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Abstract : Linear and branched copolymers consisting of poly(ethylene glycol) (PEG) and poly(e-caprolactone) (PCL)
were prepared to compare the characterization of star-shaped copolymers with various molecular architecture. Linear and

branched PEG-PCL (1-arm, 2-arm, 4-arm, and 8-arm) copolymers were synthesized by the ring-opening polymerization of

&caprolactone in the presence of HCI - Et;O as a monomer activator at room temperature. The synthesized copolymers
were characterized with "TH-NMR, GPC, DSC, and XRD. As a result of the DSC and XRD, each copolymers showed
different thermal properties and crystallinity according to the number of arms. The micellar characterization of linear and

branched copolymers in an aqueous phase was carried out by using NMR, dynamic light scattering, AFM, and fluorescence
techniques. The critical micelle concentration (CMC) and diameters of micelles depended on the number of arms. Most
micelles exhibited a spherical shape in AFM. In this study, we characterized star-shaped PEG-PCL copolymers and
investigated their molecular architecture effect on the various properties. Furthermore, we confirmed that the micelles

formed with linear and branched PEG-PCL copolymers have possibility as a potential hydrophobic drug delivery vehicle.
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Alef 2 J2. 7jAAIZA W EA PEG(MPEG, Aldrich, Milwankee,
WI, USA), PEG(Aldrich), 4-arm-PEG(Nof Co., Japan) % 8-arm-
PEG(Nof Co., Japan)= B4 2000 g/moles A& ®E
& TEFAIEA CL(Aldrich)2 Zsto]l=2to| =(CaH,, Aldrich)3}olA]
73t AAEt A3k CLY S35 24 HCA - EtO(Aldrich)=
A glo] AR 2™ MPEG-PCL, PCL-PEG-PCL, 4arm-PEG-
PCL ¥ 8arm-PEG-PCLS| WHE-&wj 24 ARSE wldAE2o|=
(CH,CL,, Jin Chem. Pharm. Co. Ltd., Korea)= ¢1&8 02 Z53 2z}
O] =(C,CL, Aldrich, St. Louis, MO, USA)¢} Z¢g3lo|=elo]=ofA A
2715 3pellA AT Bk § 1iAke] g 915k Fikl(Junsed
chemical Co., Ltd., Japan)2 1’45 A I=20tETHY SH& AME
ST EAE Y BAREE Rlsy] Y% ARHIZeEDY
J(GPC) £4& o] 5o 2 FZZ X E(Fisher Scientific Korea Ltd.,
Korea)S AMR3191, ¥FAI R 24 Z8]2~E]#(Showa Denko, Japan)S
ARSI FAE ZHke] FEEA YA vl FEE A ¢
3t P33 EFEA] glolall(Aldrich)ye AH-3F3AT

MPEG-PCL2| &+, E213F 4000 g/moled] FSTAE T4
te] a3t 22 S AABKATE ZNAIAI] MPEG 2 g(1 mmol)
9 E24 80 mLS 2 A%H 100 mL 52 S Y d 2~

g EfS ARESte] 5AIRE B1F 130 Collx] 31 S/E A8k

=5 3 EF9S w5 AAsl MPEGS 2&02 WYZtAZl & 1]
2] A" CL 2 g(17.5 mmo) & FAIE o] 83t ¥ & Rvkg-§
W24 vE] AAE wgAgRae| =g YL thy T SEA
HCl - EbOE 2 mL Foi3te] 2443t FF A-2ollA] aikalA 31
o 8 IHL 1% A SiA AAETE whg & ulhke gk
Ak AAASE AAS7] Y48t 500 mLe] SAike] ¥HE-E-S A A3
oA HHAAFALE AAEL vHAFZ o) =0 Fo] A
B2 A F 3 S5 B3l 8ulE AAS 7Y st
Al AZ A ZH T MPEG-PCL9] F%4]-2 Figure 1(2)°l YEFH AT

PCL-PEG-PCL, 4-arm-PEG-PCL % 8-arm-PEG-PCL2| &}
. MPEGPCL 5358~ &4 #AoNA AR8s o s 53
< AANSIAT ZF ZEFAY T4 Figure 1(b), (¢) 2 (@)l Y
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Figure 1. Polymerization scheme and molecular architectures of linear
and branched PEG-PCL copolymers. (a) 1-arm, (b) 2-arm, (c) 4-arm,
and (d) 8-arm (A : PEG block, B: PCL block).
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EE IFEHC| SHEM. MAAIL} FEE Ao BAleFREe}
EapeEe = 7)¢] ZH(Shodex K-802 and Shodex Asahipak GF-510,
Japan)< 7171 Futecs GPC A]2~E)(Shodex RI-71 detector, Japan)S %
3lo] oo R FEEXES 0|83l 0.6 mL/mind] FE2E =
Ak, Zzte] 74 mEARe] B Ho)) the Bl Wi 7|EAE
1 0,05 wt%2| Bl EgAHTMS)S Z35+ CDClMerck, Germany)
3} D,O(Aldrich)yE €92 3lo] 'H-NMR(Bruker 300, 500 MHz, USA)
= 53lo] 24319tk MPEG-PCL, PCL-PEG-PCL, 4-arm-PEG-PCL
9 8arm-PEG-PCLS] A& £A] Tz mE g7 54 HE3p]
$J3led DSC(TA Intrument DSC 3100, Dupont, USA)S ©]83te] 5 C
/min®] F& £EF 50~150 C2] HNA T TS 28Kk
=3k A7 Fele Wsls FEslr] 918k XRD(D/MAX-IB, Rigaku,
Japan)S AHE3I 5 °/min®] £EE 2 69] Fk 0~40°9] RolA
ARSI ZF A A mA s AAs] 9
3te] &3 =47](F-4500 FL Spectrophotometer, Jex 338 nm, Hitachi
Co. Ltd., Japan)Z AF&3}4] 240 nm/min®] £E2 o17] 33 200
~400 nm2] HSolA v FAR| THEO} Qe volHle] FF
S5 Stk =g 8Nl A mAe) AAE A8
A} 33A1e17|(ELS-8000, Otsuka Electronics, Japan)Z ©|-&3te] =43}
Aok 28]3 ZF FSEAY FEWdelA R mlde FelE
317] 2lske] YAk Fr)7d(Nanoscope IV instrument, Digital Instruments
Inc)& o]-83te] o|u|AE SA35ATH

QA O 5= AN A 74 TFEAY A nA v 24
< Q&) Jolal 0.01214 g& THF 50 mLoll 59 & 1 mLE # 3o
F5T 1000 mLe}F 4131 2A1%F BRF 30 CollA 3 F7|E Sl
THFE AA3t 1.2x10° M2 Ftolall g8 Azt =3 242t
o] EA 20 mge FFF 10 mLol) F9A 2.0 mg/mLe] L&A}
£NE THE T 1.0x107 mg/mLe] FE7HA] gkt TEE 344
Aok T8 SAE 7 18R 899 Rk gloldll §45 4ol
Atk 5:59] HILE T B4k nEA §3) vlojdl So] HY
£ fAB] Yal 3k 59k 4 CollA WA RAsint vl Uik
gtoldlo] ZHHE TSt w59 §4S PG SAVE o83t WAk
9} o7]9] &8l AL 2.5 nmmE 3F1L 240 nm/min®] £EF 7] 3}
7 200~400 nme] HolA tolale] HF F=E FAATE o
7] 28 ER0) tiste] AL -8 373 nmE A SHTE YA v
FE #ol Ake slojHle] 335 nmo} 338 nm IOl FF Ao
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Z32] MPEG, PEG, 4arm-PEG ¥ 8-arm-PEGS} 45432] PCLE
TAY Ags B2 7o 3FFAE FAAUT. MPEG, PEG, 4
arm-PEG % 8-arm-PEG (M. =2000 g/mole)S 184 MAIAZ 3}
o Thokslt Bl Lo ZEIAE Table 1ol veRd A3 2ol i
3 TS o] 83k 98~99%2 &= TS 7t FEEAL
e 2 FE ARESle] AolA F3E AASHATEY® dE
Zr ZEFA Al BEE #RIsk] 98] GPCE 53 4 2w
1.14~1312 HYZ BAN=E 714S s9lslyn) wat Bx} Gtz
w2 GPC o] EAw} Bxlg Bxo| Hals A5 <8l 5%
e PEGS T 39 F58AE viwsich 1 A3 Table 29}

Table 1. Synthesis of PEG-PCL Linear and Branched Copolymers

No. [[‘;%g]/ Mo oo Yield%)  Mona® Mo/ Mo
l-arm’

(MPEG-PCL) 17.52  2000-2000 98 2000-2060 1.14
2-arm*

(PCL-PEG-  17.52  2000-2000 98 2000-2100 1.24
PCL)
4-arm‘

(4-arm-PEG-  17.52  2000-2000 929 2000-2060 1.22
PCL)
8-arm”

(8-arm-PEG-  17.52  2000-2000 929 2000-2090 1.31
PCL)

“ [HCI]/[PEG] =2, temperature=room temperature, time=24 h. * n-Hexane
insoluble part. ‘Determined by 'H NMR. ¢ Determined by "H NMR. “Measured
by GPC (based on standard polystyrene).

Table 2.The GPC Properties of Molecular Structure

No. _ Initiator _ Synthesis
M, PDI* M PDI*
l-arm 2116 1.09 3868 1.14
2-arm 1891 1.11 3732 1.24
4-arm 1493 1.10 3381 1.22
8-arm 618 1.14 1448 1.31

“Measured by GPC (based on standard polystyrene).
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Figure 2. GPC curve of l-arm, 2-arm, 4-arm and 8-arms in variation
with (a) initiator and (b) synthesis.

Figure 20 YePA A2 o] /|AIAQ] PEG7} 25 2000 g/mole2]
BAS /AT Yuizks B4 7o wel M, 9] Aols BYlo
B, % e PEGeH 2% o AN BT larmelA 8-
02 7R} FIFEFE M. 9 el ahshe ATE Bt o
= 4arm¥} $armA Y 7HA7F B2 £AF T3 GPC dellA st
Z Fa)7} o} thad #e| thy WiRedlA WP E2E AlRle] Hoix
Y 72 larm¥} 2-armel HIF] FiH o2 Expsko] AA 4
H= Aoz nolty w3l AL Zhe] ASoME 1armL =%
el PEGS 7 F9o] F5A oA & ZolE Ho|A| &= Hhi, 8-
amolXE S o FEFAANA Hdudoez 2 aolE BAoh
aE]a fojRl mEARE 'HNMR 248 53] PCLY £4 ¥as
I 4 ATk ol ARZRE 7 FFAA= MPEG, PEG,
4armPEG ¥ 8armPEGE 7MAIAZ Algsled ©akAle] 7|3t S3
o2 FHE As AT F AT
=5 e §Y 2M. 49 A48 2 &A 7= FFHA
o] 97 EAT AAHS ] HIstke] ARFAFE A 9} XA
37|15 AMgSl B8-S AR £5 TERAY] 98 B4
2+ Table 39 UERA ZAA¥ PEG E59] A9olAe 1-axm?+ 2-
arm®| T, 9F 19 C, 4arm3} 8-arm®| 7,2 oF 14 C H-Zoj|A it
4 Has I F AW, AH, S l-armP 2-armol A= 2.7~
56 J/go1™ 4arm¥} 8-armoll A= 54~57 J/g) %<& 2o larm3} 2-
arm®| W& T, 7 AH, #& Ho|i X3 4arm¥} 8armo| WIS
T3 AH, 38 Rtk o] A3E PEG 24 AY 7x9 1-
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Table 3. The Thermal Properties and Degree of Crystallinity for 1-
Arm, 2-Arm, 4-Arm and 8-Arm

No. PEG Block PCL Block v
T(C)  AHJ/g) T(C)  AH.(J/g)

l-arm 19.2 2.7 49.3 137.8 44.1

2-arm 19.6 5.6 40.1 101 39.7

4-arm 14.4 57 31.3 335 21.1

8-arm 14.1 54 20.6 10 10.7

“Measured by DSC. “Determined by X-ray diffraction.

arm¥} 2-arm, A T2 4arm¥} 8arm©| Z}7} vlszgt 44 EA4S
Hole AL ¢ & QUtk v PCL B-29] Z9olXE l-armoll A
8armO & 71A7} 21 E T2 49.3~206 CL HY= u+3P9\i
om AH, 3k E3F 137.89014 10 /g2 743t o=
TR ARgolls ©EAY] g FdsHA FEEE o] ﬂﬂzﬂi 7t
13 Aej7) Zal Aoz Be 7.3 AH, 3S ZEA|T 2-arm, 4-
arm ! 8-armOoZ IR 47} ZUVEFHA PEG 7ol TEEH
GFAIE 1] B eV elA T AH, #hE AAATIE A
2 1RIt} ol B3l 4 F5FAY PEG ESoME Ay 7=
A Fzo] wlg} g2 g7 B4 BolA|uk PCL E2oXe 7R ¢
o] Wslol| W} g2 g7 548 7S ERIT S AT T8l X-
A 31715 olgsle] Ay F BA]) 29| F5A A4S Bl
3Rk vl Z Table 39 YRR A3} o] A8 722U l-arm3}
2-arm®] AARSEE 247} 44.1%%} 39.7%E 1-arm©) 2-arm KT E& 2
X—IH& 5‘_9}0131 _,‘;(] ?- ] 4_armJ,]. 8arm/] 7ﬂ;<-1§]. = Z,V
21.1%%} 10.7%E 4arm©] 8-armBth & AR Bk 01
3 A¥ T2t BA FxEY 2T 22 AL #@isigen v}
A 7} FIVERE ARA0) Pl 74:% & AUk olHS A
e 7K 7Y BV E T AH, @kl Adhe 93 BT Y
81t ol ¥ AAAE 7IXE PCLO] A¥ FxollM= 9F
SHAl BEe] Aol FRIEAIN B4 T2 FFEA A= PCL
o] o] 7l 7 Ao WMHSA FFREAM A A= A
o2 B ol#gt ARE Tl AY T2} B2 1 1?41 71
o] wslel wet d3 5 AAslErt gEiRE
NMRE 0|83 SZ&A2| 0l &Y =8, 7 5L Fes
oA w]dS FAFS 'HNMR ~HEHS 53 1519 Figure 3
o Uepd Zx¥ CDCL# D,OE &7l2 3t 4arm®] 74 *é—‘ﬂra
495 23 CDCLell 83llA1A A% 39 33004 PEG F-&
HEo vz7} vF s $EE vhd D0 &8i4A =
Ag ~HERo M PCL F-89 737} ksl &=t o
AL darm FSFA7} 8N oA wAlS FAsle] AAde] PCL
Fe mjAle] yjRel $IX|shHA wjAde] oo X 254
PEG -3 v|wshd, PCL H&-& &3 PEG F&o 23] 4 &
o] ARkE 1A FHo] NMR ~3EHS] 39 w37} dvksiA &
He Zo=R Helt) o)F 53] AF 9 BA 7= FFHA &
BW g mdE FAEES AT F AU
QA O =0 AN ZH7te R FEFAE FE&AdelA
P vl Ay g B2 Tz g 4A A = AHS
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Figure 3. "H-NMR spectra of PEG-PCL branched copolymer (4-arm)
in (a) CDCl; and (b) DO.
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Figure 4. Excitation spectra of pyrene as a function of MPEG-PCL
(1-arm) concentration in water at room temperature.

EHEA FolAls A 3 SHO= A v TEE 7&?5‘%}93\
th. 7t FFHAE F8Ad §8iA71A W543719] PEG Fi&
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Figure 40l YEhA 73} 720) 335~338 nme| g4 mojale] of
7] =8 E-o] njdlo] Fko we} o]FsleE AE E F ATk ol
&g719] vl Yol mtoldle] REAHo® xEHE] Qrks AE
ou)gitt. vl Fxol WE ~HER o)F-g Fa 9A A =
& AAT 4= AYATE Table 49} Figure 5= l-arm, 2-arm, 4arm 2
8arm®| A WA & ghS UERA Zlo|th Figure 5904 B ZA
9 335 nm?} 338 nm] A= HlE&e] 72t FFFANT £ FE 4t o]
FollA FrkskE Ae nlAde] gAdo] AztEE B
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Table 4. Critical Micelle Concentration (CMC) and Mean Hydrodyna-
mic Diameters of Micelles Formed by PEG-PCL Linear and Branched
Copolymers

No. o e CMC X 10%¢ Diameter ©
' (mg/mlL) (nm)
l-arm 2000-2060 1.26 154
2-arm 2000-2100 2.51 319
4-arm 2000-2060 3.98 465
8-arm 2000-2090 5.62 864

“Measured by the fluorescence technique. ” Measured by dynamic light scattering
(the micelles prepared with 1% concentration of PEG-PCL linear and branched
copolymers).

1.6 m t.am 'v.‘
v
N
5
0 1

Log C(mg/mL)

Figure 5. Plot of I3/ I;5 (from pyrene excitation spectra) versus Log
C for concentration (C) of 1-arm, 2-arm, 4-arm, and 8-arm.
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HIg] A& W 22 7220 A A £571E0] BoA 1|
Ag YT w) A4 FEQ PEG AR 73 SAHES o=
77} Woile FEIE AL QoA TR gt BEE TR
G5 FZPE o e 257150 AR Thr7) of#y A v
A F5 glo] AE Tz viE| FiF R A e s ZloE B
Itk ol2igt AHE B3l A¥ 9 BA] fxo| ue} FEA o)A
AEle A A FE go] tEA e As o A, &
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EbdS Itk
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Figure 6. Micelle structures of PEG-PCL linear and branched copoly-
mers. (a) 1-arm, (b) 2-arm, (c) 4-arm, and (d) 8-arm (A : PEG block,
B: PCL block).
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Figure 7. AFM image of micelle prepared with 8-arm-PEG-PCL
copolymer (8-arm).
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ez} njde) F7]¢] S F= o= BRItk PEG Al 3%
A=l e 2549 PCL FEo] AR Tha] ke vlAdle] =
717} 7¥A7F ol SE HA AR As RIS =3 8
el galjEo] 4k Ao FFEAE BE lame] A9 9
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ZEA2] Aol PR mAde] FEE AN S T8 T
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2 mde] I71% larmolA 8armoE 71| 7 FUIESE
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E AFolME M8 F X F29 PEGE NMAAR st A&
3 Zeell2=E AE] CLY 7NeE3E &3l 1-arm-PEG-PCL, 2-arm-
PEG-PCL, 4arm-PEG-PCL ¥ 8-arm-PEG-PCL ZFZAIS A5l
B2l AAE B3 A 2 Bx Fxo ©E EALS Hwstaus} 319
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