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Abstract

Project Code RMU5180019
Project Title Structure modification of polyester biodegradable polymers for preparation
of nanoparticles for drug delivery
Investigator Assoc. Prof. Varaporn Junyaprasert
Department of Pharmacy, Faculty of Pharmacy
Mabhidol University
447 Sri-Ayutthaya Rd., Rajathavee, Bangkok 10400
E-mail Address pyvbp@mahidol.ac.th
Project Period 3 years (15 May 2008 914 14 May 2011)

Modification of biodegradable polymers has been gained much attention in the
field of pharmaceutical applications. This study was aimed to modify polycaprolactone
polymer, one of polyester biodegradable polymers, by being conjugated with
polyethylene glycol (PEG 4000) to increase the hydrophilicity and grafting with nicotinic
acid, a small drug molecule, onto the polymer using mild conditions of 1,3-dipolar

cycloaddition, known as click reaction. The reaction was performed by copolymerization

of Ol—chloro-E-caprolactone (OLCIECL) and E-caprolactone (ECL) by ring opening
polymerization using PEG 4000 and Tin (ll) octanoate (SnOct,) as catalysts.
Subsequently, the chloride groups on the polymer were replaced with azide at which
but-3-ynyl nicotinate was conjugated using click reaction. From the characterization by

1H-NMR spectroscopy, FT-IR spectroscopy and gel permeation chromatography, the

results showed that the grafting of nicotinic acid onto the poly-E-caprolactone (ECL)
copolymer was successful at different drug to polymer ratios (10%, 20% and 30%) with
the use of this mild and short time reaction so as to prevent the polymer degradation.
From the study of thermal properties of the grafted copolymer, it was found that amount
and type of grafting functional groups could affect T4 and T,, of the copolymer. When
increasing the amount of grafting functional groups, the crystallinity of the copolymer
was changed from semi-crystalline to more amorphous. As a result, grafting nicotinic
acid onto the copolymer affected the physicochemical properties of the copolymer.

From the cytotoxicity study of the synthesis polymer to the normal cell lines, the

results showed that the nicotinic acid grafted polymer was not toxic to HUVECs cells at

500 Hg/mL, similar to P(€CL)-co-PEG. Consequently, the nicotinic acid grafted
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copolymer was used to prepare nanoparticles by nanoprecipitation and the
physicochemical properties of the nanoparticles were studied. The results showed that
the nanoparticles were spherical in shape. In addition, the amount of nicotinic acid
influenced the properties of the nanoparticles. When the amount of nicotinic acid
increased, the particle size increased due to the increased hydrophobicity and steric
hindrance of the grafting function groups. From the cytotoxicity study, the nanoparticles
did not cause toxicity to the cells at 0.20 mg/mL. However, the increased amount of
nicotinic acid increased the cytoxicity to the cells.

The effect of nicotinic acid grafted on the polymers to the entrapment of 2 model
drugs, ibuprofen and indomethacin, was studied. It was found that incorporation of the
drugs increased the size of the nanoparticles, and drug loaded in nicotinic acid grafted
nanoparticles was higher than ungrafted nanoparticles. However, the drug loading
efficiency increased insignificantly when the amount of nicotinic acid on the polymer
increased. Moreover, drug loading efficiency depended on the solubility of the loaded
drug which could affect the partition between the nanoparticles and water phase during
drug incorporation. The release of ibuprofrn and indomethacin from the nicotinic acid
grafted nanoparticles was found to follow Higuchi model indicating that the release was
Fickian diffusion. The release of ibuprofen from the nanoparticles was lower and slower
than that of indomethacin due to the interaction between indomethacin and the polymer.
In conclusion, the grafting nicotinic acid on the polymer affected both amount and rate
of drug release from the nanoparticles due to the influence of nicotinic acid to the
physicochemical properties of the nanoparticles including the particle size, %drug
loading, crystallinity of the polymer and interaction between the drug molecule and the

polymer.

Keywords: polyester, polycaprolactone, nanoparticles, click reaction, nicotinic acid
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PCL poly(E-caprolactone)
PEG polyethylene glycol
PEO polyethylene oxide

RES reticuloendothelial system
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g4 é‘aifmfiaﬁ’]daLiﬁg’ﬁ"mmslmgmﬂﬁami’n'ﬂ:gﬂﬁ’lmUI@m:uu reticuloendothelial system
(RES) LLasz‘TﬁJaaﬂmns’NmUI@UﬁuLLa:ﬁm ﬁﬂﬁs:uuﬁmoﬁaﬂénagluiwomﬂ@“hi
WInaNNGaINT miﬁ'@um@iammaoszuumgmﬂmiuﬁujoLﬁuﬁmiﬂ%'uﬂgaqmawﬁamao
mgmﬂﬁﬁmwmuﬁw (hydrophilicity) 1#ia3 % myUiudyiquand@aind1d aansnyinle
las M3waRauRiaauniacay Polyethylene glycol (PEG) #3a Polyethylene oxide (PEO) %38

. i a 24 q o 1
Tasems malSulgelaseaireIndwesidesamenedinmaiia Indemmesiiie a3 oueyninunTulunisihdaen 1



MIFILATIZALNRLNDTIINAN PEG (22, 24-26) %38 PEO (27, 28) \Jusiudsznavlusels
limelslndweiidunuliquandfidunireuinain PEG wia PEO uazldzauinmn
= [P o ' ) . & ° &
polyester TaqmautAtiIund1 amphiphilic (29) MnuUIshwneTsadueumauwlu faz
o [ { Il [ & (% 0 @
lildayniafiianisneglunszusfonlduniu uazaadninnisiidnaynineanain
Jwmalagszuy RES  flasananuteuifidivataynia (30, 31) ITmInamaingt?
@ o Y o 1 A | A 'Y £ A o v &
widasildlaszuuihdsnnmanineglunszusifen ldwunanaszoznanndaimsliiau
HAMTIN uddInadonuaNt@ludn 8 9 vasszuusand hasnndanfiazaseuna
donudusunisannnududszauinveseunmaiinuazesasls PEG wia PEO vilW
Auauldlunstainzidalenanss 1wszdizaniived mucous  membrane  Luau
. oA o o Aa & ' A v & A ' 4 o
wdsnunudszanfazeseuma uananfinsiulngnlsludiudusializenin vh
v g = d dl v o v A o I3 v
Tnsinifuenluwnunand (core) vasaumaaaas Galladasmsinluldaisdndudaslslu
Uinuideutagiisazilildnansinm dsiumadivdplansiemaeiivasindwed
{ o I | a A { U e v = ] U U
nazihldlglumaetoundueuniamnuidndudnitnienlsysudysdaidodmnan dly
o = a [l . I a 6 1 a I 1 = o v
AmIAnsnIGany thiol (-SH) uumsldvaslndwed wud1 madunyanandnarile
a & [N = A A A 2 '
Infweiusasquantlunibanmzbalanuaziiumfuriugenitlalausuinn (32, 33)
KA o, = a ) . a & ' ‘A o o
wananadgrinsdnslasniaduny carboxyl uusolgdvaslndimad wud lifinarild
A A | o A a £ VA P
waannaavuudauaslifinadenuasdizasennafiadonin udlnalunisifia
snaenngnaniiuliluwnunas ilasananadinuldznivmolglndwaiiuluana
£ (27) wennnnIdiudylasaivesmolglnfimefitelagUszasdainaiuss lafs
vimsdnsnsdenyWeiduuumalainaldlunmaennuluianasn 1w wy allyl, hydroxy,
Wae carboxylic acid (11, 13, 34, 35) #3a AuNua (8, 15, 36) LNalkiAiamMTH&ILINT LML
x
LNZINNTL
U a o [ c‘i/ 1 v A 3 wAa a 6 A a
witnsAanluszoznasianjiiuinitauquaniazalndines iialildlng
caa wa ' o 1 . ao A o a e o
weinlguandfminzandanmaigin udn1sidsieslanainvesdniweignuiuly
a . o A \ a a & a 2 A
lasnsfangWeidunapladlnfimailosanzlnfimaisfia polyester uazmadinluizas
o a ed o a & A o A a ) o Ao |
mythlndwesniawnaisuduegmeamluiathdseniuinmdng g Salidwanliin
aeanumInan Indwaiivaiaiouduauniamlulunsihsssnsiads 9 uaasimane
ﬁ a a o 1 d'd a a dll v g a a a
Al DA NAUITTULIN I NN UT=ENTA W WialhnsThenddseanTawuas
a a J =S t:‘!yd 6 o A o A a 6 A
Uszdniuanindu nmidnmafiyadzasdnands nsdivdiamanddvesinfweiziia
polyester  lagmsdangWariFunidainsdnm ldud PEG  uaz hydroxyl uusnslgvas
o a e a va & Lo = = a wa
polyester ¥l ldlnAiuainiigmand@idu amphiphile uazdnwuTouiisugmuandanig
= . . . A ea o £ = = [ A &
LAUNIEUANIN  (physicochemical properties) 2a3lndtnasNwamauUSsuisunuIndwes
2 A 1A a [l 6 o % ] o d‘» a 6 o 6 [l 6 o A a
duupuf lifimifangWeridu Tududs 9 daft nmsfigaiianansaliasmyiaidunidulas

3% Nuclear magnetic resonance spectroscopy (NMR) ae Fourier Transform Infared
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Spectroscopy (FTIR) mﬁLﬂiﬂ:ﬁﬁﬂ%ﬁﬂiﬂ@@ﬂiﬂﬁ% Gel permeation chromatography
(GPC) ﬂﬁiﬁﬂﬂﬁﬂmauﬁaﬁﬂuﬂdﬁw%au (thermal properties) 1a8/3F Differential Scanning
Calorimetry (DSC) m3ansaNudundn (Crystallinity) lae3® X-ray diffraction WazA1y
a 6o A a ca o & a ea o = = S a &
'3Lﬂi’]z%ﬂ@]iqﬂqilﬁawﬁaqU“U@GIWQLN@?V]WW%’]“U% IWNLNaiﬂwwuq"ﬂuu‘ﬂzqu'ﬂ,@liﬂwL'ﬂ%
& o ¥ . . | o v o v
nnuuiamwaynawlulasld low molecular weight heparin udienduunuiialddn
= A wa a ea o ) o & o o o =<
L‘]_IiilllL‘Y]UUQM@&IU@I"UE’]GIWQL@JQ?V]W@N%'T@IQTH?%’]@GLLazLﬂ‘Uﬂﬂ@nﬂ’] I@UﬂZﬂqﬂqiﬂﬂﬁfﬂ
Qmauﬁ'@mﬁﬂ'mmw (physicochemical properties) luﬁm@hm laun UIAUNA (particle
size) NINIENLVITUWIADUNNA (particle size distribution) ﬂi:’gﬁﬁamgﬂﬂﬂ (Zeta
potential) UIu1meN (% drug loading efficiency) Eﬂiﬂdﬂlada%ﬂm (particle morphology)
dnnmadaaddasy (release  study) anuidufindaiaad uazquantdveslndinaida

& & a ~ o A a a & o AN A a
LORRLNIELREYS LﬂiﬂULﬂUUﬂua%ﬂqﬂuqiuﬂL@]iﬂu@’]ﬂlwaLNaiWHLLUUﬂVLNNﬂ']imﬂﬂN

U

Warn o

') I3
mqﬂsmaﬂwaafﬂsom‘s
1. enamnyiudsslessssiimaadvaslnfweioiia polyester lifigmaut@lunis
° a & o A a ' fa o f
mmmeLﬂmzuummmﬁu@amgmﬂmiu I@Umm@mgﬂamuﬂau’lﬁ] LT 8T
Imaqmﬁﬂ wazAnmamautanaaiinenn anuasdiwszanuduivdoioad
a ea A o = a a o a & v AN A a '
Paslwdnasniasole I@ﬂﬂﬂmmmummuﬂﬂwamammmuﬂwmmwg
Wan T
A a a e o £ ° =< e =
2. Lwamiwa%mﬂmimmiwaLuai‘ﬂwwuwu wazvinsAnsguandaniaiadl
MEAIN ANNALET AMNRINTDIUNIILIIIEIET nTdaaddesdisnaanain
auMA UazM I WINFITaALNNzIRE I@Uﬁﬁmiﬁﬂmm’%ﬂmﬁUuﬁuagmﬂmiu

A a a 7 AN A a . & o
Q/]L(ﬂjﬂllﬁnﬂiwaLNai@uLLUUﬂvLNNﬂqiﬂ@]%;ﬁ]ﬂﬂﬂ?ju
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A5n1Inaaay

=
GRELGEY

® (J-Chlorocyclohexanone (Sigma-Aldrich, Steinheim, Germany)

®E-Caprolactone (CL, Sigma-Aldrich, Steinheim, Germany, and Merck Schuchardt

OHG, Hohenbrunn, Germany)
® m-Chloroperoxybenzoic acid (mCPBA, Sigma-Aldrich, Shanghai, China)
®Sodium bicarbonate (NaHCO,, Merck, Damstadt, Germany)
®Sodium dithionite (Lot number 70400, Riedel-de Haén, Seelze, Germany)

®Stannous (ll) 2-ethylhexanoate (Sn(Oct),, Batch number 036K0730, Sigma-Aldrich,

Tokyo, Japan)
®Deuterated chloroform (CDCl;, Merck, Damstadt, Germany)
®Deuterated dimethylsulfoxide (DMSO-dg, Merck, Damstadt, Germany)
®Deuterium oxide (D,O, Merck, Damstadt, Germany)
®Chloroform (CHCI;, RCI Labscan Ltd., Bangkok, Thailand)
®Hexane (Hex, RCI Labscan Ltd., Bangkok, Thailand)
®Ethyl acetate (EtOAc, RCI Labscan Ltd., Bangkok, Thailand)
®Dichloromethane (CH,Cl,, RCI Labscan Ltd., Bangkok, Thailand)
®Toluene (RCI Labscan Ltd., Bangkok, Thailand)

®Tetrahydrofuran (THF, reagent grade, RCI Labscan Ltd., Bangkok, Thailand, and

pro analysis grade, Lot no. K35750531.919, Merck, Damstadt, Germany)
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®Dimethylformamide (DMF, RCI Labscan Ltd., Bangkok, Thailand)

® 1 4-Butanediol (ReagentPIusTM 99%, Sigma-Aldrich, Steinheim, Germany)
®Poly(ethylene glycol) MW 4000 g/mol (PEG,q0, Fluka Chemie, Steinheim, Germany)
®Siliga gel 60 (Merck, Damstadt, Germany)

®Poloxamer 188 (PL188, PIuronic® F68, BASF, Ludwigschafen, Germany)
®100% Acetic acid (VWR International S.A.S, Damstadt, Germany)
®1,6-Diphenyl-1,3,5-hexatriene (DPH, Sigma-Aldrich, Steinheim, Germany)
®\onobasic sodium phosphate monohydrate (Merck, Damstadt, Germany)
®Dimethyl sulfoxide (DMSO, Sigma-Aldrich, Steinheim, Germany)
®Hydrochloric acid (1 N, Lot number OC128107, Merck, Damstadt, Germany)
®Sodium hydroxide (1 N, VWR International S.A.S, Damstadt, Germany)

® Acetonitrile (HPLC grade, Merck, Damstadt, Germany)

®Methanol (HPLC grade, Merck, Damstadt, Germany)

®| -glutamine (Sigma-Aldrich, Steinheim, Germany)

®|scove’s Modified Dulbecco Medium (IMDM, Biochrom AG, Berlin, Germany)

©3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide (MTT, Fluka Chemie

GmbH, Steinheim, Germany)
®Phosphate buffered saline (PBS, Sigma-Aldrich, USA)
®Penicillin/streptomycin (Hoechst, Germany)

® Sodium-dodecyl-sulfate (SDS, MP Biochemicals, Germany)
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®Trypsin (Difco, Germany)

®Fetal bovines serum (FBS, Sigma-Aldrich, USA)

®| -tryptophan (Fluka Biochemika, Tokyo, Japan)

®3-Butyn-1-ol (Sigma-Aldrich, Steinheim, Germany)

®N-Carbethoxyphthalimide (Sigma-Aldrich, Steinheim, Germany)

®Copper (l) iodide (Cul, Sigma-Aldrich, Steinheim, Germany)

®1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU, Sigma-Aldrich, Steinheim, Germany)

®N N-dicyclohexylcarbodiimide (DCC, Fluka Chemie, Steinheim, Germany)

®4-Dimethylaminopyridine (DMAP, Fluka Chemie, Steinheim, Germany)

®Sodium azide (NaNs;, Asia Pacific Specialty Chemicals Limited, New South Wales,

Australia)
JanaUnynt
L4 Three necks round bottom flask equipped with magnetic stirring
thermostat
1 13 . 1 13
L4 H and C Nuclear magnetic resonance spectroscopy (H and C

NMR) (Bruker Avance 300 apparatus, Bruker corporation, Rheinstetten, Germany)

L4 Fourier transform infared spectroscopy (FTIR) (Nicolet 6700 FT/IR

spectrophotometer Massachusetts, USA)

° TLC aluminum sheets (pre-coated silica gel 60 F254, 0.2 mm thickness,

Merck, Damstadt, Germany)
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L Gel permeation chromatography (GPC) equipped with refractive index

detector (Waters Corporation, Massachusetts, USA)

L4 2 GPC columns of PLgel 10 ym mixed B (Varian, Inc., California, USA)

L4 Thermo gravimetric analyzer (TGA 7, Perkin Elmer, Massachusetts,
USA)

° Differential scanning calorimeter (DSC 7, Perkin Elmer, Massachusetts,
USA)

L4 Scanning electron microscope (Hitachi S4500, Tokyo, Japan)

L Zetasizer 3000 HSA (Malvern Instruments, Malvern, UK)

L4 Microcon Ultracel YM-30 tube (MW cut-off 30,000 Dalton, Millipore,

Schwalbach, Germany)

L4 UV/Vis spectrophotometer (U-3000 spectrophotometry, Hitachi, Tokyo,

Japan)

L4 Shimadzu HPLC machine (Shimadzu Corporation, Kyoto, Japan)

132navuaas SIL-10A Autoinjector, LC-10AD Pump, SPD-10AV UV detector

° LaChrom HPLC machine (Hitachi, Tokyo, Japan) Usenavaiy L-7120
pump, L-7200 Autosampler, L-7455 Diode array detector, D-7000 Interface, D-
7000 HSM Program

° Hypersil ODS column, 5 ym particle size, 250 x 4.6 mm (Thermo Fisher

Scientific Inc., Massachusetts, USA)
L4 Eppendorf Centrifuge 5415D (Eppendorf, Humburg, Germany)
L4 pH-meter 765 Calimatic (Knick, Germany)

L Transonic digital Elma® Ultrasonic bath (Germany)
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L4 15 positions Variomag magnetic stirrer (Komet)

L4 4 digits AB204 Electrical balance (Mettler Toledo)

L4 VTR 5036 Heraeus Incubator (Thermo Scientific)

L4 Modulyo Edward High Vacuum Freeze Dryer (Britain)

° Synergy (Millipore, France) MQ 18.2 25 °C

° Infinite M200, GENios Plus micoplate reader (Tecan Austria GmbH,

Grédig, Austria)

L4 Dialysis membrane (MW cut off 6000-8000 kDa, Cellu-Sep T2, Bioron

GmbH, Ludwigshafen, Germany)

L4 Vortex mixer (Vortex-Genie 2, Scientific Industries, Inc., Bohemia, NY,
USA)
ABAAUNIINAADI
(1). NM13@A nicotinic acid uwaalduas poly-E-caprolactone (ECL) a8 click reaction

1.1 NMIFILATIER Ol-chloro-E-caprolactone (OLCIECL)

82818 m-chloroperoxybenzoic acid (mCPBA) ludvinazane dichloromethane 1w
round bottom flask L&3 Ol-chlorocyclohexanone (OLCICy) K14 septum lagld stainless steel
syringe ¥ FAsenlaniuday stirrer ﬁqm%{]ﬁﬁaa wazavIRauMIciul jisenlasis
TLC faaeng 9 iluugd -20 °C Twfn udansesienazneusan iansazaoiile llans
fusTazanuBudive sodium  dithionite  9NEHEITIEETAZALBNEIVE sodium
bicarbonate LLé”Jﬁ’ld@T’JUﬁﬂﬂguLﬂuﬂ%Gqﬂﬁﬁﬂ L§ia anhydrous magnesium sulfate Lﬁlaﬁ’llﬁ'
Wi nyeeaznensen LAudwasazasls nswihasazanslai lalldszmeiandarin
azanvaanlasld rotary evaporator ﬁ’]ﬂ’]iﬁﬁ@ﬁ’]ilﬁﬂ%gﬂ%ﬁ@U%%ﬂgu %38 column
chromatography 3=LMgGNazansaananwuits uefiuf 20 °C  imidemzhiananeol
Tae3% 'H-NMR spectroscopy  vm3siasnzy aCIECL Tuan1azeng g (@s9fi 1) iiam

snMzinanzauiazdamzd ocIECL R ldludIanm (vield) g9
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A139N 1§D T INNTRILATIZH OCIECLUAZNANIINARAS MLARZFNIY

#n1gn Funlaa MM IMANYA NN 35msrnasti | USunmn
& ~Aq v a = [
[mMCPBAL: | % laenily usgnsd 1o
mCPBA | daCICy :
[OCICy] Tunsvin
Unnsen
1 8.15 7.54 1.08 96 AOALRZNA ;
2 10.56 7.54 1.40 48 ana LLﬂ$ﬂ§u -
3 10.10 7.54 1.34 48 &Na -
4 101.41 75.42 1.34 48 Column -
chromatography
5 101.41 75.42 1.34 48 Column 74.32%
chromatography

1.2 mMIFaaTRlalwaiuas (poly(OLCIECL-co-ECL-co-PEG))

i aclecL luvnsnausuy azeotropic MU toluene L& E-Caprolactone (ECL),
Tin () Octanoate (SnOct,), polyethylene glycol 4000 (PEG 4000) l&aalu reaction flask
ﬂ’lﬂllﬁaﬂWWUﬁmmﬂﬁﬁ argon ¥iN1NNY vacuum WH 15 Yat7 ﬁj&l reaction flask 8914 oil
bath ﬁ@i‘iqmﬁgﬁvﬁﬁ 120 °C ¥Ufji381 polymerization ﬁaqm%{]ﬁ 120 °C wn 24 Tl
wyadisenlauma@u 1 N Hydrochloric acid d3snmunniiuwe shldanaznaulu
heptane Lii% 3niUIEABTNazaaanlasns vacuum 14 dessicator i Twainasilelyl

Aa o v aal
IANeFlananeaiensid H-NMR spectroscopy

1.3 m3FaaNALNALWas (poly(0N;ECL-co-ECL-co-PEG))

& poly(O.CIECL-co-ECL-co-PEG) a4l round bottom flask  U&2¥inazae@ae dry
Dimethylformamide (DMF) 13u1@3 10 ml L@ sodium azide a9l flask laslouSunm
\isuwriin 1.02 Tuawas chioride atom unansldlwdiwed vdfAsonlasns stir Sradiu 1
punnivas muldanwusssnmeavasmaaninew wive DMF lasld vacuum auld crude
product ﬁLLﬁd 8EANY crude product @728 toluene mmsazmﬂﬁ‘lé’lﬂﬂumﬁlmﬁamﬂ'%'aa
centrifuge 1‘7]'4000 rem Wu 15 wn i supernatant ‘ﬁlvlﬁ luszineien toluene BBNIUWA
&9in 316 poly(OIN;ECL-co-ECL-co-PEG) mudiasms 1 liiaszhies3F Gel permeation

chromatography (GPC), Fourier Transform Infared spectroscopy (FT-IR), Nuclear Magnetic

Resonance spectroscopy (NMR)
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1.4 MSFILATIZH but-3-ynyl nicotinate

8=t nicotinic acid 1% dichloromethane L&x dicyclohexyl carbodimide (DCC) L.z

dimethyl aminopyridine (DMAP) a4lu reaction flask ﬁuﬁﬂiﬁamgﬁﬁaamu 30 Wl LAw

q

3-butyn-1-ol W% rubber septum lagld stainless steel syringe 'il@«’gﬂ flask Waz¥inN3 flow
1 vV o aaAaa dl a Y QI/ v d‘d
argon Udaslvindisonamwnivas uw 24 dalus meldanwusssiniand argon

sumaavinazansaanlagld rotary evaporator auuAd sinaznaudi laazaslu mobile phase

=

fazyinmIusnlaed® column chromatography  zi#A8L@GYINaTaN8aNIM Ao URNA LB LW
s lddenadurasnatag inmausnaslasis column  chromatography 3ziwedarh
v aa 1

NZANHUAANIBURIFDN UWazi1a1INFItaTIzAla lUTtas1zAlananenia1835 H-NMR

spectroscopy

1.5 mM3daluana nicotinic acid @28 click chemistry

82818 poly(ON3;ECL-co-ECL-co-PEG) Tu dry tetrahydrofuran (THF) L&a Cu(l)

iodide, DBU W8z but-3-ynyl nicotinate 8914 reaction flask neldan1wussEmMand argon

¥ufisenfiamnnd 40 °C win 4 Tluy aneznowulu heptane tHu inlwdiwesnla luyinld

9 U

aa 1

v ad s a 6 e 6 v
LLVNI@]U’]ﬁN@ﬂ’JW@J@]% LRLILAITHENaNBWAI18IT H-NMR spectroscopy

¢ A

(2.  nsiensiemantAvadlndinasifa nicotinic acid uunauld  poly-g-

caprolactone (ECL)

2.1 1H-Nuclear Magnetic Resonance Spectroscopy (NMR)

\dumsanaseuianansalvasanieBudunsfaluianavedsn nicotinic acid U%
solglndwes lagldaivinazasds CDCl; FiaeRauainud 300 MHz dL81a384 Bruker

Avance 300 apparatus ﬁqm%gﬁ 25 DAL TALTE

2.2 Fourier Transformed Infrared Spectroscopy (FT-IR)

< a 6 1 6 o (% [ A oA % a

Lﬂuﬂmmﬁz%m%gﬁoﬂmuhmsmnLaﬂaﬂmﬂmmﬂwaamsmaUmmmim
Imaqamaam nicotinic acid 1ag33 KBr disc 3LAIEHe8LAI0d Jasco  FT-IR-4100
spectroscopy

2.3 Gel Permeation Chromatography (GPC)

dunsdensiihminluanawdolasdwam (M) uaziadslasimin (M,) a8
ﬁﬂﬂﬂiﬂiz%ﬁﬂﬁﬁﬁﬁﬂINLaqa (M,/M,) @28LA389  Water  150-CV gel permeation

chromatograph  WAZATIVIAANNLANG1IVBIANATHANLAVRIRNTIAY refractive  index
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detector Aann1sdensildinazansasaragefidasnisdaedludarinazane
Tetrahydrofuran (THF) LLa:ﬂsaamuLuuLmuﬁﬁmm@gmu 0.45 pm Lﬁamigmwﬂaam’m
AaswUdzila PLgel 10 ym mixed B %é’amnﬁuﬁwmmmﬁmﬁﬂuLaanﬂmﬁJ‘%ﬂmﬁUuﬁ'u
‘L{mﬁfﬂimaqamm poly(styrene) @dliduamnasgulumsiinned LLazﬁﬁwﬁﬂﬁﬁTﬂIuLaqa
ﬂgl%‘ﬁ?ﬂ 4,490 — 1,112,000 g/mole

2.4 Differential Scanning Calorimetry (DSC)

Jun33aTesf thermal property wa9an3U3einnIwaLwes lia3aszinien glass
transition temperature (T,) W8 melting temperature (T,) maaIwﬁma%ﬁéﬁmswzﬁ%u lagdn
T, m"L@Tmm;@ﬁaﬂmwaa baseline ﬁﬂﬂizﬁuéﬁumm@wLi‘iaﬁmuﬁ'uqmﬁgﬁ wazd T, w1
"L@"Tmﬂa;@ﬁuﬁumaa endothermic peak waslwalues (onset) MIItaTzHlasits azi5udn
éﬁUmia@aqnm.n“ﬁ“ﬂaam‘séﬁav’waﬂwmm%ﬂﬂﬁqm%gﬁ -80 °C mnfmuﬁuqmﬁgﬁﬁw
80131 20 °C dlaufi (first heat) uagunnil 80 'C udangmnnldindayniuvinduands -
80 °C (first cool) ﬁ]’mﬁ?u%\‘iL‘éwLﬁquﬂQﬁﬁuﬁﬂiauﬁaElé%l‘i%“/i’]lﬁ&l (second heat) LAz
Tufind1 T, usz T, szwdniiingmmgiluasofiaes medaneiirlaslfieies Dsc 7
Perkin Elmer differential scanning calorimeter LLa:@mﬁ]aaumwgﬂﬁawadLﬂ'%f'aoﬁa

(calibration) AI8&1IN1ATZIN indium

2.5 Thermal gravimetric analysis

AN®INILRONFAVDIFITABEN LﬁaLﬁqu%QﬁluﬁﬂT}zLLﬁd an ﬂlﬁﬂi‘iﬂ’]ﬂ’]ﬁ“ﬂ AN

Ao lulasian @T’Jzlm'nﬁuqmmgﬁawnqm%gﬁﬁaaauﬁa 600 °C @1aa31L37 10 °C daud

g
A

I BTN S o A a A = & & Ad & \ = g
waztufindvhwinfigydelu@aduasioud o gunninAsluudazan Madinsisi
lagla389 TGA 7 Perkin Elmer thermogravimetric analyzer

% 6 a = &l a . . . v s 1 o
(3). MIANBINTFILATIZRUAILATIZAINALNDSTIAR nicotinic acid AUTATIBINWIN
Tuade 9 unanalsd
o a cAa . \ vt
FaaTzAlwaiwasniing chioride (Cl) unaels (P(OCIECL-ran-ECL)-co-PEG) 1H
Fuaulua 289wy CI 1w 10%, 20% uaz 30%lagliil chiorocaprolactone (CICL) repeating
units vwanels lagldUSuialuaues CICL waz CL Nuand1e Ny Faasehlnawasng
§ad2u nicotic acid @149 laamInIFueTzAlndweindny Cl ududaouny Cl uny
azide (N;) uaz¥imiGaluiana nicotinic acid uuaslalandfiTen click reaction @
en A aaa 1 o & =S A a ed o v &
condition NUATeNAawnin uazAnw s IWALWasNIaNZA laach
A ¢ A A ¢ o A ea o o & . v A
3.1 mylenziiiefgaiianansolnfineNFuanzilans 3 series ldun Ind
weaiNing ClI Aa (P(UCIECL-ran-ECL)-co-PEG), IwALuaininy N; @a (P(OIN;ECL-ran-

ECL)-co-PEG) uaz Iwawasni nicotinic acid @a (P((Nicotinic acid-g-ECL)-ran-ECL)-co-

. i a 24 q o 1
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PEG) f8m33a7eddisiT NMR uaz3s FTIR iNaBuduiinisanynialuianadinsnd
=) J 1 o =) [} Q 1 1 a
m@muI@mauHitﬁﬁavm LLN:@]’]%’JM?J?&J’]M%H%%GINLﬂQﬂ@]dﬂﬂ’]’JU%ﬁ’]ﬂI%I@ﬂ’J% NMR
ANRNNNTAAURUINT
=4 d{ 1 = ] g: Aaaa
3.2 anwmaFevsaisvasaslglndwesluudazauaouvalizen launisuls
o A ¢y ad , = a & o ) \ A
HANNIMITATERMEAT GPC athilifianumyliensdiihminluanavasaolsIng
d Aa . .. . Aa ' ° o A { o &
Luagﬁﬁﬂﬂimimaqa nicotinic acid 1233 NMR ligansndiwimslatitasanianiiadn
WaINIAALauLana nicotinic acid 1 NMR spectrum In1ssumuniaifianiundunisvasian
15159 marker IunﬂimmmﬁﬂwﬁfﬂluLaqaﬁaﬁvlﬁi:yvlﬁmumimaaaﬂ'awfﬁﬁ
=2 a e a A LA & . v  aa
3.3 @nw Thermal property °11aﬂwaL&lﬂiﬂ&lﬂ’ﬁ@l@%g%iaimaqawd 3 series MU0
DSC

P @ a1 3 a ¢l o [
(4) msﬂnmmwLﬂuwasmamaamaafwamasnmmmzﬂﬂ
Anulasits MTT assay lu 96-well plate laolgisas human umbilical  vein
. dﬁ g a { [ . ¥
endothelial cells (HUVECs) Taiduinasun@nanauianain umbilical cord lagiRediuasiv
d‘» 6 . A a 1 [ % ' ,_-3’ o‘d‘
AINIILREYILDTRAR (culture medium) sﬁdllﬁ’]ullizﬂaﬂ(ﬂdLLN@]GI%@I’]E’]G@]"I%G’N% LLﬂstﬁaaﬂl"ﬂu

= = g A
midnmitaglu passage 113 - 5

A1919 §IuUIENaUVad culture medium NITIWMILRLILTa] HUVECS

dmdsznay ANMALDNL (%VIV)
Penicillin/streptomycin 1
Glutamine 2
Bicarbonate solution 3

Fetal bovine serum 15
Fibroblast growth factor 0.1

Iscove’s Modified Dulbecco Medium (IMDM) gs. to 100

m%wwﬁaﬁ%mmuaaﬂagiu culture medium (cell suspension) TARAMUTNTUVD
188 3x10° cells/mL &3 cell suspension 1531613 50 L aﬂu%qmaa 96-well plate N
incubate LIwIan 24 52134 Imjmuquaqmwgﬁﬁ 37 °C wasdl CO, luussenmia 5% Léw
syazanslnawasngsanzilaludirnazats DMSO 153103 50 L lagldfanududo
garviealugag 3.9-500 pg/mL NEUEY incubate @aBn 24 Tl EuFTAzAY MTT lu
WeaznaN WaNas 25 pL uae incubate dasn 24 Talus @usIazane SDS 1uLL@iaz%qu 9

8z 100 pL UAZ incubate dadn 6 Tala MNUWNATIAAMIQANAKLES UV NiANuENIARY

. i a 24 q o 1
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620 LAY 560 nm  WRZAIWIMAI %Survival cell lagdSoulfgunULTaan incubate N1
culture medium ag9tAgLNa ML T% control

PRUNLAG
—_—

- 1adN incubate iU DMSO atudualdidu control luninIugunazas DMSO da
6 =1 & qu, % v A wA

\mad lumsdanmaTiianududiuas DMSO gagaiilifa 4 %viv
- P(CL)-co-PEG ltillulnawasauuuuitasannidulndwasnlasunmsoansuindulng

Wwaswiia biocompatible waz bl uiudaisad

RATAIUITH %Survival cell

(Asc,seo - Asc,szo )_ (As,5eo B As,szo)

x100
(Ac,seo - Ac,ezo)

%Survival cell =

! Ao a oA & o a &
Asc = @1 absorbance NIA3NNAIBLIN incubate LaanulwaLNes
A, = ¢ absorbance 1@ MNA288197 incubate IwRLuaIasnaden
A, = ¢ absorbance N1A3NA288197 incubate LaARALNILAL (control)

@187 560 LAY 620 RU1UDININNENIAARNTTIAAT absorbance

¢l a . .. .
5). msﬁnmmsm‘%waumﬂm‘[u'[ﬂﬂfwﬁmasﬁ:ﬁmsmm‘[mana nicotinic acid
9 9

51 mMIe3syauwn1awlual833 nanoprecipitation

o

azaneulwAwasinnin 50 mg lualrinavans tetrahydrofuran (THF) $1171410 mL
wazday 9 l@umTacanslnawe; Aazneaadduin Mili-Q U51a38 mL Afmasdudae
magnetic stirrer A214L57 1000 rpm  1J@28 magnetic stirrer 680 30 w19 wazii lUszine
o o v dll et a2 ¥ Z’ wrye v A
fvinaraN8aanal8LaIad rotary evaporator UsuUSanasasin Milli-Q 1AlaUSunas 8 mL
LAzNT8IN1% membrane filter WIAIWIH 0.45 pm Lﬁaﬁﬁ'@a%mﬂﬁlﬁ@ aggregate LRI

au;n’mm“[uﬁvlﬁ'lﬂ%l,ﬂﬁxﬁ AFNLA

a 6 A A = v
5.2 m7 Lﬂi’]&‘%ﬂma&m@a%ﬂ'ﬁﬂ%’]l%ﬂlﬁliﬂ&lvtﬂ

anmrwaaunalaly A1N1INIZNBVITMIRUNNA LazAU Iz URAURIaLAA
1a83% Photon correlation spectroscopy (PCS) laglinTa9 Malvern Zetasizer 3000 HSA
L@3899zriINN e laals HeNe laser NA8817ARY 633 nm A 90° QNN 25 °C flaunns

')@W]ﬂdﬁ’“lﬂ’]ﬂ@l%il&l(gf']E]Ei"lx‘]I@]Elﬂ']iL%ﬂ%']dﬁ')@ﬂ’Nﬁ') 841 Milli-Q Lﬁ@l%ﬂﬁﬁ’]ﬂ’ﬁﬂiﬁ%duﬁd

PYDINDL NI NANIZRNADNNTIA

. i a 24 q o 1
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5.3 ﬂ’]iﬁﬂi&"l‘iﬂi%‘]"ﬂﬂﬁﬂ%ﬂﬁﬂ%ﬂi%ﬁﬁﬂﬁiaﬂiumﬂﬂ nicotinic acid

5.3.1 NMIGILUAIDLN

130919020819 AT AN UTUNLANIZFUAI BT Milli-Q AUAA218819N1309719891

. ° [ A o ' Y o o . ° [ %
cover slide 31WI% 1-2 W@ LaNFLA8ENIWNTZa81¥N cover slide ¥inlwuwslauny
= . o A a . AA o ' A o A A o . 'Y
Lﬂlllu dessicator IUAW 9@ cover slide NUNIDLUINNLLHAIRIUY stub LARDUNINIDLNIAIY
gold tHwszeziaan 45 w9

5.3.2 "‘gl,ﬂsw:ﬁgﬂiwmaomgmﬂuﬂu

'3miw:ﬁgﬂiwwaomgmam‘[mﬁ’aUnﬁao'«g‘amsﬁﬁuuuz&aamw (Scanning electron
microscope) Ndany field-emission-cathode WazlT upper detector 1WN1IATIITURW I

AN IINUWI capture mwalsllsunsy Digital Image Processing System 2.6

5.4 mianwanuduissaisas HUVECS maaaumﬂmhﬁamimana nicotinic acid

dnulasids MTT assay T 96-well plate laolgisas human umbilical  vein

. = I3 ad (% . ¥
endothelial cells (HUVECs) Taiduinasdn@nanaianain umbilical cord lagiReaiuasi

g 6 . A A [ 3 ' a%’ e
8MMILRBILTAR (culture medium) TIRFIBUITNOUAILEASIUANTIIAIUEIT  LTARN LT N

= o A
midnm el passage 713 - 5

A9 &% NaUVad culture medium NITINILRBILTa] HUVECS

dmdsznay ANMALDNS (%VIV)
Penicillin/streptomycin 1
Glutamine 2
Bicarbonate solution 3

Fetal bovine serum 15
Fibroblast growth factor 0.1

Iscove’s Modified Dulbecco Medium (IMDM) gs. to 100

(6) n'lial,ﬂi’lzv{ibuprofen wag indomethacin  Tag35 High-Performance Liquid
Chromatography (HPLC)

ﬁ]’]ﬂﬂﬂiﬁﬂﬁ%ﬁ@;&a Wudﬁﬁgﬁ@uuﬁ%’imﬁfmwlf?ﬁ]"’]mumml,az@iauﬁ’mvxmﬂvﬁmﬂ

/=)

L9 NENNIRAIAI DA NI TN WA L1INTI9IN I IWAIINAUIITILATIERUBILNNIFAIAL

=—1 A % Aada €d' L% 1 (% ™ ada 6 d' X% d'
o amaaﬂwwmmmmLm']:%mﬂﬂmgum I@ﬂﬂsuﬂgmmmswzmwalﬁ‘lﬂmm:uum

NMIAN® (48, 49) JruUU HPLC Alglunmdensdionnised uaadliiinluansdaludi

. i a 24 q o 1
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M1319 32uU HPLC lun133tesesien ibuprofen waz indomethacin

Ibuprofen Indomethacin
HPLC machine LaChrome, Hitachi, Tokyo, Japan
Pump Model L-7120
Autosampler Model L-7200
Diode Array Model L-7455
detector
Interface Controller Model D-7000
Program D-7000 HSM
Stationary phase Reverse phase Hypersil ODS column,
5 um particle size, 250 x 4.6 mm
methanol:acetonitrile:water:acetic acid
Mobile phase (55:35:10:1)
Flow rate (mL/min) 14 1.2
UV detector (nm) 264 254
Injection volume (pL) 20 20
Calibration curve (ug/mL) 25-40 0.25-40
Retention time (min) 15 16

NIAIIVFAVIDILAIIZH

1. Precision

Lﬂuﬂ’ﬁ?{ﬂw’uﬁ‘ag} repeatability LLaZ reproducibility 284353LAT1EH NIATIIFRAL
repeatability 1asn391 %Coefficient of variance (%CV) w3 peak area VaJIRIINIAIZIULN
$19% 3 ANNERTH wadlaTidianmia 5 assdenitsanududumele 1 S5 sn
AIAT2988Y reproducibility ¥in'lalagATIAeIAWALNNTATIIRY repeatability WAILATIZN L
Fuiuandreiudwam 5 5u

2. Accuracy

a72988U1ALN1TAN %recovery TaIENAINMIANIANLANIlUEIREA BN TI N
81 ATIHIIWIN 3 ANNTNTUBIENTNIATZIHLIMATIINITIATIEAEIINNIEG 3 AT
daniinnudutuyessnnnaigin /1 %recovery Nuauiuldaglugag 90-110%

3. Linearity

7723800 1a8NIEIINTINVBITNININIZINIZAIN peak area WAZAWLTUTYL
289871INNIIIULNUBY 5 ANULTNTY WaYINNNIWIAN slope, y-intercept kazdN coefficient

. . 2.4 2 A I [y ' { '
of regression line () 4@ r NwansulanadNuInnin 0.9995

. i a 24 q o 1
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a

=1 o . . . . > ) = 6 1 .
(7) n1s@ans1IMININAVBI nicotinic acid NAaunaalEInAlNasnanis incorporate
g lwanmanwilu
= dy % Aa . « . . =

lunsdinmitlfaynaulun@aluiana nicotinic acid U3anm 10, 20 uaz 30 %lua
WA incorporate G181 ibuprofen WAz indomethacin  laslfaanainszninndalnaiues
(D:P ratio) fi® 2:10 uae 3:10  azaulwAlwasinnin 50 mg wazesInin 10 waz 15 mg
fFNTUGISUNN D:P ratio 2:10 Waz 3:10 MNSGU Lwavinazany tetrahydrofuran (THF) 10
mL  dag 9 W@uasazanalndweilude 1 Aaznaaadluin Milli-Q Y5195 8 mL Afasdu
Al magnetic stirrer A213132 1000 rom Uuaae magnetic stirrer ¢adn 30 w1l
TRIATNaTaN8anal8L1aTad rotary evaporator  USudTanasalssin Milli-Q TAlauSanas
8 mL n389K1% membrane filter WWIAIWIH 0.45 pm LNarindmaynANLAa aggregate

gj o n:ll a @A e ﬁ‘l’/
nnuwhaymamlufla Ul et g dad

71 miﬂiuﬁu@]mawﬁ'@mamﬂmwamgmﬂm*[uﬁm%wvlﬁ
?Iﬂﬂ:k’]”ll%’l@ﬂ‘b&ﬂ’]ﬂlﬂaﬂ @i’m’]‘iﬂiz’%’]ﬂﬁlﬂd‘ﬂu’]@]ﬂ%ﬂ’]ﬂ LLﬂZ@i’]ﬂiZ’i}Uuﬁ%a’m%ﬂ’]ﬂ
1ot photon correlation spectroscopy (PCS) I@U‘l%m’%f'aa Malvern Zetasizer 3000 HSA
inSasasriimyialayld HeNe laser fin1ue1708% 633 nm AN 90° gmandl 25 °C daums
%@ﬁﬂx‘iﬁﬁﬂ"lﬂ@lgﬂuéﬁa&i"lx‘iI@UﬂW‘iL%a'M\‘léﬁaﬂlﬂdﬁ'}Uﬁﬁ Milli-Q Lﬁﬂl%ﬂﬁﬁ?ﬂ’ﬁﬂiu%%mﬂ

(scattering) VaIABLNNANNZENGBNITIA

a 6 1A A . A = 2
7.2 mMyenzAUSuaeINan incorporate luauniauw luniaIule

iarzflSanmenlesds HPLC lasutsdiamzsiin 2 saudonadsvasySunmeni
AR LGN 2 Ehuf:ﬁmwi’lﬁuﬂ%mmmﬁgﬂ incorporate Tuaunaulu (Amount of drug
in nanoparticles) uaﬂmnf‘:ﬁﬂamgmﬂmiuﬁm‘%wvl,é”l,ﬂﬁﬂ lyophilization uaz¥naNTs¥inmATEN
\Rawnsiwiinuas total solid content waIMILaIENaMAK Y

d#9ufl 1 Filtrate

AILAIUNAIDENI

?JLﬁJmmsLm’maaUmgmﬂmiuﬁm%ﬂﬁﬂ%mm1 mL l&lu Microcon Ultracel
YM-30 tube (MW cut-off 30,000 Dalton) inlUhwndoei 16,000 rpm ®1% 10 WA Uazin
filtrate 116 13 1a 3z lae35 HPLC
ﬁ'?uﬁ' 2 Nanopatrticle dispersion
MILGILNAIDEN

?JL'ﬂmm‘nm’maaﬂamgmﬂmiuﬁm‘%w‘l@?ﬂ%mm 0.5 mL l&lw microtube 1A%
mobile phase U311a3 0.5 mL anuuwin ldunaulasia3ad vortex mixer wn 1 wfi 101y

sonicate ¥ 30 W7 ezt lUTuwIssN 16,000 rpm W% 10 WH 31NN supernatant

. i a 24 q o 1
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Alalii30971968 mobile phase  awldAnuituduiranzay udrsinlliemzvarsis
HPLC

PMNMTIATLRA83D HPLC ’%"aﬁnNaﬁ'vlﬁmﬂs:Lﬁuﬂszaﬂ%mwslumsmﬁ;m"nao
amgmﬂmiuﬁﬁwmﬁu Toodsziiuane %drug loading Was %entrapment efficiency a4
sansadmsldmusunsaoli
ArAuIne %Drug loading (%DL) ax %Entrapment efficiency (%EE)

Amount of drug in nanoparticles

Amount of lyophilized nanoparticles

Amount of drug in nanoparticles
Initial amount of drug added

% Drug Loading = x100

% Entrapment Efficiency = x100

Tagfi:

Amount of lyophilized nanoparticles A8 ﬁmﬁfﬂmaaamgmﬂuﬂuﬁL@%ﬂu"lﬁmvlﬁmnwa@m
maoﬁmﬁfﬂs:mmmgmﬂmiuﬁL@%ﬂuvlﬁmﬁmum:mums lyophilization AULSaN ol
AN incorporate luamgn’lﬂuﬂuﬁﬁme:ﬁ’vl,@ﬁjl,uéfmmao filtrate

Initial amount of drug added AavnsinvasenlaluaawiEudn

Amount of drug in nanoparticles ﬁaﬂ%mmm‘ﬁlgﬂ incorporate Iumgﬂ’]ﬂu’liuﬁ%mi’lzﬁ‘lﬁ
Favnldanuadnsszninssumenfinulugui 1 (Filtrate) wazdIul 2 (Nanoparticle

dispersion)

7.3 ﬂ’liﬁﬂﬂ’]iﬂi"]wadaunmmiuﬁmﬁu ibuprofen L8y indomethacin

=} [ 1 A s 1 va v v dl v ? oy

W@3sualag19lasnsiIadaradslilanudutuninunzandigiin Mili-Q nee
@708197M139971989U% cover slide 311 1 — 2 ®EA LAILNRLA8ENIWNTZa81¥N cover
slide vlwuwslaansuAuls dessicator T1uAK @9 cover slide NHAAIALIINURKINILL stub

A a [ 1 3 & a = a 6 1 U 2

LARALAIAIBE19028 gold LHwIzazlIan 45 Aun ame:'ﬂgﬂiwwaaamgmﬂmiumﬂnaaa
ﬁ;amsﬂﬁuuudaom’m (Scanning electron microscope) Ndany field-emission-cathode W&
1 upper detector 1WN13@TIITURWYITANIN IINUUTI capture  NwaalUsunsy Digital

Image Processing System 2.6

(8) MISANBINAVDITWINLNAVDY nicotinic acid Aan15Uandaas Ibuprofen way
Indomethacin

midnmnsdaaddasdiznanaymalulasds dialysis Fadwasalanunaly i
amgmﬂmiuﬁ' incorporate 81 Y311917 2 UaAAGT 1daﬂuq¢1 dialysis membrane ﬁ]’]ﬂﬁ?uﬁdﬁﬂ
elusiu e dialysis ﬁvl,@ﬁ“ﬁjuaﬂumia:mUWaaLWQﬁWW\Ia% pH 7.4 153w receptor

medium luwauiala 91n%UAS incubate 4 dialysis Nduluasazaslusiauianamngl

37 °C wiannuiuean magnetic stirrer A11W137 130 rpm  udIa81ILTNNT 0.5 HadAaT

. i a 24 q o 1
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NNENTAZANLUANGI dialysis NiaguraumNiIg 15, 30, 45, 60, 90 w1 2, 3, 4, 5, 6 uaz 24
Tlug aNsITazaunaswatwWinaslwiUSuNas 0.5 Jaaaas ﬁuﬁmﬁﬁnnﬁimﬁaﬂw %1
datdanguldluiieneddisds HPLC  AkunnIvia validation  ud? anunihdnfle
FUITUIN %cumulative amount of drug release MuUFNNNTA8 (1
t-1
V,.C, + > V.C
%Q, =— 1 %100
Q

0
Q, Ad ﬂ%mmmiumgmﬂmim‘%uﬁu
C, Aa anuduTuasenle receptor medium A3ta Tl o nmﬁ&jué’uama
C, o AN NTUVaI8n U receptor medium ﬁ]’mmsaﬁué"saﬂ’mﬁ i
V, fa Ysuasvad receptor medium ﬁa%mﬁagﬂum’muﬁ’s
V, A U3u1a3289 receptor medium ﬁzﬁmwiam%
inanflaungans i release profile ¢%374 %cumulative amount of drug release

AULIAN

(9) N1IANBINIILAA interaction 32131981 ibuprofen nualalglnalnaslagis FT-IR

Lwna:mﬂw?zma%ﬁamiuLaqa nicotinic acid 30% la& &1 ibuprofen WATENIHEN
5:%d’1d1w§ma§ﬁ€mimaqa nicotinic acid 30% lNAnUHM ibuprofen  lu@dvinazans
tetrahydrofuran nuaaIaca1sluda 1 a9UnLHY KBr 1 %ea é?\‘l“?nl/\‘ivlﬂu dessicator AHUHY
i'ldia absorption @T’J&lm'%lad Nicolet 6700 FT/IR spectrophotometer

(10) n1sudanan1vana
aa U t:ll > 1 v g: = = L 1
msudananvaialaslddasgainnisiaatieies 3 a39 wSsunsuanlsusas
ﬂajumaaﬁm@ﬂ%’ﬁ student t-test %38 one way ANOVA a1nliusunsy SPSS 13.0 for

windows LUIBUNEUAMNLANAIIDENNREFIAYNNRRANTIANNLTONY 95% Liad" p-

value #a8n71 0.05

. i a 24 q o 1
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Namsﬂﬂaaauaz’im‘stﬁwa

(1). NM13@A nicotinic acid uwaalduas poly-E-caprolactone (ECL) a8l click reaction

1.1 MSFIATIZR Ol-chloro-E-caprolactone

ﬁnﬂm‘sﬁuﬁuiaga WU MItassulnalaginas lesuaNuawlaatneuInlenITiINN
I I o A & a e o a
Walwdwizuuiigisn thadanniduwlndiuasndassaislaniesdinin lagianis
. Y a 2 A \
polycaprolactone Lz polylactide emLﬂumLmu"uaﬂ‘waLaamam"lmummuwamaqa
& . . . Aa o £ =< o I
polycaprolactone L1 linear aliphatic polyester NUANMULNINAN RINTORILATIZH bao e
NIZUIWNNT ring-opening polymerization 183 epsilon-caprolactone LL@iﬂ’]i?\@ﬁgﬂdﬁfumuu
IndwasionadasinnmIsaanes Ol-chloro-&-caprolactone  (OLCIECL) N8 polymerization
nu epsilon-caprolactone Ilaidulalndwasves poly(OLCIECL-co-ECL) LLﬁ?%dLﬂaﬂuﬁg
WInTuNNg« chloride 61”’;smajumaﬁﬁaamﬂumﬂIGﬁIﬂIWﬁLN@%ﬁ
Ol-chloro-E-caprolactone  (QLCIECL) +Il% monomer a4 hifisniinaluriasnana 34
o [ o Y& v |aaa _— . . v o Aaaa
FududasssanzianstiulayldUfnisen Baeyer-Viliger oxidation (37) #1gn3viny fiizen
321319 Ol-chlorocyclohexanone (OLCICy) A m-chloroperoxybenzoic acid (mCPBA)
o Aa o o LA A [ &A %o
mﬂma;&aﬂamu"l,@ (37) wmmama:wlﬂummaLmn:malmmmuauga mCPBA
da acCICy \Uw 1.08 MU jATennamnniiies wiw 96 Talus viinsanasie sodium
& ° v Aa £ o Aa < {
dithionite W&z sodium bicarbonate 8198 3 A9 LLa:wﬂ%mqwﬁmmﬁﬂﬁﬂau (8N 1
lua13190 1) wdanmInaassit wuin Lﬁaiﬁa‘hu’maugamao mCPBA vinnuU 1.08 ¥
Unseuwn 96 3l ussfinaadisenlasds TLC wudn spot 189 ACICy Nfaudan
iodine HUSINMUANULTNVDS spot AARILTAE  IUNILNIATU 96 T Lu9 LaiMIRNAGE
g; o v aAa A€9/ =)
sodium dithionite 182 sodium bicarbonate 881382 3 A3 LLa:“n’m’liLLEma’lﬂm_liﬁ;mﬁmm%‘
< . Y 4 Y { o a v aal ' {
A% WUIENIN e Fhanady aihandeneiersds H-NMR spectroscopy WU 8137
UV A L v { 1 ) Q€
"L@m@msaa’mmLLazvl,@miﬁ"Lumqwﬁ
NNINARAIANRANIZN 2 oM wInaNYauas mCPBA da OCICy BN
140  war@aandjnsendis TLC  wudnlavidisenduiiaiuiu 48 1 lad WU
) J { = { Q./ Qs g: a A o
OlCIECL ﬁﬂimmgwmﬁmﬂ%wLﬁﬂﬂﬂuﬁnm 24 T3 muu’ﬁa%q@ﬂgmm LATHINS
o & { ° o A £ ' < @ ' ° o M v a £V o
RNALAZNAY Lﬁﬂﬂﬁl%ﬁ’]iﬂiﬁ!ﬂﬁ WA miﬂamﬂummmwﬂ%msﬁ"l@mqwﬁ”l@
1ha9NNINARG Il TAMNNTanLazRIIN LR Ay L oSl FURRANNT O ALl

"H-NMR spectrum 1838137 lda1nmsnan (3N 1)

. i a 24 q o 1
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C+D+E |

B+B

m

.fn‘g

Iy
[
T J\UL\JM.,,____—N---/‘/ \\,

\;/

{1 i Loy o ' '
371 1 H-NMR spectrum 2898137inaulaanmsgaames 0CIECL maanazd 2 (a197197 1)

\WanaaaInadwIuauyazad mCPBA da OICICy 1iu 1.34 (8117 3 luanaed 1)
wudn natiadjisen lduendrsainaniazi 2 uLaziilonazeuANNFNYIIURINT
fiaUA3197n TLC wudi el 48 alus aCiCy Jendasananlisusaayiaseule
Tupniz aciecL  fd3anmann nasmmgadjizoussiinnsanaeas sodium  dithionite
Waz sodium bicarbonate auldnuMIIAaWBIaNME (F1A 2 ATI) LAZATIIFDUGBAT TLC

A A o A & o 4 a A & A o i e
WWatiuduinldiwdeasasdunetvazinasumuniatwmionssNdsins  wuin 1w
LAY mCPBA ¢a OLCICy (1.34) szuziimnfilFlumsriujise (48 Tlug) uazduau
ATIVBINNIENAG I8 sodium dithionite LLae sodium bicarbonate (aNa 2 a339) tugn1izh
wanzauaan st duan1znIRATIEAINaINMIRIATIZA OCIEC udatnd bsnauRITh

oo A £ A A [ a & a & & o Ao
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WarmimaaadlagnmsiiudSunmwnsFaaIzh OCICy 3n 7.54 mmole 1T 75.4
mmole  (8n13z7 4 luan90 1) nasnnufisengunniesuwin 48 Talue uaz

%) d Qo v v a 1 U { ™
ATIARALLDNANBUVDITNINFILATIZA baeI83T H-NMR spectroscopy WU R1SARIATIER
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lada aciecL mﬂmaaﬁ”ﬂaLLa:Iﬂs@]aué'oLLa@ﬂugﬂﬁ 2 U6a1N spectrum WUIEIAINENT
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dwdaunfont %G@]ﬂdﬂﬁﬂﬁiLLUﬂﬁ?ilﬁUﬁﬁ:Ylﬁ @’Jﬂﬂ'ﬁf‘i’l@ﬂa\‘]LLElﬂﬁﬁisLVilequlﬁI@ 83D

]

column chromatography wazlt mobile phase TGN b LNy TLC
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31N 2 "H-NMR spectrum 283a37i#3Lae 16 (ACIECL) muan1izil 4 (an31971)
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nMInaaaduenaIlwuIgndyilasds column chromatography uazld mobile phase
HudivinarananauIzning hexane NU ethyl acetate M4aaATIEIN 3 A8 1 WAZILLABLEIAITN
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MINARBILENAITIALIENTA8IT column  chromatography vl ldansndiaaa

a £ £ o A ° & o a o w4 oA
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FILATEHRATIH An1Tutsantaanldluszrinenisdaased il llsnunsnwidsunmwile
a o ¢ < d“ﬁle o & & S A A &
gniannssuanzieItld damudsvihnInaseudinan1izn 4 uazaruguanudulunis
AR LauN13E1 mCPBA 1 vacuum  dawltutzname 10 Talud wazvinlw
dichloromethane 'lUvinl#dsaanniinlasn1susny molecular sieve Taannawin U1y Tas
fyznimaidjismdesiinsussgiie argon  iNelianwuIIBIMABTaaTAzANE
Unaananutuaasazedd fAsendaanzd nnsavquanisiimanzani il
s 6 LT a = d'
FANINFIATIZR OCIECL nldSanmanTasda 75% lasiszanm (8n11zmImanadn 5)

{ o { L a 1 1 { U
laglatain e lasagauiananeaialu3d H-NMR spectroscopy  WU3N&@150 LA sl

spectrum §8AARBINU reference spectrum NNl (37) amudasliluasm 2 uas

U7 4
U

M13199 2 Characteristic peaks VaIFNINFILATIZA L6

Position O (ppm)
A 4.78-4.82 dd, 7.77-8.47, 2.03-2.53 Hz
B+B’ 4.54-4.68 m
B+B’ 4.18-4.30 m
C,D,E 1.70-2.25 m
A C+DLE B
! Ch A 0
| B+B
|' E
A ’ D C
i C+D+E
B+ B’ r |i A
| |
[] | I» 1
|. i| | ‘ B + B,
! | | |
| 1
| Y
N || # \‘,‘nil lll
I e e
5 —_'_4_‘— ; 3 I Iéll "'4"5' "4\;]" I3|'5‘IIPJJ‘JI.II]»;"”ZJI]”‘IL;" r|

311 4 "H-NMR spectra 1789813 OCIECL figata3nz# e (A) was Reference (B) (37)
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1.2 mMIgaaTRlalwaluas (poly(OLCIECL-co-ECL-co-PEG))

AIRIATNA IR L3N las g3 ring-opening  polymerization  WATINNANITRLA
Toyawuin ﬁgﬁﬁﬂmmiﬁamﬁ:ﬂwﬁma‘? poly(OLCIECL-co-€CL)  laald 2,2-Dibutyl-2-
stanna-1,3-dioxepane (DSDOP) 1iw initiator (37) §m3umsnanssdt leimsdiudsnss
FILATITHUAZ initiator ﬁl“ﬂuﬂﬁﬁ%m 1aeld polyethylene glycol 4000 (PEG 4000) (MW =
4000) I3 macromolecular initiator ﬁﬂﬂw?zmas‘ﬁ"lﬁﬂmaqamaa PEG 4000 aglumuls
LLazﬁﬂﬁqmawu"'ﬁmaﬂwﬁmaiﬂ‘é"ﬂuﬁnﬂiwﬁma‘?ﬁﬁmmvl&i"ﬁauﬁw (hydrophobic polymer)
Hulndwesrhefanuraunatiiuazingsu @mphiphiic polymer) wenaniidernlulna
L&Ja?ﬁﬂﬁﬁméﬁoﬁ%’uﬁw%muﬂﬁam, N30 Lmuﬁﬁaw;&'ﬂaﬁ%’uﬁﬁaqmi%uﬁﬂﬁw uazlu
U381 polymerization 'l@3n13ld Tin (1) Octanoate (SnOct,) tilueats91fA3en (catalyst)
SR

PNMINAFBI LNMINARBIFIATIEALALNELNET (copolymer) 521319 OLCIECL AU
ecL lawld PEG 4000 1w initiator fi6assueg § Hud1wan 3 sansuaiuaadluased
3 nmIanaenansoireslndweinsnanzilasds 'H-NMR spectroscopy Wu31E
aClECL unit  Aeudlu 27%  ewSuuifioudiu €CL unit  uazdaln 13%  wesrssels

Y { o o 1 {
lavsaisvaslnaweindianeilauas H-NMR spectrum ugadlugilf 5

A13191N 3 agﬂé’mwa&mmad OCIECL uumUisﬂw‘é‘L&Jaﬁ’u,azmmﬁmﬁmﬁfﬂimaqaﬁmmwz

laaunnui

b c d
faUCISCL F Oci€cL F dci€cL M n,theo

0.30 0.27 0.13 15,740

fucec, = DATEIUITWINY OICIECL da ECL Nldnaniuan
b L 1 1 1 |t:lln:= aa 1
F ociecL = 8AIIAIUIZNIN9 OCIECL dia €CL lumuldnitaizhilalasit H-NMR

spectroscopy
F oo = BATEIUIZAING OLCIECL fia ECL uaz PEG 4000 lusnelafidiaseilalanis 'H-
NMR spectroscopy

d ! A ¥ o o | a & a
M’ 1 eo = ANRABIMEN AN A las MBI BlgInAwa TN B
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ATAUIDh
¢ __ laCleCL],
“let —I«CL], +[aCleCL,

g[l AEE' T IA ]
F acicL = 1 1
o | +—1
e -1)e 50
1
5[' AEE' — IA ]
FCucrcL = 1 1 1
*[IAEE' - IA'] +*|A' +*|a+b
3 2 4
M theo = [naCI£CL X148]+ [néCL X114]+ M. pes
NociecL = daaInluarad OCIECL ﬁlﬂuﬂﬁﬁ%m@iaé’mwshuiuamaa initiator
Necl = daTaIuluauas ECL ﬁi"ﬂuﬂﬁﬁ%mdaé’mwﬁaﬂuamaa initiator

cl o R
o o
%/\oan/_z\/ WOW MOH

ab cd ©© ABCODE AB C D E O g

R=HorCl

;sﬂﬁ 5 'H-NMR spectrum 284 poly(OCIECL-co-ECL-co-PEG) fivsznaudie fycecL = 0.3
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1.3 MIFIATIZA Poly(ON;ECL-co- ECL-co-PEG)

RRINYKINTFILATIER poly(OLCIECL-co-ECL-co-PEG) L7 %aﬂ@aauﬂ'&‘ﬂu%g
ﬁoﬁ%’m‘ﬁaL@l‘%wwﬁam‘lum‘sawgﬂqﬁﬁuﬁuuum olalndwes la smuﬂ?{ﬂu'ﬂg chloride
Lﬂu%i azide laan v 381321919 poly(QICIECL-co-ECL) N sodium azide

mnmiwmaqwud'm’mﬂﬁﬂum&' chioride  tJu azide  lapufAsorszning
poly(O0LCIECL-co-ECL-co-PEG) AU sodium azide a’lmsmﬂgﬂﬂﬁammmyﬁﬁ(100%) WA
PNMTIaNAlasis 1H-NMR spectroscopy W11 characteristic peak 284 chloride "ﬁl
Funid 4.25 ppm we'ld waziiia peak Tnafl 3.85 ppm Garu characteristic peak 184
azide é’mamlugﬂﬁ 6

g o .
MWOWWOM
ab ¢ d ° :

© AB C D E A'"B' C' D' E'

R=HorCl

ab c d © ABCDE A'"B' C' D' E'

;51]"7; 6 1H-NMR spectra 184 poly(0.CIECL-co-ECL-co-PEG) (A) Wuaz poly(OIN;ECL-co-ECL-
co-PEG) (B)
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1.4 MSFILATIZH but-3-ynyl nicotinate

Twinuaanun1sv click  reaction Imaqaﬁﬁ]zﬁwma@ﬁmUisﬂwﬁma% IrdoIlng
alkyne ﬁﬂmﬂmaqa"uaa nicotinic acid (but-3-ynyl nicotinate) ﬁdﬁuﬁdﬁmﬁﬁm‘i
esterification 321314 nicotinic acid NU 3-butyn-1-ol

NNMINA8aIFNZALE WM IFILATIZR but-3-ynyl nicotinate wuineasld DCC uaz
DMAP 2.0 equivalent AU nicotinic acid uaz@agld 3-butyn-1-ol 31424 1.0 equivalent Ay
nicotinic acid éww§u§u@awnaanwnmnaﬁhmﬂﬁu‘%qwﬁwﬂ"?"ﬁ column chromatography la
1% mobile phase W uaarinazauNgNIZ®INg hexane, ethyl acetate Waz dichloromethane Tu
9AINEIU 1:2:2  WAMITHENENT WU le but-3-ynyl nicotinate 1vza1th 53% uaﬂﬁ]’mfﬁu
izwj’mmsﬁ’]ﬂﬁﬁ%mEJ'aLﬁ@miﬁLﬂu by-product Waz intermediate §28 Savhmyiie e

a 1 { o o ]
1a83% 'H-NMR spectroscopy LNanTIasaUIaNANBOAUaImNIGILEadlUILN 7
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gi.lﬁ 7 1H-NMR spectra U83817 by-product (A), but-3-ynyl nicotinate (B) Wwae intermediate

o

(©) ludrvinazany DMSO-dg
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1.5 N136@luLana nicotinic acid @28 click chemistry

aaa

UFA3eN click chemistry AlFlumsdaluanavasiununanvesmelsIndwesiiu
MY JnTenszning azide ﬁ’quLaqamaamﬁﬁﬂmﬂmaqmﬂu alkyne wazld cu (1) 1u
a1 39U Jn3en ety 1,2,3-triazole TanufATedind1nfidaianizdn Huisgen's
cycloaddition

MNNINaReIdalulanaved nicotinic acid uwwnuraNvaIELlEINdaINLT b
lﬁannzmwﬁﬁuﬁu‘*ﬁaga (38) @8 0.1 equivalent 289 Cu (I) iodide uaz DBU uaz 1.2
equivalent U84 but-3-ynyl nicotinate §ia 1 equivalent 284 OIN;ECL unit ﬁ’]ﬂﬁﬁ%mﬁqmwﬁﬁ
35 °C wuihmaied §Asen liauysaluiinmesiuluwnuds 8 Halus anmsiene
Tas3% 'H-NMR spectroscopy WUINE93 peak V84 azide WA afiduNI 3.85 ppm e
nARBILANIIINFIYATaS Cu (1) iodide, DBU Uaz but-3-ynyl nicotinate  uaztAugmngiif
llunsvid §isenilu 40 °c wudn Lﬁaﬁwﬂﬁﬁ%mmu 4 52139 peak AEWRI 3.85 ppm
wielUnuauaziia peak lndfidrunsis 5.5 ppm Gaifln peak Vo9 methyne proton uwanele
ﬁ@@ﬁu%g triazole WONINALINY peak fdunie 7.7 ppm GarIw characteristic peak U84

triazole ring dauaasluzi 8

K
J
L/ \
N
~
G o] |
R = H or nicotinate
H e}
I
~ F
N le] R
o] (o}
\{moan/z\/ O%w MCH
ab ¢ d © ABC D E A'B C D E O 2

g‘ﬂﬁ 8 1H-NMR spectrum VU84 poly((OLN5-g-nicotinate)ECL-co-ECL-co-PEG)
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]
=)

a ¢ oA = e A . .. . 4
(2.  n3iensieuantAvadlndinasifa nicotinic acid uunauls  poly-g-
caprolactone (ECL)
o ¢ a ea o v & ' 1
NNNNIATIIRBLLENAN BB INALNaTNFILATIZA LenunLIN 1 H-NMR spectrum
Funisillu peak 189 azide NI 3.85 ppm Mg lUnue waziia peak lnaifidiuniig
5.3 ppm T9lilw peak VB9 methyne proton GIWRUINAANL triazole ring Waziiia peak 7
o , A i . Yo
ALLAUY 7.6 ppm RSN peak 183 methyne proton a4y triazole ring PONANNHEINY peak
Y proton T pyridine ring ma\ﬂmaqa nicotinic acid 71 chemical shift U5z 7.45, 8.3,
8.7 Waz 9.25 ppm MY (3UN 9)
. & a a ad ' . a
PNNNTATIIRBLLANANBALANLANIAETT FT-IR WUin peak 2849 azide 91 wave
1 A A o , 1A . .
number 2100 cm = W lUnua waziia peak baNdLAUI 1600 cm” B384 characteristic
. . e . { o ] -1
peak Va4 triazole ring WREHINY peak Uad C=C stretching AFNUY 1590 cm ez C=N
{ o | 1 4 & ° ' - . {
stretching NdUWia 1625 cm™ T uduniis peak 189 pyridine ring (U7 10)
a v aal o 1 ., . o
PNIMFATZAMEIT H-NMR &18150306N0 integration 289 peak NNAFAEIHLY
avasaLnuaNaauualsIndinasiuaunsi 1 war 2 auad LiT9a19 wanannitns
a 6 3‘ Cd t:i g’ = o 1
Aenzinihwinluenawdslasimin (M,) wazlasduan (M) uazdn1InIzapves
iminluans (M/M,) sunsavildlasmaiienzidisis GPC lasnamadianzilduaas
Tluan9h 4 nwaniInasssnuin Indwasn leaaaunuwauuans lglnainaSuulsasin
= It:: { o 1 U L= Q 1 { o v
PasAuNuanaaLlad wInsan H-NMR saansasnusadwid1w o laanunnu])

ANNT5N 1 FARIULUAVAY nicotinic  acid ﬂa@mgjuumﬂIéﬁIWﬁLwaﬂ@mﬁmaww:mirmmaa

ECL uag grafted-ECL
I

5.3ppm ( 1 )

F 8 grafted—CL =
1
> | +1

2.3ppm 5.3ppm

A o . L. = P ' . a A ' A
ANNIN 2 a@]a’mimmaamgj nicotinic acid ‘n@mag‘uumﬂIGﬁIwaLwaﬂ@mmwnﬂﬁmzmag

vuanelslaun ECL, grafted-ECL uaz PEG

I53ppm
' 2

—1 + 1 + =1
2.3ppm 5.3 ppm 3.65ppm
2 pp pp 4 pp

b
F grafted—-CL =

fﬂ’mwamﬁmﬁzﬁﬁmﬁfﬂimaqawudﬂ ﬁmﬁfn‘[maqmaﬁﬂ‘[@m‘hmumaa
poly(QLCIECL-ran-ECL)-co-PEG a8z poly(QLN;ECL-ran-ECL)-co-PEG Wad wimann NMR
wud Sarlnatfsnudinduinlannnne wddrndansilasldis GPC wudn M, Ten
v 1 1 dl o =) L 1 a a dll
daanidinfwimenangejuazain NMR waasnssansnadungldlaaiieiiasainms
=) =) 1 :’ L g { VYV & 1 =) & U =
JezAlagds GPC ﬂ’m’muﬂhll,aqaﬁvl,ﬂLﬂuﬂ’]mdLﬂ%ﬂmﬁUU‘ITGVL@H]’mﬂ’ﬁLﬂ%EI‘]JLﬁﬂ‘]JﬂU
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D

imsinluianazad poly(styrene)  Ailfiuanmaszulumadrwrmmiminluanauazdl
' . .. . . ] a cAq o & a &
AMNUANGEIVAY intrinsic  viscosity  enINgIndwasnliiduansunasgiwuazlndwesn
[ 6 g = e o {J I a & A A & 2‘ Z/ 0
fF9ta37e% uananilndivesnsaarzvduibulndinesofiafoeuniiiuazinan
. e & { . U v o
(amphiphilic polymer) S9inavasnidfaswidad hydrodynamic volume 338628 (39, 40) ¥
IWnsienedlasds Gpe lddnihwinluanatasniidfdiwinaini® NMR - uananii
ﬁmﬁn“[maqamaa poly(OLN;ECL-ran-ECL)-co-PEG  #@1aanin poly(OLCIECL-ran-ECL)-
co-PEG L1839 MNNATBINIIUNUANY chioride  de azide uazvildifia maidasuuas

hydrodynamic volume (38)

H O ABC DE F .
— B+E+G
(¢] —
3
N |
N Y |
\ / |
s, H |
=N _m R = H or Model dn |
k=0 ) ug F D
(e} |
| 'i‘ |
. |
K .l
0 | 5 _| C I | ]
L M ' A oA A \
B L:. 5 4

gﬂﬁ 9 1H-NMR spectrum a4 poly((Nicotinic acid-g-ECL)-co-ECL-co-PEG) Tu CDCl,4
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Poly(oCleCL-ran-CL)-co-PEG g

(o | dsnr
e AN
Poly(aN,eCL-ran-eCL)-co-PEG A ] “‘ \“ ‘ fj \/m‘\ J\'\ { ‘/ / W'l J
TN /m\\‘ ‘.‘J/ \‘r Nl A \/\ fl / f ! i !
| e \\.M\ /| )[ V \J(J |

| = \ | \

\\.f'\] // - \\\ / IN‘,.J \f JIFL\ : \[

Poly((Nicotinic acid-g-sCL)—ran-sC}a)’-co-PEG “H oy ﬂ[\ f
J . |

ot P, | \

- , , Ay
\\\V,// \I\I /\ ‘I V U
v ‘
V
I | 1 | \
4000 3000 2000 1000 400
Wavenumber [cm-1]
jua“i.lﬁ 10 FT-IR spectra maoiwﬁma{ﬁﬁmg chloride, azide W&z nicotinic acid
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A:I a a 6 ! a 6
M1319N 4 Nﬂﬂﬂiﬂ@ﬁﬂd"ﬂ’]ﬂﬂﬁ‘i@]@'ﬂaﬁlaLLﬂ%@‘U%ﬁW UIGI{[‘WE‘]LN 83

Copolymers F 2 e theo F° geL theo F % gcunmr F P gcLnmr M theo M e M erc M., erc M%A i
P(300LCIECL-ran-T0ECL)-co-PEG 0.30 0.25 0.15 0.14 16,435 15,000 6,748 12,435 1.84
P(300LN,ECL-ran-70ECL)-co-PEG 0.30 0.30 0.15 0.15 16,630 12,160 5,721 10,325 1.81
P((30Nicotinic acid-g-ECL)-ran-7T0€CL)-co-PEG 0.30 0.28 0.15 0.13 21,880 ND 5,807 9,037 1.56

FeocLimeo, Fgcanmr = dadauluavedny chioride, azide ua nicotinic acid Ndnaguuamslslniimainnangufuazidiwinnn NMR auiay lasfaianiznuie

2849 ECL Waz OLN,ECL
b b o ' . . . .. L, da ' ) a & a A o o o A ' A
F gCL theo , F gCL,NMR = ﬁ@ﬁ?uINﬁ"UEN'V\H chloride, azide La< nicotinic acid ﬂ@lﬂaguua’miﬁﬂwm&lmmu‘nqwgLL&:‘Y}muﬂmmn NMR @1uaau I@Uﬂmuuvgﬂﬂuuﬂ‘n

aguumulaleun ECL, ON,ECL uaz PEG

M n,theo = (

Tassms malsudgalaseadaIndmwesidesanionadinmyiia Indeamesiie ldinsoueymanTulumsiden

[CL]

1]

)|

[aN,&CL |
[1]
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X MWgraﬂedCLj+ 4000, [ECL], [OIN,ECL] uaz [I] Aaswauluawas ECL, ON,ECL uag initiator (PEG 4000) ausau




mnﬁa;&amim:mﬁﬁﬂﬁﬁnluLaqaimmﬁmﬁzﬁ GPC wudméﬁmmmuﬁw
chloride @78 azide LLa”amsﬂi:mm{mﬁﬂimaqavlmﬂ?iﬂuuﬂm WATRAINIIAN nicotinic
acid uumﬂIsﬁIwﬁL;Ja?wu*hmmszmm{mﬁfﬂimaqavlmﬁuﬁuua: chromatogram 7116
nnmyienziliansudu unimodal saanInasyladn mda nicotinic acid asuw
solslwdiwoTofia amphiphilic sunsavildlasdfisen Click reaction maldaniizd
56040 °c 4 lus IndweifldlifimuFovansvaslwiiweinasnsing jazen
AINE1?

]
=

IINNANTILAIZA thermal property BaIlWALNES (A13197 5) WU Ty VoIl
IQ . . . . Q‘ J v { Q Q‘ v
Washaa nicotinic acid WnIMLENHas L USsuABUAUINRWasISNGY (P(OLCIECL-ran-
ECL)-co-PEG) 1iaRanTamn i T,, WU AasnanivasInainasniniséa chioride, azide
. .. . ] a A 1A a \
WAz nicotinic acid aaasaNevaslndwainldinisianyla (poly(€CL)-co-PEG-co-
poly(ECL), T,, ® 50 °C (41)) 1anARIINUIN NN3Aa nicotinic acid Luaslad Tnarin
Y & . a & A = A 'Y
Taain crystalline ya3lnAiwasanad WallSsuisuny poly(OLN;ECL-ran-ECL)-co-

PEG uaz poly(OLCIECL-ran-ECL)-co-PEG lasgainen AH #'lefan thermogram

M13199 5 W& Thermal property U84 lnALIaTIINMTIATILR AT DSC

Copolymers T, c)y |T,(C) AH (Jig)
P(300LCIECL-ran-T0ECL)-co-PEG -60 30 26.32
P(300LN,ECL-ran-70€CL)-co-PEG 51 38 25.22
P((30Nicotinic acid-g-ECL)-ran-70ECL)-co-PEG -52 32 5.54
MNNTAATIEANTIRBNAAN VR IWALNaS e TGA (39 11) wudn

poly(OLCIECL-ran-ECL)-co-PEG ﬁgﬂLLuumiLéammmmuam%u Tasaasduusni
é’ﬂwm:mﬁaugﬂLLUUﬂﬂsLﬁauaawwaa poly(OLCIECL-ran-ECL) (38) LLa:{?uq@ﬁw
wilousiues PEG lumalglnfiwas uazgdunulassauniiou poly(ECL)-co-PEG-co-
poly(ECL) (42) §IUNIHV8I poly(ON;ECL-ran-ECL)-co-PEG  WuiniimsiFeusaisisu
&”'GLwiqmﬁQﬁﬂizmm 200 °C 1099 nINIuangaBUaIN KT N-N, V8I%Y azide fida

aduumslglnawed (43, 44) duslupunarevsmsndamiiouiuiwulunidives

poly(QLCIECL-ran-ECL)-co-PEG nydtuadlnaiuasnini13da nicotinic  acid  uuanols
Wuin lumaqmﬁ{]ﬁﬂi:mm 200 °C RN gy EshminueImIdainINmI

ngnndl fuflsgwinfanafessanoramynauumols
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ﬁnﬂNamiw@aaaﬁonmmgﬂﬁdﬁ nMIfaasuwRIe LG IwaLNaSTRaLFaNRA Y
ldmazamwaunindaldlasd e Click chemistry lasvidjizsfigmnad 40 °C
W 4 Tlad INMNFNITAINE1I9YIN A b InRLNasnINsaaaeuwana L lalas LA
matranaasvadlniwesluiznineriiiten aanmsdnmquant@nig thermal
Wuﬁmiawyjauﬂuﬁﬁ%aﬁamaauumUIsﬁﬁwa@iaqmauﬁﬁmd thermal 2a9lWaLLDINI

o A A & Y & . a & A A
ludrumsianaansvadlwawaseazauanudu crystaline valnaiwasias I(ﬂzm%mu
miaaasunmslsimniiulassaisrwalnguaziinanuls steric dautnaunn azvi

Twnssasseavesseladulyldonn vilianudu crystaline 2aslndinasanas
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31N 11 n7W thermal gravimetric diagram madiwﬁma(ﬁaﬂﬁg chloride, azide Wax

nicotinic acid Uwanyla
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& A

o 3 a a a . .. . ¥ o 1
(3). MSANHINITFILATIHUALILATIZAINALNAINAA nicotinic acid AIBFATI
Imunluane 9 unansls
o a e o . . X \ o a o o &
MIFIATIZALNALNDINNTAFIU nicotic acid 6199 FlagmITunMIaLaTeH
InwAiwaindny ol 1 1w 10%, 20% waz 30% ipunudwinluazas caprolactone (CL)
repeating units Vsl lagldUSunaluaues CICL waz CL AUANGI9NT AIuaadlis
a797 6 nuwAsung Cl ilung azide (Ns) wazvitn1s@alaiana nicotinic acid Un
suldlauii3en click reaction @1% condition UHAFERaER wazvinsdnm

wa a €d' % [
UL IWRLUDSNRILATIZA L6

@139 6 A wInluanad monomers az initiator NlFluFA381 polymerization

Copolymers Fed Mole (mmol)
cicL CL PEG
P(100.CIECL-ran-90ECL)-co-PEG 2 18 0.2
P(200.CIECL-ran-80ECL)-co-PEG 4 16 0.2
P(300.CIECL-ran-T0ECL)-co-PEG 6 14 0.2

3.1 MINFVLANINHDINALNATNFILATIZR L1835 NMR, FTIR Uaz GPC

A ¢ A a & [ & A ¢ a . . . o !
nnmyienefiieRgaiianansolrasindiwainda nicotic acid ludagiuenig
@83 NMR  uaz FTIR ldwaminesasauaadliiauluzd 12 uaz 13 anwdau
AN719N 7 usaslAiinisdanang gndwaldanmsiienziai83s NMR, FTIR uaz GPC
= ' [ a &aa ' AA o ' o A
MNRAMIANHINLIT aRnInFuezilndweining o Afidwauluauandanuda
10%, 20% uaz 30% lea3e  lasdwinluanazesindmeinduanedldainnis
AuwImlasis NMR (Myvr) IeNINSLALINUANEWIBAINNG B (Myneo) WONIINHL
Fuuluaues CICL repeating units AignwImklaarn NMR spectrum enfigaaaaadny
Ao o A \ a iy @ AN o Aa v aa
drfdmmlamanne] udlunsdlvesihwinluananldannsiianzidisis GPc
(Mn.crc) Wudddautnauandriandianamnsg esanmeuadida Ui
1) arsunasgiudldlunisdrwimnidindnluanaluniinassleals

o ~ X« a & . A o a &
poly(styrene) Iuﬂqiﬂqu?m T\‘]ﬁ']il]']@]jﬁﬁluulaﬂuiwaLN@?@]']G“IT%@T]UIWE‘]LN@T

A,

NRILATIZA uazlian intrinsic viscosity NULANAIIN

2) Indwasnsaanziumdulndiwassiia amphiphile ua poly(styrene) Hulwa
waisiia hydrophobic hanuuanea1sves hydrodynamic volume
=

3) Iwdwasuiia amphiphile #inUasuulad hydrodynamic volume lu@a¥in

NAULGRZTUG
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= ' a o A ' A a J é‘ & A g o o adq o a
FysnanuRanaraasnnaiiiedui lungeusununildlunsdnldinada
GPC lunsdwismihninluanaveslndweiuszlimildlndweindummnasgu

daTiany (39, 40)

c
=

T TTF T T R 1 TLY L [ T
pam L] ] 7 ] 4 3 2 -
P({20Nicotini id-g-eCL)-ran-80¢CL)-co-PEG
(( icotinic acid-g-eCL)-ran-80eCL)-co H BhE+G
CHCL, F
D
K C J
. o I
v o < J AN
SRR LRI SR T S OEARRRE TN IR A MR R 1

P((30Nicotinic acid-g-¢CL)-ran-70e¢CL)-co-PEG

CHCl3 F

o \(

K |
C ||
0 | |
TR s M
__,_J LnJ
e REEr T TS e

N

.................

LT
a 2

‘‘‘‘‘

UL

311 12 NMR spectra va3lndiuain@aluiana nicotinic acid Miafiaudlyadg 9

36

Tasams mal$mlgalaseadinIvamesidosaaromatnamasiia Inaeamosiie Iinsouoymau Tulumahan



P(10aCleCL-ran-90eCL)-co-PEG

P(10aN;eCL-ran-90eCL)-co-PEG | /\(\M
- Nanve 1
- 'S [
o Yy

P((10Nicotinic acid-g-e¢CL)-ran-90eCL)-co-PEG

e

"

e a '

31N 13 FTIR spectra 2a3lwiimaiNfany Cl, Ny waz nicotinic acid N winlua 10%

U

lunsdluas 20% waz 30% W spectra Mrlaununy 10%

. i a A q o 1
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A:' a 6 v a rd‘ o [
AN 7 Nﬂﬂ']i'lLﬂiﬂz%@lm&uum“ﬂadiwaLNainﬁ\‘iLﬂi"l&‘l’ﬂ@

b b b c o o
Copolymers FPgcLteo  FPgounvr  Flociteo  FloolnmR Mypee  Mywe  Mogee MM T(C) T (°C)

P(OLCIECL-ran-ECL)-co-PEG

P(100.CIECL-ran-90€CL)-co-PEG 0.1 0.07 0.05 0.04 15,745 16,300 7,437 1.77 - 34
P(200LCIECL-ran-80ECL)-co-PEG 0.2 0.17 0.1 0.09 16,090 15,800 6,466 2.03 -55 31
P(300.CIECL-ran-T0ECL)-co-PEG 0.3 0.25 0.15 0.14 16,435 15,000 6,748 1.84 -59 30

P(ON,ECL-ran-ECL)-co-PEG

P(100IN;ECL-ran-90ECL)-co-PEG 0.1 0.12 0.05 0.06 15,810 15,458 7,014 1.76 - 42
P(200IN;ECL-ran-80ECL)-co-PEG 0.2 0.21 0.1 0.11 16,200 14,200 5,612 1.94 -51 42
P(300IN;ECL-ran-70ECL)-co-PEG 0.3 0.3 0.15 0.15 16,630 12,160 5,721 1.81 -52 38

P((Nicotinic acid-g-ECL)-ran-ECL)-co-PEG

P((10Nicotinic acid-g-ECL)-ran-90ECL)-co-PEG 0.1 0.09 0.05 0.04 ND ND 11,981 1.64 -49.5 39.5
P((20Nicotinic acid-g-ECL)-ran-80ECL)-co-PEG 0.2 0.17 0.1 0.09 ND ND 6,435 1.70 -47.2 38.9
P((30Nicotinic acid-g-€ECL)-ran-70E€CL)-co-PEG 0.3 0.25 0.15 0.12 ND ND 5,807 1.56 -43.2 32.1

FgcLineo, FlgcLnmr = é’@d’m‘[mmadm&' chloride, azide W&2 nicotinic acid ﬁa@m%iuumﬂﬂﬂwﬁmai‘mumwﬁLLazﬁ@‘hmmmﬂ NMR anud1au lasfaianizniing
289 ECL uaz UN,ECL
FPsctineo, FPgcLnmr = dasauluazasny chioride, azide uaz nicotinic acid Nanaguwaolslndwaianannufuazidiwinnin NMR awiau lasfaviannniiod
aguumulaléun ECL, GN,ECL uaz PEG

&CL oN,eCL . . o
M theo = {ule + [ 3 ]x MW ateq i |+4000, [ECL], [N,ECL] uaz [1] Aadwanluavog ECL, OIN,ECL uaz initiator (PEG 4000) eNN&IAL

1] [1]
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A a eada RS o a e A a a
lunsdluasindiwainiing N, wuhihminluansveslndweildaaaudaFoudioy
o a A A | A A . | oA
nuevaslndweindng Cl 1fasanmalfsuuilas hydrodynamic volume wadng N, udiila
fasanSsufisuiudaangejnudt Sdseaadesnunsdiminluanandinimain
NMR (M) Wazdrdwiuluavedng Ny idwanld iafansandinisnizaisvessivin
luiana (My/M,) 711d31n GPC chromatogram wuimnainaiasungain Cl illu N, fdaaad
a =3 a A d' [ A:l' [l
nnidw uraslislndwatliiianaifensasndinadasuny
° o P a e a ) L. . . 2 o a &
fniunsdlvaslndwainiins@aluana nicotinic acid wudnikmsnluanazaslniiuas
A, a & A ~ a ) a ¢da \ ° . .. L. da LA
feudntwidanIoufisuiulndimainaans Ny $mauluases nicotinic acid Ndauuasldiidn
o o a A v a ] a e a | =<
gaaARInUAIAIANn B uaz M,/M, Salndifsaiudwedlniweindng N, anmmasasis
sy lddeunIndiudasudwanluiana nicotinic  acid  (10%, 20%  uaz 30%) unanuld

caprolactone 'la&t53

3.2 M3An®1 Thermal property Va3 lWALNAINFILATIENR L

NATNA 4 HaM AN Thermal property las3T DSC wud1 nadilwdiwainiing Ci
A A a . ' a & ! | A , ! A v a Y A
WaalSumny CF sumslslniwaiwodi dn T, ddaaas daudr T, SdnlndlAoaiu la
A s P A & A a A o a & A . AA o A
wWasungidun Ny wudien T, isdwlawoudisunudzasindwainiing cl Aldwanluad
Ve ' Aa a X ! a eda L e v a v o a A a
i daudn T, SduAsduandvesindweiniing o udddiadlndidusniuaaduiiiofing
S, . - n o , o NP
ndwInluaveany Ny uazillalims@aluiana nicotinic acid  wudien T, dwiuduiila
a A o a ea A , A a o . L. i Aa .
Wisuisunuednvasindiwainiing N; uazilaiiudwanluazad nicotinic acid Naauuayld
o S X . R . oL
WU T, Rdnauswinluaivelis Snaunuen T, Aadidiaasddaiiudimiulus 209
nicotinic acid uumuld uazldaaaalunn o wWedimudluavainsdalauana nicotinic acid Lila
Wisuilpuiudn T, vaslwiiweindany N,
2 v A A o A LA
nnwansansaanInagdldi wainiwuluavesvesngwisluanauumold dua
I =3 [ a 6 P A a 1 v A o [ =
saanuiduninvasmolglndiuned ilasnnuynfauusslsiinaliifansdazninsiae
. a & 2 o a e & & R
mulsmaoluluianavaslwdiwesies Javildlndwasiianandu amorphous W NTn udnadeas
&£ | {a ' . . ' o '
Juagnvrwavedlaiananfauuamolauas steric hindrance aslatanadanisiaiiesaelduas
a % =2 A A o o , ) A e A A
Infwaidie Muisenusmusalunaifaniassisiuszznivmolsvaslniiweiiiasnnnyf
faunans lgsiuaae

@ 1 { %]

(4) nMsfnsaNnalniisdaisasvalnalnasNaIaIIEile

A o [% a eda . .. . = =

Warhnmidsanzdlndiweindaluana nicotinic acid uumslduiidarindnmaia
LﬂuﬁmiamaﬁmaﬂwﬁL&lﬂ%ﬁWl@ﬂLﬂ%ﬂULﬁﬂuﬁulwﬁLuas’ﬁmmuﬁ"l,sjﬁmsawg%‘%aimaqal@
9 uuanelduis (P(ECL)-co-PEG)

=< & A \ & ~ & @ & v & ~ ' a

nansfnmenuduisdaimadvalniimaiiuaszd usasliiiulugdn 14 wudilng

ma%ﬁaﬂimaqa nicotinic acid nmﬂaiéﬁmﬂm"l&iLﬂuﬂmiawmﬁ HUVECs fianadiutugiga

Tassms madsudsalaseadaIndmesidesanrondinmaiia Indeamesiie1diasoueymamnTulumsihden 39



fia 250 pg/mL waNaNULTNT® 500 pg/mL WU %Survival cell FABUYINNULTAaN incubate
o ' = [ . { [y o

AU DMSO  a81dlfign TINHINTaUes P(CL)-co-PEG  @9l¥Ha %Survival cell AlnalAsdny
AIMUNANNTNTW 500 pg/mL 61 %Survival cell Naaadindadszunos 50-60% NWAN121N

é a 1 g U IA . « w . H
DMSO aaiiluisdatmas anmsansni a‘gi.lvl,mw Iwﬁma%ﬁmlmaqamaa nicotinic acid 3%
anudunudaasnaNNEENT® 500 pg/mL

120.00
100.00 -
80.00 -
£
E
s 60.00 -
>
e
>
40.00 1 —&— P(¢CL)-co-PEG
—— P((10Nicotinic acid-g-eCL)-ran-90¢CL)-co-PEG
20.00 | —— P((20Nicotinic acid-g-eCL)-ran-80eCL)-co-PEG
' —%<~ P((30Nicotinic acid-g-gCL)-ran-70eCL)-co-PEG
000 T T T T
Cell 3.91 7.81 15.63 31.25 62.50 125.00 250.00 500.00 Cell
control control +
Concentration (ug/mL) DMSO

3Uf1 14 wamsdnsanuduivdoiraslagiT MTT assay daiaas HUVECS

6 { a . . . .
5). MIAnEINIsIasaNannIaw lulaglnatnasnan1sGalatana nicotinic acid
9 9

mﬂm‘sﬁuﬁu“ﬁagawmﬁ%mim%wmgmﬂmiumniwﬁLuai(mﬁ@l,aamaﬁta:ﬁﬂ’nu
\IJu amphiphile  MIunfaultnuagrsunsnatsnazruaawlaiausenia 33 nanoprecipitation
(45, 46)

=) wa P = v
5.1 NMIENEIAURIUAVD ﬂuﬂ’]ﬂ%ﬁi%‘ﬂ L@]iﬁ&lvl@]

A 2 wa A a a e a . L.
A137NN 8 LLﬂ@NNﬂﬂ”liﬂﬂ‘l&ﬁ@!ma&lﬂ@ﬂladai&ﬂqﬂuqiuﬂL@SUN@]WﬂIWﬁLNaiﬂ@]@ nicotinic

acid NFASIUE 9
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P = a a e o 1y
M19791N 8 ﬂ'ﬁﬂﬂ‘]&ﬂﬂfﬁwﬁﬂ&la%ﬂqﬂuqiuﬁnﬂiv\lﬂLwaiﬂadLﬂiqzﬁtﬁLﬂ

Copolymers/ Grafted copolymers Size (nm) PDI Zeta(mV)
P(ECL)-co-PEG 123.4126.2 0.473%0.101 -3.7£3.1
P((10Nicotinic acid-g-ECL)-ran-90ECL)-co-PEG 77.4+9.8 0.192+0.032 -9.61+1.3
P((20Nicotinic acid-g-ECL)-ran-80ECL)-co-PEG 81.717.6 0.104+0.024 -5.9+1.4
P((30Nicotinic acid-g-ECL)-ran-70ECL)-co-PEG 120.3+24.9 0.09910.023 -17.3+2.0

INHANITANBIWLIT LN ALNUFTIWININS nicotinic  acid uuaﬁyiﬁ‘wudﬂa%ﬂﬁﬂmmiuﬁ
a = L A & i L\ a &L A AN o
3o ledrwialna@n thasanaaudu hydrophobic uusalgiANd® TINan1INaaaIn ba
[ a = v A e ] d' n:l' A A o‘d‘n
saaadaInUHaNMIAnlasinidunguans (14, 47) lasaumafiaouanlndiwesnaaluana
nicotinic acid 10% W&z 20% HIWIAaLN1AKBENTT 100 Nm UAZENNINIZANBVBITWIABLNA
wepndreumafiasnaninfimeiduuuuatefitbimayneaia (p-value < 0.05) Tunsdivas
A a A (d‘n . - . oA v A e A
aumafilaIouanIndweiNdaluana nicotinic acid 30% wuirflawalndidusnueuniad
Wi3ENINALWEIAULLL (P(ECL)-co-PEG) (p-value > 0.05) udlf1minizazuwiaaunia
HasnInadNnySIAUNIIRAG (p-value < 0.05)
~ A oA v & A & A A & & a
nydlvastzuuinaymeanud Suwilivdranuduanidsiudiaiailosioudniiée
. .. . a a a o A a A a a & v
luana nicotinic  acid 1lailpuifivuiuddszauuiufiteunmafieiouanlndimafauuuy
A 1 [ W o Aa . .. . ¥ A
(P(ECL)-co-PEG) Failenlnaified 0 Naﬁiﬂawawwmﬂﬂﬁiwmqamaanmonmc acid UWNWHITDY
agnwauﬁiuﬁL@%ﬂw
a819'137@"N nicotinic acid NAaUWEylwa1avinliAa steric hindrance lumﬂﬁ@agmﬂ
A o . L. . = A . . ° o AaA
Wl NILANIIUWIBIUATA nicotinic acid JWALAWY steric  hindrance m’l,ﬁ“'l,@mgmﬂmiuwu
L ] [ a o Ao ' d { o . . i Aa
U0 MY IUTIRAATINUHAN IANHYBIINITLNGUBUALIAD steric hindrance V8inyNfq
' a 6 1 a . . o 1 A o v
uumﬂﬂ‘waLuas@]amsm@a%mﬂmiu (47) WAZH®3TN steric hindrance AINaNIB1INHNAYINTA
nicotinic acid Ngn@Aaagiuunuvaimelslniwaignruanaananununaivesanniauluanag
t:in o g; nl a . . . dln ) o v d‘y a A I J
N1 AsunIRnYIamad nicotinic acid Naauumala ldlssauuiuindanduauaniu

A . - . A o a (n:l' a J pj’v [l 1 = 1
L18331N nicotinic acid mmaﬁmmlaomqmitvmm@muumagjflmzmwaﬂﬁﬂﬂmmavlﬂ

52 ﬂ’]iﬁﬂiﬂ"]iﬂi’]ﬂma\‘]auﬂqﬂuqiuﬁﬁﬂqia@]:wl’aﬂa nicotinic acid
=2 o A ) AV A oA ] &
ﬁ]’]ﬂNaﬂqiﬂﬂ‘]ﬂq@GLLﬁ@\‘iluEl}ﬂ 15 WU m&nﬂﬂuﬂuﬂvlmwﬂ’mﬁﬁgag NEII?’NL‘]J%V]?G
nay LLa:W‘Llﬂ’ﬁLm:ﬂ@:wﬁumaom&n'}ﬂuﬂuﬁ'ﬁd 6‘]?\7a']"ﬂLﬁ@ﬁ]']ﬂﬂ']il,ﬂqzﬂiiNﬁuluizﬁjqﬂﬂqi

LOILUAIDENS
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Eﬂﬁ 15 mwn"]mnrmﬁaaqamzmﬂuuudaommmaamgmam‘[uﬁﬁms@ﬂmaqa nicotinic acid

WA 9 (a) 10 %Llua, (b) 20 %Lua Laz (c) 30%Lua
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5.3 msanwauliuisealras HUVECs Uadawn1awl lun@a lutana nicotinic acid
MNHANMINARIAILFAILUIUN 16 wudwamgmﬂmhﬁamimaqa nicotinic acid )7
[ a 1 { v v é g
Wasioudlua luiilunueatsas HUVECs anuduiugigada 0.20 mg/ml TIHANINARDIH
o o =< & A ' & a o o A
FAAaaINUNANIIANIANULT uAN 6oL uaIaTacana INALNaS ILA2YINazany DMSO aun
leaawllug? LLazLﬁaLﬁummL"ﬁuﬁmaamg‘,mﬂmiuﬁwaLﬁumﬂm'ﬂuﬁmiamaﬁ 2989
A A . L. Lo Ada ) a & A & A ' & 1 @
LiaLiNy %lua a9 nicotinic acid NAaULaNlGINALNAT HNalANAMNTUAN AL TARLTWALLAL
gmnﬂ'ﬁmwLﬁuiu@‘hq@mmmgmﬂuﬂuﬁﬁﬂﬁ %survival cells Va9L5a8 HUVECs da1itasnin
A ] ] { > = QL 1 % 1 g; | a 1 1
80%  dailudnaansunulasniliinanIniadiadrinuianuiiluisdaloas lagd1ainu
LiTmTué'antoinﬁfummma;ﬂ"lﬁﬁaLLamlums’mﬁ 9 lunstivas %survival cells maaamgmﬂm‘[u
nfialuiana nicotinic acid USu1m4 30 %lua NANuduTusatayn1awlu 0.78 mg/mL HdAn
80% LHa991NAMNLLUTUIIUUBILTAS bTI9UDININARD

311 16 wansAnsaNuduisearsaalagiT MTT assay daiwas HUVECS
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M1519N 9 @hmwvﬁwﬁu@hqwaaamgmﬂmiuﬁﬁﬂﬁ %survival cells UadLmaa HUVECs Jantiay

n31 80%

rinzasanniawliv AMNLINLUW (mg/mL)
P(ECL)-co-PEG 1.56
P((10Nicotinic acid-g-ECL)-ran-90ECL)-co-PEG 0.78
P((20Nicotinic acid-g-ECL)-ran-80ECL)-co-PEG 0.78
P((30Nicotinic acid-g-ECL)-ran-70ECL)-co-PEG 0.39

a 6, . . A A A
(6) N13tAILH ibuprofen LaL indomethacin Tag High-Performance Liquid Chromatography
lunsensldvinafenlaanasduwundiuiu 2 dae1fa ibuprofen  uaz
. . o~ = ~ o & o wa A \ Y ) | A
indomethacin LAl TlWN1IANEN LHBIINAILING 2 wilguauiANuanaIN T fnlianTs
azagluavinazansnuanedranwlaganizlnin uam’mﬁfmmmimaqamaamﬁ'\‘]aaaﬁu@ﬂ@m
% o 1 {qlz cl' 1 % & A 1 [ > > a U 1 1 a
N LLﬂ:’ﬂ’]u’Ju%ﬁﬁlﬁ\‘]ﬂ%u‘ﬂLL@Iﬂ@]’](‘lﬂ%"'ﬁ\‘]NN&@]E]T]’]S&TNW%‘E:T’]UIW&L&laﬂmm %HBZIS&I’]@]T’]
RUDRAR LLa:muiﬁﬁmmmmsnlumm%’mﬁ'uﬁzvl,aimmuvlﬁ NN UFNTANLANA1IIUIRENA

U

dowa@iaqmawﬂ‘mums incorporate éhmsl,uamgmﬂmiu LLa:miﬂa@ﬂa'aﬂéﬁmmﬂatgmﬂmiu
e
ada 6 v dl %3 2 a d‘p
ANMIATIIRAVATILATIERG Y HPLC ANaw lanaadts
1. Precision
ada 6 1 t:l' A 6 o d’; g; = 1
NnuanIaIsaiITliensdnuizuufliiiensddismesesuuiian %cv atlu

\naumNeausL lend repeatability Waz reproducibility @9uaadlansnsi 10

A1319N 10 WANIATIIFAL repeatability LLaz reproducibility 284353 A28N ibuprofen LLas

indomethacin

g} Repeatability Reproducibility

Concentration (ug/mL) %CV Concentration (ug/mL) %CV

Ibuprofen 25 0.91 25 0.91
10 1.36 10 1.32
40 0.49 40 0.71
Indomethacin 0.25 0.63 0.25 0.63
10 1.64 10 1.00
40 0.54 40 0.53
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2. Accuracy

ﬁnﬂNam‘m‘nﬁ]aauwudws:uuﬁl*ﬂumﬁLﬂ‘m:‘ﬁéhmﬁ'maaﬁmmgnﬁaalums

AeTzilasgaine %recovery denaluzig 90-110 % asusadlwiAuluarsen 11

M131990 11 @ Y%recovery U881 ibuprofen LLag indomethacin PNIMTINATNER A8 HPLC

81 Concentration (ug/mL) %Recovery
Ibuprofen 25 101.3
10 100.9
40 100.1
Indomethacin 0.25 101.4
10 99.8
40 100.5

3. Linearity

N Nﬂﬂ’]i@]i?%ﬁﬂUWU’j’litﬂﬂﬁlﬂuﬂ’ﬁ% ATZRANIRB LA BN ﬁ%”l\‘iﬂi’W\Iﬁ]vaﬁ

[ { ' 2 f o {
NINLEWATINAAN r~ ¥1NN31 0.9995 muamlugﬂﬁ 17

51N 17 ﬂi’W\lm@lig’lu?ladm ibuprofen (a) wae indomethacin (b) NN 983 HPLC

u
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ed o &’ A

AIBUAINNANITATIFROVAITILATIEH %aagﬂ"[éﬁw ADINATITANNAUID BN NULAN T
A a & 1A X . . A o = &

WazaNNIzlTlumsAe Tz AUSuN 4 ibuprofen waz indomethacin - Nazvinnsans lutuaau
dall

=S [ . . . A'A [ = 6 1 .
(7) mM3AnsIIWINLNAVBY nicotinic acid NAaUna8lEINALNBIABNS incorporate 8114
annawlie

=1 a‘lp v AA . . . 2

luﬂwiﬂﬂmu%agmﬂmiuﬂ@@Tmaqa nicotinic acid Y3310 10, 20 WAz 30 %lua WAs
incorporate @381 ibuprofen W&z indomethacin lagldaaainszninsendalnainas (D:P ratio)
A8 2:10 waz 3:10

INHANINARDIAILRAIIUAITIN 12 uaz 13 ‘wmfﬁLﬁaﬁﬁmmﬂmm@a%mﬂmiu BRI
. & a o v a LA a = @ A
incorporate £11N9 2 mu@m’l,vxmgmﬂmm@i%wﬂumaLﬂizmmsmﬂumgmﬂmiuﬂmmmsq

1 . { N . L5 ' & (% % %

8¢ (D:P ratio = 0:10) uazillaLiiu D:P ratio mwummgmﬂmiuﬁmmmlﬁtymuLLa:auquﬂu

Lo - 3, ¥ vl X 4 _ 5
%DL Nian (JUN 18) UaTiszuunu 9 munInuIsas ldiindwilaidia D:P ratio snviulu

A A a = A A a Y o A '
mammwagmﬂmiumm@Laﬂmsml,uawammmugﬂu %DL muamlugﬂ‘n 18 WUIUUNG

{ &< o v % { = { o @

maamgmﬂmiuﬁLﬁﬂaauuauwuﬁfﬂu %DL Nanad ‘Ij\‘ia’]’i]Lﬁﬁ]d&]’]ﬁ]’mﬁ@’ﬂ’m@luﬂ’]iﬂiﬁgF.l’]“llE]G
UUUUY §Tuu1ansdiieuniawilunal incorporate  £1 FuwalanadiilailToufisuiy
mumm&mﬂmiuﬁvlajﬁmmsaga%i mumam&mﬂﬁLﬁnmmmﬁ@mmmunmwaaaygmﬂﬁmi
o a o A & P £ @ ' L A a '
amLsmmwLﬂmzmﬂumﬂmuua:a@Lmumnmumaﬂmaqamaamumﬂaglmmuﬂmwaa
auma vhlfaumafizwaidngs (50, 51)

WaRasanedszauuiuiizasauniau lunal incorporate 81 Wud1 natdien ibuprofen
A . ° [y & A A Ly A a a o
L8 incorporate & ﬁ]:wﬂﬁﬂszquuwummaamgmﬂwmﬂﬂﬁWWﬂa@aaLuaLﬂmumﬂmum
ﬂszquuﬁuﬁwaaamgnﬁﬂuﬂuﬁ"l,sjﬁmUSiﬁ;a%i LL@iVL&immmmmmé’uﬂ'ufszijmﬂszﬁ;uu
ﬁuﬁwaoavgmﬂuﬂuﬁa@mﬁu D:P ratio W&z %laawad nicotinic acid ﬁa@aguumﬂsﬂwﬁma%
16 & wsunydiuate indomethacin vl,sja’lminmmnué’uﬁufszmw@hﬂﬁzquuﬁuﬁa NUN
D:P ratio #38 %l4ava49 nicotinic acid Naauuaslslwiiasld wEINANT incorporate 81NY 2

a 1 1 dy a =l 1 1 c.{' £ a c.l' = 1 =3

I wmwmﬂszquuwumumLmﬂmovl,ﬂmnﬂ'm"L@mnagmﬂquﬁu@ﬂ"Luummsqag} 9
aﬁ;ﬂvlﬁdw awff[uLaqmladmLLmﬂagjﬁ%agﬂgwﬁ'uag’ﬁﬁuﬁwaamgmﬂmiu

Lﬁaﬁﬁmmm’nummmiumsmsqzmlaamgmﬂmiﬂmﬁmsmmﬂ %EE  (A13799)
12 uaz 3) unz %DL (3U7 18) wud1 %EE vasaumawlunid@aluiana nicotinic acid dei
ANNI %EE  vadanmawmlufiiaiunain P(ECL)-co-PEG N lifilatana nicotinic acid @nat)
= [ 1 { & a v o ' =
TINRAINANILAD incorporate  NNIFBITRANANUFOAASINY BENILINAIN %EE  1NNNT
incorporate #NMIxaITAAUU llFaAARINUATLAN D:P ratio Wasunnnlianaenngnussiag

{ & & > % o I3 [ s ' . { A £ { A

1um§mﬂmiuﬁmeu"luauwuﬁnmﬂmaumaﬂum D:P ratio NIANAW LazlianaNTan %DL
WUINAN %DL maom&mﬂmiuﬁﬁimaqa nicotinic acid @@a%iﬁmmnﬂ’hm %DL 2838%N1AW)
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luinladTuianaves nicotinic acid @aatj aniiunsdivaden indomethacin 7 D:P ratio L¥iriy 2:10
. & { a . L. . WM v o a £
aendlsfiauLilalivy %lauawad nicotinic acid 14 laaInalAaT %DL 1ANA® nwanIsnaaaady
n§unai1 %EE uaz %DL vasaumamlmilariinis incorporate €1 indomethacin U7 e
%EE 18z %DL NINN3I152UUNYINANT incorporate 81 ibuprofen tlail3sutiaun D:P ratio W&
. .. = [ ' Aa LA . S Aa
%laauad nicotinic acid NYNAK WAAINALAAIINAITANTAZANVBILN ibuprofen luiiNaian
gdﬂ’j’]LﬁﬂLﬂ%UULﬁﬁUﬁ’UUq indomethacin (ibuprofen = 0.23 mg/mL (52) i8¢ indomethacin =
0.016 mg/mL(53)) Yl#luszninanszuaums incorporation drenluauniamly sfsidrianis
azaelwinfigandt iiamaudimennaymamludgignai lwussauldaasd
miﬁﬂﬂ’lgﬂi’lwadmgn’lﬂuﬂuﬁﬁmiaﬂiuLaQﬂ nicotinic acid Wa4 incorporate &1
ibuprofen L&z indomethacin sRENABIIANTIABIANATBLLLFRINTIA lNaANAILEAd AL AULW
A ' A a v o & A A ] & =
3UN 19 wud1 aumamluiia3oaldnal incorporate 8114 2 TlladzUiadunssnauuaziinig

Vo v A a " ! o . %
Lﬂ’]zﬂﬂquﬂufﬂ AN a%ﬂ’]ﬂu’]‘[%ﬂqﬂsﬁﬂ 219 Lﬂ(ﬂﬁ]’lﬂﬂ’lim’]:ﬂQuﬂuluizwndﬂ’lim%ﬂumiaf_l’ldv[,(ﬂ

A1319% 12 wmatgmmaﬁy (z-ave), iAMINITILVWIADRNIA (P), mﬂszi}iuuﬁuﬁa (ZP)

LR %entrapment efficiency (%EE) maamgmﬂmh%é’a incorporate #1 ibuprofen

Formulation D:P ratio’ z-ave Pl ZP %EE
(nm) (mV)

P(ECL)-co-PEG

0:10 123426 0.473+0.101 -3.7+3.1 -
2:10 96+15 0.396+0.121 -5.1£3.8 67.4+x11.4
3:10 92+10 0.366+0.075 36+15  69.9+14.8

P((10Nicotinic acid-g-ECL)-ran-90ECL)-co-PEG

0:10 7710 0.192+0.032 -9.6+1.3 -

2:10 130+13 0.319+0.111 -3.312.7 73.2421

3:10 11041 0.250+0.133 -2.5+1.2 79.7¢2.2
P((20Nicotinic acid-g-ECL)-ran-80ECL)-co-PEG

0:10 8248 0.104+0.024 -5.9+1.4 -

2:10 9843 0.104+0.031 -5.1+2.8 83.7+2.1

3:10 11241 0.077+0.011 -1.6+1.4 78.2¢1.2
P((30Nicotinic acid-g-ECL)-ran-710ECL)-co-PEG

0:10 120425 0.099+0.023 -17.312.0 -

2:10 12041 0.086+0.018 -8.242.2 78.2+2.2

3:10 148+1 0.079+0.024 -9.5+1.6 81.2¢1.7

a LA o ' ' (% a &l & a
D:P ratio ﬂé]E]@IS’]?(TIWE:WJNmﬂUIWNLNE]iﬂi‘ﬂu‘]m@mmlﬁﬂ"ﬂE]Gﬂﬁm‘iilllatgﬂﬂﬂuﬂu

* LANEINUA LN RURAYNIEDA
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TN 13 IWIABYMALARY (z-ave), AININTTNLVIABRNNA (PI), A1LTzUUABEY (ZP)

Lae %entrapment efficiency (%EE) Tada‘u‘,mﬂmiu'ﬂﬁo incorporate 81 indomethacin

Formulation D:P ratio’ z-ave Pl ZP %EE

(nm) (mV)

P(ECL)-co-PEG
0:10 123126 0.473+0.101 -3.7+3.1 -
2:10 97115 0.443+0.065 -5.1+2.8  97.4+14.7

3:10 89+12 0.395+0.016 121458  47.2:0.1
P((10Nicotinic acid-g-ECL)-ran-90ECL)-co-PEG

0:10 7710 0.192+0.032 -9.6+1.3 -

2:10 10130  0.264+0.077 -5.614.0 87.6+11.6

3:10 89+1 0.212+0.027 11.144.0  100.1:0.2
P((20Nicotinic acid-g-ECL)-ran-80ECL)-co-PEG

0:10 82+8 0.104+0.024 -5.9+1.4 -
2:10 100+0 0.123+0.010 -6.1£3.6  85.9+10.0
3:10 108+1 0.112+0.005 15.3+1.1 82.5+0.6

P((30Nicotinic acid-g-ECL)-ran-70ECL)-co-PEG

0:10 12025 0.099+0.023 17.3+2.0 -

2:10 13342 0.088+0.025 21.9+3.0 93.1x0.2

3:10 141+1 0.116+0.015 16.242.8  88.5:0.7

a LA o ' ' % a &l & a
D:P ratio ﬂE]E]@IS’]?(’J%E:WJ’NEJ'm‘UI‘WNL&Jaiﬂlﬂumu@amﬁﬂ"uE]Gﬂﬁm‘iillla‘]éﬂﬂﬂuﬂu

* LANEINUa LN RURAYNIEDA
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3UN 18 nTWLEAIAMUFNNUTIZNINY %Drug loading  189a%N1AWILURAT incorporate €1
ibuprofen (a) LAy indomethacin (b) AU %luavad nicotinic acid NAaauuaulslwiiues 0%

grafting LLamﬁaatgmﬂmiuﬁ'm%ﬂumﬂ P(ECL)-co-PEG

(¢ wandsnuadafineiaynesialianSoufiousenine DP ratio AuaneaTuuAR %luauad nicotinic
acid 17w (p-value of paired t-test < 0.05), ** uwandndfuatnI i AymIadalaSoufisuszninela
8784 nicotinic acid AUANASHULEAT D:P ratio 1¥i1riw (p-value of ANOVA test < 0.05), ** uana1snuag19d
ﬁﬂé’nﬁtymaaﬁ@Lﬁam’%mmﬁUuﬁumﬁiﬁmnmgmﬂmiuﬁLm’i‘wmn P(ECL)-co-PEG (p-value of ANOVA
test < 0.05))

Ellﬁ 19 mwn’wUmﬂﬂﬁadﬁgamiﬂﬁuuuﬁaommmaamgm@uﬂuﬁ@@luLaqa nicotinic acid 10%

Tuanad incorporate &1 ibuprofen (A) WLz indomethacin (B)
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(8) NIANBINAVBITIWIBLNAYDY nicotinic acid @anislandaas Ibuprofen uac
Indomethacin

PMNMIANBINAVBIINWINLNAVEY nicotinic acid @anIy incorporate msluau;mﬂmiu
WuInilad wInluaves nicotinic  acid wanderiuiinaliiinanuuandiniguaui@nd
munwzasaumamly ldun mmﬁamgmﬂLtazmﬂizquuﬁuﬁ’maaagmﬂmh ﬂ‘%mmmﬁgﬂ
incorporate atjluauniauiluwia %drug loading sarilumsAnuavesswauluaas nicotinic
acid @iamia.lamla'awﬁ'aL§anmgmmﬂuﬁﬁaimaqamaa nicotinic acid 3IMWIK 10 LAL 20%
1ua WAz incorporate 81 ibuprofen %38 indomethacin l4aaT&IRIZATINGaINELNES Ao 2:10
Lﬁaiﬁumiﬁﬂmuauﬂ%ﬂmﬁUuﬁ‘umgmﬂuﬂwﬁ'm’%wmanﬁma%@Twmuﬁa P(ECL)-co-PEG

nnInaaaddiathdfidwinldunaiionaiv release profile laaszuf 20 uaz 21

gﬂﬁ 20 Release profile w898 ibuprofen ﬁ]’mmgn’mmiu’tummzmUwaaLWWﬁWLWﬁ pH 7.4
mulu 24 Tlus 3UN AN release profile V848 ibuprofen lug24 5 TaluduInuainis
naaad
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gﬂﬁ 21 Release profile 18481 indomethacin mﬂmgmﬂmiu’tumiazmywaaLWWﬁWLWﬁ pH
7.4 mulu 24 Tlus g WENLEAI release profile V8481 indomethacin lug24 5 Taludun

VBINNINANDI

{ o o ' . [ . 12 ' [
WariMIg19InTINTZNINg %cumulative amount of drug release Nu time wu e
v o v o { ! 2 & ' £ d
ANUFNABSLT WL FUAT muamlugﬂﬁ 22 Uz 23 uazldn r adue 0.941 Auld (an59n 14
e 15)

31122 Higuchi model fitting N31W release profile @481 ibuprofen ﬁnﬂmgmﬂmiﬂu‘*ﬁw 4

%”JI&IGLLiﬂﬂladﬂﬁiﬂ@mﬂd
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3111 23 Higuchi model fitting N31% release profile V8481 indomethacin ﬁnﬂmgmﬂmhlumo

4 ‘f’]I&IGLL?ﬂ"U 23NN/

v o ¢ & ) ' . o . 1/2
MNATINANMUFTNNBTLLULRFUATITENINN %cumulative amount of drug release NU time

o 1 2 Qs v Y Qs {
RINIDATWITUAIRO 1 mwumuua:awmsmumﬂ@mLLa@a‘lum‘swaﬁ 14 uaz 15

{ ' 2 o [% v @ & [ ' .
MsNN 14 @r ﬂ’ﬂ&J“H%LLﬂZﬁllﬂ’ﬁLﬁu@lidﬁﬁﬂﬂ’ﬂ&lﬁNW%'ELU%Lﬁ%@IiGiZ%’J’N %cumulative

[y . 12 .
amount of drug release NU time U838 ibuprofen

a ¢ Ibuprofen
Tnawas - _ _
r AMNNDTY dNNIILANAIS
P(ECL)-co-PEG 0.953 44910 y = 44.910x-12.383
P((10Nicotinic acid-g-ECL)-ran-90ECL)-co-PEG 0.941 21.142 y = 21.142x-4.827
P((20Nicotinic acid-g-ECL)-ran-80ECL)-co-PEG 0.962 28.058 y = 28.058x-7.464

{ ' 2 o [y} o o [y ' .
GI’]‘S’]\‘lﬁ 15 ar ﬂ'ﬂN“UuLLﬂﬁﬁNﬂ']iLﬁu@liﬂﬁ]']ﬂﬂ'J']NﬁNW%fLﬂ%Lﬁu(ﬂiG?i'ﬂ?qﬂ %cumulative

o 12 . .
amount of drug release NU time Y8381 indomethacin

Indomethacin

Infwas - - _
r ANNTW dNMILdna I
P(ECL)-co-PEG 0.966 45.397 y = 45.397x-12.746
P((10Nicotinic acid-g-ECL)-ran-90ECL)-co-PEG 0.993 42.501 y = 42.501x-16.676
P((20Nicotinic acid-g-ECL)-ran-80ECL)-co-PEG 0.992 50.921 y = 50.921x-17.788
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mﬂNam*m@aaaagﬂvl,ﬁdﬁmiﬂa@ﬂaiaﬂmﬁmmuﬁ'\i ibuprofen L&z indomethacin 310
mgmﬂmiuﬁL@%Ummiwﬁma‘?ﬁamimaqa nicotinic acid uazlwAtnasdwuuutinlyaia
Higuchi model (48) uaadliiAnINna lnnsdaadaesetiuluy Fickian diffusion wanand
Fu1InnIaaInN1Tdaatsas s ldana1aN T HUaIFNNITLERATIAINAII LN LT LN T

=1 s v
wWisuieule

msul%'ymﬁyﬂmiﬂaﬁﬂa'aﬂznmnmg,mﬂmfuﬁm?m/mnfwﬁmaﬁfﬁmwu (P(€CL)-co-
PEG)

WUINUIN e ibuprofen LAz indomethacin Uszinmh 80% ﬂamﬂ&iammnmgmﬂmiu
melu 24 T2lug (gﬂﬁ' 20 uaz 21) YSunawazaasinsdaadaasen indomethacin laifiaanw
wan@1vaNNIsUaalasssn ibuprofen (@mﬁa‘ﬁ' 14 1Laz 15) s'fjd"l,&iaa@ﬂﬁaaﬁ'umwﬁﬁdwm“?‘iﬁﬂ'ﬁ
%msazmm‘fﬁﬁaslmf’lﬁﬂ’%mmua:é‘m’]miﬂa@ﬂﬁiaUmﬁﬁayﬂdﬁmﬁﬁm%msazmaﬁﬂg
ANNNT1 (8N indomethacin AFndanTazanesiniasning ibuprofen) (49, 50)

ﬂ'«aﬁ'ﬂ'é"w] fifnadosaruazUSunmmataadsasenldu ﬁuﬁﬁwaaagmﬂmiu ANy
utwsuauassnluzuy 1w mnwamsﬁﬂmﬂ’%mmmﬁgﬂ incorporate 1um§mﬂmiu
(@mnﬁ 16) WU muwmaamgmﬂmimﬁ'a incorporate s 2 afieliuandnanuesngg
ﬁyéwﬁtﬁamuan'jﬁﬁuﬁﬁwaamgmﬂuﬂuﬁ incorporate 813 2 THA lILANAIR LA %drug
loading 18481 indomethacin 47NN %drug loading w8481 ibuprofen %dﬁwmﬁ'umiﬂa@ﬂday

81 indomethacin ﬁnﬂamgnmuﬂu

A13199 16 ﬂmawﬁamadagﬂ’mmiu%ﬁo incorporate &1 ibuprofen LLas indomethacin

Twawas Ibuprofen Indomethacin
z-ave %Drug z-ave %Drug
(nm) loading (nm) loading
P(ECL)-co-PEG 96+15 10.8+1.9 97+15 16.4+1.4
P((10Nicotinic acid-g-ECL)-ran-90ECL)-co-PEG 130£13 121£0.6 101430  14.5%1.9
P((20Nicotinic acid-g-ECL)-ran-80E€CL)-co-PEG 98+3 13.910.3 1000 14.9+1.2
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]
A Aa

=~ ~ o . P . [} = & 1
nmsulSainigunazadsrwInlyavas nicotinic  acid aaunarglolnadinasaanis
anilaaggnaazoitn

NITAEN ibuprofen

msdaadaassn ibuprofen ﬁnnagmﬂm‘[uﬁ@dmaqa nicotinic acid 20%lua Hen
U (gﬂﬁ 20) UB8AI (A9 14) rm'ﬂa@ﬂdaﬂmgaﬂd%ﬁam%uLﬁuuﬁumsﬂa@ﬂdaﬂ
mmﬂamgmﬂmiuﬁaﬂmaqa nicotinic acid g9 10% lua 1ilagann

1. muwagmﬂm‘[uﬁa@‘[maqa nicotinic acid 20% /& ﬁmmmﬁﬂﬂ’hmgmﬂmiuﬁa@
luiana nicotinic acid (B3 10% laa (@13757 16) ﬁﬂﬁﬁﬁuﬁﬁﬂumiﬂa@ﬂdaﬂmgaﬂdﬁ (51)

2. %Drug loading U898 ibuprofen Iumgmﬂmiuﬁamimaqa nicotinic acid 20% lua &
AN§9nI1 %drug loading sl,uav:mﬂm‘[uﬁa@‘[maqa nicotinic acid B9 10% lua (0131991 16)
ﬁﬂﬁLﬁwmiﬂa@ﬂdaﬂmﬁnnagmﬂuﬂu (52)

3. @muLﬂuwﬁﬂmaﬂwﬁmas‘ﬁamimaqa nicotinic acid 20% lua wasninanudunan
maﬂwﬁma%ﬁaﬂimaqa nicotinic acid (W4 10% lua lau@aindn enthalpy of melting A3
Tuen31971 17 @1 enthalpy of melting 2aslwaLweS 'ﬁ'am‘[maqa nicotinic acid 20% luaidlFsias
ﬂd’]@i’maﬂwﬁma%ﬁaahl,aqa nicotinic acid A8 10% lua ¥inlkenaunsa difuse aanann

polymer matrix l6i@n31 3eiumatantdasmainaynmaml (53)

135199 17 @1 enthalpy of melting vaslnaias

Tnawas Enthalpy of melting
(AH_, Jig)
P(ECL)-co-PEG 477
P((10Nicotinic acid-g-ECL)-ran-90ECL)-co-PEG 45.8
P((20Nicotinic acid-g-ECL)-ran-80ECL)-co-PEG 17.6

N3 indomethacin

UIunm (gﬂ‘ﬁ 21) UaZaa (mma‘ﬁ 15) n1stdaalasse indomethacin mﬂamgmﬂmiu
ﬁ&@Imaqa nicotinic acid 20% lu& ﬁ@hmnﬂ’hﬂ%mml,l,azSﬂswmsﬁawﬂ&iamﬁnﬂmgmﬂmiuﬁ
Galuana nicotinic acid 1Aus 10% lua LﬁaaﬁnnmmLﬂuwﬁnmaaawmISﬁIwﬁLua§ﬁa@IuLaqa
nicotinic acid 20% Lu& ﬁaalmfwmmLﬂumﬁﬂmaamﬂﬂwﬁLuagﬁaﬂmaqa nicotinic acid LiNE9
10% lua lauganen enthalpy of melting Tua3797 17 Susifinms diffuse v898198n91N

polymer matrix %'iaLﬁwmsﬂa@ﬂéaﬂmmnmgmﬂm‘[u

Tasams msl$mlgalassadnindwesidesaarenistinmyiiaIndeamesiie 1fias sueyninun Tulumsidaen 54



n313guLNey release profile 28981 ibuprofen Uas indomethacin
2 A = a ~ o = a . & A

lunsansineSouAsuil asviinmsiSouiisy release profile 28481119 2 e 310
aunawlufidalaiana nicotinic acid 20% lua tasanaunmamluiiaionlanas incorporate
09 2 siefiguandamaeiimaniwiliuandriiuadsiitoday ldun awaagniauly

o . & = = & a l ]

AR incorporate 81 %drug loading wazANdunanvaslndwas nmaUSouiisunuin
YIunm (gﬂﬁ 20) UazaaI1 (A13199 14) nstaadaasen ibuprofen ﬁnﬂmgmﬂmiuﬁam’jma:
FnINUTI (gﬂﬁ 21) WaZAAI (@1319N 15) NsUaadaase indomethacin ﬁ]’magmﬂuﬂu
FRALALINWIILLIN ibuprofen HA1TANNIAZAN8#ININNTT indomethacin (49, 50) 39AAIUNAY
A . . ' [ \ a & a o & & o =2
\fia interaction  szwinvtsnumelslndiwesnltlunaaToveunauily danuisvinisénm

iaLinlagis Fourier-transformed infrared spectrophotometry (FT-IR)

(9) NISAN¥INITLAA interaction 32131981 ibuprofen nualalalnainaslagis FT-IR
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ABSTRACT: In this study, the grafting of nicotinic acid and p-
aminobenzoic acid (PABA) onto poly(&-caprolactone)-poly-
(ethylene glycol)-poly(&-caprolactone) was performed by
Huisgen’s 1,3-dipolar cycloaddition, also known as click chem-
istry. Concentrations used for grafting were 0.10, 0.20, and 0.30
molar ratios with respect to caproyl units. The grafted copoly-
mers were successfully obtained at all ratios as confirmed by
NMR, GPC, and FT-IR. According to the DSC results, the
polymorphisms of these grafted copolymers were mostly chan-
ged from semicrystalline to amorphous depending on the type

and the amount of grafting compounds. TGA thermograms showed different thermal stabilities of the grafted copolymers compared
to the original copolymers. Cytotoxicity results from HUVEC models suggested that the toxicity of grafted nanoparticles increased
with the molar ratios of grafting units. Due to differences in molecular structure between nicotinic acid and PABA, physicochemical
properties (particle size and surface charge) of grafted copolymer nanoparticles were substantially different. With increasing molar
ratio of the grafting units, the particle size of blank nanoparticles tended to increase, resulting from an increase in the hydrophobic
fragments of the grafted copolymer. Ibuprofen was chosen as a model drug to evaluate the interaction between grafted copolymers
and loaded drug. After ibuprofen loading, the particle size of the loaded nanoparticles of both grafted copolymers increased
compared to that of the blank nanoparticles. Significant differences in loading capacity between nicotinic acid and PABA grafted
copolymer nanoparticles were clearly shown. This is most likely a result of different compatibility between each grafting compound
and ibuprofen, including hydrogen bond interaction, 7— stacking interaction, and steric hindrance.

B INTRODUCTION

Over the past decades, the fabrication of copolymers of
poly(é&-caprolactone) (PCL) and poly(ethylene glycol) (PEG)
has been extensively developed to adapt their physicochemical
and mechanical properties to much wider applications in phar-
maceutical and medical fields.'" > PCL is a semicrystalline,
hydrophobic, and biodegradable polymer, while PEG exhibits
hydrophilic, crystalline, nontoxic, and biocompatible polymer
properties."> The copolymer of these two materials can over-
come the limitation of PCL after administration into the body by
the stealth properties of the hydrophilic segment of PEG."*
Therefore, this copolymer contributes to improvement of both
properties and applications. To develop biomaterials for their use
for novel drug delivery systems, one of the methods involves
modification of the polymers by the attachment of attractive
functional groups. Several reports have established the attach-
ment of various functional groups such as hydroxyl, amino, and
carboxylic acid groups onto the main polymer chain by different
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methods.'> However, the aforementioned processes frequently
exhibit several drawbacks such as incomplete conversion,'®
multiple synthesis steps,'”'® and intra- and intermolecular
transesterifications during the process of attachment.'” Recently,
the straightforward reaction for the grafting of functional groups
along PCL has been successfully performed through “click
chemistry” using versatile, easy, and mild conditions.”® ** Riva
et al.” reported successful grafting of benzoate, triethyl ammo-
nium bromide, and poly(ethylene oxide) on PCL backbone by
this reaction. In addition, Lee et al.***° demonstrated the grafting
of hexyne and proline to the methoxyPEG-co-PCL backbone
and, recently, grafting of hexyne, decyne, and benzoate to the
PEG-co-(PCL), backbone. However, to the best of our knowl-
edge, the grafting of pharmacologically active molecules along
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the PCL-PEG-PCL backbone with various amounts of grafting
units has not been established.

Most drugs on the market are sparingly water soluble princi-
pally due to the presence of heterocyclic and aromatic rings in
their structures. Nicotinic acid and p-aminobenzoic acid (PABA)
are two examples of sparingly water soluble drugs which have
been investigated for their pharmacological actions and safety in
biological systems.>* " As per consideration of the structure of
these two compounds, the para-amino group on the aromatic
benzene ring of PABA contributes to the acidic, protic, and
hydrogen bonding donor properties.*>** The nitrogen atom in
the pyridine ring of nicotinic acid, on the other hand, will serve as
base and hydrogen bond acceptor. Previously, it was found that
the different structures and properties of these two drugs affected
the ease of the grafting reaction onto the PCL backbone and the
properties of grafted copolymer.®® From this finding, it is
expected that similar effects would occur in the case of the
amphiphilic PCL-PEG-PCL copolymer. Furthermore, the graft-
ing compounds (herein referred to nicotinic acid and PABA) on
the polymer may potentially influence nanoparticle formation
and their properties, especially drug loading capacity and entrap-
ment efficiency. In addition, it is of interest to investigate the
contribution of interaction between the grafted copolymer and
encapsulated drugs on drug loading capacity and entrapment
efficiency.

Ibuprofen (IBU) is a common nonsteroidal anti-inflammatory
drug that is being used worldwide. Its molecular structure
consists of a phenyl ring, an alkyl group, and a carboxylic acid
group. With the availability of its phenyl ring, IBU may form 77—
bonds with other aromatic rings. In addition, a carboxylic
group may form hydrogen bonds with both hydrogen bond
donors and acceptors presented on the polymer backbone. Such
properties make this drug suitable as a model drug for our
investigation.

Therefore, this study aimed toward synthesizing the randomly
grafted PCL-PEG-PCL with nicotinic acid and PABA by Huis-
gen’s 1,3-dipolar cycloaddition reaction, also known as “click
chemistry”. The reaction was performed according to our pre-
viously published method.** The effects of varied concentrations
of the grafting compounds on physicochemical and thermal
properties of the copolymer backbone were also investigated.
After synthesis, all grafted copolymers were used to prepare
nanoparticles. To ascertain its potential use in humans, all
nanoparticle preparations were tested for their cytotoxicity.
Subsequently, the effects of the grafting compounds on nano-
particle formation and properties including particle size, zeta
potential, and drug loading capacity were evaluated.

B EXPERIMENTAL PROCEDURES

Materials. &-Caprolactone (CL; Aldrich, USA) was dried
over calcium hydride for 48 h followed by distillation prior to
use. p-Aminobenzoic acid (PABA) (Aldrich, USA) and nicotinic
acid (Ajax Finechem, Australia) were used without purification.
3-Butyn-1-ol, copper (I) iodide (Cul), 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU), stannous (II) octanoate (Sn(Oct),), di-
methylsulfoxide (DMSO), L-glutamine, and fetal bovine serum
(FBS) were purchased from Sigma-Aldrich Chemicals, USA. N,
N-Dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine
(DMAP), and MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazoliumbromide) were purchased from Fluka Chemie,
Germany. a-Chloro-é-caprolactone (CICL) was synthesized

according to the previous report.** Poly(ethylene glycol) (M,,
4000 g/mol, PEG,op0) from Fluka Chemie, Germany, was
purified by precipitation from chloroform solution with diethyl
ether. Sodium azide was purchased from Fisher Scientific UK
Limited, United Kindom. Dichloromethane (CH,Cl,), diethyl
ether, dimethylformamide (DMF), and tetrahydrofuran (THF)
were dried over molecular sieve 4 A. Milli-Q water was used by
purification with a Synergy (Millipore, France). Iscove’s Mod-
ified Dulbecco Medium (IMDM) was obtained from Biochrom
AG, Germany. Penicillin/streptomycin (Hoechst, Germany),
sodium dodecyl sulfate (SDS) (MP Biochemicals, Germany),
trypsin (Difco, Germany) and other organic solvents were used
as received. Human umbilical vein endothelial cells (HUVECs)
were isolated from human umbilical cord donated from Nord-
west Krankenhaus (Nordwest Hospital, Germany). Acetonitrile
and methanol were of HPLC grade from Merck, Germany.
Glacial acetic acid (100%) was purchased from VWR Interna-
tional S.A.S., France.

Synthesis of PCL-co-PEG,o0o-co-PCL Grafted with Nicoti-
nic Acid and PABA. Synthesis of Nicotinic Acid and PABA,
3-Butynyl Esters. Prior to the Huisgen’s 1,3-dipolar cycloaddition,
azide pendants on polymer and terminal alkyne derivatives of
model compounds are generally required for functionalization.
Thus, but-3-ynyl nicotinate and but-3-ynyl-4-aminobenzoate
were synthesized by esterification of acidic model compounds,
nicotinic acid and PABA, and 3-butyn-1-ol using DCC and
DMAP as catalysts as previously reported.* Briefly, known
amounts of DCC and DMAP were dissolved in CH,ClI, followed
by the addition of an acidic compound. After stirring at room
temperature for 30 min, 3-butyn-1-ol was introduced, and the
reaction was conducted under argon atmosphere at room
temperature for 24 h. The precipitate was filtered out, and the
solvent was evaporated under reduced pressure. The crude
product was purified by column chromatography on silica gel
with the mobile of hexane (Hex), ethyle acetate (EtOAc), and
CH,Cl, (1:2:2) for but-3-ynyl nicotinate and Hex and EtOAc
(1:1) for but-3-ynyl-4-aminobenzoate. The characteristics of the
synthesized derivatives were assigned to their structures and
agreed well with the previous report.>*

But-3-ynyl nicotinate (1). "H NMR (DMSO-dq): O = 2.65
(m, 2H, CH,C=CH), 2.86 (t, ] = 2.61 Hz, 1H, C=CH), 4.35
(t, ] = 6.48 Hz, 2H, COCH,), 7.57 (m, 1H, pyridine), 8.28
(td, J = 7.96 Hz, 1H, pyridine), 8.80 (s, 1H, pyridine), 9.08
(s, 1H, pyridine).

But-3-ynyl-4-aminobenzoate (2). '"H NMR (CDCl;): 0 =
2.04 (t, ] = 2.5 Hz, 1H, C=CH), 2.65 (td, ] = 6.8, 2.6 Hz, 2H,
CH,C=CH), 4.09 (s, 2H, NH,), 438 (t, ] = 6.8 Hz, 2H,
COCH,), 6.6 (d, ] = 8.5 Hz, 2H, benzene), 7.88 (d, ] = 8.5
Hz, 2H, benzene).

Synthesis of P(CICL-ran-CL)-co-PEG 4ppo-co-P(CICL-ran-CL)
(P(CICLCL)-PEG-P(CICLCL)). The required amounts of CICL
and CL (Table 1) were added to the mixture of PEGygo (0.8
g, 0.2 mmol) and Sn(Oct), (81 mg, 0.2 mmol) in a dried round-
bottom flask. The mixture was melted at room temperature
under vacuum for 15 min. The reaction was initiated in an oil
bath at 120 °C under argon atmosphere and conducted for 24 h.
The copolymer was collected and dried under vacuum after
precipitation of chloroform solution in cold Hex.

Synthesis of P(N3CL-ran-CL)-co-PEG 4pp9-co-P(N3sCL-ran-CL)
(P(N3CLCL)-PEG-P(N3CLCL)). The substitution reaction of chlor-
ide pendant by sodium azide was performed as reported
elsewhere.”® Briefly, 5 mL of copolymer solution in dry DMF
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Table 1. Fed Composition of Copolymerization of CICL and CL

fed weight (g)

copolymers fed molar ratio of [CICL] CICL (€L,
0.10 P(CICLCL)-PEG-P(CICLCL) 0.10 0.29 2.05
0.20 P(CICLCL)-PEG-P(CICLCL) 0.20 0.59 1.82
0.30 P(CICLCL)-PEG-P(CICLCL) 0.30 0.89 1.60

containing 2.0 g of copolymer (1 equiv of chloride pendant) was
stirred with sodium azide (1.02 equiv) overnight under argon
atmosphere at room temperature in the dried flask. The mixture
was dried under reduced pressure and redissolved in toluene to
precipitate the coincident salt. The remaining precipitate was
centrifuged at 4000 rpm for 15 min. The collected supernatant
was evaporated under reduced pressure to collect the purified
copolymer.

Typical Click Chemistry Reaction. Using the reaction of
copper-catalyzed Huisgen’s 1,3-dipolar cycloaddition, the 3-bu-
tynyl ester derivatives of nicotinic acid and PABA were grafted
onto the P(N;CLCL)-PEG-P(N3CLCL) backbone at 0.10, 0.20,
and 0.30 molar ratios based on caprolactone repeating units. The
reaction was conducted according to our previous experiment.34
Briefly, azide tethered amphiphilic copolymer solution (1.2 g, 1
equiv of azide) in 10 mL of dry THF was transferred into dried
reaction flask followed by the ordered addition of butynyl ester
derivative of model compound (1.5 equiv), Cul (0.2 equiv), and
base (0.2 equiv). Under atmospheric argon, the reaction was
stirred in a thermostated bath under temperature controlled at
40 °C. After 4 h reaction, the solution was precipitated in cold
Hex and the collected copolymer was dried in a vacuum
desiccator for another 24 h.

Polymer Characterization. Typical Characterization Meth-
ods for Synthesis of Grafted Copolymers. "H NMR spectra were
recorded in CDCl; or DMSO-dg at 300 or 500 MHz in the
FT mode with Bruker Avance 300 apparatus at 25 °C.
Infrared spectra were recorded with Jasco FT-IR-4100 spectros-
copy. Number- and weight-average molecular weights (M, and
M,, respectively) were measured by a Waters 150-CV
gel permeation chromatograph equipped with refractive index
detector. THF was used as the mobile phase at a flow rate of
1 mL/min. Two columns of PLgel 10 y#m mixed B were
calibrated with polystyrene standards in the MW range 4490—
1112000 g/mol.

Thermal Property Analysis by Differential Scanning Calo-
rimetry (DSC) and Thermal Gravimetric Analysis (TGA). TGA
was carried out with a TGA 7 Perkin-Elmer thermogravimetric
analyzer at 10 °C/min. DSC was performed using a DSC 7
Perkin-Elmer differential scanning calorimeter calibrated with
indium. Glass transition and melting temperatures ( Ty and Ty,
respectively) were measured according to running conditions:
the sample was quenched to —80 °C, heated to 100 °C (first
heating), cooled down to —80 °C, and heated again to 100 °C
(second heating). Thermograms were recorded during the
second heating cycle at 20 °C/min.

Formation of Nanoparticles. Fifty milligrams of grafted
copolymer were dissolved in S mL of THF. The polymer solution
was added dropwise to 8 mL of Milli-Q water under magnetic
stirring (1000 rpm) at room temperature. The solvent was
removed under reduced pressure. The final volume was adjusted
by Milli-Q water to the initial volume. The nanoparticle suspen-
sion was filtered through a cellulose acetate membrane with a

pore size of 0.45 (m to eliminate any aggregates. One milliliter of
nanoparticle suspension was poured into 2 mL vials. After
lyophilization for 48 h, the weight of the lyophilized powder
was recorded. In the case of IBU-loaded nanoparticles, 10 mg of
drug was initially added with the copolymers in the THF
solution, and the nanoparticles were prepared as previously
described.

Characterization of Nanoparticles. Particle Size and Zeta
Potential Analysis. The average particle diameter and size dis-
tribution of particles were analyzed by photon correlation
spectroscopy (PCS) using a Zetasizer 3000 HSA (Malvern,
UK). The samples were measured after dilution with Milli-Q
water. The surface charge of the nanoparticles was determined by
zeta potential analysis with a Zetasizer 3000 HSA (Malvern, UK)
after dilution in Milli-Q water. All measurements were performed
with a HeNe laser at the wavelength of 633 nm, a 90° angle, and a
temperature of 25 °C.

Cytotoxicity Testing of Nanoparticles. The cytotoxicity of
grafted amphiphilic nanoparticles was evaluated by the MTT
assay. HUVEC:s at passage 3—5 were cultured in IMDM solution
supplemented with 1% penicillin/streptomycin, 2% glutamine,
3% bicarbonate solution, 15% FBS, and 0.1% fibroblast growth
factor. A 50 uL of cells suspension at a density of 3 x 107 cells/
mL was seeded in a 96-well plate and incubated at 37 °C in an
atmosphere of 5% CO, for 24 h. Afterward, 50 uL of culture
medium containing the nanoparticle dispersion was added to
yield the final concentration of nanoparticles in the range 0.01—
1.56 mg/mL, and the cells were then incubated for another 24 h.
Subsequently, the cells were incubated with MTT solution
(25 uL) for 24 h. After an SDS solution was added and incubated
for 6 h to dissolve the metabolized formazan crystal, the absor-
bance of solution was measured and recorded at 560 and 620 nm.
The difference in absorbance was calculated and expressed as %
cell viability. The cells incubated with only medium were used as
cell control and defined as 100% cell viability.

Drug Loading and Entrapment Efficiency Evaluation. The
nanoparticle suspension was centrifugally filtered at 16 000 rpm
for 10 min through Microcon Ultracel YM-30 tube (MW
cutoff 30000 Da) (Millipore, USA). The amount of drug in
the filtrate was analyzed by HPLC. The lyophilized powder was
dissolved in the mobile phase and ultrasonicated for 30 min. The
precipitate was centrifuged at 16000 rpm for 10 min. The
supernatant was collected for quantitative analysis by HPLC.
The amount of drug entrapped in nanoparticles was calculated
from the different amounts of drug found in the lyophilized
powder and that in the filtrate. Drug loading (% DL) and
entrapment efficiency (% EE) were calculated according to
egs 1 and 2 as follows:

Amount of drug in lyophilized ticl
ount of drug in lyophilized nanoparticles _ -,

(1)

% Drug Loading =
n g Loadiig Amount of lyophilized nanoparticles
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Figure 1. '"H NMR spectra of P(CICLCL)-PEG-P(CICLCL) (A) and P(N;CLCL)-PEG-P(N3CLCL) (B), respectively.

% Entrapment Efficiency

Amount of drug in lyophilized ticl
_ ount of drug in lyophilized nanoparticles 100

(2)

HPLC Measurement for Quantitative Analysis of Drug
Loaded. IBU was quantitatively analyzed by HPLC (Shimadzu,
Japan) consisting of an autoinjector SIL-10A (Shimadzu), a
pump (Shimadzu LC-10AD), and a UV detector (Shimadzu
SPD-10AV). This drug was eluted through a reverse-phase
Hypersil ODS column, S um particle size, 250 X 4.6 mm
(Thermo Scientific, USA) using the mixture of methanol: water:
acetonitrile: acetic acid (35:55:10:1) as a mobile phase at a
flow rate of 1.4 mL/min. The peak area was calculated at
wavelength of 264 nm using a calibration curve over the range
2.5—40 ug/mL.

Statistical Analysis. Results were recorded as mean &+ SD of
at least three measurements. The one way ANOVA with the
Scheffe test applied post hoc for paired comparisons was
performed to compare multiple groups. All analyses were
performed using the SPSS program (SPSS 13.0 for Windows),
and differences were considered to be significant at a level of
p-value < 0.05.

Initial amount of drug added

B RESULTS AND DISCUSSION

Synthesis of P(CICL-ran-CL)-co-PEGg4ggo-co-P(CICL-ran-CL)
(P(CICLCL)-PEG-P(CICLCL)). In order to graft the desired com-
pounds on the PCL-PEG-PCL backbone, the chloride pending
PCL-PEG-PCL was initially fabricated at the various ratios and
further converted to the azide pending copolymer. P(CICLCL)-

585

PEG-P(CICLCL) at molar ratios of 0.10, 0.20, and 0.30 relative
to caproyl unit was successfully fabricated by ring-opening
polymerization using PEGy0 s an initiator and Sn(Oct), as a
catalyst (Scheme 1). The yield of all copolymers was higher than
80%. The M, of the synthesized copolymers was calculated from
the NMR spectrum (Figure 1A) according to eqs 3—6 as
previously reported with some modification.>> The molar ratios
of CICL units with respect to caproyl unit (F*cjcr) and polymer
chain (F*ic1 ) were calculated using eqs 7 and 8, respectively. All
molecular parameters are listed in Table 2.

M, cL + My, cicL + My, prG
114x + 148.5y + 44z

M, NMR

(3)

2(x—1) 4

Ly I,

3y—1)+4 4

(In 4+ cep — Ln)

1

3 a4+ ep — Lo — 1)

(7)

FuClCLzl 1
e — Ly — L)+~ L
3[A+EE A b] 2’A
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Scheme 1. Typical Procedure for Grafting of Heterocyclic and Aromatic Model Drugs along PCL-PEG-PCL
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Table 2. Molecular Characteristic Results of P(CICLCL)-PEG-P(CICLCL) and P(N;CLCL)-PEG-P(N;CLCL) Copolymers

a a b b
Fcicr or F N,CL F cicror F N,CL

copolymers calculated” theoretical calculated® theoretical % yield Mn,theod Monvr® Mucre” Mo/M,S T, (°C) T, (°C)

P(C1CLCL)-PEG-P(CICLCL)

0.10P(C1CLCL)-PEG-P(C1CLCL) 0.07 0.10 0.04 0.05 88.66 15745 16300 7437 1.8 _y 34

0.20P(C1CLCL)-PEG-P(C1CLCL) 0.17 0.20 0.09 0.10 83.62 16090 15800 6466 2.0 —59 31

0.30P(C1CLCL)-PEG-P(C1CLCL) 0.25 0.30 0.14 0.15 87.64 16435 15000 6748 1.8 —55 30
P(N,CLCL)-PEG-P(N5CLCL)

0.10P(N;CLCL)-PEG-P(N;CLCL) 0.12 0.10 0.06 0.05 84.14 15810 15458 7014 1.8 _y 42

0.20P(N5CLCL)-PEG-P(N5CLCL) 021 0.20 0.11 010 7878 16200 14200 5612 19 —s1 )

0.30P(N;CLCL)-PEG-P(N;CLCL) 0.30 0.30 0.15 0.15 73.33 16630 12160 5721 1.8 —52 38

“ Molar ratio of CICL or N3CL units calculated based on caproyl unit. ¥ Molar ratio of CICL or N3CL units calculated based on polymer backbone.
“Determined by "H NMR spectroscopy. dMn,theo = {([CL]/[PEGyp00)) X 114}+{([CICL or N3CL]/[PEGy4000]) X McicL or n3cL} + MapEGa00o
(where [CL] and [CICL or N5CL] are the molar concentration of CL and CICL or N;3CL, respectively. [PEG4000] is the molar concentration of PEGy000
(initiator ), Mcicr or n3cL is the molecular weight of CICL or N3CL, respectively, and M, prg4ooo is the number-average molecular weight of PEGyq0)-

*Determined by GPC.” No peak observed.

1 However, the M, gpc values of the copolymers from GPC results

b 3 [La+ e — Ly — ] were less than those from NMR. It could be attributed to the
Faa =7 1 1 (8) change in hydrodynamic volume of P(CICLCL)-PEG-P-
3 U+ e — Iy — I + 5 Iv + 4 L (CICLCL) bearing hydrophilic and hydrophobic segments.

where Iy is the integral of methylene proton of CL unit at 2.30
ppm, L4 e is the integral of protons of CICL unit in the range
4.00—4.25 ppm and methylene proton in PEG end unit at 4.23
ppm, I, is the integral of methylene proton in PEG unit at 3.65
ppm, I;, is the integral of methylene proton in PEG end unit at
3.90 ppm, and %, y, and z are the corresponding repeating number
of CL, CICL, and PEG units, respectively.

From Table 2, the M, xyr values of P(CICLCL)-PEG-P-
(CICLCL) were in agreement with the theoretical values.

586

Another reasonable explanation is that the molecular weight of
this amphiphilic copolymer was calculated relative to the hydro-
phobic poly(styrene) standard whose intrinsic viscosity is tre-
mendously different from that of this copolymer.***” However,
the values of the molar ratios of substituted chloride (F"c;c, and
FbC]CL) were consistent with the theoretical values (Table 2).
Synthesis of P(N3CL-ran-CL)-co-PEG44o-co-P(N3CL-ran-CL)
(P(N3CLCL)-PEG-P(N5CLCL)). P(N;CLCL)-PEG-P(N;CLCL)
was obtained by the substitution reaction between P(CICLCL)-
PEG-P(CICLCL) and sodium azide at room temperature prior to

dx.doi.org/10.1021/bc100270m |Bioconjugate Chem. 2011, 22, 582-594
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R(CICLCL)-PEG-P(CICLCL)
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Figure 2. FT-IR spectra of P(NICLCL)-PEG-P(NICLCL) in the
presence of DBU and P(PACLCL)-PEG-P(PACLCL) in the presence
of TEA in comparison with P(CICLCL)-PEG-P(CICLCL) and
P(N,CLCL)-PEG-P(N,CLCL).

grafting the selected molecules (Scheme 1). The conversion was
complete after overnight reaction. As monitored by FT-IR, the
characteristic peak of azide at 2100 cm ™' was apparent (Figure 2).
"H NMR spectrum (Figure 1B) confirmed the complete conver-
sion as seen by the entire disappearance of methyne proton peak
(CHCI) at 4.25 ppm and the presence of azide peak (CHN3) at
3.85 ppm. The M,, of P(N3CLCL)-PEG-P(N3;CLCL) was calcu-
lated from the NMR spectrum (Figure 1B) according to e%s 9—12
as previously reported with some modification.>**** The

molar ratios relative to caproyl unit (F* N, cL) and polymer back-
bone (F N CL) were calculated accordmg to eqs 13 and 14,
respectwely The other molecular parameters are illustrated in
Table 2.

Myxvr = My cL + My, nycL + My, peG

= 114x + 155y + 44z 9)
2(x—1) 4
M — (10)
Iy I
G-1)+4 4

(11)

IA+b Ic

—2 (12)

1, I
a L b — L
Fixyen = Uar )1 (13)
(v o = 1) +5 Ln
Toyp—1
F’bN3CL = (A+ 1 C) 1 (14)
(IA+b_Ic)+£IA’+EIa

587

where I is the integral of methylene proton of CL unit at 2.30
ppm, Ly, is the integral of methyne proton of N;CL unit at 3.85
ppm and methylene proton in PEG end unit at 3.90 ppm, I, is the
integral of methylene proton in PEG unit at 3.65 ppm, I, is the
integral of methylene proton in PEG end unit at 4.23 ppm, and x,
¥, and z are the corresponding repeating number of CL, N;CL,
and PEG units, respectively.

The M, nmr values of P(N3CLCL)-PEG-P(N3CLCL) were
in agreement with the theoretical values. However, M, gpc was
lower than M, nyvr as previously discussed for P(CICLCL)-
PEG-P(CICLCL). The molecular weight of P(N3;CLCL)-PEG-
P(N3CLCL) was decreased as compared to P(CICLCL)-PEG-
P(CICLCL) due to a consequence of the hydrodynamic volume
change in the substitution of chloride by azide.”® The molar ratios
of substituted azide (F'y,cr, and Py .cL) agreed well with the
theoretical values. The % conversion of chloride to azide was
almost 100% indicating the completeness and feasibility of the
reaction.

Grafting of Model Compounds along P(NsCL-ran-CL)-co-
PEG4000-c0-P(N5CL-ran-CL) by Click Reaction. The 3-butynyl
ester derivatives of two model compounds (nicotinic acid and
PABA) were attached onto the backbone through copper-
catalyzed Huisgen’s 1,3-dipolar cycloaddition reaction using
Cul and DBU as catalysts at 40 °C for 4 h (Scheme 1). The
FT-IR spectra confirmed the conversion as the azide peak at
2100 cm ™! completely disappeared, while the presence of
triazole peak at 1610 cm™ ' was observed (Figure 2). Addition-
ally, the characteristic peak of azide (CHN3) at 3.85 ppm in NMR
spectrum also disappeared and the methyne proton peak of
triazole ring was observed at 7.70 ppm (Figure 3). From the
NMR spectrum, the molar ratios of the grafting model com-
pound based on the caproyl unit and polymer chain (F* grafted-CL
and F grafted-CLs respectively) were calculated from the integra-
tion of the methyne proton of the grafted CL unit at 5.30
ppm (I,, Figure 3) and the methylene proton of CL unit at
2.30 ppm (Ip, Figure 3) according to eqs 15 and 16, respectively.

. Ia
F grafted-CL — 1 (15)
2 Ip + 14

I

b A

FoafeacL = m (16)
St lat ol

The calculation of grafting efficiency was made by the molar
ratios of N3CL unit and grafting unit using the characteristic
methyne protons close to azide at 3.85 ppm and triazole ring at
5.30 ppm in the NMR spectra, respectively. Under this condition,
the grafting efficiency of all copolymers was in the range 73—
85%, depending on the type and amount of grafting compounds
In addition, the grafting molar ratios (F* grafted-cL and P grafted- cL)
were in agreement with the theoretical values (Table 3).

Nicotinic Acid (P(NICLCL)-PEG-P(NICLCL)). The grafting of
nicotinic acid (heterocyclic model compound) also was achieved.
In addition to the apparent characteristic peak of triazole
(Figure 3A), the peak of methyne proton close to azide at 3.85 ppm
disappeared totally, and a peak at 5.30 ppm corresponding to the
peak of methyne proton of caproyl unit adjacent to triazole ring was
observed. The peaks at 7.45, 8.30, 8.70, and 9.25 ppm were assigned
as the characteristic peaks of the proton in the pyridine ring of the
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Figure 3. '"HNMR spectra of P(NICLCL)-PEG-P(NICLCL) (A) and P(PACLCL)-PEG-P(PACLCL) (B) using DBU and TEA as base, respectively.

nicotinic acid molecule. Moreover, C=C stretching at 1590 em !

and C=N stretching at 1625 cm™ ' were observed and contributed
to the overlapping between the triazole and the pyridine ring of
nicotinic acid (Figure 2). From M, gpc values (Table 3), the
molecular weight of the grafted copolymers was increased as
compared to those of P(N3;CLCL)-PEG-P(N5CLCL) (Table 2).
The molecular weight distribution was narrower than those of the
original polymers. The GPC chromatograms of most grafted
copolymers (Figure 4A) revealed a unimodal peak indicating no
degradation of the polymer chain. However, the GPC chromato-
gram of 0.30P(NICLCL)-PEG-P(NICLCL) showed a small
shoulder peak which may suggest slight degradation.

PABA (P(PACLCL)-PEG-P(PACLCL)). On the basis of our pre-

vious study,®* it was notable that the aniline group induces the

chain degradation under this condition, particularly that in
presence of the strong base, DBU, leading to an occurrence of
intra- and intermolecular transesterifications. In addition, in the
case of hydroxyl group of propargyl alcohol,” the resulting
grafted copolymers underwent a chain degradation when using
DBU as base in the reaction. The extent of degradation appeared
to be less with the use of triethylamine (TEA) instead of DBU.
Therefore, TEA was used in this study for the grafting of PABA.
Similarly to the grafting of nicotinic acid, the reaction was
complete after 4 h under this condition. This successful approach
could be visualized by the presence of the characteristic methyne
proton of the triazole ring at 7.65 ppm and the benzene ring of
PABA at 6.65 and 7.85 ppm, respectively (Figure 3B). In
addition, the FT-IR spectrum showed the peaks of N—H
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Table 3. Molecular Characteristic Results of P(NICLCL)-PEG-P(NICLCL) and P(PACLCL)-PEG-P(PACLCL) Copolymers

and Nanoparticles

Pb grafted-CL F grafted-CL

grafted copolymers” calculated”  theoretical calculated” theoretical Mgre  Mo/M, To(°C) T, (°C) size (nm)

polydispersity  zeta potential

P(NICLCL)-PEG-P(NICLCL)

0.10P(NICLCL)-PEG-  0.09 0.10 0.04 0.05
P(NICLCL)
0.20P(NICLCL)-PEG-  0.17 0.20 0.09 0.10
P(NICLCL)
0.30P(NICLCL)-PEG- 025 030 0.12 0.15
P(NICLCL)

index (PDI) (mV)
1.6 —=50 40 77£10 0192+£0.032 —9.6%13
1.7 —47 39 82+38 0.104 £ 0.024 —59+14
1.6 —43 32 120£25  0.099+£0.023 —1734+2.0

P(PACLCL)-PEG-P(PACLCL)

0.10P(PACLCL)- 0.08 0.10 0.04 0.05
PEG-P(PACLCL)

0.20P(PACLCL)- 0.16 0.20 0.09 0.10
PEG-P(PACLCL)

0.30P(PACLCL)- 0.28 0.30 0.13 0.15

PEG-P(PACLCL)

1S —34 37 1944+37 0208+£0.075 —123£15
1.7 =25 J 129+2 0276 +0.006 —11.8+1.4
14 —22 S 148+27 0.210£0.009 —10.8+0.8

“ Abbreviations: NI = nicotinic acid, PA = PABA. * Molar ratio of grafting unit calculated based on carproyl unit. “ Molar ratio of grafting unit calculated
based on polymer backbone. ¢ Determined by "H NMR spectroscopy. ° Determined by GPC.”No peak observed.
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Figure 4. GPC chromatograms of P(NICLCL)-PEG-P(NICLCL) (A)
using DBU as base and P(PACLCL)-PEG-P(PACLCL) (B) using TEA
as base, respectively.

stretching at 3400 cm” ' and C=0 stretching at 1725 cm” ' of
PABA. The peaks of C=N stretchingat 1626 cm ' of the triazole
ring and C=0 stretching at 1725 cm™ ' of the polyester polymer
were also observed (Figure 2). At 0.10 and 0.20 molar ratios, the
PABA grafted copolymers showed no degradation similar to the

nicotinic acid grafted copolymers as supported by increasing
M, gpc values and narrowing molecular weight distribution
(Table 3). Unlike the nicotinic acid grafted copolymers at 0.30
molar ratios, the PABA grafted copolymers showed no degrada-
tion as seen from the unimodal peak in the GPC chromatogram
(Figure 4B).

Thermal Properties of Copolymers and Grafted Copoly-
mers. The thermal properties of the grafted copolymers were
evaluated by DSC and TGA because these properties may affect
the rate of drug release from the polymeric carriers. The T, and
T, values of all copolymers are illustrated in Tables 2 and 3. As
shown in Table 2, the T, values of P(N;CLCL)-PEG-P-
(N53CLCL) and P(CICLCL%-PEG-P(CICLCL) tended to in-
crease as compared to those of the unsubstituted copolymer
(PCL-PEG-PCL, Ty & —60 °C*). In the case of Ty, both
chloride- and azide-substituted copolymers revealed a lower T,
than that of the unsubstituted material (PCL-PEG-PCL, T, ~
55 °C *%). With increasing percent substitution, a trend in
reduction of T, values was observed. However, P(N5CLCL)-
PEG-P(N3CLCL) provided a higher melting temperature than
those of P(CICLCL)-PEG-P(CICLCL) at all ratios.

In the case of grafting nicotinic acid (heterocyclic model) and
PABA (aromatic model) (Table 3), T, was also recorded for all
grafted copolymers. Both grafting model compounds showed an
effect on thermal properties. Particularly with the grafting PABA,
this effect was more pronounced than the grafting with nicotinic
acid at all ratios. The heterocyclic compound yielded a lower T,
than the aromatic model, and T, increased when the number of
grafting units increased in both cases. In the case of the melting
point, T,, of the nicotinic acid grafted copolymers decreased
gradually with increasing number of grafting units. On the
contrary, at 0.20 and 0.30 molar ratios of PABA, it did not yield
a T, indicating that PABA had more influence on crystallinity of
the polymer backbone than the nicotinic acid at the same ratio.
From the results, it can be concluded that grafting heterocyclic and
aromatic models reduced the crystallinity of polymer. This might
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Figure 5. Thermal gravimetric diagrams of P(CICLCL)-PEG-P(CICLCL), P(N;CLCL)-PEG-P(N;CLCL), and P(NICLCL)-PEG-P(NICLCL)
using DBU as base, and P(PACLCL)-PEG-P(PACLCL) using TEA as base, respectively.

be due to the fact that the sterically hindered molecule interrupted
the orientation of the polymer chain and thus restricted the
crystallization of polymer chain. The reduction of the crystal-
linity may affect the permeability of drug through the matrix
of copolymer when forming the micro- and nanoparticulate
systems.

The thermal stability of the grafted amphiphilic copolymers
depends on the intrinsic properties of the materials, which is
essential for practical use. To investigate the thermal degradation
of the grafted copolymers, a TGA analysis was performed
(Figure S). It was found that P(CICLCL)-PEG-P(CICLCL)
initially underwent thermal de%radation at 250 °C similar to
the degradation of poly(CICL)>” and had the inflection point at
around 330 °C. The main degradation pattern was similar to
PCL-PEG-PCL as previously reported by Gou et al.' However, a
small peak of degradation at 400 °C was observed which may be
attributed to the decomposition of the PEG segment at this high
temperature.”” Therefore, CICL and CL were randomly copo-
lymerized, since only one inflection point was detected in the
main degradation curve. In the case of P(N3CLCL)-PEG-P-
(N3CLCL), the first step was attributed to the initial rupture of
azide (N—N,) starting at the temperature around 200 oc.oM
The last two steps of thermal decomposition were observed
similar to those of P(CICLCL)-PEG-P(CICLCL). According to
the thermograms of heterocyclic and aromatic grafted PCL-PEG-
PCL, the small degradation peaks were observed at 240 °C for
P(NICLCL)-PEG-P(NICLCL) and 140 °C for P(PACLCL)-
PEG-P(PACLCL) with respect to about 9.4% and 6.5%, respec-
tively. These results were consistent with the molar ratio of
grafting unit along the whole polymer backbone. The first

step degradation was supposed to be a consequence of the

decomposition of grafting units. The main degradation peaks
of grafted copolymers were observed at different temperatures,
which were around 340 and 490 °C for P(NICLCL)-PEG-
P(NICLCL) and P(PACLCL)-PEG-P(PACLCL), respectively,
depending on the composition of copolymer. The last pattern of
thermal degradation was typically detected corresponding to the
degradation of PEG segment. However, further details are
required to ascertain the underlying mechanism.

From these results, it can be concluded that grafting could
change the polymer backbone from the semicrystalline to
amorphous form, thus altering the thermal properties. With an
increase in the molar ratios of grafting units, the copolymers
became more amorphous. In addition, the grafting molecules
affected the thermal stability of the copolymer.

Nanoparticle Formation with Grafted Amphiphilic Copo-
lymers. Nanoparticles were prepared from heterocyclic and
aromatic models grafted copolymers, and the effect of the
different properties of the grafted copolymer on nanoparticle
formation was studied. It was found that all nanoparticles
prepared from P(NICLCL)-PEG-P(NICLCL) were signifi-
cantly smaller than those from P(PACLCL)-PEG-P(PACLCL)
(Table 3 and Figure 6). With both grafting compounds, the
particle size of nanoparticles increased with increasing amounts
of grafting untis (p-value < 0.05) except for 0.10P(PACLCL)-
PEG-P(PACLCL), whereas the size distribution tended to be
smaller for P(NICLCL)-PEG-P(NICLCL) (p-value > 0.0S).
Indeed, it has been stated in general that the hydrophobic
domain of amphiphilic copolymers has an effect on the formation
of nanoparticles and micelles.”*”** As the hydrophobic portion
of the polymer chain increased, the size of particles became
larger. In this study, the grafting heterocyclic ring of nicotinic acid
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Figure 6. Particle size (A) and zeta potential (B) of blank and IBU-loaded nanoparticles (*p-value < 0.05).

Figure 7. Cytotoxicity results of P(NICLCL)-PEG-P(NICLCL) and P(PACLCL)-PEG-P(PACLCL) nanoparticles at all molar ratios of grafting units
compared to PCL-PEG-PCL nanoparticles.

and aromatic ring of PABA increased hydrophobicity of the the larger particles were observed owing to secondary aggrega-
polymer chain. In the case of 0.10P(PACLCL)-PEG-P(PACLCL), tion. It has been stated that the secondary aggregates were a
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Figure 8. % Drugloading (column) and % entrapment efficiency (diamond) after incorporation with IBU into P(NICLCL)-PEG-P(NICLCL) (A) and

P(PACLCL)-PEG-P(PACLCL) (B) nanoparticles (*p-value < 0.05).

consequence of hydrophobic—hydrophobic or van der Waals
interactions between exposed cores from hydrophobic fragments
of randomly grafted copolymer. Once the exposed cores are in
close contact with water, they aggregate to large particles.*>*¢
This could be confirmed by the bimodal peak observed in the
PCS size distribution curve based on volume, whereas a unim-
odal peak was observed in the PCS size distribution curve based
on intensity. The particle size shown in Table 3 was based on the
intensity of the scattering light; therefore, the particle size of
0.10P(PACLCL)-PEG-P(PACLCL) was the average diameter
of two groups referring to individual nanoparticles and the
secondary aggregates.

Considering the surface charge of nanoparticles (Table 3 and
Figure 6), all nanoparticles of grafted copolymers showed more
negative charge on their surface compared to the PCL-PEG-PCL
nanoparticles which had a charge of almost zero (data not
shown). This could be due to some grafted material present on
the outer surface of the nanoparticles.

Cytotoxicity of Nanoparticles. To ascertain the safety of the
grafted copolymers, all grafted copolymers were tested for their
cytotoxicity using HUVECs. In order to avoid the use of organic
solvents, the self-assembled nanoparticles were prepared and
tested for their toxicity. These results are presented in Figure 7. It
was observed that the PCL-PEG-PCL nanoparticles were toxic to
HUVECs at the concentration of 1.56 mg/mL. The cytotoxic
concentrations of 0.10P(NICLCL)-PEG-P(NICLCL) and
0.10P(PACLCL)-PEG-P(PACLCL) nanoparticles were found
at 0.78 and 1.56 mg/mL, respectively. The increasing molar
ratios of grafting nicotinic acid and PABA decreased the toxic
concentration. The percent cell viability of 0.30P(NICLCL)-
PEG-P(NICLCL) at 0.78 mg/mL was higher than that at 0.39
mg/mL probably due to the variations in cells. From the results,
it can be deduced that 0.10P(PACLCL)-PEG-P(PACLCL)
nanoparticles showed a similar toxicity compared to the PCL-
PEG-PCL nanoparticles, whereas 0.10P(NICLCL)-PEG-P-
(NICLCL) nanoparticles showed a higher toxicity to HUVECs.
In addition, the toxicity of the grafted nanoparticles increased
when the molar ratios of grafting units increased.

IBU-Loaded Grafted Amphiphilic Nanoparticles. As stated
earlier, the different structure between heterocyclic and aromatic
models may affect the drug entrapment efficacy of the nanopar-
ticles. In the present study, IBU was chosen as a model drug to
investigate the effect of different structures and amount of
grafting compounds on the loading efficiency of these nanopar-
ticles. After encapsulation of drug in nanoparticles, the particle
sizes of all grafted nanoparticles became larger as compared to
the blank nanoparticles except for 0.30P(NICLCL)-PEG-

P(NICLCL) nanoparticles, for which the change in particle size
was not significant (p-value > 0.05) (Figure 6A).

Concerning the efficiency of these carriers (Figure 8), the
percentages of drug loading (% DL) and drug-entrapment
(% EE) were evaluated. At all ratios of P(NICLCL)-PEG-
P(NICLCL), the amount of IBU loaded into the nanoparticles
was significantly higher than that into the nanoparticles prepared
from P(PACLCL)-PEG-P(PACLCL) (p-value < 0.0S). This
result could be explained by the interaction between drug and
grafting compounds of polymer. As mentioned previously, both
nicotinic acid and PABA possibly interact with loaded drug by
either 71— stacking interaction or hydrogen bonding. In the
case of —7 stacking interaction from the aromatic ring, the
extent of electron delocalization in the aromatic ring is in the
following order: aniline of PABA > benzene of IBU > pyridine of
nicotinic acid. The amino group of PABA mesomerically donates
electrons to benzene ring, which is more predominant than
electron withdrawal by the inductive effect of the nitrogen atom.
Meanwhile, the nitrogen atom in the pyridine ring of nicotinic
acid profoundly withdraws electrons leading to the localization of
the electron in the pyridine ring and then showing a stronger
basic effect. According to this fact, this 77— stacking interaction
in terms of electron charge transfer may be slightly involved
because the benzene ring of IBU acts as an electron donor to the
pyridine ring of nicotinic acid but as an electron acceptor for the
aniline ring of PABA. Finally, the benzene ring of IBU can likely
be in contact in planar formation with the aromatic ring of each
compound.*” In the case of hydrogen bonding, a hydroxyl group
of carboxylic acid of IBU is more active than a carbonyl group due
to the electron resonance between both groups of carboxylic acid
of IBU. Thus, the carboxylic acid of IBU acts as a hydrogen bond
donor rather than as an acceptor. By comparison of the pyridine
ring of nicotinic acid and the aniline group of PABA with regard
to the carboxylic acid of IBU, the hydrogen bonding thus
predominantly occurs between the hydrogen bond donor of
carboxylic acid of IBU and the hydrogen bond acceptor of the
nitrogen atom in the pyridine. From the FT-IR results, it
indicated that IBU formed hydrogen bonds with the pyridine
ring of nicotinic acid grafted on the copolymer (data not shown).
On the other hand, this bonding between IBU and PABA did not
occur, since the amino group of PABA could donate electrons to
the benzene ring indicating that it acted as a hydrogen bond
donor. According to the proposed interaction between drug and
copolymer, it was expected that % DL and % EE should increase
with the molar ratios of grafting units. From the results, it was
found that % DL and % EE increased with the increasing molar
ratios of grafting units (p-value < 0.05) except for 0.30 molar
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ratios of grafting units. The similar reduction in % DL and % EE
of both nicotinic acid and PABA grafting at 0.30 molar ratios was
observed probably because the steric hindrance of the grafting
unit at 0.30 molar ratio might limit the drug encapsulation.

Regarding the zeta potential of the prepared nanoparticles
(Figure 6B), it was found that the loaded nanoparticles displayed
smaller zeta potential values to those of the blank nanoparticles.
For all grafting of P(NICLCL)-PEG-P(NICLCL), increasing the
molar ratios of grafting units led to less negative zeta potentials of
the loaded nanoparticles. In contrast, at 0.20 and 0.30 molar ratios
of P(PACLCL)-PEG-P(PACLCL), the reversal of the charges to
positive was observed. It is well-known that the zeta potential can
be employed as an overall charge measured at the shear plane of
the particles. It is affected by the molecules surrounding the
surface of particles, which may deposit directly on the outer
particle surface or be present in the water closely to this surface.
Therefore, the decrease in zeta potential might be caused by
solubilized IBU in water, since the solubility of IBU is pH-
dependent.48 At the pH of Milli-Q water (~6.0—6.5), IBU
dissolves in ionized form (solubility at pH 6.0 = 023 mg/
mL*) in the dispersion medium. Due to the lower drug
encapsulation of the drug-loaded P(PACLCL)-PEG-P-
(PACLCL) nanoparticles, the ionized IBU might be more
available in the dispersion medium compared to that of P-
(NICLCL)-PEG-P(NICLCL). Therefore, more ionized mole-
cules, especially protons of ionized IBU, might surround the
surface of P(PACLCL)-PEG-P(PACLCL) nanoparticles and
consequently led to the positive charge of the loaded nanoparti-
cles at 0.30 molar ratio of grafting units.

B CONCLUSIONS

The modification of grafting heterocyclic and aromatic models
(nicotinic acid and PABA) along PCL-PEG-PCL with various
molar ratios of grafting units was successfully achieved through
copper-catalyzed Huisgen’s 1,3-dipolar cycloaddition. The dif-
ference in the molecular structure of grafting compounds influ-
enced the feasibility of the grafting reaction and the
physicochemical and thermal properties of the copolymers. In
addition, the nanoparticles prepared from the grafting com-
pounds exhibited different characteristics in terms of particle
size, surface charge, drug loading capacity, and entrapment
efficiency depending on the different interaction between the
grafting compounds and drug molecules. The toxicity study of
grafted nanoparticles demonstrated the safety of the grafted
nanoparticles at 0.10 molar ratios of grafting units up to the
concentration of 0.78 mg/mL. The toxicity of grafted nanopar-
ticles increased with the molar ratios of grafting units. According
to the present study, it can be concluded that the grafting of
interesting compounds onto biodegradable polymers could
modify the physicochemical and thermal properties of the
copolymer and also the characteristics of nanoparticles including
particle size, surface properties, and drug loading capacity.
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ABSTRACT

A facile and efficient strategy to graft bioactive molecules (nicotinic acid, p-aminobenzoic acid, and
phthaloyltryptophan) onto poly(e-caprolactone) (P(eCL)) was achieved by copper-catalyzed Huisgen'’s
1,3-dipolar cycloaddition known as click reaction. P(aCleCL), with 10, 20, and 30% of a-chloro-¢-capro-
lactone (aCleCL) units were copolymerized by ring opening polymerization using ¢CL and aCleCL as
starting materials in the presence of 1,4-butanediol and Sn(Oct),. Subsequently, the chloride pendent
was converted to azide followed by cycloaddition with terminal alkyne derivatives of the aforementioned
bioactive molecules. The complete addition was accomplished at all ratios. The characteristic molecular
features of these copolymers were evaluated by FTIR, NMR, and GPC. Thermal analysis data indicated that
the grafted compounds led to polymorphic alteration and different pattern of thermal degradation
depending on the molecular structure and the size of the grafted compounds. They are the basis for

further development of grafted copolymer as drug delivery carriers.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Over the past decades, research on grafting bioactive molecules
onto biodegradable polymer backbones has gained much interest to
augment the efficacy of medical and pharmaceutical applications
including drug delivery systems, tissue engineering, and medical
devices. Various methods have been used to modify biomaterials for
drug delivery. In general, drugs or attractive functional groups may
be conjugated to polymers [1—6]. But the amount of the conjugated
drug is limited since only one drug molecule or group can adhere at
one-side of the polymer chain. The other approach is accomplished
by substitution of functional groups such as hydroxyl, amino, and
carboxylic acid along the polymer backbone. Although this method
seems promising, the protic functional groups lead to intra- and
intermolecular transesterification resulting in chain degradation
and uncontrolled molecular weight [7].

The polyesters poly(lactide), poly(glycolide), and poly(e-capro-
lactone) are considered polymers with attractive properties, i.e.,
biodegradable, biocompatible and environmental friendly proper-
ties. Poly(e-caprolactone) (P(eCL)) has been synthesized and func-
tionalized to enhance its attractive properties. Several methods
have been proposed to graft functional groups along the P(eCL)

* Corresponding author. Tel./fax: +66 2 644 8677.
E-mail address: pyksp@mahidol.ac.th (K. Sripha).

backbone; however, they often encountered limitations such as
incomplete conversion [8] or multiple step synthesis [9,10].
Recently, it was reported on the possibility of grafting of functional
groups along the P(eCL) through Huisgen’s 1,3-dipolar cycloaddi-
tion, known as “click chemistry” [11]. This reaction has gained
much attention due to its feasible, easy, and mild conditions. Riva
etal. [12—14] and Lee et al. [15] demonstrated that small functional
groups (i.e., benzoate, triethyl ammonium bromide, hexyne, and
proline) and macromolecules (such as Poly(ethylene oxide) (PEO))
could be successfully grafted onto the polymer backbone by the
click reaction. In addition, the ligands could be easily conjugated
along the polymer backbone with various amounts of grafting
units. Although a number of attempts have been made to attach
either functional groups or drug molecules on polymer backbones,
only a few studies are found concerned with the attachment of
drugs onto polyester backbones, in particular onto P(¢CL) [16,17].
Therefore the pharmacologically bioactive compounds nicotinic
acid, p-aminobenzoic acid (PABA) and phthaloyltryptophan
[18—25], shown in Fig. 1, were chosen as model compounds for
grafting on P(eCL) to evaluate possible interactions between drug
molecule and the polymer during the grafting reaction and to
compare the physicochemical properties of the resulting copoly-
mers. Contrasting PABA with nicotinic acid, the pendent amino
group of PABA in para position is a protic functional group with
basic character acting as hydrogen bond donor; however, it exhibits
an acidic property according to its pKa (4.65 and 4.8) [26,27]. The

0032-3861/$ — see front matter Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
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Fig. 1. Structure of bioactive model compounds used in the current study.

nitrogen atom of the nicotinic pyridine ring on the contrary is solely
a hydrogen bond acceptor providing a pair of unshared electrons
with basic character. These differences in molecular properties may
influence the grafting reaction and affect drug loading and the
release characteristic. In addition, the homo- and heteroaromatic
rings of these two molecules can display aromatic m—stacking
interaction with other loaded drugs in nanoparticles made of these
copolymers. The third model drug, phthaloyltryptophan, was
selected as an example of a large bioactive compound the bulky
structure of which may have steric effects in contrast to the former
two drugs.

To the best of our knowledge, there is so far no report on the
engrafting of these three bioactive molecules (nicotinic acid, PABA,
and phthaloyltryptophan) on P(¢CL) by click reaction. Therefore,
the aim of this work was to study the synthesis of novel engrafted P
(eCL) with these compounds by Huisgen’s 1,3-dipolar cycloaddition,
and to evaluate its limitation as well as to compare the differing
molecular properties of the grafted copolymers including their
thermal properties in ratio to their composition.

2. Experimental section
2.1. Materials

e-Caprolactone (eCL; Aldrich) was dried over CaH; for 48 h fol-
lowed by distillation prior to use. PABA (Aldrich), nicotinic acid
(Ajax Finechem), and L-tryptophan (Fluka) were used without any
purification. 1,4-Butanediol, 3-butyn-1-ol, a-chlorocyclohexanone,
N-carbethoxyphthalimide, copper (I) iodide (Cul), 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU), and stannous (II) octanoate (Sn(Oct);)
were obtained from Aldrich Chemicals. N,N-dicyclohex-
ylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), and m-
chloroperoxybenzoic acid (mCPBA, 70%) were purchased from
Fluka. Sodium azide was purchased from Asia Pacific Specialty
Chemicals Limited. Dichloromethane (CH;Cl;), dimethylformamide
(DMF), and tetrahydrofuran (THF) were dried over molecular sieve
4 A overnight. All other organic solvents were used as received.

2.2. Phthaloylation of tryptophan

The amino group of tryptophan was reacted with N-carbe-
thoxyphthalimide according to [28,29]. Briefly, to anhydrous
sodium carbonate (0.52 g, 4.90 mmol) dissolved in 10 mL of water
was added tryptophan (0.50 g, 2.45 mmol) under stirring. After
complete  dissolution, N-carbethoxyphthalimide (0.59 g,
2.69 mmol) was introduced into the reaction flask. The reaction
mixture was further stirred for 2 h at room temperature and then
extracted twice with ethyl acetate. The aqueous layer was acidified
to pH 2—3 with 1 N hydrochloric acid solution and extracted three
times with ethyl acetate. The combined organic layers were dried
over anhydrous magnesium sulfate. The solvent was evaporated
under reduced pressure after filtration. The residue is then purified

Fig. 2. Esterification of bioactive molecules with 3-butyn-1-ol using coupling reaction
(1 = but-3-ynyl nicotinate, 2 = but-3-ynyl 4-aminobenzoate, and 3 = 3(2-N-phthali-
mido-2-(prop-2-ynyl acetayl)ethyl)indole).

by column chromatography on silica gel using a mixture of ethyl
acetate (EtOAc), hexane (Hex), and glacial acetic acid (CH3COOH)
(4:1:0.01) as mobile phase. The collected fraction was twice
extracted with purified water to eliminate residual acetic acid. The
organic layer was then dried again over anhydrous magnesium
sulfate, filtered, and evaporated under reduced pressure to yield
a yellow solid (0.8 g, 98%); m.p. 172.3 °C; TLC Rf = 0.13 (silica gel,
EtOAc:Hex:CH3COOH/4:1:0.01); FTIR (KBr) v (cm™') 3408, 3056,
2928,1774,1710,1391, 1104, 1071, 718; "H NMR (CDCl3): 6 = 3.80 (m,
2H, CH>CH), 5.35 (m, 1H, CH,CH), 7.02 (s, 1H, indole), 7.17 (m, 1H,
indole), 7.27 (d, 1H, indole), 7.62 (s, 1H, indole), 7.65 (m, 2H,
phthaloyl), 7.75 (m, 2H, phthaloyl), 8.03 (s, 1H, NH); MS (EI, 70 eV)
m/z (rel int) 335 [M + H]" and 357 [M + Na]*; Anal. Calcd. for
C19H14N204: C, 68.26; H, 4.22; N, 8.38; O, 19.14. Found: C, 68.03; H,
4.18; N, 8.29; 0, 19.50.

2.3. General procedure for esterification with 3-butyn-1-ol (Fig. 2)

The required amounts of DCC and DMAP were dissolved in
(CHyCly) in a reaction flask. An acidic model compound was added
and stirred at room temperature for 30 min 3-Butyn-1-ol was
charged through a dried stainless steel syringe under argon
atmosphere. The reaction was conducted at room temperature for
24 h. After filtration of the precipitate, the solvent was evaporated
under reduced pressure. The crude product was then purified by
column chromatography on silica gel.

2.3.1. Synthesis of but-3-ynyl nicotinate (1)

Nicotinic acid (5.0 g, 40.6 mmol), 3.4 g (48.8 mmol) of 3-butyn-
1-0l,12.6 g (61.0 mmol) of DCC, and 7.4 g (61.0 mmol) of DMAP gave
according to 2.3 an off-white solid. Purified compound 1 (5.9 g,
83%) was obtained through column chromatography on silica gel
with the mobile phase of Hex, EtOAc, and CH)Cl, (1:2:2); m.p.
46.43 °C TLC with R = 0.50, FTIR (KBr) v (cm™1): 3264, 2926, 2850,
2119, 1718;

TH NMR (DMSO-ds): 6 = 2.65 (m, 2H, CH>C=CH), 2.86 (t,
J=2.61Hz, 1H, C=CH), 4.35 (t,] = 6.48 Hz, 2H, COCH>), 7.57 (m, 1H,
pyridine), 8.28 (td, ] = 7.96 Hz, 1H, pyridine), 8.80 (s, 1H, pyridine),
9.08 (s, 1H, pyridine);

Table 1
Fed compositions of copolymerization of aCleCL and eCL.

Copolymers Fed Weight (g) Fed Mole (mmol)
aCleCL eCL aCleCL eCL
P(eCL) — 2.28 - 20
P(100.CleCL-90eCL) 0.29 2.05 2 18
P(200.CleCL-80cCL) 0.59 1.82 4 16
P(300.CleCL-70¢CL) 0.89 1.60 6 14
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13C NMR (DMSO-dg): 6 = 18.3 (CH,C=CH), 62.8 (OCH,C), 72.5
(C=CH), 80.6 (C=CH), 123.9 (CHCHCHCCO in pyridine), 125.5
(pyridine-CO), 136.8 (CHCHCHCCO in pyridine), 149.9 (NCHCCO in
pyridine), 153.7 (CHNCHCCO in pyridine), 164.5 (C=0).

2.3.2. Synthesis of but-3-ynyl 4-aminobenzoate (2)

PABA (5 g, 36.5 mmol), 3.1 g (43.8 mmol) of 3-butyn-1-0l,9.0 g
(43.8 mmol) of DCC, and 5.3 g (43.8 mmol) of DMAP gave according
to 2.3 an off-white solid. Purified compound 2 (4.5 g, 65%) was
obtained through column chromatography on silica gel with the
mobile phase of Hex and EtOAc (1:1) still as an off-white solid, m.p.
82.34 °C, TLC with R = 0.326, FTIR (KBr) v (cm™1): 3398, 3336,
3288, 1685, 1599;

'H NMR (CDCls): 6 = 2.04 (t, J = 2.5 Hz, 1H, C=CH), 2.65 (td,
J = 6.8, 2.6 Hz, 2H, CH,C=CH), 4.09 (s, 2H, NH;), 438 (t,] = 6.8 Hz,
2H, COCH3y), 6.6 (d, ] = 8.5 Hz, 2H, benzene), 7.88 (d, J = 8.5 Hz, 2H,
benzene);

13C NMR (CDCl3): 6 = 19.1 (CH,C=CH), 62.0 (OCH,C), 69.8
(C=CH), 80.3 (C=CH), 113.7 (2C, benzene), 119.2 (benzene-CO),
131.6 (2C, benzene), 151.0 (benzene-NH5), 166.3 (C=0).

2.3.3. Synthesis of 3(2-N-phthalimido-2-(prop-2-ynyl acetayl)
ethyl)indole (3)

Phthaloyltryptophan (4.7 g, 14.0 mmol), 1.2 g (16.9 mmol) of 3-
butyn-1-ol, 4.4 g (21.1 mmol) of DCC, and 2.6 g (21.1 mmol) of
DMAP gave according to 2.3 compound 3 (3.8 g, 70%) as a yellow
solid after column chromatography on silica gel with the mobile
phase of EtOAc, Hex and CHxCly (1:2:3), m.p. 97.17 °C, TLC with
R¢ = 0.60, FTIR (KBr) v (cm™): 3411, 3270, 2120, 1777, 1738, 1714;

TH NMR (CDCl3): 6 = 1.85 (t, J = 2.6 Hz, 1H, C=CH), 2.65 (m, 2H,
CH,C=CH), 3.65 (d, ] = 8.0 Hz, 2H, CHCH,-indole), 4.70 (m, 2H,
OCH,CHy), 5.30 (m, 1H, Phtaloyl-CHCH,-indole), 7.00 (s, 1H, CHNH
in indole), 7.07 (td, J = 7.04, 1.06 Hz, 1H, indole), 7.14 (td, ] = 8.07
1.1 Hz, 1 H, indole), 7.27 (dd, J = 8.09, 0.68 Hz, 1H, indole), 7.62 (s,
1H, indole), 7.64 (m, 2H, phthaloyl), 7.75 (m, 2H, phthaloyl), 8.12 (s,
1H, NH);

13C NMR (CDCl3): 6 = 18.8 (CHoC=CH), 24.7 (CHCH>-indole),
52.6 (phthaloyl-CHCOO), 63.2 (COOCH,CH,), 70.0 (C=CH), 79.5
(C=CH), 110.8 (indole), 111.1 (indole), 118.4 (indole), 119.4 (indole),
122.0 (indole), 122.6 (indole), 123.3 (2C, phthaloyl), 127.1 (indole),

131.6 (2C, phthaloyl), 134.0 (2C, phthaloyl), 136.0 (indole), 167.5 (2C,
phthaloyl), 168.9 (CHCOO).

2.4. Synthesis of a-chloro-e-caprolactone (aCleCL)

The aCleCL monomer was synthesized according to the method
of Lenoir et al. [30] with modification. Briefly, to 12.5 g of mCPBA
(50.7 mmol) dissolved in CH,Cl, were added 5 g of a-chlor-
ocyclohexanone (37.7 mmol) into the reaction flask. The reaction
was conducted at room temperature for 48 h and then cooled down
to —20 °C to precipitate the white by-product which was removed
by filtration. The filtrate was washed twice both with saturated
sodium dithionite solution and with saturated sodium bicarbonate
solution, and finally with water. Subsequently, the filtrate was dried
over anhydrous magnesium sulfate, filtered, and concentrated
under reduced pressure. Finally, the concentrated organic layer was
purified by column chromatography on silica gel with the mobile
phase Hex and EtOAc (1:3) yielding aCleCL (3.9 g, 70%); TLC
Rf = 0.35;

TH NMR (CDCl3): 6 = 1.85 (m, 3H) 2.15 (m, 3H), 4.25 (m, 1H,
COOCH»), 4.65 (m, 1H, COOCH,), 4.80 (dd, J4 = 2.03 and 7.77 Hz, 1H,
CHCl).

2.5. Synthesis of P(aCleCL-ran-¢CL)

All glassware was dried in an oven overnight before use. The
amounts of aCleCL, and eCL (see Table 1), 18 mg of 1,4-butanediol
(0.2 mmol), and 81 mg of Sn(Oct); (0.2 mmol) were weighed into
the reaction flask, which was evacuated for 15 min followed by
purging with argon gas. Then the flask was immersed in an oil bath
at 120 °C. After 6 h of polymerization, the copolymer was recovered
by precipitation in cold Hex and finally dried in vacuo for 24 h.

In case of P(eCL) synthesis according 2.5, the homopolymeriza-
tion of ¢CL (2.28 g) was initiated with 18 mg of 1,4-butanediol and
catalyzed by 81 mg of Sn(Oct),.

2.6. Synthesis of P(aN3eCL-ran-¢CL)

The azide substitution to P(aCleCL-ran-¢CL) was performed
according to Riva et al. [12]. Briefly, to 2 g of P(a.CleCL-ran-¢CL) (1

Fig. 3. General scheme for the synthesis of bioactive molecules grafted P(¢CL). TEA as base was used for the synthesis of P((PABA-g-eCL)-ran-€CL.
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equiv of aCleCL) dissolved in 5 mL DMF in a flask was added sodium
azide (1.02 equiv). The reaction mixture was stirred overnight at
room temperature. DMF was then completely evaporated under
reduced pressure and the polymeric residue dissolved in toluene.
The insoluble salt was centrifuged at 4000 rpm for 15 min. The clear
supernatant was evaporated under reduced pressure resulting in
the dry copolymer P(«Ns3eCL-ran-eCL).

2.7. Typical click chemistry reaction

Grafting of bioactive model compounds to P(¢CL) backbone was
carried out according to literature [12] with some modification.
Briefly, 200 mg of P(aN3eCL-ran-¢CL) (1 equiv of azide) was
weighed into a reaction flask containing 5 mL of dry THF. Butynyl-
ester derivative of model compound (1, 2, or 3) (1.5 equiv), Cul (0.2
equiv), and base (0.2 equiv) were then loaded into the flask. Under
atmospheric argon, the reaction was conducted at 40 °C in a ther-
mostatic bath for 4 h. The grafted copolymer was precipitated in
cold Hex and dried in vacuo overnight before characterization.

2.8. Characterizations

TH NMR spectra were recorded in CDCl; or DMSO-dg at 300 or
500 MHz, '3C NMR spectra in CDCl; or DMSO-dg at 75.45 MHz in the
FT mode with Bruker Avance 300 apparatus at 25 °C. Infrared
spectra were recorded with Jasco FT/IR-4100 spectrophotometer.
Number- and weight-average molecular weights (M, and M,
respectively) were measured by a Waters 150-CV gel-permeation
chromatograph equipped with refractive index detector. THF was
used as a mobile phase at a flow rate of 1 mL/min. Two columns of
PLgel 10 um mixed B were calibrated with polystyrene standards in
the range of MW between 4490 and 1,112,000 g/mol. Thermal
gravimetric analysis (TGA) was carried out with TGA 7 Perkin Elmer
thermogravimetric analyzer at 10 °C/min. Differential scanning
calorimetry (DSC) was performed using DSC 7 Perkin Elmer

differential scanning calorimeter calibrated with indium. Glass
transition and melting temperatures (Tg and Ty, respectively) were
measured according to running condition: the sample was
quenched to —80 °C, heated to 100 °C (first heating), cooled down
to —80 °C, and heated again (second heating). Thermograms were
recorded during the second heating cycle at 20 °C/min. Mass
spectrum was recorded in electron ionization mode at an ion source
temperature of 150 °C and an electron energy of 70 eV. Mass
spectrum was scanned from 50 to 2000 m/z.

3. Results and discussion
3.1. Phthaloylation of tryptophan

Tryptophan was phthaloylated prior to conversion to compound
3 through the reaction between tryptophan and N-carbethoxyph-
thalimide under basic condition in high product yield of 98%. 'H
and >C NMR data agreed with those of the literature [31,32]. The
melting point was checked by DSC and the onset of T, was found to
be 172.83 °C. CHN elemental analysis and mass spectrum agreed
with the theoretical structure. In FTIR spectrum, the phthaloylation
of amino group was characterized by disappearance of the strong
primary N—H stretching peak of tryptophan at 3400 cm™';
however, the weak secondary N—H stretching peak of indole was
still observed. The two bands of C=O stretching at 1710 and
1774 cm~! confirmed the two carbonyls of phthaloyl group. The
peak of C=0 stretching of the carboxylic acid at 1710 cm~! was
overlapped by that of the phthaloyl group.

3.2. Synthesis of esterified model compounds

Typically, highly regioselective copper-mediated 1,3-dipolar
cycloaddition between an azide group and a terminal alkyne
requires an access of 1,2,3 triazoles [33]. Thus, in this study the
feasible pathway was to fix the azido group onto the polymer

Table 2
Molecular characteristic results of copolymers and grafted copolymers.
Copolymers/Grafted copolymers? aCleCL or aN3 or R—C=CH]/ [a:CleCL or aN3 or R—C=CH]/ % Yield M theo® M NMR? M cpcd My/Mp¢
[eCL] Molar Ratio in Feed [eCL] Calculated Molar Ratio®
(Fgrafted)
P(eCL) — — 95.43 11,400 7737 9396 1.90
P(aCleCL-ran-¢CL)
P(100.CleCL-90eCL) 0.1 0.07 93.83 11,745 8902 10,805 1.96
P(200.CleCL-80eCL) 0.2 0.17 76.66 12,090 9085 9927 224
P(302.CleCL-70eCL) 03 0.25 88.89 12,435 6684 7550 220
P(aN3eCL-ran-¢CL)
P(100N3eCL-90¢CL) 0.1 0.09 87.53 11,810 9258 9869 2.09
P(200N3eCL-80¢CL) 0.2 0.18 78.78 12,220 10,226 9266 2.29
P(300N3eCL-70¢CL) 03 0.28 73.33 12,630 8852 7133 227
P((Nico-g-£CL)-ran-gCL)
P((10Nico-g-£CL)-90CL) 0.1 0.07 80.84 13,185 8034 11,246 1.70
P((20Nico-g-£CL)-80¢CL) 0.2 0.14 98.25 17,450 8731 7960 1.83
P((30Nico-g-£CL)-70¢CL) 03 0.24 98.11 17,059 5155 5675 1.62
P((PABA-g-¢CL)-ran-¢CL)
P((10PABA-g-£CL)-90¢CL) 0.1 0.06 98.56 13,321 12,533 10,455 1.88
P((20PABA-g-£CL)-80¢CL) 0.2 0.15 97.55 17,863 13,098 19,663 1.53
P((30PABA-g-£CL)-70¢CL) 03 0.25 96.34 17,460 11,052 18,047 1.75
P((Phatryp-g-¢CL)-ran-¢CL)
P((10Phatryp-g-¢CL)-90¢CL) 0.1 0.07 94.70 15,237 19,789 13,982 1.56
P((20Phatryp-g-£CL)-80¢CL) 0.2 0.17 93.12 22,262 21,708 15,858 1.87
P((30Phatryp-g-¢CL)-70CL) 03 0.27 95.14 23,099 24,788 12,029 1.88
2 Abbreviations: Nico = nicotinic acid, PABA = p-aminobenzoic acid, Phatryp = phthaloyltryptophan.
b Determined by '"H NMR spectroscopy.
€ M theo = @ x 114) + (%W X Mp 5CleCL or aNs&CL or Alkyne) This value was calculated based on 100% conversion of monomer; where [¢CL] is the molar

concentration of eCL, [aCleCL or aN3¢CL or alkyne] is the molar concentration of aCleCL and aNseCL and alkyne, respectively. [I] is the molar concentration of the initiator (1,4-
butanediol), and My, 4ciecL or aNs<CL or alkyne 1S the molecular weight of a.CleCL and N3¢CL and alkyne, respectively.

4 Determined by GPC.
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backbone (Fig. 3) and to esterify the model compound acids with 3-
butyn-1-ol using the coupling reaction with DCC and DMAP as
coupling reagents (Fig. 2) to provide terminal alkynyl ester deriv-
atives, which were characterized by NMR and FTIR spectroscopy as
described below.

3.2.1. Synthesis of but-3-ynyl nicotinate (1)

Under aforementioned conditions, but-3-ynyl nicotinate was
obtained in 83% yield. Compound 1 was identified by '"H NMR
using DMSO-dg as solvent. The presence of the methyne proton
signal of the terminal alkyne at 2.86 ppm and signal group of the
methylene protons adjacent to the oxygen atom of ester group at
4.35 ppm in the spectrum confirmed the structure of but-3-ynyl
nicotinate. This result was further verified by a FTIR spectrum. The
C—H stretching peak of the terminal alkyne and C=0 stretching
band of ester carbonyl were identified at 3264 and 1718 cm™!,
respectively. Also a weak signal of the C=C stretching was
observed at 2119 cm™ L

3.2.2. Synthesis of but-3-ynyl 4-aminobenzoate (2)

The coupling reaction according to 3.2 between PABA and 3-
butyn-1-ol gave but-3-ynyl 4-aminobenzoate in 65% yield.
Compound 2 was identified by 'H NMR in CDCls. The spectrum
showed again the typical signal groups for the methylene protons
(COOCH) at 4.38 ppm and the methyne proton (C=CH) at
2.04 ppm. The FTIR spectrum recorded in the KBr disc mode
showed also the C—H stretching of the terminal alkyne at
3288 cm™! and, in addition, the N—H stretching of the anilino group
around 3400 cm~ . The peaks at 1685 and 1599 cm ™! were assigned
to the C=O0 stretching and N—H bending, respectively.

3.2.3. Synthesis of 3(2-N-phthalimido-2-(prop-2-ynyl acetayl)
ethyl)indole (3)

Phthaloyltryptophan (see 3.1) was esterified with 3-butyn-1-ol
to provide the terminal alkyne functional group according to 3.2 in
70% yield. Compound 3 was identified by 'H NMR in CDClz. The
spectrum exhibited the characteristic signal group for the methy-
lene protons (COOCHy) at 4.70 ppm of the ester linkage and that of
the alkyne proton at 1.85 ppm. The FTIR spectrum showed the
corresponding C—H stretching of the C=CH group at 3270 cm ™
and the C=0 stretching peak at 1738 cm™ .

3.3. Synthesis of P(aCleCL-ran-¢CL)

The aCleCL unit was copolymerized at various molar ratios (0.10,
0.20, and 0.30) with ¢CL monomer by ring opening polymerization
in the presence of the initiator 1,4-butanediol and the catalyst Sn
(Oct); (Fig. 3). The molar ratio of monomer to initiator and to
catalyst, respectively, was set to 100 each. The yield of the copol-
ymers was in each case higher than 70% with molar ratios of the
aCleCL units calculated from 'H NMR which were in agreement
with the theoretical values.

The My, theo Values were calculated based on 100% conversion
of the monomer, the M, nmr Values in Table 2 according to [30]
with some modification. Both sets differ to a large extent from
each other. This fact might be explained by the electron with-
drawing property of the chloride atom in aCleCL leading to
a higher reactivity of its lactone moiety in comparison to that of
eCL. This caused additional inter- and intramolecular trans-
esterifications during the optimized polymerization process at
the high temperature of 120 °C, which were particularly inevi-
table at the high 0.3 ratio of aCleCL versus eCL. The complete
molecular parameter set of the copolymers and grafted copoly-
mers are compiled in Table 2.

3.4. Synthesis of P(aNseCL-ran-¢CL)

Conversion of the chloride pendants to azides was done prior to
grafting the model compounds along the polymer chain. P(aCleCL-
ran-¢CL) was substituted with sodium azide in DMF at room
temperature (Fig. 3) in an overnight reaction. The 'H NMR spec-
trum confirmed the complete conversion by means of the azide
methine signal (CHN3) at 3.85 ppm and the entire disappearance of
methyne proton signal (CHCI) at 4.25 ppm. The azide group was
also monitored by FTIR by means of the characteristic band at
2100 cm™~". The molecular weight of P(aN3eCL-ran-eCL) was slightly
increased due to the azide substitution compared to that of P
(aCleCL-ran-¢CL) (Table 2).

Fig. 4. FTIR spectra of P((Nico-g-¢CL)-ran-¢CL) (A), P((PABA-g-¢CL)-ran-¢CL) (B), and P
((Phatryp-g-eCL)-ran-gCL) (C), respectively, in comparison with P(¢CL) homopolymer, P
(aCleCL-ran-¢CL), P(aN3eCL-ran-eCL), and alkyne terminated drug molecules. DBU as
base was used for the syntheses of (A) and (C), respectively, whereas TEA for that of (B).
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Fig. 5. 'H NMR spectra of P((Nico-g-CL)-ran-eCL) (A), P((PABA-g-£CL)- ran-eCL) (B), and P((Phatryp-g-sCL)-ran-CL) (C), respectively. DBU as base was used for the syntheses of (A)
and (C), respectively, whereas TEA for that of (B).

3.5. Engrafting of model compounds along P(aN3eCL-ran-¢CL) by P(aN3eCL-ran-¢CL) backbone through copper-catalyzed Huisgen’s
click reaction 1,3-dipolar cycloaddition reaction at 40 °C using Cul as catalyst and
DBU as base, (Fig. 3). Under monitoring by FTIR, the reaction was

The 3-butynyl ester derivatives of the three model compounds completed after 4 h with the complete disappearance of azide peak

nicotinic acid, PABA, and phthaloyltryptophan were engrafted onto at 2100 cm ! indicating the entire conversion of the pendent azide
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to the triazole ring which showed the characteristic peak at
1610 cm™ . Fig. 4 illustrates the FTIR spectra of all grafted copoly-
mers. In addition, the 'H NMR spectrum confirmed the cycloaddi-
tion by the methyne proton signal of the triazole ring at 7.7 ppm
and the disappearance of the methyne proton signal of azide
(CHN3) at 3.85 ppm.

The average molecular weight (Mynmr) of the grafted copoly-
mers and the molar fraction (Fgrafeq) Of the engrafted model
compounds were calculated according to equation (1) and 2, where
I represents the integration of the respective 'H NMR peaks
assigned in Fig. 5, and M the molecular weight of compound 1, 2, 3
(Malkyne), and the caprolactone unit (Mect), respectively. All values
are summarized in Table 2 together with the calculated grafting
efficiencies (Fgrafted) Which were higher than 80%.

Equation (1)

For nicotinic acid and PABA grafted P(eCL)

[IA X Malkyne] + [%ID X MSCL]

1
alH

My nvr =

For phthaloyltryptophan grafted P(eCL)

[IA+L X Malkyne] + [Ip x Meci]

Inem — IaqL

Mpnvr = 2 %

Equation (2)
For nicotinic acid and PABA grafted P(eCL)

Ia

F rafted—CL — 17 . 1
& %ID + IA

For phthaloyltryptophan grafted P(eCL)

IA+L

Forafted—cL = 77—
& Ip+1asL

3.5.1. Grafting of but-3-ynyl nicotinate (1) along the P(¢CL)
backbone

But-3-ynyl nicotinate (1) was successfully grafted onto the
polymer backbone. Fig. 5A shows the 'H NMR spectrum of nicotinic
acid grafted P(eCL) with the characteristic peak of methyne proton
of caproyl unit adjacent to the triazole ring at 5.30 ppm (peak A),
while the former signal of the methyne proton adjacent to the azide
at 3.85 ppm was missing. Further new peaks at 7.45, 8.30, 8.70 and
9.25 ppm were assigned to the protons of nicotinic pyridine ring.
These results were confirmed by characteristic peaks of C=C
stretching at 1590 cm ™!, and of C=N stretching at 1625 cm™! in the
FTIR spectrum originating from the overlapping vibrations of the
C=N bonds of the triazole and pyridine rings (Fig. 4A).

The molecular weights of the grafted polymers declined only to
a minor extent as compared to those of P(aN3eCL-ran-¢CL) and P
(aCleCL-ran-eCL) (Table 2). In case of the grafted nicotinic acid, at low
percent grafting, the M, value was remarkably lower for 30% graft-
ing. However, the molecular weight distribution was narrower than
those of the original polymers and the value of Myy/M; and GPC
chromatogram showed a unimodal peak (data not shown). If one
considers the difference of My theo and My nmr, degradation must
have occurred. The nitrogen atom of the nicotinic pyridine ring acts
as an intramolecular nucleophile with its localized lone pair elec-
tron, cleaving the ester bond by attacking the carbonyl group during
the grafting step independent of the strength of the base used.
Therefore the extent of polymer degradation could not be mini-
mized, yielding short polymer units which could not be precipitated
by cold hexane. This, finally, explains the unimodal GPC peak.

Fig. 6. GPC chromatograms of P((PABA-g-€CL)-co-eCL) at 30% mole of PABA repre-
senting the products of the cycloaddition with TEA and DBU (—,=),respectively, as
base.

3.5.2. Grafting of but-3-ynyl 4-aminobenzoate (2) along the P(¢CL)
backbone

For grafting but-3-ynyl 4-aminobenzoate (2) onto the polymer
backbone, DBU was initially used and acted as a base in the
cycloaddition reaction. Similar to grafting of nicotinic acid, the
reaction was complete after 4 h. At 10% grafting, the corresponding
grafted copolymer was attainable without degradation as seen by
an increase in My, cpc without broadening the polydispersity index
of molecular weight (PDI) compared to that of P(10aN3eCL-ran-
€CL). Once the percent grafting of but-3-ynyl 4-aminobenzoate (2)
was increased to 20 and 30% in the presence of the strong non-
nucleophilic, sterically hindered base DBU [34,35], the PDI grew
dependently, only slightly raised for the 20% grafting copolymer
(data not shown). In contrast, for 30% grafting the GPC chromato-
gram showed a bimodal peak (Fig. 6), indicating a heterodispersed
molecular weight arising from polymer degradation by DBU base

Table 3
Thermal parameters of copolymers and grafted copolymers determined by DSC
thermograms.

Copolymers/Grafted copolymers® Tg (°C) Tm (°C)
P(eCL) Nd° 50.9
P(aCleCL-ran-¢CL)

P(100.CleCL-90¢eCL) —74.7 35.2
P(200.CleCL-80¢CL) -52.6 36.4
P(300.CleCL-70¢CL) -55.9 12.1
P(aN3eCL-ran-¢CL)

P(100N5eCL-90¢CL) —58.1 37.8
P(200N3eCL-80¢CL) —46.8 17.6
P(300:N5¢CL-70¢CL) —499 19.7
P((Nico-g-¢CL)-ran-¢CL)

P((10Nico-g-¢CL)-90¢CL) -30.1 38.6
P((20Nico-g-£CL)-80¢CL) -27.5 -
P((30Nico-g-£CL)-70¢eCL) -136 =
P((PABA-g-¢CL)-ran-¢CL)

P((10PABA-g-£CL)-905CL) —41.0 37.1
P((20PABA-g-£CL)-805CL) ~132 =
P((30PABA-g-£CL)-70¢CL) -56 =
P((Phatryp-g-¢CL)-ran-¢CL)

P((10Phatryp-g-CL)-90CL) —15.1 =

P((20Phatryp-g-¢CL)-80¢CL) - -
P((30Phatryp-g-¢CL)-70¢CL) — —

Tg and Ty, stand for glass transition and melting temperatures, respectively.

2 Abbreviations: Nico = nicotinic acid, PABA = p-aminobenzoic acid,
Phatryp = phthaloyltryptophan.

b Nd = Not determined.

¢ — = no peak observed.
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catalyzed nucleophilic ester cleavage in the polymer backbone
caused by the deprotonated amino group of the PABA aniline
fragment. This is leading to intra- and intermolecular
transesterifications.

When the milder base triethylamine (TEA) was used instead of
DBU, the extent of degradation of the easily degraded polymer
backbone was diminished. Therefore, TEA was further on used in
this study, leading to successful grafting PABA onto the polymer

chain. Under this modified condition the grafted copolymers at 20
and 30% showed molecular weights which increased with the same
molecular weight distribution as compared to P(aN3eCL-ran-g¢CL)
(Table 2). The GPC chromatogram confirmed this result with
a unimodal in stead of the bimodal peak.

The grafted copolymer was characterized by the '"H NMR signal
of the methyne proton of the triazole ring at 7.65 ppm and those of
the benzene protons of PABA at 6.65 and 7.85 ppm (Fig. 5B). The

Fig. 7. TGA profiles of copolymers and grafted copolymers at 20% molar ratio (— = %weight loss; —-—- = 1st derivative).
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grafting was also confirmed by the FTIR spectrum with bands for
N—H stretching at 3400 cm™!, C=N stretching of the triazole ring at
1626 cm ™!, and C=0 stretching of the polyester polymer and ester
bond of the pendent PABA, at 1700 and 1725 cm™, respectively
(Fig. 4B).

3.5.3. Grafting of phthaloyltryptophan by means of 3(2-N-
phthalimido-2-(prop-2-ynyl acetayl)ethyl)indole (3) along the
P(eCL) backbone

The phthaloyltryptophan by means of 3(2-N-phthalimido-2-
(prop-2-ynyl acetayl)ethyl)indole (3) was used as a large and bulky
representative to investigate the limitation of grafting onto P(¢CL)
backbone through click reaction. However, this compound could be
completely attached along P(eCL) after 4 h using the same condi-
tions as for engrafting of nicotinic acid. The 'H NMR spectrum
showed the characteristic signal of triazole proton (Fig. 5C),
together with the typical set of signal groups of phthaloyl-
tryptophan between 6.9 and 8.0 ppm coinciding with the absence
of methyne proton signal of the former azide (CH—N3) at 3.85 ppm.
The FTIR spectrum (Fig. 4C) also confirmed the successful click
reaction by means of the N—H stretching peak at 3400 cm~' and
the two C=O stretching bands at 1710 and 1774 cm~! of the
phthaloyl group.

The molecular weight of the grafted copolymer calculated from
TH NMR and GPC gradually increased according to the increasing
number of grafted units. Its distribution was narrower than that of P
(aN3eCL-ran-¢CL) (Table 2). Unlike to the grafted PABA, DBU did not
cause any severe chain degradation according to GPC results, since
the indole ring proton is less acidic and sterically hindered by the
phenyl ring and hardly converted to the nucleophilic species.
However, this steric effect did not disturb the completeness of
grafting reaction. In contrast, Riva et al. [12] were only able to
engraft a linear macromolecule, PEO, on the P(¢CL) backbone to just
40% probably due to stronger sterical interaction between two
macromolecules than in the case of phthaloyltryptophan with
complete of engrafting.

3.6. Thermal properties of the copolymers and grafted copolymers

The thermal properties of the grafted copolymers were
measured with DSC and TGA and compared to those of the original
P(aN3eCL-ran-¢CL) and P(aCleCL-ran-¢CL). The glass transition
temperature Tg and melting temperature Ty, values characterizing
the polymorphic properties of the copolymers are summarized in
Table 3 indicating their semisolid form. In case of an undetectable
Tms the polymer is amorphous. In some cases of destructible
polymers Tgs cannot be detected. The Tgs values of P(aN3eCL-ran-
¢CL) and of P(aCleCL-ran-¢CL) tend to increase with increasing
molar ratio of substituted units, meanwhile their T;;s tend to
decline.

The increase of grafted units in the copolymer resulted in the
change of the polymorphic form from semi-crystalline to amorphous,
altering their thermal properties. At 10% grafting of nicotinic acid and
PABA, respectively, the Ty, was observable while at higher ratios it was
undetectable. In case of grafting phthaloyltryptophan, T, was not
detected at all grafting ratios. Thus, conversion from polymorphic to
amorphous form of these kinds of copolymers goes with their size
and/or with the increasing number of substituted units.

To investigate the thermal degradation of the copolymers in
comparison with the grafted copolymers, TGA profiles were recor-
ded. Fig. 7 illustrates TGA profiles of copolymers and grafted copol-
ymers at 20% molar ratio. The thermograms of P(aN3eCL-ran-¢CL)
and P(aCleCL-ran-eCL) show different thermal degradation pattern.
Although, the starting degrading temperature of both copolymers at
around 200 °C was similar, in case of P(aCleCL-ran-eCL) the main

degradation peak appeared at around 335 °C followed by a small
degradation peak, a moderate degradation peak at 370 °C, and by
a small broad degradation peak starting at 460 °C. In contrast, P
(aN3eCL-ran-¢CL) showed a small degradation peak at 270 °C
attributed to the initial rupture of azide (N—N3) [36,37] and an
extensive weight loss was found at 350 °C followed by moderate
degradation peaks at 400 °C. In case of the grafted copolymers, the
thermal degradation pattern of P((Nico-g-¢CL)-ran-¢CL was the same
as that of P(aN3eCL-ran-¢CL). The thermogram of P((PABA-g-¢CL)-
ran-eCL exhibited only two main degradation peaks, an extensive at
320 °C and a moderate one at 370 °C. the latter one being stronger
than that of P(aN3eCL-ran-¢CL) at comparable temperature. For P
((Phatryp-g-¢CL)-ran-¢CL, the extensive degradation started at
370 °C while the second degradation step was shifted to about
550 °C. According to these results all copolymers and grafted
copolymers are thermally stable to about 200 °C in dried state.

From these combined results it can be concluded that the
thermal properties of the grafted copolymers are largely governed
by the type of grafted bioactive model compound at the polymer
backbone. The larger bioactive molecule altered the thermal
properties stronger than the smaller type. In addition, an increasing
amount of grafted model compound changed the structure of the
grafted copolymer to the amorphous form.

4. Conclusion

Three bioactive model compounds (nicotinic acid, PABA, and
phthaloyltryptophan) were successively grafted onto the P(eCL)
backbone through copper-catalyzed Huisgen’s 1,3-dipolar cyclo-
addition or the “click reaction”. Under very mild conditions, the
reaction could preserve the length of the polymer backbone.
However, reflecting the type of the model compound containing
either a protic or a nucleophilic group the type of base used in the
reaction is the critical issue since in combination they may
possibly lead to intra- or intermolecular transesterification and
thus induce the polymer chain degradation. Several types of
model compounds could be grafted along the polymer backbone
by varying amounts of the aCleCL units on the backbone. The
molecular size of the compounds modified the physicochemical
and thermal properties of the grafted copolymers compared to
the copolymer. The grafted copolymers could be identified by
FTIR, NMR, and GPC analysis. Derived from this accomplishment,
various kinds of drugs including cytotoxic drugs, peptides and
proteins, could probably be grafted along the polymer backbone
in ongoing research in order to modify the physicochemical
properties of drugs and also of macromolecular carriers to be
more suitable for drug delivery applications. The conjugation of
these grafted copolymers with other polymeric carriers such as
PEG and nanoparticles prepared from these grafted copolymers
are being under investigation to gain more efficient drug delivery
systems.
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Abstract

Nanotechnology is a straightforward strategy for the development of drug delivery
systems. Poly(caprolactone) (PCL) has been used as a hydrophobic biodegradable polymeric
core of nanoparticles for encapsulation of various kinds of self-problematic drugs. In this
study, PCL was fabricated by ring opening polymerization and the nanoparticles were then
obtained by solvent diffusion and evaporation method using Tween 80 and Span 80 as
surfactants and Poloxamer 188 as a stabilizer. Ibuprofen and indomethacin were encapsulated
into the PCL nanoparticles to observe the effect of molecular characteristics on the
physicochemical properties of the nanoparticles. The results showed that the characteristics of
encapsulated drugs profoundly affected the physicochemical properties of the nanoparticles.
After incorporation of drug, indomethacin provided smaller particle size, less size
distribution, and more negative surface charge as compared to ibuprofen, probably due to the
individual effect on the polymer and surfactant during nanoprecipitation. Also, %yield,
%entrapment efficiency and %drug loading of indomethacin-loaded nanoparticles were
higher than those of ibuprofen-loaded nanoparticles at all drug:polymer ratios. The result
indicated that the hydrophilic small molecular drug, ibuprofen, was less efficiently entrapped
in the system than the hydrophobic larger molecular drug, indomethacin, due to the drug
leakage during incorporation process by nanoprecipitation method. Thus, it can be concluded
that the different physicochemical properties of drug profoundly have individual effect on the
drug-loaded PCL nanoparticles.

Key words: indomethacin, ibuprofen, poly(caprolactone), nanoparticle
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INTRODUCTION

Over the past periods, nanotechnology
has been enormously gained an attention in
the field of drug delivery system. Stemming
from the extremely small size of this system,
the therapeutic efficiency of drug loaded in
this system is enormously improved. Many
attempts have been considerably utilized to
fabricate the nanoparticles as effective
and efficient nano-carriers to overcome
the limitation of drug administration; for
instances, to surpass the physiological barrier,
to precisely deliver to the targeted tissue or
organ, to controllably extend the desired
residence time, to enhance the therapeutic
benefit, and to minimize the undesirable
side effect’. Several kinds of core shell
particles have been fabricated to incorporate
the drugs such as solid lipid, natural, and
synthetic polymers®** by the different
methods developed for the achievement of
highly effective carriers for each kind of
drug. Among the synthetic polymers,
polyester is one of interest for medical and
pharmaceutical purposes due to its
biodegradable and biocompatible properties.
Poly(caprolactone) (PCL) is a good candidate
in this group and has been remarkably
applied for the development of carriers
since it shows semi-crystalline, highly
permeable, and slowly degradable both
in vitro and in vivo properties***. The
characteristics of carriers made from PCL
can be desirably modulated by, for examples,
covalently bonding or physically blending
with other polymer etc. Up to present, the
PCL carriers have been developed to
deliver various kinds of pharmacological
actives, including antibiotics®, antifungals,
vaccines'’, anticancer drugs'®*®, sunscreen
agents®, anticonvulsants®, and DNA%.

Ibuprofen (IB) and indomethacin
(IN) (Figure 1) are weak acid non-steroidal
anti-inflammatory drugs (NSAIDs) available
in the market. Typically, these drugs are
orally effective in medical treatment
of osteoarthritis, rheumatoid arthritis,
inflammations, and a variety of pains®.
Nevertheless, the major side effect of such
drug is known to irritate the GI tract.
These drugs are classified according to

their structure, into the different group. 1B
is classified in propionic acid derivatives
and IN is acetic acid derivatives**?.
Regarding their structures, IN contains
methylated indole ring which is not found
in IB. This distinguished structure results
in the different characteristics in molecular
volume and numbers of functional group
to form bonding®.

In general, one consideration conceming
the development of nanocarrier is the
compatibility between incorporated drug
and polymeric core referring to miscibility
and/or interaction without alteration in
chemical structure. Not only the nature of
nanostructure core but also the molecular
characteristic of drug can affect the
properties of the system, such as stability,
drug loading capacity, drug entrapment
efficiency, and drug release profiles,
proceeding through the interaction between
drug and polymeric core involving van der
Waals force, dipole-dipole interaction, and
hydrogen bonding®®. Therefore, it is in
consideration that various characteristics of
drugs and polymers can possess the
interaction that leads to differences in the
characteristics of the carriers including micro-
and nanoparticles. To the best of our
knowledge, the comparison between different
structure of these two NSAIDs (IB and IN)
affected the characteristics of PCL
nanoparticles has not been studied. Therefore,
the present study aimed to investigate the
structural effect of these two drugs on the
physicochemical characteristics of PCL
nanoparticles after drug-incorporation. In
this study, PCL was synthesized by ring
opening polymerization (ROP) and its
characteristic was then evaluated by NMR
spectroscopy and gel permeation chromatography
(GPC). The PCL nanoparticulate dispersion
was prepared by solvent diffusion and
evaporation technique using Tween 80 and
Span 80 as a pair of surfactants, and
Poloxamer 188 as a stabilizer. Subsequently,
IB and IN at the various drug and polymer
ratios were loaded into the PCL nanoparticles
to study the effect of their molecular
structures on the physicochemical properties
of the nanoparticles.
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Ibuprofen

Cl

Indomethacin

Figure 1. Structure of ibuprofen and indomethacin.

MATERIALS AND METHODS

Materials

g-Caprolactone monomer (CL; Aldrich,
Steinheim, Germany) was stirred over
calcium hydride for 48 h and distillated prior
to use. 14-Butanediol, poloxamer 188
(PL188), polysorbate 80 (Tween 80, TW80),
and stannous (Il) octanoate (Sn(Oct),) were
obtained from Sigma-Aldrich, Steinheim,
Germany. Sorbitan oleate (Span 80, SP80)
was purchased from Croda Iberica SA,
Barcelona, Spain. Milli-Q water was used
by purification with a Synergy® (Millipore,
Molsheim, France). Other organic solvents
were used as received. Acetonitrile and
methanol were of HPLC grade from Merck
(Damstadt, Germany). Glacial acetic acid
(100%) was purchased from VWR
International S.A.S, Damstadt, Germany.
Ibuprofen and indomethacin were kindly
gifted from Vita Co. Ltd, Bangkok, Thailand,
and Government Pharmaceutical Organization
(GPO), Bangkok, Thailand, respectively.

Polymerization

CL monomer (1.14 g, 10 mmole)
was polymerized by ROP using one-tenth
molar equivalence (compared to mole of
monomer) of 1,4-butanediol as an initiator
and Sn(Oct), as a catalyst*>*2. The mixture
in the reaction flask was evacuated for 15
min and the reaction was processed in an
oil bath at 120°C for 6 h under argon
atmosphere. The crude polymer was purified
by precipitation in cold hexane and dried in
vacuo overnight.

Polymer characterization

'H-NMR spectrum was recorded in
FT-mode with Bruker Avance 300 apparatus
(Bruker corporation, Rheinstetten, Germany)
using CDCIl; as a solvent. Number- and
weight-average molecular weights (M,
and M, respectively) of polymer were
evaluated by a Water 150-CV GPC (Waters
Corporation, Massachusetts, USA) equipped
with refractive index detector. The polymer
was eluted from 2 columns of PLgel 10 um
mixed B (Varian, Inc., California, USA)
using tetrahydrofuran (THF) as a solvent.
The molecular weight values were
calculated relative to those values of
polystyrene standards calibrated in the range
of 4,490-1,112,000 g/mole.

Nanopatrticle preparation

Fifty milligrams of PCL was dissolved
in THF containing SP80. An organic solution
was gently added to an aqueous phase
containing TW80 and PL188 under magnetic
stirring. The solvent was removed under
reduced pressure. The final volume of
dispersion was adjusted to the initial volume.
The aggregates were filtered out through
0.45 pum cellulose acetate membrane filter
(Millipore, Schwalbach, Germany). The
Iyophilized powder was obtained after freeze
drying process. In case of drug loaded
nanoparticles, an accurate amount of drug
(Table 1) was initially added into polymer
solution, and the loaded nanoparticles were
prepared as previously described.
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Table 1. Compositions of the preparation of the nanoparticles

Formulations  D:P Ratio® Weight (mg)
PCL TW80 SP80 PL188 Drug
Blank 0:10 50 25 25 25 -
IB/IN-NP-2 2:10 50 25 25 25 10
IB/IN-NP-3 3:10 50 25 25 25 15
IB/IN-NP-4 4:10 50 25 25 25 20
IB/IN-NP-5 5:10 50 25 25 25 25
®Drug:PCL polymer ratio
Nanoparticle characterization Quantitative analysis of drug
The particle size, polydispersity The amount of drug was quantitatively

index (PDI) and zeta potential of the obtained
nanoparticles were measured by Photon
Correlation ~ Spectroscopy (PCS)  using
Zetasizer 3000 HSA (Malvern Instruments,
Malvern, UK). The measurements were
analyzed with HeNe laser (633 nm, 90°
angle) at 25°C.

Drug loading and entrapment efficiency

The nanoparticle dispersion was
transferred into Microcon Ultracel YM-30
tube (MW cut-off 30,000 Dalton) (Millipore,
Schwalbach, Germany) and centrifugally
filtered at 16,000 rpm for 10 min. The
amounts of drug in the lyophilized powder
and in the filtrate were analyzed by HPLC
method. The difference of the amount of drug
between in lyophilized powder and in
filtrate was used to calculate the amount of
drug incorporated in the nanoparticles.
The yield, drug loading and entrapment
efficiency were calculated according to the
following equations (eg. 1-3):

% Yield =

analyzed by HPLC assay using HPLC
spectroscopy (Shimadzu Corporation, Kyoto,
Japan) consisting of an autoinjector SIL-
10A and a pump LC-10AD (Shimadzu
Corporation, Kyoto, Japan). The quantity
of eluted drug through a reverse phase
Hypersil ODS column, 5 um particle size,
250%x4.6 mm (Thermo Scientific, Massachusetts,
USA) was detected at 264 nm for IB
and 254 nm for IN wusing a UV
detector (Shimadzu SPD-10AV, Shimadzu
Corporation, Kyoto, Japan). The mixture
of methanol: water: acetronitrile: acetic
acid (35:55:10:1) was used as a mobile phase
at the flow rate of 1.4 and 1.2 ml/min for
IB and IN, respectively.

Data analysis

The data are present mean valuest
standard deviation (SD). Significance of
difference was evaluated using Student’s
t-test and one-way ANOVA at the
probability level of 0.05.

% Drug Loading =

Amount of lyophilized nanoparticles g (1)
Initial amount of total solid content
Amount of drug in nanoparticles 8 @)
Amount of lyophilized nanoparticles
Amount of drug in nanoparticles <100 3)

% Entrapment Efficiency =

Amount of drug fed initially
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RESULTS AND DISCUSSION

Synthesis of poly(caprolactone)

PCL was synthesized by ROP method
using 1,4-butanediol and Sn(Oct), as an
initiator and a catalyst, respectively. Figure 2
demonstrates NMR spectrum of the
synthesized PCL. The M e and My nwr Were
calculated based on theory and 'H-NMR
integral value according to the eg. 4 and 5,
respectively, as shown belows:

e =@x114 “
’ [1]
M \ur = 2x1 x114 )

F
where [CL] and [I] are the molar
concentrations of CL monomer and initiator,
respectively. 1, and I are the integrals of
methylene proton at 2.30 ppm (peak A,
Figure 2) and 3.65 ppm (peak F, Figure 2),

(0
OJJ\/\/\/OI(\/\/\OH
ABCDE F

respectively. A factor of 114 refers to the
molecular weight of CL monomer.

The molecular weight value was
well agreed with the theoretical value as
shown in Table 2. The value of M, gpc Was
the highest among the other molecular
weights due to the fact that this value was
relatively calculated using polystyrene as a
calibration standard. In general, the molecular
weight  determined  from  polystyrene
calibration by GPC technique according to
Mark-Houwink equation is approximately
two times the actual molecular weight as
previously reported®*®. The M,/M, indicated
the broad molecular weight distribution of the
synthesized  polymer due to the
transesterification during the polymerization
at high temperature and such broad value
was generally obtained when using
Sn(Oct), and bi-functional alcohol as a
catalyst and an initiator, respectively®"*,

2

s

B+C+D

—

i
A

—_— e —5 A _—
5 .
5 « 3 2 1 a4

Figure 2. "H-NMR spectrum of the synthesized PCL
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Table 2. The molecular characteristics of the synthesized PCL

Composition Mmoo  Miavr

M°crc  MPuopc  Mu/M,

PCL 11,400 10,643

14,369 9,934 1.45

#determined by *H-NMR spectroscopy
®determined by GPC

Nanoparticle formation

To prepare nanoparticles of PCL
having hydrophobic core, the stabilizer was
essentially involved in the formulation.
Typically, TW80 and SP80 have been used to
stabilize emulsion in topical medication. In
our preliminary study, it was found that
the use of this pair of surfactants could not
stabilize PCL nanoparticles in an aqueous
dispersion. PL188, which is widely used
as a steric stabilizer in the formation of
polyester nanoparticles, was added in the
formulation to additionally stabilize the
PCL nanoparticles. The particle size of the
blank nanoparticles was found to be 219
nm with negative surface charge (approx. -
16 mV) (Table 3). Figure 3 illustrates the
effect of D:P ratio on the particle size and
zeta potential of the nanoparticles. After
incorporation of IB, the particle size and
PDI gradually increased when D:P ratio
increased. In the meantime, increasing D:P
ratio tentatively increased the particle size
of the IN-loaded nanoparticles and the
PDI increased with the increasing particle
size. This might be due to the fact that
increasing D:P ratio led to more amount of
drug incorporated into the polymeric core
of the nanoparticles as can be seen from
%DL that at the constant amount of solid
content, increasing the drug added resulted
in the increase in %DL (Figure 4B). The
particle size of IB-loaded nanoparticles
was significantly larger than that of IN-
loaded nanoparticles although IN displays
the higher molar volume than IB indicating
the bigger molecular size of IN (209.8
mL/mole for IN and 1955 mL/mole for
IB*). According to the molar volume, it was
anticipated that the particle size of IN-
loaded nanoparticles would be larger than
IB-loaded nanoparticles. However, the

opposite result was obtained probably due
to the fact that the different characteristic
of drug may have an individual effect
on the polymer and SP80 during the
incorporation process, based on the
nanoprecipitation method, resulting in the
slightly compacted polymeric core®?.

As compared to the surface charge
of the blank nanoparticles, after loading
IB, the surface charge of the IB-loaded
nanoparticles was not affected by the
presence of IB. On the contrary, IN
suppressed the surface charge of the
nanoparticles to be more negative than
that of the blank nanoparticles and also 1B-
loaded nanoparticles (Table 3). The more
negative charge of IN-loaded nanoparticles
was presumably contributed to some extent
of IN molecules which deposited nearby the
surface of nanoparticles. Since a pair of
surfactants was used to stabilize the
nanoparticles during the nanoparticle
formation, the molecule of IN might be
inserted between the interface of
nanoparticles thereby affecting the surface
charge of particle. The more negative
charge of drug-loaded nanoparticles has
been previously reported with increasing
D:P ratio and %DL, unfortunately no
explanation has been stated*”*, From the
results, the higher %DL of IN than IB at
all D:P ratios led to the more negative
charge of IN- than IB-loaded nanoparticles.
Nonetheless, the more negative charge of
nanoparticles did not correlate to the
increasing %DL of both loaded drugs in
nanoparticles which may be due to the
increment in size distribution as particle
size increased. Thus, it may be deduced
that the characteristics of entrapped drug
independently affected the surface charge
of nanoparticles depending on amount of
drug deposited on the surface of particle.
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Table 3. The physicochemical characteristics of nanoparticles

Formulations D:P Ratio®  Size” (hm) PDI® Zeta Potential ° (mV)
Blank 0:10 219+ 5 0.071+0.030 -16.2+6.4
1B
IB-NP-2 2:10 25719 0.036x0.009 -19.5+6.5
IB-NP-3 3:10 312+10 0.162+0.034 -14.31+6.4
IB-NP-4 4:10 39144 0.453+0.040 -19.146.4
IB-NP-5 5:10 421+7 0.358+0.037 -17.346.5
IN
IN-NP-2 2:10 2788 0.035+0.019 -25.916.4
IN-NP-3 3:10 260+11 0.036x0.017 -27.616.5
IN-NP-4 4:10 309+10 0.198+0.037 -25.146.5
IN-NP-5 5:10 293+10 0.119+0.017 -24.146.5

23

® Drug:PCL polymer ratio

®The experiments were performed in triplicate and the values are expressed as meanSD.

Figure 3. The effect of drug:PCL polymer ratio (D:P ratio) on the particle size (A) and
zeta potential (B) of the ibuprofen- and indomethacin-loaded nanoparticles.
*Statistically significant different comparing between the different drug at

the same D:P ratio (n=3).

Drug loading and entrapment efficiency

Figure 4 shows the effect of D:P
ratio on %yield, %DL, and %EE of the
drug-loaded nanoparticles. From Figure
4B, it was found that the values of %DL
of the two drugs loaded nanoparticles
significantly increased when increasing the
D:P ratio (p-value < 0.05) indicating the
increase in the amount of drugs incorporated
into the nanoparticles. However, %yield
(Figure 4A) and %EE (Figure 4C) of the
IB-loaded nanoparticles gradually decreased

(p-value < 0.05) while these values of the
IN-loaded nanoparticles increased and
reached the maximum values at 3:10 ratio
(p-value < 0.05). The decreases in %yield
and %EE were due to the calculation of
both values based on the total solid content at
initial feeding. Increasing D:P ratio increased
the total solid content, whereas the amount
of drug entrapped was not linearly
increased with D:P ratio. From the results,
the D:P ratios of IB- and IN-loaded
nanoparticles, at which the highest %EE
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and %yield were obtained, were found to
be 2:10 and 3:10, respectively. The
significant difference in loading capacity and
entrapment efficiency between 1B and IN
could be explained by the great difference
in an aqueous solubility of both drugs.
Due to the higher solubility of IB in water
(approx. 0.23 mg/mL®), the IB molecules
were preferable more dissolved in water
during the nanoparticle formation and less
partitioned into hydrophobic core resulting
in the less amounts entrapped in hydrophobic
core. In contrast, IN showed the higher
entrapment in hydrophobic core due to the
less solubility in water (~ 0.016 mg/mL*).
The obtained result is consistent with the
previous report on the lower drug loading and
entrapment efficiency of the hydrophilic
drug, such as ibuprofen and ketoprofen,
in nanoparticles using nanoprecipitation
method as compared to the lipophilic drug,
ie. indomethacin and cyclosporine®*.
Therefore, it can be deduced that the
solubility of drug greatly affected the loading
capacity and entrapment efficiency rather

than the other characteristics when the
preparation of drug-loaded nanoparticles
based on the nanoprecipitation technique.

In the current work, the
nanoprecipitation method was applied
to prepare the nanoparticles. With this
technique, it has been well-documented
that it is basically based on the interfacial
turbulence and the diffusion process of
organic phase into water phase***, Once
the polymeric solution gently added into
aqueous phase, the solvent diffuses to
aqueous medium taking together with the
dissolved polymer and then the hydrophobic
polymer solidifies leading to the hydrophobic
polymeric core of nanoparticles. Therefore,
the solvent-water, solvent-polymer, and
water-polymer interactions have to be taken
into account for the determining factors of
the characteristic of nanoparticles™ .
Also, the possible interaction of loaded
drug to the other components occurring
during the nanoprecipitation can affect the
characteristic of drug-loaded nanoparticles
as described earlier in each section.

Figure 4. The relationship between drug:PCL polymer ratio (D:P ratio) with % yield,
% drug loading, and % entrapment efficiency. *Statistically significant different
comparing between the different drug at the same D:P ratio (n=3).
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CONCLUSION

PCL polymer synthesized by ROP
could be formulated as the nanoparticles
using TW80 and SP80 as surfactants and
PL188 as a steric stabilizer with the particle
size as small as 219 nm. After drug loading,
the physicochemical properties of drug-
loaded nanoparticles, namely particles
size, size distribution, and zeta potential,
did greatly depended on the different
characteristics of incorporated drug. Besides,
the different aqueous solubility of both drugs
affected the entrapment efficiency and
loading capacity of the PCL nanoparticles.
The less soluble drug, IN, was higher
entrapped in the hydrophobic core of the
PCL nanoparticles as compared to IB. The
results showed that the highest %EE and
%yield were obtained at drug to PCL
polymer ratio of 2:10 and 3:10 for IB and
IN, respectively, and the highest loading
capacity was attained at 5:10 for both drugs.
It can be concluded that the physicochemical
property of drug individually affects the
characteristics of drug-loaded nanoparticles
and should be concerned for the
development of drug-loaded nanoparticles.
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Abstract

This study aimed to investigate the effect of various amount of nicotinic acid grafted
along (poly(e-caprolactone)).-poly(ethylene glycol) copolymer on nanoparticle
characteristics. Ibuprofen and indomethacin represented two different molecular
characteristics which were chosen as model drugs to incorporate to the nanoparticles.
The grafting nicotinic acid potentially influenced the physicochemical properties of
the nanoparticles in terms of particle size, drug loading capacity, and release profile.
The increasing amount of grafting nicotinic acid increased the particle size as a
consequence of an increase in hydrophobic property of copolymer. The enhancement
of loading capacity of both drugs was contributed to the presence of grafting nicotinic
acid as compared to the nanoparticles without grafting nicotinic acid. However, no
correlation of amount of grafting nicotinic acid and loading capacity was observed.
The release characteristic of both drugs was fitted to Higuchi model indicating
Fickian’s diffusion. The release characteristic of indomethacin was mainly depended
on the crystalline property of copolymer whereas that of ibuprofen was additionally
contributed to the hydrogen bonding between drug and the grafted copolymer. These
contributing factors were resulted from the presence of grafting nicotinic acid along

the copolymer backbone.

Keywords
Ibuprofen, indomethacin, nanoparticle, nicotinic acid, poly(s-caprolactone),
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1. Introduction

Poly(e-caprolactone)-co-poly(ethylene glycol) copolymer (PCL-PEG) has been
extensively studied and developed as drug delivery systems including microparticles
and nanoparticles (Gou et al. 2009; Huang et al. 2008; Lee et al. 2009; Nguyen and
Nguyen 2010; Vroman et al. 2007a; Zhang et al. 2004a; Zhou et al. 2003). Owing to
the amphiphilic property of this copolymer, it showed advantages over PCL polymer
such as self-assembly forming particulate carriers, decreased uptake by the liver and
kidney, and prolonged retention in the blood (Alexis et al. 2008; Chausson et al. 2008;
Gou et al. 2009; Hu et al. 2003; Peng et al. 2008; Shenoy and Amiji 2005; Wei et al.
2009b; Zhang et al. 2004b; Zhang and Zhuo 2005). As a result, they have been used
to encapsulate various kinds of drug to overcome the drawback of drug, to bypass the
limitation of conventional dosage form, or to offer controlled release action (Wei et
al. 2009a).

To increase efficacy for drug delivery, the functionalized polymers have been
substantially synthesized (Lou et al. 2003; Riva et al. 2008; Trollsas et al. 2000;
Vroman et al. 2007b). Their physicochemical properties in terms of polymer
behaviors and colloidal characteristics have been investigated to augment the
efficiency of drug delivery carrier. It is widely known that any functional groups
attaching along polymer backbone influence directly on the polymer property and
indirectly on the nanoparticle property (Sinko 2006). Hence, all attaching functional
groups may provide the unique polymer characteristics and play an important role in
drug delivery systems. A few reports have established the effect of copolymer

composition on drug loading capacity and release profile, for example pegylated



poly(lactide) functionalized with carboxylic group (Lee et al. 2004) and
polyphosphazenes attached with ethyl tryptophan (Zhang et al. 2006a) etc. Therefore,
it led to an interest to modify PCL-PEG copolymer by attachment of a functional
group, which could affect the properties of the nanoparticles formed by this modified
copolymer.

Non-steroidal anti-inflammatory drugs (NSAIDSs) is one of the most widely used
medicines for the treatment of osteoarthritis, rheumatoid arthritis, inflammations, and
a variety of pains (Simon 2002). Among many NSAIDs, ibuprofen (IBU) and
indomethacin (IND) are commonly used which have the different physicochemical
characteristics in terms of molecular size, water-solubility, and molecular structure.
These two drugs with different properties were chosen to investigate the compatibility
and interaction with the copolymers which may be ultimately responsible for the drug
loading and release characteristics. The interaction may involve Van der waal force,
dipole-dipole interaction, and hydrogen bonding (Van Krevelen and Te Nijehuis
2009). Not only the nature of carrier but also the molecular characteristic of drug can
affect the properties of carriers, such as stability, drug loading capacity, drug
entrapment efficiency, and drug release profile (Liu et al. 2004; Nair et al. 2001;
Sarisuta et al. 1999). Therefore, various characteristics of drugs and polymers can
possess the interactions that lead to differences in the characteristics of carriers.

Our previous reports have demonstrated the effect of the different characteristics of
grafting pharmacologically active compounds (nicotinic acid (NI) and p-
aminobenzoic acid) on the feasibility of grafting reaction on (poly(e-caprolactone)),-
co-poly(ethylene glycol) copolymer ((PCL),-PEG) (Suksiriworapong et al. 2011). It
was reported that the properties of NI grafted copolymer ((P(NICL)),-PEG) depended

on the amounts of grafting NI on the copolymer. Therefore, it is of interest to



investigate an influence of the grafted copolymer on the physicochemical properties
of the nanopatrticles.

In this study, we aimed to investigate the effect of grafting NI along (PCL),-PEG
copolymer on nanoparticle formation and characteristics. (PCL).-PEG copolymers
containing various amount of grafting NI were used to prepare the nanoparticles. The
physicochemical properties of (P(NICL)).-PEG nanoparticles in terms of particle size,
morphology, surface charge, and toxicity were evaluated in comparison with (PCL),-
PEG nanoparticles. Subsequently, IBU and IND were chosen as model drugs and
loaded at various drug to polymer ratios. The effect of characteristics of drug and the
grafted copolymer on physicochemical properties of drug loaded nanoparticles was
investigated in terms of drug loading capacity, release characteristic, and possible
interaction between the drug and the grafted copolymer.

2. Materials and Methods

2.1 Materials

NI (Ajax Finechem, New south wales, Australia) was used without purification. But-
3-ynyl nicotinate was synthesized as previously reported (Suksiriworapong et al.
2010a). Azide pending (PCL),-PEG copolymer ((P(N3CL)),-PEG) was fabricated
according to our reported procedure (Suksiriworapong et al. 2011). Copper (1) iodide
(Cul), 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU), L-glutamine, fetal bovines serum
(FBS) were purchased from Sigma-Aldrich Chemicals (Steinheim, Germany). MTT
(3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliumbromide) was obtained
from Fluka Chemie (Steinheim, Germany). Milli-Q water was used by purification
with a Synergy® (Millipore, Molsheim, France). IMDM (Iscove’s Modified Dulbecco
Medium) was obtained from Biochrom AG (Berlin, Germany).

Penicillin/streptomycin (Hoechst, Germany), sodium-dodecyl-sulfate (SDS) (MP



Biochemicals, LLC, Heidelberg, Germany), trypsin (Difco, Germany), 100 % Acetic
acid (VWR International S.A.S, Darmstadt, Germany), and other organic solvents
were used as received. HUVECs (Human Umbilical Vein Endothelial Cells) were
isolated from human umbilical cord donated from Nordwest Krankenhaus (Nordwest
Hospital, Frankfurt, Germany). Acetonitrile and Methanol from Merck (Darmstadt,
Germany) were of HPLC grade. IBU and IND were kindly gifted from Vita Co.Ltd.
and Government of Pharmaceutical Organization (GPO) (Bangkok, Thailand).

2.2 Preparation and characterization of preformed pegylated copolymers

NI was grafted along (P(N3CL)).-PEG backbone by “click reaction” according to our
published method (Suksiriworapong et al. 2010a; Suksiriworapong et al. 2011). But-
3-ynyl nicotinate was grafted at azide position using Cul as a catalyst and DBU as a
base. The grafting reaction was conducted at 40 °C for 4 h. The % molar grafting was
varied at 10, 20, and 30 % based on hydrophobic segments. (PCL),-PEG was
synthesized by ring-opening polymerization at 120 °C for 24 h and used as a template
copolymer in comparison. The obtained copolymers were characterized by gel
permeation chromatography (GPC) using a Water 150-CV gel permeation
chromatograph for the number- and weight-average molecular weights (M, and My,
respectively). The copolymer was eluted through PLgel 10 um mixed B column at a
flow rate of 1 ml/min using tetrahydrofuran (THF) as a mobile phase. The M, and M,
values were evaluated from the standard curve calibrated with polystyrene standard.
'H-NMR spectroscopy was applied for the calculation of % molar grafting using
Bruker Avance 300 apparatus. Deuterated chloroform was used as a solvent and the %
molar grafting was calculated by the integrals of characteristic peaks in ‘H-NMR
spectrum according to the published calculation method (Suksiriworapong et al.

2011). To investigate the polymorphism of pegylated copolymers, differential



scanning calorimetry (DSC) was performed and the DSC thermograms were recorded
at the second heating run cycle at 20 °C/min over the temperature range of -80 °C to
100 °C.

2.3 Nanoparticle preparation of preformed pegylated copolymers

The nanoparticles were prepared by solvent diffusion and evaporation technique as
reported elsewhere (Espuelas et al. 1997; Khoee et al. 2007). Firstly, a known amount
of the preformed pegylated copolymer was dissolved in 10 ml of THF. The polymeric
solution (10 mg/ml) was then gently added into 16 ml of Milli-Q water under stirring
at 1000 rpm. THF was evaporated under reduced pressure and the final volume was
readjusted to 16 ml. The obtained dispersion was filtered through 0.45 um membrane
filter (Millipore, Schwalbach, Germany) to get rid of aggregates. Finally, a milliliter
of the nanoparticles was added into 2-ml vials and then frozen prior to freeze drying
process. The freeze dried powder of the nanoparticles was attained after 48 h of freeze
drying process. The actual weight of the obtained powder was recorded. In case of
drug loading, a preset amount of drug was initially dissolved together with the
copolymer. The drug to polymer mass ratios (D:P) were set at 2:10 and 3:10. The
drug-loaded nanoparticles were prepared as previously described.

2.4 Toxicity assay of pegylated nanoparticles

The pegylated nanoparticles were assessed their toxicity by MTT assay using
HUVECs models. Cells were grown in IMDM culture medium containing 1 %
penicillin/streptomycin, 2 % glutamine, 3 % bicarbonate solution, 15 % FBS and 0.1
% fibroblast growth factor. Cells (50 pl) at the density of 3 x 10° cells/ml were seeded
in a 96-well plate and incubated in a 5 % CO, atmosphere at 37 °C. After 24 h of
incubation, cells were incubated for another 24 h with an equal volume of the

pegylated nanoparticles dispersed in culture medium. The final concentrations of the



nanoparticles were varied in the range of 0.01 — 1.56 pg/ml. Subsequently, a 25 pl of
MTT solution was added to each well. After 6 h of incubation, cells were finally
incubated with an SDS solution for 6 h. % Cell viability was calculated according to

equation (1) and the cells incubated without the nanoparticles was used as control.

(As,seo B As,ezo)
(Ac,seso - Ac,ezo)

% Cell viability = x100 (1)

where As and Ac denote the absorbance measured from the sample incubated with
and without the nanoparticles, respectively. The numeric subscripts denote the
measuring wavelength.

2.5 Particle size and zeta potential measurement

The determination of mean particle size (z-ave) and zeta potential (ZP) was performed
by Photon Correlation Spectroscopy (PCS) by means of Zetasizer 3000 HSA
(Malvern Instruments, Malvern, UK). All samples were diluted with Milli-Q water
prior to measurement and measured with HeNe laser at the wavelength of 633 nm, a
90° angle, and a temperature of 25 °C. All measurements were performed in triplicate.
2.6 Particle morphology observation

The samples were sputtered with gold (Agar Sputter Coater) for 45 s prior to
measurement. The morphology of the nanoparticles was observed by scanning
electron microscope (Hitachi S4500, Tokyo, Japan) equipped with field-emissions-
cathode using 15 kVolt upper detector. The photograph was operated by Digital
Image Processing System 2.6 (Firma Point Electronic, Halle, Germany).

2.7 Drug loading and entrapment efficiency evaluation

The drug loading (% DL) and entrapment efficiency (% EE) were evaluated by direct
and indirect methods as reported earlier (Avgoustakis et al. 2002; Kisich et al. 2007).

For the indirect procedure, the amount of drug in the filtrate was analyzed after



centrifugal filtration at 16000 rpm using Microcon Ultracel YM-30 tube (MWCO
30,000 Da) (Millipore, Schwalbach, Germany). For the direct method, the amount of
drug in the dispersion was directly analyzed after fresh preparation. The nanoparticles
were dissolved in a mobile phase and sonicated for 30 min. Then the precipitate was
centrifuged at 16,000 rpm for 10 min. The supernatant was collected and analyzed by
HPLC. The amount of drug entrapped in the nanoparticles was calculated from the
different amount of drug obtained from the direct and the indirect methods. Yield,
drug loading and entrapment efficiency were calculated according to equations below.

Weight of freeze dried nanoparticles y
Initial weight of solid content

% Yield =

100 2)

Amount of entrapped drug in nanoparticles
Amount of drug fed initially

% EE = x100 (3)

Amount of entrapped drug in nanoparticles
Weight of freeze dried nanoparticles

% DL = 100 (4)

The weight of freeze dried nanoparticles in equation (4) was the difference between
the actual weight of freeze dried powder and the amount of non-entrapped drug
presented in the filtrate as determined by the indirect method.

2.8 In vitro drug release study

The release study was performed by dialysis method as reported elsewhere
(Avgoustakis et al. 2002; Zhang and Zhuo 2005). Briefly, 2.0 ml of the drug loaded
nanoparticles were enclosed in dialysis membrane (MWCO, 6000 — 8000 Da, Bioron
GmbH, Ludwigschafen, Germany). It was then immersed in phosphate buffered
solution pH 7.4 used as a receptor medium. The experiment was performed at 37 °C
under magnetic stirring at 130 rpm. At predetermined time, 0.5 ml of aliquot was

withdrawn and then the amount of drug released was analyzed by HPLC method as



described below. After sampling, an equal volume of fresh medium was added
immediately.

2.9 HPLC analysis

The quantitative analysis of drug was conducted by HPLC (LaChrom, Tokyo, Japan)
equipped with diode array detector (LaChrom model L-7455). IBU and IND were
eluted through a reverse phase Hypersil ODS column, 5 um particle size, 250 x 4.6
mm (Thermo Scientific, USA) at flow rates of 1.4 and 1.2 ml/min, respectively. The
mixture of methanol: water: acetronitrile: acetic acid (55:35:10:1) was used as a
mobile phase. The amount of IBU was calculated at wave length of 264 nm using a
standard curve over the range of 2.5 — 40 pug/ml, while that of IND was done at 254
nm using a standard curve over the range of 0.25 — 40 pug/ml. The injection volume
was 20 pl.

2.10 FT-IR measurement

The interaction between drug and pegylated copolymer was evaluated by FT-IR
spectroscopy. The sample was prepared by dissolving the sample in THF. One drop of
sample solution was spread on KBr disc and allowed to dry in desicator. The
measurement was conducted by Nicolet 6700 FT/IR spectrophotometer (Thermo
Fisher Scientific Inc., Massachusetts, USA). The absorption spectra of drug, NI
grafted copolymer, and the mixture between drug and NI grafted copolymer were
recorded.

2.11 Statistical analysis

Results are depicted as mean + S.D. at least three measurements. The t-test or one
way ANOVA applied post hoc for paired comparisons were performed to compare

two or multiple groups, respectively. All analyses were determined using the SPSS

10



program (SPSS 13.0 for windows) and differences were considered to be significant
at a level of p-value < 0.05.

3. Results and discussion

3.1 Preformed pegylated copolymers

According to our published method, NI grafted (PCL),-PEG copolymers were
achieved by “click reaction”. All molecular characteristics of pegylated copolymers
are compiled in Table 1. The molecular weight of pegylated copolymers decreased
with increasing % molar grafting while the M,,/M,, values were not different among
all pegylated copolymers. The T, of pegylated copolymers tended to increase,
whereas the T, and enthalpy of melting (AHm,) decreased with the increasing % molar
grafting. According to the DSC results, it was suggested that the grafting with NI
trended to reduce crystalline property of pegylated copolymers.

3.2 Unloaded nanoparticles of preformed pegylated copolymers

All (P(NICL)),-PEG copolymers were further used in nanoparticle preparation. The
(PCL),-PEG nanoparticles were used in comparison. The characteristics of unloaded
nanoparticles are shown in Table 2. Using solvent diffusion and evaporation method,
% yield of all unloaded nanoparticles was higher than 78%. All (P(NICL)),-PEG
nanoparticles were smaller than (P(CL)).-PEG nanoparticles and their particle size
increased with the increasing % molar grafting. The increasing % molar grafting
increased the hydrophobic property of pegylated copolymers and thus increased the
particle size of nanoparticles (Jones and Leroux 1999; Shin et al. 1998; Zhang et al.
2006b). The ZP of (P(NICL)),-PEG nanoparticles was higher than that of (PCL),-
PEG nanoparticles suggesting that the grafting NI component may be presented on the
surface of nanoparticles. The unloaded (P(NICL)),-PEG nanoparticles showed almost

spherical in shape as observed in Fig. 1.
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3.3 Toxicity assay of pegylated nanoparticles

The toxicity results are illustrated in Table 2 and expressed as TCgo representing the
toxic concentration of nanoparticles of less than 80 % of cell viability. As illustrated,
the TCgo values decreased with the increasing % molar grafting. From the results, it
was notable that the increasing % molar grafting NI increased toxicity of pegylated
copolymer in form of nanoparticles.

3.4 Drug loaded nanoparticles of preformed pegylated copolymers

IBU and IND were chosen as model drugs to investigate the effect of grafting NI on
the drug loading capacity. Table 3 combines % yield and % EE of IBU and IND
loaded nanoparticles. The yield of all drug loaded nanoparticles was higher than 70
%. At least 67 % of IBU was entrapped in the nanoparticles. IND was significantly
higher entrapped in (PCL),-PEG and (P(NICL)),-PEG nanoparticles than IBU (p-
value < 0.05) except for (PCL),-PEG nanoparticles loaded at 3:10. The higher % EE
of IND was attributed to the lower water-solubility of IND as compared to that of IBU
(Jiang et al. 2005; Zhang et al. 2006a). During the nanoparticle formation, the IND
molecules were less dissolved in water and more partitioned into hydrophobic core.
This result is consistent with the previous report on the comparison of entrapment
efficiency of loaded drugs having the different water-solubility (Barichell et al. 1999;
Corrigan and Li 2009; Suksiriworapong et al. 2010b). In case of IND loaded (PCL),-
PEG nanoparticles at 3:10, the dramatic reduction of % EE could be due to the
limitation of the system. % EE of both drugs increased when incorporated to the NI
grafted copolymer nanoparticles in particular at D:P of 3:10 (p-value < 0.05) probably
resulted from the increase in the hydrophobicity of the grafted copolymer. Fig. 2
demonstrates z-ave and ZP values of drug loaded nanoparticles. After incorporation of

both drugs in (P(NICL)).-PEG nanoparticles, most formulations showed larger
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particle size as compared to the unloaded nanoparticles. The ZP of IBU loaded
(P(NICL)),-PEG nanoparticles tended to increase while that of IND loaded
nanoparticles showed the opposite result. However, no relation of ZP and amount of
loaded drug was evidently found. In Fig. 3, the increasing amount of loaded drug
increased % DL of both drugs in (P(NICL)).-PEG nanoparticles. In addition, the
nanoparticles containing grafting NI revealed the higher % DL as compared to those
without grafting except for IND loaded at 2:10. However, the increasing % molar
grafting did not significantly correlate to % DL. It could be deduced that the presence
of grafting NI enhanced the loading capacity of (PCL).-PEG nanoparticles
presumably owing to the enhancing hydrophobic property of grafted copolymer. The
drug loaded (P(NICL)),-PEG nanoparticles remained spherical in shape as
exemplified in Fig. 4.

3.5 In vitro drug release

In the present experiment, the nanoparticles containing 10 % and 20 % molar grafting
NI and loading with drug at D:P of 2:10 were chosen for the release study in
comparison with (PCL),-PEG nanoparticles. Fig. 5 displays the release profiles of
drug loaded nanoparticles. The data from the release curves of all nanoparticles
indicated the linear relationship following the Higuchi model (Higuchi 1963), as seen
in Fig. 6. The slope and r? of the fitted linear curves of all formulations are listed in
Table 4. All release profiles were fitted to the Higuchi model over the initial 4 h of the
release with r* > 0.941 indicating the Fickian diffusion. In case of (PCL),-PEG
nanoparticles, about 80 % of both drugs was released over 24 h (Fig. 5). The release
profile and release rate of IND were not different to those of IBU. However, it was
expected that the less water-soluble drug, IND, would be released lower and slower
than the higher water-soluble drug, IBU, from the same nanocarrier. Indeed, the
release rate and amount of drug release depended on the surface area and the initial
drug concentration in the system. From the result, the particle size of both drugs
loaded (PCL),-PEG nanoparticles were not significantly different referring the
indifferent surface area. The insignificant difference in the release rate and profile of
IND and IBU were probably attributed to the significantly higher % DL of IND. The
higher % DL thus enhanced the drug released from the carrier although the water-
solubility of IBU was higher than that of IND
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