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a  b  s  t  r  a  c  t

Doxorubicin  was  physically  incorporated  in  magnetic  nanoparticles  by  thermo-responsive  manners.
Magnetic  nanoparticles  were  prepared  by  oxidizing  ferric  ions  in  ammonium  solution.  Thiolated  Pluronic
was synthesized  by  sequential  modification  of  terminal  hydroxyl  groups  of Pluronic  to amine  groups
and thiol  groups.  Magnetic  nanoparticles  composed  of iron  oxide  were  surface-modified  with thiolated
Pluronic  at  different  molar  ratios  of  iron  to thiol  groups.  Pluronic  decoration  on  the  magnetic  nanoparti-
cles  was  characterized  by  elemental  analysis  and  transmission  electron  microscopy.  Elemental  analysis
results on  carbon  atoms  in the  magnetic  nanoparticles  showed  that  the  degree  of  Pluronic  decoration  was
proportional  to  the  feed  ratio  of thiolated  Pluronic  to iron  oxide.  Doxorubicin  was  incorporated  to  the
magnetic  nanoparticles  thermo-responsive  manners;  a mixture  of hydrophobized  doxorubicin  and  the
magnetic  nanoparticles  was  incubated  at 4 ◦C and  the  temperature  was  subsequently  increased  to 37 ◦C
for thermally  induced  structural  changes  of the  decorated  Pluronic  moieties.  Doxorubicin-incorporated
magnetic  nanoparticles  showed  dramatic  modulations  of  size  distributions  according  to  temperature
changes,  which  was  dependent  on  the  degree  of  Pluronic  decoration.  Loading  efficiency  of doxorubicin
was  significantly  affected  by the number  of decorated  Pluronic  on the  magnetic  nanoparticles;  the higher
Pluronic  moieties  the  nanoparticles  had, the  higher  loading  efficiency  they  showed.  Release  profiles
of  doxorubicin  from  the nanoparticles  showed  that  doxorubicin  was liberated  from  the  nanoparticles

in  response  to  reducing  conditions  of the  release  medium.  Anti-cancer  activities  of  the  doxorubicin-
incorporated  nanoparticles  were  determined  by a MTT-based  cytotoxicity  assay  against  A549  cell lines.
Compared  to  native  doxorubicin,  the  doxorubicin  incorporated  magnetites  showed  attenuated  cytotox-
icities  due  to  slow  release  of  doxorubicin  from  the  carriers.  Thus,  thermally  induced  incorporation  of
anti-cancer  drugs  can  be a novel  method  for multifunctional  magnetic  nanoparticles  with  imaging  and
anti-cancer  treatments.
. Introduction

Magnetic nanoparticles have been extensively prepared for the
otential use of a burgeoning field of nanomedicine such as imag-

ng and drug delivery (Brzozowska and Krysinski, 2009; Yallapu
t al., 2011; Mejías et al., 2011; Pouponneau et al., 2011). Most mag-
etic nanoparticles for imaging agents can be prepared by oxidizing
erric ions to iron oxide aggregates at basic conditions. Different
izes of iron oxide particles have been extensively prepared to
xploit their potential uses as theragnostic agents, multifunctional
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agents both for drug delivery vehicles and imaging agents. In order
to employ magnetic nanoparticles for multifunctional purposes,
many strategies are exploited to effectively incorporate drugs
to magnetic nanoparticles. Surface-modifications of magnetic
nanoparticles have been widely exploited to incorporate pharma-
ceutical drugs to the vehicles (Brzozowska and Krysinski, 2009).
Doxorubicin was  covalently linked to surface-hydroxyl groups of
magnetic nanoparticles and confirmed the surface-decoration of
doxorubicin by electrochemical methods. They successfully con-
firmed surface-modification of magnetic nanoparticles by various
methods. Magnetite nanoparticles were surface-modified with �-
cyclodextrin (�-CD) and subsequently coated Pluronic F-127. An
anti-cancer drug, curcumin, was loaded into the �-CD layers via

hydrophobic interactions. Loading capacity continuously increased
as the amount of �-CD used for nanoparticles coating increased
(Yallapu et al., 2011). Dimercaptosuccinic acid (DMSA) was coated
on the surface of magnetic nanoparticles for conjugation with
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nterferon-� (IFN-�) which is an anti-tumorigenic cytokine. IFN-
 was adsorbed on DMSA-coated magnetic nanoparticles with

 conjugation efficiency of 90% (Mejías et al., 2011). In another
tudy, therapeutic magnetic nanoparticles were prepared by co-
mulsification of doxorubicin and FeCo nanoparticles (Pouponneau
t al., 2011). MR  imaging was successfully performed for liv-
rs when the nanoparticles were intra-arterially injected through
atheters. However, payloads of doxorubicin in the nanoparticles
ere not high enough to achieve therapeutic index for cancer

reatments. Moreover, lacks of optimized release profiles from the
ehicles were challenging issues to be overcome to obtain drug
fficacies.

Pluronic, a triblock copolymer composed of
oly(ethyleneoxide)-block-poly(propylene oxide)-block-
oly(ethylene oxide) (PEO-PPO-PEO), was widely employed
o chemically decorate biomedical materials with the macro-

olecular surfactant for bio-functionalization. Pluronic and their
erivatives show structural transitions between relaxed and col-

apsed states according to temperature changes across their lower
ritical solution temperatures (LCST). The thermo-responsive
ehaviors of Pluronic were hypothesized to be caused by entrop-

cally driven hydrophobic interactions between PPO blocks of
luronic chains. Recently, we reported that Pluronic-decorated
anogels for gene delivery showed temperature-sensitive volume
ransitions, variable cytotoxicities, and distinctive transfection
fficiencies according to temperature changes (Lee and Yoo, 2008).
olycation/DNA complex composed of poly(ethyleneimine) [PEI]
as surface-modified with Pluronic polymers. These complexes

howed variable volume changes at alternating temperatures
etween 4 ◦C and 37 ◦C. In a similar study, Pluronic micelles were
hemically conjugated to gold nanoparticles and volume transi-
ion behaviors of the composite were extensively investigated
Bae et al., 2006). The shell cross-linked gold–Pluronic micelles
xhibited volume transitions according to temperature changes. In
nother study, shell-cross-linked Pluronic/PEI nanocapsules were
repared via conjugation between primary amine groups of PEI
nd Pluronic F-127 activated by 4-nitrophenylchloroformate (Choi
t al., 2006a).  These nanocapsules exhibited thermal-reversible
welling/de-swelling over a temperature range of 24–33 ◦C because
f temperature-dependent hydrophobic interaction of cross-linked
nd/or grafted Pluronic polymer. In another study, temperature-
ensitive hyaluronic acid (HA) hydrogels were synthesized by
hotopolymerization of vinyl group modified HA with di-acryloyl
luronic F-127. HA/Pluronic hydrogels showed reversible cyclic
welling and de-swelling of the hydrogels were induced by cycling
emperatures between 13 ◦C and 40 ◦C in a step-wise function
Kim and Park, 2002). Pluronic/heparin nanocapsules prepared by
ross-linking between heparin and activated Pluronic F-127 with
-nitrophenylchloroformate. They exhibited a 1000-fold volume
ransition and a reversible swelling and de-swelling behavior
etween 20 ◦C and 37 ◦C (Choi et al., 2006b).

In this study, we described a method of maximizing drug pay-
oads in magnetic nanoaggregates. A thermo-sensitive polymer-
ssisted incorporation strategy was investigated for fabrication of
oxorubicin-loaded magnetic nanoparticles. Temperature-driven
odulation of doxorubicin incorporation was determined by

ynamic light scattering and loading efficiency changes were also
onitored.

. Materials and methods
.1. Materials

Doxorubicin was a gift from Korea United Pharm. Inc. (Seoul,
outh Korea). Pluronic F-127 was donated from BASF (Mount
armaceutics 424 (2012) 107– 114

Olive, NJ). Pyridine and dichloromethane (CH2Cl2) were pur-
chased from Daejung Chemicals and Metals (Shiheung, South
Korea). 4-Nitrophenyl chloroformate (4-NPC), 2-iminothiolane
hydrochloride (2-iminothiolane·HCl), and (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased
from Sigma–Aldrich (St. Louis, MO). Ethylene diamine, iron(II)
chloride tetrahydrate (FeCl2·4H2O) and iron(III) chloride hexahy-
drate (FeCl3·6H2O) were purchased from Junsei Chemicals (Tokyo,
Japan). A549 cell line was  obtained from Korea Cell Line Bank (Seoul,
South Korea). RPMI1640 medium, penicillin, streptomycin, and
fetal bovine serum (FBS), were purchased from Invitrogen (Carls-
bad, CA).

2.2. Preparation of thiolated Pluronic F-127

The terminal hydroxyl groups of Pluronic F-127 (2.5 g) were
activated by 4-NPC (0.125 g) dissolved in dichloromethane (10 ml)
at room temperature for 24 h. Pyridine (0.065 g) and ethy-
lene diamine (0.05 g) in dichloromethane (1 ml)  were slowly
added to the activated Pluronic and the amination reaction
was performed at room temperature for 24 h (molar ratio of
Pluronic:pyridine:4-NPC = 1:4:3). The amine-terminated Pluronic
(2.5 g) was subsequently thiolated with 2-iminothiolane·HCl
(0.28 g) in DW (10 ml)  at room temperature (molar ratio of amine
terminated Pluronic:2-iminothiolane·HCl = 1:10). After 12 h, the
resultant solution was dialyzed against DW three times (Spectra-
por6, MW cutoff = 1000) and freeze-dried.

2.3. Preparation of magnetic nanoparticles

Magnetic nanoparticles (MNP) were prepared by oxidizing ferric
ions to iron oxide (magnetite) in basic conditions as described in the
literatures (Yallapu et al., 2011; Banerjee and Chen, 2007). Briefly,
FeCl3·6H2O (540 mg)  and FeCl2·4H2O (198 mg)  were completely
dissolved in DW (100 ml)purged with nitrogen gas at 80 ◦C (molar
ratio of FeCl3·6H2O:FeCl2 4H2O = 2:1). Ammonia solution (8 ml)
was slowly dropped to the iron chloride solution. The reaction
was performed with stirring at 80 ◦C for 2 h. Magnetic nanopar-
ticles were harvested by centrifugation at 3000 rpm for 30 min  and
washed with DW three times.

2.4. Decoration of magnetite with thiolated Pluronic

MNP  (100 mg)  in dichloromethane (20 ml)  was slowly dropped
into thiolated Pluronic (52 mg)  in dichloromethane (20 ml)  and the
reaction mixture was  stirred for 2 h (molar ratio of Fe:thiolated
Pluronic = 1:1.00, 1:0.01, and 1:0.00; MNP1.00, MNP0.01, and
MNP0.00, respectively). After 3 h, Pluronic-conjugated MNP  was
retrieved from the reaction by magnetic forces and washed with
DW three times to remove unreacted Pluronic. The morphology of
Pluronic-decorated MNP  was  characterized by transmission energy
microscopy (TEM) (Hitachi, S-4300, Japan) at the core laboratory of
Kangwon National University. Briefly, Pluronic-conjugated MNPs
were mounted on copper grids by dropping a solution with MNPs
at 4 ◦C or 37 ◦C, which was followed by vacuum-drying at 4 ◦C or
37 ◦C for 24 h. The amount of chemically incorporated Pluronic on
MNP was quantified by determining the atomic mass of carbons in
the same amount of magnetic nanoparticles employing an elemen-
tal analysis system (CE Instruments, Flash 2000, UK). The amount

of the incorporated Pluronic was  calculated by comparing peak
areas of carbon atom in elemental analysis results with respect to
MNP. The peak area of carbon atom from MNP  without Pluronic
(MNP0.00) was  set as a base line.
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Table 1
Determination the amount of the immobilized Pluronic on MNPs by the elemental
analysis of Pluronic-decorated MNPs.

MNPs Feed ratio of
Pluronic to Fe3O4

a

(%, mol/mol)

Elemental weight
of carbon in MNPsb

(%, w/w)

Immobilized
Pluronic on Fe3O4

c

(%, mol/mol)

MNP1.00 1.00 6.99 0.23
MNP0.01 0.01 2.51 0.06
MNP0.00 0.00 1.07 –

a The molar ratio of the thiolated Pluronic to Fe3O4.
b Peak areas of C in the elemental analysis spectrum.
c The amount of Pluronic was  calculated based on the peaks area of carbon in the
S. Park et al. / International Journa

.5. Self-assembly doxorubicin MNPs by thermo-responsive
anners

Doxorubicin was incorporated in MNPs by thermo-sensitive
anners at the elevated temperature. Pluronic decorated mag-

etite (30 mg)  and doxorubicin (6 mg)  co-dissolved in a mixture of
cetone and methanol (1:1, 6 ml)  were slowly dropped into pre-
ooled DW (4 ◦C) in the presence of triethylamine (TEA) (molar
atio of doxorubicin:TEA = 1:3). After the organic phase was  evap-
rated in vacuum, the temperature of the solution was kept 4 ◦C
r at 37 ◦C to evaluate effects of temperature changes on associ-
tion behaviors of the MNPs and doxorubicin incorporation. The
ultimodal size distribution of the MNPs at different temperatures
as determined by dynamic laser light scattering equipped with a

hermo-stat system (Brookhaven Instruments Corp., 90plus, USA).
he amount of incorporated doxorubicin was determined by mea-
uring the absorbance of the supernatant at 480 nm after harvesting
NPs by centrifugation.

.6. Release of doxorubicin from MNPs

Doxorubicin release profiles from MNPs was examined by
ncubating doxorubicin-incorporated MNPs in dialysis membranes
Spectrapor6, MWCO  = 3500). MNPs encapsulating doxorubicin
10 mg)  was sealed in a dialysis bag and incubated in PBS with

 mM or 10 mM DTT at 37 ◦C for 72 h. The supernatant was  obtained
t 0, 3, 24, 36, 72 h and the absorbance was  measured by a
pectrophotometer to calculate a concentration of released dox-
rubicin. Pre-determined concentrations of doxorubicin solutions
ere employed for a standard curve.

.7. MTT-based cytotoxicity assay

Cell viability assay was assessed against A549 cells using a
TT  assay as described in the literature (Park and Yoo, 2010).

549 cells were seeded in 96-well plates at cell concentration of
 × 104 cells/ml. Cells were incubated in RPMI1640 medium con-
aining 10% FBS and penicillin/streptomycin at 37 ◦C in 5% CO2
tmosphere for 24 h. Doxorubicin-incorporated MNPs were added
o each well at a final doxorubicin concentration of 0 �M to 160 �M.
he same concentration of doxorubicin was employed as a con-
rol. After 48 h, the culture medium was replaced with a fresh

edium and 10 �l of MTT  solution (5 mg/ml) was  added. After
 h, the medium was removed and the formazan products were
issolved in a DMSO/glycine buffer for 3 h. The supernatant was
arvested by magnetically retrieving MNPs and the absorbance of
he supernatant was measured at 570 nm.

. Results and discussion

Fig. 1 shows a schematic diagram of preparing MNPs encapsulat-
ng doxorubicin by a temperature-responsive manner. A hydroxyl
roup-terminated Pluronic was aminated by attaching ethylene-
iamine to the 4-NPC-activated Pluronic. The amine groups were
ubsequently thiolated by 2-imminothiolane to prepare thiolated
luronic. The thiolated Pluronic was decorated on the surface-
erric oxide groups of MNPs at various molar ratios between
luronic and Fe3O4. We  speculated that ferric oxide groups at
he surface react with the thiol groups of Pluronic, a molar ratio
f 1:1 would be the maximum value that can be theoretically
btainable ratios when all ferric oxide might participate in the
eaction (Table 1). The molar ratio of 1:0.01 was  also employed to

ompare effects of Pluronic decoration on thermally inducible dox-
rubicin incorporation to the MNPs with respect to non-modified
NPs. In fact, many researchers employed thiol groups to surface-

ecorate magnetic nanoparticles composed of ferric oxide groups
elemental analysis results.

(Neouze and Schubert, 2008; Gooding et al., 2003). Due to the
Pluronic-decorated nature of MNPs, we hypothesized that the
MNP  can be anchored each other at the elevated temperature by
hydrophobized PPO blocks at the elevated temperature. During
the association, hydrophobic doxorubicin, with an assistance of tri-
ethylamine, is simultaneously co-encapsulated in MNP  aggregates
to form doxorubicin-encapsulated MNPs. Furthermore, the linkage
between iron oxide and thiol groups can be cleaved in response
to redox potential and the decorated Pluronic can be subsequently
liberated.

The amount of the conjugated Pluronic was  confirmed by the
elemental analysis of Pluronic-decorated MNPs as shown in Table 1.
The amount of the decorated Pluronic was calculated based on the
amount of C atoms with respect to the amount of total weight of
MNPs employed for the analysis. When the initial ratios of Pluronic
to Fe3O4 were 1.00, 0.01, and 0.00 (MNPs without Pluronic), the
actual amounts of immobilized Pluronic moieties were 0.23, 0.06,
and 0 mole per one mole of Fe3O4. This result clearly suggests that
Pluronic chains were successfully tethered to the surface of MNPs
in accordance with the feed ratio of Pluronic to Fe3O4. Thus, we
expected that the amount of encapsulated doxorubicin in MNPs
was dependent on the surface density of Pluronic moieties because
of the thermo-responsibility of MNP  would be also expected to
increase as well.

MNPs with different numbers of Pluronic moieties were charac-
terized for their morphological features by TEM as shown in Fig. 2.
In order to obtain TEM images according to the temperatures, we
vacuum-dried MNPs at the designated temperatures at 4 ◦C and
37 ◦C as described in Section 2. At 37 ◦C, no difference was observed
among MNPs irrespective of Pluronic decoration. However, at 4 ◦C,
MNP1.00 showed distinct clouds of polymeric shell around a bunch
of MNPs; however, no cloud of the polymeric shells was  clearly
visualized in MNPs at those with lower decoration degrees such
as MNP0.01 or MNP0.00. This could be attributed to the thermo-
responsive structural changes of Pluronic moieties on MNPs. At
lower temperatures, Pluronic is fully extended to aqueous phases
and this forms ‘core-shell like structure’ for Pluronic-decorated
MNPs. However, MNPs with lower degree of decoration of Pluronic
(MNP0.01) are unlikely to show the core-shell feature because of
low substitution densities at the surface of MNPs. In fact, as shown
in Table 1, the number of Pluronic per Fe3O4 was  0.23 and 0.06
for MNP1.00 and MNP0.01, respectively (mol/mol). Thus, thermo-
responsive encapsulation was accordingly tested for these MNPs
at both temperatures. Many researchers also observed core/shell
structures of magnetic nanoparticles containing iron oxide when
they surface-decorated them with hydrophilic polymers such as
PEO and PEG (Yallapu et al., 2010; Ha¨feli et al., 2009).

Fig. 3 shows multimodal size distributions and proposed mod-

els of doxorubicin-encapsulated MNPs at different temperatures.
MNP1.00 showed a dramatic size change when the temperature
increased from 4 ◦C to 37 ◦C. At 4 ◦C, the size distributions of MNPs
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ig. 1. Schematic diagram of preparing magnetic nanoparticle (MNP) encapsulating
f  doxorubicin in MNP.

howed mono-dispersed characteristics (Fig. 3A). Due to Pluronic
ecoration on MNPs, they are well-separated each other without
ny prominent aggregations. This can be attributed to stabiliza-
ion of MNPs by Pluronic, a non-ionic surfactant, because Pluronic
issociates the MNPs by steric hindrance in the same way that
leate or poly(vinyl alcohol) [PVA] behaves, which are frequently
mployed for stabilizing magnetic particles during the preparation
f magnetites (Yallapu et al., 2010; Kayal and Ramanujan, 2010).
or MNP0.01 or MNPs without Pluronic (MNP0.00), however, the
tabilization effects were significantly diminished in responses to
he number of the Pluronic pendants (Fig, 3C and E). Specifically,
NP0.00 showed the most severe aggregation behaviors at 4 ◦C
nd no single particles of magnetite were observed as shown in
ig. 3E. However, the average size of MNPs dramatically increased
o about 300 nm at 37 ◦C; 15 times larger diameter compared
ubicin. (A) Synthesis of thiolated Pluronic and (B) thermo-responsive incorporation

those particles at 4 ◦C. At 37 ◦C, hydrophobized PPO blocks become
hydrophobic and subsequently associated each other by strong
hydrophobic interactions, suggesting that MNPs with consider-
able degrees of Pluronic decoration also forms nano-aggregates as
shown in Fig. 2. During the association process, doxorubicin is also
incorporated into the pendant arms of MNPs by hydrophobic inter-
actions. Doxorubicin–HCl, a water-soluble form of doxorubicin, can
be readily hydrophobized by scavenging chloride ions by adding
TEA (Yoo and Park, 2004a, b). Thus, the hydrophobized doxoru-
bicin is incorporated into the clusters of MNP1.00 at the elevated
temperature above LCST. However, MNP0.01 or MNP0.00 did not

show such a dramatic size transition from the size at 4 ◦C. This
is certainly caused by their existing aggregate of MNPs at 4 ◦C.
MNP0.01 or MNP0.00 were already aggregated into the clusters of
MNPs around several hundred nanometers in diameters as shown
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ig. 2. Transmission electron microscopy (TEM) images of MNPs. MNPs were vacuu

n Fig. 3C and E and these behaviors subsequently decreased the
hermo-responsibilities of MNPs.

Fig. 4 shows loading efficiency changes of doxorubicin in the
lusters of MNPs at different temperatures. At 4 ◦C, the loading effi-
iency of doxorubicin was confirmed to be lower than 30% for all
NPs; MNP1.00 showed the highest loading efficiency over other
NPs, which was followed by MNP0.01 and MNP0.00. The incor-

oration behaviors of doxorubicin in MNPs can be attributed to
he different hydrophobic interactions between doxorubicin and
arious MNPs. Because MNP1.00 showed the least clustering of

NPs due to the higher degree of Pluronic decoration, it is clear

hat MNP1.00 at 4 ◦C has the higher surface area of Fe3O4 com-
ared MNP0.01 and MNP0.00 (Fig. 3A, C and E). The higher surface
reas of the MNPs subsequently maximize strong hydrophobic
ed at 4 ◦C (A, C and E) or at 37 ◦C (B, D and F), respectively (scale bar = 100 nm).

interactions between doxorubicin and MNPs over other MNPs.
When the temperature increased to 37 ◦C, the loading efficiency
of MNPs dramatically increased for MNP1.00. However, MNP0.01
or MNP0.00 did not show any dramatic increase in loading efficien-
cies of doxorubicin at the elevated temperature. This result can be
clearly attributed to the degree of Pluronic decoration in MNPs. The
degree of the Pluronic decoration may  play two  critical roles on con-
trolling loading efficiencies of doxorubicin in MNPs. First, the lower
degrees of MNPs aggregations at 4 ◦C are more favorable toward
the higher loading of doxorubicin because MNPs at a ‘relaxed’ state

can maximize contacts with the surrounding doxorubicin. This is a
critical step toward the next stage, the drug incorporation because
the drug should be incorporated by the structural changes of the
decorated Pluronic on the surface of MNPs. At 37 ◦C, the degree of
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Fig. 3. Multimodal size distribution of MNP1.00 (A and B), MNP0.01 (C and D) and MNP
and  E) and 37 ◦C (B, D and F). Average diameters of (A), (B), (C), (D), (E) and (F) were 14.38
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Fig. 4. Loading efficiency of doxorubicin in MNPs. Doxorubicin was encapsulated
into each MNP  at 4 ◦C or 37 ◦C with triethylamine and the average loading efficiency
was  calculated based on the initial amount of doxorubicin (n = 3).
0.00 (E and F), which was  measured by dynamic light scattering (DLS) at 4 ◦C (A, C
 nm,  303.10 nm,  235.99 nm,  396.89 nm,  349.53 nm and 394.12 nm, respectively.

Pluronic clearly affects the hydrophobic interaction between dox-
orubicin and MNPs. Many studies previously indicated that critical
densities of polymeric decoration on surfaces are required for the
modulated functionality of the modified surfaces. Thus, we spec-
ulate that MNP1.00 has the critical number of Pluronic decoration
on the surface for thermo-sensitive drug loading because MNP0.01
did not show any dramatic change of drug loading efficiencies.

In order to evaluate drug release profiles from doxorubicin
incorporated MNPs, the MNPs were exposed to different degree
of reducing conditions by changing DTT levels in the incubation
medium (Fig. 5). We  speculated that the decorated Pluronic on the
MNPs can be liberated from the MNPs by cleaving the linkages
between Fe3O4 and Pluronic, subsequently accelerating release
rates of doxorubicin from the MNPs. The release rates did not
change until the concentration of DTT was increased to 10 mM
irrespective of the amount of decorated Pluronic on the MNPs. In

PBS or 1 mM DTT solution, the amount of released doxorubicin
was below 20% for 72 h and no difference was found among the
MNPs. In 10 mM DTT solutions, however, the amount was  signifi-
cantly increased to 65%–82% according to the amount of decorated
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◦

Fig. 5. Release profiles of doxorubicin from DOX-MNPs. DOX-MNPs w

luronic moieties on the MNPs. Thus, this result clearly suggests
hat the linkages between Pluronic and MNPs can be cleaved in
esponse to the redox potential of the solutions and the incor-
orated doxorubicin is released accordingly due to the liberation
f Pluronic moieties from the MNPs. Many studies employing
u–thiol linkages or Fe3O4–thiol linkages indicated that those link-
ges are cleaved at a DTT concentration range of 1mM–10 mM (Kim
t al., 2006; Sun et al., 2010). However, in comparison with other
tudies employing a direct conjugation between drug and carriers,
e did not chemically conjugate doxorubicin to MNPs, but tethered
oxorubicin to the carriers by thermo-responsive manners. Several
dvantages are featuring this strategy over conventional methods
mploying chemical conjugation of drugs. The incorporated drugs
ere not chemically modified and the native biological activities

f the incorporated drugs, therefore, are not changed. Addition-
lly, a complex chemistry for drug conjugation can be avoided to
aximize drug payload in the carriers.
Cytotoxicity of doxorubicin-incorporated MNPs was  tested

gainst A549 cell lines as shown in Fig. 6. In comparison to intact
oxorubicin, doxorubicin-incorporated MNPs showed slightly infe-
ior cytotoxicities to doxorubicin; no difference was found among
NPs with different degrees of Pluronic decoration. Thus, we

peculated that all doxorubicin was not liberated from the aggre-
ates of MNPs due to hydrophobic interactions. This result can
e supported by the doxorubicin release profiles shown in Fig. 5.
n 1 mM DTT or PBS, only 20% of the incorporated doxorubicin

as released from the MNPs for 3days, suggesting that drug effi-
acy can be attenuated although the same amount of doxorubicin
quivalents was initially added to the cells. Because nanoparticles
ngulfed by cells experience endosomal pathways from endosomes
o lysosomes, doxorubicin release from the MNPs mainly rely on
educing conditions in endosomes and lysosomes. Many litera-
ures previously determined the reducing powers of the small
ytosolic organelles such as endosomes and lysosomes with var-
ous methods (Wang and Ballatori, 1998). Therefore, we  concluded
hat doxorubicin-incorporated MNPs showed different degrees of
ytotoxicities in response to cellular reducing conditions. Further-
ore, we speculate that the doxorubicin can be only dissociated

rom the MNPs within cells, but not during the systemic circula-
ion when those particles are intravenously administered. Thus,

he doxorubicin-incorporated MNPs can be a bonafide example of
herapeutic imaging agents, which can be further applied for deter-

ining real-time therapeutic efficacy of anti-cancer drugs by MR
maging.
RPMI1640 with 10% fetal bovine serum at 37 C in 5% CO2 atmosphere for 48 h with
various concentrations of doxorubicin incorporated MNPs.

4. Conclusion

Thiolated Pluronic was decorated on surface of MNPs and incor-
poration of doxorubicin was  dependent on the degree of Pluronic
decoration. The incorporated doxorubicin was released in response
to reducing conditions of the release medium. Doxorubicin-loaded
MNPs showed attenuated cytotoxicities against A549 cells com-
pared to native doxorubicin.
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