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Poly(benzyl-L-histidine)-b-Poly(ethylene glycol) Micelle Engineered
for Tumor Acidic pH-Targeting, in vitro Evaluation
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A polymeric micelle, based on the poly(benzyl-L-histidine)-b-poly(ethylene glycol) (polyBz-His-b-PEG)
diblock copolymer, was designed as a tumor-specific targeting carrier. The micelles (particle size: 67-80 nm,
critical micelle concentration (CMC); 2-3 ug/mL) were formed from the digfilteration method at pH 7.4, asa
result of self-assembly of the polyBz-His block at the core and PEG block on the shell. Removing benzyl (Bz)
group from polyBz-His block provided pH-sensitivity of the micellar core; the micelles were physically
destabilized in the pH range of pH 7.4-5.5, depending on the content of the His group free from Bz group. The
ionization of His group at a dightly acidic pH promoted the deformation of the interior core. These pH-
dependent physical changes of the micelles provide the mechanism for pH-triggering anticancer drug (e.g.,
doxorubicin: DOX) release from the micelle in response to the tumor’ s extracel lular pH range (pH 7.2-6.5).
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Introduction

Recently medica application of a polymeric micelle
system™ has burst onto the scene with challenging inno-
vations, designed to enable spatial site-specific drug deli-
very.1255 Especialy, in tumor treatment, effectively regress-
ing tumor while minimizing damage to hedlthy tissues is
undeniably linked to this drug delivery system.” For ex-
ample, delivery of high doses of therapeutic agents to target
tumor sites and minimal accumulation of therapeutic agents
in hedthy tissue has been achieved using nano-sized mi-
cellar carrier systems.® Thisis primarily attributed to passive
accumulation in solid tumors by the enhanced permeability
retention (EPR) effect’ of the micellar carriers with nano-
size (20-200 nm),’ followed by passive diffusional release of
the drug in the extracellular space and/or active internali-
zation into the tumor cells via various entry mechanisms.”*°
Herein, to further improve loca high-dose tumor therapy,
drug-carrying polymeric micelles need to be inert, meaning
minimal interactions with biological components and negli-
gible drug release while circulating in the blood stream.’
However, upon reaching their target sites, the micelles may
need to switch their nature to induce enhanced drug release
kinetics." The switching property could be endowed by
employing stimuli-sensitive components when constructing
nanocarriers. Hyperthermia,'>*2 ultrasound,** specific enzyme-
induced cleavable bonds,®>*" and specific ligands or anti-
bodies'®?! have been intensively investigated for this pur-
pose using micelle systems.

Recently, a pH-sensitive polymeric micelle system has
been potentially used for targeted antitumor drug delivery,>6223
based on the observation that one of the consistent differ-
ences between various solid tumors and the surrounding
normal tissue is the acidity of the surrounding tissue. The
extracellular pH (pHe) in most tumors is more acidic (pH,

6.5-7.2) than in normal tissues** In al measurements
(involving either invasive or noninvasive methods) of the
pHe of human and animal solid tumors, more than 80% of all
measured values consistently fell below apH of 7.2.33 |tis
interesting to note that this physical difference in pH is
intrinsic in distinguishing diseased tissue (i.e., tumor) from
normal tissue. In this respect, the devel opment of pH-sensi-
tive drug-carriers is unique for tumor targeting compared to
the cultivation of drug carriers depending externa stimuli
(such as hyperthermia and ultrasound).” In particular, the
polyHis*®? is a promising component for constructing a
pH-sensitive polymeric micellar carrier capable of targeting
tumor cells. The imidazole ring of a polyHis-block (pKy ~
7.0) has lone pairs of electrons on the unsaturated nitrogen
that endow it with pH-dependent amphoteric properties’;
polyHis is lipophilic above pKp but lipophobic (resulting
from ionization of polyHis) below pKj.®> These properties of
polyHis have been utilized for the development of tumor
acidic pH-sensitive polymeric micelle system.>%%° Consider-
ing that the micelle system with pH-labile chemica bonds
(such as hydrazone and aceta) between the drug and the
micelle, responds only to pH 5.0-5.5,2%6%8 a polyHis-based
mixed micelle system may be more useful for tumor acidic
pH (pH 7.2-6.5) targeting. In previous studies, pH-sensitive
mixed micelles based on polyHis-b-PEG and poly(L-lactic
acid)-b-PEG (PLA-b-PEG) block copolymers contributed
improved anticancer activity and enhanced drug release
when they were triggered to release their cargo by tumor-
associated acidic pH.>®% However, despite its significant
potential, this system depended on complicated interactions
between the polymersin the mixed micellar core. Addition-
ally, homogenous mixing of the two block copolymers was
required for the micelles to exhibit reproducible behavior.>%%

To improve upon this design, therefore, we prepared pH-
sengitive polymeric micelles from one block copolymer,
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Figure 1. Schematic diagram depicting the central concept.

polyBz-His-b-PEG. The benzyl (Bz) group (used as a
protecting group for polyHis synthesis)®®?° remaining in
polyHis, as shown in Figure 1, may be useful in tuning drug
release behaviors of the polymer micelle with pH.>%?23! For
proof of this concept, we examined the pH-sensitive proper-
ties of the polyBz-His-b-PEG micelles and monitored pH-
dependent cell cytotoxicity against human breast carcinoma
cells (MCF-7).

Experimental

Materials. Triethylamine (TEA), dimethylsulfoxide
(DMSO), dimethylformamide (DMF), anhydrous liquid
ammonia, metallic sodium, HCI, NaOH, ammonium chlo-
ride, diethyl ether, tetrazolium salt MTT, L-glutamine, n-
propy! galate, glycerol, and DOX-HCI were purchased from
SigmaAldrich (S.Louis, MO, USA). Penicillin-streptomycin,
TrissHCI (pH 8.4), fetal bovine serum (FBS), 0.25% (w/v)
trypsin-0.03% (w/v) EDTA solution, and RPM11640 medium
were purchased from Gibco (Uxbridge, UK). PolyBz-His-b-
PEG (repeating unit of Bz-His =28, M, of PEG = 2000) was
synthesized by ring-opening co-polymerization of His N-
carboxyanhydride (NCA)-HCI, followed by PEG conjugation,
as described in detail in our previous reports.>®2°

Contralling deprotection of Bz group. The protecting Bz
group of His was deprotected using metalic sodium and
anhydrous liquid ammonia®® Briefly, the suspension of
polyBz-His-b-PEG (1 g) in anhydrous liquid ammonia (20
ml) was mixed with metallic sodium (0 (His0), 0.03 (Hisl),
0.05 (His2), 0.10 (His3), 0.20 (His4) g, Table 1) over a

Table 1. Characterization of polymer and micelle system
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period of 15 min. After evaporation of liquid anmonia, the
residue was dissolved in 1 M HCI (10 mL). The 1 M HCI
solution was extracted three times with diethyl ether (10
mL). The 1 M HCI solution was neutralized with 3 M NaOH
solution and the precipitate was filtered. The precipitate was
three times washed with diethyl ether and was dried in vacuo
for 2 days. His or Bz-His mol% in polymer was estimated
from the *H-NMR spectrum (DMSO-ds with TMS) using
theintegration ratio of the peaks from the imidazol e ring unit
(67.6, -N-CH=) and the Bz unit (67.21, -C=CH-).

pK determination from acid-base titration. The poly-
mer and NaCl (control) were dissolved in 30 mL of deioni-
zed water (30 mmol/L) and the solution was adjusted to pH
12 with 1 N NaOH. The diluted solution was titrated by
stepwise addition of 0.1 N HCI solution to obtain the
titration profile.?

Preparation of polymeric micelle. The polymer (20 mg)
dissolved in DMSO (20 mL) was transferred to a pre-
swollen dialysis membrane tube (Spectra/Por; MWCO 15
K) and didyzed against HCI (or NaOH)-Na:B.O; buffer
solution (pH 7.4, 20 mM) for 24 hours. The outer phase was
three times replaced with fresh Na&:B4O7 buffer solution. The
solution was then mixed with phosphate buffer saline (PBS)
solution (pH 7.4). The solution (ion strength: 0.15) was
subsequently lyophilized after filtering through a 0.8 ¢m
syringefilter. Theyield (wt.%) of micelleswas 91 + 7 wt.%.

Fluorescence spectroscopy. For the measurement of
steady-state fluorescence spectra, the pyrene solution (6.0 x
107 M) in acetone was added to deionized water to give a
pyrene concentration of 12 x 107" M. The solution was then
distilled under vacuum at 60 °C for 1 hour to remove acetone
from the solution. The acetone-free pyrene solution was
mixed with the polymeric micelles (1x 104~ 1 x 107 g/L),
yidlding final pyrene concentration of 6.0 x 10" M. The
change of the intendity ratio (Iss7/lsss) of the pyrene with
polymer concentration was plotted from excitation spectra
from 300 to 360 nm at emission wavelength 390 nm.* The
CMC (ug/mL) at pH 7.4 was determined from crossover
point at low polymer concentration on this plot.% In order to
quantify the polarity around the pyrene moleculesretained in
the polymeric micdle (0.1 g/L) with pH, the intensity ratio
(I337/1333, higher ratios means a less polar environment) of
the pyrene at different pHs (pH 7.4-5.5) was measured.

Particle size analysis. Photon correlation spectroscopy
(PCS) was conducted using a Zetasizer 2000 (Mavern
Instruments, USA) with a He-Ne Laser beam at a wave-
length of 633 nm, and a fixed scattering angle of 90°. The

His content (mol%o) BZ-His content (mol %)

CMC (ug/mL) of micelle  Particle size of micelle

[

in polyBz-His in polyBz-His apH74 apH74
HisO 0 100 - 21+06 67 nm
Hisl 48 52 6.10 26104 70 nm
His2 71 29 6.54 25103 78 nm
His3 86 14 6.83 26105 76 nm
His4 100 0 7.02 28104 80 nm
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polymeric micelles (0.1 g/L, ion strength: 0.15) were then
exposed to different pH values (pH 7.4-5.5) at 37 °C for 24
hours before measurement of the particle size and particle
size distribution.>*

DOX loading. DOX-HCI (1 mole) was stirred with TEA
(2 mole) in DM SO for overnight, in order to detach HCI salt
and make DOX lipophilic.>® And then DOX (2 mg) was
blended with polymer (10 mg) in DMSO (20 mL). The
mixture was transferred to a preswollen dialysis membrane
(Spectra/lPor molecular weight cut-off 15 K) and dialyzed
against HCl (or NaOH)-Na:B4O7 buffer solution (pH 7.4, 20
mM) for 24 hours. The medium was exchanged severa
times and the content inside the dialysis tube was sub-
sequently lyophilized. The amount of entrapped DOX was
determined by measuring the UV absorbance at 481 nm of
the drug-loaded polymeric micelles dissolved in DMSO.
The DOX loading efficiency was 80-90 wt.% calculated by
dividing the loaded DOX concentration with theinitial DOX
concentration.

DOX release. DOX-loaded micelles in PBS pH 7.4
solution (1 mL, ionic strength: 0.15) in adialysis membrane
tube (SpectralPor MWCO 15 K) were immersed in a vid
containing fresh PBS (20 mL) with different pHs (pH 7.4-
5.5) at 37 °C, including mechanica shaking (100 rev./min).
DOX concentration was determined with a UV/Visible
spectrophotometer.>®

Céll cytotoxicity. Human breast carcinoma MCF-7 cells
(from Korean Cell Line Bank) were maintained in RPMI-
1640/PBS medium (Gibco) with 0.5 M PBS, 2 mM -
glutamine (Sigma), 5% penicillin-streptomycin (Gibco), 10
% fetal bovine serum (Gibco) in a humidified incubator at
37 °C and 5% CO, atmosphere. Before testing, cultured cell
(1 x 10° cellsmL) monolayers were harvested by 0.25%
(w/v) trypsin-0.03% (w/v) EDTA solution (Gibco). For
cytotoxicity test, free DOX (5 ug/mL), equivaent DOX-
loaded micelles (DOX 5 pg/mL, polymer 33 ug/mL), blank
micelles (polymer 0-200 ug/mL, no DOX) in RPMI-1640/
PBS medium were added to the medium-removed 96-well
paate. The pH of culture medium was readjusted with 0.1 N
HCl or 0.1 N NaCl.>*® During 24 hours incubation, no
considerable pH shift in the culture medium was observed.
After the incubation, chemosensitivity was measured using
tetrazolium salt MTT assay.>622

Results and Discussion

pH-sensitive polymer. PolyBz-His was prepared by the
ring-opening polymerization of His N-carboxyanhydride.®
PolyBz-His was coupled with PEG by simple 1,3-dicyclo-
hexylcarbodiimide (DCC) chemistry.>? The deprotection of
the Bz group was managed to evaluate the effect of Bz on
the pH-sensitivity of polyHis. The pH-dependent amphoteric
properties of the His component may be affected by the pH-
insensitive lipophilic Bz component, similar to our previous
polyHis-based mixed micelle application.®> Physical blend-
ing of the pH-insensitive block (poly(L-lactic acid)) to
polyHis micelle shifted the micedle destabilizing pH to
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Figure 2. The particle size distribution of Hisl.

below pH 7.0, depending on the amount of pH-insensitive
block.® Table 1 shows that increasing the Bz content reduced
the pKy, value of the polymer. The pK, of His2 and His3
were found to be 6.83 and 6.54, respectively (Table 1).

pH-sensitivity of micelles. The micelles constructed by
the sdf-assembling process of these polymers presents
relatively low CMCs (2-3 ug/mL) and average 67-80 nm
sizes a pH 7.4. All micelles showed a narrow particle size
distribution as shown in Figure 2.

The CMC and particle size of the micelles decreased as
the Bz-His content increased, which may be due to the
enhanced lipophilicity® of the micellar core by the presence
of Bz. In addition, 67-80 nm sizes of micelles will be useful
to the extravasation of micelles due to the EPR effect.*

The ionization of His in the micelar core will facilitate
micelle destabilization (Figure 1). Non-ionized His (i.e., Bz-
His) is expected to shift the micelle destabilizing pH to a
lower value, reducing ionization of the lipophilic core.
Figure 3 shows that the particle size of the Hisl, His2, His3,
His4 micelles decreased with a pH drop. The particle size of
the His3 micelles decreased from 80 nm at pH 7.0 to less
than 10 nm at pH 6.5, which exhibits disintegration of the
polymeric micelles at a low pH. While, the HisO micelles
(without ionizable His groups) present a negligible particle

100

Particle size (nm)
» [2] o]
o o o

N
o
n

55 6.0 6.5 7.0
pH

Figure 3. The particle size change (n = 3) of His0 (@), Hisl (m),
His2 (a), His3 (v), His4 (&) with pH of the solution. The
micellar solution (ionic strength: 0.15) was kept to 0.1 g/L.
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size change with pH.

The micelle formation by self-assembly of polyBz-His-b-
PEG was monitored by fluorometry in the presence of
pyrene as a fluorescent probe.® Pyrene is highly hydro-
phobic and therefore preferentially migratesinto the micellar
core in an aqueous solution.>® When pyrene is located in a
non-polar environment (i.e., micellar core), it shows strong
fluorescence. However, in a polar environment (i.e., outside
of micellar core), it shows aweak fluorescent intensity and a
shift of the excitation peak. The change in the intensity ratio
(Iss7/1333) Of the pyrene extracted from the excitation graph
indicates whether the polymer forms the micelle or exists as
the unimer.>2>3% The CMCs of polyBz-His-b-PEG micelles
ranged to 2-3 mg/mL (Table 1), as estimated from the
crossover point of the intengity ratio (Iss7/lss) at low poly-
mer concentration.® These CMCs of the micelles were
changed with pH (Figure 4(a)). The CMC of His2 micelles
were remarkably elevated below pH 6.8. The CMC of His3
micelles significantly increased below pH 7.0. Similarly, the
CMC of His4 micelles with 100 mol% His group, increased
beow pH 7.4, while the HisO micelles showed a negligible
CMC change. It is evident that the ionization of the His
groupsin the polymer at alower pH level causes areduction
in lipophilicity, leading to an increase in CMC. In addition,
higher His amount in the polymer induced CMC change at a
higher pH. These behaviors of the micelles were also sup-
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ported by the monitoring of micropolarity in the micellar
core with pH (Figure 4(b)). The decrease of the pyrene
intensity ratio (Iss7/1333) under the same polymer concen-
tration (0.1 g/L) (Figure 4(b)) demonstrated that the His2
micelles or His3 micelles experienced a sharp increase in
polarity as the pH decreased from 6.8 to 6.5, or from 7.0 to
6.8, respectively. In addition, the Hisl or His4 micelles
present a constant increase as the pH decreased from 6.8 to
6.0, or from 7.4 to 6.5, respectively. The amount of His in
the micellar core affected micelle disintegration. A decrease
in His (or an increase in Bz-His) content decreased micelle
disintegrating pH, reducing the ionization of the micellar
core.

Figure 5(a) shows the cumulative DOX release from the
DOX-loaded polymeric micelles with pH. The pH-depen-
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Figure5. (a) The pH-dependent cumulative DOX release from the
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dent micelle properties facilitated pH-induced DOX release
from the micelles. The HisO micelles showed no pH-depen-
dent DOX release. However, the Hisl micelles released 30
wt.% of DOX at pH 6.8 and 45 wt.% of DOX at pH 6.5. The
His2 micelles released 20-36 wt.% of DOX at pH 7.4-6.8
and 76 wt.% of DOX at pH 6.5 (e.g., endosomal pH targeted
for cytosolic drug delivery®”). The His3 micelles showed a
desirable tumor extracdlular pH-dependency such that 20-
30 wt.% of DOX was released at pH 7.4-7.0 and 75 wt.% of
DOX at pH 6.8 (e.g., tumor extracellular pH), as well as 80
wt.% of DOX at pH 6.5. Unlike His0, Hisl, His2, and His3
micelles that released approximately 20 wt.% of DOX at pH
7.4, the His4 micdles released 35 wt.% of DOX at pH 7.4,
indicating relative instability of His4 micelles at blood pH.®
In addition, the DOX release pattern with the time followed
nearly first-order kinetics and reached a plateau in 8 hours
(His2) or 4 hours (His3) (Figure 5(b)-5(c)).

These results mean that the micelles responded a small pH
difference (between pH 7.0 and 6.5); accelerated DOX
release from the micelles destabilized with the drop in pH.

In vitro cel viability. Figure 6(a) shows pH-dependent
cytotoxicity of the DOX-loaded micelles against MCF-7
cells. The acidic pH enhances the DOX release rate of the
His2 or His3 micelles and makes the DOX-loaded His2 or
His3 micelle effective for killing MCF-7 célls. In an in vitro

(a) 120

100 +

[
o

- —@—

Cell viability (%)
5 8

N
o
e
L

o

6.4 6.6 6.8 7.0 7.2 74
pH
110

®

~

105 |

100 B¢

Cell viability (%)
8 &
»o

02
o

[0
o

50 100 150 200
Blank micelle (ug/ml)

Figure 6. () pH-dependent MCF-7 cell viahility of DOX-loaded
(@ HisO (@), His2 (A ), His3 () (equivalent DOX: 5 ug/mL), and
free DOX (@) (DOX: 5 ug/mL) with pH (n = 7) (b) in vitro cell
toxicity of blank micelles (HisO (@), His2 (a), and His3 (¥))
(n=7).
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cytotoxicity test, these micelle systems demonstrated limited
cell killing effect at pH 7.4-7.0, but cell viability was greatly
reduced as the pH decreased from 6.8 to 6.5 (His2 micelles
for endosomal pH targeting) or from 7.0 to 6.8 (His3
micelles for tumor extracellular pH targeting). The viability
of MCF-7 cdlls treated with the DOX-loaded His2 micelle
was 89% at pH 7.4, 75% at pH 6.8, and 23% at pH 6.5. On
the other hand, the viability of MCF-7 cdlls treated with the
DOX-loaded His3 micelle was 88% at pH 7.4, 78% at pH
7.0, and 24% at pH 6.8. No cytotoxicity was observed up to
200 mg/ml of the blank micelles for MCF-7 cells after 24
hours incubation, regardless of culture medium pH (data not
shown). In addition, the change in pH from 7.4 to 6.5 may
influence cellular physiology and cell viability. However,
acidic pH is a favorable environment for tumor cells,
athough acidic pH has opposite effect on normal cells.®
The cell viability expressed in this study is relative to those
at each pH in the culture medium without DOX. Further-
more, noticeable difference in cdl viability by pH was not
observed when MCF-7 cells were treated with free DOX
(data not shown). Consequently, the DOX-loaded His2 or
His3 micelles presented tumor cell killing effectivenessin a
pH-dependent manner. These results confirmed the idea that
the simply prepared polyBz-His-b-PEG micdlles respond to
minute differences in pH and discriminates the tumor extra-
cellular pH and endosomal pH by drug release rate. In
particular, this micelle system may be useful to replace both
the polyHis-based mixed micelle approach® presenting com-
plicated behaviors of polymers in the mixed micellar core®
and the polyHis-based flower-like micelle system? with the
ability to only target tumor extracellular pH. Of course, the
proof of this hypothesis will require further in vivo investi-
gations including tumor regression and toxicological studies.

Conclusions

PolyBz-His-b-PEG micelles with different His content
was optimized to have pH-responsive properties for dightly
acidic solid tumors. The micelles showed DOX triggering
release as decreasing pH from 7.4 to 5.5. The micelles with
86 mol% of His and 14 mol% of Bz-His triggered DOX
release at pH 6.8 that is similar to tumor extracellular pH.
The micdles with 71 mol% of His and 29 mol% of Bz-His
alowed triggering DOX release at pH 6.5 that is similar to
endosomal pH. This pH effect was demonstrated by the pH-
dependent cell cytotoxicity results of the DOX-loaded
micelles. This approach may provide maximal therapeutic
efficacy at the tumor site, resulting in tumor pH-specific
drug accumulation, while preserving the lowest probability
of drug accumulation in normal tissues for reduced side
effects. Of course, this hypothesis requires further investi-
gation.

Acknowledgements. This work was supported by the
Korea Research Foundation Grant funded by the Korean
Government (MOEHRD, Basic Research Promotion Fund)
(KRF-2008-331-D00161).



1544 Bull. Korean Chem. Soc. 2008, VVol. 29, No. 8

10.
. Na, K.; Lee E. S,; Bae, Y. H. Bioconjug. Chem. 2007, 18, 1568.
12.
13.
14.
15.

16.

17.
18.

19.

References

. Ye Y.Q.; Yang,F L.; Hu, F Q.; Du, Y. Z.; Yuan, H.; Yu, H. Y. Int.

J. Pharm. 2008, 352, 294.

. Bag, Y.; Kataoka, K. J. Control Release 2006, 116, 49.
. Sin, J. H.; Kim, M.; Park, S.; Bang, J. H.; Sohn, D. Bull. Korean

Chem. Soc. 2006, 27, 251.

. Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. J. Control

Release 2000, 65, 271.

. Lee, E. S;; Na, K.; Bae, Y. H. J. Control Release 2003, 91, 103.
. Leg, E. S.; Na, K.; Bag, Y. H. Nano Lett. 2005, 5, 325.
. Oh, K. T.;Yin, H,; Leg, E. S; Bae, Y. H. J. Mater. Chem. 2007,

17,3987.

. Campbell, R. B. Anti-cancer Agents in Medical Chemistry 2006,

6, 503.

. lyer, A. K.; Khaled, G; Fang, J.; Maeda, H. Drug Discov. Today

2006, 11, 812.
Torchilin, V. P. Cell Mal. Life Sci. 2004, 61, 2549.

Wei, H.; Zhang, X. Z.; Chen, W. Q.; Cheng, S. X.; Zhuo, R. X. J.
Biomed. Mater. Res. A 2007, 83, 980.

Ponce, A. M.; Vujaskovic, Z.; Yuan, F.; Needham, D.; Dewhirgt,
M. W. Int. J. Hyperthermia 2006, 22, 205.

Rapoport, N.; Gao, Z.; Kennedy, A. J. Natl. Cancer Inst. 2007, 99,
1095.

Berret, J. F.; Schonbeck, N.; Gazeau, F.; El Kharrat, D.; Sandre,
O.; Vacher, A.; Airiau, M. J. Am. Chem. Soc. 2006, 128, 1755.
Veronese, F. M.; Schiavon, O.; Pasut, G; Mendichi, R.; Andersson,
L.; Tsirk, A.; Ford, J.; Wu, G; Kndller, S.,; Davies, J.; Duncan, R.
Bioconjug. Chem. 2005, 16, 775.

Khandare, J. J.; Jayant, S.; Singh, A.; Chandna, P; Wang, Y.;
Vorsa, N.; Minko, T. Bioconjug. Chem. 2006, 17, 1464.

Torchilin, V. P; Lukyanov, A. N.; Gao, Z.; Papahadjopoulos-
Sternberq, B. Proc. Natl. Acad. Sci. USA 2003, 100, 6039.
Vinogradov, S.; Batrakova, E.; Li, S.; Kabanov, A. Bioconjug.
Chem. 1999, 10, 851.

20.
21.
22.
23.
24.
. Na, K.; Lee, K. H.; Bage, Y. H. J. Control Release 2003, 87, 3.
26.
27.

28.
29.

3L

32.

35.
36.

37.

Eun Seong Lee and Yu Seok Youn

Liu, S. Q.; Wiradharma, N.; Geo, S. J; Tong, Y. W.; Yang, Y. Y.
Biomaterials 2007, 28, 1423.

Park, E. K.; Kim, S. Y.; Leg, S. B.; Leg, Y. M. J. Control Release
2005, 109, 158.

Leg E. S;; Oh, K. T.; Kim, D.; Youn, Y. S;; Bag, Y. H. J. Control
Release 2007, 123, 19.

Lee E. S; Kim, D.; Youn, Y. S;; Oh, K. T.; Bae, Y. H. Angew.
Chem. Int. Ed. 2008, 47, 2418.

Na, K.; Leg K. H.; Bag, Y. H. J. Control Release 2004, 97, 513.

Bage, Y.; Nishiyama, N.; Fukushima, S.; Koyama, H.; Yasuhiro,
M.; Kataoka, K. Bioconjug. Chem. 2005, 16, 122.

Sawant, R. M.; Hurley, J. P; Salmaso, S.; Kale, A.; Tolcheva, E.;
Levchenko, T. S.; Torchilin, V. P. Bioconjug. Chem. 2006, 17, 943.
Gillies, E. R.; Fréchet, J. M. Bioconjug. Chem. 2005, 16, 361.
Kim, G M.; Bag, Y. H.; Jo, W. H. Macromol. Biosci. 2005, 5,
1118.

. Yin,H.; Leg E. S;; Kim, D.; Lee, K. H.; Oh, K. T.; Bae, Y. H. J.

Control Release 2008, 126, 130.

Licciardi, M.; Giammona, G; Du, J; Armes, S. P; Tang, Y,;
Lewis, A. L. Polymer 2006, 47, 2946.

Engin, K.; Leeper, D. B.; Cater, J. R.; Thistlethwaite, A. J,;
Tupchong, L.; McFarlane, J. D. Int. J. Hyperthermia. 1995, 11,
211.

. van Suis, R.; Bhujwala, Z. M.; Raghunand, N.; Ballesteros, P;

Alvarez, J;; Cerdén, S;; Gaons, J. P; Gillies, R. J. Magn. Reson.
Med. 1999, 41, 743.

. Qjugo, A. E.; Mcsheehy, P. M. J;; Mcintyre, D. J. O.; Mccoy, C.;

Stubbs, M.; Leach, M. O.; Judson, I. R.; Griffiths, J. R. NMR
Biomed. 1999, 12, 495.

Han, S. K.; Na, K.; Bae, Y. H. Colloids Surf. A: Physicochem.
Eng. Aspects 2003, 214, 49.

Kang, K. H.; Kim, H. U.; Lim, K. H. Bull. Korean Chem. Soc.
2007, 28, 667.

Yamagata, M.; Hasuda, K.; Stamato, T.; Tannock, I. F Br. J.
Cancer 1998, 77, 1726.




