbercod
The polymerisation i s governed by ¢t h)d 3etsd er
degree of polymerisation fisrikegipd &modv BHhoi tatvloe
The chemdsatlt hdbto crosslink polymer chains mus
bonds in the polymer backbone to reduwudea t(hbe
The <choice of nontoxi c monomers i s require

t minfcti onal and contain hydroxyl groups for F

Two monomer s wer e chosen to arddlregdsa thloeé y
CH( OH)2CBH).CH) , and sebacic acid LOOHEme boxyl
pol ymerisation meghawt EmpoF{GR@A@RIrmdtl ypaep he sy
PGS is carriedl)ougcredrenswo-pohygmeadi pamwvensn, of

an(@)r ocs s | iunrk)iommggh Ghfger-peol ymer t o produce a tough
step, the hydroxyl groups in glycerol and th
bodhs by the condensationpolmarctilbnh, haesbéénnt
PGS -ppaleymers mainly consist dimer to octamer
spect rPAnodmhyer st upol yome tHGEMBTFr@ ndMMR anal ysi s

shown that the primary alcohol groups of gly
of -poleyftir st he secoredassteecpogy dtalrey hydr ox vyl gro

mol ecunoes tdryd if sed hteot b e np e In gtamecrr ocshsaili mskteame r
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The common synthetic procedure of this pol
glycerol and sebacicconaleind at n @ a A Bid eélipd tad e hliRg e
vi spopes! ymer resin. A positive pressure of a
were applied to minimise the unintended oxid
pol ymer was kept iant al 0 dAI@Q focaro 04s8s | hionukr st he pc
f urt huegrh tthhreo .&Tshtee rc hbeormidcsal reactiminheiche mme o
is shown in Figure 2.8.

R=0OHor
polymer chain O 0

0 0
HO/Y\OH 1)120 °C, 24h |
+ ———> HO 0 OH
OH HO g TOH 2)120°C 8
30 mTorr, 48h R n
Glycerol Sebacic acid PGS

Fi ga@g8Teypi cal synthetic reaction sc

Most of the studi est hoenrsnPa3tShédtaive proddc edverde t d
there have been attempts to change the synt
properties as welelhawabsourhe anfe c R 8oincsd lhheabv mo dbie
investi;glatatt édryi ng mol afl ?¢P@#?% mo dif f ymonngo melr e
temperatur?é 2aroua(3dtii emmpl oying different chem

monomers suopeasngheenichgobnacddtieng diglycidyl

Al t hough the ther mal synthetic method has
phot opol ymeri sati on apprtama cohveesr clobanee tailes ohi lgeh
synt heti ¢ CRindstfabss reported the chemically
moi eties, called poly(glycerol sebacate) acr

was achieved vial*#vllowhngithadi sttiudary, sim

30



0 0}

0 °C, chloroform
HO (0] 8 OH
TEA DMAP, 24 h 0 n

PGS pre-polymer Cinnamoyl Chlaride
R< 0
0P NF
A > 260 nm
_—
—_R

wo
R = polymer chain

Fi groRhogol ymeri sadfi oRGIeamade wi t
refers to triethlyendadi meni Imel a nb MA

chemicals weré3%used as catalysts.

i nvestigated byr aactoirpwerfatmatgi @rhalt ogr oups st
and metharcr®{8FiédWme 02 PGP0H oywse ra spaltcitoon met h
cinnamat e, a PGS modified with cinnamate g

pol ymeri$sati on.

To overcome the | ong -poleypmeratitoidme $ Nnenee @wa ¢
synthesis was?2*l0ébyinvesti ingatodd mi crowave ti
efficient ag mal-hpbpbfemeypsabdal onhef PGS. -Howeve

polymer into the cured PGS was done by the t

The functional hydr oxyl groups of PGS al s
chemically via urethamebellioplagdeol yNI.gl RBereeaiorl a
(PGSU) wusi-pmgl ynedre paamet hy |l e n(eHDREHiysda eowa/tl a v e
di i socyant(edicsrcoussssleidn‘kiere Chagdt exy ) gp @luypme ron

were replaced by urethane groups with HDI cr
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t he mechanical properties of PGSU werlkecontr
strength and el ongationi d®. br ME&,200., PSS /S

516%, depending on the amoudensPt gpl added (

25. Properpoles( wlfycer ol sebacate)

P& is a thamsmpasreeniMogtp olfydcdhteerpol yesters in
seqir y staanldl ihnyed f°9 @B o b sycdarlospoh otbi ¢ wi th mini mal
21N 8% and the water contact an'dAhecowmndi ngteon
l'iteratur e, PGS can exhibit amorpboust blehian
PGS has been reporthedf adthishatant hbe desei dwal
pol ymer which i-sr kxeaowwhliitnoge ,boerd esiptesi dsynt het i c
met Fdwdsats5 2 A@n-d8AE anidnat wis@ 2d BWebe reveal ed
di fferential scanning calorimetry (DSC), mea
tempef df@3 eis al sdPASy ;srwed Hsb ih.808%at andbyhe. Wa

contact angle was .Hétermined as 77.5 N 1. 7A

PGS exhibits el ast omerTen smelceh atng sctad dheerh@an/ g t
modul us, wultimate tensile strength-1.Mha, str a

0. DPP7 MPa, -dad8d @e@pending on t h%Ipredgmadaltty o

chemical crosslinking via ester gbroonudpss abned wheye
polymer chains are responsi®rfe for its el ast
Bi ocompatibility eéseqguiesiof e s Merd edsisdremaviietdriogpl

examinations demonstrated t hat PGS has a d

infl ammat oY ywWhiehpossesi marily Bdtth itbhuea emdon om

32



of PGS are endogenous. Glycerol i s%%e aci of
acid is a natur aln meheabfodrinsa tiinotné4tindesdli cafrt gele oi tf I
chemicals in medical appl .Pctént iaodndsi thiaosn,hb etehne a

PGS incbugasi aosol vents, which may cadt’se adyv

PGS is al so appeainedaniono bwa tboincedaerg rmeacsasb |l e s s
and sarbacenkith&4Retgsar di ng bi odeignm adi@sdlsi ty
reveaY%edf 7W@oesisg hitn 135 days, and within 60 da

absol’bed

25. Bppl i capgpoloyn(sgloycer ol sebacat e)

PGS has been r evdledveadf nboisotnmeydiicnalt heepdlii cati or
teoft ti ssuaes etnhgei nweteirliingat i on of its biomim
ti sswiesti g st udi,es?lp®t d Yo &ontldd ‘d e n P 160

vaschy a7 55 1P6%14 % 1% amgle adhippd s @ astafotnst i ssue eng
( Fur@el P!%Fi gur e 2 .ttheA ishmuwsocyt ochemi caltheanal ys
mesenchymalwi shemac&klt spr otacetiinrsi f otc @ ICdDv dl@ba tae

di fferRtgate oRr. 10B shows an example of adipc¢

hi stological -B®baalkysitsscouet seaP6ES8lI ds shows co
red stainingdi pddeesid vaetdi sg etmheel | (APBE&Jfptdki
The application of PGS in nerve $evasmual emtgh e

bi omedpphications for PGS incl ylde éa®C®snrgokhtét
seaf®antpost ogreardahteisvieo n ®% amu mied rs d 0 Ehsastadns s u e
engineering@l appleixd att idgyndss oxly apap P GEEP@A Nocom

bi ofdhasscompflsadt-PSISA bl ends forl'’”BG68ehasgkeen
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FigaXr@applications of PGS(ABPE&SBfapp

on cardi ogenli2c{’°Bi) f DB isfaidtifoitne t he
basedaflfoB2d). shows the pbaeed!t s clmf
Artifical blood Vés¢®dswarard ec olults-
coated polystyrene for 7days. (D2

nerve is showh® tn yellow colour.

also investigated fof%® 8hd 6&haeapmormegedd nys i e/ fef

depending on the polymer 6s ther mal propertie

25. i mati oomd ydfgl ycerol sebacate)

One of the prior l i mitations of PGS comes
synthesis of PGS general lild4®e dwiuress Ilhomgd nea
1110160 AC, and a vaoghmuenviTehoipsmeporeesssenrtos ¢ h a
fabrication of PGS iinmtboui hR PaGaf fsotlrdusct ur es

coll apsesyYynrheg?f% hpr ocess
The hydrophobicity and | ow water wuptake capg
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in biomedic®l 1&ppt hem@liommlss free functional
modi fication winmihl abri otnoo | neocstir eosfr e fhoer ep,o0 | tyhees t sey

PGS with bioactive surfaces is | imited.

The materials for tiiskda es wefnfgiimieeenti nmge csharuil c
the periodecgfatiHiomwsewverregdre degradation Kkine:
too fast to sustain in thelapyritgssi aei @dinw i d e

products of PGS tfah*®cause cytotoxicity

26Pol y-memgnocomposites

Composahebe demdtneerdi neédols ntalhe on of two or mor e
mechansiecppadrlaybl e materi al s, t oe xppreccviiaddea cs leprd rsit
which are different ffrrbAmamhbeompsesc @mm@aisnilt ecom
whiath | east one oheittns#t epihimsies i on$ hef orttPer of
Pol yaneay nanbe s ngpfBaBlNC icna tt enigee irkyageas d pto |l y mer or
copolaysmea conti nuous phcalsaey s( naast rtihxe) ,d i‘adfpde rnsaenc
Since the stimeyr-elnawonkn dé&loonypootsai tidnCN®sB 9have

beexit eensi vednyd sapupdliieedd i n Thar mechaapidhheptriopn
per me abd t itlyd me re'tahedamal 784 laed tigiritoopdd ¢ t y

bi odegraambbheé i mydul atreadnadhriycleael Haysh @& iesiima h | o & mo u

ot |l ay sw@.)°° 173

26 Lntroduction to cl ay

Cl gayreear t hy mi ner al mat eri al s wirtohd utcreadc ebsy orfa
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eroqipamticl elStilzagy scabe@mh gamdato xi ¢c. There ar
mai n groups ;¢lf) cklaaf2l)imsimen,bicthde d4) tiel, | iathed, and

ranffe monerals bel.b®Kmpotlonthesgroguopupscl udes

kaolite, dickite, haldmoygsp tEeal sondkmawn idse.md®
includes montmorillonite, pyrophyllite, tal-c
The member of chlorite group is amesite, cha

illite b mhid®dcamm

Chemically, al |l cl ays alriec alh yedr, o usso malt u miersi
i mpurities such as magnesium, @Ebawpnsmi aim ak v (
t wobi mensi ondli(csae ¢ e b @bl doca athd' d A& reet uni t :
can be built i ntnoownwoa sdlilfcflearwpes?et® Ftabta ols:,1 kcl a
one silica shaestbBeans PboemaR@®awner i opl angl ¢u

1 nm in thickness i)WThasexampmenomotihlilsonritl

Alternat2velglay, one alumina sheet i s bonde:
resulting 2:1 ratio. Ver mi aunpil tees ard tro st nto
Dependi nghemt otahpeosi ti on of the sheets, t he |

neutr al or negativbbdlyacbadgked. cdbedichatrgen b
in the mbecaatsi oannsd*,s UMLK &Rsb*Cash d2C8vat er mol ecul

al so present in the interlayer spaces.

The gener al production of <c¢clay includes fo
crushidamgyg®@inay can be manufactured either vi
t hdery pr oceisss,drtiheed cdmya ftlhue dnediesbtndrreyndr itsh et
to-1%®. The tphreoncburtatnec hani cally mill ed by a rc

from the dry process by usi ngamd bah ermi chaol psp.e
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Figar®Bhe mineral structure of cl ay
ObandoctOef er t o taelt,r atheetdrr aH e darpai | ba

posi®ti on

c hemiaag ®¢ adohpeur i fi cati on of natural organic i

Surface mofdi €i acarsg aamitch (moUd refcaidsteanfttse)ln r equ e :
i mprove the mixing and blending prl'éPeeties
resulting modi fied eccllajybseanreee towda ewa ycsa I-tl ;e dp roe
cl ays; (1) di spl adememots,t acnads e(s2) warn afrt ianngd.

interl ayer space (gallery) of clagomahental g.
Pol ar organic molweactuelre smod aenc url eepsl. a cTeh et heex ¢ h an
al so possible with tatcaesecobrgaei memodlradulo
formation-i nbr gogaangiacni compl exes wi th gal l ery

modi f i Theet igorga.frteiacbhobh e fotrimerc olvarnh & ,nt bonds
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mi nerals and organic mol ecul es. Ontgnthe 2:

modi fied iM’this manner

The typical pr-epayaticam odf acgalkvamteed, t ber
sofsitcht e syst-emmiheet nc astoilovresnti n t he cl aywiare e
modi fi ers i n®fahgeu esotukst dmerded ancetliaotni viess y new met h
reportedeby aDdgt®d®WDgani ¢ modi fiers are interca
oxygen atom in silica Illlaggrey sc atfi ccnsayr emmaniemn ,a
repl Ancoetdher mechani sm of-ditholse menthemdacmhicd msl el
mol ecul es and?®RBedeltlerragip.ocratteidoentsh anis edm€vé mbl y

bet ween pol ar mol ecuthesi lalnhdnictae¢ i oNGt oanlt yhet
mol ecul es, but also the alkyl chain I ength &
absence of sodtveype mamestheblwotfeads uindaustri al

and -fercioearsd IWe' | | .

26. Pr eparodat ipoort y mpononamposites

The fkosryc c epgsefpelo RCNE@s t o a ah isgpwe sweaddlale &y

within polymdr nmatreir c eosf synthetic techniqgu
l'iterafihee® most commiph)madiein 6 da sdrbat i OR) met h
an@ mel t!"&®iTaibidg epresents a summary of the

PCNCs.

The first menhni eproddr mmet badj on, relies on
pol ymer monomer soaned dlsaysr ethhé ymased as a s

t he dhaysmonosmecthess|l i nked and combined with
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formation of por ytmee icmtae mcsalbettemkecl|l ay sheet

this metigodriemenheofesuit.a e monomer/ clay p

The sol utiiboans ende tohnoda sol veéeht seystbemi zleat hea
swell the clay. The ahawdegnabe sesatvewnwtdobowpae

whigsthack tlhetTh’ayeolsymer then replaces fthe sol

andetnanocomposite is obtained afThae g dlev emtl
used in thiswvarteegi, meacietwlnede!dhhorolfiowirone off 4a
a critical faoterchhé¢énei nnoé plbé ymer into cl

properties of solVdmtresachk sevehal pdli amaidvyl
For i nstance, t he removal of csmodtvaedndrcsaen l

envirahmempaatese of slodweamtbuwrldon’n this me

Tab258ummary of the fabriéd®f‘don techniques of

Met hods Advantage Di sadvant ¢

Thermosetting Requirement of
I n situ poly
are possib pairs

Requirement of

Solution me Wi dely avai
Removal of sol

Simple and e
Mel t mi xin Use of conven Limited cl ay

equi pment i s
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The | ast met hod, melt mixing, d oee smonnootmerre. q |

Il n this method, the polymer i s hW)atandd adnidr/eocrt
mi xed with cl ays. During the heating and/ or
clay galleries to fornd epeéeneetrr aitntoenrsc al Tahiesd

suitable for mass production than the other

environmentally friendly. Further mor e, due
conventional mixi ngolelgumiplmes,t extcrhu daest’s ,wi an d
However, me | t mi xing method appeared to be

concentrations of c¢clays bdvVer 4 wt.% have not

There are also sevédmblricaoher-PabN€Chpdsathom,s

state intgetal amubdbsj osoklfnlduisdu pnéértchroidtsi.cal CO

26. St ruathnurar acti ®mi ©d& -cploalyy meaanocomposit

When cl ay ame mibbeganetao ctoonipholdei ¢t feer e st ruusgp @ s eo
can béd nmadce ms of the dedrlgee cofnvelnay adnias pe n 2

(3) exfoli astted deFaimm@seit@e. a c onvad rstoi ocnaalll ed [

separcaotnepdo)si t e, the clay riemlaomms awi ttthemao iom
(ppetr A%%inonflact, a conventional <composite is
original cl-agallf&jesg o mhyni mawditia nocfe memoperti es

possti®bhei ntercal ated compoosnea eqrolfyegmeaicn ayarn e
intercal ated (inserTla)gadlniter v hepagaildger{yorofb
increased due to the polymer intercal ati on,
alternating pol ymé&fWhce nmantdh e nolragya nli &y d rasy earse

and randomly disper sexf alni aa emlo|(yome rd enmhaatnriinxa,t
40



Clay Polymer

N\

(A) Conventional (B) Intercalated (C) Exfoliated

FigetadBcheme of pgdleyatigaye s oofp(ohs)i t@a

mi crocomposite. (B) Intercal ated3Z3]

obt aExéadl i ated nanocomposites are wusually p
dmatic i mprovements in properfitSeevservailt hotthheer

defined in the | iter-anfdlrecccUdnatljeudsd; f@W)G ciun tad
partially (or Dboth) intercldidtfeds armsd odxfeml i
Aparti al exfoliationo. I n this partially exf
stacks of inteseahatedethgpesObfieésayb str uct
include the orientation of <cl ay, when <c¢cl ays
called either ordered exfoliated or intercal
di sperbgdhaVvVagg more than one cl a¥y®lstructure

Ther &y diffraction (XRD) assisted txealyni que

(7]

cattering and WA¥YSscwitderang)le =as well as
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mi croscopy) are widely used to chat’@clt'erti®se
The interlayer spacing (or gdad ¢ @nrrye ssporcd ntgo
degree of c¢clay intercalation. 1 n convseon ttihoen s
val ugotoefmai ns unchanged (same with the origi
however, the swelling of cl| éykL rbcyr enansee .orl nf eewx
Structdsrpeacitnhge cannot be deeéetnhetd bhaXRDheue

compl et amyndeed and no more stacked | ayer st

TEM offers a qualitative knowlvedlgal ofcl talye | «
can be seen 48 iTibWweeosFigmeecdnsumnngyrdaonodstr

sample prepaft®at’ton process

Figei&@EM micrographs inddicapemngi o

the conpaosiintteesr cal aB)é d nttaeatc@) | dastxef o

Besitdrees charactemaboati, onchment tads anal ysi s s
anal ysitsherumochgrassvi nMieGNoir c D&Calaysioscan be util
the PCNCs. The vibration bands of <c¢clay cryst

t he nucl eatcbay,efWwbcth o€Ehanges tchrey staly bt al

pol yterigd?

4 2



2 6.

A

Fi gu2riet( Al and A2)cl|Talye nempoxy mposi

engineerinigcat(i Ah) odppnnlanocomposit ¢
wou-hdaling after 21 days. -aBargeede
hall oysite nanocomposite scaff ol
mor phol ogy of porous s c afofwdlndg, tpho
structure. (Cl-l apdniCge RPWNHdPA4mI S
showing the aligned struct urheen lnénta
showmaar oscopfchydewgel ), -lake ¢cC2

indicat etd®®8y TEM

Pol yeneay nanocompbsstesengi seéting

number of P CNCf ts ctaif § ©Uhaeh se rbgeirmne erreivnige wed i n

(Fi gy Rarxutadalv.el oped -raens iisnfaeictd yeogmaxnyd oo mps & $ int ¢

ti ssue r¥@eeiésttautdiyan.t he clay acts not only a
al so as the substrate of silvewresasbpatt ipclog
The synthesis of PCNC was done by a solutior

4 3



modi mbatdmorill onite was swkelddmrerdhdad erfHEFEX ywi rt ehs
polymeric phase. The tensil e3MRa,engnd twaes da
showed a better wound healing properund as w

healing in 21 days from a circulnarviwound (20

Naumeeaekodaels.i gned a paoggracgoss ehcehii ht ooyssaint e nanoc
fabricated by the solven#dr nE°Thed emmrhcana e e bt
mechani cal strength and hygdhdepiGvgwt8r % upft a&lk
Further mor e, a more homogeneous pore size W,

tissue cell s )sudig pnitiedd2 (eriulgs e cul ti vated

scaffol d, and no cbhhegesgsed.n Tched | biva cacomp aittiy
bi odegradability of the hal Ilvowsoite scaffold
Nat ur al soft tissues such as tendon and mu

|l nspired by this, Bampesi ak. hgyynogesiszedt bl a
stuct%funreespol ymePNpRAB®aNwWespr opyl,acarnyd almd paen i
clay was used 48 ktthestfriulclter.e Afnadragg was corl
graduatltgasing the clay content, the enhance

and modulus (from 21 to 108 kPa) was achieve

26. PG&8®8 1l ay nanocomposites

At presenat ,| itnhietreed ieset RG & ys tnuachiodcsmsnopfots i tt iesss u
enmge eraipmpd | gdtliucsttbeatpontgent i alThofs fiwt pwes s thu td h
hydrophobic nature of PGS as discussed prev

di spersion of natur al cl ays whei ctha carl ee dh ybdyr ol
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organophilic clays with surfaceRemadiifviedrys sah
hi storgyompaP@8 to coanhep pel gmet Bdrasreaa PECINCBH

have not fully explored in the I|Iiterature.

Chernt i mlcorporated halloysite nanotube-s in P
hall oysite H%anlolcomwynibdtseitwess)e mi x ethei hetdh®GBr er
pol y(mael t ,mifxalnlgogwe@éantdy coashgngf the pol yme
nanocomposite showed the increased strain &

kinetics, which wguedmbappkemne2dd coans (Brgl on

B 300
R 250 216
~ 2
<
S 200 153 190
-
o
& 150 110 i
£
© 100
]
v
50
0
0 1 3 5 10 20

L Weight percentage of halloysite / %
Figar® Alhe TEM i mage showingsphkesh

PGS mdtBhhe effect of addition of |

val.les

27Summary of the |iterature revi e\

Soft ti ssuael mesngtion ereerpianigp or reconstruct soft
injury, disease, tumour,Casr et l yasyieeorfmaiest

ti ssue engitmeeuse@ga tissue scaffoleherat hont
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Several fundament al requirements in designin
bi ocompatibility, bi odegradability, bi omi met
The i mportance and methodseoninangas®sgahesi i
number of different scaffold architectures |

porous scaffol ds, hydrogel s, microspheres, a

Among a vast wvariety of natur ale d&rmod ts ytn tshseut
engi neRGY nigas pat gneassloft ti ssue hbaipopniineattiico |
mechani cal behaviour s, bi ocompatidisitiatby, shmred
met hods to alter tetxd s p rac e reti i 8§ dddlpo sSHoxivdEtiodeir t, i e
modi fy this polymer further mat eafcdsaoldst e tt Ise u
appl i gétriocugsh i ncorporation of bi,oawvhtiicvhe wnd Il e

di scussed i nagther .0l 1 owi ng ch
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Chapter3El ast omer-respaoadspwWHe hy
based on direct pobyg 6l gki

sebapamwe) ymer and gel atin

.1lntroducti on

Hydrogels are of great i nterest i n biotech
net wotrrkucture and sio¢s amewbbhiaaltpeopegh wai
the diftfhdkeesbnedf chéfh ccali tspreadi eass.pect in des
advanced functionalities is ‘their i nteract.
dynamincsdrvee theheaeddvdIlboypmeogiedisf awhe capabl
responding to biological conditions and sti
mechani ciacag prgpeat assets for soft tissue en
to provide biomi metionandesponodiagous ¢é&dkome
in natiMaeotihes uesxamprles pon sihvwees 3farr amodiristy mu | i

such as water, tlempearestsyr o ,H,ma omari sd rengt h,
have been extensively investigated in devel
di ffusion characteristi®c’??Mudticbancol bedl dr
which are capable of responding to the vario
class of biomaterials for different biomedic

drug delivery.

Thexcell ent el astomer iculnigrcchmnt bal mbhehawmbl
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network structure, as wel |l as good bioocompat
PG8ave attracted much attention'% ar &30d% 1°Pi s s

car tli® @gereeti°n®ld vascul af P8l iad astoi osrhso.ws s

erodi bl e biodegradation with a I|inear wei gt
benefici dler morn mpbagtati ons i n the body and
mol ecules incorporated Whitheni themepohymieecalm

tunable by altering’mohearsynmth &< idh dwressyhosimnd ressm
conditions such as t hepPPeGaSc thiasn ptoiome ihagid attd n
Il n spite of the hydr oxpyrle saenngto togsnmbiotxshhc geodan
not swdlelr itom Wwarm swollen hydrogels owing t
sebacic acid monomer . The hydrophobicity of

uptake capacityrdonfd 2hilghN wha.t%® rwtc.o%m,t acfi angl e

85 .57 AL8A85% htyidaorm property is an important f
bi ocompatibility, bi odegr adabi {biatsye,d e d i aursi
character¥isti'lddsophilic segmenRBEG swecrhe aisn ad rt g

to tackle the hydrophobicity-siwel aPdSeaaRe@sS de\
copol ¥mePstNelV&r’thel ess, most of these studi
hydration properties of rtTRGH.onGblhge PGOBY dre@OE
owing to tHe& bdsde odafheREG,ypeshatebnot obeeal ex
Mor eover ,i ntgghgolryemaani s did not show full bi ode

wi der application in biomedical fields.

Gel ati n, a inlaitaurm@mad | yhryedrr ogpéhr i ved by col |l agel
noinmmunogeantci g@aominc, aidnbdi odsguseabhemedi cal
been approved by U.S. FidFdir ahdr Momueg, Agenl at

4 8



ar gi-gnliyneispeartic acid peptide sequence 1inher
promotes cell adHétHedmtand hmmdgogei enhave be
bi omedi cal appl i csaitginndfé emgechands dildthilsdealki ve

engi né’@midrsgeinc®Amgo.t her virtue of using gelati

from itts atbemidaal functional moi eties such a
which can incorpor at e s f urntdhuecre chhyedmiocpahli |mocdiitf:
or donate protons in resp’dhg® to the surroun

Her ei n, we desi gn -rae snpoovnesli veel, a satnodmsefruvlecll, y plaHs o

bi ocompati bl e hydirhoregpbl g pnet emobabP&B8 and gel a
that this new hywdrwvegesly ney gti esm imod Ueledeét wrotrsk f r
structure and el astomeric pr-opepdneisvefprPGHe
gelatin, and (3) a tunable and full bi odegr a
bi opolaneawoi d the biocompatibility issues

synthesis was fPperfeomamadeirnwatthoxuitnany addi ti
by wutilising the chemical functionalmi ggreoups

l inkages which dirgpotlyyecr ass!l igrkad i  RGSTheree c

mechani cal behaviour, as wel |l as surface a
copol ymers were investigated usasgwelnlfras ewdse
cont act angle and swelling ratio measuwmr emen
vitwiah | ipase and coll agenase &€ hceeylnie sme tCaybtool!

assiary wiittrho L929 mouse f imtriodll abiomedil csal The
controlled drug delivery and s ofrte stpiosnssu ev ee ndg
rel easeptt eaidtosn cfeeapotr i cati on of a 3D, el ast omer

scaffol d.
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3. Materi Mes hoddd

3. Maxt eri al s

Gelatin (Type A, from porcine skin, 300 bl c
hydrochloric acid, phosphate buffered salin
Medi um (DMEM) with high glutoem, poeesanar pans
U mMg were purchaddedd ifcrhom Coildrmgpewasef (200 The
Fi sher Scientific. Doxycycline hyclate (DOX)
Aesar . Gel atin was dehydfran e24 im ke fvarce uums .\

this study was prepared by double distillati

3. Pr2paroadt iRp@&@3 atin (PGSG) copol ymers

Theopol ymer it §RGS ogmo leyfmer and gel atin was perf
procedur e: 1) polycondensat itohPeGoEf-peslepmeir c 2
prepar ahPeGn-ppafey mer / gel atin solutions in diff
PGS Gepporl y mer s ; and 4) <casti ngolayme rcs oisrstl a nfku |
copolymer films. First, an equimolar mixture
necked fIl ask, equi pped wi t-ht aarnk od,d pabrak thyi t ma
gas | ine with a bubbler. The monomers were mw
at 140 AC for 3-pbliymeprodmcéhPGSeponed step,
(@®0 wt. %) was weighed, mnEGHopwybdnelri sheyd mercthce
stirring unti/l transparent and homogeneous

col ourveids cl oosw tpyo |PyGiee rp/rgeel at i n sol utions wer e
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to yield viscous SrGe spionksy. melTrh er erseisnusl twenrge PeGr e n
PTFE substrates. After the degassing process
air bubbl es, crosslinking was continued fur
copol yméhghéglhms.i c procedure of PGSGFicmogloll y,me
al | the samples were washed four teitrheasn ol s i
solutions for 12 4ftreashi mked OprAdp o rTthieo nu no f
det er mihreedvebyhtt didfetcemahcescapeaveéHSar bef ous Bir
t he washing steps. Jplod ysnelr u kainldi tcyurcefd RGOHG@ | y
evaluated by i mmersing the sawploxanen saaet
chbbdbor m, di met hyl for mami de, ethanol, tetrah)
nomencl ature of the prepared PGSG copol ymers
the weight percentage of gelatin in PGSG coj

and PGSG20.

A B
I o, [ G
HO OH _—
/Y\ + M 140°C.3h HO'{’\I/\OMOH +
OH HO g OH 8 'n PGS gelatin
OH pre-polymer
glycerol sebacic acid PGS pre-polymer

&
QF’\&\ ke

O O amide linkage 4 A

Ho‘{’\l/\o f, T NH H—N <

noN \
OH

gelatin >,0H )\esterlinkage (o] o]
o o OW\OMOH

n

OH

PGS-gelatin copolymer (PGSG) PGSG

Fi gBteA) Synthetic scheme of PGSG
f ormati on of t he macromol ecul ar n

prpeol ymer and gel atin.
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3. Prdoit oncfeapbtr i cati on of PGSG20 tissue

The fabrication was conducted by a combined technique efesahing and freezérying.

Salt from a local store was sieved doubly to obtain sizes ofi0@nd mixed with the molten
PGSG20 preolymer resin at a weight ratio of 3:1 at 65 °C by mechanical stirring (100 rpm)
for 15 min. The mixture was then cast into a PTFE petri dish and placed in a vacuum oven at
120 °C for 24 h to cure the ppolymer. Next, the cured sample was immersed in 0%, 30%,
70%, and 100% watesthanol solutions at 40 °C for 3 days, during which the salt particles
were washegut by diffusion to create macqmwres in the scaffold whilst the scaffold became
fully swollen. Finally, this swollen scaffold was placed in a freemesrd(FreeZone Triad
Freeze Dry System, Labconco) to remove water and create additionalpoiesoin order to
improve the pore interconnectivit{’ The freezedrying cycle consisted of a pfeeezing stage

at-40 °C overnight followed by drying at0 °C for 24 h.

The mechanical property of PGSG20 scaffolds was determinech compressive
mechanical testing with a Hounsfield H100KS (Tinius Olsen). The-ghsglped specimens
were prepared using aould stencil (n = 6; diameter: 10 mm). A 10 N load cell was used at a
compressive rate of 50 mm mMinSEM was also conducted to investigate the microscopic pore
structures (Philips XL 30S FEG; spot size = 3, accelerating voltage = 10 kV). The cross

sectional area was examined after a gotghting.

3.4har act eorfi sPA@S Gsn

The number aver agM) mowecghtr aweri ggvke) Mmaondackcul
pol ydispersity ipobexy mgPDIbefofePGSpplrgmeri za

measur ed by gel per meati on chromatography
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tetrahydrofuran as the mobile phase and poly

Atrieated tot al refl ectance Fourier transfor
on a Perkin Elmer Sped¢a0mod, ORes NITE iammmly&rec n
of scans: 16). A pressurenoscvewNewagshapphbBi

sample contact with the diamond ATR crystal

The microscopic surface analysis was carrie
(Philips XL 30S FEG; spot size = 3, accelera
smal | piteaccehse danodntaot an al umi nium stub by appl
(Ted Pell a,colaStA)ng Awgso ladppl i ed using a high

(Emscope SC500A) -up eafefdaucctes.t he charge

Mechani cal proper PGCSGf sdmpl asdwayddat edmi n
using a Hounsfield H100KS (Tinius Ol sen), a
puncdhietd i tbtomedsdhapes (n i&. 66 mm)i chksviesg: a0 ma
(Rayan Test Equiapdnecnetl)l. wAasl OusNed oat Lt hRo rs ttrhad
testing of hydrogels, the specimens were SWwOo
under the same tensile condition as above. T

standdadevi ati on.
The crosslink densities oefgBdyredaR@IGCGD nwe rhe
of rubber elasticity.

n=— (3. 1)

whemies the density oEiactheeYoneRywdhs tkinedhwmh inssg

gas conJtantheandmperatur® during the tensil
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The surface andpéedrtlikeshyafr aPRG9@ Ppeci mens WwWe
contact angle and swelling studies. The wat
measured using a di06p, sKkaepesanGeymany | DSA dr
was dosed ontfoacteh eu sg anyg leaege 2wl wsrytr i nge needl e.
measur ement was domesoblyutc amt uirmangge shiagfht er 1
hydration properties were analysed by swel ||
PGSG speci memet grn: =5.53 mim;a t hi ckness: 0.41 f
wei gMdy vere prepared by-séhalpedr asmoluil d ptesnxcidn
were fully immersed in the medium and incuba
specific time intervals, the swollen specim

remove the excessive Wsirf dabe svaelekringndatwedg

eq@B2) .

8we||ir9/(g=%ﬁd—rivl:ﬁyloo (3.2)
3.5pHespsonve swelling and drug rel ease
The rpeponsive swelling ratio of PGSGs was

solutions: citrate -NaudH ebru f(fpeH 5(.pOH ,9 .aln)d, galty c
usieng@B2) . TFdhep erHd enetl edarsuieg prof il es of the PGS
was selected as a model drug, as it is one o
ti ssue 3d'fihectiraogsI|200adsegpde cR@&RGs (n = 5; di ame
0.40 N 0.11 mm) were prepared by soaking in
mLY) for 72 h at 4 AC to minimise drug denat

water to remsewe fatalsed rebxecde sdsriuvge and dr ying i n &
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48 h. The specimens were then I mmer-S@a@Hin 1C
buffer solutions for the release tests. The
modut heepH values of drug releaspagimedi €pub
interactions bet’Wetens cohGeXd ualnedd PPGSne. i nt er val s,
coll ected and replaced by a fresh mededaim. Th
by measuring the absor bawegle arprcepareecd ecda Inmeld
curve of known drug conuestbhei espectwiDp,jotal
Perkin EIl mer Padmbaadrmrwd,!| ddSdi.ng capacity of
measdras 0.41 N 0.i@5 ndy 8 eN O.peecwtmedw dof t he
same spectroscopic analysis as above wusing

| oading procedur e.

3.68B.i odegradabil ity ijamdvictymrotoxi city t e

The degradation behaviour ofintha TmM@SGpleygdme o
= 5; diameter: 5.3 mm; thickness: 0.43 N 0.1
a vacuum d¢ondictoinen amn wei ghts were observed
the following degradation media: 1) HhPBSamd t h
3) PBS with col)lagodrasencé2ttUati on of enzym
baesdd on the serum activity of enzynésFh®@ heal
medi a were kept fresh by r epel aaccetmevnitt yd aiTlhye ti
was performed at 37 AC in a shaker incubator
28 days, the weight | oss by degradation was
copious amount of waterd epzymeanovendcdudfwceg |

percentage weight | oss ew#s) ¢ alWheihndit-gde btyh e he
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initial weight (215 N 17 mg) before degrade

i ncubation day, respectivel y.
VVinina-y

I ni

Cytotoxicity of PGSGs was analysedvbProet |
to the cell seeding, all the specimens were
of water and cwearkridghttn iIDIMEdMn iJncuB&SGrspPe8aTi m
were then pwalcledpliant ea aln2d fi xed by met al roi
trypsinisatieoamywenhbditampsemnetr aacetic aci d,
with 5amim onfedwum, and the cells were collect
The optimum cefdeldlesnspeary S(Be di menn)0 was obtai
and seeded onto PGSeGe sgnad yenetlrels.t sCenvlelr e al so
negative/ positive control, and used to nor m;
DMEM was removed from tskedwedl|l Isppkamenandwet b
PBS and placed in a new well platewa®©naddddo
to each sample and incubated for 2 h. The

colorimetric -pPEK)t.e Tleiaddeas gaBY owas repeated

Mi croscopic images were taken byednMoptobsabp
to observe cell mor phol ogy on theespec mmdn
triplicate

3.75tatistics

~

Al | measurements were reported as mean N st a

unl ess ot her-wiayalypwysasedf TVwasi ance (ANOVA) we
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di fferences in the in vitro cell met abolic a

p value <0.05 was considered to be statistic

3.RBeswlntdls scussi on

3. Byhshesechmd act efi P&GISIGomy dr ogel s

PGSG copolymers with vaokhymgrrahdogbkeatwweanwe
by a ther mal crosslinking approach. The fir s
sebacic aci d tpoolpyrnoeduc el hRG S ypnot lenyenseirs woafs PcQS f
by FTIR with the dasdi h?3 3wheimckhs iast altlt7r6i bcunt e d
of ester linkages between hydroxyl groups f
aci dur(eBty'?HdwWever, the absorption bands of I
still shown in thel wmperc.t rTuhm s fi nPdpi8cl getmeesr tihsa tn
fully cured, etnniecraelf ocrreo sfsulritnhkeirngc hi s possi bl e
analysis affir med-ptoH ey meeyr nNahiMyshi atnhdef PPIGSv afF ee s
1875, and 4.12, respectivel-yol ymershionml dhibe s
syntehesbg a relatively short reaction ti me
facilitates further copolymerisation with ge
reacted wpbhym&GS poeypoellydneR GS G TFphee yPne® G pw eer
then further crosslinked thermally to produc
PGSG copolymers are characterised by soft me
the distinct yellow to orangpd aoellauri surdesp esrec

33.
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3604-2164

1733
1303
1176

2918
2851

Transmittance

1693

4000 : 35'00 ; 30'00 ' 25'00 ' 20'00 : 15'00 : 10'00
Wavenumber (cm™)

Fi gB2ETISRRectrum of pol y (gl ywodryanler
copol ymerisation with gel ati3 h6 41T
attribut eodx ytlo gtihbgu,prspddO t he peakdarl
for the vsthrattdminng fiCHA)I?Pk dtbes og pd u p
groups is presiemMtessd®*mbeweanen864¢
(C=0) and!(Xy76arcen the signatutr¥®Th
absorption p¥Haksmeat CEB9GTO dsbtOr3g tcanm

cmMm(OH bending) are attribut®d to t

The PGCGHPG®lymers before curing were-whbobend t

solution. M@proée ymenr snetwldeadplmree and defedmphyei
mor phol ogy, enabling fabrication of compl ex
scaff ol denfgoirneteirsisnuge appl i cati-onssédi skadsepdo
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PGSGO0
PGSG5

PGSG10

Fi gBBAR photographcushmedwi RGSGutdpol
various gelatin contents. The <co

observed due to the addition of g

(sol) of cured PGSG c otphod ywneirgh twalso sdse t afr tma rn
series of-etwmamolwag®lruti ons and showed a mini

with the additidn of gelatin (Figure 3.

All the cured and purified PGSG4doxane,ea not d
cetone, chloroform, dimethylformamide, ethanol, tetrahydrofuran, and watkre
maxi mum uptake of et hanol of PGSG speci mens
measur edb69as % 8(.40i,gurneved.sely proporttiimnwit Hion

copol ymer s. Toawel laimmpghi plhat acteri stics i n PC
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-
[3)]

25

I Swelling in ethanol
I Sol content

~J
o
[

Sol content (%)

Swelling in ethanol (%)

an
an
L

0 5 10 15 20
Gelatin content (wt.%)

Fi gB4®Bhe measured maxi mum et hanol

extraction of pol y( gdoypcoelryonhe rs e(bRa&S

copol ymers of hydrophobic PGS afndn dityidormalhiida
with desdaleds geheimds i s possi bl e, such as 't he

di ffusion (discussed bel ow).

As we previously -polsgymesedonsihet @E€GGSofpra net
structure with the hydroxyls,andl yaemolxydndro
(Furge2) 3 Gel atin is a protein, therefore it ¢
and carboxyl groups fr oumr e)t3xx Daumiimog achied tsheeq
process efol P@GEerpraad!| yedmde ms abtyi opno reacti ons
carboxyl groups would yield ester bonds, w h
amine and car hoeyA3lgheoupsogdFsed chemical st
copol ymer s was affirmed undepol FmeR s bynda onmnm,

copol,ymes sshowni8i n Figure 3.6
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Transmittance

3485
3284
2936
2878
1080
974

1235

1628
1522

4000

Fi g8%FTI R

such as

i J ' 1 i L ' 1 i L v 1
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

speel aumnmag esgeetalof ¢ he mi

ami ne, ami de, hydroxyl, a

ami no aci d?2° o0’Mphdesti tbracnadd. a t * a3n4d8 53 2tam

atitbrut ed

The amide

o t heiH)y darnodx yflr eger bRunpssh (et

peaks in gelatin backbol

stretching) ami 46281 c p'gaNk @Ad n dli5ekt

stretching), aNdstmeédeHIi ihd sge dleM

cm?tThe

peaks 'and298@&8emdue to 4dH

stret’hhegpeaks?@@)1a80d @) came a

the carboxylic 2¢&id groups in gel

The ester

as

bomalsy mar G8&r preonf i r meld CyO)i nt e

wel |l Tandlnapa&)m mAfter the thepmlaymeusiingt
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Hydroxyl and Amine

@
O
c
S
)
=
S
»
c
©
h ...o‘.o..-"
= v ——PGSG10
8  ——PGSG15
——PGSG20

3600 3500 3400 3300 3200 3100
Wavenumber (cm™)

Fi gG86B8ATHTI R spectra of PGSG copoly

amine groups, bef ore and af tleird clri

to the -P&GSHGmere and cured copol ymi

copolymers, the intensity of the ester bond
formed ester bonds b¥t@Wéden hehetpelymamdg¢haih
hydroxyl peldkMH)atamBdt56archmoxyt pe#khsndatl 0082839t mc
(@®) were reduced du®® 'Réartdhien gc utrhien ga npirdoec etz
intensities oflf(&mbDieahdatmilbéNd | & nd)t Cilns 3P7G SGn
prpol ymers were also further 2!éwnhhearnecaesd tihne tpr
intensities of(Mmni medattcad3®dbsytm(al so partia

were reduced by forming the new amide bonds.

When the cured PGSG copolymers were compar

6 2
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Ester and Amide
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LI
. o,
s,

Q
o
c
(S
et
=
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I: = ——PGSG5
—— PGSG10
\/ —— PGSG15
g — PGSG20

1750 1700 1650 1600 1550 1500
-1
Wavenumber (cm™)
Fi gBFrATHTI R spectra of PGSGthepel

amigreoups, bef ore and after cross|

to the -P&GSHGmere and cured copol ymi

with amnngngredéasin content thedambBebepmaks |

stronger while the e3stell5ho recdmdp )DKASI noant i s1h7e3

gradual ly. These results are attributable t
bakbone, |l eading to an increase in the amid:e
content ; and (2) the amine groups in gelatin
carboxyl acid groups as previounskyadds ¢ rewleec
bonds in the copol ymer.

Hydration properties of cured PGSG copol yme

characteristics. First, t he surface hydrat.i

6 3



Ester and Carboxylic
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Fi gBBATHTI R spectra of PGSG cewtod

car bogxryd u pcs , bef ore and after cro:

refer to pbeymé66& pnd cured copol

cont gttesame®Hi.lg I n this test, a droplet of wat
angle between the sample surface and the tan

contact angle i mplies | ower surdeccehawea d taériil.

PGSGO exhibited a high water contact angl e ¢
pristi*fllencP@.oration of hydrophilic gelatin
wettability with decreases in water contact
was measured hiom P&SSGe0Aerwlly consPideired as
i mprovement of surface wettability makes th

engineering apdriec aknoowrs ,t cmasadhedrle t o and prc

6 4



100
_Q__A‘._A_AA

90 1

Contact angle (Degree)

0 5 10 15 20
Gelatin content (wt.%)

FigwB®dhe surface water cont act a

photographs show the shapeP®@IG wsapte

better than on Hyteophuatfiac es thryfdarcoepsh.i | i ci ty
parameter in wound dressing applications. Th

of the exudates i n htehae iwogu'dpd? ‘oscietsess., pr omot i n

Secondl vy, the bul k hydr at i owe rper odpeetretri neisn eo
measuring their water swelling ratio. I n t hi

37 AcC, and the amounts of water uptua3k.elOwer e

shows the swelling rad i RPG®GE PEGSG men g os H@We d
water uptake after 72 h of i mmer siuonel Ja3nd v ol
Whil e PGSGO exhibited a minimal water swell:/

gelatin in PGS&@2@48idduocedeakbmosnh water wuptak
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100

1 ——PGSG20
{ ——PGSG15
8091 ——PGSG10
704 ——PGSG5

| ——PGsGo

Swelling ratio (%)

Time (h)
Figdit@ercentage swelling ratio of
to 120 h. The i wcohpor BGSogrbéatyasgl

by a maxfiodudn ilnf3cr ease.

4 I
i o
N o
Nl

Fingrl&PhotogrBGBé cbpbkEVy mees ahd ia
phosphate buffered saline (PBS) f

PGSG5, 1BGSB8GSG15, and PGSG20), sh
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— (PGSG20), n = slope = 0.49
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logt
FigBLlé&The swellingcoabisgvime € hfiPt& 6 &o-

Peppas equanviadru,e swisthlfowinh ey gt he nsls

in swollen hydrogel s.
The kinetics in water diffusion into the F
mat hematically in order to understand the dc¢

data points aWWt<heO .e@)r | wersd afgikio ( sonRrdg@ppa st ol |

equateg@ah),,

g (08)
W,

wheWenW.qare the water uptaket) vahdesatateqgai s
respeét’?i%seltyhe character i sitd ct lfaved d ti exrgmicroinrsg

mode of water transport t hmvoad guhe st Heo rc oPpGoSIGHAEme
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PGSG15RGa®2l0 were 0.28, 0.33, udoda3®3, PEGSAS00 .whaSs

omitted here due to the mini mal water swell
di ffusion process, the water penetr &taii man r a
rel axat??om woather words, the elastic pol yme

instantaneously respondéedotrtptibe, sthesebgi va
through the polymer matrix i s not i mited Db
di ffusion is known to benanohbedtdrogbdel dve

an aqueous® &%2i2Al 1l us.

3.3.2 Elastomeric mechanical propertie

The mechanical properties of dry and hydrate

tensile tests and urhe BR7e slunl trse sapreec ts hoofwnt hien tR

-
o

1 — PGSG20
| ——PGSG15

w
1

Tensile stress (MPa)

0 T

0 50 100 150 200 250 300 350 400
Strain (%)
Fi gBtI®epreserminast ilseersatirnescsur ves of
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| — PGSG20
091 —pGsc1s
0.8 ——PGSG10

{1 ——PGSG0

Tensile stress (MPa)

0.0 . r T T T r T T T r T r
0 50 100 150 200 250 300

Strain (%)
Fi gudrlelRepr esent ati v-€t rtagmsi ¢t er vsetsr e

copol ymer s.

dry specimens, PGSGO featured Ybwuagbastmodaldl
N 0.05 MPa, 0.55 N 0.07 MPa, and 142 N 17%, \
in previod%erepdecs. of gelatin on the tensil
measuraemnd odlyihostd 9 ncr ease -fi ml dnoidrud ruesa saen di nl 4s
PGSGO to PGSG20. The crosseg@bkiwgraeddB8i2i P
114.1 (PGSG5), 127.7 (PGSG103(,PE@4@2.09 ,( A ESGPlesc
showi an increase in the crosslinking densit
higher gelatin contents (30 and 40 wt. %) wer

brittle and could not be stretchaediomibhgnddad

crosslinking density is increased by the add
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Bt he tensile Youngds modul us ¢
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«
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Figdt@he tensile strength of PGSG
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Strain to failure (%)

50
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Gelatin content (wt.%)
FigBt@he strain to failure val.ues

crossl isiktiinggs diem PGSGs are accounted for by
provided by the cropslymkrngnbdegewéani RGSwpr €

FTIR previously.

The changes in tensile properti eesd otfo PIGSeG
mechani cal properties of gelatin. As gelatin
3.028@Mad 63222hMPaddition of gelatin to PGS gi
stiffness and strength compared to the PGS
known to be more rigid t haonubtlhee besntde rc hbaamd t .
taut orme’rAt€comr ding to the FTIR analysis ear/|l.
gel avenmbae amide bonds than those with a |c

higher stiffness.
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Il nterestingly, the strain to failure of dr)
PGSGO (PGS homopol ymer) and PGS®h5 od¢ o pgoellyante
increased the crosslinking density in PGSG
mol ecul ar structures, therefore one can exp
hi gher duct?* i3 gaW& ne ©@Y,BStGoroo shsil i nking density
a dominant factor which drastically decrease

the molecular motion, resud?ting in a decreas

PGSGs featured highly elastomeric mechanic

Compl ex defosmatrenshsomghanad knotting were p

demonstr autreed83i Wi tFhh gt he i ncreasing gelatin a
Youngd6s modulus and tensile strength were de
MPa and fr @dmo0o@. MPa to 0.27 N 0.05 MPa. 1In

increased from 121 N 23% to 252 N 23%, pri ma

FigBt®emonstration of mechanical

PGSG20 speci mens.
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|l ed by higher water swelling ratio as discus

As shownr d 83 Fhg tensile modulus values of |
the range of soft tissues such?®a§ F3isg asd,i ni
promising future of PGSGs in soft ti ssue el
behaviours, porous tissue scapf 6ooctodnsd dipetgee f a b
328) . The -PGEGEGmMpr enewdradblree and easily def or ma
therefore fabdimanhsoanalf &and hlr@rege scaffold
technigueaohi sgdagdngr éere SI for thelhket ai l
macpoeores were generated by -Iseaalcthicnrgy ssttaalgse ,( 3w

mi cpoores were formed by -drhyei ng.e Th e slbedn enfeidtug |

& 0.8

s Cartilage

g 0y | :

=

: “

b o | Myocardial *
o 04

=

-m 02" i
8’ | Adipose

3

O 0.0

P

0 5 10 15 20
Gelatin content (wt.%)

Figt®€&ompari son of Youngdés modul u:
tissues from the | iterature. Eacl

modul us ofmacgaernttial)a(gyrey d mavr)di alnd ac
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and interconnected por 03 toswns tiwnr &-83gas dw€l Ar a
wedkemonstrated in tissue engineering fields
proliferation, as wel | as transportation of
met abolic wastethmrodudctsd®etfheadpiriodpddsr.ed scaf f
hi ghly elastomeric and exhi bi tfs a xcoermdreensts isvhe
with compressive Youngds modulus and compres
and 1.16 N 0.40 wWP& 1AnmB)s. peTchtei vienltye r(cFoingnect e d
and el astomeric mechani chalocpmpmaedritbiidg t yasand
bi odegradation (discussed bel ow) make this
applications in soft tissue engineering. F
mechani cal tests with PrabSlGatpeodr olusdys cad i ail tdis
il lustrate the advantages associated with th

further as potenti al candidates in soft tiss

FigB2@\) Photograph-okhonwiemd adaipsoa
from PGSG20 (scal edéfairned amd . i n
mi crostructures seen in an SEM im

pore revemdriengg am ctrtve wal |l sur f ace
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Compressive stress (MPa) W |
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{1 ——PGSG20 porous scaffold

0 10 20 30 40 50 60 70 80

Compressive strain (%)

Fi gB2 & ALA3) El astomeric PGSG20 po

s ha

pe recovery after t he TrAe |reeapsree

compressstvreaisnressve of PGSG20 scz«

3.3.Bepplonsi ve behaviours

| n ou

r body

conditions.

when

fed),

, there is a |l arge variation in
For instancegi ndhebgtaweemcl p®H amsd
whereas the proximal srm32 Th®e nt es't
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heal thy skin surface has

patients
properties,

the materi al

Hydrogel s

hydr dYAsl ss.hown

were sacrificed o form covalent l inkages
remained in copol ymer -rheysdpioong@les s Dlie P&ISEGr é,y «
examined by swelling t ass23n3h 2tBhlrueset rditfef etrhee
swelling ratio PGSG speci mens i ng laycciidniec
buffer, pHuUME &3hopvlds eqliii g i bri um water uptake
25
< +—
S~
o —e— PGSG20
o —v— PGSG15
] —+— PGSG10
E I s
1 1
=2 b I
c
" — J‘ T
o SR
U;J I ]
—eo—PGSG5
—=— PGSG0
1 I I L ! v I
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Time (h)
FigB2pPH esponsive water swelling. r

features
t herefor e,

structure

containing

basiid Op¥BH.ywalowed -sreamppihrs @ Hee

previously

slightly

ar of great
and pbropegtcekb
i oni c

i n FTIR study,
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FigB2®H esponsive water swelling r
250 I Water uptake at pH 5.0
— I Water uptake at pH 7.4
32 B Water uptake at pH 9.1
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Q
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-
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©
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Gelatin content (wt.%)

Figg2€ict uR@SG200 speci mens after 7

and 9.1 (scale bars: 5 mm).
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di fferent pHs (pH 5.0, 7.4, and 9.1). The hi
rati o was achieved in PGSGZ2Q.uiThe rvalnmu erse acsfu i
5.0 were 4.0 N 0.5% (PGSGO), 6.4 N 0.3% (PC

(PGSG15), and 21.2 N 1.0% (PGSG20), which i1

an acidic pH than in a neweéelrlailng Hr ztoina i ¢ fi oG
at pH 9.1 increased greatly, to the values
60.5 N 9.0% (PGSG15), and 250.2 N 21.1% (PG

PGSGO homopol ymer (4.6t sN t2h e %)i.n eTthiec o H m | tshoe

swelling for the copol ymers. It was shown pr
h at pH 7. 4. I n acidic condition (pH 5.0),
whereas a | omgewastirmequofFfFe@gg@ae PH2®®. &hows t
speci mens showing the size differences in di
Thi srepsHtbonsive swelling behaviour found in
neat gel ati n. The | atter shows the minimum

neutrali9pH t(ypple A, form poici maedskian) onwlheir ®

pH 5.0 pH7.4 pH 9.1

Figa2®ictures of PGSG20 speci mens

and(%$chle bars: 5 mm).
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bal anced resul t'Phnigh®%i morcthmasnt coPGEGEseopol ymer
swelliagidictpéd and the maxi mum was achi eved
that the number of il oni sabl e carboxyl group
copol ymer s. T h eC O0eHr) b oixoynli sgersoubpy (deprotonati c
\chggqed car boxyQ .gr bhuesarmmfiNRe, gomuphd ot her h a
positively charged gNiupsTbyaaquepéei nhbepebeéo
that | eads to the higher swellingasade®coifbe
above, the deprotonation of carboxyl group s
ami ne ?2Yfrhoiusp.i s attri butable to the fact that
relatively minor amount of gel ati nciam btoxeg lsy
group was offer-pdl pmerboaimd PES&SI ptrien becoming

copol ymer s.

It was also noted that the swelling ratio o
ot her PGSGs. Il n amphi phi lonci shaytdiroong ed fs fsuunccht ia
often hindered by the resistiveé&3fageyrieqgmits atni
of carboxyl groups can happen much more easi
PGS Gs, owing to its much better hydrophilici
provides more chainrreel apatcieom oand hrauc o nmerae

resulting in a significantly higher swelling

The potenti al -raepspploincsaitvieonP®SGspH n <controll
investigated selectivepdH eapolRGE@G2dewist h PGIS&?2
|l oaded with a model dr ug, DOX, were exposed
responsive swelling study (pH 5.0, pH 7.4, a

are depiwrte2 83 Andikfi figer ent drug releasing Kine
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FigwBR2éCumul ative drug release prof

di fferent pH values.

three different pHiveeltuecss. aTth ep Hd r9u. gl rqgeuliecaksl ey

in 12 h and the cumulative drug release was

(or 0.37 mg) initially. However, the cumul at
4. 2% (orafOt.elr7 Inlg)h and the equilibrium was n
suggests a potenti al use of PGSG copol ymer s
instance, or al administration of drlugsy afntder

drug amount at dynamic dEs¢reiocepopsiale pPG
copol ymer hydrogels that release drug more ¢
guickly and more amount|l iadadblhei ghamrr ipeHs fcooru |
operations targeting specific organs in the

82T he model drug used iSsotbbbestBdpcé¢ DPBHGI
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exhibit

amphiphilic characteristics

as

di sc

hydrophobic drugs and steroid hormgnedelti veey

3.

(PGSG10 and PGSG20) for up to 28 diased.
study; 1) PBS only, 2) PBS + |l ipase,
ester |inkages, and coll agenase was

Fiug e2 731  ustrat edsetgirtne at i on

3.4 Biodegradabilimnyviandobi ocompati b

profiles

t

of

t

w o

I hrtée

and

3)

O brea

exhibited weight losses of @dft6efN 383%awnsdoB.

n

the PBS only medi um. Il n contrast
°\° ™ .\
' S
0 I
N 40- 1 Y-
o . \ [
- ¥
£ 604 —®~PGSG10-PBS *
O | --4--PGSG10 - PBS + Collagenase \.
O —u—PGSG10 - PBS + Lipase
< 801 ..e--PGSG20 - PBS
{ --v--PGSG20 - PBS + Collagenase
1004 —®—PGSG20 - PBS + Lipase
0 7 14 21 28
Degradation time (day)
FigB2@®ercentage weight | oss dat a

PBS solutions

days

at 37 AC, bsihoodwei gnrga dcaotnitorno!l | ab
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kinetics of PGSG speci mens, and | ipase appe
than coll agenase. Thity waks BR&PpEctepdolgmehes i
rather than gelatin. PGSG20 presented faster
of PGSG10, which can be assigned to the b
demonstrated prewi austliyo.i nPGEax1edr ysivedldleidn a we
with |lipase and 15.2 N 4.6% with coll agenase
of 69.3 N 1.0% with |ipase and 54.1 N 2.0% w
that theradaegrsaddt IPGEGs are faster than that
study with a similar expefrrianee nmeadi a oanndd t2 90.nl ¢
after 31 days), which can be attributabl e

hydration properties of PGSG tPopolymers than

SEM analysis revealed the surface morphol o

test with or wirtéhBButThazryaoma s i CBi ¢y degraded

Fi gude8SEM i mages showing t he sur
degrada)i omGSG10 incubated for 28
|l i pase + PBS, and Q) PcGSIA2a0g € matugo

37 AC in (D) PBS only, (E) Ilipase
8 2



f eurted smooth surfaces in both PGSG10 and PG
(less than 10%) as verified previously. How
showed severe surface damages with adrarteigounl ar
was <catalysed by |ipa%elBapdcicawlllilya,geRG@S620 n
enzymes exhibited extremetlhy trhoeu gghr esautrefsatc ew em o

this study.

I n addition,biamrdewlrtaidmetid ift yl Iwas found in P

(Furge 3 Many biomaterials such as tissue sca

remain permané ntidy imsoanmcleodyi ssue scaffold
the optimal degradation kinetics to match th
and eventually r efleacead ulpy dredti iviee yt isysu esns b
04 .
N —e— PGSG20 - PBS + Lipase
®

N
o
1

0\’ Fully degraded
\
i\
100- }\*\x

0 7 14 21 28 35 42 49 56 63 70 77
Degradation time (Day)

(o]
o
1

Weight loss (%)

Fi gB82®GSG20 incubated in PBS solu

days showing full degradati on.
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pol ymer s, the drug release profile is deper

mat t4°xfFher ef ore, the controllable andatull b
asset for their potenti al uses as biomateri a
I n wietdometabolic assay was conducted on PC

L929 mouse fibrobl asturc®83 and oB slpow ot HHé mdar
L929 mouse fibroblast cells cultured for 15
téh cell s on both the PGSGO and PGSG20 appear
popul ations, PGSG20 showed more adherent, €
PGS GO. This can be attributed to the bette

deaosnstrated previously.

No evidence in cytotoxicity was cfeddndneitmabt
activity of both PGSGO and PGSG20 sha&Ww8d st e
with the maxi mum cell metabolic activity fo
optical density of resazuton38yésNi 6cBbeasad .l

from 26.2 N 5.2% to 42.1 N 7. 6%aiyn aR@$@8230 sf

Fig83@n vietdometabolic assay resu
the cell mor phol ogy of L929 fibro

days; (A) PGSGO and (B) PGSG20 (s
8 4
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Fig838#he normalised optical densi
PGSG203ftoml1l5 days, demonstrating

(n =3; * p < 0.05 was considered

variance (ANOVA) was used to determine the s
and materi al .anBotPiGStGR2ed0 P&@3I @0 f ound to have a

day 3 and day 15. PGSG20 al so presented anot

15. There was no statistical significance ©b
activityg, PGs&GROathias si mi |l ar biocompatiinbi | it
vitr8ince PGS has been investigated for wvar.i

wekhown good bi odampaantdiob igliittryéh¥ ot Bsult sugg
PGSG20 al so has great potenti al i n vari ou:

bi ocompatibility in this test. Full PaGSsGss me
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hydrogels, which are critical aspects in dev

delivery, shoulich R« pper fmemmed iwmi tthhe futur e.

3.Cdoncl usi on

I n thi £$CSlGagtopro,l ymer hydrogelss beit wleedi PIG&Sr

polymer and gelatin were successfully prepai
by swelling inpoadtyemey whe PG6Sr maely crossli
copol ymerisation stage. FTmMaR sctruodsisel si ndkd mfgi rsr
both ester and amide | inkages between the p
such as hydroxyl, carboxyl, and amine grou,
hydrophilicity of PGSeG swea si ndewaetrenti nceodn tbayc tt haer
in water swelling ratio, resulting in the sw

Tensile test results showed that the PGSG |

properties that endur e ehfiogpghmaand nes ompulcéhx ame C

knotting. Their biomimetic mechanical proper
varying the gelatin content in PGSG copol ym
soft tissue engi oeastirmgedadyf aheheorosdeimi | it
el astomeric, and interconnected porous scaff

The -reponsi ve behaviour of PGSG copol ymet
di fferences in water uptake at abdiedifcun cnt e wtn
groups found under FTIR studi es -colnhter oplolteedn tdil
delivery system waespbasival ddagedebgaphl tes:s
full bi odegradation of PGSsGiswa swii g tho wni play ebi
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coll agenase enzymes. The biocompatibility o
cytotoxicity by cell metabolic assay as well

cul tured fibrobl ast cel |l s.

These redultthsatsudigeesmul ti functional PGSG co
study have great prospective in various bior

controlled drug delivery.
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Chapter40On t he modul ati on of t
properties opbobyogbmpat obl ¢

based polgyluaytmamecomposi t e

4 llInt roducti on

The widespread wuse of el astomer s i n medi ci
vi scoel acsftti chddy otfi sssues. Various el astomers
real m. El astomers from natlurkael pseguHedieass tsiuacnhd
i ke protein pol ymer s exhibit excell ent b
popertfideHsbfever, these natural polymers suffe

and undesirabl e ni Wiy nt espoosed astomers pr
advantages in respect to engineering materi a
manner. A wide range of physical and chemi c:

polymeed 06ma the choice of monomers,'??eaction

Among those, biocompatible PU el astomers ha
with their tunable mechanical propet?‘eds e
General ly, the synthesispofydlUs, iiss opceyrafnoartnee
extehdergsfdeaetxi bility imscoit PdIsl iimg amprhd pevretdi
ingredients and stoichiometry. The desired |
physiochemistry can be engineered to meet tF

Further mor e, baomdegrpdapbhee®PUbBycchoosing a ¢«

8 8



component fonnthmpipbi gcat emmnisalin tissue engin

drug deél'P4Per y.

As a biodegrR@%bhae&s pmé g mewi,del y explored in
as tissuellelfgWwWheErd i hadimyi,caltbanaa-ppsttat i ve
adhesion!®®daeritead s,itslikBeftmethasiuesa!| ampd o pgeorc

bi ocomp@®hbi methani cal property of PGS can b

which can be controlled by the curing ti me
monomériHédwver, higher modulus and strength
density in PGS is made by drastically compro

supposed to be exposed to | arge d'dfodr matoidon
toughness and stretchability are required i1
has a poor water sorption ability with a hy
rati%% .nce water medi ateeds ctheammiscpaolr tsaptei coine so fa sd ¢

act itVihiys poor hydration proprerofy RG@S8 il m mmec

Further mor e, it i's necessary to modul ate t
i mpl antabl e medi cal devi ces such as t i SSuUE
carrt et’s.

Therefore, the aim of this study is 40 dev.

pol y-baskR& | ay nanocomposites (PEUCs) with a
various soft tisstbeappedcabhbons heWaddypi on

would benefit the design of PEUCs with tuna

properties, with the high surface area, swel
of €%22An. organically modified montmorillonite
compatibility of organophilic Cloisite 30B
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clay dispersible witdhhnditdhteatpeos ytmee prad p e xt,

nanoconmpbFihitee P.&So Ipyrnreer was used as a macr omg

with i1ts hydroxyl groups which enable the foc
as well as its proven bi 8coéampadliibpHadttiyc aingo
hexamgdtene dii socyanate ( HDI ) , was chosen |
bi ocompradt itbute al so f or its capability to gi

compared to the*ardvmi’aiddiit PEGy avmast ésnntroduced
di ol chain extender to modul at*®@EGhéshytileat i
most wused biomaterials and it has been appr

Food and Drug Admini stoaticon-ymaDAp g@mh &€ ht y 1 :

materi al structure and properties of PEUC:
di ffractometry, spectroscopy, and mevehdningal
measur ement s. The drug | oading and rel ease
mol ecul es as model drugs. Bi odegradabil ity
with |ipase enzyme. Cyt ot oxaisciatyyy iwiso ke vtal eu alt
mouse fibrobl astpr eadlolnsc.fep f-ri in@d tdiyogme Me f o n3a | a

el astomeric foam structure using the PEUC sy

in soft tissue applications such as tissue s

4 Mat egainadl met hods

42 .1 Materi al s

Cl oi siAmeon3tOnBor(i | | oni t e c | met Hcwlnltiasv(nh yndgr o3x0y ewtt h

ammonswmf ace) moadsi fgreavi ded by Southern Clay |
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oven at 80 AC for 1 day prior to use. Tetrah
Scientific. AIlI ot her ché&midecalch. wadhVae epuuskds

was prepared by double distillation.

42 . 2 Synt hPe&GS sp ocefy mehre

ThEGS -poleywes synthesised by followi®n&n the p
equi mol ar mixguyeefO0l 5ancokbepbati ¢cb atcti @dm wfalsa <
and reacted at 120 AC for 72 h with continu
nitrogen -gtaar k Aa e aunsaetdu st ovahel p remove water
polycondensati-yel rewcdanaonhi Ahlppl epskcypmserresas
acquired and storedtshhi aagbabs ddébrc enenati onr( Su

di amébeéo)ye use.

42 .y nt hfesPBEU®Ss

PEUGwere prepared by following a coimbisietdu a
pol ymerisati on. A pressuré& PressstantPl géps w
t hroughout the synthesis afetder Fhierisntg pHIDIg eadn
the number average im®@B5&clW!| awelrvee irgehatc teefd @30 2
(2.70 mmol and 1.35 mmol) in THEtHyLiOhentgnaa
catalyst (tin(1l1), Ot eOrs5n mma't¥etd sRhEoQt ép hee nbh e
reaction can yield also a polymer through t
terminabDee PBGt he highly r eagcrtoiuvpes , c hfaurratchteerr

identify the actual chemdchdertelt g ufcit male pracd:
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thermosetting macromol ecul ar networla $wit bct
repl acement of ftmemhlyadtrioxREG gpaoddypreelre B GS8t pa
bonds (based on triened pleyd mexilal h ypndoeytneeorf, t
di scuss)e,d wistlihowtchhee omet ri ¢ .N@Q@:00H | ryat iao ma fx t L
PGS -pagleymer (1 g) and the c¢clay (0, 1, 2, 3,

tot al pol ymerwapgr epcruerpsaorresd i n THF (10 mL ) b
ultrasonication for 30 min each-tienr nainnoattheedr RE
in THF was addedl vtment/hel &GSmipxteur e i n THF wi
reactweean bteterMCO at ed PEGodnydnetrhewhPR GS tprtehe ¢
within was per folrhnee cc hfeonri cda | h rtheea cbt@i godn@ iscc hienger
i's shown iTrmeFirgurcawesishlealstt i om o pdleptedtFrEgQf | u «
moul ds in which the solvent was removed by

tempenatdiegre® a vacuum oven at 40 AC for 1 day
saturated i n eatdcdaphodiucse afnordiloit wiEhyechnos s| i nked
s ol proportions were extracted and deter mine
extracntion3)ecti mnal s cAaG eéBe(rS\vhartymeErit)m.Sinol was

H
° . o] Ny N O
o] OxoN Na_z0 _50°C 1h /\\/k\)\)l\{/\/ N4
Ho’l;\/]rnH+ NENATNT g 07 W N o . 7
o}

PEG HDI NCO-terminated PEG

o] o]
' +
HOJ[\(\O 7, TOH
50 °C,4h
:< “TnThHE
ot ™" j\n/ WN
PGS pre-polymer
Macromolecular polymer matrix of PEUCs \E)\/ W

Fi gu4dleChemi cal reacti on schemes

macr ocruwollaer pol ymer matrix of PEUCSs
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removed by drying in a fume cupboard and t h.
befor e Tthhee dtuersatt.i on of et hanol extraction a
determined based on the-deoinmalntcalkee gshod r e
proportions and ethahel paspanwed eaammiedss PEIUE
where AX0 represents the weight percentage

tot al pol ymer ,prPeEdCrls o rPsE;UCREUC®EUCSI3, and PEU(

42 . 4 r@Qlkkda eri sati on of PEUCS

FTIR spectroscopy was Spercftorutime ddnen Na4SP@onlail ry B
cm resol Yytinumbe coni scans: 16)onAt peespeaciem
by a-ibusktrew to enhaomcethédedisamphe ADORtarcyst
TGA test was Per kion Bl ohedo, nPfyrhders 50 TtGo 800 AC
lin at Mosphere.

XRD patterns were acquil,e=dalorb 4% 6DT, OBHOTMAAP I2
2. 412001. 360, scah. rdahe: cOr é A/-MA&EUGCsd wbeyr et hcer y
CertiMpBepPp Cryogenic Mill prior to the test.
SEM was conducted on a Philips XL 30S FEG
speci mens were attached ont of comedail weni il lume 1t u
(Ted Pell a, USA) , foll owed by gold coating
(Emscope SC500A).

TEM was carried oUL2 an anF&perMectinag Vol t ac
speci men of PEUC3 wa sF Qréo uenttyeoda minc raoi tiheersdt & ufUrCeo

-100 AC, and sectioned -BR85~8Dammndskngfa.DSat
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collected and placed onto bare TEM copper g

Orius bottdomgimadntcaadner a and using Gatan Digi

The surface water contact angle o0dssPBBA spe
100 drop size analyser. A droplet of water (
a -Baugesendingnetr ineedlesol Ht glon i mages were cap

to perform the angle measurements.

At omic force microscopy (AFM) study was pe

tapping mode (scan rated .1.00 Hz, tip veloci
Thwater swelling ratio wass hdaepteedr nH Enle@ sgpreacvii
= 3, diameter: 5.3 mm, thickness: 0.50 N 0.
dried for 1 day in a closed cont aiTrheer iwiitth ad

dry wWd)hghwag t hen measumadd sltryala® 4Aand the spec
in phosphate buffered saline (PBS, pH = 7.4)
At a regular time intervadyt tdfe tstweo |l hedi wm,ec
filter paper to remove theéVuspXxc&@be swefhcagw

defineddlhy egn (

. Wwethrvy _
Swelllng—H\%—t—Hdl(O%) = 4.1
dry

Quastiati c uni axi al tensile tHAOOKSwémTenpeaesf @
USA) equipped with a 10 N | odadlcefhibtura st
| SO 527 :boTnhee sdpoegci mens (iI®. =266 mm)hiwekrepsep@ri
stenciRan( Ragt Equi pmenerti Rgr of haytdemsield PEU
hydrogels herein)il(®03F, 6t hviecrisep lescveasi®l nesnl . i2r0 P B
37 AC for 1 day and tested i mmediately after
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42 .Obr uugoadi ng atnedstr el ease

To sthelydrug | oading and release behaviours
model drugs; a cat iogaFEi ©6mMetnm)l, e men kalnu e n(i MB ,me
max= 463 nm), and a hy3dr(O$®B0 b6 9 Srorh)wehraipheddr e ie s
PEUC specimens (n = 3, diameter: 5.8 mm, thi
dye solution (18.4 OM, 2.5 mL) and incubatec
et hanol medium fomeSGntArval schbedulseduti on
ul t ravwiisolbelte s pectwiosp,hoAgoimeetnetr GauxWy 60) . Afte
dye | oading capacity for -AbhdddyePEYQgespwas m
dried in a tadaymabvelhoddrPEWE@ spyeci mens wer
into a fresh medium (2.5 mL), in which the d
interval, 1 mL of medium was collected and |
The oomaé¢i on of dye sol watciqoun sr ewla sc ad e tberranii noenc

of the dyes withofkn®@wh, c.n&,enQ.r AltFibgesde 7, a

42. 6 Biodegradation tests

The degradati on behavinowirn oa sPIEfUUWCsa tweads khady yc
to the telaped hREUCs&geammeas: (020951 5@am,N tOhi0®
were sterili sfeod iln d7aly % nedt danceld i n a vacuum
were respeci mMeems were moved into a test tube

without the |iphseTekazgmeymhdlOoWceéentration u

based on the serum activity of | iiplasl "Li n he:;

H2'The degradation daidliywmt wasnsempé acled f ul | ¢
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Methylene Blue calibration curve

y = 0.15908x + 0.09585
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Figd2Cal i bration curves-vafs.MB acaqu

Methyl Orange calibration curve

0.4+ y = 0.07597x + 0.06508

Absorbance (at
o o
N w

=
o =
M

o 2 4 6 8 10
Concentration (ug mL™")
Fi gd3al i br at i oQa ccquurivreesd-voufes der UV
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-
o

E Solvent Green 3 calibration curve
c
o 0.4-
™
({e]
o 0.3-
'
Q
(&) 0.2 y = 0.03963x + 0.05288
: . =
(4]
o)
e
O 0.1-
(7))
2
0-0 | | | L | v | . T

0 ' 2 - 4 ' 6 8 10
Concentration (ug mL™")
Figd4al i brati9@cquwivedgvamder UV

tubes containing the speci mens were then in
37 AC and d46Qultpm.t Atmeainterval, the degrade
PBS media, washed by a copious amount of wat
and wei ghdkadciomala s£al e. The weight |l oss by

folhowed@n , ( Whn¢58. 9 N 8Ws3armey )t mendi ni ti al we i

degradation and the weight at a specific day
. \Ninin-y
Wei ght Iﬁa—wsql%OO: 4. 2
J ini )
42 . Bl/i ocompatibility tests

The biocompatibilityi mofbWEULCIslI waest a holeisd | aysad
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in viProor to the test, al | the speci mens w
thrice, and soaked in DMEM (Det begbbdsnMadif
(37 ACp .5%h@Ospeci mens weelel thleat enoavredl fiinxt ed
L929 <cell l'ine (immortalised der mal mouse fi
and al so because of tthhee nhocasctt atbhuantd atnhte yc ealrles
ti ssues therefore relevant to the <clinical
engi né’¥hiengel |l s were cultured in a DMEM 10%
by trypsinisettihoyl ewmietdh ami npsenraacetic acid
added to neutralise the trypsifmgaiThencéllDO® 0
mi n) . A haemocytometer was used tlcedbtsaiprert
specimen) by dilution in DMEM and the cell s

defined incubation daysMEM,mesdi un,wals2 ,r eemmadv el

wel | pl aseedé&despektl mens were washed with PE
Subsequentl|l vy, 1 mL of resazurin solution (0.
of i ncubation, a (cBilT@®K) medgs iws @d atte meadred t
nm. The negaetei)v ean(dc-ephd syi)t itveest(scewer e al so ca
normali se the data. The experiments were per
speci mewasumwmbsee ved by an inverted optical r

4. 2.8 Fabrication armpd ocotf an aPeEpUeQ ifsoaatmso n

The PEUCO and PEUC3 foams were fabricated by
and PEG (with nao Ilneucmblearr aivkedrgabgtey omvel© & 0r eact ed
mol ar ratio (2.7 mmol and 1.35 mmol) in 2 mL

(0. 05 wt%) to -sgntmheated PEE&E. NE®cond, -t he mi
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pol yamed 124 mg of Cloisite 30B clay (3 wt%
prepared separately in 2 mL of -TEEFmbpwpaBeédmPE
and t hpr em®3 ymer/ clay mixture was mixed for

conued at 50 AC in an open PTFE mould for ev

generation, additional O0.10 mL of water, 0.4
were added. After the solvent wa sede vfarpoomm atthee
moul d, washed by ethanol thrice for 1 day, i
day.

The pore structure of the PEUC3 foam was exX
zoom microscope. For the compl esshdaepend tsepse d innge
(n = 6, diameter 7141 0®6mmm)t hwieakn epg :p a3 .ed2 and
of 50 Hm ImMi n75% strain compression on the LI

equi pped with a 50 N | oad cel

429St ati sti cs

Al | measurements were reported as noefand 5\%,st a
unl ess ot herwayeownygtaweal vy ODne of variance (AN
appropriate to determine the statistic diffe
hoc test with the OriginPro 2018 software.

statistical significance
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43 Results and di scussi on

43. 1 Characteri sapadloynmerf t he PGS pre

The P&Solpyrneer was synthesised by ther mal pol
aci d. Successful Hyhtymesi wasf comé i P&@S8dpbg t
bond peaks undé&r, FaInR &l gueremeati on chr omat o
GPC system, with tetrahydrofuran as the el ue
measured number avedy)agewemoglhetc ualvaeri aMepi, gihath d(c u |
the polydispersity inde¥o6(PDIlg)ameédr3e 3203%sg@
Determination of t he hygrodyyer nwalseral afo tple
colorimetric titrati o, ometuhsoed aimo IQlfroevp larega ploS @
baskRWI| ay nanocompbrsii @ felsy ,( tBhUeg HDeGS (pmr e= 3 ) wa s
by phthalic anhydride and the excess reagen
phthalic acid was titr atnedt hbey ptrhees eMac@H od o |puh

indicator. The hydr @oyly meumwars «fddjcluéd aR @3l (ory

Vp Vo1 0. 5156.1
Hydroxyl—|=i—la|—|:\C1Jo\X,—e—|'+ 4. 3

wheVies the volume of NaOH sol ut iWins rtelgasi v eeldur
of NaOH solution required for titration of
NaOH soluti on, 56.1 is thwimolt beweskagrptv.ei §he
resulting hydlr4o8&.yd &u2nb%® rmagwact. KOmmagl of hydr
per 1 g ofpotlhyameR @S e pTaheeer e f ot ey mi hat COPEG w

mmo | of free NCO groups were ues)e,d diomiprrge pa f
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Fi gWUBETI R spectr unpoolfy mmehre. PTGhS pbrrebi:

associated with the hyHHF%IYle prak

2853, andarle36r3elcart ed t aCH)R%e 3IMEA n

peak atlaln7d33l11tdM ecmi gnature bands

CiO, respe&idthievealliys.ti nct peaks at 'ha

al so bel omg stret d@i®AdAg vibration ¢
conversion of the hyrdepxlyy merr oiurptso ithh & hwer étGHS

43 . 2 Materi al characteristics of PEUCSs

PEUCs with varying clay content-s{é@ptpr &c evsd s«
showhi g@mAe synt hesiteromi nahedNCEBG step,- prepa
pol ymer/ clay mixture in THF spelpymamdawdotsisé
terminated PEG by tulretdlaamye wa s kdigeperavthda d ewi t
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