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Abstract : Linear and branched copolymers consisting of poly(ethylene glycol) (PEG) and poly(s-caprolactone) (PCL)
were prepared to compare the characterization of starshaped copolymers with various molecular architecture. Linear and
branched PEG-PCL (l-arm, 2-arm, 4-arm, and 8-arm) copolymers were synthesized by the ring-opening polymerization of
gcaprolactone in the presence of HCI - Et;O as a monomer activator at room temperature. The synthesized copolymers
were characterized with "H-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,

Keywords : linear, branched, PEG, PCL, ring-opening polymerization, micelle.
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A2} 2l i AAAZA HEA] PEGMPEG, Aldrich, Milwankee,
WI, USA), PEG(Aldrich), 4-arm-PEG(Nof Co., Japan) % 8-arm-
PEG(Nof Co., Japan)x= % FE23F 2000 g/mole= A3 ¥k
S DEAZA Cl(Aldrich)ye Zg3lo| Se}e)|=(CaH,, Aldrich)3lllA]
73t At Alg3knh CLel S5 24 HA - EgO(Alddch)y &
AT Qo] AH3IE 0™ MPEG-PCL, PCL-PEG-PCL, 4arm-PEG-
PCL 2 8arm-PEG-PCL®] Hl3-Ru|2X AlRE wEalFZele|x=
(CH,Cl,, Jin Chem. Pharm. Co. Ltd., Korea):= &3 o2 dgF=e}
0] =(C,CL, Aldrich, St. Louis, MO, USA)} Z3lo)=ale]=ellA] &
27157 slollA AAsiI) vk & Akl AH-S 9lsle] )ik Junsei
chemical Co., Ltd., Japan)& 1785 A Z2rIETY F5& A
stk BAleknt BAHEEE 1] % AFERIEntE D
I(GPC) BA L o540 2 287 L E(Fisher Scientific Korea Ltd,,
Korea)$ AH831531, BFAIS2A] Z2]2E]@(Showa Denko, Japan)&
ALt A" Aztel B U v BEE 45 ¢
sl P34 BB sho)R(Aldrich)S AHE-3HT

MPEG-PCL2| &M, A} 4000 g/moled] FZTAE F43H7]
et theat 22 A S ST ZAAIAIR] MPEG 2 g(1 mmol)
2 E29 80 mLE Z AZE 100 mL T2 SEkA3d Y o 2~

g EfS ARt SAIRE B2F 130 T4 38 S/E AAISAT

7 ¥ ER9E 2% AASlE MPEGE 422 Yzizl ¥ vl
g AAE CL 2 g(17.5 mmol)& FAZIE o] 43t Yo & uk3
24 v]g] FAE HeAFZee)cE YL tE 2 Sul2A
HCl - ELOE 2 mL 595ta] 2447 B9 A&olA awtAA 94
o 28 HHL 1% 4 A AAEIETE 1 & ueke e
A AANAZE A7) Y5k 500 mLe] Siboll HHEE-E A A3]
Gojmg| A JHAAAFUCE JAHAEL vgAEFR2 oo Zo A
E20|Z AE ¥ A N8 Sl £0)E AAs 2t Sl
A AZAMNFH T MPEG-PCL®] 5842 Figure 1(2)] WtERAAT
PCL-PEG-PCL, 4-arm-PEG-PCL ¥ 8-arm-PEG-PCL2| &
A, MPEGPCL EE353e] @4 abdolr AR Woz 5%
= AASET 7t FEEA ] TR E Figure 10), () R (@

g R RA Tz LN S/ EAEZZHE TTHA T E B4 FE 147

{a) (o) {© (d

0
*{-g—(CHz)so—]:

B: PCL
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A: PEG

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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BAgEe % 7)e] Z#(Shodex K-802 and Shodex Asahipak GF-510,
Japan)2 7} Futecs GPC A|2~El|(Shodex RI-71 detector, Japar)S %
3l o)5doE FREIES 0|88l 06 mL/mn?| FE02 &
Aok ke 7 R £ vlof gigh ExlgRE R VAR
21 0.05 wt%2| HEgaTHTMS)S 3 CDClMerck, Germany)
7} D,O(Aldrich)E &0l £ 3l 'HNMR(Bruker 300, 500 MHz, USA)
g B3le 24519th. MPEG-PCL, PCL-PEG-PCL, 4arm-PEG-PCL
4 8armPEG-PCL| A¥ 7 £A] 7o W E4 EAE AEI)
$J3ke] DSC(TA Intrument DSC 3100, Dupont, USAYE ©]-831¢] 5 C
/min®] $& E£E2 50~150 C2| FHX ot L& AAEITh
=3 A% e ¥sE Bas] $isted XRDID/MAXAIB, Rigaku,
Japan)& AH8-3F 5 °/min®] £E2 2 69 F 0~40°2] oA
2AE RISt 2F TEEAY IA mA F=E 2AET] 9
3t ¥33 =747)(F-4500 FL Spectrophotometer, Jex 338 nm, Hitachi
Co. Ltd., Japan)Z AR&3}o] 240 nm/min®] £52 &7] 35 200
~400 nm9| Helol| A il FAI R 5] gl stolAe] B 7}
EE ZHIch =3 oA PAR vlde) g st
2} 334+ek7)(ELS-8000, Otsuka Electronics, Japan)E &3k &

o

S
Gk 28] 4 FFEAY FEAelA F4a mAdY FHE B2
3}7) 9)8te] A=} & el anoscope IV instrument, Digital Instrements
Incy& o83t o|nAE SA At

Q7 ol s=o| Y. E & FFEA A Pl BE SF
< g5f ghol# 0.01214 g2 THF 50 mLell %91 3 1 mLE 2|3k
ZR/4 1000 mLet A3 241 B 30 TollA sld Fdr|E 53
THFE AlAsHd 1.2x10° M2} o)l g8-& A z3gr). =g 74zt
o TEA 20 mgS FFF 10 mLoll A 2.0 mg/mLe] TEA}
{HL UE F 1.0x107 mg/mLe) FE7HR Tlarg T E 344
Zt a8z 3AE Zb 28R} S0 JTkE Holall 84S 4olF
Atk 5:59] HIEE FU gl Rz} a5 o]yl g HY
< $AE) Y8l 3 B2 4 TollA WA 2Aslgdn)h vl gl
olge] TAH Tt w2 S4E ¥F SAV|E 0|83l WAL
9} o471¢] €8 1AL 25 nmE 3L 240 nm/min®] $E8 &) ¥}
7 200~400 nm2] A soje] ¥F J=F ZHINATT o
71 2" EH] thsle] PAF 3 373 nmE TAHSIHEL YA v
S el AL slolale) 335 nme} 338 nm IOl G A=)
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npgel &2 S5 HE B A2e] B2 FEYAY F8A g
A B4 A Al 4 WeE Bas] dlsk] B8 358
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TAY AP BA 7o FERAIE 48t MPEG, PEG, 4
arm-PEG 2 8arm-PEG (M. =2000 g/mole) TEA AAAZ 5}
o thofg Bab 720 FZHAE Table 19 YePR Zizt o] 7
& ZTHE o83l 98~99%2| &2 TSI & FFEA Y
FAL A ZHE AREEl] 2N FEE HASITEAY A
7zt ZEEAY B B #RIs) 98 GPCE 53 B4 Ay
1.14~1318] M2 EAEE /& RIS =g Bab 720
wWE GPC Are) Bxteks) Bl Bx ol WilE EA43p] sk 53
Ao PEGY % o FSEAE viwskyth. 1 d3 Table 29}

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

No. [[‘;gé]/ Mo cicunea Yield(%)Y Mawr© Mo/M,°
l-arm*
(MPEG-PCL) 17.52 20002000 98 20002060  1.14
2-arm”

(PCL-PEG- 17.52 20002000 98  2000-2100 1.24
PCL)

4-arm°

(4-arm-PEG- 17.52 20002000 99  2000-2060 1.22
PCL)

8-arm”

(8-armPEG- 17.52 2000-2000 99  2000-2090  1.31
PCL)

“ [HCI]/[PEG] =2, temperature =room temperature, time=24 h. ® nHexane
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 1-arm, 2-arm, 4-arm and 8-arms in variation
with (a) initiator and (b) synthesis.

Figure 201 Wrehdl 23} o] 7HAIA9] PEGZF B 2000 g/mole®]
BAFE A1 EjEke B4 Fxol wel M, 9] Ao|E BYe
o, 2% <9 PEGS £F F9o FFZEANA EF lamolA 8-
arm O E JHA7} S7VGE M, 9] Frol sk AEe Byt o
£ 4arm3} $armAE FEA7E @& BA FEE GPC AolA 578g
2 Rz} ol thgA o] THE UiReA HEZE A7ke] ZojA
AY 722 larmT 2-armel ] dojd oz Bajgpe] 2A =4
He Aoz 1ok 3 o4k 3 AR lame 5%
Aol PEGS 3 3o FEFA A E 2ol B BolA]| &=k 8
amolME F3 39 FHIAIM Auldos 2 Aolg Al
283 dojA TEAR= 'HNMR 42 53l PCLe] &% #ag
HRIE 4 ATk ol ANERE 7t FFUAE MPEG, PEG,
4am-PEG 2 8arm-PEGE 7|AAZ AMEst gy 718 53
o2 F4E AL FRIT 5= ATk

E28 ZEEHIel BY BM F48 A8 2 BX 729 F5HA
o] 43 EXz AAAE RIS flste] AxpEAtE#ALL XA
AN E AMgshd BAS ARs B e 93 B4
Z+& Table 30 YelH ZAAE PEG £59 7oA += l-amdd 2-
arm® T2 ¢F 19 C, 4arm 8am® T2 oF 14 T F-TolA &
g 9aE RIY T AU, AH, #2 l-amP 2-armol A= 2.7~
56 J/g°1™ 4arm¥} 8-armolAE 54~57 J/g] &2 Ko l-arm 2-
arm©] Y53 I3 AH, & 3ol T3 4arm¥ §arm©] B]S=%H
T3 AH, #& Btk o] A3E PEG E=oHE AE 729 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)Y AH.(J/g)f TACY  AHAJ/gyf

l-arm 192 2.7 49.3 137.8 4.1

2-arm 19.6 5.6 40.1 101 39.7

4-arm 144 57 313 335 211

8-arm 14.1 54 20.6 10 10.7

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

arm¥} 2-arm, ¥4 7Zo| 4arm?} §arme| 7z} vlF IH BA4S
Hole AL o < gt v PCL E-22] HLolAE l-amdl
8arm O & 7IA7} FTIEE 7,2 493~206 T2 HAZE 7143
om AH, 3k E3F 1378004 10 J/go 2 A4tk olE l-arme
TRAL AlgollE TRl 47t FUshA EEEE dEAIE te
U3 et sl AR B T3 AH, 3& ZEAT 2-am, 4-
arm 3 8armOE 7HX|9] 7h F7VSIAM PEG Al EE%d
DS e WA At Bl L AH, #@E AT AL
2 5]t ol B &4 FFRA PEG ERoME ¥ 7=t
B2) izl nlg) thE g2 EAL 2ol PCL EEoAE 71 4=
2] Wzl we} thE 93 S48 7S BRI & QIdth Jele X-
A 3HV|E ol 83l A¥ 2 BA Fxo| FEEAL] AHAAE BRI
3] e). 7RI R Table 30 WERR A3} o] A 722 larmt
2arm&] AASEE 247 44.1%2) 39.7%E l-arm®) 2armB T} o A
AL BRon B4 7Pz 4amd Same| BRFFTE bz
21.1%%} 10.7%% 4arm®] SarmETt ¥& A4S Btk o|& &
3 A8 1zl BX) pxE 24850 £ AE R e 7t
A 7} F7NEFE ARAe] Bolxle A& & 5 ATk ojHg A
e A 47} STIETE T3 AH, #kol Aaste 98 B
Z3HL) ole w2 AAXAE JMAE PCLo] A¥ TxoMe dA
SlA W] ARA ol fX=ATE A 2] FFEAAE PCL
o] & el FiAe WASA FEFEAA LS TFAA= A
o= Bk o) ANE T3 A =t B4 2 283 AR
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Figure 3. 'H-NMR spectra of PEG-PCL branched copolymer (4-arm)
m (a) CDCl; and (b) D,0O.
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Figure 4. Excitation spectra of pyrene as a function of MPEG-PCL
(1-arm) concentration in water at room temperature.
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Figure 40l LERA 213} 7F0] 335~338 nme] 33ol|A] slojzle] o
7] 2~ Eo] nldo] Fxo we} olFsle Z& B 4 Uk o=
&24437)9] ol yjRej sloldlo] HEHo R IAHE Qs AL
ou|git}. Hld FEo WE AHER ] o|5E B A v|E F=
e AT 4= A3} Table 49} Figure 55 l-arm, 2-arm, 4erm 2
8arm?] A Hld F= Zh& VERA Zlolth. Figure 594 B 21X
¥ 335 nm®t 338 nme] H= H¥lge] 2t FEFANITE B4 B 4t o
dollA F7BkE AS B & e, ol vlde g0 ARHE F
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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

— CMC x 10%¢ Diameter °
No. M NMr (mg/mL) (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).

[538 /. -[335

Log C(mg/mL)

Figure 5. Plot of I3/ I;;s (from pyrene excitation spectra) versus Log
C for concentration (C) of 1-arm, 2-arm, 4-arm, and 8-arm.
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1-Arm& 9A mAd 5% e 1.26%10° mg/mLo|i 2-arme
251X10° mg/mLE 22 Ay 729 FFEANME 2-arme] 1-
armBTH 97 vld F=7) o 24 et oo, 4am3 8am2]
A v B5 ghe Zhzk 3.98%10°% 562%10° mg/mLE Z&& B2
Tz FEEANAE 8armo| 4armB Tt YA v E57l O 3
A EAEU o] ANE Fd 22 BA T WellA kA 471 &
71ETE YA v FE ghol Tk ZlE o U, =g A
Y 2D A F2E vwstd GA 7HA] 7 BE X R 9A
A F5 gto) £ A I AUk

ol Figure 6l VERA 28 Ay 9 84 72| FTHA7T &
Bl mAlE PASH=H] Qo) B} 729} vjde] mi x| uw)

NS 418 Wl X PR FUA A 257150] BelA o)
A YA W A4 R PEG AHee} P2t AL Zow
77t Wil WekE 73 Qlold 7R 47} Bess shxnkc

=] TTEHA e &F7E0 M W17t oYl YA ||
A FE go] 4F 7ol vig) diHes T4 vehles Zles B
Ak olAF AAE Tl AdE ® BA 2ol wet 83l |
He 94 vl w= gel A vehvie 2 & 5 A, #
TEAL] 7 7t SRS A vl BE ghel Al W

njdel =z SFut "ef 2E 2F T5EAY el A B4
d vde A%e FUARTNE o8t FAT AT Table 401 Hie}

EoH, A0 A2E, 20063
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Figure 6. Micelle structures of PEG-PCL linear and branched copoly-
mers. (a) I-arm, (b) 2-arm, (¢) 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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2 713 72 gho] 2451, 8ame 73S 864 nmE TP & gho)
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=] ' 4549l PCL FEo] A2 vhiA dshe nide] 2
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5 BFYiAe A=t Ttk s £ 4 Atk 28l 4 F
FEAY FEAYolA FAE v)de] S YA AL S5 &
2%t A3} Figure 791 UERE AXY l-am, 2-arm, 4arm 2 8-arme]
Z} AolA 2R FEY g BESLH, AR AES 53l
TEE vde] VS LamolA gamoE 71A| 7} £
AR AL gelstdok

4 B

E AFelMe A8 2 A 729 PEGE /MAIAR sle] PES)
4 Eeloll28 AU CLA NEEEE B8l 1-arm-PEGPCL, 2-arm-
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A A B A4E R A 2o mE 54e vt &
o 4zke] A4F 8 BA 72 FERAE 4 SHE AAgste 4
2olA TR, 8 4 3 94 24 B 454E
A% 23 LammellA 8arm =2 71 7F FANEGE L AH,
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