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60402205 : Major (POLYMER SCIENCE AND ENGINEERING)
Keyword : Rotational jet spinning, Non-waven, Neomycin sulfate, poly(lactic acid)

MISS  THIPHATHAI HONGTHIPWAREE : PREPARATION OF POLY(LACTIC
ACID)/POLYCAPROLACTONE BLEND FIBER USING ROTATIONAL JET SPINNING FOR
WOUND DRESSING APPLICATION THESIS ADVISOR : ASSOCIATE PROFESSOR SUPAKIJ
SUTTIRUENGWONG, Ph.D.

The aim of this research to develop the neomycin sulfate-loaded poly(lactic
acid)/polycaprolactone blend fibers using rotational jet spinning for wound dressing application.
The factors affecting the fiber morphology, thermal properties, mechanical properties,
hydrophilicity, drug encapsulation, drug release from fibers, biocompatibility and antibacterial
activity were investigated. The results showed that the viscosity required to form into fibers
ranged between 254-1,400 mPa/s. The fiber diameter increased when the polymer concentration
increased. On the other hand, the fiber diameter decreased as the rotation speed increased and
the ethanol content in the solution increased. The fiber diameter was approximately 10-30 pym
and the specific surface area of the fiber increased and the pore size on the fiber surface was
larger when the ethanol content increased. After updating the rotational jet spinning machine
and controlled the environment, the fiber diameter decreased when polycaprolactone increased
at the constant solution concentration and the fiber diameter ‘was not significantly different
when polycaprolactone increased at poly(lactic acid) constant. This contradicts the resulted of
the initial experiment that the fiber diameter increased -when polycaprolactone increased. The
increasing polycaprolactone content reduced the overall mechanical properties of the material
and enhanced the ‘hydrophobic of material where the water contact angles of fibers were
approximately 108° to 123°. The rotational jet spinning process results in reduced degree of
crystallinity. The resulted of the neomycin sulfate release test showed that the 15L80E10/Neo
formulation with directly loaded drug had the highest drug entrapment and a drug release
efficiency by 77.53 and 78%, respectively. The drug release system of this fiber was grounded by
a burst release phenomenon at the beginning 90 min. In addition, the drug-loaded fibers through
the solution had a drug release system consistent with the Higuchi model (R*>0.89). For
biocompatibility and antibacterial were found that the fibers were non-toxic to cells and had an
inhibition zone of S. aureus greater than 7.8 mm, especially in the 15L.80/Neo and 15L80E10/Neo

formulations had that the inhibition zone was higher than the commercial wound dressings.
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1.3. UaUIALAZTaINNAVDIIIUIVY
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1.3.2.  @150%anuNealLaTANMTNTUIERING 5-20 wt.%
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naaeumuniinuarLsisRivesasazate NI URe RIS technique antuiidule

My e Y o a v a = & da
AlaunfAnwanuardugiuingrmemelin SEM uasfinwiiuiig

Aaui 2 n15usTenasiutduleonas PLA/PCL uwazdnwazn1edugIuinegl ng
Y] < 1 F73
nagaunNIsNntNUazn1sUanlaaservaaaule
UndndIunansznIg PLA Lag PCL Alanaauivillanussqen Neomycin i
Tlunszuaumswieuduls antuiuidnvasnsduguive) waznedeunisianUase
Woudidulonediueinussgendindluaisagaredsies pH 6.7-8.0 Ingvin1sianiny
WNTUYeINTIUanUdeyaanuIneLAIes UV-VIS Spectrophotometer
a wa A I [ a,
paun 3 nadauanuatwalluIdnUaLiNg
dndulenay PLA/PCL uvinasvagevaudfsunstaldduianUauna 017 n13

< a 1 (3 - . . [
NAdDUANUUUNYADLEAR kag Antimicrobial activity

1.5, Uslevilfianadneglasuananudse
151, ielfidnladstaseiidmaneniswIoudulenausynitmeduanin uodn
waznadnlUsHaAlau fme Rotational jet spinning wazautaniimeninuasdugiuineg)
15.2. ielidalanavesiiasefidwasanrudululalunisinfusasUanUdess
voudulonausEnInedlanan Lodanaswean1lusuanlau Ay Rotational jet spinning

1.5.3.  awnsailUlddamiuniswieuianUausanisnisunmela



uni 2

NESNNEITDS

2.1, dule
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22, mawdadulewuubuvsu (Rotational jet spinning)
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22.2.1. Jet initiation
2.22.2.  Jet elongation
223, Yadeiifinasenszuiunisuan
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2.4, wodmlusuanlau (Polycaprolactone)
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2.5, dulerausywinmednandnuadauasneanilusuanlay (Polylactic
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2.6.  Neomycin sulphate
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2.6.3. auUfvesen Neomycin sulphate



2.1.  dule (Fiber)
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2.1.1. feuveaduly

“Euloifunipvesaansifinnaeiodwies 100 whvenduritugudnaluay
annsatudududeniovindudiled” Jaduiuwufissylilu American Society for Testing
and Materials (ASTM) (4] nandiaasanaiuadsduaswdadudossniasnauinves
fudinthdnisuiuanuenveadulold esndulymatul audaisaiy vieusay
aszaduloUssinmiieadsalinuuanasludaues W @ulgainsssuend Hudu Suie
Forivuaniiy “Aiflos (denien™ tialdlun1sRiarsaniude 1 Ales nuneds dmidnly
wihenSuseauea 9,000 was [5] waseuilddinsusudswdunisaina “wnd (tex)”
Wnde 1 mndnmneds diminlumitensusionntend 1,000 was lunnsfnwnduletusines
yodadulelulasifvurmdudinugud 9-140 luasou v3o @ulouluiifivuiadusiugud

49831 100 lumseaul6]

2.1.2. Ussnnvasduley
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waglaaunasuusiliian nsudaduloumiieldlunisieans madndulenedieaneiun

waded Wusiu Selssmvendulewandugy 2.1

Plant fiber

Natural Fiber Animal fiber

Mineral fiber

Regenerated cellulose

Regenerated fiber

/\

Regenerated protien

Chemical fiber Polyester

Polyamide

Synthetic fiber

Polyurethane

Etc.

3U 2.1 wansUszinvveddule

2.1.3. lassaieveaduly

msasalassaieeadulelnelundresfionsaily 2 sedufe sefugania
uazamnie Tumsfnwissiuganiaveaduly duleduiniuanasldemediues lnsas
fsaunfelasasluanavemediues NMsinsesivetaeld waglasaswanveaned
wof Fudunainnvfinvesmediuesuasnszurunisudmdule slHiAaauuanaiety
Tngavdsnareautvaadule wenuind lusuuesyiumanvesdulsagiansanis auld
YINBAIN 1B AL A ABEn Raveaduly Beaziiasoniuidnlunsdula uay

wa = ! < A 1 &
AUUALAN LYU AIULLYILLIY ANYRA AITURUILLUY LL@SﬂWi@JWﬂ’JW@J%u[l, 3]

2.1.4. audRvenduly
antAvedulotuuansaiulumuylinvemediues nszuiunistugy sohbiduly

wa

3 = dl < % L4 U 4 % o } 74 14 1 [ b7 3
ullandinduendnyalansii lnvaonadesiunsinduleluldenu sglsinuduledu
1 a aY A v A ¥ 5 (s dy 14 a
wiazvladdenriniufe Wulsluausagaduanuuluusseiniels lneUsualunsge
Futiuduegivuszinvveuduly aamiiuazanuiuduimslueinia Wesinlunisdndule
Lulduselovinuduloazegluguvesdme llaeglusuuvudulomeidsasinlvivesing

seviadulenmeludme Jaunsagaduanuulal3] Invaudivendulowansdamisnd 2.1



A1519% 2.1 wansauURvesdulaurawda [7]

Density Moisture Tenacity Elongation at
Type of fiber

(g/cm3) regain (%) (g/dtex) break (%)
Cotton 1.54 7-85 23-45 3-10
Wool 1.32 14 - 16 09-18 30 - 45
Viscose rayon 1.52 12 -16 1.5-45 9 -36
Cellulose acetate 1.30 6-6.5 1.0 - 1.26 23 - 45
Polyacrylonitrile 1.17 1.5 1.8-45 16 - 50
Polyester 1.38 0.4 25-55 10 - 45
Polyamide 1.14 4-45 36-8 16 — 45
Alginate 1.78 17 - 23 09-18 2-14
Chitosan 1.39 10 =125 1.2-22 7-33

2.1.5. NS2UIUNISHARLEULY
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“Lidulonimassd (miracle fiber)” [9] Do duamasudragluniswauduledunsizann

q o
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Huina duduitnistusuidulelasnisdnansazarsuienediueiuasuoenainiaia
(spinnerets) WuULAE [5]
2152, nszviunseandulouuuiieg

Gulowuufiawiugnidenluainraisde wieliaenedeatunisussgndlususieg
017 Wulefidlant@Fenamien (High performance fiber) sgnldlusuduyszumio
ilulfasuusdlutaguiindulugnanvnssy dmsunmsiiduleluldnudusududesiinng
UsuautRlimnzanudnulssinntug fauenanmsuiulsstanuds nszuaunssaafidu
Asddnlunisesnuuuandivendulowuiy Tnsnszuiunstugdidulowuufivayiud
vannvanensyuIung luiidagndnisiiedninssuaunisudnduleildsuanuaulaluns

ASNNELVNTUY

2.1.5.2.1.  nsguumswemid (Phase separation spinning) [10, 11]
& = aa 1 P A v =

nsvuaunswena Wuniduisnstusdiduledlasuninuaula wesnaiunse
aegnsu wusnweusemeludulels lagnszuiunisiiazendendnnismanesiy
lauling nanmeneldan1iziliwiusuyesssuvasilomenateasrUsenau AEnnAINY
Liadesnianasiulauiiing Favitlminnisuendadu 2 a lnenszuiunishenia a
wualu 2 ¥fia Aenisuenavssndavpanan (solid-solid separation) wagn1suenLd
YauraIvannal (liquid-liquid separation)

d1usunisueniavesuderaanad (Solid-solid separation) t51310A15LAS Y
asazateneduesntuyinWuUdulenoungiion wWevusUdulegamgiinn agviilv
WAANSLENWaTURDaURIfYinazansasNaYDIND A LU NLTIF NnumMaratgazgn
o 1 = [ = A £ o Y a ai a = Ly o gj I
Mdneenluneuniendinishstaiduly vilvusnaneeiinanvesiinazatetunatedug
N3

dusunsuenavearalveaal (liquid-liquid separation) lussuuaisiloLfien
7a1809AUTENDUTY L19E158LANYUTENBUMILAITIALAUNANTENINGIINAZA18NALATF
aganenlld asfaauliaunaniameslulaundind tinnisueniasanun 2 wade wa
a g" a s d'd dlll a & YV 5 d' o o o L% o ¥
Tilowedwasunn wazwaniileonsdiuasusy 91nUUleyN1sAInf1viazaty aanlukan
USnaaniilewediuasuinaziinn1sudedii nazusnaaniienediuasussfay
nanewdugngu dwandlugy 2.2 vldnssuauniswenlatiy Wunllomadeniuniseenwuy

ulenggngu
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Binodal

One phase

Temperature, salt, pH, etc.

Concentration

k)mndu

o«mpwuou Nuclestion

Nucleation

e

sU 2.2 ununimnsildsuulasadmiussuudetasAuseney WewinmaUasunas

danmuanaey wansituiitasdnvasveailodanstasuulamnssuumaiendy
szuudea detugheidunisegiani (binodal) wariuiimausnaluszuudesa
Fefugaeidu Spinodal weauSIaTAadaedsa9InUs naTian1saansfves
Spinodal MuualidlisIgsulanIfLWa@lTpLasERNTLLEA DL War LYY [12]
2.1522. ﬂszmumisfugﬂLﬁuiaé’asﬂwﬂwaﬁm (Electrospinning, ES)
nszvrunstugUiduledsiihafiniuduitnmsildsuanudonluilagtu luns
namdulosyau 0.05-10 lasans Tnedinistendouselrinadausyana 5 8¢ 30 Alalad

TunsiovuzlsIfaRIvewmganeaas e liveanedlasineannaedudulals, 13]

2.1.5.2.3. nsvviumstusUidulelaglyinsosdadauwuulunyuy (Rotational jet spinning,
RJS)

nszviunsvusUdulonvudunyu dudunseuiunis Ndedenisndndule

= Y y N v & o § v a o a Y] v ]

Wannldnanmismstuiesiganuiiawihlinedwesluingniueenuidigusmil

6 =) @ ¥ ¥ = a a L4
@juaﬂammwmamﬂumu feusion lngasdenazesuisly Wive 2.3

2.1.6. m3Uszgndldidulelumenisunnd [14]
wleilantanavatgysznsdu anulavguaiwagdnsduiuniaendags il
Insuarudeulunisiiludszgnaldlucmuaiumigg Wy nsgaduaisiiv nesenie

T TMATaR waenanswimg dusunisinluldmenisunndiu wulelagninl dlusun
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wanvangaaiiasasidlulsmeuianaensundndagidmiusnugliy faegiauty dn
Uounadmsusnwunalwlnl Yagdmsuniswdswdudu lnaduleniunduianluazsias

ANtateANaE 1L Ul 1T nAUETR IR Tnendaaldasidunsielidu wadnay

1 '
a

Uaigeveddidin lunaremsAnwnuladndulounldlusuuuuvedassiafsweadiag

—

AN UALKA

2.1.6.1.  laneadsasad(scaffold)
lasssndesgadidunisadisaninwindeuiivaizgandmiunisiuiilodounas

a

23y lavagyimiimileunduuulunisimuaianiainisasyivlnveaileits lawdl
& I ] 14 [ L3 & A A Ao A - & -
Tupaufe Ulasainduangiuwizigalisionfadenlilunasanaaes Weiileigely
lassaieduaseidusinamundesniswds dadedeiildannssuiunislunasavaaed (in
. 1 a aY Yo [ = o 1 j % ::glj A 1% L4
vitro) luugnangasuuusnaunlasuumidu wse Tinnsugnaglasaiuilaedunsiey
lngasausunuInkEEa aInusanatiilettesyiulaieuydiunidenieaie
N3¥UIUNITLIUSINY (invivo) [15, 16] Tuau3fevad N. Zander [17] lavirns@nwiduly
wodAlUsuanlaunnana1NNIYUIUNTS RIS wuuldmauseunasansasatvdmsuussyndly
Julpsssadeaadayszann Sldsenudeagufie dmsunstugulagldnnudoutudeuls
nanaalun1stugUidulefefioamgivugy 200 °C AMSI38U 14,000 rpm Inerduled
YIAHURIUAUINA9AD 7.0+1.1 Um wazdvsunsidansazane wduledulivunaiduniu
AudNa9TEndng 0.81+0.5 4 3.45+1.7 Um Inevivaesisdulaiduleniiaudalndife iy

waraIuNsntNINzRs NilabeUszan PC12 g

U 2.3 uansnnveseaduszam PC12 Mmasquiulauuduly PCL Auanuiigiaiweian

naeganssad lag a. Wdulenvuguiigansazate wae b, wWulenTusumeninuieu



13

[

2.1.6.2.  anUauua (Wound dressing)

[y a

FanUaunadunidugunsaldmsunissnviviauna Ineuinunadunuieia N3

q

\WouRmtavsaellienvineenaniunseinanuidenis arademeiiintuazku i

v
a =

ANUTLULIAMS DANYULVRINTT N ABLNAAALALLANALS BT WHAAAARBNITUNALDUNLAAY
v A dl' wa Gl < 1w [ o ‘dﬁ( 1
uiiiesaingUhime w3en1su1nluaInnisHIsn Latlun1sshwinielu 8-12 dlaidue
AureulunvesAudsnie agluseautunieimiuazTunilauivesia unalsesine
uaunafliaunsasnwgeunguliegelanudunaun1ssneIung 1y uHanwed, wnaty
B Y} & & = v ) A
nszimzomshaziialngd lnenszuiunisnsShuiuinuxaduduiigadesdunisiugy
cgf = a a @ v v [ 1 <
Weodalaznssgyivlnvesraadadunszuiunisndudounazldinaiuiu [18-20] ogslsh
AuuInkRatuaIN1samglaavulouiaunaegluan1isimuigay g Interational

Wound Bed Preparation Advisory Board t&g EWMA advisory board latauenannis

i ¥
= [

a b4 . o [ (% Aa N !
LWIBUAIUNTDUUIALKE (Wound bed preparation) @113UAIIINEINAYINANNITUNLTDIN
“TIME” Tpandnnisves TIME tuwuadu 4 @umumiones [21] uansnan1siesi 2.2

AN31971 2.2 wansAumENeEves TIME wavnsaudentiausing EWMA advisory board [22]

fgo AIUNUY Jeua7n EWMA advisory board [23]
T Tissue (1ipie) N9 HBLER: NanLlengsIudedaLUanUasy

Infection/inflammation [ N1SATUANNITTNLAURATNITAALYE: N1T I8N

(MSAAIBVSINISOALAU) | MNIEALINBSNYIBIATT

NIFFNYIAUAAAITUYU: ANTAIUANAIIUTUYBY

M Moisture (A313%1) Y
UNALNA ML EUNUBNWUZLNE
ASANLANTDULNE : AISANTATDULTInSaLlanne
a d' I [
E Fdge (VoUUNRLLKNG) USIUVDULKNALND991798 0 UNISTRVIN19AS

WwigLAulnuaaileielnl

[y a

ANAT T A ULAAIA LA UNRSNNITVDINITLATIUAIMUNS DUVDIUIALKE FITanTn

9

uratudoNdunuImdAYluduasuUTzENTAIMNITRTINAMNNSDUVOIUIALNADYIE

HesnnianUawnatuusnanimiiiduiunsunlesuiauraainaninwindeunieusn

AIVANANTNKINRDUUINLKNALAY audRvesianUaunatiudiddnnainvaleusensTuegy
aa v I Uad{

yliadanUaunaidenldlimunsauiuuwna wilneniluuarianUawnanaduliaudfine

U

a1unsngadunaziiuina1sinnal (exudate) fivonunanuuald Fadunisinwiauna

ANLTUYRIUIALKE WillasanAsedniglunkg Wiannsaduriueenuild WJuawiuiuey
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Sou luviliAanisuindudieviniswdsuianlauna lideauasutanUawnatsy anAiy

< Y Y 1 A a £ ¥ 1 1%
Lﬂ‘U‘U’J(ﬂiME{J}U’JS wazlisgmeiAasRionis ﬂﬁBQUﬂﬁi‘VﬂﬁJs{J@ﬂU’WﬂLLNﬁLLﬁBi'W"ﬂ‘llILLW\‘i [20] A8

'
1 a

wianafingndsurilianaunatuiioindunesusifiiaudidyesnsds egrdlsfn
HiAncaudulumstanntandauwaiie “avanunsafisssansamlunmsinvogdlade
annszuIunssne” nmsldenadlutagUaunaduiuidunddudnovvosnmi dewalily
mMsiaunfanUaunalutlagiiu gutusenuuuiandaunadiviividldunnniinisundesuna
71y Tneluniseanuugelsidinldanned e idnasesifigndaulasautisutiunsld

[y a

< - ! Y 1 a a 0 =
gruluanUauaa Lasnanunsavantdeseningusnauiausanisimiclalaenseasly
= U a Y A o S v o = s A P N a
nsiendanUaunaunldieSnyiuiaunadudesidedeinvesuiauna Reuluniedine,
wazUszinnvadianUaunaidundn lnevdavesianUawnaaunsanusussianlanudnuaue

YoianAandlunigan 2.3



'
o

M99 2.3 wansUssinnuesanaunaiddny [19, 21, 24-26]

15

Usziam | dwdseneu nshau Tof Joidy
infen | duledhe uwafidansdands [ s1anlduns u1%e |unausiAuen
w1n WunUauna | lade aadug wiangay, lidesiu
Han51 RIGVIEER
fe | Fnenegudae | wnanasfunadiy | anaauiulan | Messuisveunan
P | a1sidaelunisg | wazansdavaslal | vaeiiune lifa | lf arsyuetaniu
Snwn (®alay, | 4N AUUIALKA SN | Rewagsuniuei by
Ulnsawis, m1a+) AUAAYDIVIALKA | N1SINWN
faula | Wdulanodyd | uwafidansdands | Arwanunsoinld | ldgadudmieans
mundolaned | oo MunTauna | dostuuuaiiFels | ands
leawes Har5 1 ganeuga
Ty | druwovin@n | unefifiansdands | gndugs $nwa | nsdanieiialad
fuuiauss) 8 | Ununans unad | aunavesunauns | dnauinunale
Falauuasdiu [Ardlnasaday | Agaruasariula | en
ligoutn(@rw | iowdoln wnaddl | frummuusadslss
uan) domeiionye
lalns | 11(96%) uagvie | uwadiiaisdands | Fnwraunaves | gaduldlad L
e | Awediladouil | desuin waiidds | Uiauna usTia | Yesdunuaiiise
outh dnnsafiaieido | anisum U fiunnifu
sl a1y o1V liidosge
AL o
lolas | eynirreaaend | unaidansdands | Jesdunuaiise | gadulalid o149
pou | fiveuiuasnm |des wnadiiia | adreaanuguidu | Aemsudideldn
AR Autolytic Josdunisidend | Wunaiu nsea
Debridement Tgauleuu R lA
Jadun | nedwesain | uinunaiilaisda [ nsgaduldgs bl | onadliawandie

ANU5189NTLaN

1 £y} < dl
NOAUUULIALUD

ANYUVDINAT

NA9g9 UIALKAGN
UInkrafidulngg

VatIGhl;

LINNNSTEA8LADY

Inv19n15Inave

Bhlg
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2.1.6.3.  syuuihde ludanUauxa
sruulde(Drug delivery system) Aan1sinseuenluguiuusiieg tiieaiunse
mauAulinisUantdeseiulidnsinasUsuiuiinivue wag awuisninenludausiou

Wmuglusrnmelailifanadsslosigeanlunisshuivazaanatiafes nodwosiu

a

o o A

Huinduianidfydmsuszuviiden lngnedwesnaenldtuazdodlauianisgining

q

v A =

dAgfe danudnduladuilaldelusienie (Biocompatible) tavaiuisadovaanalalu

o

!
=

519018 (biodegradable) Am8nTEUIUASIUATUBATU(Metabolism) [10] Fanansueiilaan

nsdesaastuanuisaliidussrusenavveaiaoiineanule vinlvldiduivredallddina
T lukarlussuuindsenuanainazAiafaauifinediuesnigauwaidanesnianavia
Y9381 Uagszuunldaiunumvanudese TnslanzageeslugUiuuveseniey (dosage

form) [27]

=

luszuuideen msavaunisUanUaesliegludnsuazUsuundesnisiy &
anudAylideslunitdreanldlunissnen iesinniswssusiieldlunisdn vigy
WUULANEY g1azgnuanddegeenuiaudssyiunbinalunissnwilaesiuil [28] uazrsyan
szauasaunungns nuuiUlsdndusssdesldsugiyalng vibidesiuaiudlunisiden
luraginsmieuginansnsaeduausduuunsUandaseelatiu avvilviseduvesennd
[ 1o & v % ° o v v 4
Dunamulidndudeddenluduiuannasy fauanspnududuvessrnisundainy

nanasgu 2.4

4 Tablet/Injection
release

=

maximum effective concentration

side effects prevalent
‘ at these
concentration ranges

v

Zero-order
controlied release

Drug Concentration in Plasma

minimum effective concentration

| Sustained
release

-

Time

U 2.4 uansmuiduduresemiuasuwlamiunan [29]
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Tunrsnsunvduuliuvaussianvesnisvudeendilulussnisuyedes niu 4

Wunalng Fusgiunaniseangninfeants Useianvadsa wazUseinnveenlunis

panLUUTTUUhdEtudasaannaediulsawazeltsidmuneuniiga [30]

® 1131010 (Oral route) Aorduidunieiilasuanuiisufgadmiuszuuiidaen

\WesnanunsamuaunsUantaseliine uagsianmeaunsaivenlalagazain

® ywmaenALien (Parenteral route) LEUNNTHUBNAINMINERIMABALTDALAITITINEY
IaRvawagnauilednme tnetagtuemarsvlingnesnuwuulvanunsaiingnssua

Honlalaensa

® n15ganx (Inhalation route) Iagdulngnishieludumaiiidumssnvilsasyuy

MaAUela

® 13RS (Transdermal route) - aN¥MENNSSNEALLAUNIITAD NITEIMENaIULRD
Favdwansenuanizyn uonnlldamnsasaniuulidudidssuulvaiswden

Iolneenlignyiaieainssuudeseinis

2.1.64. myuaTgiluueeweadeftaasdmsunslanlassenlunasannaes
n1samsizinislandassenluasannasstuuduneud 1Ay vean1sWaILT
Wesnndunisveassneldannzauay viliannsaUssfiuaudululalunmsih Tan U

wnan1Uszyndldla lnynislinsiziiueideuuuinaemnadiaaiansiunisesuie

v L4 1 ¥

AMUFUNUTIENINANMUT NI LTI MUanUas gl uiuLan EJEJ’NIiﬁGHlIﬂ’]iEJ%‘UWE’J

£%
& o

Anuduiusisndudeddduuvdastadinaansfivainvaielunisedune Wesandadosieg

TALA ANWULNINIEAIN @IUUTENDU ANINLINADN LBNANTUVDIYIAIUAINARDNT

[
v a

JanUasee1sdu lun1siasiginisvanlassenlurasnnnasstusi@euuinasd

4

6 v

AMAFIAN I

2.1.6.4.1. QUNaMARTBUFUAUY (Zero-order kinetics)

auNaAIERsSusUALSTUIDULUUTaaas uneanwazN1sUanUans e lusn 1AL

Y

1%
[y

Ligufuanudutuvessnigluszuu aunsamualinnuduturessasdideieaiy
nauu fegssuuthdsefuanmaludnuasdldun ssuuihdsenfuvindgnindouse
o1 [31] fsaunsdl 2.1
M = Kt Eq. 2.1
Tnedl M, Ao pudutuazauvesefivanldosasnunfioe t was K, Aerinsinis

UanUdseensuiugud
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[y

2.1.64.2. auwarmanisuiunils (First-order kinetics)
saunaranssusuniiudunuuiiassiiesuisdnuarnisUanUaaseniiniy
duduanaadess ewindvinavesanududuressn dregressuuiidtefiuannaly
Snunzdldun sruuhdenifnuusndugnguiiaranedléd [32] feunsd 2.2
log C; =log Cy - K;t/2.303 Eqg. 2.2
Tnedi C Ao anudutuasanveserfivanlasseanuniig t, Cofe Auduty

SRV e K, ApA1AsiN1sUanUanuendununil

2.1.6.4.3.  WUUTADIAENAIEAIURIENT (Higuchi model)

wuiasndinmansvedniiliunisuuurassildsuanuaulesgisannluilagiu
TngasunsnsanuduiusssninamstanUdessnfusinfidewesnaifidnvasdudunss
Tnszuuthdseniiuansaaludnusine ssuuihdsenivhanumindillazaeiondonaln
MsunswUUTlA (Fickian diffusion) Tun1suanddaee Inefideulads (1) mnududuvesen
Tulmindaandimnuaiunsalunisazalevessn (2) Msunsves1dianisesnatniuvsng
wihifu (3) oynavessudnndvuiamEndan (4) wvdnduinuarasansldlionun (5) ms
WNSveETenTIANT way (6) Taniwan [33] dedunsi 2.3

Q= ke Eq. 2.3

Tnefl Q, A AT TuaauvessTivanUdsgeanindiinan t was k, AoA1Asiinig
UanUdeee1vaaluuinaeddnd lnefmeg1aiuluauidzgves L Amalorpava Mary uagane
[34] lsvinns@nwnsundule PCL/PYP wanen tetracycline snldiiudanaudeenlaaidule
naudin1sTusURILNITUILNIT RIS Belédaaguie 1duly PCL/PVP/tetracycline 43
UszansnmlunsdunuaiiSeuarnisuudsen dlefarsanainan 2 fildainnseuandy
mimaaumiﬂamﬂéaamﬁuaamé’aqﬁ’uLLuuai"mawaqLUwaaLLazLLuuﬁwaawméq% f1g
A15197 2.4
aN3197 2.6 FuUsEAVBNITANDEYRILUUSeImMeASRmansTIuanaeiudmSuUanUdes

Tetracycline a1nwduly PCL way PCL / PVP

1 Zero First Higuchi Hixon-crowel Peppas model
LU LY

order (r’) | order () | model (%) model (%) r? n
PCL 0.82 0.86 0.96 0.84 0.99 0.628

PCL/PVP 0.81 0.98 0.94 0.958 0.98 0.631
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2.2. ns:mumiwﬁmLf’i’u“lmwuﬁwqu (Rotational jet spinning, RJS)
Tunsfnwinszuaunswdndulowvuiumguiy medasindgnidenldsnnaisie
loun centrifugal spinning, Force spinning, Wa¥ Rotary spinning ﬁgwmﬁl,ﬂumzmumi
wandule Taldnvazadioindiendnatsluy Insimannisvosusmigudnaradamn
Ussendlunmstugdidule Taglulie.a. 1943 I§dinsifissiluienans Manning eafunisan
avstnsnmsnanameuuulidnme lnenstusuuwsanisadundousn deulule.a. 1980 14
Usinganstng wniesdudsuvunistiudisusanios 99n9uideves Snowdew uax
Keuchel ndsarntumeluladnisuamdulesiadfldlasunnuauls ludddvnisway
gaaminsIuifians [35] iesnlusaistumadadgniullugnamnssunmanandul
Mndudnlavginiy nufanededingruisuiieutumeda nstuguiduledelnihadn
w3a electrospinning (ES) tieasain ES tuiunssuaunisiifdnenmlunisnandulosziu
wily gandunadia RIS suldadumedaildnssualiiiluniswdawingu silvineda RIS gn
nasanluwinieivnnig udedrelsAnulula.a. 2010 ladin1siweunsauidevns
Badrossamay Warmmz [36] 9nuvinendesnsande dedviinisdneinszuiunisndndule
Tneldinedla Rotary jet spinning 14 Tngldsiesuimedia RIS danunsathunldumuneda
Es 16 siliiAnnsanszianuaulamatindlnefinnsaanisiineda RIS darunsoan
Yovin dwsuamAdauaranawinslld Wesinmaia RIS Sulifidedialunisdenline
Awef wdsldosliundednglwihmdsnugauaziivsoiannaniiginiuaia €S 39
wenanmalla RIS uag ES LLé’aé’qﬁﬁﬂ‘wmaLmﬁﬂﬁmmm%ugﬂLﬁuiﬂizé’ulmim—uﬂulﬁ
917 nEUIUNSKENIE (Phase separation), Drawing kag melt-blown spinning 1wisnns
Juguidulouulidnnefignuszgadldiduntnineuss wiasnssuiunstuidendaided
wane 19 Wl [37] TAoLaAelalnnAI9sERI194nTEUIUNTT Phase separation,

Electrospinning (ES) wag Rotational jet spinning (RJS) wandluANS 9T 2.5



A15197 2.5 WSeuigutan-Tosds W1Hmes aranwMEIUIUSEINIGNATla Phase

separation, Electrospinning Wag Rotational jet spinning
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NITUIUNTHENLIA

nszuIunsvugUuly

selninada (ES)

ASEUIUNSHAMLEULY

wuutumu (R)

Tof 1. gunsalmldine | 1 duleferwaiiane | 1. Sasmsudngs
2.. @¥AIn 2. vuavenduloasii | 2. 1998siidne
3. auUAdNaUeY 3. anansomuauey | 3. iudinsdedannden
wsndiduloanunse | avduaveadulela 4. AUV
Wasuuladlaens | 4. SugUldfigamnfives | 5. nszuiunisude
WasuesdUsgneu | 5. ansanandivels | Yaeads
NOALWDS BRSO
Uaidey 1. nvdavawed | 1. 193vnsdudeou AN INLAZNANEN VDY
wosald 2. Wuasnsiildanty | Wuloazuananeiuly
2. ldaunsad sy ﬂﬂiﬁugﬂu’lu AuaNURvedan uay
vuadulele 3, §n5IN AR nsoenuuutaiiu
3ovuIaukasINIe 4 lduvaandaany
aeludeme gnanfia | tailusees
AIUTUINLEUHIY | 5. livaensy
AUGNAIYDITIAN
4. gwguilgunsed
Futou
ANMUIUTUYD AUURAYVDIAITAZANENDA é’m%%u%mm, 999N
gsaranuneales, | lwes (5mﬁfﬂ1maqa, AITLNLVBY
gaungilunisyy, ANUNTR, ANUASED, | A1TeEATY, 9uUNNIYe
_ L | sswmaailunisyy, | mstilai), dnwae NOALUDSVIADY,

wmdwes | o L. , e .
IRTNAIUTENINGGT | Uanewidy, waseu SyuyvinavaaiItuiusm
Mazanswazastl | dndladn, dnsinislua, | wiudule, audRves
Mazane, a1sanuss | SsUs¥evesiiRniusl | @1sazangneaiues
PR Auduly, dunndou (AUNTUA, AIIUFIR)

yundule 50-500 nm. 0.05-10 pkm 0.2 - 50 km




221, vénmsvesnszurumssamdlowuutiumu

nnfinamlulutrediu RIS 1uiBmmamdulenedimeslasendousmigudnats Tne
wswiigananiiialuainmnyuresewesiemiuiigaviidu lnewodwoivasuman
wioasazaronedmesnegluiatlu (spinneret) agsjspanuniiugiang (Orifice) neld

v v <

BVBNATBINIININNINYUVDINBABSAIEAUGIF nTiubaeeniludunadimdaing
wazwisiannsdudaiuoinia neufiazfuiinnatuugiusessu (Collector) waziianwuy
anuiumufiAveIN Ty [38, 39] lngasAusznautlowwiunad RIS uanssiagy 2.5

fiber

spinneret
collecting

device

- motor

U 2.5 seAuszneulesnuves Rotational jet spinning [40]

2.2.2. nalnueIngzuIUNg
22.2.1.  nausananiiIdu (et initiation)

& 7] y v Y a =  a =

JunoutidudunauusnvoinszuaunisUudulelagldivatia RIS FeaSuieds
nafnssuvesvelna (nedmesnasu/d1savatsnediues) naglumtudlidnvailure
Adaans lnengAnssuvesvaslnaniglurasaaitaai3asinduiliedussiunsesvinduyans
vionunilavesia IngasauyfgiudmgAnssunisinavesvedivatudunisinanuuiiale
ey MTuANEUTUSIENINNUeIdnsINITva (Q) kagaNsiu (AP) faun1si 2.4 [41]

Q=kAP Eq. 2.4
a 1 a ] [ a =

nauyAgiuimginssunisiuavesvedratulunisinavuuialellen k =
TUY/8uL nedl r AesalivesvienUaans, L AoAluenvesvien1laans, p Ao Coefficient of
viscosity, AP ABLIIAUTLAATUIINLIINILLAET AP = F/A lag A ADNUNULIAAYDIYID

AUaasvilanunsadnguaumsivilafsaunisi 2.5

T AP
Q= Eg. 2.5
8ulL
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Yy v
= Y [

demnmnusuiidetuiudumuduiliietunnusaniss neuduiusssrig
mﬂLﬂﬁauﬁLﬁaqmﬂmsmuuazmmLéaﬁuaamﬂé’aqmuaumi a=W’R waganngledl 2
938U F=ma ansnsadaguaunsléfannisi 2.6
LLiwﬁquﬂﬂmﬂ (Centrifugal force):  F. = mRW? Eq. 2.6
Sodnsuanudiiussemineudunazusdmiazldanudiusiaunisi 2.7
AP - A = mRW? Fqg. 2.7
Tnedl m=pV uay V Ao Usunsvesedlvalurienfaai3ds v=Al vilildaunis 2.8

AP = PLW7R Fqg. 2.8

[
a =

1n89 AP ABLSIAUTLAATUAINUTLMIBSIUANNISA 2.5, P ADAIUNUILUUYDIVOS
Inaluiilly, W Aeanusudwy wey R Aesrtiveaiaty
Y a :’/ o < a
NAnIINTIva (Q) luaun1sit 2.5 BuauIsaAuInmAIEesvedlnaing
ppnanmtulansaunis 2.9 [42]
Uex = Q/A Eq. 2.9

Tng? U, Aeandisivazesnaniituas A AeiuiinthdnvewionUaans

2222, Swdledng Uet elongation)
slevaslnaluasenanhduainsvinavesuseiududeussnaniadu Oet initial)
Tugrausniuaziinmnlihatoslunsnaduleddifuneuie vasivedwaidasnason
Mnhdusiinnenrsinauiy a Unamseesnieainuseiai eansaonvususe
fanillfudmenazugrosnin indeuinufimmamanyuresiadu Tususfertuasians
mﬁlauwaqgﬂ'ﬁwmﬂLémé]’uﬁé’ﬂwmzLﬁumaﬂﬁnmﬂmwﬁumqaaﬂ Mniudloasararone
Aweseenuiuniu uniinvemenazdraliidnvazaoniy Immﬁmé’umu@juéﬂmqﬁ
umdnasazdmaliannsanaeuiilaiiitusasinnsineon antunssuiunisasdud
dan1zaideazAss Qasugusnnduiiivuinldagdiane (Anti-s) gidudidauia
athanovieiinganiizaail uansdsgy 2.6 feluduneunsBadmifuiusfunsmanmans
w1919 13361U (Drag force), LLiwﬁ@uéﬂaN (Centrifugal force), L33uila (Viscose force)

Wudu [43] e?fQLLamﬁagiJ 2.6
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sU 26 A ussifendedludunounistervonduls [43] uas B. ununmdduresnisiin
nmstamapuduly [44]
Tuvariduloeenaniududuleditanusfuveamarfifidnauga U, ludie
sonanduluusierfuidududmyuaaaniaviliidsauindueudadmntu
Ause U, vilinedwesinesnaisninudiaunsyimuinvemededanasaniy lu
Supeuduledafiduaudniusserinemsivatuudeu (shear flow), nslauuuie
(elongation flow) 317 elongation viscosity ‘uaglassasisluianavasvaclva lneg
AMUFUNUSTENI9 shear viscosity () wag elongation viscosity (A) dmSuvesluaiale
lounanasiaunis 2,10 [45] §338n3 Trouton’s ratio [46]
AUARTUNIULTIAS (Elongation viscosity): A = 3p Eq. 2.10
dnsunginssunisinaveanedweslutunenidunsivauuuBatoldinduiuusd

dAgy 1nganTaAUIMIISRTIN1SAsEnYINeda$1aanAY Uy, Asaun1s 2.11 [47]
o ~ a N Y% . In(u/uey)
n31N13AsEnvDIneaLles (Elongation rate): ~ € = S Eq. 2.11
Tnefl u Aomudmendulenodwed Ssauisamunaldanauduiusvessng
mslva dlemmunlisnsnisinansiivazduleliifinnsoadeaunisa 2.13
ndasINslva (Q): Q=0 Eq. 2.12
Ao Uo =AU Eq. 2.13
Tnefi A, Aeiufiningnvesienlaans, U, ANU5900808N10Y0, Af fudintiage
voaduly
Tuvasfidulefanisdafiiu nedwesaviinnszuiunsudesadulundeuiy [40]
Tnensudsdveamedwesiuiniuainnisinediwe suasududatueiniavinliinnis

wanidsuanudeuauaniuzuemedasiinnisiudsunuanduraads wulRedfunsaiveg



24

arsavansvasedues Weaisazarenedwesduiatueinia fviazasaziinnisszivey
sonlurliansavanenediwesiinn1sulsi wazdmalivuinvesduriiugudnaisvadule
flyurnidnasas] egrslsinunisudesvenduleduiiauduiuiressorvesfazau
(Collector) #ae [39] lunsdifisavauszuzrnslnatianuniiulazdanalane aweslys
nafismedmiunsIEmeiaraterIaifui enavilinandadlaldausandudule

WAnnsviuauiuvinlrdanwuz duweuLny [48-50]

2.2.3. UaduNinasonszuIun1TNas
d1mfuladeninenvaeiunssuiunis RIS dulsznounlevaiatadundiAgds

aunsawuandeg b 2 Yssiande Jaduvesian wasladevennieile

2231, Uaduvesian (Material factor)

[
LY 1 =

Tadgvasiagmangusznisianudfysonsruaunismstuguidulelasldmaila RIS
pg1an dviunsdlveanisidarsavarenedwesiuilatesiddyliun anuniaves
a1savatunediues (Viscosity), A3IMAINT (Surface tension), audfnuauvilndnngu
(Viscoelastic) Lagdns1n1558Me U INarane (Evaporation rate) lunsaluesnodiues

vaoutuiiladeiiiuanregumillunsvaeudnsdinasanisviiavenediuesvaoy

2.23.1.1.  unilavesarsavargwedues (Viscosity)

ANUNRLAVD9ANTATA18URIN DA B S UUTUA VAL RV I ALLB5 a8 USEN1587)

v
6§ o

uninluanavesnediuesdlisnadwesivmtnliianasindwaliaunilnvaanadiues
= 4{‘ r-:ll LY | a s ) a e 1 < v
wnTuilosanmsifediuvesangldnediues [39] arumilavesediwestiodnluladedn

aaguintadeuilalosnindwanonistuslvesdulelaenss lnsnnanunilatesii uly

Y

[
Yy v

o19liannstuguiduleldlnenananilldtuidnvasfuneauny (50] uazmnaramie
uniAuldenadmaliarsazarenediwesliaruisoeenainiaduld dsanududuves
asaragtudssaronumiavemedmefiduifiodtu Wonruudiduvesansaraneifiniu
dwmalinrumiiadfiutude

Tua1ideves Liyun Ren wazmnz [50] Favhnsfinwansavatenediuesmaviiniu
uax Bastiaansen wawanuy [51] Iafnwnstugtidule PAG TaeiSeudfisussinameda £
way RIS Tnweuansazans PAG Tu formic acid anmsfinysgauiasatugudle
fenszurums RIS liftnrnduduansazatsening 17-25 %wt. wazanutsatusuidule

AIBNTEUIUNIS electrospinning LaNANUITNTUATTaTAE5ENING 10-25 %wt. Fea1ndoya



25

V949 Tsou uazAg [52] lé’iwamudwwqaﬂiimmmiazmawa%L@J@%ﬁ’ugmmqaaﬂLf‘f]u 3
Fuiupududuvosedwe? Tne (1) Semi-dilute disentangled Aoansazanefinududu
AuFeandliiRanisifesiuresaisld (2) Semi-dilute entangled Feansasatefinnnududu
Audosiiinnsiisaiuresansls way (3) Concentrated entangled Aoansavaneiduduil
aelaiipaiuiunuiudy filaenndostunsmanuduiugssninevesnnuniinves
ansavarefuAnuiduresasazans Tngslennududuiivdudwalfaumiaintuis

anwazrenstuIzgnultesndu 3 vinaduduaanutuaenadeiungAinssuvomed

wasluansavane
104 ¢ »
10 k 3
: slopc\}.77E
= 10° | E
£ slope~0.50 ]
IOU I il nJllJC:L_leO/ L4111 1 L 1—

102 10°!
3
sU 2.7 uansmnsdaiussyning Specific viscosity wagaNududuresansazanedias
U3904) 3 UshiumuAuduveInsv [52]

ArumiiavesansagaenodiuostunoninazdmanansruauntugUduloudadi
dawarednunensdaguinevondule Tnedleaududuiutuasdmalivundudiy
Quéﬂmwaué’u’taLﬁwﬁu%ﬂé’swmﬂﬂwmsmu"?q"faLsu'u NUITHVDY Yao Lu wazAng [53]
ﬁwmsﬁﬂmmzmums%ugﬂLé’uiamﬂmaaxaw Polyacrylonitrile (PAN) T N-
dimethylformamide lagldinaiia RJS Wmf']Lé’uﬂhu@uéﬂmaLa?iﬂﬁuaué’ﬂﬂ PAN Fsi3e
MNATALANYAITUTY 10, 12, 13, 14 uaz 15 wt.% As 406, 458, 440, 665 waz 1077
UluAIMNa1dU wazluuideuss E. Stojanovska wazamy [54] vinnsAnwidulenas
521374 lignin/ polyurethane (TPU) ‘W‘U’J'ﬂLﬁur}\iﬁu@ugﬂmﬂmgﬂﬁumLﬁuiﬂ TPU 7iwiSeuann
AN98LANUAUINTY 15, 20, way 25 wt.% Av 426, 476 kag 953 UL ULUATAIUNAIAU
wonaniimumindeduivsiinvessiiaranedldfosandmalnenssnuaansalunis
avanevomedweslaedinazansiifashlannsoazaenedwesidinntusasluanaves

a s a = U w v ovas a X v
W@aLil@iﬁ']ll'ﬁﬂLﬂ@ﬂqiLﬂEJ'JWUﬂUIWWGZjﬂﬂgLaiilﬂ'ﬁmugﬂLa‘lﬂ,ﬁ] [55]
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2.2.3.1.2. anu@aRs (Surface tension) [39, 40]

[
=% a 0

wssfstululadefddguindwiunseuiunmsvugUlaeldmaiia RIS 1esain
I3 (9] d'«v 1y 6 o gj &{ d' a [ £y} y ¥
Juladenduiusivussdudunauvenstugd lnemsninedwesazaiunsaoenainiiduls
Jusndudeaenvuzisafalalile anufattuIudurlanveanedweshasItavoIii9in

ara839a U5 USUAsULSIRIRI lAaNNsEen N sazane

2.2.3.1.3.  audisuanunilagangu (Viscoelastic)

dmiunedwesuiazyliatullaudilaladanafiniuandesiuuiulasassluansg
5 g < = < k% ' 1 va v 4 ! o o o
wtnluana anudundn Wudu nanlehaudadiduendnuaiveusasiag dwmsuns

[
¥V L% ¥

= 1% a o & ] S v a4 oA 2
GUUiULau1'U@'3€JLV]ﬂu¢W RJS {]"\]"\]EJUﬂQNaLWUGU@II‘UGUULﬁusLEJEJ@W-JLuaﬂﬁ]qﬂﬂqiﬁl@@'ﬂmaﬂl’aujﬂ

Y

vaa

auUAlaladanafnvsaduleo1yl Elongational viscosity, Shear viscosity way Relaxation

rate dsnanausantvlunsineivesduly [43, 44)

22.3.1.4. 9nTNTEiieuaNansazane (Evaporation rate)
IummzﬁmiazawwaﬁLmaﬁfgﬂmé’ﬂaammﬁa{]ulﬂgjﬁaazauLﬁmmi%é’hﬁuaa
a1sazatgnaaes svhazarensluaisaralstuaziinnisseineagesiasntudu lng

MIsee v iasa e s dNanednyae dug LN enduly aufsaninuindoun

b4

dnanaiduleuny Welseuisuanwusrondulgnvusun 8015 hAuSaununs by

Y

a1savany wuddnwagndugIneweadulediauuandiaiu laen1stugulagldaing

a a 1

Souduletuasdinuinioua1winnstugumeasazaredeiivesduloasdanudugngu

Faanagy 2.8

EHT= 12000 Signal A= taLoms Date 16 Aug 2011
Wo= 38mm Phato No. = 468 Time 163404

U 2.8 dnwagndugiuinewenduloveinssuiuns RIS Tag A Fusumeaisazany

[50] wa B. Jugusaudou [38]
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2.232.  {Uadpveuaiesile (Machine factor)
4 A ¥ ! a Y] | a o a o w Y 1w
nseenuuULAIslatudnanan1snantdulyageds Inetdadendanylann anvuy
n1sepnLUUYDwtU (Spinneret design), A1utialun1stunmies (Rotation velocity) wag

SyyrYeInldzay (Collector distance)

22321, anwuzN1T9nLUUTeIiIu (Spinneret design)
NsRRNWUUYWIALAzAN valzvasnUuludmaagnAan1sTusy nevuiniuay

v LY

aonndesiusalive i lugadunilalunisdiwesdmivaunisusmilgudnans Fauswmi

¥ '
= IS

gjuéﬂa’mLﬁmuLma%’ﬂﬁﬁumﬁai’juﬁmﬁumuaumiﬁ 2.4 wazaunveswhiuiliivdud wdema
seUsinaldunslaasmasuinlfannsananlunnty wiegslsinunsiinvuinvesidu
Tudmalitiuflvunelnguazminiud s liuomessndudosddndemulindulunis
iy Snunzresduduidmadoaruansandouiieenainiiiulnglunuiseves
Huaizhong Xu wazAe [44] vin1seinwinalnuesnszuiunis RIS Inatl3auisunginssy

a

9940150 EUTENE5191NHUY 2 UselAnAekuuiian (Nozzle) wazwuuliidwidn

(%
I v a v A

(Nozzle-less) wuin nsldrduwuuldiivhdniuiimnusudaaingaveaiituganiwuud
dn Janandliiiuin wuulididaduaiusotugudulenldasarareniinnuniagla
a o A - o Q) PR = Y A a v i

Anduuuivide e duuuuldimaaduatinsnasussiuininanussiunigluse

Saa ! o a v A
wazdivaselunisluauanninmduluuiinie

22322 anudlunstumies (Rotation speed)

v a

m*mL%ﬂ,ums{]umfiUﬂﬁfuL‘TJu{]ﬁaﬁﬁﬁmﬁqmﬁm%’uL‘wﬂﬁﬂ RJS Lipsanidutladed
1 I~ o [ = & PR & Al 6’5 t-:’f( (%
denaduideiausmilaudnanamuaunisi 2.4 lnganuiinldlunssuiunsiuiuegiu
Fnannvsaasasilolunisnds Tunateeuddelasgnunavesaiuiilunistdumieslu
frnafeaiufie arusilunstumissiifivauvibivswdgudnaiafivdu eouswmi
AudnalsauTalevusL IR lanedwesazanunsasenaniiunarineanld uaz
A lunstumissludanasoruianasdneusn1an1eA I nvaduls Faiianiuisi
o X | v ~ 2 P < y = o
Winduazdnalmaulodouinanad [44] T9dls1e9unavaannustunstumiganuyuis
vouduleiluransuidonanifinisnad 2.6 ag1alsAnnurinanuiifivuiauiniiuldae
ylmduleiinnisvineenanniu nansusnlae1alanwuzidudulodulisailos nsed

[ I3
anwzlUunen
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AN3197 2.6 fregnanuddeUSsusuknltuszrnInennuE fusuaEule

ananslunstumies | wunadukiueugnan
NI winvoduly ¥
(rpm) vaaduly (Lm)

K.T. Jung et al. [56] | Sol gel 500 80
mesoporous 1,000 50
silica fiber 2,000 20

T.O.Haire et al. [57] | Polyvinylpyrr 7,000 7.88
olidone(PVP) 8,000 5.02

/ triacontane 9,000 5.38

(TA) (50:50), 10,000 4.23

melt process 11,000 4.01

12,000 3.43

13,000 2.81

Z. Zhiming et al. 6 wt.% PEO 2,000 663
[40] in water 3,000 541
4,000 440

K.Shanmuganathan | PBT fiber, 10,000 1.35
et al. [58] melt process 12,000 1.31
15,000 1.38

S. Padron et al. [43] | 6 wt. % PEO 2,500 315
In water 3,500 280

4,500 260

6,000 130

22323 Svuzuesiidzdy (Collector distance)

nAnatuluigen 2.2.2.3. szezv9fdraudunusfuUsnIINISSELAeUBIF I

aranglazenIINIswanUdsuAIINSou a*&hﬂﬁmmwmﬁﬁnamLﬁaqﬁwsﬁumﬁ’mzamﬁmﬁu

1y svezvesmarautuwuazlidmadovuinvenduly udazdwmalusuuuuvenisiinnis

WaguwUasiuanwaznesduguineait dulaiinnisuanin viaianistale asiulunig

sanuuumIesnuuulissezvasmarautuvanauiunsvuguduly [39]
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2.24. msvszgndlfidulonnmsnszuiunmsnandulouuudungy
nsUszgndldidulefindnainnssuiunisudndulowvutungu (RIS) Sufinam
adeadaiunsUszgndlddulofinanainnsyuaunsdidninsatudls (ES) fefiuumavdnlu
msfnyegiinisuszgndlivienisunmg esandnvnzvesdulefinanldtuivuadusin
guinanswuIain darumsugeaziintnun uenanarwaulalufiamandnuds wule
yuadnd seldsuaruaulansiunisuszendldlugunsailai wazszuunses lne

eavdunvean silllssyndldnmensunnduandluiten 2.1.6.

2.3.  woaAuamdn wadn (Poly(lactic acid), PLA)
a a a A A [ [~ a 6 1 a Ao o a =
WOALLAARN LOTANTONLLDALDIALTUNDALUDTUDYFANYN U ININNEN QJ/@J'Wﬂ%u@VUQ

Jneglundunedieawmesanglenss (Aliphatic polyester) lnglassaiamaaiiuanagy 2.9

CH; O

H O—CH—-C OH

n
JU 2.9 lassasnmaaiivemedianin wadn

saa v o

Weownluwedwesndduniiau1ainninginssssuvifnaiunsanawnule
(renewable resource) dlutaguuiuuilduihuildnaununediuesniduniidaunanting

IS gj = » | v PN a a a
ANUDNAINUU A1NAITANWIVDY Vink Llagatue [59] PUNNAINUNGIUNISHAANDALAARN

(% '
a o a1 o

woBnuudAIsINIINAIU lunIsnaawedm eI 1U Uszuna 50% 3wvinlineduansin
wadadvalalUSsuNIeaunIsUsERdaNSIuLaslulnsAoAIIna0N LAsnoALaARNLITA
gj I~ & a a a &l A 2 [y ya o r.&} P 1

Jurdumeslunatadnydanedadmasnaaluwinulanduideliaveesienie
(biocompatibility) @1unsagosaalslanisdinin (biodegradability) wazdaui@nisnana

Aaudsdnsldauiueateluniusieg 019wy Tussuuingse (drug delivery systems)

APINTIULLBLER (tissue engineering) ka¥AMUUTISI LIRS0

2.3.1. ASTUIUNISHAANDALAAGA LOTA

TunnsnseuIuNISHARNBALAARN LLa%mgﬂmém%umﬂﬂimLmaﬂ (lactic acid %158 2-
hydroxypropionic acid) @il 2 lelemasiiunnaneiu tawn lelgmesuuud (D-(-)-lactic )
way baleuashuuwaa (L-(+)- lactic acid) Felaarnnszuiunisundnudawazyiniaain
o A v o Y] Y] s o ~ ' YR
YNNI BT UAIULNAY LA8NSHNASIEANUL 2 NTEUIUNSNLANANNAUAD NTLUIUNIT

AIULUL (Polycondensation) Fsagidunisiasunsawaninlinisiluneduanin wedale
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1Aen39 karNIEUINNITUAI (Ring-opening polymerization) #49gtAnUfAsen1ssaumanu
Y99n5AAARNMIALAASUSENBULAALNAN DY NNUUIIFWATIZRNDAUDSAINNLAA NG Tag

NIEUIUNITAUATIZYINRAIAARN Uedn [60] uanwmagy 2.10

CHG CH3 o]
Direct _ u\ \)\OWW
condensation i H
polymerization CH CH4
Chain coupling agent
H Low molecular weight prepolymer I uping &g
BC\C o My = 10005000
HO/ ’
(lg CH,4 (o] CH, (o]
L-Lactic acid Azeotropic dehydration condensation E o (\)‘\ E 0\)]\
L >
CH, 2H,0 Ho/\n/ 7 o 7 oM
';C\H _OH O  CHy O CH,
HO C Low molecular weight polymer
| My >100000
D-Lactic acid
Polymerization
through CH
lactide \(\)L = \).L Ox CH,
formation C=—H Ring-opening
/\[( }/\’( Opoly : Hiwe I (l: polymerization
CH, CH / o~ So
Low molecular welght prepolymer
My = 1000-5 000 Lactide

5U- 2.10 NI¥UIUMTAUATIZINDAUAARN WOTA

23.2. AUUAYDINDALIARN Lada [60]
PLA dulnemluianwausla dennuaresmnsyssansd 1.25 anu1sainiunauwas
saydlas dadwmiuniusessiv ayludugs luragifiveendiau irvasueulasenled

WaTUNANUNTOLNINIULAR InuFREIUVDY L-isomer kay D-isomer @9Nang1auInNFAaaulm

=3

983 PLA lng PLA Nildadiuve4 L- isomer gandifagay 90 FuwnldudunadwesNawan

v
saa o 1 =

(Semicrystalline polymer) Tuvaizfineduesiifidndsuaes Disomer Tusadusznauiiiudy

a

eilmuusandiBeuainas sadduwildudunediwesedugiu (Amorphous) ilidinag

! wva ¥ ! U ng va ¥ o U g = a a o
ARANUANIUANGY Al (1) auUan1eauseu d1msU PLA dullgauuninatansiuddu (T,)

Uswa10 60 °C uagguniiviaauman (T,) Uszana 130-180 °C Asudrsgenitvesly

(%
[y o

q
waraRnily Faguegiutminluanauazdnsiaiu Inewudn T, duwilduiinduniuinmin
LLana wavNsHansendn L wag D-isomer vl T, Buudlduandias e T, ves PLA Wy
szdidranaminlulassadrafiusunnves D-lactide WussAusznouiinduy (2) audfng
azang Yuegnudndiuvesendng L wag D-isomer Wuliiedfiu iiesaindvdanasia sediu
@) = .. a Id = dg”
Audundn (Degree of crystallinity) lnevniiaandundngsuauaiunsalunisazany

e uluuA1a9 lneNeawanin waTnuUllara el wWeanNesea wara1susEnau
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lalasansuouilifvyunudl uiazazarelddlufiiazaedunidnguaastiuamiazyigos
Sy LU lneentgu (Dioxane) Aaalsnasy (Chloroform) wavlamaslsdinu
(Dichloromethane) (3) auU@idena PLA tuflaanuasmusenisnseunni dadalndifesty
PVC flaifnsiivansiduuns dielinaunisisdia (Unoriented PLA) aziinnnudsizannuad]
mAsgY (Stiffness) wazAuudsusa (Strength) g Worunsiadnazilantilndifsaiu
PET wonani PLA faflautalndifiostu PS wazdiansnsothlusauladlidaudilndidoeiu
PE w30 PP 1§ Fadunaunandndiuveslolowesiiunnetuluaslonediwes [61] vl
PLA fidaaszrituiiandlenainvaneseunsausuldsesduanudosmsidnuldnireiu
Fatfu PLA Fsaunsathludiudgadiellumséld Tnsaus@idenaidoafuves PLA wanls
ANST 2.7

AN 2.7 WEASELURLTINAVRINDBLAARS Wadn [61]

o Talnunashiin H1UN5A9ER
auUR
(Unoriented) (Oriented)
ANFUMULSIRIGSTIER (ps) 6,900-7,700 6,900-24,000
AUAYNLUSIATI9ARTIN (psi) 6,600-8,900 N/A

UOANALIIAG (psi)

500,000-580,000

564,000-600,000

ANMUATUNIUBTINTELNA (ft:lb in ) 0.3-0.4 N/A
Yovarmstaimiigauaniin (%) 3.1-5.8 15-160
AL (Rockwell hardness) 82-88 82-88

nsLaNdnINveINBALaRAN kBT NsEUIUNITAANERIveINeRIesTULTY
nsguIunM s anslaliuanaianisvineendsdaalvanelgluanaduas untnluana
Yesnedwesanas lendndusilunouswesnavaunusaiinanslng wasaulRnunisgasan

919 anvfidena nsideuan ntuintuandadenindenniuangg Midadeandiitin

'
a adada 1

U AUToU wad 593 waznsn-wa [62] wasladuvesdadidin wu 8un3d wasteulel [63,

[
LY [y

64] ufsdavuivaudfvesedwesviatusie wu Wndhluanavemedwes , anudy

= Y [ a < P A g v Y] v
WAN, dnyaemsdugIuIngt wavanudugngu lnen PLA Mlidmdnluanageazaaiadils
g1nN1 PLA Tuniinluianadindi Wusu [65] dmsu PLA dudunedwesnlanmuly

FIULNAEANYININ 1H991INANNTONEANTAYAUNIETTUYIARATAAEFAINTIN NG

& <

audRdetidunilslumanaivinlv PLA Tosuaiuaulaeonaivd Tunisnisunnd PLA gn
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anldluvainvatsau Insanglunuiuiannlelusiane Weswin PLA aunsaaaiesa

aaa

laludadidinganalnnisgesaatsluddliddintuendenalnrasnisunswazn1svind jasen

[y

(diffusion-reaction mechanisms) [66] lasukazoulwiludeddinazunsinluluiiotan

q

ntuaiin)isenlalnsdda vilvaneldvadluianaiiiiusvioavosves PLA v1neanta
panAuadunsakanin U1 kazarsusulaeanles FaNAnAUTARNTULAEITIRa1USTY
sanlulpuanantuuaiiselusnan1ensanisiineIN1Se NLEUSIEILITAYILLTINSEBUANIN

YBINDALAARN LOTALA (67, 68] wanenegy 2.11
(0]

% CH3 O
(0] Heat+Catalyst
2 ey
(0] n
o}
Cleavage of CHj O CHj;

ester bond | | ”
R +O—CH C OH H+O—CH——C~+;

sU 211 MIduATILilaymMIgesaaien 1 gInmueIneduanin ueda Ingdilvaiinum

USaNSnIEULazLa3NeIe acid phosphatase way lactate dehydrogenase MinasaINgad

2.4.  waam1luswanlau (PCL)

2.4.1. nszUIUNSHAANRAALUSLAALAY
wodmluswaalaudunedineszinmatianisdnaglunaunedioamesndaislensy
duas1enu NI uAUNIUATEUIUN SR NTEUINN TAUATIINEaATlUSuaAla UL
adg ad [ ¢ v a A [ ¢ 1 aaa a o
wa1es Ingdanislunsduasisvilnsuanudeupenisduasigriniuljisenediwe lswdu
WUULUA9 (Ring opening polymerization, ROP) 484 E-caprolactone $2uAUN1SLEF2LS9

aaa a =

UAzen dunsd, Anseufnsenlans, wsaeuludl [69] Fedaiseufisenlasunudeuuin

=

fanfonislfioulesdlaa uazdsonunisfnyimaisaduyuliuluiiufisen ROP ves
luana 2-methylene-1,3-dioxepane (MDO) wufiu ag1alsfiniun1sdunsizs PCL Uy
anunsaduasiziiiiuljisenediuelsiwduluualuiiu (Polycondensation) U89 6-

hydroxyhexanoic acid lalguiu nsguIunsdaunsien PCL uansiagy 2.12
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y
Q Carg W, Mig or

po/}; eon,,;e’c?/.
’719” e
Zah% ’7//79
e-Caprolactone -
W/W\OT
H,C / »O n
09 PCL
)Lu o0
o %‘(@ 2"
G\C’A «\6‘\1
) %

<
£
g
2-Methylene- &
]
&
§

1,3-dioxepane
HO
\[(\/\/\OH

0
6-Hydroxycaproic
acid

U 2.12 m3duasizii polycaprolactone lagieusiosnuang1ariu

242, auvdveswedmlUswantau [70]

=< a

a [ @) 5" a a = A < =
wedmlusianlaudmduimeslunarafnvidanilslanwuzilunnaniammnn

q Y

= 1

naeumAaINnAoegfiusriIN 60 °C harguuinsdsuainaniugadienia (Glass
transition temperature) 8g#Uszaa) 60 °C AAIuMUILULBgN 1.14 g/cm® Anwaizng
menwaswedalusuanlauiutuegfuiminlnanavewnsly (M,) aunsaiidnvandy
yosudendroding (M, #1) wiefidnwazduvesids (M, > 20.000) TngwedaUsuanlnudi
i lanasifngnldifuamsfausidmiustulumstiulssauifdueg uasnedan
TusuaalaumiinluianagiudaudfiBnadiuauuiuuseis (tensile stress) adneifuned
ity fauTAduniudenasiu udegalsinamadalusianlnuildoidesidfyfein
vaouimasIaduteimunddalunsiiluldeg [7auhideuvemednlusuanl

(%

lﬂld o o U o U d‘
V]JJU']MUF]IMLaqaLLG‘]ﬂG\’NﬂULLaﬂﬂﬂQG}Tﬁ’NV] 2.8

1%
o

dl va a dld U 1 L
1NN 2.8 LLﬁ@flﬁll‘UWUENW@aﬂﬁiﬂiLLaﬂIG}u%NU’MUﬂimLaf]aLLG]ﬂG]’]ﬂﬂu

GHAN PCL1 PCL2 PCL3
thwidnlaana 37,000 50,000 80,000
Qmmﬁwaaumm (°0O) 58-60 58-60 60-62
AILAULTIAY (kg/cm?) 140 360 580
N158nsa o 9270 (%) 660 800 900
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wodwaam lustanlaunudanaswnng [72, 73] neaaluswanlaulasuniseausu
311 Food and Drug Administration (FDA) nasnun1sdrluldauieafiusanieuyed

=~ a ~ waa 1 A o o
Wasanwedmlushanlpuilauvinuiaulafe auaiuisalunisazarelusivinazane

al

a 6 dy a o = Y = Mo Y a a [y s & a

UYIY, aunsnTUUNRMIA, waziinmsaaiedmisdinnilinelmfanan s duiiv
nodnlushanlauaziinnNsaaIufinIadInImeInnIs nujisenlalasladan usnuiuse
wwawes (Ester linkages) uazavgaydennuudansslssana 50% ngluszeziian 8 dUans
nsiaufizenlelasladan vinuiuszeamestuazyili Anansledlnwesdaduansid
g o OI .q! o U o Y a a U L3
mtnluanamaeazgnimdnllagiwadluszey macrophages uazagyiliinansnin i
e E -hydroxycaproic acid 210058 UIUAISIUAIUDATUUDII9AT Tricarboxylic acid (TCA)
Fagarneazgnnidnesnainiinie inbildeiiaenuduiy WellSeudisudunedioan
93UTUADU 19U PLGA nu11 waam lusiaalaudoniinsaais@Inisdinnineindl feiuis

& € o U 1
winzadlunsussenddugunsalimsunsugnaneseezens

2.5.  dulenauszninanedanfinuadanazwaaanlusuanlau (Polylactic

acid/Polycaprolactone blend fiber)

nstugudulenan PLA/PCL fenssurums RIS Suusingluauideves K. Laine
[74] lé’ﬁwmsﬁﬂwmﬁﬁﬁugﬂLﬁuiaﬁnaﬂizuauﬂﬁ RIS Taeldpauioutussuiisuiu
nsruIunis ES Feldnediuesae poly(L-lactide-co-D-lactide) 96/4, poly-DL-lactide
50/50, PCL wag poly(L-lactide/€-caprolactone) 70/30 lpalavinnisaguliin Yaduiiddny
flandmiunszuiums RIS Asrmlumsduvau Sradsuadodnumrvondul dafuly
AT deTunsinedulelndldnssuaunis RIS dudaulnafasdunsinudule PLA
PCL uazidulonansening PLA vi58 PCL funeduesafindy feeadu

Tuauidenes L Xia uazane [75] liin1sAnsnssuaunisnistuguidule PLA
(M,, 150,000) argwmada RIS lnawsauannaisazane PLA Tu 1,1,1,3,3,3-Hexafluoro-2-
propanol §391nHaveIn1sANBINUII (1) Lﬁumu@uﬂﬂmwaué’uisﬁ?uLﬁ'wﬁuamaﬁ
Hodfydennududuremedwes 2) mundundnvemedwefiuduiionnudslunis
wauiiuty uay (3) audhnannufeuresdulodulildfanuunnssiuogaideddyde
vinsUuiAsumnududunagaandalunstiuvgu

Tusiddeves Z. McEachin wag K. Lozano [76] lévinsfnunszuiunismsiugy
&ule PCL (M, 60,000) dasmaiia RIS Ineinsauanaisaraney PCL Tu dichloromethane

FINHAVBINTANYITIBIIUI (1) TAHL5I50U 9,000 rpm anansawnsesduleNiiidunu
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[V
=< U

AUGNANVUINUTELI 200 nm. (2) AudunanveneduasiuTudiuaws lun1sdu

Y

[
&

myulpsnrudundnifisdudonuduintu uay 3) avudundnveadulowedwediud
Atfosnimediesitlldunsruaunistiugy

Tunuideaed P. Ravishankar wagaue [77] lavinisfnwinavesdiwdslsialunig
unednvazvauduly PCL aswaila RIS lngmIguanaisazate PCL lu 1,1,1,3,3,3-
hexafluoro-2-propanol 4a1nnaveansinunudn (1) S1uauliiafidmasenszuiunis
1nfianfe Reynolds number Feazdwwasion w3 wemediuesvazoonanidu uas (2)
Srvnzveaduletufuanudiduresmsaranenediwoiuaraudlunistiumgu Tnsvua
Gurugudnansesdulafiutudonnuduiuresasarasifinduuaran s lunsiiy

MyUanad Beuanssisgu 2.13

Increasing PCL concentrations

10K

U 2.13 uansdnwazvendulefinnusiseuuasaududuiivinsiulae gnasdimdosans
Windalwdule (scale bar = 50 m)

Tuswideues D. Sharma wag B. Satapathy [77] lavinnsAnwidulenas PLA/PCL
fhenszuIunis ES lnawdeuainansazaty PLA/PCL fisasidiuiuandneiu lusvhazany
WA CF/DMF (Vv = 4:1) B91nuavesnisfinwimudn (1) éulewas PLA/PCL 4
fncnn 80/20 HufiFnauudansaussia (Tensile Strength) gefign Jadleifiudadiuves

PLA Tudulenuinlugda (Young's Modulus) Husldniiidaiy wenaniin1sgasia a 3av10



(Elongation at Break) wazeanuudausansefsiuiumnldug@uiioiudndiures PLA uaz

36

anaiilenau PLA gan1 80 wi% Fauansfazy 2.14 wag (2) Contact angle vausuldle

Havtuilfanauiloiiudndiues PLA wanwiagy 2.155U 2.15

2.6.
2.6.1.

- o o

w

Young's Modulus (MPa)

120 25 ‘
—e— Young's Modulus (MPa)
A --=-- Elongation at break (%) [ 110 = E B
o
L 100 & 2.0

0 *,,”{ T 'ﬁ gi

— k. to o £

0 " 8 ©

%- L 80 = g 15

o] . 8
;s : t70 €

}/ i @ s @

20 - 60 ® =210

i o B
o L c

0 LA T

. Lso W Fos]
04
S T T T T T 30 T v T T T T T
0 0 50 60 70 80 90 100 110 0 50 60 70 80 9 100
PLA content (wt.%) PLA content (wt. %)

U 2.14 audienavewsiuadulona PLA/PCL
136 F

~

- - -

L N w

e @ N
1

Contact angle (°)

-

N

o
N

116

T T T T
0 60 80 100
Increase in PLA content

U 2.15 msdeuuasraset Contact angle vaduHuLdulonay

HlasdiuFugan (Neomycin sulfate)

nanyalvaden

]
(3 a

Neomycin 1JueuiTruznguesziilulnalalyd iinalunisdudanisasnalusiuves

a a o 1 4 1 al -1 Id £ 4
BUANLIY SJ‘U’]‘MUWEJIUVIENWGWWIU‘M@WEJE‘ULL‘UU bYU AU, NS, sy ganen vuURU

Neomycin gnaunulud a.a. 1949 luesdfufinisvewatu winddu Inegndnlmduen

UfFuzneglunqueziilulnalaledil lassadenfidnvaziluiiniassilu (Amino sugars)

agtien 2 luanaweuseiumeiusslnalaled (slycoside bond) daudsznaundnidu 2-

deoxystreptamine Waudariuluanauinandumis 4 uag 5 lagniumia 4 gnunuinag

1n1a Neosamine C, fIWVUA 3”7 gAUNUMIBUIRATILANAITY LLazﬁquéﬂmaLi‘Juﬁﬂmali
lua [78] uanssiagy 2.16
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HO Q
HO

O OH
H:NJ NH,

U 2.16 uandlasasnsvesnguilledfegudmsu Neomycin (R=NH,) Wag Paromomycin
(R=0OH)

2.6.2. nalnN138engNSUBIEN

(%
=

Tedegutulignsresuuafisownsuuiniazunsuay nefeuldludieniinisiniie

297U lagRN RN VBRI LUANS BN SUaUldaanTulunismela uanandids
QK 1 a a % Ly 4 1 1 al b‘dy
a1u1500eNgNSRBLUATISBLATIVINIIUNAeNUS Inanduenquesilulnalaluddazoen
guslagluduiulslulendueiln 30s MUTany A 909 165 rRNA wazduddunausuduluns
asralushuvaskuaiise vilinanisulasialunisas1adsiuie fewuaiiseldaiuisaun
TWsaulUlgauls sgralsfniuswdiimsaunuiilodedunnduszeziiaiuinnii 50 U naln
v v ad P o a & R ' v o lw | o ~ o o
nsIufuAdwevasiladedy duidadsiausansiulswudaminlan Weasannnuiniless
FUUUTHNANUNITAIENINNTIAINTOUTDL Triple-stranded DNA LazdINanDn1TAIENIN
w89 B-DNA duplex tantipe [78, 79] uenaniiilededudilauaansadunulaseasndun
Aaeulassasne A-DNA 16 @s triplex DNA Alluniislulassasavantu deluninduillese
Fudsanunsairduiduassenaulidounuasiugnssuss ninanisnefiaenauauas
299 DNA way RNA (DNA:RNA hybrid triplex formation) L6l i@ouuaiissunsuaudifg
NINISHNNENABUAUDIRBN1SSNEInletladaqulan Llawn Enterobacter cloacae,
Escherichia coli 4ag Proteus vulgaris d1m5uA1aududuveseluseaunign (luvaean
naan) Naruirsadudenisasgivlnuesudauuafitsels (Minimum Inhibitory
Concentration; MIC) w1fiu >16 g /ml, 1 Hg /ml, kag 0.25 e /ml anudau [79]
[ a = v a [ I 1 al = 1 t:’ljo./ 1

Aanuluiievase dlefisgudneglunduesiilulnalalendenlungduilinazdna
nsgnuselanavidulsramduiulagaietesivy lnelinenumaiaufisenisuiensy
| & Aay ~ a ¥ v Y v AV vo o 1% P
Uaunss Nsangusngaorainensmuinlaungtaela guienlasunissnwiimeeniile
Jou w1z 6-8% a1 lmineiniswiduentunguesiilulnalalen sindu q 19 019fin

= ¥ v = d'dl dy £ [~ = o 1y 1 dif [ 1w
p1nsrauldiasieadsNinte wnldenduna uusiuid@nsunsade luseINa e

Y a a = 1 a 1 ! v & 6=2 6 ¥
‘Vi’]ﬂi“ULﬂu‘Uiiﬂmﬂﬂﬂ’e]’mLﬂﬂﬂ’]i@ﬂ"?ﬁuLL@SLUUW‘H@@?SUU?NﬂWU‘lﬂ IUUNQNLLWVIEJGNVLZJ%UEJ']
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UfThuggluuuasuniidrunauvesilododu wu welalesu ulugasuauszninaui@ns
Fu uazneddedud wag/mIelaumdedu vsons g (80]
2.6.3. audveseillededu

gnilledfeduiiaaumuniudeduvsd Ausoulaznsa (pH 2.0) Ngamnilas @a1u1sn
avangilaatunn pH lngligadsaud@lunisinw waslleazangdiudaglaasazaned
) ! [ aaa [y 14
Jussanunsavigisendunsala

ANS9N 2.9 LEARISI8ALDYARALANURAUNIUTENSYRITLaNETUY Fams

gnsluana Cys Hag Ng O15 - 3H,50,
ANWYAULNINLATN NaAY IS AMA ANt
pH 5-75
thwiinlanana 908.88 g/mol
QEUNHLNADILIARD >187 °C

Water 50

Ethanol 0.1
Solubility

Methanol 0.23
(mg/mU)

Isopropanol 0.08

Benzene 0.05

dnlngudrlededuazgninanldlugduuvealdniguen wu dleaveiu egelsh
puetiannsodaginmelasnisivdsenuld uisndusoddsaniueuiTugdu dlode
Fudugnufiuzidnivgaed amino sugar Wilassasiamdn dliluanainrniudgs
Jehigngadulussuumaiueins Ssemnsadenuldlunsdnsindolussuuniaiu
919151 917 Alefedugnirunlfifierdunisdestulsaanosaindy (hepatic
encephalopathy) wazn1izansluduadluiden (hypercholesterolemia) fleannisiiiile
Tegusengrisstouuaiielumaiuewns wwdwalisrdunonlinidslusumesiias 3w
Hostumaiinlsrauesanduld uenainiuda Swongvseseurquideuuaiiseiinedeainsy

Tostedu Fudusndndnuiandsnidlunissneiulsanazieeinisliddndunissneniizi

1%
=

wonvaTiseluanldidniinisiayAulnunniAuly (small intestinal bacterial overgrowth)

[ 7
v

vellillediegulidlugduuvenilddmsunisdadrasadand Wesandlendiusielngaduy

agaunn Jaguuiinisnandlodedu Usunandntesluiafuriindauisuin iiegausyasdly
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[

I3 v gV = Yo ad A ' a o a
NSLUUENTNULEY I@IEJGU‘U']WEJ']W%Q@I']ﬂ%u%glﬂiUIUﬂimu@U‘ﬂﬂigﬂqu 25 ug NBNIIRAINYU

Y

Tunianss [78, 81]

2.6.6. nsUszyndldillededu daue

nsUszgnadldiletedu famnimsunsldiduledusdouideriinsdnulidinn
1n lngdulngfludedu damngnuszenaluguuureimsiidmeildlnenss vsenaud
fusniinduluguuuuvessmuariaa fegiatulunsAnyives Darwhekar wazans [82]
lasrenumeatinnisiidsenilodedu damndiunisinialagldlalulondangu (Elastic
liposomes,EL) denwenisanidenislutuiian lnseenuwuuliiaa EL S8nwmely
laseas1ansenauwuy uni-lamellar vinasnaaeuiviantdsveaynudn EL Ifnenmlunig
dsiiloffoduludeimifsaninsnidaile Staphylococcal Idpgsauysniniely 7 fu
uenaniidledfedu daunlignysnunisAneidulsans eswndlefedududueid
Snvarvesenfivoun (Hydrophilic) 817 nMsAn¥Ives Jabeen wagAmy [83] lnAnwINIg

o

YanUassefiladedululeaiaaluredalniasd 1naleamammsouainnIsnausenIngbale

[y

11 (Chitosan), 8a31un (Alginate) wazwedlifausanaged (Poly(vinyl alcohol)) Tneidou
edaEnnTzienond ey (Tetraethoxysilane) ludnsdaudiuand sty nuin loaiead
dneamlunisaurunisdanuaseeidia 83% lunan 80 uiiiluveunaidiaes egelsinnu
T.Nitanan wagaus[84] lavinsAnwinisvanlassenvesilodeduluidulonaussning
Poly(styrene sulfonic acid-co-maleic acid) Ay Polyvinyl alcohol (PVA) A7 u PRl fae
NI¥UIUNT ES WU’J"];;ULLUUmiﬂamUéaaﬁIaﬁsJ%uéﬁuagUJf‘TUU%mmmaﬂﬁiaﬂa%uﬁusmawu
dule WediuUinadlededuluduledwalisnsinmsvanudeeileivuanas wazieny
Fuduveseluduledinda0.001% wa asildiianistanUdesendisaniaiu (Aanns
wanidsulessuvesefuiinatmageu) wazdwmalinisudstusznindeseuluginalatu

Toauvassnluduleluniswanasulossuanas
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uni 3

A5n1sAtiunng

TunpunIeaesiuUteandu 3 dw Fvanunsoasuldnuunuiinsmaassdisgy
3.1-5U 33

—  PLA fiber

S g

> Concentration of PLA solution

Rotational jet

spinning L 5,8, 10, 12, 15 and 18 %w/v

» Rotational speed

I-b 3,000, 4,150 and 4,900 rpm

| Dichloromethane: Ethanol ratio

|'> 100:0, 95:5 and 90:10 v/v

T

Part 1:
PLA/PCL
blend fiber

Test and

Characterizations Viscosity meter

— SEM

— BET

— Tensile test

— Contact angle

—H DSC

5U 3.1 WA UNITNARDIURIRNEUN 1



==

Best condition

PLA/PCL fiber

Part 2:
Neomycin load
PLA/PCL blend

fiber

Neomycin-load

PLA/PCL fiber

41

N Rotational jet Neomycin load PLA/PCL
spinning - blend fiber
Test and
L > .
Characterizations Drug loading

Drug releasing in PBS solution

FTIR

5U 3.2 unuadnAuNTMAaRIBIMaun 2

—p

Antibiotic bioactivity

Part 3: Wound

dressing Test

>

Cytotoxicity

5U 3.3 WHURSAIRUNISYAaRIveInaui 3



a2

3.1, Jaguazasadnldluauilde
3.1.1. wedkaARn wa@n (Polylactic acid, PLA) 1n5A Ingeo™ Biopolymer 4043D 210
U¥W NatureWorks Asia Pacific Avaviukiu 1.24 g/cm’ gaunniinisiuaeuaniug

ATBUMILYINAY 55-60 °C gauniinsvasuvadf 145-160 °C

O
O
CH3 n

U 3.4 uanwinuaglaswasavasmeduanin waga
3.1.2. wedAlUsuanlau (Polycaprolactone, PCL) 39nU3¥v Sigma-Aldrich 9aunqiinis

WaguanugAdgwAWNAU 60 °C Wmiinlaana (M,,) Wity 14,000

0
|
0

n
U 3.5 uansinvaglasiaiavemeaalusuanlau
3.1.3. lapaelsilivu (Dichloromethane, DCM) thss AR-grade (99.8%) a1nUsE" RC
Labscan ANUnUILLEL 1.330-¢/cm’ aaihian (Bp.) 40 °C
3.1.4. 1®NUa (Ethanol, EtOH) LnsA AR-grade (99.9%) 21nUT¥" RCI Labscan A7
U 0.790 g/cm? gaian (Bp.) 78.3 °C
3.1.5. dlededudain (Neomycin sulfate, Neo) tilang 51MﬁﬂIuLaqa 614.64 g 911

US¥N Sigma-Aldrich

CH,NH,
0
HO
HO
H,N NH,
0
O
HOH,C HO
0
5 0
H
HO *3H,S0,
NH, 0 OH
CH,NH,

U 3.6 uanwinwuylassasavesiilededudaiiin



3.2.
3.2.1.

3.2.2.

3.2.3.

3.2.4.

3.2.5.

3.2.6.

3.2.7.

3.2.8.

3.2.9.

3.2.10.

3.2.11.

a3

\3asfiefildluauide

i3eatuguidulouvuilunyu (Rotational jet spinning) UnuUITudmiy
ansazans Fdnwuadusugudnans 0.80 fadiuns ldwsuTugUmsaras
1A393lAT 18NN AvesYDIMaT (Viscometer) $u RVDV-Ill+ 91nU3 9w
Brookfield Engineering Tddmsuinanuniinvesansazargnadiues
N&999an33AUBIANATBULUUEBINTIA (Scanning Electron Microscope, SEM) §u
Hitachi TM3030 Useineigasuilldinsisndugninerveaduly
LﬂéaﬁLﬂi’]zﬁﬁuﬁﬂ?uazgwqu (Surface Area and Pore Size Analyzer) 34
NOVA2200e lagldnann15u3 Brunaue-Emmet-Teller (BET) 910 US¥ Anton-
Paar (Thailand) Ltd.

1304 Universal testing machine (UTM) g1 5969 Load cell g9gm 50 kN Szezdn
49dn 1212 mm UTEW Instron Engineering Corporation Usginaanigawsni 19
naFoUaNTRNAERUBsTuiiaY (Tensile test)

1A393 Universal testing machine (UTM) 54 NRI-TS500-5S. Load cell gagm 1 kN
U3 uiunsBuangaiu $afn Wvadevandinisfdavesdunuduls (Tensie
test)

\desinyududanesvienun (Drop shape analysis) §u DM-CE1 91nU38m Kyowa
Interface Co.,Ltd. Ussmvﬂﬁfjiju 1930 @ Surface free energy U9981582a18WD 4
weiuaz JpAn Contact anele vestiumuduly
ww3esflotinsienansinieaudoulngldnintunndimisninudeu (Differential
scanning calorimeter, DSC) 5:“ DSC1 91AUT¥N Mettler Toledo Usgin
ansgosn Idwiuinssrautinisemuiouvedule

\A384 Fourier transform infrared spectrometer (FTIR) U Vertex 70 U3 Bruker
Optic Usemawosuil Tddwsuliaevingilenduvesansiesaddunsise
m’%'aﬁmms@mﬂﬁmm (UV-Vis spectrophotometer) Ju Shimadzu UV-1800 U3t
Bara Scientific Co.,Ltd. Ussinelne lddwmsuinnisganiunaseaseilodedudams
Tuasazansimines

ﬁmuquqm%gﬁuazmm%ﬁg (Temperature & Humidity Chamber) U Bench-top
type SH-242 US¥% Espec Engineering (Thailand) 1ddmSuniuauamvgiinas

AUTUVDITUNUNAGDY
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3.3, UAIUALIUIIUIRY

3.3.1. mswseudulenediuesnauseninamedianin wedauazneanilusuanlau tngly
Lﬂ%ﬁﬂ?zmmuﬂumu
Tudumeuninwiemdulenedimesnaulaelfindosdadanuudunyuiuldvinig

wisnduleluannedineg wasfnundninaidmadednumemedngiuinerveaduls g

FnsAnedvdnaiiieatos 4 Jadelaud anududuresansazatenedwes, mnudiseu

1umi‘1ﬂumu, SnsdIuTesivinaratssEuinesYnazateRnfudviiazatefilldi was

IRT1AIUNDABSNANTEIING PLA AU PCL f9lananstupnaunssalddl

3311 duseunswsuasaraenediuosuauuaznistuguidule

WS UUANTAZANENOALNDINANTENIN PLA waz PCL Tudnvinazatonausening DCM
uway EtOH fidmaufiunndnaiu lnsuanssoasiBenniunisnad 3.1 lnevinisazaened
wosludhazanefonsifuisusindnniuans fommgives Tasararefuaransiile
Aoty mniuduguidulefmeiniessadauuutiumu (RJS)

1) dmsunsAnendndnaresnududuvesansazatenediues in1sazans
PLA Tusvinazats DCM Thansasanedinauauau 5, 8, 10, 12, 15, 18 wag 20 % w/v (g
polymer/100 ml solution)

2)  dwmiumsfnwidvinavesaaniiseviunistumi smaedsuansazane

v

PLA fimnuiduduansazats 15% wiv mﬂﬁ’u%ugﬂma RIS fimn1u$asounmansneiu e
3,000, 4,150 wag 4,900 SaUfauIN

3.) AusunsAnE VS NavedRsIE@ILTasR T avae eI Thazane iR iU
Favazaeildd iniswieuaisazais PLA finasdudu 15% wa ludiviazatsnay
5811719 DCM (frazanedin) waz EtOH (Fazanefildd) Tushsndiu 95:5 uaz 90:10 v/v lag
¥in1sazate PLA lu DCM Aoy ileansavaraduiloionfuudidedosldvasanon (i
EtOH asly lnevasifulyiinnisniudieninansigs

4. F1SUNITANEIBNENAVDIONTIEIUNDRLUDINANTENING PLA AU PCL 11
ASMsENANTAYa8 PLA way PCL Tusnsidiu 80:20, 75:25 way 70:30 tudavinazats DCM
Tnsuvinsdnweeniluaesgluuude (1) Mvualianuiduduremeiwesnauluasazane
AIif 15% w/iv waz (2) fualiusunn PLA luansasatonaunsiii 12% w/v waziiiy

USuay PCL pusnsialuiisunuusunas PLA



a5

A5 3.1 LARIEATNTASEUNORIIDNANTENINN PLA g PCL lusivihazate DCM uag

EtOH

PLA content (g) in PCL content (¢) in | Ratio of mixed solvent (v/v)
sample 100 ml of solution | 100 ml of solution DCM EtOH
5L100 5 : 100 -
8L100 8 : 100 -
10L100 10 - 100 -
121100 12 - 100 -
15L100 15 - 100 -
18L100 18 c 100 -
20L100 20 4 100 -
15L100E5 15 - 95 5
15L100E10 15 - 90 10
15L.80C20 12 3 100 -
15L75C25 11.25 3.75 100 -
15L70C30 10.5 4.5 100 -
15L.80C20 12 3 100 -
16L75C25 12 4 100 -
17L70C30 12 5 100 -

Tudumnaunisiiusnealsazateneaastuaziin1sivasazats i lulnanila
a Y v a6 a aa ) @ [ A a A [V CY) o a
alvuaziumeaunedienau vin1siusnwvinaumad 25 °C iedesiudiiaraieinnis

P v ~ v = Y}
REAYLE LLazmiazmEJ‘VILmiamlmuu%mmqmﬂ‘m’]mwm 73U

insdusUidulesieinsesdnaniuulunyu tngldaisazatgnefiuesusung 30

fiadidns AN5350U 4,150 Seusawndl Ngaumnisendng 28 - 31 °C nuuihnsiudule

€

19819n8991nna% Ul 30 Fud aunseslitidulesenainidussnunduszezial 30

w9 vnstuiinnawaziininvesduleuaginnisaiuium %yield AldainnisAiula

)

v @

Usinandulenlagniausdlaeiondiunediuesniniuiazaneantuifisuiudmidnveaned

wasluansavalgfsaunis




a6

waveuduleinanle
% yield = x100 Eg. 3.1

naveedwesluasazay

wsesspanuulunyuildiuldsuwuuitudwmiuansazatg @ity (Spinneret
head) Yuatdusuaugnatsidly 50 Tadiuns vuradur1uaudnalsin@a (Syringe
needle, nozzle) 0.80 HAALIAT 2 ALWNUY VUIRSALAIAzAL (Collector) 500 Tadiuns tng

uansanwEAIgU 3.7

Collector

Motor

JU 3.7 uand a. Ins9a319ves RIS uae b. anwurvewndulasiiayau (85]

3312, mywneikaznsiigadienanvalvedduly
33.1.2.1. MSVARBUALURIDIABUDIEITAZAUNDAOT

daumiﬁﬁugmﬁﬂa thensavanedldanniswienlutumeuiiiun swhnismeaou
Wemantinislelavesansazatanedios

1) hmsiamauviavesaisazatenedimiesingnisly Brookfield viscometer
Tnewmsenansara1sUsuIng 100 ml Lagidensiasiia spindle 03 Assalunisnagau 100
rpm YmsnaaeuTigamgil 25 °C

2) #1n1591nA1 Surface free energy Inan 51y Drop shape analysis 11119
w3suasazasatlunasnin seidlilviionnmdnly snduinnssnaisazangosnundae
9931N13NAEDU 1.0056 pl/s MIN15AUIN Surface free energy mﬂgﬂmwmﬁﬁmaaﬂm
33.1.2.2. figridnwarnsduginemeadulouardnvusiiuiiinveaduly fe

a

walla SEM lngvinisnaaeunieldinun back scattering AiA111A19&NE 15.00 kV 7

o w

Asvey 100 wag 5000 Wi insinsienuuadusiugudnaluatsvedulean 100

AP8lUIHLNTH Image J
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3.3.1.2.3. A15A529aaUNUNRveNdulevandulety n519daUlALLASBIILATIZTNUN
Aanazgngu lngodendnn1sgadureafingsuuvesudaniunges Brunaue-Emmet-Teller

v a

(BET) Moaungiinaaay 77K lagdieg19aggnidnineadiuiu (degassed) Nigaumail 40 °C

Y

aeldgyyinedunat 24 42109 Ingan spedific surface area LQNAIUINKIY BET
method

3.3.1.2.4. AnwauUadanavesiaunautazidule Inansunisnageulnsauilauned
WSHANINNTZUIUNT Solution casting Tnsazaiy PLA waz PCL isns1d9u 1000,
80:20, 75:25 way 70:30 lneavargludivinazals DCM THLANUUTIUYIdsasanened
ipsHANYINAY 18% w/v fiUH1Rs 150 ml Iniumasuufusinazan fislilugangd 25 °C
Huan 5 Yuileszmediiazans wagyiinisnaaeunisisdngdien3as universal testing

machine N1SNAABUAINUIATFIW ASTM D882 - 10 LA B U UEMALURUNINIE 10

faduns way Gauge length 817 20 fadiuns neunIsnadavinAuuiselulasiines

'
v

wazFaminiununagsy  dmsumsaeildald Load cell 5 kN waz dmduduleld Load
cell 50 N audalunisiedin 5 fedwnsdeud Adildainnismageuasusznaulddne an
tensile strength, Young’s Modulus Lag Elongation at break 1#vi1n15115078A274
nuulureadulonaudiasziial tensile strength ez Young’s Modulus

3.3.1.2.5. ﬁnmmmyué’uﬁamawamﬁﬂmlsﬁ’ Drop shape analysis 14lulasUilngn
vhnduUsinal 500 pl LLﬁ%EjiJMEJWEWU%@ﬂm 5 ul SUUAIDYNVAFOU 3 AU nturi
n5ianIAT contact angle Inglalusunsy Image J

3.3.1.2.6. AnwiandAnisaiindeudulenaudiendas Differential scanning
calorimeter (DSC) Tuluum non-isothermal wuu Heat-Cool-Heat Iuﬂhﬂ’qmwgﬁ 30 914 220
DIFNYALTYE DNTINTINAIINFTOUWINAU 10 DeALgalTuanauITikazUSuIunan (%X,.) 984
anunsaunaldmuaunsa 3.1

AH-AH co 30
. g 3.

*
m

lng %Xc ApUTununantunedwes,w Aedndiuvenadwasiunedwainay, AH  As

%X =
wAH

wasuAuTaunldlunisraouinai(J/e), AH,. A wasuauseunldlun1sanndneg

Tuvauzlasuarudou (/g) Tas AH_uaz AH_ Tesnaindiunlansinludunsunislinanuiou
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AFINE03991n DSC thermogram wag AH - Aswassnuausounlslunisvasuimaingn

saa

dusunedwesninnudunan 100% lnensaives PLA agiiawwindu 93.1 J/g [86]

3.3.1.2.7. Aasgrnyfanturdulenauniginsag Fourier transform infrared Taavin

Y
¥

NNSANUNYIANNYIPAUALA 650 — 4000 cm™

33.2. msussyeastudulenay PLA/PCL WagdnwaignidigIuing) n1snaaaunisin

Wuaznsuanasssnvaadule

3321 Yunouniswdendulonedieinayivanen

Mnnsanenswiudulouaydnswavesdatuiidwadedlodountih Tnevinns
Fongnaidule PLASO uaz PLASO/10 Litexj1anussqen Neo uasnnasuansiveadulonas
g1 YnswSeuansazanenedilesnanealas (1) wisuasazarenediwesaudadiuiid on
ntunansn Neo USunas 0.1% wa Tuansazaieanedwesuay vinswaslieinsyaisly
ansavaeaiiaue AIntuttasazatNaLEIUSIN 30 ﬁaﬁ%mmsﬁugﬂﬁm RIS 7
AUL5158Y 4,150 SUABUN qmmﬁs‘ﬁugﬂ 28 -31°C Way (2) WwsuNasazatgnediues
audndiuiidonanntunansn Neo Usiia 40 faansuludh 1 fiadans Tneusudasidu
yeafazanefinsai 3.2 miniunisesuendisazaneelinsyansluansazarened
wososaashiae Anutansarae AN 1T 30 ﬁaaammﬁugﬂé’m RIS finmi
50U 4,150 50U qmmﬁsﬁugﬂ 28 -31°C

M99 3.2 LaARERAILANSHENSEAIN PLA/PCL lusviazaly DCM/ELOH wagen Neo

PLA/PCL content (g) Neo Ratio of mixed solvent (v/v)
Sample

in 100 ml of solution (w/v) DCM| EtOH | H,0O | Neo+H,0O
15L.80/Neo 12/°3 0.1 100 - - -
15L80E10/Neo 12/ 3 0.1 90 10 - -
15L80H1 12/3 - 99 - 1 -
15L80E9H1 12/3 - 90 9 1 -
15L80H1+Neo 12/ 3 - 99 - - 1
15L80E9H1+Neo 12/ 3 - 90 9 - 1

[

*qrydnwalsige 1wu 15L80E9H1+Neo
15 wanaANUNTUveanedasnanluansazanslae 15 Asnaduas 15 nsuluaisazane

100 ml, L80 nu1edafiusunas PLA 80 wt.% vasUsunuwedwesnauluaisazalsnay E9
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PUNEIUSUIUYRUENIUBE 9% VAV VBIUSUUfIvINavatenay, 1 nunedslsuiuees H,0

1% v/v veaUiinaiinavanekauias Neo fAoansillavinnislagdnly

33.2.2. meTzikaznsigaliendnualvendulenefiuesuaulvane

33.2.2.1. figaidnuurmeduguinevesdulowsrdnvariuiiivondulonediues
nadlvian daemaia SEM lagvinisnaaeunisldlnun back scattering finaud1adng
15.00 kv Aif&awens 100 wag 5000 i1 ¥nsinszduuadusugudnatsadsveady
Tyann 100 Arselusiunsy Image J

33222 Ansrevingilsddudulonaulnansrdeiaios Fourer transform infrared
Tnevimsuanuiitieanueninduraus 650 - 4000 cm’

3.3.2.2.3. Usunaenigludiule (Drug loading content)

N33 8UN AN NTUNI9 5511 (Calibration curve) Adgn1stIa1sazane
wnsgruildannisazaserilefedudamnanuididu 1,05, 0.2, 0.16, 0.12 uay 0.06
mg/ml TuansazareweaaUiweserau (Phosphate buffer saline, PBS) pH 7.4 113961
@m%uuaaé’aamcﬂﬁﬂ UV-Vis Spectrophotometer fianeindy 288 wiluuns Sufinen
NIALAURILAarAIdNTULasTINAS 1IN TIARIEAIRUS TE MR NT LA AT
ANAULEY lagaglans e duinsgIuanvasLd U

Apsznviniavessngludulenedmesnaulnanslay daduleauin 5 X 5 cm?
Somnunuuasdaiminre @ uunadey Y8R UNUNAFeUAINT T8 B191nA1S
UanUaes vinsutidulelugnsazane PBS pH 7.4 Usuas 100 ml iJunan 24 42lus 4
qm‘mgﬁ 25 °C mﬂﬁ?umwaaué'w UV spectrophotometer fimug1InAdy 288 nm. lag
UszdnSnnlunsiniiuen (%EE) Asaunis 3.3

Usinmenidiaszsildann FTIR

EE(%)= x100 Eq. 3.3

USunaenilvanadiuludule

3.3.2.2.4. MsaTevnsUanvasseiilededu danvesdulenediasaulranyn
Pudulonedivesnaulransiumadeunisvantassen nsindulenagauuin 5 X
5 cm? faanuvundslulasiwosuagdeiminidule wdnhuiuderluaisazats PBS
U305 100 ml @nnzgauminl 37 esenwal@ea vnnisiudiegwansazans PBS Usunns 5
ml ®13uL3a1 10, 20, 40 W19, 1, 2, 4, 8, 10, 12 way 24 h, nﬂﬂ%’jaﬁejuéf'aashwsﬁmmﬁu
ansazany PBS lansnaaeuiivsunaswindy antuthansazanedildunauivansazaneile

o

JeFudamalu PBS Aadutu 0.06 mg/ml ivaiiun1sganduuas nuuiansazatednin
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ARANGULAIIEmATA UV-Vis Spectrophotometer 1A311813AAY 288 ULULIAT Wazen
= a P 'Y v v A a ' '
@mﬂammLﬂssrumsmﬂuﬂﬁ'ﬁ/\lﬂ’ammwmmgmLwamﬂimmmiﬂamﬂaaﬂmimmax
9794787 INVUUIUSUIUN1ISUAAUABEENUIIASIEAAILAUNITTIAMAAIANSTILAN LU

AUNISA 2.1 - 2.3 1ieATIZIIAN R
333, nvedevaulRvendulonauiaduianUawna

3.33.1.  msuageuAlduiie (Cytotoxicity) vaadulonediuasnauiuiwagd L929 fae
7% Agar diffusion Test

333.1.1. MswsLuea L929

thiwad 1929 Lot No. 58494139 fiflanudududiuiu 2.5x10° iwaddegnuiar
wuRwas luomnsiasawad MEM Completed Medium s1uau 10 fiaddns wuadluaiy
L.Wﬂzl,?:aaL%aémmmﬁumu@uéﬂma 90 adans ﬁﬂﬂﬂuwaLgaﬂug’f CO, Incubator 7
gaunadl 37 °C ALTUEIS 95% . 5.0% co, Wunan 24 Flus v ldwaanidnwazdu
FuLien (monolayer)
33.3.1.2. NISARENFBEN

l¥guUnsal Drop Forged finfiaaea Positive control, Negative control waztdule
woRluesna uAEURIuARdna1e 018l 5 Tadwes auge 2 Taduns Yidiegaun

Wemeuas UV Misdesrnugag 20 U1 avelug BSC Class |l

3.3.3.1.3.  n15@3En Agar Plate
@mmmﬂﬁmmaéaamﬁm Agar Medium FaUusznaudie MEM Completed
Medium (2X) uag 3% Agarose ludndiu 1:1 Aeldau Agar Medium wdeia 21ntuviing

goudR8 0.1% Neutral Red

(%
[

3.3.3.1.4.  TURDUNITNAFDU

wsiiufinaaauniglunumisiisnsadoonidu 4 dau thynauaumaaouldud
Negative Control: Thermanox Plastic Coverslips (Nunc™ Naperville, IL, USA) Lot No.
1063231, Positive Control: 0.1% ZDEC Polyurethane Film (RM-A) Lot No. A-201K au1a
uRUANENa1 5 Tadluns A1Ngd 2 Tadwns 119b3auuy ves Agar Medium Aud)
wazd1e AIuaIey dusuaiuans 2 diu ladegnaasuidulonediuesnan wazvinnis

NAFBUTINIY 2 UIIzIAEEe 1 9819 91ntuiluunmizidedlug CO, Incubator 1y
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nan 24 F2las YluUseEuRan1naet International Standardization. 1SO 7405:2018 (E)

Density- Evaluation of biocompatibility of medical devices used in density

3332, mMIegaeuUsEansnmnisdudaia (Antibacterial) voadulenadilasnau Y

a

75 Agar diffusion method: kirby-bauer disk diffusion test

[%
Y

333.2.1.  Jumoun1snagEey

dndouuaii3s S aureus (Gram positive) Tug -80 parwaldoa u 1Nz IA
Tu Mueller-Hinton Agar (MHA) ifiaa1udn 4 fafwasmasluaiuinizido was
1hlU incubate 7 37 asmuwaidea iWunauian 18-24 Halus nthuhdeluidonns laeide
Talafivoausaziioadly 0.85% Sodium chloride (normal saline solution; NSS) Usuainu
qu TifisusinfuMcrarland No. 0.5 (~1.5 x 10° CFU/ml) aandurafiegiamageuidule
woRwosnaniinionldandunou 3.3.3.1.2 aslUuuwiuiu aanduiluedi 37 osan
wadeafuan 24 $alus arndunusag 0.025% MTS reagent 9MnTusin1s3iAs 1z

Inhibition zone (mm)
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uni 4

NANISAIIUIIUIY

NUITANEINTMTEUNTTMS LA UL ND AU HANTENININDALLAARN LOTALATNOAAN

[ a

WsuanlaulagldinsesdndauuuiunyudmsuduianUauna lunisfineiliuduneu

q

nsAnwieandu 3 Tuneulauiisieazdnsasalull

1.

nsnsaldulenedlesnNaNsEnIneaLandn Lodauazneanlusuanlau lnaly
wzesdndauuuiiungu lnevihnsfnwidvinaidsmadednvarnsdugiing1ves
Fuloldun anududuvesansararonedines amnuisisoulunstunu sasdm
VDI ANYNENTEWINLAAABLIHNULALLONIUDE LAYINIIEI UTEWINNDALA
afn wednuavnedalusuanlay F9vvadeunNuniinuaz LSRRI veEITazANY
MnuTugUREnsEUILNTT RIS 9nturhnsiigationdnuaivoaduls onfi dnvue
MeduguInevenduly audianusounarauURama
n13ussyenaslutdulunan PLA/PCL kagdnuaen NdngIuingl n1snaaaunis
nsga18sa lassgseluidulowasnisvandaseen Insurdndiunaussning PLA
uay PCL AlFandunouil 1 11055981 Neomycin iisndly Tuszninenszuaunis
m‘%aumiazmmﬁaﬁﬁugﬂLﬁﬁﬂ,a ‘\]’lﬂﬁluﬁ’mﬁﬁq?\]ﬁwﬂﬁﬂwiﬁ%mLﬁUI‘EJNﬁ@JEJ’] Tagvin
N1SNAFRUANNANNTTALUNISUT I IuaEnRaR UM SUaRUdos e vanduly

[ a

nsneasvantAtieiduiaatawna vinisundulendy PLA/PCL uvinn1svadau

q

auUAnunsildudanUauna 099 n1smegeunulufiviowwas uway

AMuaNsaluNsiutevedule
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4.1.  mswseudulenwedimasnaussninaneduanin wadauazwedailusuanlau Iny
Tin3asdndauuutunyu
4.1.1.  MSANYIBNENAYBIANUINTUYBIEITATANYNBALNDS
Irnuan1sagauaInunilalagld Brookfield viscosity meter iA11315750U 200
rpm Qm‘mgﬁ 25 °C La¥ALIIFINT (Interfacial tension) $81I9@158%a18 PLA Lazene lng
14 Drop shape analysis ﬁqmwgﬁ 25 °C va3a15azae PLA Tudaviiazane oov fiany
duduiuansrstu luansisdt 4.1 uandFiudlonnududuvesarsazans PLA getuvinls
Aramilnuasansazane PLA fuwiltiugstude esarnidle PLA avanelu DOM Fadusiar
avanefirdmiu PLA axvlsiansldues PLA anmsueenuasidionundudures PLA gty
sy AR A iuresaneldunty Welkusudeuunaisazarenediwesiinisiieiy
vosaneleiAnt Utz invnannsinasuit [87, 88] demaliiAnanudiuniusenisivanin
wilnvesansazanenoaless LTy [89] dinsiiuduvasrismiadiefiuanududures
ansvesarsazarsiesuidldainaunisannuduiudsenintnnunilnuasanududunes
d15azane Aeaung 4.2 Imaammaﬁgn@w’@LuJaqmmnammﬂaq Huggin 7ivinn1s@neiA

inveIaNTazaIenaaINo 3179919 (Dilute solution) WazauN1T Power law

aun13ves Huggin's - n=n.+[n]ck;([nfe)* ) Eq 41190, 911

dwiuansazaneidudu; N=k(cp)® mP Eq. 4.2 [92, 93]
Tned n, Asansuiavesinviiazany, k; AoAasiivas Huggn, [N] Ao mtrinsic

viscosity, C ABANUINTUVDIANTAZANY (ke/m?), K ADAIAST, P ABAIIUNUILUUTDY

[
A o w

a1sazaly, M Asundnluiana wag O, B Aormiiaadindsainnisnaass lagann

n15Anw1 Onogi wagany Toausdr B duladlndifes 3.4 l@ueouay O SA9gsening 4.0-

Y

5.6 lngnlufiauszanm 0.51 wag o/ B =1.5 dwmsuansavarenediuesiduduaunnnid 5 %

WA[92] hard@ NS UATLSIRIRITENINNANTATA1ENRLLBSAUBINIANIALAANNASNAdBUT

o w

WA AU AMUITLT WY INe A STl dsada LSRR og1elTe A

<
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M5197 4.1 LansAtAuvuILUY Auniiafinnuiaseulunismagey 100 rom wazLIIRs

RIU89aN5azans PLA NAMUIUTUALANAIIAU

AN TUYD AU ILUUYDA . .
ANUNUA (MPa/s) | LTI (MN/m)
asazane PLA (%w/v) | @1sagans (g/cm’)

0 (DCM solvent) 1.318 0.41 [94] 27.8
5 1.315 88.3 +0.1 324 +0.2
8 1.313 175.6 + 0.1 329 +0.5
10 1.312 2540 + 0.2 314+ 0.7
12 1.311 576.7 + 0.3 30.8 = 0.9
15 1.310 987.9 + 0.6 320+ 0.2
18 1.308 1400.0 = 0.7 314 +04
20 1.307 24273+ 0.3 31.4 +0.7

dlethansavane PLA innuiduduaneg anvinisaugududuledenssuiunis RIS
71A7110L5958Y 4,150 rpm WUIIANRLAYEIETAZATY PLA Tudinadenszuiun1stugy
Tngvaslunstuuiduleduauisantvseanliiu 3 9asagu 4.1 fe (1) Hredifiaunie
YBIF1TALANYNINIT | 254 mPa/s (Lower limit) USDNANNLYLTVUVBIE1TaLa18A1NI1 10 %

=& & | av o =3 o P a & A Ao oa
w/v G dugnnldannsatuslidulelaiiesinaisazalgnefiwesinnunilaiaiuly
dnunszuirunisnan vinlranduaniladuildneaslunes Wesananiduar ndsui
NEUSHUAITALAY ANTALLRENSATA YT UANNINTY wazTEMEFIaranuSyuSpLan
a o cal v N o I ' a s = | P a & I YY)

Wandauaileasdanvasiuniunediued waslvisduluneanefiwesnszatgegludiann
AU (2) FrefTianuniinvesdansazanssening 254 - 1,400 mPa/s (Fiber process) Batdutiad
anunsotuguiduleld lnednvasduleilirelidnuvaugsdelios indndntosuasiinsauiu
aunwkswmigudnaratudiulvg [95] uaz (3) Hrendanuninvesaisavaleganin 1,400
mPa/s (Upper limit) W3aiiansavatefinnnududuiigandy 18 % wiv dudutnlianunsoiu
sudulelaiiiasainanuniiavesaisavarvgaiuly daaliiAnanudiuniunisieioud
nelu asazaneisldaunsaniounesnainiduld Madannssuiunstugluansliiiu

! = a X [ v A a J X 1% a
’JW?]'J']&W]L!WU@QWE]@LM@?UULUU{]QQSW?{W’]@@EJNENG]@ﬂiZ‘U’JL!ﬂ’]i?JUE‘UW’JEJL‘I/lﬂ‘L!ﬂ RJS

ADAAARINUANNITA 2.6 No19D9luTN99 Y
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3000

2500

2000

a8 PLA (mPa/s)

1500

1000

[ ]
Upper limit

=
£
]
=
Q
—

AMNVLnYR9ENTa

500

0 5 10 15 20 25

AMULdNTUVRIEITAZANE PLA (%ow/v)

U 4.1 anuduiussgvianuidudularnunilnyesansagany PLA [85]

9NAN5197 4.2 wansdedvnavesrudduresansazatefidnanednwanig
fugruinewendule Tasanududuresansavais PLA fanunsotuguidudulelfoglugig
10 - 18 % w/ilotustiduladisaisazats PLA iaanuddu 10, 12, 15 uay 18% wiv
AU mmmi’mmmLé’umu@usﬁﬂmaLé'uiaLa?{alﬁ 129+ 4.7,16.7 + 4.6, 21.1 + 5.0
Lay 28.4 + 6.8 pm AmasU [85] ilaauduturasaisararenedwediiudy diwall
sunvendulpiuuiliuifisiy senndetunavesdinuniiauesaisazans PLA MiiuTy
uennfidlonudiduresasaratenedmeigetu wuinvesduinuguinasweaduleay
ANYUEVINITATLAIUNIN %EﬂwmzﬁLé’uiagﬂwé’ﬂaaﬂmaﬁaﬂu AN NTUYD
a1sazatuasinisldsunlaniesainiinnisssmevesaisazatsnieluidy waziile
ansaranedaududugely avdmalisveznaluuglidulonntude Tasidedvualy
miazmEﬂumigﬁugﬂﬁﬂ%mmmﬁﬁ 30 ml ANUNTUYBsENsazae 10, 12, 15 Lag 18%
W/V ANUEIRU %“Hfl,aaﬂuﬂﬁ%ugﬂlﬁuiawhﬁ"u 180, 200, 240 wag 310 AU A wE1FUT
¥nainnistunadlunisneasssaudiBuduldansazarsaunseitslifianseanantiiu Tne
iwsnaﬂumssﬁugﬂﬁlﬂumaﬁaLﬁaqmmﬂmasuaqm'mL%usﬁ’usuaqmiasma Tnailonan

Wutuvasasazatuiindudsmalinuslunisesnanimtiuanasaenndaasiuaunisa 2.9
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M15799 4.2 Fnwaenedugiuingrveadule Weviinisusuilisunnududuvesasazay

PLA Tu DCM fiamuidaseu 4,150 rpm

Gk

Y

SEM ANasuge 50 win

10L100
X=12.9 4.7 um
%Y=10.3 0.7 %

N DAE x50

121100

X=167+4.6 um
%Y=38.4 + 2.1 %

15PLA100
X =21.1+50pm
%Y=58.5 + 1.5%

18PLA100
X =28.4 + 6.8 um
%Y=35.7 + 2.4 %

A15NT¥ANERIvVUALELLY

40.0

30.0

20.0

10.0

0.0

3 6 9 121518 21 24 um

40.0

30.0

20.0

10.0

0.0

40.0

30.0

20.0

10.0

0.0

o)

40.0

30.0

20.0

10.0

0.0

15

21 21t 33 39 45

* X favwngudiunanadulendsain 100 A1, %Y FedesazHananvaduly
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4.1.2. ma%mm%m%wasuaammL%ﬁiauiuﬂWifjuwyu
n1sAnu13ninaresauiseulunisdunyuitdmadenssurunisdugy lu
msAnwsmualviarduduresaisazats PLA asitfl 15% wiuartuguidulefienius
FOULINAY 3,000, 4,150 WAz 4,900 rom AINEIAU LAYAINITOATUIUAIVUIALEUN Y
audnansvondulowdslsl 251 « 7.4, 211 + 50 UaAE 17.7 + 9.1 um MUAFU LAAIFTIANTIS
7l 4.3 Wadwnusevlunstudulenwuin Wulefvunadnas Wesanusaniggudnans
fiiutuainauiiseuiifistunuauns 2.4 wagaraniimoonaindudindy uasd
AUL5ITOU 4,900 rpm WU dnwagn1snsEaneivesrunduladudnuuziuy bimodal
distribution wansisnnalideideswesmsnszaresvenduls mansalindunaiesnin
msiiansvinvendule sgamnsaesuisldainnsinwiFesauliiafiosvesalaans
(Capillary instability or Rayleigh-Plateau (RP) instability) &9 Plateau lﬁszudﬂmsmmaq
SweuvariiuAsadestunssisianeseamailnnisuinvesdivosvaniunisaniudiin
L.Lazamwé’wuﬁuﬁ’ﬂuﬂ’ﬁ%’ﬂmgﬂmqLLaz Rayleigh lavinas@nwsnsinisiulnuesnisein
fdtusanueneduLagnuImMssunuiisudntiosaryiliiAamsuasundasdunino
maan[96, 971 lunarenn Tomotika IéinnsAnwinaussmnmilnvesansazaneiidsa
e mEissvosiTear Ssnuinanimilndsuanesnsniauasullasvesdiwenvian
Tnsarumiafidutudmalisasnisudeundasdnas Tunsfnuiiusndusg uuiiugu
YBIEUN1T Navier-Stokes laggioun Lee wag Flumerfelt lowaiulvinisiasisiaseunqy
wndu Tneseyinaaiesvesdvonvariutuiufuusiiving 4 sdnldun Viscosity

ratio, Density ratio, Reynolds number ez Weber number [96, 97]

Viscosity ratio: My = Mo/ Eqg. 4.3
Density ratio: £z pg/pl Eqg. 4.4
pLUla
Reynolds number: Re = Eqg. 4.5
M
pguga
Weber number: We,= - Eq. 4.6

Tgfl u uag p, AeAnunilavesdiveuvailazoinie, p,uaz P ARV IULY
YDA VDINAIATOINA, a AoTATIvesEITOUNAINBUYNTUNIY, U| ABAINSIVOIVDIMAY,
U, foAui$19899n1A way 0 fe surface tension §3 Reynolds number fuasuisds
autiRlumavesvm@sduiusiumnumiauag Weber number e5unsfautilumavosineg
Feduiusiv surface tension Fevegnyuuesiazdninavesarimialuniseduie

AMUFUNUST
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o

dwsuanuliiafesvesdivesvatiufindu edumesivlagnIunIuAIINLIIFAEGIIN

'
! ! a

WG 3UI 19

|
o

= Y X agveé A Y Aa o L a
auna Parzaanasuiuiilvingn lnslaseaianindesanunuion
NantufoIULUUNTINAY SIUAULTINIEUBNDNTLTILTUE 1AL SITUULNUS U USLI

Suwesialuaziuwldiuisunvasguaduniu

o,
L e mel
T A . [

U 4.2 uansdnvugvesvesianliafios [96]

AneIniY () anuduazkouniyn () vesndufiintutuduiusiuiaiuay

ANNULSIVDIVRIVAT SINDIEIEIARD Growth rate Y89N1TIUNIUAIALNT 4.7 [96]

oK’
aun135999 Kelvin-Helmholtz: W =EU K- —:k=2m/A Eq. 4.7
L

a9 A AaAnugnnan Faile A > 2Ta agdanabminanulii@deswazyinliminnis
deosulade naunsin 4.7 TanlfiuIn Growth rate LUSHUATIAUANULSIVDIVDILNA?
LﬁammL%faéuaﬂsuaammqﬁu%aé’uﬁuéﬁu Tngsalunstunyuazainalil Growth rate G
=1 Y] o o o o Y 2 a = Y é’ o Y a a ‘g 1 <
naeduiusddginilvduuiliinmsdesulaneduiliianisuaiuiniy el
P a o vy & & e aa a a P = P
aulunsfinwnnanlutisiuiulunisdnervesnaninginssusuuiiladeu dslunsd
ﬁuaﬂ‘waéma%amﬁ’ﬁmmL“flu'iaiﬂémaaﬂmaai’aawaél,ma%’«azaiqmasiawqﬁmimmimﬁaumlaﬂ
Ysd1veaInIsBnduniilagannsduigudssuneduls duinnisuineanainiuy
f8A1NLS0 wAlaNasnantRaud wialadarafnveanedmesuan wduleenalilawin
gandnfudvunduiugudnatwesdulsluniadueativuianldainaue fu lagain
= . vioA = =~ | a P~
N13AN®¥1904 Li et al. [96] szyliindlowSauiisusenitwasnaiilallouiasvesinan
Jaladanafnieunilavindutu wuiianududatafiniudinaly Growth rate ¥9In1S
FUNIUEIANEITY UiN135UNIULAELANYEIINKIU Relaxation time YasuatmaIlULay feiy
dielviksaunansazangnediues (@n) anglgnediwaignintesminiuiuinsduvaeioanain
ludmediwesazgniuniuaindadesiage1i Surface tension Layn1s Recovery vadany
lgwedmesvinliaeldindoudgludiunsusnayitliusnutdudulelivunlvatu uay
a 4 a =l 3 [ U v .
UshahaRgaziivuadanasaduiuly (assadreauuugnin: beads-on-a-string structure)

dwalivuiavesduletulind Weriwualdaisavaislun1stuguivunsaei auss



59

saulun1slunyumindu 3,000, 4,150 wag 4,900 rpm aua1eu Wuldhanlunistuguidule
Winfiu 500, 240 kag 120 I IINNTNAGDS
M3 4.3 anvagndugiuinevsudulodioinisusuilasunnusiseulunstungu

HIaANUINTUTDIANTALANUAIN 15% w/v ANaIveI8 50 b9

gns SEM asvene 50 i nsnsrAngiveaLElle
150100 | | 300
RS.= 3,900 rpm
20.0
X =251+ 7.4 pum
%Y = 28.6 + 2.3 % 10.0
0.0

12 18 24 30 36 42 um

15L100 300
RS.= 4,150 rpm

20.0
X=21.1+50pum

%Y =585+15% 100

0.0

N D52 x50 2mm

15L100 30.0
RS.= 4,900 rpm
20.0
X =177 £9.1 uym
%Y =89+ 1.7 % 10.0
0.0

0 6 12 18 24 30 pm

* X favwngudiunanadulendsain 100 A1, %Y FedeuazHananvaduly

RS, fanuslunstunyu

dldq./ v o

4.1.3.  ASANYIBNEINAVDIINII@IUVDIRIYINALAENANTLTNINAIINazaeNANuAIYIN
avanefilas
TunsANEIBNS AR IdINIDIRITazaneEN SEnnslaaaslsiimy (DCM) &4
Jusvhazaneiis way tevuea (FtoH) dadufvhazanedila dedwualdaududy

Y89A158¥a78 PLA AT 15% w/v kazUSuuSHIu4anIuea 3NnN1SNAZaURILIIAIRT
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WUIINISNUSIle M uealidNafausIRIRpg 19l ted 1Ay uhdwanaAunilnves

a1982a19lnewlaUSUIUYDILENIUDE WNNVUAINAIAAINUNTAYDIE15aLAN8LAANAT A

-

wanalum13199 4.4 vailldunaunanandRvaweniusanidudivinazatenlud Tundnnisnis
avangtuiIvinarateldnsSnaseneduashuaisarany WeanasanNansaralgiinas uin
Wusvihazanefifazyinlraelduoanediuesiuntann drudivinazaneiliftuaieldned

S v

wefaelidnuazvadtmangldnuesilriafivesmeleivuiatosiign lnsviavesiani
avanetuazdnasiarnives Huggins (a) %"’a%uamﬁﬂmmé’uﬁuﬁ‘ssmmmdumLaqau,az
Uduiusyagnnwarans (Hydrodynamic interactions) Welaanaegneldusadeu Tage
a wssetulumudnvrvesiivinaraly [98] Tngaunisi 4.5 uansanuduiudsening
Intrinsic viscosity ([N]) ﬁ’uﬁmﬁﬂ‘lmaqa (M,) [90]

AUSUANTAZA8IT9: [N] = KM,? Eqg. 4.5

a0

108 K ABA1A99IU89 Hugeins (K) @ediA1Uszanm 0.4, d1usudivinazaiaif a i
AUSEL 0.8 hazdunsuasazaty © A1 a 9xiA15EIe 0.5-0.8 hazd1nsuivinarangn
13if A1 a 3gdA1tesnda 0.5 [99] Faudlonuualit K way M, A9 ¥11A15RATUN5E1INN a

o o Ao A = ) oA a £ 2 a £ v
vosiiaratefUTousunU arsezats O wuiidle a wWintual [N AiuTunIY
AN 4.4 WEAAIAIANNTAUILLY AUNLALASLSINIRIYaIEITaTaNfYNazaneNay PLA

NANULTUTUVDIANTALANUNINY 15 % W/v

DRTNEIUAYINAEANY | AINURUILULUDY AIIURUA (MPa/s) WIS (MN/m)
Wey (DCM : EtOH). | @1sazane (g/cm’)
DCM solvent 1.318 0.41 271.8
100:0 1.310 987.9 + 0.6 31.96 £ 0.2
95:5 1.286 9055+ 0.4 31.35+ 0.5
90 : 10 1.262 825.2+0.3 3215+ 1.1
EtOH solvent 0.790 1.261 21.8 [100]

dlovimstusuidulelnefmuals anudiseulumstuguduled 4,150 rpm U§u
USunvetenuealugisazanenausyuindlamaslsiinuiagioniuealusnsidiu 100:0,
95:5 wag 90:10 mmmﬁﬂmmmwmLé’umu@uéﬂmwmLé’ﬂ&@?ﬂlﬁ 20.0 + 4.3, 17.9 +
5.7 Wag 17.1 + 4.6 um 9udnu [85] Fauandlunsned 4.5 Ss1nnsiarsauansliii
Mdlediuuiinaenueadwmalidulefunaduinugudnaradnas silaenndesiumi

= a' UMY a o v A ° o a =
‘Viu@‘ﬂ@ﬂa']ia3@']ﬂﬂamaﬂﬂﬂiﬂ@ﬁUqﬂlﬂu‘Viﬁmaw 4.1.1 uagda nsuyusuINuenIusan
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1nn971 10% v vesiariiavarsduldannsntuguld iesnnnluvmsiivhnistunyy
amsazaevedweingluidu wedwesiAinnsudsiundounigluiuegissng wiili
Annsgasulaianunsndusuiduleld

51971 4.5 Snwarnadugiuinewenduledievinisuiudandiuvesiiinazatenan

5¥%I19 DCM uay EtOH Womnududuresansazaionsil 15% w/iv m1uL5258u 4,150 rpm

gns SEM Masveny 50 win nsnsraremvesraLduly
15L100 400
X =21.1+50pm 30.0
%Y= 585+ 1.5 % 20.0
10.0
0.0

N D52 x50 2mm

40

15L100E5

X =179 +57 um 30

%Y= 64.3 + 2.8% 20

10

3 9 15 21 27 33 um

15L100E10 40
X =171+ 4.6 Jm 30
%Y=48.6 + 3.6 % 20

10

3 9 15 21 27 33 um

* X Fipvunagudntunanaduleiadisnin 100 f1, %Y AeTeuaznaninvaudule

U 4.3 wansdnwuvvesiiurudulenediweinliannistugy nglddvhazany
Muansineiu Ineuiavesduleninlenainszuusiiiasaly DCM yiadgtudnuuaneng
Pniuiduleinseumessuuiiiaraenausenine DCM uag EtOH lnggu 4.3A iuans

wuivendulemniguainseuuiviagaty DM siapiedty Usingsuunaduriugudiagey
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Uszanad 1.0 pm nsea1eusafiuiivesduly dainainnszuiunisweninavesdsazae

Wemnanuldaunamanesiulauniinduavnissemevesiviagans

il IR
W

< S - A Ve

SEM HV: 5.0 kV WD: 10.40 mm MIRA3 TESCAN  SEM HV: 5.0 kV 'WD: 10.88 mm MIRA3 TESCAN|
View field: 41.5 ym Det: SE View field: 41.5 ym Det: SE
SEM MAG: 5.00 kx Silpakorn University SEM MAG: 5.00 kx BI: 4.00 Silpakorn University

el

SEM HV: 5.0 kV WD: 10.12 mm 11l 11 MIRA3 TESCA& SEM HV: 5.0 kV WD: 10.07 mm | 11 MIRA3 TESCAN|

View field: 83.0 ym Det: SE 20 pm View field: 41.5 pm Det: SE 10 pm
SEM MAG: 2.50 kx BI: 4.00 Silpakorn University SEM MAG: 5.00 kx BI: 4.00 Silpakorn University

U 4.3 uansdnvugiuiaveudulonsunsusenindulenwssuaindiazaei

LANFE19AUY 1ee A: 150100 (DCM) wag B: 15L100E10 (DCM/EtOH) hagn n@nv19uadaule

LY

ANa9ULIY 5,000 917

Lﬁ'aﬁmuﬂﬁamwmmé’aﬂuﬂizmumiﬁugﬂm‘?’i (Qmmﬁ,mm%u) Tuvafisar
azanusvpavdmaliaTudLiute s sarane it ufiartion [101, 102] ansiasury
wareswodimedniugy 4.4 unseiadulonedwesudei uenaniledluonmazida
nsmvktuUsnaiendule Weenniinniswdsuulamieanueuvueiidiazaie
suwme uiliusnaivesdulodansuenilaty Tnsniswenmaiiondn Vapor-induced
phase separation (VIPS) §sd115u VIPS fiintudtu lothezuansautiidusaviazanedilia
(anti-solvent) dw¥uansazatewediues [103, 104] uenaniilothazdrlusumumssene
voudvhavateiin waz PLA tuflaudillreuin sudsledhldanunsadndu Dom g vinli
Aanenttuuinafivondule anvheiile DM sumgauuaUInaiiAavemingnaedy

sngu dsudulelavsdidnvasdugnguuinaiy feuduldnngudavndugy 4.3A2
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dmdugu 4.38 uansdnuairvesiiuiadulefifoudessuuivinaraenansyning
DCM waz EtOH 1osananuaninsalunsssimevesivhazaefiunnsneiu ainautaves
DCM #ifigaiiteniviiiu 40 °C uag EtOH fiflgauininiu 80 °C anuuandrsildwasionis
Andnuagesiiuin Wudenfunsldssuusahasanesiaifior gnsuuuiivinvesduledy
Anainnszurunsuenlaaznnsssivevesdnsinazats uaiqauandeidifynanie
Turaiifvharanenautussimeasinlifnanldaunanmanelulaudn vilfsaAans

Waguwlarinusnamaisnanisuenwasanidu 2 iangn191a157 lnganiznsi

Ao °

DCM Falusvinazanenfndyaiensagyinlidonsinisszimeisansinid EtOH Jadusn
Magaeildd Wesingafenuansisiuuin lnemaniasananlitulsenausie
. = I | = =
polymer rich phase @943¢na18LJUAIUVBIVDILTY WAL polymer lean phase %99y
nanesdugngu [105] lnenszuiunisusniassanysalideilonadiuasudai asgy 4.4
ududlaTsuiisuruevesgnuvuiuiadulesenitsruudihazagvilabeuayen
MaragNaUNUIIvIATEIgNIUAlAAINAIIasateRaNTudvuIa g NI g TUAlARIN
LY o a = a v < v a
spuuiiazaeinfe) Inedidnuvazidusnsuninwseana 5.0-9.0 pm AuAAN19AIY
gvenduloidulonsgeusiuiuinguuuiadnyszanas 1.0-2.0 um weilidewinaunaln
19I5 iR gNgutuduiusAunszuauns VIPS ledalueinipdadudnduusuilsiides
Alade unlenanlutiedudiodiinazaassme lovhaznansaiukduduneausimig
vouduly eannuuay EtOH dullaandniugs viliile EtOH semeaanatniduleaziin
Mswaniunenin(103] Fazdwmaligadiusuaiadvunlngiu gavedonedwosuds
Aeg ANy TRl AARINTHIUA g AnTUUS AR vesdule

Polymer

[a]

Polymer-lean phase

Polymer-rich phase

5/
e,
e
Single-phase
region (stable)
Solvent Nonsolvent

¥ P I3 P Y @
U 4.4 URUAIWEEN NN TUAIULUEIUDI9IAYIZNDULNEN LN WA N1 THNRUTDIIHNIA

(Phase inversion) @vsussuvauasrUsenau[106]
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ASANWIDNSNAVDITNINEIUND AU BSHANTTUINNOALAARN WOTA NUNBAANUT

waAlau (PLA/PCL blend)

4.1.4.

Tuns@neBNENav899NI1@IUNDRUBSHANTEWINNDALAARN WaTANUNadAIlUS
warlou ludsmsfnwesniu 2 guuuude (1) Wedmuslvirnduduvesansazaiened
asHENATITl 15% wiv wazdndiuvesnedieasiay (PLAPCL) 8 100:0, 80:20, 75:25 uas
70:30 way (2) Wetmualiaududuaes PLA Tuaisazaisnsfiil 12 % wdavinisiiiy
USuauved PCL T dmaiunsNansyning PLA fu PCL 1y 100:0, 80:20, 75:25 wag 70:30
é?fﬂmiazmawaéLmaimauﬁuazﬁmmﬁm%’wma’liazmaqm%l,mwmﬁu dlevinismaaey
WmussisinarauuilnuesansazansliNanIsuAdeULanIRImISST 4.6
AN197 4.6 LAAIANAIUNUINLEY AINTTInLaZLSSRIRYesEsaraneNaNTidna uNeAL 04

NALSEING PLA AU PCL NbnNm19ny

o 1N AUIUILUY
AFFIEIU | AINULVNVUYD - L
. SN AUNUA LLSIB1907)
gns SENIN GRPREBREAGEY
@1savany (mPa/s) (mN/m)
PLA:PCL (% w/v)
(g/cm?)
15L100 100:0 15 1.310 987.9 + 0.6 31.96 + 0.1
15L80C20 80:20 15 1.307 599.4 + 0.5 31.69 + 0.6
15L75C25 75:25 15 1.295 522.0 + 0.2 3287 +04
15L70C30 70:30 15 1.292 349.1 + 0.2 2234 + 0.2
12100 100:0 12 1.311 5767 £ 0.3 30.80 = 0.9
16L75C25 75:25 16 1.306 608.2 + 0.1 32.15+0.3
17L70C30 70:30 17 1.305 620.4 + 0.3 3243 + 0.6

n151ABULUAIEAdIUNTITHALTENI1S PLA way PCL lddsnanowseiainegned
foddny dufuarumiavesasazaenaniitaldluuiassuuuunisinunduineandend
wanseude Tunsdlvosnsiuusldanududuresasazansnsiii 15% wa waaviins
Wasusnsduvemediweinanluaisazarsuandliiiuindlediuusuna PCL dawalininy
wilnvesansazareiivualiuanas iosnadefidmadeninuniavemeaiuediu
Usenaume vliavesnediues, ¥llnvesdivinagaiy, aamgil muﬁqﬁffmﬂ'ﬂ‘lmaqa Fedmu
dwinluanavemediuesiizaenadesmuauns 4.1 Mnaunsuaadiduinanumiaves

a1sazanenadiuestuiuilaliana duileulaluianagsduagyinbianunilaiuuiliugedu
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dwsulums@nwil wnaluanaves PLA insamian@nwduiidmddnlaanawindu 174,000

%"’aqqmﬂ PCL ﬁﬁﬁmﬁfﬂimaqawiﬁu 14,000 f3 12.4 Wh Fsruanuviafiviimsialasadu
nadifidvsnasnininluanaes PLA Sudleanu3uinves PLA asdwmalfiaanuniiaves
ansazanvanaseguiuledn lunsdassmsimualianududures PLA Tuansazanemsdifi
12 % w/v WdafinUSinames PCL Inlddndrunedmesuaunuiifonis anuan1smageu
wandiifiuindeuusunames PCL danalinnuninvosansazareildniingu iesan
PLA uag PCL tandlu immisible blend fatuaudusiugvasrnuviinvemediuesnauiy

AUy Tunediuesvaedviln ALauns
Nspm
Cm
lngi Np,m AP specific viscosity vosansazanswadiuoinas, Cyp FRAITNTY

= [n],, + b Cp Eq. 4.6

Viscosity of polymer:

vosasazate, [N] . Ae Instric viscosity vasnodmasuau las [n]., = walnl, +
wynl, : w @ weight fractions vaswedimesnasiaz by, Aenisfinesvesaunis
Hugein’s eaenndaifuneauasiasiiarans Mnaunsuwandliiiiuii specific viscosity
YesansazaneneaesTuiumNMilnTetEnsaraenedesudassliawaraududuYes
wodwed TnailafiuuSunas PCL dawaliududuaosansazenonode snaufiutudwa
Tiaumiladegetude Tnelugu 45 Wewsvuifleusnuuiiavesasavaronediuesua
Mnmswssudndiunealleinauiiusnaistunansiiuiinnuviavesasazanenedwes
naudTuAUUSINaves PLA Tuaisavan Jundndauandannmanuduesaumsidunseiild
NASUT U BUAN UL USTENINIANUTanuUSHew PCL Tunediuosnay Tuns
20NUUUNIINAAeaiualATInduduves PLA ATl 12% wiv iiesaindymniiies
awannsalunisazatsvemeaweslufiaransluduneureinisazats dailofmuals
AT UL PLA ASTi 15% w/v waavinnsiiia PCL audndiudisivuanuinfisnsidiu
WoAlesHAY 70:30 Humnanansoazanenedmesldnminn asazarenedesnaniiliosd
AITUTUENT 21.43% WiV Felun1snmassaseiuliaunsaazaronodwesldtanun

\eanansaraedum o gaumgiilunsinsguansazay
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1200

mududiwasansaraswedasnaunsit 15% wiv
1000

y =-20.403x + 997.15

= 800
~
@
E o
V;E_? 600 & —i-
= o = [ ]
- anududues PLA Tuansazanenauasi 12% w/v
o 400
y = 1.3819x + 575.26 ®
200
0
0 5 10 15 20 25 30 35

dn3rdruiosazuasuIinm PCL Tuwofiuoinay
sU 4.5 uananramilevesansasmenedmiesraUisuiisunsinioudndiuneiue suaui
WANAaY

dovimstusuidulelaeiinrunsisevlunistugtiduled 4,150 rom ol
mnududuesansarateneAmoHANASH 15% winardadiuvemediuesnas (PLA:PCL)
U1 100:0, 80:20, 75:25 wa% 70:30 MUEIGY Imﬁwms%ugﬂiuamam% RV RIGK
Aduandeusening 28 + 3°C ANUAU 35 +5 %R ANLIARIIMILAELHTUALSNaNs
voudulendsld 21,1 + 5.0, 20.0 + 4.3, 233 + 5.3, and 29.1 + 6.3 pm AUSIRU[B5] 7
wansluns1efl 4.7 Gawanrsnnanedlldidaudsdudiedunedlindaliluided 4.1.1 Tu
nsdnwdninaveseduduresaisazans wgiduuiiiesainauiuniures
AnTLIndouTidmanensEUIuN1TIuY 097 guvnd M NTU Nazuaay Aadulunisveaes
fuinundaldinsmuauaninuwandeslaginmstugtiduleluaniieda Agungiuas
anuTuduReafuanisde Tsanmsieneinsanaduguinetannsofuaum
vumduruguinarndulondodu ilemuuiiotusuluannsUaduledvunndunin
AUGNAN 2 - 30 pm wazileuSuvessnsdiuneaesnaLsTning PLA uay PCL 1w 100:0,
80:20, 75:25 uaz 70:30 lavwiawduly 21.7 £ 5.1, 17.7 + 5.7, 16.8 + 5.5 Lag 11.5 + 5.4
um AUEITU Fedenndestunaresnuninvesaisazans tnedleansavanefiaiiunile

anavdawalivunadusugudnavenduleduuiliuanas fdwandunised 4.7
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M13199 4.7 Snwaenedugiuing1veaduleorinisuiudasiaiunefiuesnausening

PLA uag PCL lamnududuresansavalonsfilso% w/ivaiasaseu 4,150 rpm

SEM Andsugne 100 w1

anizida (F1) an1izua (F2)

151100

X g= 21.1 + 5.0 um
X gp= 21.7 £ 5.1 pm
%Y= 58.51 + 1.47%
%Y= 48.23 + 1.09%

NL D98 x100 1 mm
N D52 x100 1mm

15L80C20

X £1= 20.0 + 4.3 um
X = 17.7 £ 5.7 um
%Y= 62.19 + 3.03%
%Y= 56.33 + 2.17%

15L75C25
X g1= 23.3 + 5.3 um
X £,=16.8 + 5.5 um
%Y= 50.86 + 4.16%
%Y= 50.76 + 3.76%

N D64 x100 1mm

15L70C30

X g1= 29.1 £ 6.3 um
X gp= 11.5 + 5.4 um
%Yr = 57.40 + 3.80%
%Yp,= 58.59 + 2.35%

N 48 x100 T mm

N D6.1 x100 1mm

* X frvuagudniunanaduleiaiivnin 100 a1, %Y Aedeuasnaninvauduly
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Tunsdlvasn1smualFAUNTUVeY PLA Tuansazaionsil 12 % waivinnisuiy
Uunauves PCL THRARAIUNTSNENTENIN PLA AU PCL TUanANeiY 2 nuuinn1sduguaeg
AugaseulunsvugUdulen 4,150 rpm Tuanieln saumgivesduindonsening 28 +

9 Y

3°C AIMUTY 35 = 5 %Rh a1unsadanivuiadunitugudnatnduleeioniuguaie
A198¥aN8NDALUDINANTYIING PLA iU PCL dmdau 100:0, 80:20, 75:25 way 70:30 lovnfu
175+5.1,17.4 £ 43,168 + 5.2 Uag 16.2 = 5.0 um AUEIAU MNVUIAEUHIUANEINANY

dulonasnanaliiuiilausunuuee PCL Tunediweinauaulidmansvuinveadule
' A v o w A o a a v v v v a &
pgsiidedfey Wesanwavestadeiinendes 2 Usenislaun (DAMutuduveineaiues
nadluasazane auNanIsneassnlenalluiiden 4.1.1 NSANEYINAVDIANULTUTUVDY
a1saratenediues yuavadduledsiinulilgWuiaauiduduvesnefiuesgelu galu
A5ANEIUITD 4.1.4 AUNUAAAINTNTUYY PLA Tuansasanenaumai wagyinnIswiny
Usuias PCL Traanaaaadulunnusnsidiunnnundeualvarsarals sutuilanuudy
A X 2 a a v Y r A o X I ) v a
WA Faauvidavesansarateduuiliduge@usiig willavinnstuguuainaunudnduleq
Totuiivunlduianas Wunauraintladuses (2)audfves PCL Tun1smaasd 31nN15NAa0s
AOUNTNUTINNUA IAFITAL AN NDDU DS HAUTAULTNTUAIT Az USUDNTIEIUTEIING PLA
way PCL dswalsiiilausuneas PCL WNTUAIUnTnTadansazatenadilasnauduuiluuanad
[107] tilpeannvunalutanaves PCL Midpenin PLA nanewiiey danalivuinveaduled
wnltiuanas ag19lsAnINRINNANITNAABITNUIINISHLUSHTUVEY PCL danalsansazans
wodasnauiinuviag Wy wirwnvedduleduuiliuanas Gsanuuansniiiuduliuie

Midevunnileiiarsanminssneimvesdulelinnassuiumstusumemaia RIS usaz

anslunsned 4.8 Fauaadiuinisnsgaesivesduleduegluuinuilndfsaiu
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M15197 4.8 Snwaenvdugiuine1veaduleonvualinnududuees PLA luaisazany

NEANAIN 12% w/viaUSudnsainsening PLA A PCL 7uansneiu Juguiieainusisey

4,150 rpm

Gk

Y

SEM Andsugne 100 s

121100

X =175+51 um
%Y = 38.26 + 3.57%

15L.80C20

X =174+ 4.3 ym
%Y =56.33 + 2.17%

16L75C25
X =16.8 + 5.2 um
%Y = 49.07 + 2.72%

17L70C30

X =162+ 5.0 ym
%Y = 39.27 + 3.48%

NL D85 x100 1mm

N15NT2ANUAIVDIVUIALAULY

30

20

10

[e)}

[e)}

12

18

24

30

um

* X fipvunagudntunanaduleiaiiunin 100 f1, %Y feTeuaznaninvaudule



70

NANTNT 4.9 udne Water contact angle sewinailduuazidulonediwesuay 91
e inuuduiasevinmemirfuituinTanade 3 foedis felusunsy image J 9InKanTs
Jipszinanslidiuinnisiiuusinawes PCL @wwald Contact angle fiAnfindu iosann
AsinUSmwes PCL dudwald Wulewedwesnauiuiinureuindosas ieswn

lassadaluanaves PLA uay PCL dudunediweinidousdeluianavosuousesieiusy

wamoswazilunadiwasluyauinied [108]us PCL Wuillaseasradu —[(CH,)sCOO]- &4d

Y

Tassasndruldyevuiiunnninlaseadiewes PLA uay WelUSeuliiaumi Contact angle

syinsiaunedmesnan waztdulonofiuesuaunuina Contact angle vaudulonwedines

=

nantugenITiduegaiulitn Wesmniuvesduletuiidnvariuinnaguszainnsaiui
FuloweasudvduletuinuinlugngurialiiAsnisiivture suduia Jenaredu
Usingmsalinndsunludivige Lotus effect [109]

[
=

M15799 4.9 Water contact angle vosflaunazidulonediuosnauszning PLA wag PCL 1y

sUMeNszUIUNS RIS (n = 3)

Contact
Film Fiber
angle

PLA100 95.13 £ 2.10 ° 108.73 £ 1.40 °
PLA8O 96.50 = 0.66° 11755 £ 0.65°
PLAT75 100.70 £ 1.46 ° 119.35 £ 0.89 °

PLA70 109.63 £ 1.46 ° 122.40 £ 0.59 °
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nNaNIsAgeUaLTANIIAINTouemaia DSC voadulunodmosuanlugg 30
- 200 °C fredasinisianudouiniu 10 °C/min dwmiunsnaasildlédnnsmaaeum
A1 Glass transition temperature (Tg ) 484 PCL Lilosa1nlaengufuda PCL Huilen To -
60.0 °C Faduifudadrdnlunisaaeuvenaieadiofisley anwanismaaeuluansted
4.10 Fauamautinnuseuvendulonedweinanlunislirnufoundadt 1 uansliidiu
1 nswan PCL adlunspuiuntstugudulodsuansenuden Te lnsniniuuiinuees
PCL Tudwalien Tg Suwiltiuanas iefansanszidiuin Te vendulenediwesnanduiian
agluganfeiua Tg vea PLA FafAwiniu 63.21 °C way Melting temperature (Tm) ¥84
PCL Bafien 52.69 °C Tnsuuiliimasd Tg fianastiudunauaindvinavesnisganudon
vo1 PCL Tuths Tm sdeuriuiunsgamiuiouves PLA Mdumlandnlutag Te Fslumans
uATeunanin To w09 PLA Tunedwosnauszndng PLA uaz PCL dulianusnsey
desnnnsdeuituresnsiiingu [110] karnsiiuuSuaames PCL dulsidwaden Tm
299 PLA tazUIununisanuaneg1aiiudn gy Lwiaamlﬁﬁmum?ﬁugﬂé’wmﬂﬁﬂ RIS 1y
deradeUTunamndnues PLA nsaandeyauSinam@nyes PLAG0A3D MHnunszuILnnTHas
#a8 Internal mixer SuiUTUIMRAN 33% [111] FauTuraninganiin1stuguiae
ns¥UIUNS RIS LHlogannseuILng RIS ﬁ?ulﬂuﬂizmumiﬁﬁﬁugﬂLﬁﬂamﬂmiazmawaa
weimemstunyusmensisigs Wedulseonanindu favazaisazsemeeennia

Mlvmedwasluiinatlunisdnsesanslanauazud i

A5 4.10 uasadUAnsAuTauveudulenefiuesuauignssnag

Thermal properties (°C)

Formula
Tmpc | TSpia Tcc Tmpa | AHcc | AHmM | %Xc

Neat PCL | 52.69 - - - - - -

121100 - 63.21 [ 120.17 | 150.33 | 10.7 | 13.34 | 2.81
15L80C20 | 60.97 - 111.83 | 148.83 | 31.17 | 31.69 | 0.69
16L75C25 | 57.57 - 105.33 | 149.83 | 24.67 | 27.13 | 3.49

17L70C30 | 54.85 - 105.83 | 149.67 | 25.73 | 27.98 | 3.42
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[
=

MNMTIATIERU 4.6 Fudumssauszning PLA wag PCL Wdulefivugudnemaia
RJS lngionanwaifinvas PLA “Uimg]‘ﬁ 3,000 el wapaRendnwainITduTDIWLSsE -CH
stretching wuulauunsuazRUUANIINIYBINGY -CH, Tulassasng, ﬁg@ﬂﬂ‘ﬁ 1,473 cmt wag
1,359 cm wanasusy -CO- stretching, 3fiafl 1,768 cm™ wandondnwaiveaiuss -CO-
stretching lulpssaduoanes uaz 1,187 cm™® wansdausy -CO-C- dududnnils
ondnvaldfyreciustieames uasdmiuendnvalfinves PCL tuilnnulndifiesiu PLA
sgrannifesanilassadansludueanediduiuus PCL duasuansiind faiiuansig
970 PLA fiafl 2,952 cm™ way 2,872 e waRwenNdnuwalveaiusy -CH stretching 184
Wussluwfiau (CHy) lunsdlvoadulonanssning PLA way PCL Junulondnwalvesifind
anstundeutulusmumus 2,988 el uag 2.882 cm™t deuanaiusy -CH veq -CH; Tu PLA

way -CH, Tu PCL m1uanau waghl 1,290 cm™® JelansnuseLoanas

PLA -CH;
PCL -CH;-
I V) A /\
/ /7
'\ ~~
S | PLA/PCL \V/
3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm-1)

Y

5U 4.6 FTIR Spectrum vadidulenauszwing PLA uag PCL MUU3UAI8Ns2UIuNIs RIS

Y
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PnmsnadevautRdnaresidunedwesnay PLA waz PCL fisnsdruiiunnsg
i mﬂﬂizmumssﬁugﬂé’w Solution casting Iaeld Universal testing machine luian 50
KN 8803901579 5 mm/min Tnenanisnagevaud@idenanuin dlefinuSuiames PCL
dmaliaudidnalassauvedlduiuiiuunltuanas Tnoaudunuusfanasan 3,500
MPa dusuildu PLA 1Ju 1,900 MPa wiowiiu PCL lusnsndau 30% w/w lunedimesna
uazlugdaadnin 36 MPa tu 20 MPa ({0390 PLA way PCL Huiidnwazidu Immiscible
blends ¥1l¥iAan1suenaTY Fedenndasiunuiseves Jon Urquio uazamz(112] 7
ynsAnuanTRTesTEUUNANTENINY PLA Wag PCL udsvosin o gaumiirigeduidoiiy
pCL adlulu PLA iflosann PLA thufunedmesfifiautifeundause uwi PCL dudutandis
Snwazidunediwesuuumien (ductite) Fesnisiiy PCL Tudwwalifduiinnaudu Ductile
uniu useehalsAnnuiionas PCL AL 20%w/w SEesda o ammmﬁumiﬁmﬁamaa 19¢

anUAdanavesilay PLAPCL danslu U 4.7 uag M54 411

5000 - 40 70
4000 ) A %0 B
. /t—\ -
: 30 s :63 50 [
E .............. > g —?‘é \ )
s 3000 1 ; £ 5 40 - a\
5 i ‘ 205 ®
= g = C
3 2000 g 5 8
= ‘T:—,, % 20
0 @ ©
1000 o
10
0 0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
PCL content PCL content

sU 4.7 audRilenavesilay PLA/PCL blends M1dns1duiiuana19iu 9NN5e U3
Solution cast 18 A: Tensile strength wag Modulus Wag B: Elongation at break
A15197 4.11 auURLBInNavesian PLA/PCL blends N9n1@1Uiuan@N9iU 91002 UIUNTT

Solution cast

Formula Modulus (MPa) Tensile strength (MPa) | Elongation at break (%)
Film 100L 3,523.36 + 94.69 36.20 + 2.64 3512+ 591

Film 80L20C 2,522.32 + 83.14 2634 + 0.72 5757 +7.16

Film 75L.25C 2,259.94 + 87.35 22.88 + 1.57 48.90 + 8.07

Film 70L30C 1,918.49 + 79.47 19.71 £ 0.19 36.44 + 8.50
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NMITUFUMENTTUINNTS RIS duagldduleniinisdasesilunmsinduuuy

=

du Jawravdulotudededuvasiiduledudwdialdauysel egralstinmumniia sun

Snwagnmsdnidsmondulelasdsdanglie SEM dudulovsiiuunltunisdadowily
firmsvesnsumgu (Machine direction) Tngnisannmsvaaevand@idanavesduloned
wosnanuandlusy 4.8 dedulognianeliinanlufimnsunuidion U 4.8A) Turaausn
dulpazgnisdalumunuiusazdsliiAansuaninuieidoungaaindu douduled
\FouseruazAssiinnisideungaaniuiiazosaunseisinoenainiusgrsanysaily
fian Tnsdnwurnsindsshveaduletuluiuduledudmateauifidsnavonduloosis

= Ay o = o a y & a Y !

windslunsmaasuruduleniinssesiluiianistungy (MA) duasiidinnusiuniuse
wsspanazlugdaaandtiuduleninisseeinluiasail (RA) (U 4.88 wazsy 4.8C) usiiile
a =) I A £ gj = A A ¥

#915191NI88E0n 1 gavIenudtRudule MA. dulissestn o envingendniudule RA.
- Ay & v Yo a = a = Y t% S o =
Wesanniudule RA. tulgsuusalufiannanisiefiamiasemasanuaensiinseiulidnsi
1370 (5 mm/min) N3vReIiuduleIzsiaInnIsdeuransenitavesduluuAeiv

Huduly MA. Taenisiaaungaaviinduusnaidulaausonuagiadoutauiganay Tu

vuziRediugandiliiinnisvaneeniazgniielusgssieiiios viliiuveadulesiszesin

q

£ A dll a A a a = o o ' v
Q\WJUW@EJG] Lﬂi@QNaIUHqimﬂa@‘U‘Vlllﬂ"]’]llagﬁLEJEl@?,j\‘]f\]qSﬂﬁqmqiﬂwqﬂqimﬂa@Umalﬂlﬂ

a1 v

unserludulevineenaIniued 19auysH uaAInlauUITIA1ToaNIN WANAINIINRY

ule MA. Fadlainmsideungaseninadulauainisuinluddudalusstuegivautaves

Y

Tanlaunse PeasiUndndnlunsia Wedanliannsasuusiladainnisuineanaindiu

a

9
Turiud MellllenSeuieuivantidnaddgdlidnvuenisdnitesveudulaluugdueagng

v A

anysalgudulainnisdasesiivendulodudmaneantidinalaellieweuiieudaiuiy

'
v o

AUl WAL DS NANN AT IR AN A UNUINEIATUL ANUAUNIULTIR AL LA FAINI

Y

ulenefiueinay wilszesdn o v RgINan laerAnuimumMuLshaslugdantaan
nsnaaeutufeniusANrLWeLduluneulmTeideyaliioandvisnavesiviin

wazn1snsEanedivenduly atdnisiarsursiududdduduifissnisiSeuieuiu

' [
faal 1 £y

nandanndegluriewmainliawisaseuiisvanifdanaldnseuaqulunnusziau

Y

D,

v ]

= o a o a o vY a I ao & a )
WeosnsdduazdulonmisuladudanuuanateidfyrarsUsznisie (Dnanainian

9

wANANSAU way (2) ddtulsznavannduloduliseilag
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350.00

w
o

25 300.00
g, PPy MA g RA.
g 20 "~ = 25000 avim
£.15 ‘ E 20000
2 g
o b
3 10 % 150.00
kY
§
5 2 10000
0 50.00
0 Strain (%) ¢ ¢
rain
000 R b s b et W -'.-;
100L 80L20C 75L.25C 70L30C
140.00 80.00
12000 70.00
B R |5 g0 EVA @RA
100.00 <
3 b 50.00 [
% :
S 8000 -% :
£ kS |
£ & 40.00
3 .
3 6000
3 30.00
= 1
40.00 I 2
> 20,00
20.00 I I 1000
0.00 0.00
100L 80L20C 75L25C 70L30C 100L 80L20C 75L25C 70L30C

5U 4.8 uansauld@navesduly PLA waw PCL fisnsdruiunnsineiu uazfiamislunis
ﬂﬂiﬁugﬂﬁLLMﬂﬁﬂﬂﬁu 1Y A: Stress-Strain curve voudulgludia MA., B: Tensile strength,
C: Modulus Wag D: Elongation at break (MA. ﬁaﬁ?ﬂumi‘f}umguuaz RA. AaviAsAll)

PnnsnaasvansRdnaiudulenedisesnausening PLA way PCL idnsidiud
uansnafy wandlifiuininaves PCL finavdwasioauURidsnaveaduly dauandlusy
4.8 waran39ft 4.12 Weudunmaes Pl ludulenedwe fnaugstudsmaliandfidna
Tneswvendulefiuunliuanas iesmnniswausswing PLA way PCL dufuntsnauiuy
Immiscible blends Fa8uduldainan Te w04 PLA 91nnan1snagavautmdninuou
(m15797 4.10) Felddunadiunsivasunlas Radeuiuiu T, v PCL) et PCL azumsn
Magseninunarad PLA dmaantflnaiuuilinanas aenndesiunsfnwiandmidang

YNAUNDALUDSNAUNYINNSAN W IUT 19U
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Tensile strength Young's Modulus
Formula | Direction Elongation at break
(mN/tex) (mN/tex)

Cotton - 4.43 + 0.47 91.55 + 6.84 0.85 + 0.06

RA. 56.33 + 4.57 68.36 + 3.07 20.21 + 1.68

100L

MA. 316.29 + 12.30 46.96 + 3.22 109.43 + 5.97

RA. 37.32 + 1.38 42.74 + 2.74 17.15 £ 1.38
80L20C

MA. 77.88 + 4.80 41.08 + 2.78 42.19 + 6.65

RA. 10.97 £ 0.50 46.76 + 6.21 0.95 + 0.08
75L25C

MA. 34.65 + 1.84 27.65 + 2.64 30.63 + 3.68

RA. 9.28 + 0.79 37.98 + 1.96 6.84 + 0.56
70L30C

MA. 16.98 + 1.26 6.70 + 0.28 29.16 + 1.64

31NNNTIATI¥I Specific surface area AE3sN1sRAdULialulasiauniaamgiian
(BET method) azilAszii % Space Area 21nAIWaN8 SEM aaalushngi image J WAAIA

Qll a ‘;’ ¥ gj ¥ U ¥
15199 4.13 nmgufsnsuludnnudsuanduletudsenausieg gngusenitudule uazs

[
A a ¥

WiuvuuRIveuduly F9n153As1ENIN BET method ermuiaanniiuinfaunsagady

q

'
6V =

whangunndaisuiviintdnuesian lag Specific surface area 71lAa1AN1SNAADUAIY

q U q
¥
]

BET Huuansl¥iifiudn Specific surface area dwiuidulofidusurinunszuauns RIS dull
nutouANANAuRg ity dALy LLGI'Lﬁ@LUéSUiSUﬂUﬂ’]i%‘HE‘U%WﬂizUUﬁ’JﬁﬂazmﬂﬁﬂﬁﬂLaEJ’J
Juszuuiiinazatsnaunuinilodndruseninsiasiasarenauiiutudwali Specific
surface area TuuliiugstuaIn 18.6% Hu 24 4% flasanuavesavhasaenauiiusulss

uArvoudUledenAdIAUNITIATIZN % Space Area 9MNANAY SEM Faillafiansun

=D

[
A a b4

wuivendulelagyinisiiasignainameny SEM mdavene 2000 wimudn nsuuuEule
Mn3euINAYIIazay DCM Tull %Space Area MlnaLABIAUAD 30.64 + 1.62% Lag %

Space Area vandulefiwseausefviazatenay DCM way EtOH wiifu 35.47 + 3.13%

1%
adaa v o w

2814l5An11AT N5 luNITIAT 1T s LITad AR luNITI AT IEIratsUsEns Tne

Tun1smaaaunua13s BET ddesesfid1Agd1niuniinagouns lun1snagoutudiueu

£ o

agvazdoninsegeuigaumgl 77K Fulugamgiiainiien Te vesTaguindmali

Q_)E

[y

ane1ainnsuansinla swudaduledudutaniil anuruiususit (bulk density) dnvinli

q q

sodldivegvunndulunmmegey delaealudminildlunmeaeumeisiagegiussann
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1 ndwilideddiduleusinaanndsunasieudegnaussyamananagouetavhliduny
Aamsuandnld e19finaaunarmedeulunisnaaeuld wavnsiesiedann SEM iy
mﬁmezﬁmﬂm‘wmaﬁiéfmﬂé’zyzyﬂcuﬁLﬁﬂmauéﬁ’qﬁ?ﬁﬂiﬂsﬁmwdwﬁaLLazmé’fsts
AAsgiuNInIsinnsunanugsvesnm SEM warlutumeunsldlusinss image) Tu
mwszitudinsuSumdivesnmlin 60% (Threshold) wazendentsimszsidadau
Y MUNIA(Area fraction) lunismen Spec area Faanidunisinseiiitesiufinvendy
Towarlianunsatsvanisanudnuessiintuld desemgiinarnandlunsinseiisens
Aaanueaandeuld

#5199 4.13 Specific surface area 97 BET, % Space Area 910 SEM f&swene 2000 1

wazvwnveadulenediweineladavslunistusununnsieiu

Fiber diameter Specific surface area
Formula %Space Area (n=5)
(um) (m2/g)
10L100 129 4.7 16.98 10.37 £ 3.72
121100 16.7 £ 4.6 19.27 1373 £ 2.73
15L100 21.1+£50 18.61 16.36 £ 2.53
18L100 28.4 +6.8 17.35 15.23 + 0.82
15L100-3000 251+ 7.4 18.77 26.99 + 1.56
15L100-4900 17.7+9.1 18.34 26.35 + 5.32
015L80C20 20.0 + 4.3 22.94 14.16 + 5.17
O15L75C25 233 +53 20.38 18.83 + 4.92
O15L70C30 29.1+6.3 19.47 15.90 + 5.03
15L80C20 174 +4.3 19.85 18.24 + 2.32
15L75C25 16.8 + 5.5 18.53 17.31 + 3.05
15L70C30 115+54 20.43 18.47 £ 2.56
16L75C25 16.8 + 5.2 18.79 17.44 + 1.81
17L70C30 16.2+ 5.0 18.33 16.12 £ 2.83
15L100E5 179+ 5.7 20.03 10.32 £ 2.42
15L100E10 171+ 4.6 24.36 14.56 + 3.21
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4.2.  nsvssenasludulenau PLA/PCL uagdnuaueneangIuing) nsnagauns

fnnuaznisuanlaasenvaadule

4.2.1.  maessudulenedwesnauluanen
MnnsAnudnnavestedefidmadieduleluinded 4.1 gnadulefimanzauun
nsuIanAneIRefe PLASO way PLA8O/10 LﬁaqmﬂLﬂuqmﬁmmmsﬁugﬂlﬁdw USunau
NANARZITian Nnsztemvesaduleinznguiu Sadugnsidulefmnzandign e
111055981 Neo uaznadeuaudivesdulonanen vinswssuasazatenafiuosunauyn
Tny (1) wisuansazanewedwesmudadiuiidonaintunaue Neo USunm 0.1% w/v Tu
ansazarenedwesnay vinisuaulfeinszaneluaisazaisetisasnane 910U
ansazarunanyIUIuin 30 ﬁaﬁﬁmmﬁugﬂéf’sa RJS A11115250U 4,150 SeuRauIf

(%

guvinditugy 28 - 31°C uaw (2) wissnansazaawediuefmudndiuiidonindunaue
Neo U311 40 fadnfuluth 1 §adans Tasusushndmmosivhazaiodmisad 3.2
ndumsres uenasazasylinssarsluasavaewedwesedwashiane a1ntuth
d1savargnaus1UIuim 30 iaaﬁmm*’ﬁugﬂé{w RIS f1A21L3250V 4,150 FoURoUAT
gunnfituzy 28 - 31°C Inaindnuagnisdnguingafivhnisfigaiann SEM wandliidiu
Tuaesdulowednieinanertusivuindur uudnardliuandnsegeddeddyfutou

Wellgn

\‘

NL D83 x100 T NL D9.0 x100 1mn

NL D85 x100

15L.80C20 15L80/Neo 15L80E10/Neo
X =174+ 4.3 pm X =172+51 pm X =175+ 5.4 pm
%Y = 56.33 + 2.17% %Y = 53.57 + 2.48% %Y = 57.12 + 3.04%

U 4.9 uansinwagnduginewesaddlossuiisurunnduleneulasndmanenille

v a o

gFuULaLn SEM n1a9ve1e 100 N
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4.2.2.  mMTeTeikaznsigaiiendnuaivesdulenefiuesuaulnanen
NNITIATIzRdUloneBLuosNANIZUINN PLA tay PCL Inansnsiawmaila FTIR

spectroscopyuannssUduduiandnualvasiialandnualvasediuesaslufiasuienounti

il Tnudmsufiaiendnualves Neomycin sulfate Usingdisumia 3,400 cm™ wansfaiuse

N-H Tulas9a519 hazy2961mude 3,200-3,400 cm™ wag 3,600 cm™ wansnusy O-H 114

a

wuselalnsiaunazlalasiaudaseaudinu, fewrie 1,100 cm™ wansiavesiusy C-O | 9
AN 1,529 Wag 1,633 cm’ wanafinveaiusy N-H bending vaslutanataiiunas
Fe 617 e wanaiinvesdanlaau 91nN1SIATIZYIRaNSNIRgeULEWlenadaSHEY
Inansn Neomycin sulfate 990 FTIR Usingsiuvusvasiinvuiaaniisunis 1,529, 1,633
waz 617 cm’ Jansanufirvesiilodedudama lnefiafiusinguudvuadnidosnnuiuiu
Y & A a a v o A Yo = A = Y
voseluduletuiivsununtes dyarunlasvidivuinan lnenan1smageu FTIR Y0udu

lowediwesnaulvanyuandagy 4.10

PLA/PCL

PLA/PCL+Neo

%T

Neomycin

N W

3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm-1)
5U 4.10 FTIR Spectrum vadidulonausening PLA uag PCL inauenillededu 91015

sUMeNsEUIUN1S RIS

1INNITATLUNTINANULTUTUNINTFIU (Calibration curve) FHATEUIINAINULTUTY
= U a o d‘ ¥ 14 PN ! Y b4
vesgiledeFudamaluanszale PBS Nnautduduiiuand1eiuaiuisaasnensivaiig

Wntuiesgulacegy 4.11
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0.8

0.7

06
y = 0.6042x + 0.0674

0.5

R? = 0.9987

0.4

Abs.

0.3

0.2

0.1

0 0.2 04 0.6 0.8 1 1.2
Neomycin sufate concentration of PBS solution (mg/ml)

3U /4.11 Calibration curve
91nn153ms1eRUiunae neluldule (Drug loading content) Aae UV
spectrophotometer finauaTiAdy 288 nm. Tngussansamlunisinfivenveadulened
wosnanInane (%EE) $19998UN1T 3.2 wANIRINISIITN 414 wansliiuinUszanianly
msﬁmﬁumaaﬂiﬁ 65 - 78 % Inelugns 15L80E10/Neo ﬁﬂizﬁw%mwmsﬁ’ﬂLﬁumqaﬁqﬂ Ao
77.53 % IneUszansninlunisiniiueriuaneeiifunadiunainaanuunnsi@edsnis
TnaneuazesrUssnauasiyhasaneiild %aﬁm%’uLé’ﬂﬂﬁgﬂLmﬁaumﬂé’aﬁ'}azmamamﬁu

%ﬁmmmmmhmiﬁﬂLﬁ’umqam"]Lé’ﬂaﬁgmLm%mmﬂﬁaﬁﬂazmmﬁmlﬁm L9991

' [
aa v

ueallusviazatenidnazerdlededudamnivseansnnwlunisazatsludvinazaieni
Flof FearunsadnAveAle

AT 4.14 ﬂisﬁm%mwiuﬂﬁﬁ’mﬁwwmLé’uslawa&ua%mamiwamm (%EE)

Drug content
Sample Size (cm?) Drug loading (%EE)
(mg/g of sample)
15L.80/Neo 5x5x0.293 67.04 = 1.51 4.47 + 0.10
15L80E10/Neo 5x5x0.292 7753 +2.14 5.17 +0.14
15L80H1+Neo 5x5x0.287 65.47 + 3.52 1.75 + 0.09
15L80E9H1+Neo 5x5x0.277 71.23 + 2.46 1.90 + 0.07

a [ 1 =) v a (3 174 a s
NNTIATEinsUanddeseniledodu damnvesdulensfiwesuanivanyn
YU1A 5 X 5 cm’ luarsazany PBS pH.7.4 USu1as 100 ml fidnizaungil 37 asan
walded uansnuduiussenialesidudanududusazauuasnaiiawandugy 4.12

Fauanatanruasnsalumsvanudesenvendulenediteinauegnsnieg lngauaiunse
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Tunsvanddsssnvandulatuiiaiuszana 60 — 80% vasUsuaennauisanniule a1n
N15BATIERRUUTIaesndina1ansn1slanlaesenfiuananeiusanslimiuiigusuunis
UanUaseeniiudennnediuaunsdndadian R>0.89 Usdiuunindnaaiuastuianiudidsy
sanisUanvassen aawandlumisen 4.15 wiagralsAnuiianaisainisuandasseifig
szuud 1 Fadunisluansnlaeasaiunuiinislanlassentuluieandu 3 419 daanslu
5U 4.12 Inglugisusniugnssgnianiasseanu1og1a53nis (burst release) Feanu13
Funalaarnanuduvesnsinludrawsnisananisallaiiinainnisuanlasse1vaaduls
Wesanlunisluanenluszuui 1 Fadunisiuanelaenstiu Wuldlaaneusunaudiunils
a I\ a a 9 = v o & | a =~
indeuegusnaiivenduly Weudiduleluvasanaassdalugidiunsniignuzesnun e
PN U9 T UL AN U U ARt WA LT Y BIN SN LU ANNTUNaRaI9NT AN TLIAA
1 < 1 ::{' ::{' 1 ¥ 1 o YY) 1
Mlurrneneglugnsuresdulugnuantdegeanin vilidnsnisantdesenanas uay
Tugregainenuinanudusndidauduwancivivianisuanvassedndauna lnawle
a ~ P PR 1% o o A ' ) | v o & Y]
WgusulduleNmseumigsivinasare NeanmenunuInlussuuivinasanenaudu dule
a31190UanUassg19anulauINAISEUUAYINaZ a8 g NNAIYINNAUNldanAd 89N UAN
Specific surface area vaudulendauinmudulenmisuluszuudvinazaise Wean
MsiiinUTInaenuea tudmalvauiagnsuuunuidily nafwu vinlvenanunsadlulug

nyuvasdulyly ludiwvainisinanginmansagatslussuuiaesiunsimnisUanddosen

'
o w a1 |

gonndeiuausBniuanstiiuinunvsndnediwes Wuiladuddgidmasionuaiuse

o

lunsuanddesen lnggasuliaiuaiusatunisuantaegesiiniianfe 15L80E10/Neo @
T¥szuunsinanslasnsalasandu 78% veeUSinauefianusalvanadudulyls
M15199 4.15 duUSEANSUBILUUIIaINI9ANAAIdRsSALANA19TUd 1S UlanUdaos

Neomycin sulfate a1nduly PLA/PCL

Zero order model First order model Higuchi’s model
Formula
R? Ky R? K, R? Ky,
15L.80/Neo 0.8099 0.0483 0.6506 | 0.0005 0.9699 1.9796
15L.80E10/Neo 0.7767 0.0511 0.6352 | 0.0005 0.9532 2.1195
15L80H1+Neo 0.6676 0.0419 0.4724 | 0.0005 0.8968 1.8207
15L80E9H1+Neo 0.6801 0.0446 0.5386 | 0.0005 0.9044 1.9256
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100.00 100.00
. Al _ B
o
& 80.00 S 80.00
L] L]
E 60.00 E 60.00 I
v v B
> 2
'ﬁ 40.00 . E 40.00
S ' 3
E ¥ E ¥
3 20.00 ? —+-15L80/Neo S 20.00 | 15L80H1+Neo
S f o 1580E10/Neo | & 15L80E9H1+Neo
0.00 & 0.00
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Time (hr.) Time (hr.)

U 4.12 SewavUSunnengnuandaseavanludiaian 0 - 24 hr veadulenlvaneime

szuunananeaiulag A vanenlaassiway B Wanenuiuaisazaneilosedu
43.  medevauUfvesdulenamioduianlauna

4.3.1.  maaeuaNuluiiy (Cytotoxicity) vasdulonofiupsnauiuimas L929 meas
Agar diffusion Test
Tunsuszdfiunanisnaaeuauluiivesdulenedwesivseuiisuivynniun
Positive Wag Negative control n1elindasganssaimdwens 4 wihdsuandlusy 4.10 Toy
Positive control U319 u3t384 Decolorization zone U81888NNFI8E19MAABULOENT
0.5 mm wag Negative control LLasLé’uiawaﬁma%wamﬁulmimg Decolorization zone
$0UMBENMATEY FIIINMIUATIFVHANIINAADUAILANATEIU ISO 7405:2018 (E) WUt
Positive control fiswtin1snavausitegaa (Cell response index) Aoa1mageuy, Avdllau
T4 (Decolorization Index) tazsafinasviiaiowwad (Lysis Index) Fsa1nn1snagey Aeail
199 U 2 mnganuiddaTmaunsnsEeivesansidusiiue i siuluszdul
na19 way Negative control wazidulenedimesnauduilidauidsewindu 0 wuneaud

Fantunsnaaeutiuliduiivdewad Jauandugy 4.13
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> i N
Tr AR A

U 4.13 dnwazwadnglindesganssmimasvens 4 wi Wenaaeusig A: Positive

£
B IR Y I

control, B: Negative control uag C: i@ulewediuosnau (15L80E10/Neo)

M1599 4.16 wane Decolorization, Cell response Wag Lysis Index U84fag1avadou

F0E14 Decolorization Index Cell response Lysis Index
Positive control 2 2 2
Negative control 0 0 0
15L80E10/Neo 0 0 0

432 msvaEoudstansnInnsiudide (Antibacterial) voudulonediwesnay e
wAldA Agar diffusion method: Kirby-Bauer agar disk diffusion test
Tunsussdfiunanisnaaeulsyansnnnsiudatiouvefidoveadulonedmednay
Tnaneidlofedudaiialdidendeuwuafideodaunsuuan Staphylococcus aureus (S.
aureus) lunsnedou e S, aureus WunuaiiBeinulsuinaimiluasiiedionves

Aulazdnd lunsvaaeulisuiisudulenedivasnauivaneilefedudamnfuganiuay

1 '
¢ A I

Positive kag Negative control naglanaesganssadingaens 4 Wwinvinn1siased Wud

(%
LYY [y a

Fuifa (mm) wanslua5197 4,17 Inesaagig Positive control (Sofra-tulle®) Hulusanda

9

3 a

wnanldlnenlundnanmiiesUnunagunaae soft paraffin wagyualee1singe 0.5%

¥ o
N 174

chlorhexidine acetate Lans AUAFUES VUIRLEUHIUGUENAIT 12,5 mm uazFI0819
Negative control findnainidulenediwesuaussninmeduanin uodauaznadalusuan
Tou anmeda RIS Hulsiusng Aufisuds uanddiifuinduloweduesnandulsidautFly
nsfudade s aureus uwiiladulonedwesuanilaiinsnaneilofoduy dama dae
Fmseney Usngiuiidudslunismnaey Sswanslidiuinuuaiide S. aureus Tugeulmse
gridlesodu damnnanldinendlotedudamniunseonandulenediuesnauseninans
nagoulsransnmnisdududeduaunsadudute s aureus I Tnsvurnfiudiduds 7

UsngaenadosiuauauisalunislunmsiniiuuazUanlaesevesdulonediuesnay




' (%
LYY

84

ANS199 4.17 WaA9 NUNGUSI (Mmm) V9A2I8819NAFIUINNNISNAFBUUSLENTNINNITETUDS

W9 S. aureus

Drug content

Inhibition zone (mm)

e
(ug of sample) Plate 1 Plate 2
Positive control (Sofra-tulle®) - 12.2 12.8
Negative control (15L80E10) . NI NI
15L.80/Neo 13.72 + 0.31 16.6 17.4
15L80E10/Neo 15.87 + 0.43 18.8 19.9
15L.80H1+Neo 537 +0.28 8.2 7.9
15L.80E9H1+Neo 5.83 + 0.21 8.8 8.3

nu8Le): NI = No Inhibition zone
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51.  #3Unan1sidy

NUAITetlaes U EUlaNe ALBSNANTENINNDALAARN LaTALATNEAAILUSHAALAU

[ a

PufveilededudamnlagldiniaedadauuudunyuietVldilutagUauna Fainua

9

nsnaaeUniIIAaNnsnasUlafal
511 lutumsunisiauiniswssudulenediuesnausenitanoiuanin Lodin
waznodnlusuanlaulagldindasdadauuudunyulszauanudnsalunswmioudulend

Y ¢ ] o A ' Y] Y A
ﬂuq@LauquﬂUSﬂaqﬂﬁgﬁrJqﬂ 10 - 30 um I@Sﬂﬁ]ﬁ]ﬁmmwa@a%mm%aﬂLﬁUIEJi@LLﬂL@JE]ﬂ’J’]JJ

' [
a = |

Wuduvesansazarenefiwasiiutudmalivuaduinugudnai wasdulomudu lunig

naufiuwmdurugudnanesduluanandionisiisevlunistunyuuazUsinaseniuea

a o (Y

TuasazarsifiutuusiUsinawemednlusuaalaulidwaserunveuduloograiided @y
SnsuTinaemuoalushavaiedmanodnvarresnsuuuiuivesdulelnadiodiuie
musaUiinm 10% vesfviasatedsualivuinvesswguuudulodinain 1.0 pm i 5.0-
9.0 um Fadenndasiufin Specific surface area uitdawaIn 181U 24 m2/g fae saude
deuinuiumved PCL lunadimesnauuandliifiudnausidnalaosiuduiliuanauas

ANUYBUUIVBITANANGINIY 2INNITNATTANIAT Contact angle Beanunsanandladnaule

a 1

wodwasTwsuulatdaufnldveul wazainnisvaaeusiae DSC wandliliuusuna PCL
LidawadoaudfizennusausdnseuiunsndniduledmadousuinunanvesTanlaedusuiu

HANUTZU 0.6 - 3% FeogndUTUIUNANTIHIUNITNTLUIUNTTUFUMENTZUIUNTOY

agraiulatn lnegasnisnauiinlufnwinede 15080C20 iasarniluadnududuiioy

Y

[
1 =1 wva

lugasanunsadusidulelauagdnsdiullantmganalasinanasanidule PLA laun

v a v o [y 1

'ﬁwﬁﬂuﬂﬁzmumiﬁugﬂLé’uiaﬁ?uaquaﬂwmzmsmuamﬂuamqaﬁ'u,amaLLazé’mmamémqq
5.1.2. ludupeumsanwauaiunselunisinfiviazlanUdes srveaduloves
IBnsinane 2 Relnanslnensdluasazatenedesiay lwankuasavaeilleduduy
Iuﬁgﬁammimm%mLé’uiaﬁﬁwmLﬁumu@jusiﬂmqﬂizmm 17.0-18.0 pm lagUsg@ndnin
Tunsinifvenveadulowediwefuasinanen (% EE) aesisogi 65 - 78 % lnglugns
15L80E10/Neo fiuszAnsamnisinifivengeiignasnadesiu Spedfic surface area g

Y

= = 9 A i N N
ngaluussanansniswisudulewazansiarunsalandaevelifnianfiogns
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15L80E10/Neo ¥8355uuf 1 dudunisiranslaenssdaiu 78% wazdmsunisinansnly

a a

8§n% (R*>0.89)

Y

syuuit 2 SuiidnuaiznisuanUdesendenadesiuaunis

5.1.3. luns@nwaudfivesiandmsunisuszendldiluanUauuaainnisnagey
AN duiie (Cytotoxicity) vesdulenadiuesnauiuwad L929 wagnsanenuseansnin
nsfudadouuaitte Saureus veadulonediwednay wanddiiuin Wulowedwesuay
sriflosfoduiimsouldtuliilufivrowadsauds wandifiuindulonediwesnausilos
suiinseuldiuivssansawlunistududenuaiiBeduanunsalumsiudatenuadise
TugonpdesiuUsnamessivantdeseanulaaduloiluanslngnss (15080/Neo uay

15L80E10/Neo) HufluszansnnlunisdugaiioganinianUaunaluriodnan Jauansliiu

Tidulowedwesnaulnansfiwivulaanmaie RIS @aunsathluuszsendldiluianUauwna
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NANIINAGFaU

Nan1sAnwINISUanUassevaadulenediuasnay

11519 n.1 Yayananisnaaeunsuanldessvesdulenedfiueinauen (n=3)

% Cumulative Drug release (Average+SD.)
Time (min)
15L80/Neo | 15L80E10/Neo | 15L.80H1+Neo | 15L.80E9H1+Neo

0 0.00 £ 0.00 0.00-+.0.00 0.00 £ 0.00 0.00 £ 0.00

10 9.86 + 1.70 11.35+ 2.70 5.53 + 1.49 8.83 + 3.61

20 1458 + 1.34 | 18.51 + 1.35 12.12 + 3.00 13.24 + 2.73
40 2093 £ 3.20 | 25.68 £ 3.63 20.50 £ 2.92 19.00 + 2.66
60 2677 £ 1.74 | 30.83 + 3.70 2542 + 1.61 2341 + 3.76
120 3175+ 282 | 3495+ 3.14 34.24 + 2.34 38.26 + 1.74
240 38.17 +2.88 | 42.09 + 2.14 44.03 + 1.15 47.68 + 2.95
480 51,23+ 243 | 57.83 + 1.48 53.61 + 1.60 56.96 + 3.56
600 57.48 +2.35 | 65.10 + 1.16 58.11 + 3.82 59.89 + 3.49
720 64.30 +3.42| '71.95+ 2.59 59.90 £ 3.94 62.69 £ 3.96
1440 7450+ 1.53 | 79.14 + 1.96 62.60 + 1.51 67.10 + 2.45
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M1579 N.2 Zero order, First order wag Higuchi’s model aasn1suanvassenanidulenwed

wasnaulvanelu PBS

Zero order model

First order model

Higuchi’s model

Time(min)

Time(min)

100.00 5 0.00 100
2 b %
§ 8000 3 -0.50 g 0
o w o
2 —
8 ¥ 6000 5 100 y =-0.0005x - 1.3225 2 0
= o 2 R? = 0.6506 ©
< > 5 ¢
S £ 40.00 I 150 £ 40
© | 2 £ s
u—'3 S 2000 y = 0.0483x + 19.039 2 -200 § 20 y = 1.9796x + 6.7398
— & o B
Re = 0.8099 @ R = 0.9699
0.00 2 250 0
500 1000 1500 0 500 1000 1500 20 40
Time(min) Time(min) Time(min”0.5)
100.00 5 0.00 100
g § %
o 2 5000 @ 050 £ 80
O o ) y = -0.0005x - 1.3927 g
2 60. -
% £ 6000 B -1.00 06352 2 6
(@) 3 & w
— £ 1000 550 [ £ 40
L | : : .
0 3 2000 y = 0.0511x + 22.446 2 -200 § 20 y = 2.1195x + 9.0647
| = &
[Te) Rz = 0.7767 o ES R2 = 0.9532
l 0.00 £ 250 0
500 1000 1500 500 1000 1500 20 40
Time(min) Time(min) Time(min”0.5)
100.00 5 000 100
g g g
[} —
o £ 80.00 g 0.50 y = -0.0005x - 1.2825 3 8
9] o Ef ; 5
= 3 60.00 5 100 R? = 0.4724 2 0
+ | 9 g ©
— 2 £ ¢
T £ 4000 2 -1.50 £ 40
5 ®
@ | E ww g £
A 3 2 y = 0.0419x + 19.966 2 -2.00 3 20 y = 1.8207x + 7.8134
L0 & - = ES 2.
il 0.00 R = 0.6676 ¥ ,e . Rz = 0.8968
500 1000 1500 500 1000 1500 20 40
Time(min) Time(min) Time(min/0.5)
100.00 5 000 100
9 g "
»
8 % 80.00 T -0.50 y = -0.0005x - 1.3245 ;'8 80
= = ¥ R: = 0.5386 e
+ 2 60.00 S -1.00 3 60
— E g g
2
L £ 4000 5 450 |1 £ a0
w 2 E 3 :
= 3 20,00 y = 0.0046x + 20.979 g 200 § 20 "y = 1.9256x + 8.2027
2 g
_ Rz = 0.6801 on ES R? = 0.9004
0 0.00 2 250 0 050
500 1000 1500 500 1000 1500 20 a0

Time(minA0.5)




Nan1snasday GPC 983 PLA 4043D

Project Name: nom 5 Bfeeze' 2
Reported by User: Breeze user (Breeze) BFLE aytian
SAMPLE INFORMATION

Sanple Name: 40430 Acquired By: Breeze

Sample Type: Broad Unknown Date Acauired: 442019125339 ICT

Vidl: TA7 Acq. Method: PS method

Injection #: 1 Date Processed: 22142019 15:53:13 ICT

Injection Volume: 100.00 ul Channel Name: 410

RunTime: 30.00 Minutes Channel Desc.:

Colum Type: Sample Set Name: Nom2019 04 4

Broad Unknown Relative Chromatogram

10000
000
-100.00
> 20000
s
-300.00
-400.00
-500.00
‘ ‘ i i ; i
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 30.00
Mnutes
Broad Unknown Relative Peak Table
Dstriouion | Mn My WP Me Me:+1 .
Nere | (Dokons) | (Dattors) | (Dattons) | (Dattons) | (Dattons) | FOYAsPersity | MeMw | Me+tMy
1 112587 | 174314 | 133191 261704 | 357806 | 1548256 | 1.501859 | 2.053171
Report Method:  Broad Unknown Relative Printed: 22/4/2562

Page: 10of5 15:54:27 Asia/Bangkok
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Project Name: nom /g Bfeeze‘ 2
HPLC System
Reported by User: Breeze user (Breeze) Y
Broad Unknown by Relative Calibration
1 100.00
120 S S
~ - ®
= o o
N 2 o
I
1.00 o L AT 780.00
2 = =
=
3
0.
_o® ks 6000 R
= + o
g N z
= = &
3 0.60 >
2 :
© 4000 O
040
2000
020
0.00 0.00
Qi g i
580 560 540 520 500 4.80 460 440
Slice Log MV
Relative Distribution Table
Mp: 133191 Name: 4
sicemw| sice | S° | gice Quiside
i 9
(Dolons) | LoghW vz:;re Ares, | QWUd(ogM) | Qumiative % =,
1| 614137 | 5788265 | 14.631 | 91502 | 0.144893 1000 | No
2 | 542890 | 5734712 | 14.747 | 91502 | 0.222336 2000 | No
3 | 496488 | 5605008 | 14.831| 91502 | 0.285775 3000 | No
4 | 461751 5664408 | 14.900 | 91502 | 0.341749 4000 | No
5 | 434020 | 5637510 | 14.950 | 91502 | 0.392858 5000 | No
6 | 410910 | 5613747 | 15011| 91502 | 0.440773 6.000 | No
7 | 391164| 5502359 | 15058 | 91502 | 0.485938 7.000 | No
8 | 373922 | 5572781 | 15101 | 91502 | 0.528625 8000 | No
9 | 358683 | 5554711| 15141 | 91502 |  0.569024 9.000 | No
10 | 345008 | 5537822 | 15.178 | 91502 | 0.607762 10000 | No
11| 330620 | 5521048 | 15213 | 91502 |  0.644989 11.00¢ | No
12 | 321323 | 5506942 | 15246 | 91502 | 0.680580 12000 | No
13 | 310041 | 5492679 | 15278 | 91502 | 0.714470 13.000 | No
14 | 301337 | 5479052 | 15308 | 91502 | 0.746805 14,000 | No
Report Method:  Broed Unknown Relative Printed: 22/4/2562

Page: 20f5

15:54:27 Asia/Bangkok
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CHAPTER 1.
INTRODUCTION
Statement and significance of the research problem

In medical and pharmaceuticals, Textile materials have been wildly attention
in recent years. Textile is an ideal carrier material for transferring drugs to the skin
due to it is contacted with the body skin all the time and used a part on the
interface between the body and its external environment. [20] However, textile is a
problem for use because the skin is an effective barrier to drug transport. The
development and materials production for drug transport has been of interest in the
study.

Micro-fiber-based polymer is an attractive choice due to their size ranges in
the microscale and large surface area to volume ratio which improves efficiency in
the loading and release of drugs. Polymer microfiber can be produced from a variety
of technique such as melt extrusion, self-assembly, phase separation, 3D-printing,
electrospinning and rotational jet spinning. Although the electrospinning technique is
currently popular in ‘the ‘production of fibers. But this technique has many
disadvantages such as high-voltage power source, low production rate and low safety
features. Therefore, the researcher is interested in RJS technique as it can fix the
disadvantages of the electrospinning techniques and being able to produce non-
woven micro fiber of melt polymers and polymer solutions.

Rotational jet spinning (RJS) is a novel method that have been attention for
fiber production process for the first time in 2010. At that time, this technique was
interested as a simple method of fiber processing that applying the centrifugal force
principle to produce nonwoven fibers. The centrifugal force will occur when the
spinneret head rotates. It pushes the polymer solution or the molten polymer out of
the nozzle gap at high speed. When the polymer is contacted to the air, it shears
forces occurs until the shear forces overcome the surface tension. The polymer will

be drawn into strands. Therefore, polymers elongate and solidify in the air. The
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research reported the important parameters of fiber production such as nozzle
geometry, rotation speed, and polymer solution properties. During the years 2012-
2013, researchers have applied RJS technique for medical applications. Amalorpava
Mary et al. [34] been successfully developed the Tetracycline-loaded
polycaprolactone (PCL) /polyvinyl pyrrolidone (PVP) blended microfibers using RJS
technique. Ren et al. [101] have reported an article on the PLLA-PVP composite fiber
preparation of RJS technique using polymer solution. They reported the rheological
parameters affect to the fiber characteristics such as concentration of solution,
rotational speed, spinning parameters and solvent evaporation rate. Both researches
demonstrate the challenges in the development of RJS techniques for medical
application. In addition to applying RJS technique to medical applications. There is
also studies to RJS technique principle. Conclusion to the nonwoven micro-fiber
preparation by RIS technique using polymer solution-that includes three stages,
which were jet initiation, jet elongation and fiber formation. Jet initiation is a first
stage to prepare the fiber. This section is a polymer solution, dependent on the
important parameters: are: spinning parameter (angular velocity, orifice radius, etc.)
and material parameter (polymer viscoelastic, concentration of the polymer solution,
type of solvent, surface tension, and device configurations). The several researches
reported parameter that the concentration of polymer solution effect to the fiber
diameter. The fiber diameter is increased when concentration of polymer solution
increase. Type of solvent is affected to the morphology of surface fiber. They
reported the different rough surface fibers prepared from co-solvent and pure
solvent due to the evaporated characteristics of solvent. jet elongation is a second
stage to prepare the fiber. This section polymer has exit out of the spinneret then
polymer have stretching by shear force. Fiber formation is a final stage to prepare the
fiber. This section has an important two parameter such as solvent evaporation rate
and collector distance. Both parameters are related. If the distance between orifice
and collector is short, there will not be time enough to evaporate the solvent so the
products were made with a thin film rather than a fiber and If the orifice is too far

from the collector, the fibers cannot set so the fibers unable to form.
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In recent year, Poly lactic acid (PLA) and Polycaprolactone (PCL) is a
biopolymer that have been widely studied. they can be synthesized from natural
materials. Most importantly, both polymers are polymer material for the medical
application. They have been degraded easily in animal model by simple hydrolysis
reaction and the product of the hydrolysis reaction have
non-harmful and non-toxic due to the product can be eliminated by metabolic
processes in animals. As well as they that has been approved by the Food and Drug
Administration (FDA). Although PLA have a good mechanical property (particularly
tensile Young’s modulus, tensile strength, flexural strength) suitable for use in
biomedical applications but PLA is disadvantage such as low crystalline and brittle.
PCL has a soft material and rubbery state at room temperature. Therefore, it is
possible to improve the PLA polymer properties by blending PCL.

Polylactic acid/ Polycaprolactone (PLA/PCL) blend is studied in several
research that tend to focus on electrospinning techniques. Boland et al.[113] were
prepared the PLA/PCL blends fiber using electrospinning for medical application.
They reported the mechanical property that the elasticity percent increased for PLA -
PCL blends are even more pronounced than with pure PLA. So, Yao Lu et al. [53]
reported the mechanical property improve when added PCL content. Nowadays,
PLA/PCL blends fiber by RIS technique is studied as well. Aydogdu et al. [114]have
been successfully to prepare the ternary compositions in the polymer system
(Bacterial Cellulose—Polycaprolactone—Polylactic Acid).

Neomycin sulfate is an aminoglycoside antibiotic. It can inhibit the growth of
Gram-negative and Gram-positive bacteria. It is often used in the treatment of skin
diseases. Neomycin sulfate have good solubility in water that the sterilization
efficiency did not decline and high heat resistance (T,, = 180 ° C). In most research,
neomycin sulfate is often prepared with hydrogels material due to it is hydrophilic.
For this reason, the researcher is interested in loading the neomycin sulfate in fibers.
In this study, it is expected that the neomycin sulfate loaded fibers which preparing

from the RJS technique will have potential in medical applications.
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Objective of this research
This research aims to the preparation of the Neomycin loaded PLA/PCL fibers
using rotational jet spinning, study the efficiency of drug loading and the releasing
profiles of drug-loaded PLA/PCL fibers, and discussed for possibility of being used as
a wound dressing. The research is divided objective into three point:
1. To improve the preparation of Poly(lactic acid)/ Polycaprolactone blend
fibers using rotational jet spinning.
2. To study the probability of drug storage and release of the Poly(lactic
acid)/ Polycaprolactone blend fibers.
3. To study the properties of Poly(lactic acid)/ Polycaprolactone blend fibers

for using wound dressing application.

The overall methods in the research are summarized in Table 1.1

Research scope
1. The PCL content did not exceed 50% by weight of PLA and PCL blend.
2. The polymer solution-has a concentration between 5-20 wt.%.
3. The fibers were formed by rotational jet spinning process only.
a.

The drug used in study was Neomycin B medical grade.

Expected Benefits
1. To study the factors —affecting the preparation of polylactic
acid/polycaprolactone fiber using rotational jet spinning, physical and
morphological properties.
2. To construct the neomycin sulfate loaded polylactic acid/

polycaprolactone fiber for use in the wound dressing application.
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Table 1.1 The overall method in the research

Research

Outcome

Phase I: Preparation of Poly(lactic
acid)/  Polycaprolactone  blend

fibers using rotational jet spinning

To prepare nonwoven micro fiber using
RJS at various conditions and studied the
influence on the morphological of fibers

- Concentration of polymer solution

- Rotational speed

- PLA to PCL ratio

- Dichloromethane to ethanol ratio

To investigate the fiber on the following
property:

- Rheology behavior

- SEM of fiber morphology

- Surface area

- Thermal property

- Mechanical property

- hydrophilic property

Phase II: Study the probability of
drug encapsulation and release of
the Poly(lactic acid)/Polycaprolac-

tone blend fibers.

To prepare neomycin-loaded PLA/PCL
blend fiber using RJS

To investigate the neomycin-loaded fiber
on the following property:
= Drug loading and release studies in PBS

solution.

Phase lll: Study the properties of
Poly(lactic acid)/Polycaprolactone
blend fibers for using wound

dressing application.

To investigate the neomycin-loaded fiber
on the following property:

- Antibiotic bioactivity

- Cytotoxicity
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2.1. Fiber

Fibers have played role in human society since around 7000 BCE. The fibers
are used to weave into garments shelter and ritual. In the beginning, it was used the
natural fibers such as plants, animals and minerals [81]. The commercial natural
fibers include flax, hemp, hemp, silk, cotton, kapok, and wool. The fibers are woven
into fabrics that are found in all the traditional cultures of the world. For example,
cotton fabrics was used to wrap the mummies in Egyptian tombs. The ancient
Chinese literary content of the high silk fabrics dedicated to the emperor. The
importance properties of natural fibers are light weight, sood thermal insulation. But
there is a major disadvantage such as unstable quality, low heat resistant,
hygroscopicity, low production and microbial problems [18]. Natural fibers are used
continuously. However, more disadvantages have to invent of new materials to
replace. Until synthetic fibers were produced in the year 1885. It has been
developed continuously. Synthetic fibers are widely used up to now [81].
2.1.1. Definition

According to the American Society for Testing and Materials (ASTM) [18], a
fiber is a unit of matter that has a length of at least 100 times its diameter and which
can be spun into yarn or made into a fabric. In fact, it-is difficult to determine the
size of the cross-sectional area of fiber relative to the fiber length due to each fiber
have different properties. Even if only type of fiber has its own differences, such as
natural fibers. So, “denier” for new unit was assigned that the denier is 1 ¢/9 km [81].
but has been replaced as an international unit by the “tex,” which is 1 ¢/km. due to
tex more user-friendly than a denier. In the several research of fibers, often referring
to microfibers with a diameter of 9-140 micron or nanofibers with a diameter less
than 100 micron [4].
2.1.2. Classification

The classification of fibers it is generally accepted that they can be broadly
divided into natural and synthetic fibers. Natural fibers can be produced from plants,
animals and minerals, which are of great economic value due to they have good
properties and unique but they are biodegradable over time. Synthetic fibers are

produced from different materials by using a chemical process for use in various
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fields. For example, cellulose fibers were used to reinforce the material, optical
fibers were used for data transport purposes, polyester fibers used to produce for

textiles manufacture, etc. The classification of fiber is shown in Figure 2.1

Plant fiber

Animal fiber

Natural Fiber

Mineral fiber

Regenerated cellulose

Regenerated fiber

/\

Regenerated protien

Chemical fiber Polyester

Polyamide

Synthetic fiber

Polyurethane

Etc.

Figure 2.1 Classification of textile fibers.

2.1.3. Fiber structure

The structure of fibers is generally considered in two terms: micro and
macro. In the micro-term study of fibers, the fibers are made of a chain of polymers.
Which consider the molecular structure of the polymer, chain polymer arrangement
and the crystal structure of the polymer. As a result of the type of polymer and the
fiber processing. This will affect the properties of the fibers. In addition, the macro
term of the fibers considers physical properties such as length, surface resolution of
the fibers, which will affect the sense of touch and chemical properties such as

strength, elongation, density and hygroscopicity [18].
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2.1.4. Property of fiber

The properties of the fibers are different to depend on the type of polymer
and fiber processing, which made the fibers a unique feature that is consistent with
several applications. However, each type of fiber has a common advantage in that it
can absorb moisture in the atmosphere. The amount of moisture absorption
depends on the type of fiber, temperature and relative humidity in the air. Typically
for fiber application, fibers are in the textile form, not a single fiber. Which will occur
to gap between the fibers within the textile to absorb moisture [18].

Table 2.1 the properties of fibers [4].

Density Moisture Tenacity Elongation at
Type of fiber

(g/cm3) regain (%) (g/dtex) break (%)
Cotton 1.54 V (=N 23-45 3-10
Wool 1.32 14 - 16 09-18 30 - 45
Viscose rayon 1.52 12 -16 1.5-45 9 - 36
Cellulose acetate 1.30 6-6.5 1.0 - 1.26 23 - 45
Polyacrylonitrile 1.17 1.5 1.8 -45 16 - 50
Polyester 1.38 0.4 25-55 10 - 45
Polyamide 1.14 4-45 36-8 16 — 45
Alginate 1.78 17-23 09-18 2-14
Chitosan 1.39 10 - 125 12-22 7- 33

2.1.5. Chemical fiber processing

The fiber production process is key processes in the textile industry. Textile
industry consists of several sub-processes which are fiber production, fibers spinning,
weaving, dyeing, and distribution. In other words, the textile industry is an industry
that creates great value. Techniques and processes in the production of fibers are
constantly to be developed which response to human needs. There are two broad

types of fiber production including basic fiber processing and special fiber processing.
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2.1.5.1. Basic fiber processing

In 1664, Robert Hook (English naturalist) proposed the possibility for
processing synthetic fibers through a process similar to the spinning of the silkworm
for the first time [81]. After that, the fiber production process was developed
continuously. Until in 1931, Wallace Carothers of DuPont Company had been
research on the nylon 6,6 fiber which was produced from polymers. At that time,
nylon fibers were dubbed as “Miracle fiber” [81] which is an important turning point
in the development of synthetic fibers. For the fourth basic manufacturing method of
fiber include dry, wet, melt and gel spinning which were method of fibers process by

injecting a solution or melting polymer from spinnerets as well [81].

2.1.5.2. Special fiber processing

Special fibers are called differently depending on the application. For
example, high performance fiber which s used in fisheries Industry or as
reinforcement in other materials. ‘For fiber applications, it is necessary to optimize
the properties for each type of application. In addition to material improvements,
the manufacturing process is also  an -important factor in designing the fiber
properties. The special fiber can be prepared by various processing such as dry jet-
wet spinning, electrospinning, etc. = In this research, only samples of the fiber

production process for medical application are discussed.

2.1.5.2.1. Phase separation [18]

Phase separation process is-one of the most popular fiber process methods
because a lot of pores can be created within the fibers. This process is based on
thermodynamic principles. Multicomponent system under instability conditions. So,
the instability thermodynamics occurred that made a 2-phase separation. There are
two types of phase separation processes: solid-solid separation and liquid-liquid
phase separation.

For solid-liquid phase separation, Let's start with the preparation of the
polymer solution. The fibers are spinning at low temperatures. When the fibers are

formed at low temperatures, a phase separation occurs. The first phase is the phase
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of the solvent that is induced to form crystals. The second phase is the phase of the
solidified polymer. Then the solvent crystals are removed before or after drawn. As
the result, the area that the solvent crystals located become to porous.

For liquid-liquid separation, when a solution is composed of a mixed solvent
that good and non-solvent in a multi-component homogeneous system. There will
be a thermodynamics imbalance that made a 2-phase separation. Phase separate to
the polymer-rich phase and polymer poor phase. When the solvent is removed, the
polymer-rich phase is solidcated and the polymer-poor phase will become porous as
shown in Figure 2.2. Resulting in that phase separation process is one of the options

to design the porous fibers.

Temperature, salt, ph, st

Figure 2.2 The phase diagram of binary system was obtained by changing
environmental conditions that shown the regions in which the system switches from
a one-phase state to a two-phase state which was separated by a binodal line and
phase separation area in a two-phase system which was separated by a spinodal.
Light green represents the dilute phase and the dark green represents the dense

phase [18].
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2.1.5.2.2. Electrospinning (ES)

At present, the electrospinning process is a very popular method to produce
a fiber diameter around 0.05-10 [lm. This method required an electrostatic force of 5
to 30 kV to overcome the surface tension of the polymer droplets so that the

polymer droplets were drawn to form fibers [12].

2.1.5.2.3. Rotational jet spinning process (RJS)

The rotation jet spinning process is an easy process for fibers production due
to the high-speed centrifugation principle. The polymer in the spinneret was pushed
out with a centrifugal force and stretched out by shear force in more detail that

described in section 2.2

2.1.6. Fiber for medical application [12]

Fibers have many good properties such as high flexibility and high surface
area to mass ratio. As a result, the fibers are popular in several applications such as
absorbing toxins, air filters, reinforcing materials and medical application. For medical
application, using fibers in a variety of applications that use in hospital clothing as
well as products. for treating patients. For example, wound dressings for the
treatment of burns wound, materials for tendon replacement. The materials are used
in fiber that must be considered biocompatibility without causing harm to cells and
tissues of organisms. In'many researches, fibers_have been used in the cell culture

scaffold and wound dressing.

2.1.6.1. Scaffold

The scaffold provides an optimal environment for tissue and organ
regeneration. This will act as a template for directing tissue growth. Using scaffold as
follows: The synthetic scaffold was cultured by tissue in vitro. When the required
volume of in vitro tissue is obtained, it is implanted onto the injured area. In vivo
process, that uses a synthetic scaffold implant directly to the wound. Then, watch
for the tissue growth to recover the damaged parts in the body [65]. In N. Zander
research [27], studied that the polycaprolactone fibers were produced using the RJS
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techniques with thermal and solution process for scaffold application as a neuron-
cultured scaffold. The conclusion of this research, the best condition for thermal
fiber process is processed at 200 °C and 14,000 rpm. The fiber diameter was 7.0 + 1.1
m. In solution process, the fiber diameter was between 0.81 + 0.5 and 3.45 + 1.7
lm. Which both methods yielded similar fibers and can be used to cultivate nervous

tissue PC12 as shown in Figure 2.3

Figure 2.3 shown PC12 neurons growing on PCL fibers from a laser-scanning
microscope: a. fibers by solution process and b. fibers by thermal process.
2.1.6.2. Wound dressing
Wound dressing has-a one of the importance devices for wound healing.
Wounds means the skin.or membranes are Injuries or damaged. The Injuries of
wound are classified according to the duration and treatment techniques, namely
Acute wounds and chronic wounds. Acute wounds are an injury that occurs
immediately due to an accident or injury from surgery that duration of treatment
around 8-12 weeks depending on the Injury severity degree in epidermis and dermis
of the skin. Chronic wound is a wound that cannot treatment under normally
process such as blister, gastric ulcer and burns. The wound healing process that a
complex and time-consuming process involves tissue regeneration and cell growth.
However, wounds can heal well in optimal condition. The International Wound Bed
Preparation Advisory Board and the EWMA advisory board propose the "TIME”
principle that the wound bed preparation for good treatment [28]. This principle is

divided into 4 parts according to the abbreviation shown in Table 2.2
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Table 2.2 the meaning of TIME and the definition of a framework proposed by the
EWMA advisory board [19].

Acronym Meaning Definition proposed by EWMA advisory board [113]

T Tissue Tissue management: removal of necrosis and foreign bodies.

Infection/ Inflammation and infection control: Giving appropriate

inflamlnmation | medication to treat symptoms.

M Moisture Moisture balance: optimal control of wound moisture.

Epithelial (edge) advancement: removal of hard edges and
E Edge necrosis in the edge area due to this will block the growth

of new tissues.

From the table above shows the principles of wound bed preparation. The
wound dressing is important in promoting wound bed preparation efficiency because
it's also acting as a barrier to protect the wound from the external environment and
control of the wounded environment. The properties of the wound dressing are
varied that depend on the wound dressing type and wound type. In general, the
good wound dressing features: able to absorb and retain exudate from the wound,
moisture balance, no residue inside, water permeable, Thermal Insulation, not injury
when changed, long period, reduce injury, not irritating, Support treatment and cost-
effective. For the reasons, wound dressing is considered an important medical
supply. However, the researcher questioned: “How can increase the treatment
efficiency while reducing the treatment process?” One of the answers is adding the
drug to the wound dressing. As a result, the development of the current wound
dressing focuses on designing wound dressing that acts more than protecting
common wounds. In this modern design, the properties of synthetic polymer
materials are often modified in conjunction with loading the drug in the wound
dressing due to it can release the drug directly into the target. In the selection of
wound dressing for wound healing, the type of wound, biological conditions and
types of wound dressing materials must be considered. The types of wound dressing

classified according to characteristics as shown in the Table 2.3
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Class Components Function Advantage Disadvantage
Gauze | Woven cotton High extrudate Cost effective; Over drying the
fiber wound; Temporarily Accessible; High wound, Poor
cover wound absorbency barrier, Changed
frequently
Tulles/ | Fine mesh fabric | Moderate extrudate Reduce pain while | No liquid draining;
Impreg | impregnated with | wound; Pressure making the wound; | May be toxic to
nated a treatment Injury; Superficial Not stick; Wound cells and interfere
gauze agent (silicone, wounds environment with drug
petrolatum, etc.). balance treatment.
Transp | Polyurethane No extrudate wound; | Gas permeable; No absorption;
arent film or co- Temporarily cover Protects from Fluid trapping;
film polyester film wounds such as contamination; Skin stripping
surgery wounds Flexibility
Foam Hydrophilic Moderate extrudate High absorbency; Skin stripping;
(wound side) and | wound; Necrotic Wound Opaque
hydrophobic wound; Tissue environment
(outer side) regeneration; Not balance; Gas
recommended. if permeable
infection
Hydrog | Water(96%) and | Dry wound; Tissue Wound Poorly absorbed,;
els. cross-linking regeneration; Not environment Not bacteria
polymer recommended if balance; Pain relief | protective;
infection Overhydrate
Hydroc | Hydrophilic Low exudate wound; | Protects from Poorly absorbed,;
olloids | colloidal Assist autolytic contamination; Skin stripping; May
particles debridement Moisture balance; | allergic when
(Carboxymethyl Anti-friction; Long | used for a long
cellulose, etc.) wear-time time
and adhesives.
Alginat | Seaweed High exudate wound; | Ultra-high Fibrous debiris;
es polymer that Deep wound; Hole absorbency; Lateral wicking ins

forms a gel when

absorbs fluid

wound; Hemostatic

Nonirritating




109

2.1.6.3. Drug delivery system of wound dressing

Drug delivery system is the preparation of drugs in various forms. This system
can control the drug releasing at a specified rate and dosage designed and direct the
drug to targeted areas in the body as maximizing therapeutic and reducing side
effects. The polymer is an important material for drug delivery systems. The selected
polymer must have important biological properties. There are biocompatible with
body tissues and biodegradable with the metabolic processes in the body [10].
Degradation products become part of the connective tissue, which results in non-
toxic to living organisms. In addition to the polymer properties being used, consider
the type of drug and the drug control releasing. Especially in the form of a drug
preparation [27].

In drug delivery systems, the control of the release rate and dosage at the
required is important same that of the drug used for treatment. Due to the drug
preparation for use in the treatment original form. The drug is released to a level
that has an immediate therapeutic effect [28]. Then gradually reduced to a level
until the end of the effect. The patient needs to be given a new set of drugs that
cause the need to increase the frequency of drug using.

On the other hand, controlled drug-release preparations would stabilize drug
levels over a long period. There is no need to use drugs frequently. Which shows the
drug concentration that changes over time as shown in Fisure 2.4

B Tabtnecion |

release

maximum effective concentration

side effects prevalent
at these
concentration ranges
v

Zero-order
controlied release

minimum effective concentration

Drug Concentration in Plasma

Sustained
release

»

Time

Figure 2.4 Drug concentration vs time [29]
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Medical applications are classified as drug transport into four major routes,
depending on the desired effect, type of disease and the type of drug. So, the drug
transport system design must be consistent with the disease and the target organ

[30].

® Oral route: Oral route is the most popular route for drug transportation.
Because the discharge can be easily controlled and the body is able to
accept the medicine conveniently.

® Parenteral route: This route refers to the blood vessels, under the skin and
muscles. Currently, many drugs are designed to enter the bloodstream
directly.

® [nhalation route: This route was to treat of most respiratory diseases

® Transdermal route: In addition, this route could be absorbed into the

circulatory system that drugs were not destroyed by the digestive system.

2.1.6.4. Mathematical modeling analysis for drug release in vitro.

In vitro drug release analysis is an important step of development. Since it is
an experiment under controlled conditions which affect the assessment of applying
the wound dressing feasibility. The analysis was based on a mathematical model to
explain the relationship between the drug concentration releasing and time.
However, explaining this relationship requires a variety of mathematical models due
to various factors, including: characteristics, components, environment, identity of the
drug that affect the drug releasing. In vitro drug release analysis as follow

mathematical models:

2.1.6.4.1. Zero-order kinetics
Zero-order kinetics is a model that describes the drug release at a constant
rate and independent of the concentration of the drug in the system. For examples,
the drug release system that the matrix is coated with drugs [31] as shown in Eq. 2.1
M = Kot Eqg. 2.1
Where M is the concentration accumulation of the drug release at the time

(t) and K, is the zero-order release constant.
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2.1.6.4.2. First-order kinetics
First-order kinetics described the drug release at a concentration decreased
steadily over time due to the effect of drug concentration. For examples, porous
drug release system that water soluble [32] as shown in Eq. 2.2
log C; =log Cy - K;t/2.303 Eqg. 2.2

Where C,is the concentration accumulation of the drug release at the time

(t), Cois initial drug concentration and K; is the first-order release constant.

2.1.6.4.3. Higuchi Model

Higuchi model describd the linear curve of the relationship between drug
release and the square root of time. For example, the insoluble matrix drug release
system using a fickian diffusion mechanism for drug releasing. The condition is that
(1) the drug concentration in-the matrix was higher than the drug solubility, (2)the
diffusion direction was out of the matrix only, (3)the drug particle was smaller than
the matrix size, (4)the matrix was swollen and dissolving slightly, (5)the dispersion
rate was constant and (6)sinking [33] as shown in Eq: 2.3.

Q= ky(D*?

Where Q;is the concentration accumulation of the drug release at the time (t)

Eqg. 2.3

and Ky is the drug release constant of the Higuchi model. For example, in L.
Amalorpava Mary et al. [34] studied that the tetracycline-loaded PCL / PVP fibers
using RJS process for the drug delivery system. The fiber was effective in antibacterial
and drug delivery based on the r2 values in the drug release test which was

consistent with the Pepass and the Higuchi model as shown in Table 2.4

Table 2.4 Regression coefficients of different mathematical models for Tetracycline

released from PCL and PCL / PVP Fibers.

Fiber Zero First order | Higuchi model Hixon-crowel Peppas model

type order (r*) () (r) model () r n

PCL 0.82 0.86 0.96 0.84 0.99 0.628
PCL/PVP 0.81 0.98 0.94 0.958 0.98 0.631
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2.2.  Rotational jet spinning (RJS)

In 1943 appeared a patent on Production of non-woven fabrics by centrifugal
spinning in Manning papers for the first time. Later, in 1980, the patent appeared for
spinning machines with spin by centrifugal force from research by Snowdew and
Keuchel. After that fiber processing technology did not receive the academic and
industrial attention [12]. Since at that time this technique was only used in the
fabrication industry from metal parts. Including this technique is often compared with
Electrospinning (ES) Since Electrospinning is a process that has a higher potential to
produce nanoscale fibers than rotational jet spinning and electrospinning uses the
electricity source only. The rotational jet spinning technique has been forgotten
academically. However, Badrossamay et al. [36] research from Harvard University was
published in 2010 that study the fiber production process using the rotary jet
spinning technique. They reported that the RJS technique could be used as a
replacement for ES techniques. This research getting to go viral on interesting in RJS
technique. It is expected that this RIS technique can reduce the gap for research and
industry work. Because the RJS technique has no limitations in polymer types, low-
energy and higher production than the ES technique. In addition to the RJS and ES
techniques, there are several techniques that fabricated micro-nano fibers, such as
phase separation, drawing and melt-blown spinning which are applied to non-woven
fiber for mask. Each process has its own advantages and disadvantages [5] as shown
that the difference between Phase separation, Electrospinning (ES) and Rotational jet

spinning (RJS) processes in Table 2.5
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Table 2.5 Advantages-disadvantages, parameters, and fiber diameter of fiber between

other process

Phase separation

Electrospinning

Rotational jet

spinning

1. Simple equipment

2. Convenient process

1. Uniform fiber

2. Constant fiber

1. High production

rate

3. Mechanical diameter 2. Simple method
Eﬁ properties of the fiber | 3. Control fineness 3. Eco-friendly
_%S can be varied by surface 4. Cost effectiveness
= changing the polymer = | 4. Room temperature 5. Production safety
composition 5. Fabricate continues
product
1. Limited specific 1. Complex methods Fiber quality and
polymer 2. Slow method productivity are vary
@ 2. Not scalable 3. Low productivity affected by material
g 3. No control diameter | 4. Low fiber yield property and
é 4. Limit Size by nozzle | 5. High voltage power spinneret design
5 diameter source
5. Pore complex 6. Unsafely
geometries
Polymer Polymer solution Spinneret angular,
Concentration, property (Molecular Evaporation rate,
" Quenching weight, Viscosity, etc.), Temperature (Melt),
% temperature, Spinning tip, Electrical Distance of spinneret
% Quenching period, potential, Flow rate, orifice to collector,
- Solvent/non-solvent Distance of spinneret to | Polymer solution
ratio, Surfactant collector, Ambient property (Viscosity,
parameter Surface tension)
Fiber
50-500 nm. 0.05-10 pm. 0.2-50 pm.

diameter




2.1.1. Principle of rotational jet spinning

As mentioned above, RJS is a method for polymer fiber production by
centrifugal force that is generated by the motor rotation at high speed only. The
molten polymer or the polymer solution in the spinneret is ejected through the
orifice under the influence of force with high-speed motor rotation and it is shared
with air steam. The resulting shear force can overcome the polymer surface tension.
It makes the polymer stretch out into fiber and the fiber is solidified by the air at the
same time. The fibers fall on the collector and weave in rotation direction. The basic
elements of RJS are shown in Figure 2.5

T fiber

collecting
device

’< motor

Figure 2.5 Rotational jet spinning elemental components [40]

2.1.2. General mechanism
2.1.2.1.  Jetinitiation

The first step of the fiber spinning process using the RIS technique which
explain the fluid (molten polymer or polymer solution) behavior in the reservoir
which was capillary tube. The flow behavior of the fluid inside the capillary tube
occurs when pressure was applied to one end of the tube. In the assumption that
the flow behavior of the fluid was a Newtonian flow. Therefore, the relationship
between flow rate (Q) and pressure (AP) is shown in Eq. 2.4 [41].

Q=kAP Eq. 2.4

As assuming Newtonian flow k = TU*/8uL where r is capillary radial, L is
capillary length, p is Coefficient of viscosity, AP is the pressure generated by the
centrifugal force by which AP = F/A where A is the cross-sectional area of the

capillary tube. The equation can be rearranged as in Eq. 2.5.
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U AP
Q= Eq. 2.5
8uL

The pressure that occurs was the pressure generated by the centrifugal force.

From the relationship between rotation motion and acceleration corresponds to the
equation; a=W?’R and F=ma based on Newton's 2nd law could be form as in Eqg. 2.6.
Centrifugal force: F. = mRW? Fq. 2.6
Rearranging the relationship between pressure and force as shown in Eq. 2.7.
AP * A = mRW? Fq. 2.7
where m=PV and V is the volumes of fluid in the capillary tube which V=Al
AP = PLWR Fqg. 2.8
where AP is the pressure generated by the centrifugal force in Eq. 2.5, P is
density of fluid in spinneret, W is Angular velocity and R.is spinneret radial
From flow rate (Q) in Eq. 2.5 which the velocity of the fluid ejecting out of
spinneret could be calculated as Eq. 2.9.[42]
Uex = /A Fq. 2.9
where U, is the velocity at exit-of spinneret and A'is the cross-sectional area

of the capillary tube.

2.1.2.2. Jet elongation

The second stage of the fiber process explain the fluid behavior when the
fluid is ejected out of the spinneret from the influence of that force. In initial step,
the formation of fibers is instable. As the fluid is flowing out of the spinneret, a
semicircular droplet occurs in the outlet area due to surface tension. Which the
droplets will come off and moving in the direction of motor rotation due to
centrifugal force abilities to overcome surface tension. At the same time, the
droplet's shape changes into the neck due to the relationship between force and
weight. The high weight drop affects the near area of the drop that can move faster
than the other area and become elongated. Then the process will begin to steady
state. The fibers morphology was gradually changing from non-uniform fiber (Anti-S)
into uniform fiber or enter steady state. The jet elongation process is associated with

various forces such as drag force, centrifugal force, viscose force, etc. Which steady
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state, the internal elongation force will be balanced and the fibers diameter is

affected external stress only [43] as shown in Figure 2.6
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Figure 2.6 a. the force involved in the jet elongation process and b. the diagram of

)

the fiber elongation.

While the fibers were exiting out of the spinneret, fibers also had a liquid
state with a velocity of Ug in the direction of ejecting from the spinneret. At the
same time, the spinneret was constantly spinning that creating an ansgular velocity
perpendicular to the U, velocity, causing the polymer to elongate until the size of
the polymer decreased from the original. In jet elongation of fiber step was the
relationship between shear flow, elongation flow that elongation viscosity, and the
molecular structure of the fluid. The relationship between shear viscosity (u) and
elongation viscosity (A) for Newtonian fluids shownin Eq. 2.10 [45], which was called
Trouton's ratio [46].

Elongation viscosity: A =3y Eg. 2.10

For the rheological behavior of the polymer at this stage, the elongation flow
was an important parameter which the elongation rate of the polymer could be

calculated from the U, value as shown in Eqg. 2.11 [47].

Elongation rate: €= M Eg. 2.11
where u is the polymer fiber velocity which could be calculated from the

relationship of the flow rate. the flow rate constant and the fiber was not broken as

in Eqg. 2.13

Flow rate (Q): Qex=C Eqg. 2.12

Ao Uo =AU Eq. 2.13
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where A, is cross-section area of capillary, Ue, is velocity while exiting the
pipe, A is cross-section area of fiber.

As the fibers elongate, the polymer is solidification at the same time [40]. The
solidification of the polymer occurs when the polymer melts contact with the air due
to heat exchange between polymer melts and air. As is the case with polymer
solutions, the solvent will evaporate when the polymer solution contact with air.
Resulting in the polymer solution to harden and smaller fiber diameter [39].
However, the heat exchange rate and evaporation rate of solvent are related to the
collector distance. In the case that the collector distance is too close to the
spinneret, the polymer not enough time to evaporating solvent or cooling. May
cause the fiber do not weave that the fibers pile up together to form sheets instead
of fibers. If the collector has too much distance from the spinneret, it may result in
short and discontinuous fibers. Since there is no area for the fiber to bind. It makes
unstable within the fiber during stretching and solidification. So, the fibers to break
apart [48-50]

2.1.3. Parameters on rotational jet spinning process
For important factors-involved in the RIS process, which can be broadly

divided into two factors: material factor and machine factor.

2.1.3.1. Material factor

Several material factors are very important for the fiber production process
using the RJS technique. In polymer solution, there are important factors include
viscosity, surface tension, viscoelastic and the evaporation rate of the solvent. In
molten polymers, the melt has an additional factor: melting temperature, which

affects the viscosity of the polymer melts.

2.1.3.1.1. Viscosity of the polymer solution

The viscosity of the polymer solution depends on the polymer's properties
such as molecular weight of the polymer that the viscosity of the polymer is
increased when the molecular weight increased, due to the polymer chain

entanglement [39]. The viscosity of Polymer is one of the most important factors
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because it directly affects the fiber processing. If too few viscosities, it will not be
able to form fibers which the product being to droplet form instead of fibers [50] and
if too high viscosity, the polymer solution cannot out of the spinneret. The
concentration of a solution also affects the viscosity of the polymer. As the
concentration of the solution increases, it also increased the viscosity.

In Liyun Ren et al. [5 0 ] studied the different polymer solutions and
Bastiaansen et al. [51] studied PA6 fiber process compared between ES and RJS
techniques from PA6 solution in formic acid. This research reported that fibers could
be formed by RJS process at solution concentrations between 17-25 %wt. (>C*) and
electrospinning process at a solution concentration between 10-25 %wt. According to
Tsou et al. who reported that the behavior of the polymer solution was divided into
3 regions depending on the concentration of the polymer, Semi-dilute disentangled
was the semi-diluted concentration  solution which - polymer chain was not
entanglement, (2) Semi-dilute entangled was the semi-diluted concentration solution
which polymer chain was. entanglement and (3) Concentrated entangled was a
concentrated solution which the polymer chain was densely intertwined. This
corresponds to the relationship between the solution viscosity and the solution
concentration. As the solution concentration increased, the solution viscosity tends
to increased. The curve was divided into 3 regions depending on the slope

corresponding to the polymer behavior in the solution.
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Figure 2.7 the correlation between specific viscosity and solution concentration

which was divided into 3 regions according to the curve slope [52]
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The viscosity of the polymer solution, affected in the fiber process and fiber
morphology. The higher the concentration, the higher the fiber diameter which has
been reported in several studies. In Yao Lu et al. [5 3] studied that the fiber
processing using RJS technique with Polyacrylonitrile (PAN) in N-dimethylformamide.
They reported the average fiber diameter of PAN fibers that was prepared from 10,
12, 13, 14 and 15 wt.% concentration of polymer solutions. The fiber diameters were
406, 458, 440, 665 and 1077 nm. respectively. E. Stojanovska et al. [54 ] studied
lignin/polyurethane (TPU) composite fibers. They reported that the average fiber
diameter of the TPU fibers that was prepared from the 15, 20, and 25 wt.%
concentration of polymer solution. The fiber diameters were 426, 476 and 953 nm.
respectively. The viscosity also depends on the type of solvent. Its directly affects
the solubility of the polymer. Good solvent effect to the solubility of polymer that
high solubility, the polymer more soluble and polymer chain entanglement that

enhancing fiber process [55].

2.1.3.1.2. Surface tension [39, 40]

Surface tension is a very important factor in the RJS technique due to it
relates to the force in jet initiation step. The polymer is able to get out of the
spinneret, it is necessary to overcome the surface tension. The surface tension
depends on the type of polymer and solvent. The surface tension can be adjusted

by choosing a solvent.

2.1.3.1.3.  Viscoelastic of polymer

Polymers have different viscoelastic properties that depend on molecular
structure, molecular weight, crystallinity, etc. In other words, polymer property is
unique. For the fiber processing using the RJS technique, viscoelastic factor has a
significant effect on the fiber elongation step. Viscoelastic properties of fibers such as
Elongational viscosity, Shear viscosity, and Relaxation rate that affect to the

elongation force in the fibers. [43, 44]
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2.1.3.1.4. Evaporation rate of solvent

As the polymer solution is pushed out of the spinneret to the collector, the
polymer solution is elongated. The solvent inside the polymer solution also
evaporate quickly. The evaporation rate is related to the collector distance as
described in Section 2.2.2.3. In addition, solvent evaporation affects to the fibers
morphology which the environment also affects the fibers. When comparing the fiber
processing that thermal process and polymer solution process. It was found that the
morphology of the fibers was different. In thermal process, the fibers have a smooth
surface. Which different from solution process, the fibers have a porous surface. As
shown in Figure 6 that shows the difference morphology of the fiber between
solution and thermal process. Figure 2.8A. shows Fibers are processed from ethyl
cellulose / Polyvinyl pyrrolidone solution in mixed solvent (ethanol and water) and

Figure 2.8B. shown the polypropylene fiber using a thermal process.

Figure 2.8 shown the difference morphology of the fiber by RJS technique: a. solution
process [50] and b. thermal process. [38]

2.1.4. Machine factor
Machine design greatly affects fiber production. The important factors are

spinneret design, rotation velocity and collector distance.

2.1.4.1.1.  Spinneret design
The spinneret design greatly affects the processing such as size and species.

The size of the spinneret corresponds to the radius which is one of the parameters
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of the centrifugal force. Centrifugal force increased as the radius of the spinneret
increased, according to Eq. 2.4, and also affects the material loading resulting in
higher productivity. However, the size of the spinneret increased results in the
spinneret is large and heavy which requires the motor to use more power to spin
fiber. The characteristics of the nozzle also affect the ability to move from the
spinneret. In H. Xu et al. [4 4] studied the mechanisms of the RIS process that
comparing the behavior of fibers produced using the different nozzles include nozzle
and nozzle-less. They reported that using a nozzle-less have a higher critical angular
velocity than a nozzle-less. Which shows that nozzle-less is better to form fibers
using high viscosity solution than nozzle due to the nozzle -less can reduce the

internal resistance and have more free flow than the nozzle.

2.1.4.1.2. Rotation jet speed

Rotation speed is the most important factor for the RJS technique as it
influences the centrifugal force, according to Eqg. 2.7 the rotation speed depends on
the machine potentiality. Several studies have reported the effect of centrifugation
speed in the same way. Centrifugal force increased when the rotation speed
increased. When the centrifugal force is overcome the surface tension, the polymer
can out of the spinneret and stretching. In addition, the rotation speed affects the
fiber diameter and physical appearance. The fiber diameter decreased when the
rotation speed increased [44]. The effect of rotation speed and fiber diameter has
been reported in several research as shown in Table 2.6 However, If the rotation
speed is too high, the fibers will break apart, result in fiber product is a short and

non-continuous fiber or droplets product.
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Table 2.6 Example of research comparing between rotation speed and fiber

diameter.
Research Fiber type rotation speed (rpm) fiber diameter (LLm)

K.T. Jung et al. [56] | Sol gel 500 80
Mesoporous 1,000 50
silica fiber 2,000 20
T.O.Haire et al. [57] | Polyvinylpyrr 7,000 7.88
olidone(PVP) 8,000 5.02
/ triacontane 9,000 5.38
(TA) (50:50), 10,000 4.23
melt process 11,000 4.01
12,000 3.43
13,000 2.81
Z. Zhiming et al. 6 wt.% PEO 2,000 663
[40] in water 3,000 541
4,000 440
K.Shanmuganathan | PBT fiber, 10,000 1.35
et al. [58] melt process 12,000 1.31
15,000 1.38
S. Padron et al. [43] | 6 wt. % PEO 2,500 315
In'water 3,500 280
4,500 260
6,000 130

2.1.4.1.3. Collector distance

As discussed in section 2.2.2.3. The Collector distance is related to the
evaporation rate of the solvent and the heat exchange rate. When considering only
the effect of the collector to the fibers. The collector distance hardly affects the

fiber diameter. However, it affects to the morphology of fiber, such as fibers broken
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and fiber twist. Therefore, should be designed so that the collector distance is

appropriate for the fiber process. [39]

2.1.5. Application of rotational jet spinning spun fiber

The application of fibers produced by RIS techniques is similar to fiber
produced by electrospinning (ES) processes which has a main approach to medical
applications. Due to the fiber characteristics are small diameters, highly porous and
light. In addition, the small fiber has also been interested in electrical equipment and

filter application, details of its medical application are shown in section 2.1.6.

2.2.  Polylactic acid
Polylactic acid or PLA is one of the most important biodegradable polymers.
This is classified as an aliphatic polyester by chemical structure as shown in Figure

2.9 Polylactic acid structureFigure 2.9
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Figure 2.9 Polylactic acid structure

Polylactic acid is a polymer that synthesized from renewable resource which
in current trend to be used as a replacement for the polymer from petrochemicals.
In Vink et al. [59] reported that the energy used in the polylactic acid production is
lower than the energy used in the production of conventional polymers around 50%.
As a result, poly-lactic acid has advantages in energy efficiency term and
environmentally friendly. In addition, poly-lactic acid is a thermoplastic polyester
that the good property includes: biocompatibility, biodegradable and g¢ood
mechanical properties. Therefore, PLA is used in various application such as drug

delivery systems, tissue engineering, and packaging.

2.2.1. Processing of polylactic acid

In the PLA production, PLA is produced from lactic acid or 2-hydroxypropionic

acid, which lactic acid has two different isomers: D- lactic and L-lactic isomers. They
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are obtained by fermentation of starch and sugar from corn or cassava. The
synthesize PLA have 2 different processes includes: (1) condensation polymerization
process, which will change the lactic acid into a polylactic directly and (2) ring-
opening polymerization process), which the lactic acid reacts occur to get the lactide
compound first then the polymer is synthesized from lactide. The polylactic acid

synthesis process [60] shown in Figure 2.10
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Figure 2.10 Polylactic acid synthesis process

2.2.2. Properties of polylactic acid  [60]

In generally, PLA has properties-includes; (1) transparent, (2) specific gravity is
1.25, (3) able to contain good smell and taste, and (4) high resistance to oil and
grease while oxygen, Carbon dioxide and water can pass well. The L-isomer and D-
isomer content had a significant effect on the properties of PLA, which the L-isomer
content greater than 90% tended to be semi-crystalline polymers. While polymers
with an increase D-isomer content in the composition, the optical purity are
decrease. Moreover, it tends to be amorphous polymers which affect to various
properties includes; (1) Thermal properties for PLA, PLA normally has a glass
transition temperature (Tg) of approximately 60 °C and melting temperature (Tm)
approximately 130-180 °C that somewhat higher than conventional thermoplastics.

However, Tg tended to increase with molecular weight and mixed L and D-isomer in



125

structure tends to decrease Tg. Tm are decreased when the D-lactide content in
structure tends to increased. (2) Solubility property also depends on the L and D-
isomer content as well as their thermal properties. This affects to the degree of
crystallinity, if higher crystallinity, the solubility tends to decrease. PLA are insoluble
in water, alcohols and non-substituted hydrocarbons but it is well soluble in
chlorinated and fluorinated organic solvents such as dioxane, chloroform and
dichloromethane. (3) Mechanical properties of PLA are low impact resistance which is
similar to that of PVC without additives. Unoriented PLA is very brittle but high
stiffness and high strength. Stretched PLA has properties similar to PET. PLA also has
similar properties to PS. however, PLA can also be modified to provide properties
similar to PE or PP. All of the above are a result of the different ratio of isomers in
the polymer chains [61], causing the synthetic PLA had a wide range of properties. It
can be adapted to assist a wider range of applications. Therefore, PLA can be
modified for commercial use:

Table 2.7 Mechanical property of PLA [61]

Property Unoriented Oriented
Ultimate tensile strength (psi) 6,900-7,700 6,900-24,000
Yield strength (psi) 6,600-8,900 N/A

Tensile modulus (psi)

500,000-580,000

564,000-600,000

Impact strength (ft:lb in-1) 0.3-0.4 N/A
Elongation at break (%) 3.1-5.8 15-160
Rockwell hardness 82-88 82-88

Degradation of Polylactic acid Polymer degradation is a process that breaks
the molecular chains. Result in shortens the molecular chain, molecular weight of
the polymer was decreased, monomer product or new substance occur and various
properties decrease such as mechanical properties. Degradation process is caused by
various environmental factors. Both non-living factors such as heat, light, radiation
and acid-base [62], and organism factors such as microorganisms and enzymes [63,
6 4]. The process also depends on the properties of the polymer such as the

molecular weight, crystallinity, morphology and porosity. For example, high



126

molecular weight PLA is more difficult to decompose than lower molecular weight
PLA [65]. PLA is an important biopolymer due to it can be synthesized of natural
materials and biodegradable. This characteristic is one of the reasons that PLA was
commercialized. In medical application, PLA is used in a variety of works. Especially
in the field of materials used in the body due to PLA can be degrade in living
organisms. The degradation mechanisms in living organisms can be described by
phenomenological diffusion-reaction mechanisms [6 6 Jwhich water and enzymes
diffuse into the polymer matrix then a hydrolysis reaction occur. This causes the
ester bonds of PLA molecule chains are broken. The product is lactic acid, water and
carbon dioxide that product can be excreted by living organisms. In addition, bacteria
in the body or the occurrence of inflammation can accelerate the deterioration of

the polylactic acid [67, 68] as shown in Figure 2.11
0
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Figure 2.11 The synthesis and biodegradation of polylactic acid mainly occurs in the
inflamed area and is supplemented with acid phosphatase and lactate
dehydrogenase that secreted by cells

2.3.  Polycaprolactone
2.3.1. Processing of polycaprolactone

Polycaprolactone or PCL is one of the important biodegradable polymers for
medical application. This is classified as an aliphatic polyester. PCL were synthesized
from crude oil through a chemical process. For the PCL synthesis processes, the
most popular method is ring opening polymerization (ROP) of E-caprolactone with
the catalysts such as organic, metal, and enzymes that the most popular catalytic for

use are lipase enzymes [69]. In several studies have reported the ROP reaction of the
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2-methylene-1,3-dioxepane (MDO) molecule. However, PCL can be synthesized
through  condensation  polymerization  reaction  (Polycondensation) of  6-

hydroxyhexanoic acid as well. PCL synthesis process shown in Figure 2.12
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Figure 2.12 Synthesis of polycaprolactone with different monomer

2.3.2. Properties of polycaprolactone [70]

Polycaprolactone is a semi-crystalline thermoplastic. PCL has basic properties
such as low melting temperature of approximately 60 °C, slass transition temperature
of approximately -60 °C.and density is 1.14 g/cm3. The physical property of the
polycaprolactone depend on the molecular weight (Mw). PCL can be wax solid (low
Mw) or solid (Mw> 20,000). For low molecular weight, PCL are often used as an
additive for resins to improve properties. For high molecular weight, PCL has a tensile
stress of similar to polyethylene and chlorine resistance. However, PCL has a
significant disadvantage: low melting temperature that a critical requirement for
applications [71]. The basic properties of polycaprolactones with different molecular

weights as shown in Table 2.8
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Table 2.8 Properties of polycaprolactones with different molecular weights

Property PCL1 PCL2 PCL3
Molecular weight 37,000 50,000 80,000
Melt temperature (°C) 58-60 58-60 60-62
Tensile stress (kg/cm?) 140 360 580
Elongation at break (%) 660 800 900

Polycaprolactone for medical application [72, 73] Polycaprolactone is
recognized by the food and drug Administration (FDA) for its use in the human body.
PCL have a special property include soluble in organic solvents, low temperature
processing and biodegradation that does not toxic to organisms. The
polycaprolactone biodegradation occur at ester linkage by hydrolysis process and
approximately 50% of their strength is lost within an 8-week period. For hydrolysis
process, breaking the ester linkage results in the oligomers low molecular weight are
occur that can be eliminated by the cells in-macrophages and produce E -
hydroxycaproic acid from- tricarboxylic acid (TCA) cycle of metabolism. In the end, all
products of the hydrolysis process are eliminated from the body without toxicity.
Compared with other polyesters such as that the PCL has a lower biodegradation

rate than PLGA. Therefore, PCL is suitable for use as a long-term implant device.

2.4.  Polylactic acid/Polycaprolactone blend fiber

The PLA / PCL blend fibers by RJS techniques was shown in K. Laine's thesis
research. This research reported that fibers process using the RJS techniques by
thermal process compared to the ES techniques. Poly (L-lactide-co-D-lactide) 96/4,
poly-DL-lactide 50/50, PCL and poly (L-lactide / E€-caprolactone) 70/30 were studied
in research. the conclusion that the most important factor for the RJS process is the
rotation speed. Therefore, most research on the RJS process study for PLA and PCL.
This will study PLA, PCL fibers and blended fibers of PLA or PCL with other polymers.

In L. Xia et al. [75] studied that PLA (Mw 150,000) fiber fabricate process using
RJS technique. The results reported that (1) the fiber diameter increased when the

polymer concentration increased significantly, (2) the crystallinity of polymer
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increased when rotation speed increased and (3) the thermal properties of the fibers
were not different when adjusting the spinning intensity and speed.

In Z. McEachin and K. Lozano [7 6] studied that the PCL fabrication process
(Mn 60,000) using the RJS technique was  prepared from PCL solution of PCL in
dichloromethane. The results reported that (1) at 9,000 rpm, fibers with a diameter
of approximately 200 nm could be prepared. (2) The crystallinity of the polymer
depends on the rotation speed. crystallinity increased when rotation speed increased
and (3) the crystallinity of the polymer fibers is lower than that of the bulk polymer.

In P. Ravishankar et al. [77]studied that the effect of a dimensionless number
to predicting the characterization of PCL fibers using RJS technique from a PCL
solution of PCL in 1,1,1,3,3,3-hexafluoro-2-propanol. According to the results are (1)
the dimensionless number that had the greatest impact on the process was
Reynolds number, which influenced to the polymer velocity as get out of the
spinneret and (2) the morphology of fibers depending on the rotation speed and
concentration of polymer solution. The fiber diameter increased when the solution

concentration increased and the rotation speed decreased as shown in Figure 2.13

Increasing PCL concentrations

10K

25K

Figure 2.13 Fibers morphology at different rotation speed and concentration. The

yellow arrows mark the location of beads (scale bar = 50 [m)
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In D. Sharma and B. Satapathy [77] studied that PLA / PCL blended fibers by
ES process. PLA / PCL fiber were prepared at different ratios in CF/DMF mixed solvent
(v /v =4:1). As the results reported that (1) PLA / PCL blend fiber at 80 wt.% PLA
content has the highest tensile strength. the Young's Modulus increased when PLA
content in fibers increased. In addition, elongation at break and tensile strength
tended to be higher when PLA content increased and decreased when the PLA
content above 80 wt.% as shown in Figure 2.14 and (2) The Contact angle value of
the electrospun mat decreased when the PLA content increased as shown in Figure
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Figure 2.14 Mechanical properties of PLA / PCL electrospun mat.
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Figure 2.15 The contact angle line diagram of PLA / PCL electrospun mat.
2.5. Neomycin sulfate
2.5.1. Identification
Neomycin is an aminoglycoside antibiotic that that block bacterial protein

synthesis. It is commercially available in many forms such as creams, ointments, and

drops. Neomycin was discovered at the Selman Abraham Waksman laboratory in
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1949. Neomycin structure consists of at least 2 amino sugars, connected by glycoside
bonds. The main components are 2-deoxystreptamine that connected to sugar
molecules at positions 4 and 5, where position 4 was replaced by Neosamine C,
position 3 " is replaced by a different sugar and the center of the molecule is ribose

sugar [78] as shown in Figure 2.16
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Figure 2.16 Neomycin group structure for Neomycin (R = NH,) and Paromomycin (R =
OH).

2.5.2. Pharmacology

Neomycin is active to gram-positive and gram-negative bacteria. It is
commonly used in patients with severe  infections, especially in gram-negative
bacteria that use oxygen for respiration. Neomycin is also active to certain strains of
Gram-positive bacteria.. The aminoslycoside  group active to stick the ribosome
subunit 30s at the A region of the 16s rRNA and inhibiting the initial step in bacterial
protein synthesis. Causing the wrong interpretation of the protein synthesis, which
bacteria cannot use proteins. Since neomycin was discovered more than 50 years
ago, the pharmacodynamics of neomycin has not been clear. Because it was found
that neomycin has the effect of increasing the thermal stability of Triple-stranded
DNA and small effect on the B-DNA duplex stability [78, 79]. Neomycin also binds to
other structures similar to A-DNA structures that triplex DNA is one of those
structures. Moreover, neomycin can bind to complex compounds with genetic
material during of the DNA: RNA hybrid triplex formation. The important gram-
negative bacteria that respond well to neomycin treatment include Enterobacter

cloacae, Escherichia coli and Proteus wvulgaris which the minimum Inhibitory
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Concentration (MIC) in vitro that inhibited bacterial growth was > 16 Mg /ml, 1 Mg /
ml, and 0.25 HKg / ml, respectively [79].

Toxicity of Neomycin: Neomycin is classified as aminoglycosides which drugs
of this class usually affect the kidneys and the eighth nerve related to the ear. There
are reports of allergic reactions to the drug frequently. In most severe cases, may
cause deafness. For 6-8% of patients treated with topical neomycin, there may be an
allergic reaction to another aminoglycosides group. Nausea and prolonged diarrhea
may occur if the drug is used for a long time. Including for sterilization during surgery,
if used in high dosage, it can be absorbed and toxic to the body system. Sometimes
doctors do not use neomycin-containing antibiotic creams, such as Polysporin, which

is a basitracin formulation and Polymycin B and/or Gentamicin or Gramicidin [80].

2.5.3. Properties of neomycin sulphate

Neomycin is resistant to microorganisms, heat and acidity (pH 2.0) at high
temperatures, good water solubility in all pHs without losing therapeutic properties
and the base solution is obtained when dissolved in water.

Table 2. 9 Basic properties of neomycin sulfate

Molecular formula Cys Hag Ng Oq3+ 3H,50,
Physical appearance white or slightly yellow powder
pH 5-715
Molecular weight 908.88 g/mol
Melting temperature >187 °C

Water 50

Ethanol 0.1
Solubility

Methanol 0.23
(mg/ml)

Isopropanol 0.08

Benzene 0.05
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In most cases, neomycin is used as an external drug, such as Neosporin.
However, it can be ingested by mouth but must be combined with other antibiotics.
Neomycin is a amino sugar-based antibiotic. Causing molecules to be highly
polarized. As a result, it is not absorbed in the digestive tract. Thus, the neomycin
drug can be used in gastrointestinal infections such as hepatic encephalopathy and
hypercholesterolemia due to when neomycin is active in the digestive tract, it
decreases the ammonia levels in body which can prevents hepatic encephalopathy.
In addition, Neomycin also active covers bacteria that are resistant to streptomycin
which is other main drug used to treat tuberculosis and It is used to treat a small
intestinal bacterial overgrowth. Neomycin is not available as a drug used for
intravenous injection. Because the drug has a very high kidney toxicity. Nowadays,
small amounts of neomycin are mixed in some vaccines for the purpose of
preserving. The vaccine dose in this case is approximately 25 g per vaccination [78,

81].

2.5.4. Application of neomycin sulfate

The application of heomycin sulfates in-.combination with fiber that there was
still not much research to study. Mostly neomycin sulfates were applied directly in
the dosage form or mixed with other drugs in the ointments and gels form. For
example, Darwhekar et al. [82] studied transcutaneous neomycin sulfate drug
delivery technique using elastic liposomes (EL) to treat infections within the skin. The
EL gel was designed to have a uni-lamellar spherical structure. Results of tests on rat
skin showed that EL has the potential to deliver neomycin sulfate to the skin for a
complete treat of staphylococcal infection within 7 days. In addition, Neomycin
sulfate had been used in sol-gel studies because neomycin sulfate was a hydrophilic
drug. In Jabeen et al. [83] studied that the release of neomycin in sol-gel in
simulated liquid. The sol-gel was prepared from a mixture of chitosan, alginate and
poly(vinyl alcohol) by crosslinking with tetraethoxysilane. in different mixture ratios.
Result in sol-gel had the potential to control drug release by 83% over 80 minutes in
simulated liquid. However, T. Nitanan et al [84] studied drug release of neomycin in

poly(styrene sulfonic acid-co-maleic acid) and Polyvinyl alcohol (PVA) fibers using ES
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process. The drug release depends on the neomycin content loaded in the fiber.
Neomycin release rate was reduced when neomycin content in the fibers increased
and when the drug concentration in fiber was below 0.001% w/v causing a faster
drug release (drug ion exchange with test medium) and the exchange competition

between the ions in the medium and the drug ions in fibers was reduced.
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CHAPTER 3.
RESEARCH METHODOLOGY
The experimental was divided into three sections and could be summarized

as a flowchart shown in Figure 3.1 - Figure 3.3

—  PLA fiber

S g

Rotational jet | Concentration of PLA solution

spinning L 5,8, 10, 12, 15 and 18 %w/v

» Rotational speed

I-b 3,000, 4,150 and 4,900 rpm

| Dichloromethane: Ethanol ratio

|'> 100:0, 95:5 and 90:10 v/v

T

Part 1:
PLA/PCL
blend fiber

Test and

Characterizations Viscosity meter

— SEM

— BET

— Tensile test

— Contact angle

—H DSC

Figure 3.1 Schematic experimental setup of section 1.
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Best condition

PLA/PCL fiber
N Rotational jet Neomycin load PLA/PCL
Part 2- spinning blend fiber
Neomycin load
PLA/PCL blend |
fiber Test and
.

Characterizations >| Drug loading

| Drug releasing in PBS solution

*| FTIR

Figure 3.2 Schematic experimental setup of section 2.

Neomycin-load

PLA/PCL fiber

®| Antibiotic bioactivity

Part 3: Wound

Y

dressing Test

—» Cytotoxicity

Figure 3.3 Schematic experimental setup of section 3.
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3.1.  Materials and chemicals

3.1.1. Polylactic acid, PLA (Ingeo™ Biopolymer 4043D) was purchased from
NatureWorks Asia Pacific Co., Ltd. The density of PLA is 1.24 g/cm®. The glass
transition temperature (Tg) of PLA is 55-60 °C and the melting temperature
(Tm) of PLA is 145-160 °C

o]

Figure 3.4 Chemical structures of polylactic acid
3.1.2. Polycaprolactone, PCL was purchased from Sigma-Aldrich Co. LLC. The glass
transition temperature (Tg) of PCL is -6 0 °C. The Molecular weight (M,,) is
14,000

O

n
Figure 3.5 Chemical structures of polycaprolactone
3.1.3. Dichloromethane, DCM (AR-grade 9 9.8 %) was purchased from RCl Labscan
Co., Ltd. The density of DCM is 1.330 g/cm®. The boiling point (Bp.) is 40 °C
3.1.4. Ethanol, EtOH (AR-grade 99.9%) was purchased from RCl Labscan Co., Ltd. The
density of DCM'is 0.790 ¢/cm?. The boiling point (Bp.) is 78.3 °C
3.1.5. Neomycin sulfate, Neo (Powder) was purchased from Sigma-Aldrich Co. LLC.
The Molecular weight is 614.64 g.

Z
(0}
HO
HO
H,N NH,
0
NH,
o}
HOH,C HO
0
HO R
HO *3H,S0,
NH, (0] OH
CH,NH,

Figure 3.6 Chemical structures of neomycin sulfate
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Equipment

Rotational jet spinning. A spinning head pattern for solution sample. Nozzle
diameter is 0.80 mm

Viscometer (Model: RVDV-Ill+) from Brookfield Engineering Laboratories, Inc.,
MA, USA.

Scanning Electron Microscope, SEM, Hitachi TM3030 series, Germany.

Surface Area and Pore Size Analyzer (Brunaue-Emmet-Teller (BET), Model:
NOVA2200e) from Anton-Paar (Thailand) Ltd.

Universal testing machine (UTM Model: NRI-TS500-5S) from Narin instrument
Co.Ltd. Load cell up to 1 kN.

Universal testing machine (UTM Model: 5969) from Instron Engineering
Corporation, USA. Load cell up to 50 kN, maximum stretch 1212 mm

Drop shape analysis (Model DM-CE1) from Kyowa Interface Co., Ltd., Japan.
Differential scanning calorimeter, DSC (Model: DSC1 ) from Mettler Toledo,
USA.

Fourier transform infrared spectrometer, FTIR (Model: Vertex 70), from Bruker
Optic Co., Ltd., Germany.

UV-Vis spectrophotometer (Shimadzu UV-1800) Bara Scientific Co., Ltd,,
Thailand.

Temperature & Humidity  Chamber (Model: Bench-top type SH-2 ), Espec

Engineering (Thailand) Company.
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3.3. Methods
3.3.1. Preparation of poly (lactic acid)/polycaprolactone blend fiber by rotational jet
spinning

In the process, study of influence effect of the fiber morphology includes the
concentration of polymer solutions, the rotational speed, the ratio of solvent
between dichloromethane and ethanol and the ratio of polymer blends between
poly (lactic acid) and polycaprolactone. The polymer fibers were prepared under

different conditions.

3.3.1.1. Preparation of polymer solution and fiber process

Preparing a mixed polymer solution of PLA and PCL in a mixed solvent
between DCM and EtOH at different ratio. The polymer solution condition shown in

Error! Reference source not found. Table 3.1

33.1.1.1 Effect of polymer solution concentrations

For the study of the influence of the concentration of polymer solutions. PLA
resin was completely dissolved in dichloromethane by using magnetic stir at room
temperature to obtain the concentration of PLA solution of 5, 8, 10, 12, 15, 18 and
20 % w/v
33.1.1.2. Effect of rotation speed

For the study of the influence of the rotational speed. PLA was prepared at
15% w/v solution concentration. The rotation jet speed in fiber forming was carried
out under 3,000, 4150, and 4900 rpm.
3.3.1.1.3. Effect of Dichloromethane to Ethanol ratio

For the study of the influence of the DCM to EtOH ratio. Preparing a 15% w/v
of PLA solution concentration in mixed solvent between DCM and EtOH that the
ratios of solvent are 95:5 and 90:10. First, PLA resin was completely dissolved in

DCM. Then slowly add EtOH in solution by dropper, while stir at high speed.
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3.3.1.1.4. Effect of poly(lactic acid) to polycaprolactone ratio

For the study of the influence of the ratio of PLA and PCL. Preparing the
mixed polymer solution that PLA to PCL ratio at 80:20, 75:25 and 70:30 in DCM. The
study was divided into two systems: (1) the concentration of the mixed polymer
solution was fixed at 15% w/vand the PLA to PCL ratio was 100:0, 80:20, 75:25 and
70:30, and (2) the concentration of PLA in the solution is fixed at 12 % w/v and the
PCL content was increased to the of PLA to PCL mixing ratio were 100: 0, 80:20,
75:25 and 70:30, where the mixed polymer solution has different concentrations.

Table 3.1 shown the formula of polymer solution at different ratio.

PLA content (g) in PCL content (g) in | Ratio of mixed solvent (v/v)
sample 100 ml of solution- | 100 ml of solution DCM EtOH
5L100 5 - 100 -
8L100 8 - 100 -
10L100 10 - 100 -
12L100 12 7 100 -
15L100 15 - 100 -
18L100 18 - 100 -
20L100 20 - 100 -
15L100E5 15 - 95 5
15L100E10 15 = 90 10
15L80C20 12 3 100 -
15L75C25 11.25 3.75 100 -
15L70C30 10.5 4.5 100 -
15L80C20 12 3 100 -
16L75C25 12 4 100 -
17L70C30 12 5 100 -

In the storage process of the polymer solution, the solution was stored in a
sealed glass jar and covered with a polyethylene film at 25 °C to prevent

volatilization of the solvent and the solution lasts only 7 days.
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Preparing the fibers in the rotational jet spinning (RJS) using a 30 ml of
polymer solution at 4,150 rpm, 28 - 31 °C. The fibers were then collected after the
solution was added to the spinneret for 30 s until that fibers were not coming out of
the spinneret for 30s. Recorded the time and weight of the fibers. The %yield of fiber
from the spinning process could be calculated from the weight of fiber after
trimming compared with the weight of the polymer in the solution as shown in Eq.

3.1

The weight of fiber after trimming
% yield = x100 Eg. 3.1

The total weight of polymer in solution

The spinneret head used the solution model with a diameter of 50 mm, a
syringe needle (nozzle) diameter of 0.80 mm, 2 positions in opposite, and a collector

radius of 500 mm as shown in Figure 3.7

Collector

Motor

Figure 3.7 a. The structure of the RJS machine and b. The spinneret and collector
[85].

3.3.1.2.  Analysis and characterization of fibers
3.3.1.2.1. Rheological characterization of polymer solutions

The polymer solution from the previous preparation step was observed the
rheological properties of the polymer solution before fiber process

1.) The polymer solution viscosity was measured by Brookfield
viscometer. In this test, the polymer solution was prepared with a volume of 100 ml
and the spindle 03 was selected with a test speed of 100 rpm at 25 °C.

2) Surface free energy was measured by drop shape analysis. In this test,

the polymer solution was prepared into the syringe. Be careful not to let air in. The
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solution was injected at 1.0056 pl/s. The surface free energy was calculated from the
injected droplet shape.

3.3.1.2.2. Fiber morphology and fiber surface area characteristics were
demonstrated using SEM techniques under backscattering mode at 15.00 kV voltage,
at 100 and 5000 magnifications. The average fiber diameters of 100 were analyzed
using the ImageJ program.

3.3.1.2.3. Determination of the fiber surface area by surface and pore area
analyzer based on the principle of adsorption of gas on solids in Brunaue-Emmet-
Teller (BET) theory at 77 K. The sample was degassed at 40 °C under vacuum for 24
hr. The specific surface area values were calculated via the BET method.

3.3.1.2.4. The mechanical properties of PLA/PCL blend films and fibers were
observed. The polymer film was prepared from the solution casting process with
different polymer ratio in DCM. Preparing that the polymer concentration solution
was mixed at 18% w/v with volume of 150 ml and poured onto the glass mold,
leaved at 25 °C for 5 days to solvent evaporated. Tensile testing was performed by
universal testing machine according to ASTM D882 - 10, with rectangular specimens
were wide of 10 mm and Gauge length of 20 mm Measured the thickness with a
micrometer and weight the specimen before testing. For film test used a load cell of
5 kN and for fiber used a load cell of 50 N with strain rate of 5 mm/min. The result
obtained from the test consist of tensile strensth, Young's Modulus and Elongation at
break, tensile strength and Young's Modulus were divided by fiber density before
discussion.

3.3.1.2.5. The contact angle of water droplets was determined by drop shape
analysis. Randomly dropped the distilled water of 5 pl on the sample at 3 locations
using micro-pipette that sucked 500 pl of distilled water. The contact angle was
measured using ImageJ program.

3.3.1.2.6. Thermal properties of PLA/PCL blend fibers were studied using a

Differential scanning calorimeter (DSC) in non-isothermal mode with Heat-Cool-Heat
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from 30 to 220°C under nitrogen atmosphere at a heating rate of 10 °C/min and the

crystalline content (%Xc) of it can be calculated according to Eq. 3.2.

Eq. 3.2

where %Xc is the crystalline content in the polymer, w is the proportion of
the polymer in the polymer blend, AH, is the enthalpy of melting (J/g), AH__ is the
enthalpy of cold crystallization (J/g), where AH_and AH_. was obtained from the
area under the curve in the second heating step from the DSC thermogram and AH:n
is enthalpy of melting for 100% crystalline polymer. For the PLA, AH:“: 93.1 J/s.
33.1.2.7. The PLA/PCL blend fiber-was analyzed the functional group by Fourier
transform infrared at scanning wavelength range from 650 to 4000 cm™.
3.3.2. Study the probability of drug storage and release of the poly(lactic acid)/
Polycaprolactone blend fibers and morphology
3.3.2.1. Preparation of drug-loaded polymer fibers

From fiber preparation and the effect of factors to fiber which study
previously. The fiber formula of PLA80 and PLA80/10 were selected for the Neo drug
loading and the properties of the drug-loaded fiber were tested. Preparing the drug-
loaded polymer solution was that (1) Prepared the polymer solution in the selected
formula and mixed 0.1% w/v of Neo in the polymer compound solution. Mixing and
distributing the drug evenly in the solution and (2) Prepared the polymer solution in
the selected formula and mixed 40 mg of Neo. in 1 ml of water with adjusting the
ratio of solvent as shown in Table 3.2. The drug-loaded polymer solution of 30 ml

was processed fiber using RJS at 4,150 rpm, at 28 - 31°C.
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Figure 3. 8 shown the formula of polymer solution at different ratio and Neomycin

sulfate drug content

PLA/PCL content (¢) Neo Ratio of mixed solvent (v/v)
Sample

in 100 ml of solution (W/v) DCM | EtOH | H,0O | Neo+H,O
15L80/Neo 12/ 3 0.1 100 - - -
15L80E10/Neo 12/3 0.1 90 10 - -
15L80H1 12/3 - 99 - 1 -
15L80E9H1 12/3 - 90 9 1 -
15L80H1+Neo 12/ 3 - 99 - - 1
15L80E9H1+Neo 12/ 3 - 90 9 - 1

* Abbreviations such as 15L80E9H1+Neo
'15' shown the concentration of polymer solution; '15' was 15 ¢ polymer in 100 ml
solution, 'L80" was that PLA content of 80 wt.% in polymer solution and 'E9" was the
ethanol content of 9% v/v of the mixed solvent volume, 'H1' was the water content
of 1% v/v of the mixed solvent volume and 'Neo' was dosage drug form.
3.3.2.2. Analysis and characterization of drug-loaded polymer blend fiber
33.2.2.1. Drug-loaded PLA/PCL blend fiber morphology and fiber surface area
characteristics were demonstrated using SEM techniques under backscattering mode
at 15.00 kV voltage, at 100 and 5000 magnifications. The average fiber diameters of
100 were analyzed using the ImasgeJ program.
3.3.2.2.2. The Drug-loaded PLA/PCL blend fiber was analyzed the functional
group by Fourier transform infrared at wavelength from 650 to 4000 cm™
3.3.2.2.3. Drug loading content

Preparing the calibration curve using a standard solution by dissolved
neomycin sulfate of 1, 0.5, 0.2, 0.16, 0.12 and 0.06 mg/ml in the phosphate-buffered
saline solution (PBS) at pH 7.4. The absorbance was measured using the UV-Vis
Spectrophotometer technique at wavelength of 288 nm. the absorbance values of
each concentration were recorded and builded the relationship between
concentration of drug in PBS and absorption values. This produced a standard

concentration curve with a straight line.
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The drug content within the drug-loaded PLA/PCL blend fiber was analyzed.
Cutting the fiber size 5 X 5 cm2 and measuring the thickness and weigh of specimen.
The fibers were immersed in 100 ml of PBS solution at pH 7.4, 25 °C for 24 h and
examined with a UV spectrophotometer at a wavelength of 288 nm. The drug

entrapment efficiency (% EE) was determined using the relationship in equation 3.3.

experimental drug content from FTIR
EE(%)= x100 Eq. 3.3
Initial drug content into fiber
33.224. Releasing analysis of neomycin sulfate of drug-loaded PLA/PCL blend
fibers

Drug-loaded PLA/PCL blend fibers were subjected to a drug release test.
Taking the fibers size 5X5 cm? to measure the thickness with a micrometer and weigh
the fibers. Then, soaking the drug-loaded PLA/PCL blend fibers in 100 ml of PBS
solution at temperature 37 °C. The aliquots (5 ml) were sampling at time intervals of
10, 20, 40 min, 1, 2,4, 8,10, 12, and 24 h and filling the fresh PBS solution at each
time interval to retain the constant volume of solution. The aliquots were mixed
with a 0.06 mg/ml solution of neomycin sulfate in PBS to a total volume of 7 ml to
enhance the absorbance of solution. The total volume samples were determined by
measuring the maximum = absorbance of ~solution at 288 nm using UV-Vis
spectrophotometer and compared with a standard concentration curve to determine
the drug release content at each time interval. The drug release content was

analyzed by mathematical equations as in Eq. 2.1 - 2.3.

3.3.3. Properties of drug-loaded polymer blend fibers as wound dressings
application
3.3.3.1. Cytotoxicity test of PLA/PCL blend fibers with L929 cells by Agar diffusion test
3.3.3.1.1. Preparation of 1L929 cells

The Cells L929 Lot No. 58494139 with a concentration of 2.5x10° cells per
cubic centimeter in 10 mL of MEM Completed Medium was added to a cell culture
dish of 90 mL diameter and incubated in a CO, at 37 °C, 95% relative humidity, 5.0%

CO, for 24 hr. until a cell was formed as a monolayer.
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3.3.3.1.2. Sample preparation
Cut that the Positive control, Negative control and Polymer blend fibers using
drop forged in inner diameter of 5 mm and Height of 2 mm Samples were sterilized

by UV light on both sides for each 20 minutes in BSC Class Il cabinet.

3.3.3.1.3. Agar Plate preparation

Sucked out the cell culture medium and added Agar medium which
consisting of MEM Completed Medium (2X) and 3% Agarose of a 1:1 ratio, left until
the Agar medium hardens, then dyed with 0.1% Neutral red.

3.3.3.1.4. Test procedure

Divided test area inside the cell culture dish into 4 parts. The test control was
that the Negative Control: Thermanox Plastic Coverslips (NuncTM Naperville, IL, USA)
Lot No. 1063231 and Positive Control: 0.1% ZDEC Polyurethane Film (RM-A) Lot. No.
A-201K of diameter 5 mm and height 2 mm, placed on upper part of Agar medium
which right and left, respectively. For the lower parts, placed a polymer blend fiber
sample and tested of 2 cell culture dishes per 1 sample. Then, incubated in a CO,
incubator for 24 hours before evaluated the Inhibition zone result according to the
International ; standardization: 1SO 7 4 0 5:2 0 1 8 (E) Density- Evaluation of
biocompatibility of medical devices used in density
3.3.3.2. Antibacterial testing of PLA/PCL blend fibers by Agar diffusion method: Kirby-
Bauer agar disk diffusion- test.

333.2.1. Test procedure

Bring that the S. aureus bacteria (Gram positive) at -8 0°C were cultured in
Mueller-Hinton Agar (MHA) with a depth of 4 mm It was poured into a petri dish and
incubated at 37 °C for 18-24 hr. Then, S. aureus bacteria was diluted by each colony
was dropped into 0.85% Sodium chloride (normal saline solution; NSS) and turbidity
was adjusted to McFarland No. 0.5 (~1.5 x 10® CFU/ml). The polymer fiber sample
was placed into petri dish. Poured the mixture prepared from step 3.3.3.1.2 to the
agar plate and was incubated at 37 °C for 24 hr. Sprayed with 0.025% MTS reagent

when the curing was complete and analyzed for inhibition zone (mm).
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CHAPTER 4.
RESULTS AND DISCUSSION

This research study preparation of poly(lactic acid)/polycaprolactone blend fiber

using rotational jet spinning for wound dressing application. The study process was

divided into 3 steps as follows:

1.

Preparation of poly(lactic acid)/polycaprolactone blend fiber using rotational
jet spinning. Studying the influences affecting the morphology of fibers such
as concentration of polymer solution, rotational jet speed, PLA to PCL ratio
and dichloromethane to ethanol ratio. Observing the Rheology behavior such
as viscosity and surface tension of the polymer solution. the polymer fibers
ware prepared ‘using RJS process. then, the polymer fibers were
characterized such as the fiber morphology, Thermal properties and
mechanical properties.

Study the probability of drug storage and release of the poly(lactic acid)/
Polycaprolactone blend fibers. Loading neomycin into PLA/PCL blend
solution ratio that obtaining from first step during preparing solution. the
polymer fibers ware prepared using RJS process. The Neomycin-loaded fiber
was characterized with drug capacity and drug release test.

Study the properties of poly(lactic acid)/ Polycaprolactone blend fibers for
using wound dressing application. Neomycin-loaded PLA/PCL blend fibers
were characterized that the wound dressings properties such as cytotoxicity

and Antibacterial test
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4.1. Preparation of poly(lactic acid)/polycaprolactone blend fiber using
rotational jet spinning.
4.1.1. Effect of concentration of polymer solutions on poly(lactic acid) fiber spinning
The Viscosity of polymer solutions in DCM solvent which various
concentration was observed by a Brookfield viscosity meter at 200 rpm at 25 °C and
interfacial tension between PLA solution and air was observed by drop shape
analysis at 25 °C of PLA solution. Table 4.1 shows the concentration of the PLA
solution. Upon increasing the concentration of the PLA solution, the viscosity of the
PLA solution was increased because when PLA was dissolved in DCM which is a good
solvent, it will make the PLA chain to expand and the PLA concentration was
increased, the polymer entanglement increased. [87, 88] the resulting resistance to
flow. [89] This relationship is consistent with the relationship between the viscosity
and the concentration of the solution corresponds to Equation 4.2. which adapting
from Huggin's equation for diluted polymer solution and power law equation.
Huggin’s equation: n=n,a+[n]e+k,([n]c)?+ ) Eq. 410, 91]
For concentrate solution (>5% wt) : nzK(cp)a e Eq. 4.2 [92, 93]
where N _ is" viscosity of solvent, k; is Huggin’s constant, [r]] is Intrinsic
viscosity, ¢ is concentration of solution (kg/mB), K'is constant, P is density of solution,
M is molecular weight and Q, B is the exponential constant from the experiment.
Onogi et al. suggested that "P"is close to 3.4-and "Q" is between 4.0-5.6, generally
approximately 0.51 and "O" /* B =1.5 For the polymer solution concentrations
greater than 5 % w/Vv[92] The surface tension between the polymer solution and air
show that the polymer concentration does not significantly affect to the surface

tension.
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Table 4.1 Density, Viscosity at 100 rpm and surface tension of PLA solutions at

different concentrations.

Concentration of PLA Surface tension
Density (g/cm®) | Viscosity (mPa/s)

solution (%ew/v) (mN/m)

0 (DCM solvent) 1.318 0.41 [94] 27.8
5 1.315 88.3 + 0.1 324 +0.2
8 1.313 1756 + 0.1 329+ 0.5
10 1.312 2540+ 0.2 31.4 + 0.7
12 1.311 576.7 + 0.3 30.8 + 0.9
15 1.310 987.9 £ 0.6 320+ 0.2
18 1.308 1400.0 = 0.7 314+ 04
20 1.307 24273 + 0.3 314+ 0.7

When spinning the PLA fiber with various concentrations of PLA solution by
RJS process at 4,150 rpm. The viscosity of the PLA solution affect spinning fiber
process that produced three regions as shown in Figsure 4.1. The three regions
include (1) low viscosity region that lower 254 mPa/s (Lower limit) or the
concentration-is lower than 10 % w/v which the fibers could make to be fiber due to
the polymer solution has a viscosity that is too low for the fiber process, it made
product to droplets. When product out of the spinneret, it will move to the collector
and when the productis more deposited and evaporated the solvent. The resulting
product looks like a polymer sheet and some polymer droplets spread in the
collector. (2) Fiber process region that the viscosity of the solution is between 254 -
1,400 mPa/s. This range fibers can form resulting fibers are continuous, few beats and
fibers are aligned in the direction of the centrifugal force. (3) Higher viscosity region
that the viscosity of the solution over 1400 mPa/s (Upper limit), or the solution
concentration over 18% w/v, which the fiber cannot be formed due to resistance to
internal movement in spinneret. So, the solution cannot out of the spinneret.
Polymer viscosity is an important factor in the RJS process, consistent with Equation

2.6 referenced above.
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Figure 4.1 The relationship between the concentration and viscosity of the PLA
solution [85].

Table 4.2 shows the effect of solution concentration on fiber morphology.
The fiber can be formed in a solution concentration range 10 — 18 %w/v. The fiber
diameters corresponding to the applied solution concentration of 10, 12, 15 and 18%
w/v, were 12.9 + 4.7,16.7 + 4.6, 21.1 + 5.0 and 28.4 + 6.8 pm, respectively [85]. In
addition, at higher concentration of the polymer solution, the fiber diameter is wide
distribution. The concentration of the solution in spinneret would be changes while
the fibers were pushed out of the spinneret due to evaporation of the solution
inside machine. When the solution volume was fixed at 30 ml in fibers process, the
fiber process time corresponding to the applied solution concentration of 10, 12, 15
and 18% w/v, were 180, 200, 240 and 310 s, respectively. The fiber process times
were obtained by beginning of the substance was inserted until nothing came out of
spinneret. The concentration of polymer solution effect to the process time. When
concentration of polymer solution increased, process time tended to increase that

correspond to the output velocity according to Equation 2.9.
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Table 4.2 Fiber diameters, yield, SEM images and frequency distribution diameters of
PLA fibers produced by RJS at 4150 rpm, using DCM as a solvent: effect of PLA

concentration.
Formula SEM 50x magnifying. Frequency distribution
10L100 40.0
X=12.9 +4.7 um 30.0
%Y=10.3 +0.7 % 20.0
10.0
0.0
TTER R T 3 6 9 12 15 18 21 24 um
12L100 400
X =16.7 + 4.6 ym 30.0
%Y=38.4 + 2.1 % 20.0
10.0
0.0
1 ; 6 12 18 24 30 um
15PLA100 400
X =21.1+50pum 30.0 ‘
%Y=58.5+ 1.5 % 20.0
10.0
0.0
6 12 18 24 30 36
18PLA100 400
X =284 + 6.8 um 30.0
%Y=35.7 + 2.4 % 20.0
0.0
Nooes o 2mm 15 21 27 33 39 45

* X is the average fiber diameter out of 100, %Y is yield percentage of the fiber.
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4.1.2. Effect of rotational jet speed

Table 4.3 shows the effect of rotational jet speed on fiber morphology. the
concentration of the PLA solution was fixed at 15% w/vin fibers process, the fiber
diameter corresponding to the applied rotational jet speed of 3,000, 4,150 and 4,900
rom, were 1251 + 7.4, 21.1 + 5.0 and 17.7 + 9.1 pm, respectively. When rotational
jet speed increased, the fiber diameter tended to decrease due to centrifugal force
increased that according to Equation 2.4 and Output velocity increased. At a rotation
jet speed of 4,900 rpm, it was found that the dispersion of the fiber diameters
become bimodal distribution. Predicted that the discontinuity of the fiber diameters
was due to the occurrence of tearing fiber according to the study of the Capillary
instability or Rayleigh-Plateau (RP) instability. Plateau said that the tearing of liquid
stream was related to the surface tension of the liquid. It was that reduced surface
area and surface energy process to maintain shape. Rayleigh studied wavelength-
related deficiency growth rates which It was found that the slightest disturbance in
liquid steam resulted in exponential changes over time. [96, 97]. Tomotika studied
that the effect of solution viscosity on liquid stream stability. it founding that the
solution viscosity affects the conversion rate of the liquid stream. when solution
viscosity increased, the conversion rate deceased. In the study mentioned above, this
study is based on the Navier-Stokes equation. Later, Lee and Flumerfelt developed a
more comprehensive study method. It states that the stability of the fluid vessel
depends on four unitless variables: Viscosity ratio, Density ratio, Reynolds number

and Weber number [96, 97].

Viscosity ratio: by = o/ Eqg. 4.3
Density ratio: €= pg/pl Eq. 4.4
pLUla
Reynolds number: Re = Eqg. 4.5
H
pguga
Weber number: We,= Eqg. 4.6
o

where i and g are viscosity of liquid steam and air, pgand pare density of

liquid steam and air, a is radius of liquid steam before disturbed, U and U, are

velocity of liquid steam and air and O is surface tension
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Reynolds number describes the liquid phase properties that relating to
viscosity and Weber number describes the gas phase properties that relating to
surface tension. For the liquid stream instability occurred when the interface
between liquid stream and air are disturbed by the surface tension that trying to get
into a balanced shape. this process reduced the surface energy to a minimum
become spherical that the structure is the lowest surface energy. This includes
external forces such as gravity and pressure on a surface. The interface area tends to

change to waves shape.

T
¥
¥
]
]
]

| =
¥

]

]

]

) — |
¥

]

]

¥

]

¥

A

]

]

]

1

Figure 4.2 Characteristics of an unstable liquid steam [96]
The wavelength (), frequency and amplitude (0) of wave are related to the
time and velocity of the fluid. It also affects the growth rate of disturbed as in
equation 4.7 [96].

ok’
Kelvin-Helmholtz equation: W =EU K- — 1k = 21t /A Eq. 4.7
Py

where "A"is the wavelength that “A" > 2'Tt" resulting in instability and easy to
deform. Equation 4.7 shows that growth rate is directly proportional to velocity of
liquid steam. When the velocity of liquid steam increased, the growth rate tends to
decreased. This was the key factor to make prone to deformation.

However, the study discussed above was the study of Newtonian fluids
behavior. In the case of polymers, the viscoelastic property of the polymer material
also affects the fluid transformation behavior. From the above assumptions, the
fibers break apart with speed only but considering the viscoelastic properties of the
polymer. The fibers may not be torn apart complete but the diameters of single
fibers may be uneven. According to the Li et al. [96], when comparing Newtonian
fluids and viscoelastic fluids at the same viscosity, this research showed that the
elasticity of viscoelastic fluids resulted in a higher growth rate of distribution but this

disturbance occurred after the relaxation time of the fluid. Therefore, polymer chains
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were aligned along the force while a polymer solution was being injected. Polymer
fluid was disturbed by factors such as surface tension

When the solution volume was fixed at 30 ml in fibers process, the fiber
process time corresponding to the applied rotation jet speed of 10, 12, 15 and 18%
w/v, were 180, 200, 240 and 310 s, respectively.
Table 4.3 Fiber diameters, yield, SEM images and frequency distribution diameters of
PLA fibers produced by PLA concentration 15% w/v, using DCM as a solvent: effect of

rotation jet speed

Formula SEM 50x magnifyins. Frequency distribution

151100 | 300
RS.= 3,900 rpm

20.0
X =251%7.4pum
%Y = 28.6 + 2.3 % 10.0

0.0

T 12 18 24 30 36 42 um

151100 30.0
RS.= 4,150 rpm

20.0
X =21.1+50 um
%Y =585+15% 10.0

0.0
151100 30.0
RS.= 4,900 rpm

20.0
X =177 +9.1 um
%Y =89+ 1.7% 100

0.0

' 0 6 12 18 24 30 pm

* X is the average fiber diameter out of 100, %Y is yield percentage of the fiber.

**RS. is rotation jet speed
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4.1.3. Effect of dichloromethane to ethanol ratio

Effect of dichloromethane to ethanol ratio was studied. The dichloromethane
(DCM) is a good solvent and ethanol (EtOH) is a poor solvent. 715197 4.4 shows the
effect of Effect of dichloromethane to ethanol ratio on fiber morphology. The
concentration of PLA solution was fixed at 15% w/vand the ethanol content was
adjusted. the ethanol content did not significantly affect the surface tension but it
affects the viscosity of the polymer solution when ethanol content increased, the
viscosity tends to decreased due to the poor solvent properties of ethanol. In the
solubility principle, the solvent effect to the polymer in the solution. In diluted
solution, the polymer chain will expand in a good solvent and the polymer chain will
be coiled towards the chain itself in the poor solvent resulting in radius of the chain
is the smallest. The type of solvent affects the Huggins constant (a), which indicates
the relationship between intermolecular and hydrodynamic interactions when the
molecule is subjected to shear forces. The 'a' value depending on the solvent [98].
Eqg. 4.5 shows the relationship between intrinsic viscosity ([N]) and molecular weight
(M,) [90].
For diluted solution: N1 = KM,? Eq. 4.5

where K is Huggins constant which is approximately 0.4. For good solvent, ‘a’ is
approximately 0.8. For @ solution, ‘a’ is between 0.5-0.8 and for poor solvent, ‘a’ is
less than 0.5 [99]. When K and M, are constant, Comparing the ‘a’ value of the good
solvent and @ solution, it was found that as N increased when ‘a’ increased.
Table 4.4 Density, Viscosity at 100 rpm and surface tension of PLA solutions 15% w/v

at different ethanol content.

DCM to EtOH ratio | Density (g/cm?) | Viscosity (mPa/s) Surface tension (mN/m)

DCM solvent 1.318 0.41 27.8
100:0 1.310 987.9 £ 0.6 31.96 £ 0.2
95:5 1.286 905.5+0.4 31.35+0.5
90: 10 1.262 8252 +0.3 3215+ 1.1

EtOH solvent 0.790 1.261 21.8 [100]
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The concentration of PLA solution was fixed at 15% w/vand the rotation jet
speed 4,150 rpm and the ethanol content were adjusted in fibers process. the fiber
diameter corresponding to the applied that dichloromethane to ethanol ratio of
100:0, 95:5 and 90:10, were 20.0 + 4.3, 17.9 + 5.7 and 17.1 + 4.6 ym, respectively
[85]. Table 4.5 shown the fiber diameter decreased when ethanol content increased,
which corresponding to the reduced viscosity of polymer solution that are described
in 4.1.1. The polymer become solid and coating inside the spinneret quickly while
spinning the polymer solution causing clogged spinneret.

Table 4.5 Fiber diameters, yield, SEM images and frequency distribution diameters of
PLA fibers produced by PLA concentration 15 % w/v at 4,150 rpm, using mixed
solvent: effect of DCM to EtOH ratio.

Formula SEM 50x magnifying. Frequency distribution
15L100 40.0
X =211+ 50 pm 30.0
%Y= 585+ 1.5% 20.0
10.0
0.0
6 12 18 24 30 36
15L100E5 40
X =179 £+ 5.7 um 30
%Y= 64.3 + 2.8% 20

10

3 9 15 21 27 33 ppm

40

15L100E10

X=171+4.6 ym 30

%Y= 48.6 £ 3.6 % 20

) I|II
o L I | | | | [——
9 15 21 27

3 33 pm

* X is the average fiber diameter out of 100, %Y is yield percentage of the fiber.
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Figure 4.2 shown the effect of DCM to EtOH ratio on fiber morphology. The
fiber surface morphology was prepared from the DCM single-solvent system differs
from the fiber surface was prepared form mixed solvent system. Pores dispersed on
the fiber surface which average diameter about 1.0 um caused by the phase

separation process due to thermodynamic imbalance and solvent evaporation.

Figure 4.3 The fiber surface morphology compared between fibers prepared from
different solvents, A: 15100 (DCM) and B:-15L100E10 (DCM/EtOH), and fiber cross-
section, 5,000x magnification.

The environment that the temperature and humidity in the process are fixed.
The phase separation of the polymer solution occurred while solvent evaporated
causing the concentration of the solution increased [101, 102]. The phase separation
of the polymer occurred until the polymer becomes successful solid according to
Figure 4.3 In addition, water vapor in the air will condense on the fiber surface due
to thermal changes as the solvent evaporated causing the fiber surface area to occur
phase separation. This phase separation was called Vapor-Induced phase separation
(VIPS), which water vapor exhibited poor solvent properties. (anti-solvent) for
polymer solutions [103, 104]. water vapor disturbed the good solvent evaporation
and PLA was hydrophobic, which water vapor cannot dissolve in to DCM causing
water droplets to form on the fibers surface. The resulting porous was occurred on

the surface. This can be confirmed from the cross-section in Fig. 4.2A2.
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Figure 4.2B shown the fiber surfaces was prepared with a DCM and EtOH mixed
solvent system due to efficiency solvents evaporation are different. DCM have a boiling
point at 40 °C and EtOH have a boiling point at 80 °C. this difference boiling point effect to
the fiber surface morphology. As using a single solvent system, the pores on the fiber
surface occurred by the phase separation process and solvent evaporation but there is an
important difference: the solvent mixture evaporated causing thermodynamic imbalance.
This causes the phase separation occurred that changing from a single-phase region into
two phases rapidly because the boiling point of solvent was very different. In particular,
DCM has a faster evaporation rate than EtOH. The two phases consist of the polymer rich
phase, which becomes solid and the polymer lean phase, which becomes porous [105].
The phase separation process was complete when the polymer becomes solid successful,
as shown in Fig. 4.3. In addition, comparing the pore sizes on the fiber surface between the
single-solvent and mixed-solvent systems, it was found that the pore sizes obtained from
the mixed-solvent were larger than singer-solvent system. The pores from single-solvent
and mixed-solvent system width of approximately 1.0-2.0 pm and 5.0-9.0 um respectively
that dispersing on fiber surface along the length direction of the fibers. As a result of the
mechanism of porosity associated with the VIPS process as air vapor is another variable to
consider. As mentioned above, when the solvent evaporated, water vapor will condense
into droplets on the fiber surface due to Water and FtOH-was highly compatible. when
EtOH evaporated from the fiber, it mixed with water droplets [103], causing larger surface
droplets. Finally, larger and deeper pores form-on the surface of the fibers when the

polymer has completely become to solid.

Polymer

[a]

Polymer-lean phase

Polymer-rich phase

Single-phase
region (stable)
Solvent Nonsolvent

Figure 4.4 Phase separation path diagram according to phase inversion theory for a

three-component system.[106]
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4.1.4. Effect of PLA to PCL ratio in polymer blend

Effect of PLA to PCL ratio was studied. The study was divided into two
systems: (1) the concentration of the mixed polymer solution was fixed at 15%
w/vand the PLA to PCL ratio was 100:0, 80:20, 75:25 and 70:30, and (2) the
concentration of PLA in the solution is fixed at 12 % w/v and the PCL content was
increased to the of PLA to PCL mixing ratio were 100: 0, 80:20, 75:25 and 70:30,
where the mixed polymer solution has different concentrations. In case 2, the
concentration of PLA in the solution is fixed at 12 % w/v and the adding PCL
according to different PLA to PCL ratios. The results shown that when the PCL
content increased, the viscosity of the polymer solution increased due to the total
amount of polymer in the solution was higher as shown in Table 4.6.
Table 4.6 Surface tension and Viscosity of the mixed polymer solution which

difference PCL content.

Polymer Surface
PLA to Density Viscosity
Formula concentration tension
PCL ratio (g/cm?) (mPa/s)
(%wW/v) (mN/m)
15L100 100:0 15 1.310 9879+ 0.6 3196 + 0.1
15L.80C20 80:20 15 1.307 599.4 + 0.5 31.69 + 0.6
15L75C25 75:25 15 1.295 5220+ 0.2 3287+ 0.4
15L70C30 70:30 15 1.292 349.1 + 0.2 3234 + 0.2
121100 100:0 12 1.311 576.7 + 0.3 30.80 + 0.9
16L75C25 75:25 16 1.306 608.2 + 0.1 32.15+0.3
17L70C30 70:30 17 1.305 620.4 + 0.3 32.43 + 0.6

The PCL content in polymer blend solution did not significantly affect the
surface tension. The viscosity of the polymer blend solution measured in the case
has different details: In case 1, the concentration of the mixed polymer solution was
fixed at 15% w/vand Adjusting the PLA to PCL ratio shown that the viscosity of the
solution tended to decrease when the PCL content increased because the molecular
weight factors effect to the viscosity of the polymer solution as corresponds to

equation 4.1. It shown that the viscosity of the polymer solution depends on the
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molecular weight. The molecular weight increased, the viscosity of solution tends to
increase. For this study, the molecular weight of the PLA was 174,000 which is 12.4
times higher than that of PCL that molecular weight was 14,000. Therefore, the
molecular weight of PLA was the main factor in the viscosity of polymer solutions.
the viscosity of the solution decreases significantly when PLA content was reduced.
In the case that the concentration of PLA in the solution constant at 12 % w/v and
increasing the PCL content. The result showed that the viscosity of solution
increased when PCL content increased due to PLA and PCL are immiscible blend so
the viscosity relationship of the polymer blend depends on both polymers according

to Eq. 4.6

Jspm- Ml + b Cy Eq. 4.6
Cm

where Mgy m was specific viscosity of polymer blend solution, Cm was the

Viscosity of polymer:

concentration of polymer solution, [T]]m was - Instric viscosity of polymer blend
which [T]]m = Wy [T]]A + Wy [T]]A : “w” was weight fractions of polymer blend
and bm was parameter of Huggin’s equation which correspond to the relationship
between polymer and solvent. The equation showed that the specific viscosity of
the polymer solutions depends on the viscosity of ‘each polymer and the
concentration of the solution. The concentration of the solution increased when the
PCL content increased resulting in a higher viscosity. Figure 4.5 showed that the
viscosity of the polymer blend solution from different formulas. The viscosity of the
solution mainly depended on the PLA content that was represented, though the
slope of the linear equation which obtained by comparing the relationship between
viscosity and PCL content in the solution. In the experimental design, the
concentration of PLA was fixed at 12% w/v due to problems with the solubility of
the polymer in the solvent at the solution preparation stage which the concentration
of PLA was fixed at 15% w/v and PCL content increased, it was found that at the
70:30 polymer mix ratio. If the polymer could be completely dissolved, the polymer
solution had a net concentration of 21.43 % w/vwhich the polymer was not fully
dissolved in experiment because the solution was saturated at solution preparation

temperature.
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Figure 4.5 Comparing between the viscosity of the mixed polymer solution and
different PLA to PCL ratio

The concentration of mixed solution was fixed at 15% w/vand the rotation jet
speed 4,150 rpm at 28 + 3°C and humidity 35 +5 %Rh in fibers process. The fiber
diameter corresponding to the applied that PLA to PCL ratio of 100:0, 80:20, 75:25
and 70:30, were 21.1 + 5.0, 20.0 + 4.3, 233 + 5.3, and 29.1 + 6.3 pm, respectively
[85] as shown in Table. 4.7.-The results of this experiment contradict the
explanations mentioned in section 4.1.1 due to environmental fluctuations affecting
the fiber process, such as temperature, humidity, and airflow. Therefore, in a later
experiment, the environment was  controlled by closed system at the same
temperature and. humidity as the open system. The morphological of fiber was
observed. In the closed system, the mixed polymer fiber diameters were 2 - 30 um.
The fiber diameter corresponding to the applied that PLA to PCL ratio of 100:0, 80:20,
75:25 and 70:30, were 1.7 + 5.1, 17.7 + 57, 16.8 = 55 and 115 + 54 pum,
respectively, which corresponding to the viscosity of the solution. the fiber diameter

tends to decrease when the solution viscosity decreased as shown in Table 4.7.
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Table 4.7 Fiber diameters, yield, SEM images of PLA/PCL blend fiber at 15% w/v at
4,150 rpm, using DCM solvent: effect of PLA to PCL ratio.

Formula

SEM 100x magnifying.

Open system (F1)

151100

X g= 21.1 + 5.0 um
X gp= 21.7 £ 5.1 pm
%Y= 58.51 + 1.47%
%Y= 48.23 + 1.09%

N D52 x100 1mm

15L80C20

X £1= 20.0 + 4.3 um
X = 17.7 £ 5.7 um
%Y= 62.19 + 3.03%
%Y= 56.33 + 2.17%

15L75C25
X g1= 23.3 + 5.3 um
X £,=16.8 + 5.5 um
%Y= 50.86 + 4.16%
%Y= 50.76 + 3.76%

15L70C30

X g1= 29.1 £ 6.3 um
X gp= 11.5 + 5.4 um
%Yr = 57.40 + 3.80%
%Yp,= 58.59 + 2.35%

N D64 x100 1mm

N D6.1 x100 1mm

Close system (F2)

NL 028 x100

N 48 x100

* X is the average fiber diameter out of 100, %Y is yield percentage of the fiber.
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The concentration of PLA solution was fixed at 12% w/vand the adding PCL
according to different PLA to PCL ratios. The rotation jet speed 4,150 rpm at 28 + 3°C
and humidity 35 +5 9%Rh in fibers process. The fiber diameter corresponding to the
applied that PLA to PCL ratio of 100:0, 80:20, 75:25 and 70:30, were 17.5 + 5.1, 17.4 +
43,168 + 5.2 uay 16.2 + 5.0 um, respectively. The average fiber diameter shown
that the PCL content in the polymer blend increased, the fiber diameter was not
significantly different due to two relevant factors: (1) the concentration of the mixed
polymer solution according to the experimental results in section 4.1.1 This indicate
that the fiber diameter tends to increase when polymer concentrations increased. In
section 4.1.4, the concentration of PLA in the mixed solution was fixed and increasing
the PCL content according to the specified ratio resulting in the total concentration
of the solution increased which the viscosity of the solution tends to increase as well
but after spin process, the resulting fiber tends to decrease. This is a result of the
factors of (2) the properties of the PCL in the experiment. According to previous
experiments, the concentration of the mixed polymer solution constant and
adjusting the ratio between PLA and PCL, resulting in the viscosity of the polymer
solution tends to decrease when PCL content increased [107]. Due to the PCL have
several times less molecular weight than PLA causing the fiber diameter tends to
decrease. However, this experiment was found that increasing PCL content resulted
in higher viscosity of the polymer solution but the fiber diameter tends to decrease
which the difference is wvery small. In° Table 4.8 shown that the fiber diameter

dissipation is approximately the same.
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Table 4.8 Fiber diameters, yield, SEM images and frequency distribution diameters of

PLA/PCL blend fiber PLA constant at 12% w/v of solution, 4,150 rpm, using DCM

solvent: effect of PLA to PCL ratio.

Formula

121100

X =175+5.1 um
%Y = 38.26 + 3.57%

15L.80C20

X =174+ 4.3 ym
%Y =56.33 + 2.17%

16L75C25
X =16.8 + 5.2 um
%Y = 49.07 + 2.72%

17L70C30

X =162+ 5.0 ym
%Y = 39.27 + 3.48%

SEM 100x magnifying.

NL D85 x100

Frequency distribution

[e)N
—
N
—
[e9]
N
F=S
(SN
(]
-
3

[e)}

1218 24 30 um

* X is the average fiber diameter out of 100, %Y is yield percentage of the fiber.
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Table 4.9 shown the water contact angle between film and fiber of polymer
composite. The average contact angles between the water droplets and the material
surface were measured for 3 samples with image J. The results showed that
increasing the PCL content causing contact angle increased due to fibers tend to
more hydrophobic when PCL content increased. The molecular structure of PLA and
PCL were polymers that connect monomer molecules by ester bonds and
hydrophobic polymers [108] but PCL has structure as —[(CH,)sCOQ]- which has a more
hydrophobic structure than PLA structure. Comparing the contact angle between the
PLA/PCL blend film and fiber which shown that the contact angle of the PLA/PCL
blend fiber was obviously higher than film because the fiber has many porous. The
fiber mat has gap between the single fibers that weaving and the fiber surface has a
porous from solvent evaporation causing the contact angle increased which is similar
to the phenomenon of the Lotus effect [109].

Table 4.9 Water contact angle of PLA and PCL blend film and fiber formed by RJS

process (n = 3).

Contact
Film Fiber
angle
108.73 + 1.40
PLA100 9513+ 2.10°
o]
117.55 + 0.65
PLA8O 96.50 + 0.66 °
o]
119.35 + 0.89
PLA75 100.70 + 1.46 ©
o]
122.40 + 0.59
PLA70 109.63 + 1.46 ©
(o]
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The thermal properties test by DSC technique of PLA/PCL blend fibers in the
range of 30 - 200 °C with a heating rate of 10 °C/min. For this experiment, Glass
transition temperature (T, of the PCL was not observed as T, of PCL theoretically has
a -60.0 °C, which exceeds the test limit of the existing instrument. From the results in
Table 4.10, which show the thermal properties of the PLA/PCL blend fibers at the
first heating. it is shown that adding PCL into the process has an effect on the T,
value which PCL content increased, T, decreased. Which the T, of the PLA/PCL blend
fiber was in the same range as the T, of PLA, which is 63.21 °C and the Melting
temperature (T,,) of PCL, which is ' 52.69 °C. The decrease in Tg is due to the
endothermic effect of PCL in the Tm phase, which overlaps with the endothermic of
PLA as the primary phase in the T, phase. In many studies it was stated that the T, of
PLA in the PLA and PCL polymer blend could not be determined due to the
resulting graph overlap [110] and adding PCL content did not significantly affect the
Tm of PLA and crystallization volume. However, RJS process has an effect on the
Percentage of crystallinity (Xc %) of PLA according to the crystal content data of
PLA4043D processed with internal mixer, the %Xc was 33%. [111], which is higher
than that of RIS process because the RJS process is a process that fibers are process
from a polymer solution by high-speed spinning. When the fibers come out of the
spinneret, the solvent was evaporated quickly causing the polymer no time to to
align the chain before it solificated.

Table 4.10 thermal properties of PLA/PCL blend fiber in formulas.

Thermal properties (°C)

Formula
TmpCL TgPLA Tcc TmpLA AHcc | AHmM | %Xc

Neat PCL | 52.69 - - - - - -

121100 - 63.21 [ 120.17 | 150.33 | 10.7 | 13.34 | 2.81
15L80C20 | 60.97 - 111.83 | 148.83 | 31.17 | 31.69 | 0.69
16L75C25 | 57.57 - 105.33 | 149.83 | 24.67 | 27.13 | 3.49

17L70C30 | 54.85 - 105.83 | 149.67 | 25.73 | 27.98 | 3.42
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Figure 4.5 shown the FTIR Spectrum that confirmed the mixing of PLA and
PCL fibers using the RJS technique. The PLA peak identity at 3,000 cm™ indicated the
asymmetrical and symmetrical group oscillation of -CH bond stretching of -CH; group
in structure, the peaks of 1,473 cmt and 1,359 cm! shown the -CO- stretching bond,
the peak of 1,768 cm™ shown the identity of the -CO- stretching bond in the ester
structure, and 1,187 cm™ represents the -C-O-C- bond which is another important
identity of the ester bond. For PCL's peak identity is very similar to PLA due to its
ester internal structure as well, but PCL exhibits different peaks from PLA at 2,952
cmtand 2,872 cm ! indicated the bond identity -CH bond stretching in methylene (-
CH,). In the case of PLA and PCL blend fiber, the peak identity expressed
simultaneously at the 2,988 cmtand 2,882 cm’ !, which shows the -CH bond of -CH;

in PLA and -CH, in PCL, respectively, and at 1,290 cm, which shown the ester bond.

PLA -CH;
PCL -CH,-
T W T TN
\ [ W\ ~ /
'_n ‘l_lwl ' W / ‘ V
S | PLA/PCL
3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm-1)
Figure 4.6 FTIR Spectrum of PLA/PCL blend fiber using RJS process
The mechanical properties of that the PLA and PCL blend film at different
ratios in the solution casting process were observed using universal testing machine,
load 50 kN with a strain rate of 5 mm/min. The results shown that PCL increased, the
overall mechanical properties of the film tended to decrease. The tensile strength

was reduced from 3,500 MPa for PLA film to 1,900 MPa when PCL was added at a
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30% w/w to the polymer blend and modulus decreased from 36 MPa to 20 MPa due
to PLA and PCL immiscible blends resulting in phase separation. This is consistent
with the research by Jon Urquijo et al. [112] that studied the properties of the PLA-
PCL blend system. However, the elongation at break increased when PCL was added
to PLA due to PLA is a hard and brittle polymer but PCL is a ductile polymer
material. The adding the PCL in to PLA results in a more ductile film but adding PCL
over 20%w/w, the elongation at the break tends to decrease as shown in Figure 4.6

and Table 4.11.
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Figure 4.7 mechanical properties of PLA/PCL films in difference ratio using solution
cast process which A: Tensile strength and Modulus and B: Elongation at break
Table 4.11 mechanical properties of PLA/PCL films in difference ratio using solution

cast process

Formula Modulus (MPa) Tensile strength (MPa) | Elongation at break (%)
Film 100L 3,523.36 + 94.69 36.20 + 2.64 3512 + 591

Film 80L20C 2,522.32 + 83.14 2634 + 0.72 5757 +7.16

Film 75L.25C 2,259.94 + 87.35 2288 + 1.57 48.90 + 8.07

Film 70L30C 1,918.49 + 79.47 19.71 £ 0.19 36.44 + 8.50

In RJS process, the fibers are arranged randomly where fibers are
interconnected while solvent was evaporating and the fibers are not fully solidified.

However, when considering the arrangement of fibers from SEM, the fibers tend to
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arrange in the machine direction by the mechanical properties testing of the polymer
fibers. The mechanical properties test of the PLA/PCL blend fibers are shown in
Figure 4.7 when the fibers are stretched under load in a uniaxial direction (Fig. 4.7A).
Initially, the fibers are stretched along the force and have not broken or slipped.
then, the interconnected fibers gradually slip away from each other until they are
finally completely broken. The arrangement of the fibers in the fiber mat has a
significant effect on the mechanical properties of the fibers. In the machine direction
(MA.) sample test, the fibers have that the tensile stress and modulus were higher
than the radially arranged fibers (RA.) (Fig. 4.7B and Fig. 4.7C). But the elongation at
break of MA. sample has a higher than the RA. sample because the sample received
a force in one direction and its was pulled at a very slow rate (5 mm/min). Fiber torn
of RA. sample was initiated by slippage between the fibers as the same MA. sample.
Slippage occurs at some weakly connected fibers first. At the same time, the point
that has not yet come off will continue to be pulled causing the fiber mat have a
higher lengthening distance. In High-resolution testing instruments can continue
testing until the fibers was completely torn apart but the measured value was very
small. Which unlike MA. sample, when slippage occurred, the tarn was directly
dependent on the properties of the material that will -have a limit to stretch. When
the material is unable to withstand the force, it has immediately torn apart.
Comparing the  cotton's mechanical properties with completely random fiber
arrangements, it was confirmed - that the. fiber orientation had an effect on the
mechanical properties. The cotton had different fiber arrangement from PLA/PCL
blend fibers, it had lower tensile strength and modulus than PLA/PCL blended fiber
but had a most elongation at break. The tensile strength and modulus values

obtained from the test must be divided into fiber density before analyzing the data
to reduce the influence of fiber weight and dispersion. However, cotton wool was
used in resaerch to comparison with existing products in the market only. This was
not possible to compare the mechanical properties covering all issues because the
cotton and fiber have several important differences: (1) They were made from

different materials and (2) the cotton wool was made up of short fibers.
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80L20C 75L25C 70L30C

Figure 4.8 shown the mechanical properties of PLA/PCL blends fiber at different
ratios and different sample directions, with A: Stress-Strain curve of MA direction, B:
Tensile strength, C: Modulus and D: Elongation at break (MA. is the machine direction
and RA. is the radial direction)

The mechanical properties of PLA and PCL blend fibers at different ratios
were observed. It shown that the PCL content affects the mechanical properties of
the PLA/PCL blend fibers, as shown in Figure 4.7 and Table 4.12. the overall
mechanical properties of the fibers tended to decreased when the PCL content in
the PLA/PCL blend fibers increased. Since the PLA and PCL blends are immiscible
blends, this was confirmed by the Tg of PLA from the thermal properties test results
(Table 4.10) which peak overlaps with Tm of PCL. PCL phase inserted between PLA
phases resulting in reduced mechanical properties that consistent with the study of

the mechanical properties of the PLA/PCL blend film studied above.



Table 4.12 Mechanical properties of PLA/PCL blend fibers in different directions
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sample.
Tensile strength | Elongation at break | Young's Modulus
Formula | Direction
(mN/tex) (%) (mN/tex)
Cotton - 4.43 + 0.47 91.55 + 6.84 0.85 + 0.06
RA. 56.33 + 4.57 68.36 + 3.07 20.21 + 1.68
100L
MA. 316.29 + 12.30 46.96 + 3.22 109.43 + 5.97
RA. 37.32 + 1.38 42.74 + 2.74 17.15 + 1.38
80L20C
MA. 77.88 + 4.80 41.08 + 2.78 42.19 + 6.65
RA. 10.97 £+ 0.50 46.76 + 6.21 0.95 +0.08
75L25C
MA. 34.65 +1.84 27.65 + 2.64 30.63 + 3.68
RA. 9.28 + 0.79 37.98 + 1.96 6.84 + 0.56
70L30C
MA. 16.98 + 1.26 6.70 +0.28 29.16 + 1.64

Specific surface area analysis by BET method at low temperature nitrogen gas
adsorption and % Space Area analysis from SEM images by image J were shown in
Table 4.13. The porosity in fiber consists of the pores between the fibers and pores
on the surface of the fibers. The BET method analysis calculated specific surface area
of material from the ability of a surface to absorb gas at low temperatures relative to
the weight of the material. Specific surface areas shown that the fibers from RJS
process were not significantly different. However, when changing the solution system
from single-solvent system to. mixed-solvent system, it shown that when the EtOH
content in mixed solvents increased causing the specific surface area tended to
increase from 18.6% to 24.4% due to the poor solvent modified the fiber surface was
consistent with the % space area from SEM photographs. The % Space Area of fiber
which based on the difference between the height and the low of the fiber surface
in SEM image at 2000x magnification by Imagel). The porosity on the DCM solvent-
prepared fibers have approximate %Space Area of 30.64 + 1.62% and % Space Area
of fibers prepared with a solvent-mixed was 35.47 + 3.13%. However, the BET
method had some disadvantages due to this test was performed at 77K, a

temperature much lower than the material's T, value may cause the material broken.
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Including the fiber was the low bulk density material causing more samples are
needed to test. Typically, the weight used in this method was approximately 1 g that
requiring a large amount of fiber. In the process of preparing the sample into the test
tube may cause the fiber to break. The SEM analysis used an image derived from
electron signals. Therefore, was not a real image and was based on analysis through
consideration of the height and low of the SEM image. In analysis method with
imageJ program, the intensity of the image was adjusted to 60% (Threshold) and
used the area fraction analysis to determine the %spece area. For this reason, the

surface area analysis may be inaccuracies.

Table 4.13 Specific surface area from BET, % Space Area from SEM at 2000x

magnification and fiber diameter in various condition

Fiber diameter Specific surface area
Formula %Space Area (n=5)
(um) (m2/g)
10L100 129 £ 4.7 16.98 10.37 £ 3.72
121100 16.7+ 4.6 19.27 1373 £ 2.73
15L100 21.1+50 18.61 16.36 + 2.53
18L100 28.4 +6.8 17.35 15.23 + 0.82
15L100-3000 251+ 7.4 18.77 26.99 + 1.56
15L100-4900 17.7 £ 9.1 18.34 26.35 + 5.32
015L80C20 20.0 + 4.3 22.94 14.16 + 5.17
O15L75C25 233+ 53 20.38 18.83 £ 4.92
O15L70C30 291+ 6.3 19.47 15.90 £ 5.03
15L80C20 174+ 4.3 19.85 18.24 £ 2.32
15L75C25 16.8 + 5.5 18.53 17.31 + 3.05
15L70C30 115+54 20.43 18.47 £ 2.56
16L75C25 16.8 + 5.2 18.79 17.44 + 1.81
17L70C30 16.2+ 5.0 18.33 16.12 £ 2.83
15L100E5 179 + 5.7 20.03 10.32 £ 2.42
15L100E10 171 £ 4.6 24.36 14.56 + 3.21
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4.2.  Study the probability of drug storage and release of the Poly(lactic
acid)/Polycaprolactone blend fibers.

4.2.1. Preparation of drug-loaded PLA/PCL blend fiber

From the study of the effect of factors on fibers in section 4.1, the
appropriate fiber formula for further study were PLA80 and PLA80/10 because these
were easily processed, highest output and similar fiber diameter causing it is the
most suitable fiber formula for bringing to drug-loading. The drug-loaded polymer
blend solution was prepared by (1) preparing the polymer solution in the selected
proportion and then mixing 0.1% w/v Neo drug in the polymer solution. Mixed and
distributed the drug evenly in the polymer solution. Then, 30 ml of the mixed
solution was processed with RIS at 4,150 rpm, 28 - 31°C, and (2) prepared the
polymer solution according to the selected proportions, and mixed 40 mg of Neo in
1 ml of water which follow the Table 3.2. Then, 30 ml of drug-loaded polymer
solution was processed with RJS. The morphology of fiber was obsearved by SEM
that shown the fibers diameter. Thedia meter of the drug was not significantly

different from fiber before drug loading
‘

NL D85 x100 Tmr NL D83 x100 1mn

NL D90 x100 1mn

15L.80C20 15L80/Neo 15L80E10/Neo
X =174+ 4.3 pm X =172+51 pm X =175+ 5.4 pm
%Y = 56.33 + 2.17% %Y = 53.57 + 2.48% %Y = 57.12 + 3.04%

Figure 4.9 Morphology of fibers compared to fiber diameter before and after loading

neomycin sulfate at 100x magnification
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4.2.2. Analysis and characterization of drug-loaded polymer blend fiber

Drug-loaded PLA/PCL blend fiber were analyzed by FTIR spectroscopy. Figure
4.10 shown the peak identity of the PLA/PCL blend as described in the previous
description. The neomycin sulfate peaks identity at 3,400 cm™ represent the N-H
bonds in the structure. At the 3,200-3,400 cm™ and 3,600 cm™ showed O-H bonds of
hydrogen bonding and free hydrogen bonds, respectively. At 1,100 cm™ the C-O
bond peak was shown. At the 1,529 and 1,633 cm? showed N-H bending of amine
group. At 617 cm! showed the sulfate ion peak. The results of the analysis of that
drug-loaded PLA/PCL blend fibers from FTIR showed that the small peaks at 1,529,
1,633 and 617 cm™ corresponds to the peaks of neomycin sulfate. The apparent
peak was small because the few drug contents in the polymer fiber so the signal

received was small.

PLA/PCL

PLA/PCL+Neo

%T

Neomycin

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm-1)
Figure 4.10 FTIR Spectrum of Neomycin-loaded PLA/PCL blend fiber from processing
with RJS.
The standard calibration curve was prepared from the concentration of

neomycin sulfate in PBS solution at different concentrations as shown in Figure 4.11
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Figure 4.11 Standard calibration curve
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Drug loading content ‘was analyzed using UV spectrophotometer at a

wavelength of 288 nm. The drug entrapment efficiency (% EE) of the drug-loaded

PLA/PCL bland fiber was determined refer to Eqg. 3.3 as shown in Table 4.14

indicating that the drug entrapment efficiency was 65-78%. The 15L80E10/Neo

formulation had the highest drug entrapment efficiency of 77.53%. The different drug

entrapment efficiency caused by the differences in drug loading methods and the

composition of the solvent used in solution preparing step.

The fibers were

prepared from the mixed solvent had a higher drug capacity than the fibers were

prepared from the single solvent. Since ethanol was a polar solvent which neomycin

sulfate had good solubility in polar solvents that the drug could be stored.

Table 4.14 Drug entrapment efficiency of Drug-loaded PLA/PCL blend fiber

Drug content
Sample Size (cm?) Drug loading (%EE)
(mg/g of sample)
15L80/Neo 5x5x0.293 67.04 = 1.51 4.47 + 0.10
15L80E10/Neo 5x5x0.292 7753 +2.14 517 +0.14
15L80H1+Neo 5x5x0.287 65.47 + 3.52 1.75 + 0.09
15L80E9H1+Neo 5x5x0.277 71.23 + 2.46 1.90 + 0.07




176

The Drug release analysis of drug-loaded PLA/PCL blend fibers were
performed by immersed the fiber mat size of 5 X 5 cm? in 100 ml of PBS solution at
pH.7.4, 37 °C and was determined the drug release content using UV
spectrophotometer. The result shown the relationship between the cumulative drug
concentration percentage and time in various formulations as shown in Figure 4.12 In
the first phase of drug release, the drug was released rapidly which can be observed
from the initial slope of the graph. After that, the speed of drug release decreased
and began to come into equilibrium over time. The drug release of fiber was
approximately 60 — 80% of the drug capacity. The results were determined with the
mathematical model of the drug release study, indicating that the drug release
pattern was corresponding with the Higuchi-model, where R*>0.89 that indicated the
polymer matrix was important for the drug release as shown in Table 4.15.

However, when considering the drug release of the fiber which directly loads
the drug as shown in Figure 4.12 showed that the drug release system is divided into
3 phases. Initially, the drug was burst release which could be observe from the slope
of the initial curve. Predictably, this is due to the drug release of the fiber surface.
The drug loaded fiber in first system which directly drug loading, it was possible that
part of the drug was coated on the surface of the fiber. The first portion drug on the
fiber surface was leached when the fibers were immersed. The second phase, this
found that the slope. of the curve was decreased from the first phase, which
presumably from the drug in the fiber pore was released causing the drug release
rate to decrease. The final phase showed that the slope had reached zero, thus
indicating that the drug release become into equilibrium. From comparing fibers
prepared with different solvents. In a mixed solvent system, fibers could release
more drugs than a single solvent system at the same time. This corresponds to the
specific surface area of the fibers from a mixed solvent system which are greater
than fiber was prepared in a single solvent system. As the increase in ethanol
content results in larger pore sizes on the fiber surface, the drug could penetrate the
fiber pores. For the drug loading of the solution in the second system, the drug
release corresponded to the Higuchi's model. This showed that the matrix polymer

was an important factor affecting the drug release. This complementary factor results



in the 15L80E10/Neo formulation having the

accounting for 78% of the drug loaded into fiber.
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Figure 4.12 Percentage of cumulative drug release over a period of 0 - 24 hrs of the

drug-loaded fibers with different systems, with A. directly drug loading and B. drug

loading via neomycin solution:.

Table 4.15 Different mathematical model coefficients for the Neomycin sulfate

release from PLA/PCL fibers.

Zero order model First order model Higuchi’s model
Formula
R? Ko R? K, R? Ky,
15L.80/Neo 0.8099 0.0483 0.6506 | 0.0005 0.9699 1.9796
15L.80E10/Neo 0.7767 0.0511 0.6352 - |-0.0005 0.9532 2.1195
15L80H1+Neo 0.6676 0.0419 0.4724 | 0.0005 0.8968 1.8207
15L80E9H1+Neo 0.6801 0.0446 0.5386 | 0.0005 0.9044 1.9256

4.3.  Study the properties of poly(lactic acid)/ Polycaprolactone blend fibers for

using wound dressing application

4.3.1. Cytotoxicity test of PLA/PCL blend fibers with L929 cells by Agar diffusion test

In the cytotoxicity test of the PLA/PCL blend fiber compared with the positive

and negative controls under a 4x magnification microscope as shown in Figure 4.13

Occurring that decolorization zone extending from the test sample by less than 0.5

mm in the positive control and decolorization zone around the test sample did not
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appear in the negative control and PLA/PCL blend fiber. An analysis of the test
results in accordance with ISO 7405:2018 (E) shown that positive control had a cell
response index to the test substance, decolorization index and Lysis Index, which
was tested for various index values of 2. In other words, that the diffusion rate of
toxic substances that penetrated the agar medium was moderate, but negative

control and the PLA/PCL blend fiber had 0 index values which shown the material

was not cytotoxic as in Table 4.16

55\ " *‘” . G e T
Figure 4.13 Cell characteristics under a 4x magnification microscope were tested with
A: Positive control, B: Negative control, and C: PLA/PCL blend fiber (15L80E10/Neo)

Table 4.16 Decolorization, Cell response and Lysis Index of samples

Sample Decolorization Index Cell response Lysis Index
Positive control 2 2 2
Negative control 0 0 0
15L80E10/Neo 0 0 0

4.3.2. Antibacterial testing of PLA/PCL blend fibers by Agar diffusion method: Kirby-
Bauer agar disk diffusion test.

In evaluating of the antibacterial of neomycin sulfate-loaded polymer fibers,
Staphylococcus aureus (S. aureus) that Gram-positive bacteria were selected in
testing because S. aureus is a bacterium found on the skin and mucous membranes
of humans and animals. In a comparative test, neomycin sulfate-loaded polymer
fibers with positive and negative controls under a 4x magnification microscope were
analyzed the Inhibition zone (mm) as shown in Table 4. 17. The result of Positive
control (Sofra-tulle®) example, that commonly used wound dressing made of gauze
cloth impregnated with soft paraffin and impregnated with 0.5% chlorhexidine

acetate indicated an inhibition zone diameter of 12.5 mm Negative control samples
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that made from PLA/PCL blend fibers mixed from the RJS process, there was no
inhibition zone that indicating the polymer fiber did not have antibacterial properties
against S. aureus. In this study, inhibition zones occurred on the sample when the
neomycin sulfate was loaded in PLA/PCL blend fiber indicating that S. aureus
bacteria were susceptible to neomycin. It shown that neomycin sulfate diffused from
the PLA/PCL blend fiber during the testing which was shown that ability to inhibit S.
aureus. The inhibition zone size in test corresponds to the drug release of the
PLA/PCL blend fiber.

Table 4. 17 Inhibition zone (mm) of sample from Antibacterial testing with S. aureus

Drug content Inhibition zone (mm)
Sample

(ug of sample) Plate 1 Plate 2
Positive control (Sofra-tulle®) - 12.2 12.8
Negative control (15L80E10) - NI NI
15L.80/Neo 13.72 + 0.31 16.6 17.4
15L80E10/Neo 15.87 +0.43 18.8 19.9
15L80H1+Neo 537 +0.28 8.2 7.9
15L80E9H1+Neo 5.83 +0.21 8.8 8.3

Note: NI = No Inhibition zone
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CHAPTER 5.
CONCLUSIONS

5.1.  Conclusions

In this research, the polylactic acid/polycaprolactone blend fibers using a
rotary jet spinning for wound dressing application were prepared. The results could
be summarized as follows:
5.1.1. In the fiber preparation process of polylactic acids/polycaprolactone blend
fiber using a rotational jet spinning were successful in preparing fibers with diameters
between 10 - 30 um. The concentration of polymer solution, rotation speed, PLA to
PCL ratio and dichloromethane to ethanol ratio affect the fibers morphology. The
fiber diameter increased as the concentration of the polymer solution increased. On
the other hand, the fiber diameter decreased as the rotation speed and the ethanol
content in the solution increased. The polycaprolactone content did not significantly
affect the fiber diameter. In-addition, the ethanol content in solvent affecting the
pore morphology on the fiber surface. The higher the ethanol content (1 0 %
v/v)causing in larger fiber pore sizes from 1.0 pm to 5.0-9.0 um, this corresponded
the specific surface area increased from 18 to 24 m?/g as a result of the phase
separation process of mixed solvent. The overall--mechanical properties and
Hydrophilicity of the material tended to decrease as PCL content increased which
predicated that the prepared PLA/PCL blend fibers was hydrophobic. The DSC
showed that the PCL content did not affect the thermal properties, but the fiber
spinning process affects the crystalline content of the material with approximately
0.6 - 3% which was less than the crystalline content processed by other processes
evidently. The best formulation used for the next step in the study was 15L80C20
due to the range of concentration could be able to form fiber and the overall
mechanical properties of this ratio was not different to the PLA fiber, the fibers from
process were distributed evenly and high yield rate.
5.1.2. The probability of drug encapsulation and release of the Poly(lactic
acid)/Polycaprolactone blend fibers were studied. In the process of loading drugs
into fibers divided into two systems that these were directly drug loading and drug

loading though the neomycin sulfate solution. The Drug loaded fiber diameters were
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approximately 17.0-18.0 um. The drug entrapment efficiency (%EE) of fibers were 65
— 78%. The 15L80E10/Neo formulation had the highest drug entrapment efficiency
which corresponded most specific surface area of fiber formulation. The best drug
release formulation was 15L80E10/Neo of 78% which directly drug loading and drug
loading by second system was drug release corresponding with the Higuchi model
(R2>0.89).

5.1.3. From the study of the properties of materials for wound dressings application.
The biocompatibility activity that the cytotoxicity of the polymer fibers was observed
with 1929 cells and antibacterial efficiency against S. aureus of Neomycin-loaded
PLA/PCL blended fibers were observed. The result showed the prepared neomycin-
loaded fibers was non-toxic' to cells and had antibacterial efficiency which
corresponding with the drug content release. The direct drug-loaded fibers
(15L80/Neo and 15L80E10/Neo) had higher antibacterial efficiency than commercial
wound dressings. This indicates that drug-loaded PLA/PCL blend fibers prepared from

the RJS technique could be applied asa wound dressing.

5.2.  Suggestions

5.2.1. From the study of hydrophilicity of materials had been shown that the
PLA/PCL blend fibers was highly hydrophobic. if developed in commercial wound
dressing applications, this hydrophobic property may be a limitation of practical
application such as being unable to absorb extrudate. Therefore, for future studies,
the material may be modified to be more hydrophilic.

5.2.2. The fiber preparation using the RJS technique in this study was a batch
process resulting in considerable waste at the beginning and the end of the process.
If the process can be modified to be a continuous process, the percentage yield may
be increased.

523. In this study, the fiber preparation using a single solvent system
(dichloromethane) and mixed solvent systems (dichloromethane and ethanol)
affecting the fiber surface morphology. In future studies supposed to study the other
solvent systems which may develop the drug encapsulation and release efficiency

of fibers.
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5.2.4. In this research studied only neomycin sulfate, which the amino glycoside
structure. If changing the type of drug, may affecting the medical property. In future
studies supposed to performed on the effect of drug structure on drug encapsulation
and drug release efficiency for fiber.

5.2.5. In the fibers spinning process with RJS, it depends on two factors: Material
factors such as polymer viscosity and Tool factors such as rotation speed including
the process environment must also be considered. So, the process was necessary to
produce in a close system where these factors can be controlled because it affects
the fibers greatly and be careful of volatile substances from the evaporation of the
solvent in the solution. Protect the yourself from inhalation and exposure to volatile

substances for safety.
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In this research, the model drug neomycin was loaded into biodegradable fibers containing poly(lactic
acid) (PLA) blended with polycaprolactone (PCL) as a matrix using the rotational jet spinning technique.
The mixed polymer solution of PLA and PCL in dichloromethane and a cosolvent of dichloromethane and
ethanol was prepared. The effect of the spinning condition such as a rotational speed (1000—5000 rpm),
aratio between PLA and PCL (80:20, 75:25 and 70:30) and a ratio between dichloromethane and ethanol
(90:10 and 80:20) as a cosolvent on porosity percentage and morphology were investigated. The results
demonstrated that when the PLA concentration increased, the fibers diameter increased but the porosity
percentage decreased due to the low mobility of PLA. Upon increasing the rotational speed, the fibers
diameter decreased because of highly developed jet, which overcomes the intermolecular forces be-
tween polymer chains and polymer-solvent interaction. When incorporating the higher concentration of
PCL into PLA matrix, the specific area tended to decrease. The results also showed the different rough
surface fibers prepared from cosolvent and dichloromethane, resulting from the different evaporation
rate of the solvents compared with the fibers spun using only dichloromethane as a solvent. The porous
structure of the fibers changed when using a cosolvent due to the phase inversion before the solvent
evaporated and the different evaporation rates between dichloromethane and ethanol. The specific area
increased upon adding ethanol into the polymer solution. In vitro drug release studies concluded that the

higher specific area increases the efficiency of drug release and drug loading of fibers.

© 2020 Published by Elsevier Ltd.

1. Introduction

Rotational jet spinning (R]S) technique is a novel method that
has been wildly paid attention for fiber production process. RJS has
the distinct advantage to electrospinning technique such as being
able to produce non-woven micro fiber of melt polymers and
polymer solutions, easy-to-use, fast production rate, low operaticn
cost, and production safety. RJS uses the centrifugal force principle
to produce fibers [1-3]. The important parameter for the RJS
technique such as processing temperature (in case of melted
polymers), rotational speed and distance of spinneret to collector.
In addition, the material parameters that need to be considered
include polymer viscoelastic, surface tension, and evaporation rate.
These parameters affect the fiber processing, fibers morphology,
fibers diameter, and pore on fiber [ 1—4]. Badrossamay et al. [4] have

* Corresponding author.
E-mail address: suttiruengwong_s@su.ac.th (S. Suttiruengwong).

https://doi.org/10.1016/j.mtsust.2020.100051
2589-2347/© 2020 Published by Elsevier Ltd.

studied the fiber processing technique using RJS for the first time.
They found a facile method of fiber processing by rotating polymer
solution jets to extrude fibers and control parameter of rotation jet
spinning such as nozzle geometry, rotation speed, and polymer
solution properties. Ren et al. [5] have proposed an article on the
fiber preparation of RJS using polymer solution. They reported that
the morphology of the fiber was controlled by polymer solution
properties, solvent evaporation rate and centrifugal force, as well as
the phase morphology due to the phase separation of the polymer
solutions. Although, there is no indication of which solvent type is
the most suitable for RJS technique but it is known that solvent
affects the concentration of the polymer solution. The concentra-
tion of the polymer plays an important role in the fiber production.
If the concentration is out of the technique limit, the fibers cannot
be smoothly formed. The evaporation rate of the solvent also affects
the surface characteristics of the fibers [6].

Poly(lactic acid) (PLA) is a biopolymer that have been investi-
gated for medical application due to its good biocompatibility in
the human body. However, PLA is brittle and has low crystallization



Fig. 1. (a) Rotational jet spinning machine; (b) spinneret head and collector; (c) non-woven micro fiber mat

rate; therefore the properties of PLA fibers is often limited to
practical uses [7—9]. Polycaprolactone (PCL) is a synthetic polymer
that has been approved by the Food and Drug Administration due
to low chemical toxic, excellent biocompatibility, and degradability
[7). In particular, fibers that use PLA, PCL, copolymers, or
blends have received a great deal of attention in medical research
and development. There are several techniques for fiber fabrica-
tions such as fiber spinning, 3D printing, electrospinning, and so on
[10,11]. The electrospinning has a major disadvantage in terms of
the mass production, which therefore makes researchers interested
in the RJS technique. Neomycin sulfate is an aminoglycoside anti-
biotic produced by Streptomyces fradiae. It can inhibit the growth
of Gram-negative and Gram-positive bacteria and be used for
treatment of bacterial infection on skin and digestive tract [12—14].
In most studies, neomycin sulfate is used in hydrogels due to its
good solubility in water without losing its bactericidal activity;
therefore it is interesting to apply the drug in fibers [12,15].
Therefore, this work concentrated on the preparation of the PLA/
PCL blend fibers using RJS and to study the possibility of drug
loading and the release kinetics of drug-loaded PLA/PCL fibers.

2. Experiment
2.1. Materials

PLA resin (PLA, 4043D) was purchased from NatureWorks LLC,
USA. PCL (Mw = 14,000 g/mol) was purchased from Sigma-Aldrich
Co. LLC. Dichloromethane (99.5% AR grade) was purchased from
Loba chemie Pvt. Ltd. Ethanol (>99%) (density 0.87 g/ml) was
purchased from MERCK, and neomycin sulfate was purchased from
Sigma-Aldrich Co. LLC.

2.2. Preparation of PLA, PLA/PCL blend and neomycin-loaded PLA/
PCL blend fiber

The experiment was carried out using (1) PLA solution: PLA
resin was completely dissolved in dichloromethane to obtain the
concentration of 5-20% w/v and (2) mixed polymer solution: 15%
w/v solution of PLA/PCL in the ratio of 100:0, 80:20, 75:25, and
70:30 in dichloromethane or dichloromethane:ethanol mixture
(95:5 and 90:10). Drug-loaded samples were prepared by stirring
0.1 %w/v neomycin sulfate in 15% w/v solution of PLA/PCL (80:20) in
dichloromethane or dichloromethane:ethanol mixture (90:10) at
room temperature, and then 30 ml samples were fed into the
spinneret. The RJS equipment (Fig. 1) was used to prepare the fibers.
The condition of the rotation jet was carried out under 3,000, 4150,
and 4900 rpm for PLA solution sample and 4150 rpm for the mixed
polymer solution samples. The drug (neomycin) loading was per-
formed at room temperature. Each sample were injected into the
spinneret head with the syringe (diameter 0.4 mm and length
2 mm). The fibers were collected around the collector.

2.3. Characterization

The solution viscosity was measured using Brookfield viscom-
eter (model RVDV-IIl+) at 25 °C.

The morphology of polymer fiber was observed using scanning
electron microscopy at 15 kV (Hitachi, TM3030, Japan).

The surface area was investigated using Brunaue-Emmet-Teller
(BET) (Anton-Paar, NOVA2200e, USA) at —196 °C. All the samples
were degassed at 40 °C under vacuum for more than 24 h. The
specific surface area results were calculated using the BET
method.

Drug release was performed by soaking microfibers (100 mg) in
100 ml of phosphate-buffered saline (PBS, pH 7.4) solution and
incubated at 37 °C. The aliquots (5 ml) were sampling at time in-
tervals of 10, 20, 40 min, 1, 2, 4, 8,10, 12, and 24 h, and 5 ml of fresh
PBS was filled at each time interval to retain the constant volume.
Drug concentration was determined by measuring the maximum
absorbance of solution at 288 nm using UV spectrophotometer
(Shimadzu 1800, Japan).

3. Results and discussion
3.1. Solution viscosity

The viscosity of the polymer solution is shown in Fig. 2a
demonstrating that the concentration of the PLA solution pro-
duced three regions of rheological behavior. In this work, the three
regions were defined as the low viscosity region (<254 cP), the
fiber processing region (254—1400 cP), and the high viscosity re-
gion (>1400 cP). The fiber production started at 10% w/v PLA so-
lution, in accordance with the fiber processing region. If the
polymer solution had a lower viscosity than fiber processing re-
gion, the polymer could not be made into fiber. However, if the
polymer viscosity was larger than this region, the polymer could
not be ejected from the spinneret head. Fig. 2b shows the effect of
the solvent and PLA/PCL ratio on the polymer viscosity. Upon
increasing PCL and ethanol content of the mixed polymer solution,
the viscosity of mixed polymer solution was reduced. In addition,
the PLA/PCL solution in cosolvent system can be used to produce
the fiber, except for PLA70:PCL30 which could not form the fiber
due to too low polymer viscosity compared with the fiber pro-
cessing region.

3.2. Morphology observation

3.2.1. Effect of rotational jet speed

The morphology of PLA fiber at the different rotational
speeds is shown in Fig. 3. The fiber diameters corresponding to
the applied rotational speeds of 3,000, 4150, and 4900 rpm
were 25.1 + 7.4, 21.1 + 5.0, and 17.7 + 9.1 um, respectively. At a
higher rotational speed, the fiber diameter was decreased due
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Fig. 2. Viscosity of polymer solutions; (a) effect of different PLA concentrations, and (b) effect of a ratio between PLA and PCL using dichloromethane or cosolvent. PLA, poly(lactic

acid); PCL, polycaprolacton.

to the higher centrifugal force. The rotational speed increases
with the centrifugal force in accordance with the following
equation.
Fc = mQ%Ry (1)
where F, is the centrifugal force, m is the polymer mass inside the
chamber, Ry is the radius of the chamber, and Q is the angular speed
of the chamber [4].

At 4900 rpm (in Fig. 3¢), we can see that the distribution of fiber
diameters became bimodal distribution. The explanation is that the
centrifugal force increased and can overcome intermolecular force
between polymer chain and polymer-solvent, causing an imbalance
between the properties of polymer solution and the centrifugal

force. Therefore, the system became unstable and harder to control
the fiber diameter [16].

3000 rpm, X: 25.1 £7.4 um

3.2.2. Effect of polymer solution concentration

The morphology of PLA fiber at the different PLA concentrations
is shown in Fig. 4. The fiber diameter was 12.9 + 4.7, 16.7 + 4.6,
21.1 + 5.0 and 28.4 + 6.8 um for the fibers using PLA concentration
of 10,12, 15, and 18% w/v, respectively. At higher concentration, the
fiber diameter was larger. It is probably due to the increased vis-
cosity of polymer solution with increased concentration of PLA
solution. Therefore, the polymer entanglement increased and it is
harder to spin the fiber out [16].

3.2.3. Effect of PLA to PCL ratio

In Fig. 5, the effect of PLA to PCL ratio on fiber diameter is shown.
The diameter of fibers with the PLA to PCL ratios of 100:0, 80:20,
75:25, and 70:30 was 21.1 + 5.0, 20.0 + 4.3, 233 + 5.3, and
29.1 + 6.3 pm, respectively. The diameter of PLA/PCL fiber decreased
when increasing the contents of PCL. However, based on the result

4900 rpm, X: 17.7 +9.1

— 9]
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Fig. 3. SEM images and frequency distribution of fiber diameters of PLA fibers (15% PLA solution in dichloromethane) produced by rotational jet spinning: (a) 3000; (b) 4150; (c)
4900 rpm, at 100x magnifying. *X = average diameter PLA, poly(lactic acid); SEM, scanning electron microscopy.
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Fig. 4. SEM images of PLA fibers produced by rotational jet spinning at 4150 rpm, using dichloromethane as a solvent: effect of PLA concentration (a) 10%; (b) 12%; (c) 15%; (d) 18%w/

v, at 50x magnifying. PLA, poly(lactic acid); SEM, scanning electron microscopy.
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Fig. 5. SEM images of PLA-PCL fibers (15% of mixed polymer solution in dichloromethane) produced by rotational jet spinning at 4150 rpm: effect of PLA to PCL ratio (a)
PLA100PCLO; (b) PLASOPCL20; (c) PLA75PCL25; (d) PLA70PCL30, at 100x magnifying. PLA, poly(lactic acid); PCL, polycaprolactone; SEM, scanning electron microscopy.

from the solution characterization, the viscosity of the mixed
polymer solution decreased when the concentration of PCL
increased. The fiber with higher PCL content should have the
smaller diameter as previous discussion on the effect of the vis-
cosity. The reason for this is not clear and needs further
investigation.

DCM. X=20.0 = 4.3 um

N D71 2500 200um

N 049 5300 0un

DCMO90EtOH10. X=17.1 = 4.6 ym

3.2.4. Effect of dichloromethane to ethanol ratio

Fig. 6 shows the effect of dichloromethane to ethanol ratio on
fiber diameter. The diameter of fibers with the dichloromethane to
ethanol ratios of 100:0, 95:5, and 90:10 was 20.0 + 4.3, 179 + 5.7,
and 17.1 + 4.6 pum, respectively. It is seen that the fiber diameter
decreased when the concentration of ethanol in the polymer

N 070 »%00 200un

N 051 x30k  Wum

Fig. 6. SEM images of PLABOPCL20 fibers (15% of mixed polymer solution in different solvent systems) produced by rotational jet spinning at 4150 rpm: effect of solvent system (a)
dichloromethane alone; (b) cosolvent (DCM90EtOH10); (1) external surface view (500x magnifying); (2) cross-sectional view (3,000x magnifying). PLA, poly(lactic acid); PCL,

polycaprolactone; SEM, scanning electron microscopy.
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Table 1
BET surface area and fiber diameter with different fiber process conditions.

Condition Fiber diameter (um) Specific surface area (m?/g)
Effect of concentration (4150 rpm, PLA solution, DCM)
10% PLA 129+47 16.967
12% PLA 16.7 + 4.6 39.274
15% PLA 21.1+50 8.610
18% PLA 284 +68 7.348
Effect of rotational speed (PLA solution, DCM)
15% PLA 3000 rpm 251+74 8.765
15% PLA 4150 rpm 21.1+50 8.610
15% PLA 4900 rpm 17.7 £ 91 18.337
Effect of ratio between PLA and PCL (4150 rpm, 15%mixed polymer, DCM)
PLA80-PCL20-DCM 200+43 22935
PLA75-PCL25-DCM 233453 20384
PLA70-PCL30-DCM 291+63 19.471
Effect of pure and co-solvent (4150 rpm, 15%PLASOPCL20)
PLA80-PCL20-95DCM5EtOH 179 £ 57 25.023
PLA80-PCL20-90DCM10EtOH 171+ 46 25.683
PLA, poly(lactic acid); PCL, polycaprolactone; BET, Brunaue-Emmet-Teller.
Table 2
Drug loading and drug release of PLA-PCL fiber spun using different solvents in PBS solution after 24 h.
Fiber type Size (cm?) Drug loading (%w/w) Drug release (%w/w)
80PLA20PCL-DCM 50 x50 67.04 7.40
80PLA20PCL-DCM90EtOH10 5.0 x 4.0 8453 15.87

PLA, poly(lactic acid); PCL, polycaprolactone; PBS, phosphate-buffered saline.

solution increased. This also influenced the fiber surface (Fig. 6a),
which can be explained by dichloromethane evaporation during
the spinning process. The pores were approximately 2.0 pym. In
addition, the results showed the rough surface along the fiber
length. The surface of fibers prepared using solvent containing
ethanol was different from the that using dichloromethane alone as
a solvent, due to the phase inversion. The different evaporation
rates between dichloromethane and ethanol was also responsible
for the larger pore structures. The diameter of pores on fiber surface
using the cosolvent was around 3.2 pum (larger than using
dichloromethane alone). In this case, dichloromethane may evap-
orate faster than ethanol due to a lower boiling point of dichloro-
methane (40 °C) than ethanol (80 °C). Dichloromethane was a good
solvent for PLA and PCL but ethanol was not [8,17]. The dichloro-
methane evaporated and caused the thermodynamic imbalance
and the phase separation into two phases, resulting in the polymer
rich phase that becomes solid and polymer lean phase that be-
comes porous [18]. The maximum ethanol ratio in solvent system
was 90:10 of dichloromethane to ethanol ratio (DCM90: EtOH10).
The processing using the motor rotation resulted in a higher pro-
cessing temperature (>room temperature), which accelerated the
evaporation of the dichloromethane. As a result, cosolvent system
with a higher ethanol concentration affected the rate of polymer
solidification, which caused the fiber products is very low and
insufficient fiber products to characterization section.

3.3. Porosity

Table 1 demonstrates the BET surface area of fibers at different
conditions. It can be observed that the surface values were
consistent with the measured fiber diameter. The specific surface
area increased when decreasing the diameter of PLA/PCL fibers. It is
also observed that the fibers prepared with cosolvent system had
higher BET surface area.

3.4. Drug release studies in PBS solution

The neomycin loading and the drug release of the PLA/PCL blend
fibers were performed. The fibers spun using only dichloromethane
as a solvent had a lower drug loading (67.04% w/w) than fibers spun
using the cosolvent (84.53% w/w). This was due to the fact that the
dissolution of neomycin in the cosolvent system was better than in
dichloromethane alone.

For in vitro drug release studies in PBS solution for 24 h, the fi-
bers spun using the cosolvent had higher drug release than that
using dichloromethane alone (Table 2). It is likely that the higher
BET specific surface area of the fiber using cosolvent system
resulted in the higher drug release.

4. Conclusion

The PLA/PCL fibers were successfully fabricated by using the RS
with good solvent and cosolvent systems. The effect of concentra-
tion of polymer solution, PLA to PCL ratio, rotational speed of RJS
technique, and dichloromethane to ethanol ratio on fiber diameter,
as well as specific surface area had been studied. The diameter of
PLA/PCL fiber increased when increasing the concentration of
polymer solution and PCL contents. On the other hand, the
increased rotational speed and ethanol content in the solvent
decreased the fiber diameter. The specific surface area decreased
when fiber diameter increased. The RJS method can be used to
prepare the PLA/PCL fibers with diameter around 10—30 pym and
BET surface area around 8.6—39.3 m?/g. The presence of ethanol as
a cosolvent improved the drug loading and release of neomycin
sulfate from the fibers. The results suggested the possibility of
applying RJS process to other biomedical applications such as
wound dressing, drug delivery which has low-cost and large-scale
production. The effect of different chemical structures of drug on
this system will be studied in next research to compared with
neomycin sulfate.
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