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Abstract: In this study, an amphiphilic polymer-drug conjugate was synthesized by chemical conjugation of a hydrophilic
polymer poly(ethylene glycol) (PEG) with a hydrophobic anticancer agent, doxorubicin (DOX), to prepare magnetic
nanoparticles for cancer diagnosis and therapy. The amphiphilic PEG-DOX polymer could self-assemble in the aqueous
solution to form nanoparticles (NPs) and efficiently encapsulated superparamagnetic iron oxide nanoparticles (SPION)
with high loading capacity and loading efficiency. The resulting SPION encapsulated PEG-DOX (PEG-DOX/SPION)
NPs were observed to have an average size of ~100 nm with a narrow and unimodal size distribution and demonstrated
the characteristic of MR contrast agent from the phantom experiments. In the toxicity assessment, PEG-DOX/SPION NPs
showed lower toxicity than pristine DOX, and no mortality was detected at the maximum MTD. As a result, these mag-
netic NPs with high contents of DOX and SPION could be utilized as a theragnostic formulation for efficient cancer diag-
nosis and therapy, due to their diverse potential capacities properties, such as low toxicity, MR imaging character, passive
and magnetic targeting properties, and so on.
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T = AR A=) 39F shet o] 5 o FaL !
AUAE ol & sletaye] o Age FE A BF AE
o g3 W] MEES Fx Zfolof] ofEshH, 7IE A
o] Z4F i 8 oFEoln Bl BolHog Ao 2
slo] F2RE-S Fidit)? 58] SAFHAE e, Tad
A % A F Foll TFZHQI FEZo|EHA AR
g ARSEIL JAINE AR &3l WE A 54 5o o
2] F2-g0 2 ARGl Algto] Slo] Yok whEbA oF=e] &
TS AT FAES 2Y e EAeRE AFA
O] E (polymer-drug conjugate), 213 (liposome), JHA} 7o)
Al (polymeric micelle) 5 TF¥sH W= A H(nanoparticle) 413
Eo| /WL ekt

4 RS} A oFEl] 3lehA AdS Tl dof
Ae AEAFE AFAIClExs 78 | Ap7]1xd 5400
719kek ezl FAdo] gold W o), Ay oF=e]
o= g BTSN ATk =g Y o AR
AZHe EEFOEM oF 20 R ALS BolaH =
Bk ofue, oFEe] SA W F2RE-S AT oFE Tt
o] AFAleIAE sl AMeE= AR F T, SR
7182 52 A 7R} poly(ethylene glycol)(PEG), poly
(NV-(2-hydroxypropyl)methacrylamide) 52| 344 ZEA7} )

212 23] ¥ 4 3HPEGylation)dll AH&-El= PEGE A4
FAdo] Hojuhar el 7k A Expeke] A 2 537
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o, HZ Ad g X857t FA 7 "t el
(theragnosisy& LAl ol F-831A4] ARE-E2L 9th?' SPION
2 2P ofgk 43} X5} 7hssh A5G % (MRI)
< 58 oF FIHERt ofg} o FollA FRAH o= TRl 2t
7173} EPR @3] s o F-9]of] Sojdoz HHAA &
A0, 015 T3 U AlE 2] 82 A A &
dEHE STME F AL, WA FRES AT

B AFoM e 244 ZEAR] PEGS &5 Al
SAFHAe sk Aes Bl XM PEG-DOX 75
APl EE d3taL, A7129S B3l SPIONS &&3 %
FYste] 71548 A W= YAHPEG-DOX/SPION NPs)E
A zskder. AlZ" PEG-DOX/SPION NPs¢| Z2]3}st4] &
43+ MR ZGARA 9] 7Fs4E& &Ik, MTT assays &
gk A 9] Al S3%71et A ARS el gt
497 Tt

Al =|

Alek 2l Al 2. Methoxy poly(ethylene glycol) (PEG, Mn=
2000), S EYEY, tho]w e ZALo] =(DMSO), Iron(Il)
chloride tetrahydrate(FeCl,-4H,O), Iron(Ill) chloride hexa-
hydrate(FeCl;-6H,0), 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide(MTT)E Sigma-AldrichAH(T]=H)o| A
Aottt HEZslo| =2 F2HTHF), E&|EeRI(TEA), p-
nitrophenyl chloroformate(pNC)+= Tokyo Chemical Industry
AL )N FYBIATE PEGE 70°C 13 AElellA] 124]
7 AZ7 & ARSI tolodoH 29} R ok
(NH,OH)= 2 steh(E=)oll A F+43kith. Fetal bovine
serum(FBS)2 Gibco-Invitrogen(Grand Island, NY, USA), =
A~ FH]Al(doxorubicin  hydrochloride, DOX)< MedKoo
Biosciences(¥] =), 4 2HMWCO=1000 Da)< Spectrum
Laboratories, Inc.(W]=") . 25€ ztz} it} S5
Al SHTE ARk

PEG-DOX Conjugate?| &4. PEG2} DOX®] 23221
3}8td A3He 53] PEG-DOXE #d 31 th(Scheme 1).
PEG 10 g2} pNC 12.6 g& 40 mLe] oI EYEL] =T}
LEE 0°CZ 953 TEA 44 mLE HF3] Yol & A
oA 24A17F REEAIZITE. RESo] Xl wet HAE 214
=9 TEAHCK: 94 Ee)ot A=A FHE ARt
AAsAT W8NS el AR vrelodoH =] 3
AR & g2 X 743l PEG-pNCE LTt PEG-
DOX= PEG-pNC 1 gt 54FHAl 027 ¢& 30 mLe] DMSO
o] 5?1 5 24417k FRF iyt ol A REGA|ZATE ¥H-g-8-9)
< ol T SRFNM FAHMWCO=1000 Da) 5 52471
zsto] 39U FEjo] S AT FHE Ak st
7 24S 'H NMR(AVANCE III 600, Bruker, 1]=)2 ©]
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Scheme 1. Synthetic scheme for the PEG-DOX conjugate.

f3to] £3589 1L, 1= DMSO-de S AH&3tTh T3k
ATR-IR(Nicolet iS 5, Thermo Scientific, ¥]=) 45 53}
o 3 AEA] B4 935 RIS AHE-LS 4om’!
o] FallwollA 163 =73 2™ 500~4000 cm™ HH 2]l A]
243 DOXe] AFHE olaly] sl UV-vis 3%
TAE o] &3l B4 skt

SPION?| M= U SMEA. SPION2| §AL 7]&E0] B
IE FHAYE o83t AZ3IATES 80°CE 7HEH
1 L] 750l FeCly-4H,0(0.235 )@t FeCly-6H,0(0.639 g)

12 2 H2 9 ¥ 52mLe] YRYoE AA138] 7t
b Zbalol|l A gk 7+

o o
o

Dol FAF = ARAIN F 7k A
(Tecnai G2, FEI Company, USA) 4]
A1 3FATh AZE SPIONS X EAISZAE A (VSM)E: ©]
8-3te] 300 KoM Ast=E A3t

A oO|M &% (Critical Micelle Concentration, CMC)
&H. ¥ E47](Cary Eclipse, Varian, USA)Z o|-&3lo] &
’d€l PEG-DOX®] CMCE Z73I31tt. Pyrene(Sigma-Aldrich,
H=n)S FEEAR ARRGon, Ak THFY =<1 5 3}
S5l 3481 6.0x107 M| F=2 ThEo] FUt}. 65°C
|4 3A1ZF B9t wRkete] ZHF THFE Al AT ohget
o] yEA} g AMZES A3 T pyrene £ I
2F A L(viv)E EFBIATE £ AlEe 12203 5
oFg A7l 3 W= ubd 330 nme] WO E excitationt]
% 350~500 nm o] S S S5t

PEG-DOX/SPION NPs2| M= % 24, 7 8AE =<
DMSO &%} SPION 895 3172}/SPION 54| 8:2,
7:3, 6:4, 4:602 &3} I 33} ZRST SPIA] B B9 B4
gt AR FE (045 um)E ARESt] o3 & 54 AxE
S8 390 A2l PEG-DOX/SPION NPsZ At} vie

2

S AL off

)

Acetonitrile
PEG-pNC

—_—

DMSO

C”’~°Jr\/°+ﬂoiuo

PEG-DOX

AR 5-99% SPION ke %% ¥4 (TGAYS 3l &
olalg o & 10°C/mine 2 A 297]04 30°C
oA 800°C7H & & ZHFFE SHSHATE YAt
7] 2 E¥E 1 mgmL 52 YeYPAt F8AS A %8}

&4 34t (dynamic light scattering, DLS) (ELS-Z,
Photal, Y )S 53l LAsIATE FeleHd 45 flal the
YAF RS v IHE T 2= Qe B4 2 x
Azl & 7k At 300kV kol A TEM(Tecnai G2, FEI
Company, USA) 418 331t

X7 | 2HAA IE](Magnetic Resonance Imaging, MRI
Phantom) 4. MRIE &3+ 7}A|8k(visualizationys 13}
7] $18to] PEG-DOX/SPION NPs& ZF-<roll HAAZ] 5
9.4T/160 mm MRI system(Agilent Technologies, Santa Clara,
CA, USA)S ol-&ato] st o] W) FadFale A=34
215 ZHA]o| 40 mm millipede coil ©]-8-3F3Th T2 map>
thet 22 27102 AT TR, 3000 ms; TE, 10-150
ms; 15 echoes; average, 1; matrix, 128 x 128; FOV, 70 x 40
mm?; slice thickness, 1 mm; 1.5 mm gap.

MESH HIL MTT £4] US ©]838t PEG-DOX/
SPION NPs®| Al 25735 H7 slinh. /3413281 NIH3T3
o} AAZQ] HepGE AME-3IF oM, AIXEE 1x10* cells/2
LR T 5 240 7F BRb v siiTt. 24417 F uiA]
E AASE ANEE FEEE 7} Dof| 200 LA 2]t
37°C, 5% CO, 3k] vjd71olA 24417k B3 A EE viUs)
t}h. 24X)7F 3 A 82 A ASL, MTT 29420 uL, 5 mg/mL)
= 7+ wellell 7L vjg7]olx 4x]7F &2t o i gstaL
|28 AAg &, PBS buffer2 23] A& 3k, DMSOE 2
ol 150 pL# FAstd, Al 2eke] whe-5 Fall F4E wHep
formazan A7 &A1zt 2+ LellA 100 pLEs #5151
ufo]| AZZY|o|E §FH2] 7] (microplate spectrofluorometer;
VICTOR 3V Multilabel Counter, Perkin Elmer Wellesley,
MA, USA)E ol&3le 570 nm 452 A8t AlgS
Ag)atA] e Xl ek E9E 100%= ato] i<
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Z[f LM 28 (Maximally Tolerated Dose, MTD) 7},
E g Rte] 718AR] EAMRE At AlY EE 9
@3] R 5 Fal ARl A A WS Ht
stk Egk A5 Hstel UQAE A7F o u) Id
He gt 5439 47 AEe RS B s
th FE2 FedERe] o (B 7R E AN
)54 (SPF) SD(Spraque-Dawley)Al Rat 4573, 127}2] (Y
21z} 6nte])E Faol Ao oY a1
AR sEATHN drste oF dFd7te] F3p17ke AR
o} ARl A AHE AR ROFE AL AAF A}
E(PURINA, USAYE AHraAl A58 sttt A3sEAF
AL 2% 2242 °C, HE 55+5%(RH), ZHAIZF 12417+ A
SE&H 08:00~20:00), A17F 2 % 150~300 Lux, 22 60 dB
ol&}, R} F&= 20 ppm ©]3}, 7] 3 A 10~153]
M7H100% HEPA-filtered air)o. 2 A4 = o] FAH At &
FEAHS Y S S BT sl AaEa,
Mot oA EAEATY AP FTEAFAY
Institutional Animal Care and Use Committee(IACUC)®] <]
3 AEZ AT

Rat 5~71(149.5425.7 g} & (115+20.1 g)°l| Free DOX,
PEG-DOX, PEG-DOX/SPION NPs& &7} W2 T3l
), A Sl wEt &S TolAY W] M Fost
= AL Y7oz St A AFgEAY Yol
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A9, AR AR AT,
S0l o5 A FH| FTE Fol A, Tl AF U T
of 1AIZF ¥, 6213k ¥, 2441%F ol HAHAL, FE A
Aol ol 8 oF, 19 23] BATT AT ¥
WA HRSN EskaL, ol WA ol FE 2t AR thated
W2 24553 7SS A AAE B S Hst 3

AE AA v B8-S Algtstar @il vk 23]
¥l H&E(Hematoxylin and Eosin) G412 A5, BE
ALl 22 W]l MskE #ESIATE QFEA 7R 9
AL v Fo] $5 % isoflurane W1 stol] vt &4
o2 gdAS AfFHS 5, st QAT QFEAL &
oJe] 917 HE 9 99} e g Tl =2 Wt
2 Artel AH A AANE Tl
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2 £

PEG-DOXe| & & M. A Aol ¢ 2154
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Figure 1. (a) '"H NMR; (b) ATR-FTIR spectra of PEG, PEG-pNC, DOX, and PEG-DOX conjugate.
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& XFE 98k Poly(ethylene glycol)-Doxorubicin/SPION A3 W= §dAle] #|= 2 EAHEA 1063

PEG-DOXE FAslSith. DOX 58220 AFAI0IAS 9
3 WA PEGS| OH ©t7]Z pNCE E4311A PEG-pNC
£ A 31932, Figure 1(a)1A A3 'H NMR £41-& F3i
7.4} 8.2 ppmollX pNCe| 578927} Veh= A& g8t
AT PEGS} pNCe| EAT| AL ARH|E T3 EA5e
< AlAke A3 PEGS] OH Te717} 98% ol E4dske A
< BRIt PEG-pNColl DOXE AFA|01418 A3 pNC
o] EAuar} 413 AR AL DOXol 3dshs 5A49=
7} 7.5-7.9 ppmellA] UYERE 1S ER1EIITH DOXe] X|8
&S UVnisible F324HS B8l S8 25 98% o)
28kE AL gola . Figure 1(b)oll PEG PEG-pNC,
DOX, PEG-DOX¢] ATR-FTIR ¥423= YeRiit}. PEG-
pNC2] 2 EHME= 1730 em oA 7HE Y Z5(C=0)2]
EAvzE gold 4 A, PEG-DOXAE 1730 cm?
oA FhEY ZE(C=0) T2, 1104 cm™olA] SEHE ZE(C-
0-0)9] ¥4, 1577-1613 cm'oll A 2] -4 HOCONH)<]
EAuaE g1 gx DOXIe] HAFAl0)A vhSo] A
Ao oS & F UM

SPIONS| M= X SMEXM, SPIONS Fe*'$} Fe** ol
715 Hrtste] A= HHoE Azt AdH

+
SPIONS TEMC.Z #4138t A3} Figure 2(a)ell A<} o] <F
10nm Z719] 3] YAFEHE 7= Aoz RIS
SPION®] #}7]% 548 #2438 A3} Figure 2(b)e} o] =}
7148 7S de te

10 ——SPION

Magnetization (emu/g)

-50000 0 50000
Magnetic Field (Oe)

Figure 2. Characterization of SPION. (a) TEM image; (b) VSM
magnetization curve.

Table 1. Preparation of PEG-DOX/SPION NPs

°F 10 emu/g®] AshahkS BN, A714E A AT 2shak
o] 0] &= A ATS Bk

Al O SZ(CMC) &X. dwtd oz J3lujA] 1&A}
= 78 oA a4 dsagol o3k ARy E4L
2 Uegres dAske Zos d9A Atk 2194 PEGS}
2 oFERl DOXe] s18h Agks B3l dofxl PEG-DOX

TENG A7 1x2H e=dat I ATS Eelsh] Sl
FEAHS B3 CMCE A3 28] w=of wf
pyrene®] S EHo)A 3949} 374 nmoll A Q] A
O] Hl(Loy/Ly)y’t 543] Wstele W3 sldshe 5%
CMCZ ZA3dth 4% CMC 72 0.041 mg/mL=
HEAQl XIvlAd PEG F=A417F Holi= CMC w3k fAksk
b 7HAE Ao R ERlEATES

PEG-DOX/SPION NPs2| M= % S4 24, Figure
3(apllxiel 2ol dialysise ol8-slo] thdgt 2/dH|e] SPION
< 5313 PEG-DOX/SPION NPs2 #| %391, =2 234=
Table 191 A28t} Figure 3(b)ol|2t 220] TGAS o] &3t
Sk Azt PEG-DOXS} SPION2| &3H]7} 8:2, 7:3, 64,
4:62 W] Bsrre 7247t 187, 27.9, 39.1, 59.9%% ZA 4
AT} Aojxl Bdstao] SPIONS| &3 vlggh ke 1
R, 7 =o T30 469 APolE S YT
HATh BE S B9 5 SPIONS] 2
)R] T P EHA Bk YAl oS A
21T}, Figure 3(c)E PEG-DOX/SPION NPs¢] TEM
F2 HolFE 2102 10nm W] SPION YAFE©]
AF =gdatel] B9d=le] 30~50 nm Z719] A FoiE T
Asle Aoz A=)

Figure 4= DLSE ©]-83F 8-de] vedxbe] =79}
X E RIS AFoltt. F8E Y=dAke] Z7]= PEG-
DOX/SPION20 NPs, PEG-DOX/SPION30 NPs, PEG-DOX/
SPION40 NPs, PEG-DOX/SPION60 NPs¢] 73-%- Z}2} 103.4,
70.5, 66.7, 63.9 nm= =4 =Tt SPIONS $13HA] 22
PEG-DOX9] 73~ 148 nmZ =AU, SPION =% %
=972k =717F 100 nm ©]et= sk 43S BT o]
= A4 FolZE o]F= DOX EAK} SPION YAEH 7H)
AP T A=A 52 711G ZoE AlEET P

ae i Nl ogl to

g\(

e o

e

koo
Moo ¥o wu mlo

Feed ratio (w/w)

SPION loading

Sample name PEG-DOX:SPION content (%)” Size (nm)
PEG-DOX - - 148.0£13.5
PEG-DOX/SPION20 NPs 8:2 18.7 104.33.05
PEG-DOX/SPION30 NPs 7:3 279 70.3+0.68
PEG-DOX/SPION40 NPs 6:4 39.1 66.9+0.15
PEG-DOX/SPIONGO NPs 4:6 59.9 64.0+0.17

“Determined by TGA measurements.

Polymer(Korea), Vol. 42, No. 6, 2018



1064 AR7 - o)Al - e - w2 - ey
(a)
J"/ JJJ', oy ° . o
LIPS o [} Py
. + 000 o
®e o °
ﬁ?% ° 0. o. «® ®
LAV V2N
PEG-DOXin DMSO SPION in DW

(b)

ZAE - ALE - AFE - AR
Mixing

Freeze drying

—— PEG-DOX/SPION20 NPs
100 -~ _ == PEG-DOX/SPION30 NPs
NS - - - - PEG-DOX/SPION40 NPs
W\ }. —-— PEG-DOX/SPION60 NPs
80- N
3
£ 604
=
(<
2 4.
20+

100 200 300 400 500 600 700
Temperature (°C)

Figure 3. (a) Preparation;

(a) (b)
. ®1 Diameter: 103.4nm -
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£ z
v 44 7]
c c
o o
-~ -
£33 =
I 5
s 2 =
B g
£ ' £
s, ' 8

1 10 100

Diameter (nm)

(c) (d)
3 51 Diameter: 66.7 nm 3
< PDI:0.14 =
z s DI :0.145 z
z z
o 44 @
- -
£ £
s s
<t t
F ]
£ 4 £
o o

0

800

Dialysis/

PEG-DOX/SPION NPs

characterization ((b) TGA data and (c) TEM image) of PEG-DOX/SPION NPs.

Diameter: 70.5 nm
PDI:0.148

10

1 10 100
Diameter (nm)

Figure 4. Particle size distribution of (a) PEG-DOX/SPION20 NPs; (b) PEG-DOX/SPION30 NPs; (¢) PEG-DOX/SPION40 NPs; (d) PEG-

DOX/SPION60 NPs.

Zan, 44278 A63, 20183

1 100 1000
Diameter (nm)
®1 piameter: 63.9nm
5| PDI:0.145
44
34
24
14
0 T
1 10 100 1000

Diameter (nm)



X7 | 3HAN e (Magnetic Resonance Imaging, MRI
Phantom). SPION2 T2 ZFAZ MR %74 o}5A v
ehctt}. Figure 5(a)9t 5(b)E PEG-DOX/SPION NPs¢] MR
HY olm|z| e} A5 o] HrE UepH, A7FH P A%

AEe SRt sxrt S E AAsln Ak

Uubx o 2 AF83lE] Y Q= HRY]|2E (resovist*)2} H]al
o] B3 RS HRATEPH o2 gt A= AlxE Wi
A7F MR ZQA A §-8-0] 7Fssithe A8 HolEt

MZ SM%J}. PEG-DOX/SPION NPs] AlE ZX%471=
Qate] F o] AgobHl £ NIH3T3H Aleke] 7t A2
9] HepG-2 cell o]&3lo] AA| 9] AE SAH71E A6t
Atk 5A4H7)T Aiks vlo| A2 ZY0|E FFEAV|E T}
o MTT9] §35E 573 3IUTh Figure 6(a)2t 6(bys B
0.05~10 ug/mLe] 77§2] DOX % HolA 24417k B3t Al
Fo] AEES =3 A3 2E AlEoM PEG-DOX’} DOX
o} &2l 10 pg/mL F& olatol A AE 50| =LA 7HAst
£ 25 3018 5= Qluh. NIH3T3HIESE HepG-2413E14 1Cs,

e o fr 1o

e 24z DOX7F 0.12, 0.45 pg/mLI2 PEG-DOX7} z+zt
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Figure 5. (a) 7, MR phantom image; (b) 7> MR signal intensity at
different Fe concentration of the PEG-DOX/SPION30 NPs.
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Figure 7. Histological examination. Free DOX; (a) Thymus, atro-
phy, marked, x40; (b) PEG-DOX; Femur (bone marrow), decreased
cellularity, marked, x40; (¢) PEG-DOX; Jejunum, degeneration/
regeneration, moderate, x200; (d) PEG-DOX/SPION NPs; Spleen,
extramedullary hematopoiesis, moderate, x200; (e) PEG-DOX/
SPION NPs; Spleen, granulomatous inflammation, moderate, x40.
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Table 2. Maximum Tolerated Dose (MTD)

Sample name MTD (mg/kg)
Free-DOX 45
PEG-DOX 1500

PEG-DOX/SPION NPs 2000
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