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a  b  s  t  r  a  c  t

One  of  the  most  urgent  medical  requirements  for  cancer  diagnosis  and  treatment  is how  to con-
struct  a multifunctional  vesicle  for  simultaneous  diagnostic  imaging  and  therapeutic  applications.  In
our study,  superparamagnetic  iron  oxide  nanocrystals  (SPIONs)  and  doxorubicin  hydrochloride  (DOX)
are co-encapsulated  into  PLGA/polymeric  liposome  core–shell  nanocarriers  for achieving  simultaneous
magnetic  resonance  imaging  and  targeting  drug  delivery.  The  core–shell  nanocarrier  was  self-assembled
from  a  hydrophobic  PLGA  core  and  a  hydrophilic  folate  coated  PEGlated  lipid  shell.  The  experiment
showed  that  folate-targeting  magnetic  core–shell  nanocarriers  show  clear  core–shell  structure,  excel-
rug delivery
olylactic acid
iposome
anoparticle

lent magnetism  and  controlled  drug  release  behavior.  Importantly,  the  core–shell  nanoparticles  achieve
the possibility  of co-delivering  drugs  and  SPIONs  to the  same  cells  for  enhancing  magnetic  resonance
imaging  (MRI)  effect  and  improving  drug  delivery  efficiency  simultaneously.  Our  data  suggests  that  the
folate-targeting  magnetic  core–shell  nanocarriers  (FMNs)  could  provide  effective  cancer-targeting  and
MRI  as  well  as  drug  delivery.  The  FMNs  may  become  a  useful  nanomedical  carrier  system  for  cancer
diagnosis  and  treatment.
. Introduction

Diagnosis and therapy of cancer in clinic have a remarkable
evelopment recently. Because diagnosis and therapy are clinically
eparated procedures, it is difficult to visually locate these small
esions and investigate the immune mechanism during the treat-

ent process. For instance, it is important for doctors to be able to
race the path of drugs through the body. So one of the most urgent
asks in clinical application is that how to combine the diagnosis
ith the therapy (Loo et al., 2005).

There are several challenges about developing the multifunc-
ional nanocarrier system for simultaneous diagnosis and therapy,
uch as: (1) modifying the surface with specific functional groups
hat allow for conjugations of specific biological molecules for
educing non-specific uptake of circulating nanoparticles by organs

n the reticulareendothelial system (RES) and delivering drugs into
argeting lesions (Kim et al., 2008a,b; Hong et al., 2008; Mohapatra
t al., 2007); (2) providing a strong luminescence image or
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378-5173/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijpharm.2012.04.009
© 2012 Elsevier B.V. All rights reserved.

magnetic resonance imaging (MRI) in the visible range to the clin-
icians for tracking the nanocarrier system (Seo et al., 2007; Sun
et al., 2008; Yang et al., 2010); (3) allowing for storage and con-
trolled release of treatment drugs (Gong et al., 2003; Betancourt
et al., 2007; Zigoneanu et al., 2008).

Based on these challenges, many researchers have focused on
fabricating various kinds of multifunctional nanocarrier systems
by combining inorganic nanocrystals, such as quantum dots (Zhang
et al., 2008), gold nanocrystals (Huang et al., 2007), magnetic parti-
cles (Wang et al., 2010a,b), and carbon nanotubes (Kim et al., 2007),
with a protective organic matrix embedding drugs. However, most
of the multifunctional carrier systems reported is difficult to keep
a balance between diagnosis and therapy that resulted in low
efficiency not only in diagnosis but also the therapy process. For
example, the surface of inorganic functional nanocrystals men-
tioned above was  simply modified with a thin polymer layer mainly
for stability or biocompatibility reasons and it actually cannot
provide enough space for loading drugs, which severely limits
treatment effect. Therefore it is still full of challenge to develop a

multifunctional carrier system with facile and versatile synthesis,
good biocompatibility as well as multifunctional character.

Herein, a protocol for the self-assembly of PLGA/polymeric
liposome core–shell magnetic nanoparticles was developed for

dx.doi.org/10.1016/j.ijpharm.2012.04.009
http://www.sciencedirect.com/science/journal/03785173
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imultaneous diagnosis and treatment in our laboratory. The
LGA/functional polymeric liposome magnetic nanoparticles pre-
ared by double emulsification-thin layer evaporation method
ill efficiently combine the diagnosis with the therapy. The

elf-assembled magnetic core–shell nanocarrier is formed from
hree key components. These superparamagnetic nanocrystals
hat can respond to external permanent magnet, are chosen for
he non-invasive magnetic targeting and MRI  for diagnosis. Poly
d,l-lactide-co-glycolide) (PLGA) is chosen due to its low toxi-
ity, biodegradable nature and the ability to encapsulate high
mounts of drugs for therapy. Folate-PEG conjugated polymeric
ioposome, consisting of octadecyl-quaternized lysine modified
hitosan (OQLCS), folate-conjugated OQLCS, and PEG-conjugated
QLCS, could provide steric repulsion against particle aggregation,

arget for delivery drug to the lesions and get a long circulation
alf-life in vivo.

The properties, such as structure, morphology, size distribu-
ion, and drug release in vitro were evaluated. Further to this, drug
ptake efficiency and MRI  was evaluated. This self-assembly of
olate-targeting core–shell magnetic nanocarrier may  represent a
ew method for diagnosis and therapy of disease.

. Materials and methods

.1. Chemicals

Octadecyl-quaternized lysine modified chitosan (OQLCS), folat-
onjugated OQLCS, and PEG-conjugated OQLCS (Wang et al.,
010a,b) and hydrophobic superparamagnetic nanocrystals (Sun
nd Zeng, 2002), are all prepared in our lab. Poly (lactic-co-glycolic
cid) (PLGA) (50/50 lactic/glycolic monomer composition ratio,
W:  20,000) was purchased from Shandong key laboratory of med-

cal polymer material (China). All other chemicals were of reagent
rade and were used as received.

.2. Preparation of PLGA nanospheres

PLGA nanospheres containing magnetic nanocrystals
nd DOX were prepared using a w/o/w emulsion solvent
xtraction–evaporation process (Dong et al., 2008). Briefly,
.25 mL  internal aqueous phase (containing 2% (w/v) DOX) was
mulsified in an organic solution (0.5 mL;  1:1 methylene chlo-
ide/acetone containing 5% (w/v) PLGA and 1% (w/v) hydrophobic
uperparamagnetic nanocrystals). Emulsification was  performed
n a 5 mL  beaker using sonication at output 40 W for 30 s. This

/o emulsion was subsequently poured into an external aque-
us solution of PVA (2 mL,  0.3%, w/v) with sonication at output
00 W.  The resulting w/o/w emulsion was magnetically stirred
or a further 24 h to extract the organic solvent. Finally, the PLGA
anospheres were centrifuged three times and freeze-dried to
btain the desirable nanospheres.

.3. Self-assembly of folate-targeting core–shell magnetic
anocarriers

These folate-targeting core–shell magnetic nanocarriers were
repared by thin-layer evaporation method (Liang et al., 2008). The
EG-OQLCS and FA-OQLCS were synthesized as reported in our pre-
ious work. OQLCS, PEG-OQLCS, FA-OQLCS and cholesterol (weight
atio 1/1/1/1, total lipids 40 mg)  were dissolved in 4 mL  of chloro-

orm at room temperature. Chloroform was then evaporated with

 vacuum rotary evaporator, and a thin film of lipid was  formed
n the wall of the flask. Then the lipid film was dispersed in 5 mL
LGA nanospheres solution (8 mg/mL) and sonicated unit at 30 ◦C
harmaceutics 430 (2012) 342– 349 343

for 10 min. The folate targeting core–shell magnetic nanocarriers
suspensions were kept at 5 ◦C until further characterization.

2.4. Physicochemical characterizations of the core–shell magnetic
nanocarriers

2.4.1. Morphology, particle size and surface charge of the
core–shell magnetic nanocarriers

The morphology of the core–shell magnetic nanocarrier was
observed via transmission electron microscopy (TEM). The obser-
vation of the samples was carried out at an operating voltage
of 200 kV with a JEOL-100CXII in bright-field mode and by elec-
tron diffraction. Dilute suspensions of samples were dropped onto
a carbon-coated copper grid and then air dried. The core–shell
structure of the samples was  obtained by confocal laser scanning
microscope (CLSM) by conjugating FITC, a fluorescent probe, onto
the polymeric liposome shell.

2.4.2. Surface chemistry of the core–shell magnetic nanocarriers
The existence of polymeric liposome on the surface of the PLGA

core was confirmed by X-ray photoelectron spectroscopy (XPS). The
elements on the surface were identified according to the specific
binding energy (eV), which was recorded from 0 to 1200 eV with
pass energy of 80 eV under the fixed transmission mode.

2.4.3. Particle size and surface charge of the core–shell magnetic
nanocarriers

The effective particle size was determined by quasielastic laser
light scattering with a Brookhaven Zetasizer (Brookhaven Instru-
ments Ltd., USA) at room temperature. 0.2 mL  of each sample was
diluted with 2.5 mL  of water immediately after preparation.

The surface charge of the samples was  determined by Zeta Plus
zeta potential analyzer (Brookhaven Instruments Ltd., USA) at room
temperature in deionized water. The suspension of samples was
diluted by deionized water.

2.5. Magnetic properties of the core–shell magnetic nanocarriers

Magnetic measurement of sample was performed by a vibrating
sample magnetometer (VSM). The samples in the form of powder
were placed in Teflon sample holder. The magnetic measurements
(hysteresis loops) were carried out in the field region of ±1 T at
room temperature. At 1 T, the magnetization of the samples was
almost saturated.

2.6. DOX release in vitro

To estimate the DOX release of the samples, the leakage of DOX
from the samples was  measured using UV spectrophotometer at
497 nm.  The samples were suspended in 5 mL phosphate buffer
solution with different pH value. The sample in tube was  placed
in the air bath at 37 ◦C with shaking at 150 rpm. At designated time
intervals, the tube was taken out and replaced with 10 mL of the
fresh release medium.

2.7. In vitro MRI of the magnetic core–shell nanocarriers labeled
cells

HeLa cells, at a density of 1 × 106 cells, were seeded into a 96-
well culture Plate 1 d before adding the various concentrations of

the samples. The addition of the samples was followed by incuba-
tion at 37 ◦C for 4 h. The medium was  dispensed and the cells were
washed with PBS buffer three times. The T2-weighed images were
acquired using a clinical 3.0 T magnetic resonance scanner (Sigma,
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Table 1
The effective diameter and zeta potential of the samples.

Group Effective diameter (nm) Polydispersity Zeta potential (mV)

PLGA 419.2 ± 6.1 0.012 −25.19 ± 2.21
PLGA/PLa 428.2 ± 2.8 0.288 44.72 ± 5.5
PLGA/FPLb 485.1 ± 6.6 0.324 43.39 ± 2.98
44 H. Wang et al. / International Journ

E Medical System, Milwaukee, WI,  USA) with a fast gradient echo
ulse sequence (TR/TE/flip angle 3450/85/30).

.8. In vitro qualitative study of cell uptake of the samples

Hela cells, a human cervical cancer cell line, which overex-
ressed folate receptor (FR), were cultured continuously as a
onolayer at 37 ◦C in a humidified atmosphere containing 5% CO2

nd 10% heat-inactivated fetal bovine serum (without free folate).
o directly visualize the DOX uptake, DOX loaded magnetic samples
as transferred to Hela cell line. The presence of intracellular iron
as detected by Prussian blue stain and counterstained with eosin.
riefly, cells were placed in 24-well microplates, fixed with 4% glu-
araldehyde for 20 min  and then incubated with a 1:1 (v/v) mixture
f 2% potassium ferrouscyanide and kalium ferrocyanatum II, and
% HCl for another 20 min. After that the medium was dispensed
nd the cells were washed with PBS buffer three times. Cells were
hen observed with an optical microscope. The DOX was observed
y fluorescence microscope.

. Results and discussion

.1. Formulation of DOX loaded core–shell magnetic nanocarriers

As shown schematically in Fig. 1. Firstly PLGA nanospheres
ontaining magnetic nanocrystals and DOX were prepared using

 w/o/w emulsion solvent extraction–evaporation process. Then,
ipid bilayer was  formed round-bottomed flask using PEG-OQLCS,
A-OQLCS and cholesterol. Finally, the lipid film was dispersed in

 mL  deionized water containing prepared DOX loaded magnetic
LGA nanospheres (8 mg/mL) and sonicated in a bath sonication
nit at 30 ◦C. After centrifugation, the folate targeting core–shell
agnetic nanocarriers suspensions were kept at 5 ◦C until further

haracterization.

.2. Characterization of DOX loaded core–shell magnetic
anocarriers

.2.1. Morphology, particle size and surface charge of the DOX
oaded core–shell magnetic nanocarriers

Fig. 2 presents TEM images of polymeric liposome (Fig. 2B),
OX loaded magnetic PLGA nanosphere (Fig. 2C) and DOX loaded
ore–shell magnetic nanocarriers (Fig. 2D). The TEM images
howed that DOX loaded magnetic PLGA nanosphere was  dis-
ersed as individual nanocrystals with a well-defined spherical.
ozens of magnetic nanocrystals (Fig. 2C and D) were success-

ully embedded into the PLGA matrix. The positively charged lipid
lms could form the multi-layers structure. (Fig. 2B) They were
xpected to absorb onto the surface of the negatively charged PLGA
anospheres through electrostatic interaction. As seen in Fig. 2D,
he polymeric liposomes can form a lipid shell on the surface of the
LGA core. The polymeric liposome nanoshell consisting of PEG-
QLCS and FA-OQLCS could provide electrostatic repulsion against
article aggregation, target for delivery drug to the lesions, and get

 long circulation half-life in vivo.

.2.2. Confirming the core–shell structure of the nanocarriers by
onfocal microscopy and XPS

In order to study on core–shell structure of the nanocarriers
elow the optical resolution of fluorescence microscope, a small
raction of large carriers without loading the DOX were obtained

y decreasing the concentration of PVA. Fig. 3B shows a confocal

mage of the core–shell carriers, where the core was  PLGA with-
ut fluorescence labeling and the shell was the lipid labeled with
ITC based on the similar methods we reported before. A core
a PL is the abbreviation for polymeric liposome.
b FPL is the abbreviation for folate coated polymeric liposome.

without fluorescence and a green shell are clearly observed, con-
firming polymeric liposome fusion on the surface of PLGA core.
Fig. 2A shows a schematic drawing of the core–shell nanocarrier.
As shown, the core–shell nanoparticles not only have hydrophilic
lipid shell but also hydrophobic core, so in theory therapeutic com-
ponents such as drug, vaccine and so on, can be encapsulated into
PLGA core with highly loading efficiency. At the same time, the
hydrophilic lipid shell has multi functions, such as preventing the
core–shell nanocarriers from sticking to each other and to blood
cells or vascular walls, targeting the nanocarriers to aggregate at
the tumor region and so on.

The existence of elements on the surface of samples can be stud-
ied by specific binding energy (eV) on XPS spectrum (Luo et al.,
2004). The surface elements of the core–shell nanocarriers were
identified according to the specific binding energy (eV) (Fig. 4A).
To prove the successful surface coating of lipids on PLGA cores,
nitrogen element of amino group and quaternary ammonium on
PEG-OQLCS and FA-OQLCS was  specifically scanned because nitro-
gen only exists in lipid molecules. From Fig. 4B, the distinct peak of
signals from N 1s signals qualitatively verifies that lipid molecules
coated PLGA nanospheres cores since only lipid molecules consist
of nitrogen element. Besides, there are no Fe 2p signals peaks in
the results. It indicated that all of the magnetic nanocrystals were
capsulated into the PLGA, not existing on the surface.

3.2.3. Particle size and surface charge of core–shell magnetic
nanoparticles

Table 1 illustrates the particle size of the samples. The general
size of the DOX loaded core–shell magnetic nanocarriers (with-
out FA-OQLCS coated) was  428.2 ± 2.8 nm larger than the effective
size of PLGA nanosphere (without lipid shell) (419.2 ± 6.1 nm)  in
accordance with the results of TEM. This is due to the thickness
of the lipid shell formed at the surface of PLGA core. Compared
with the particles size of the polymeric liposome-PLGA core–shell
nanocomplex (without FA-OQLCS), including FA-OQLCS in the lipid
shell could also increase the hydrodynamic diameter of the PLGA
nanospheres.

For the cancer-targeted imaging and therapy, folate was intro-
duced onto the surface of the nanocarriers using FA-OQLCS. The
positively charged polymeric liposome shell was  expected to
anchor onto the surface of the negatively charged PLGA nanopar-
ticles through electrostatic interactions. The zeta potential value
of the PLGA nanospheres was increased from −25.19 ± 2.21 mV to
43.39 ± 2.98 mV,  after coating the lipid shell. The phenomenon con-
firmed that the coating of lipid shell on the surface of the PLGA
nanospheres was successful. More importantly, the positive sur-
face charge is helpful to improve the cellular uptake (Chung et al.,
2007).

3.3. Magnetic properties of the core–shell nanocarriers

The superparamagnetic colloids are promising to serve as a class

of effective supports for guided delivery. The magnetic drug tar-
geting means specific delivery of chemotherapeutic agents to their
desired targets, e.g. tumors, by using magnetic nanocrystals bound
to these agents and an external magnetic field which is focused
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Fig. 1. A schematic illustration shows the process o

n the tumor (Alexiou et al., 2003). The simple way to improve
argeted drug delivery is to use an external magnetic field as the
uidance. The respond speed of biocompatible magnetic carriers
o the external magnetic field is determined by the magnetization
aturation values. Fig. 5 shows the hysteresis loop of DOX loaded
ore–shell magnetic nanocarriers measured by using the vibrat-
ng sample magnetometer. It should be noted that the core–shell

agnetic nanocarriers still shows high magnetization, indicating

ts suitability for targeting as a drug carrier. Moreover, the samples

ith homogenous dispersion show fast response to the external
agnetic field due to its high magnetization and no residual mag-

etism is detected The result reveals that the core–shell magnetic

ig. 2. (A) a schematic illustration shows the synthesis of magnetic core/shell nanocarr
phere  (C) and the magnetic core/shell nanocarriers (D).
aring DOX loaded magnetic core–shell nanocarrier.

nanocarriers exhibit good magnetic responsible and re-disperse
properties. This high magnetization can also be propitious to
improve the effect of MRI  (Hong et al., 2007).

3.4. DOX release from the core–shell magnetic nanocarriers at
different pH conditions

The concept of pH-sensitive drug delivery systems takes

advantage of the acidification of some pathological tissues (tumors
inflamed or infected areas) which exhibit an acidic environment
as compared to normal tissues. We  wanted to understand whether
pH value can control the DOX release. The DOX release was

ier. TEM image shows the morphology of polymeric liposome (B), magnetic PLGA
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ig. 3. Schematic showing the structure of a magnetic core–shell nanocarrier. The
oating  (green) covering the outer surface of the magnetic PLGA sphere. Confocal fl
tructure. (For interpretation of the references to color in this figure legend, the rea
etermined in buffer solutions of different pH values (2.0, 5.7, 7.4,
nd 8) (Fig. 6). First, the change in pH of the releasing medium
an trigger the drug releasing rate. The decrease in pH induces a
radual dissociation of lipid shell, which increases the swelling

ig. 4. (A) X-ray photoelectron spectroscopy (XPS) peaks of the samples. (B) Fe signal sp
agnetic core–shell nanoparticles surface were identified according to the specific bindin
ere  loaded into the PLGA sphere completely confirming by no Fe signal in spectra. The exi

or  polymeric liposome; FPL is the abbreviation for folate coated folate coated polymeric 
 core is represented as a grey nanospheres. Lipid shell is represented as a layer of
cence images of the FITC-labeled lipid shell, confirming the postulated core–shell

 referred to the web version of the article.)
degree of the nanocarriers so that the DOX molecules can diffuse
out more easily from the nanocarriers. For instance, DOX  release
rates for core–shell nanocarriers at pH 5.7 is about 35% after 150 h,
and yet the release rate is only about 20% at pH 8.

ectra of the samples. (C) N 1s signal spectra of the samples. The elements on the
g energy (eV), which was  recorded from 0 to 1200 eV. The magnetic nanoparticles

stence of lipids shell of the NPs was confirmed via N 1s signals. PL is the abbreviation
liposome.
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Fig. 5. Magnetization curve of magnetic core–shell nanocarrier was obtained by
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Fig. 7. T2-weighted MRI  images of Hela cells (0.5 T, spin–echo sequence:
SM. The inset was  digital image of magnetic core–shell nanocarrier with an external
agnet.

.5. In vitro cell MRI

Fig. 7 showed the cell MRI  images of different samples. The
RI  signal intensity of cells incubated with the folate-targeting
agnetic core–shell nanocarriers decreased in varied degrees in

2-weighted imaging depending on the different Fe concentration
n cells. Such decrease in signal intensity was significant when the
e concentration in culture media was higher. While the MRI  sig-
al of cells incubated with the non-targeting magnetic core–shell
anocarriers in T2-weighted imaging decreased not significant.
ompared with the magnetic core–shell nanocarriers, the PLGA
roup did not show obvious decrease for the different Fe con-
entrations in the test. The T2-weighted MR  image of the Hela
ells treated with folate coated magnetic core–shell nanocarriers
as much darker than that of the Hela cells treated with mag-
etic core–shell nanocarriers (without folate coated) and naked
LGA and magnetic PLGA (without lipid shell), indicating that the
olate groups on the magnetic core–shell nanocarrier possessed

 specific targeting ability for Hela cells that overexpressed the
olate receptors. These MRI  results suggest that the core–shell
ano-structure is helpful for the cell uptake of the magnetic

anocrystals.

ig. 6. The DOX release rate of folate coated magnetic core–shell nanocarrier (C)
nder different pH conditions and time points.
TR  = 1541.4 ms,  TE = 32.8 ms) with different Fe concentration.(A) PLGA sphere (with-
out  magnetic nanoparticles), (B) magnetic PLGA sphere, (C) magnetic core–shell
nanocarrier, (D) folate coated magnetic core–shell nanocarrier.

3.6. Uptake of the magnetic core–shell nanocarriers by cells

In this study, to observe whether the magnetic nanocrystals and
DOX could be delivered into the same cells, fluorescence micro-
scope was  used to do further investigations. Hela cells were used
to incubate complexes formed from magnetic core–shell nanocarri-
ers. The cellular uptake of magnetic nanocrystals was  confirmed by
Prussian blue stain. Under optical microscopy, iron oxide nanocrys-
tals were stained as blue. As seen, only a little DOX uptake was
observed in PLGA nanospheres group (without lipid shell), as evi-
denced by the lack of red fluorescence associated with the cells.
In magnetic core–shell nanocarriers (without FA-OQLCS coated)
group, there is intensive red fluorescence, that indicated more DOX
had been delivered into cells. This is attributed that the lipid shells,
consisting of PEG-OQLCS, a positive charge molecular, were eas-
ily uptake by cells. In order to further improve both drug delivery
efficiencies, the magnetic core–shell nanocarriers (with FAOQLCS
coated) group was  designed. After the incubation, more DOX was
uptake as compared to magnetic core–shell nanocarriers (without
FAOQLCS coated).

The magnetic nanocrystals entrapped into the nanocarriers
allowed direct visualization of their uptake by cells. As shown in
Fig. 8, Prussian blue staining experiments evidenced that the cell

uptake level strongly depended on the different samples. Compared
to the cells incubated with non-targeting magnetic core–shell
nanocarrier (without coated FA-OQLCS), cells incubated with the
targeting one showed much stronger blue appearance, indicating
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ig. 8. Fluorescent microscopic images and prussian blue staining images of the sa
or  the various samples: PLGA group (without lipid shell), PLGA/PL group (with lipi

uch higher intracellular Fe concentration. Compared with the
ore–shell nanocarriers, no obvious blue spots can be observed
nside the cells incubated with PLGA group (without lipid shell)
ndicating low iron content inside cells. As reported, the folate
eceptor is overexpressed in several types of human cancer, such
s brain, kidney, lung, and breast (Saul et al., 2003). With the FA-
QLCS surface modification, the core–shell nanoparticles can easily

arget and penetrate into the Hela cells.

. Conclusion

The folate-targeting DOX loaded magnetic core–shell nanocarri-
rs have been fabricated successfully. The multifunctional nanocar-
iers possessed a unique core–shell structure. The hydrophobic
LGA core serves as a natural environment for drugs and SPIONs
nd the hydrophilic lipid shell allows the nanocarriers stabiliza-
ion in aqueous solution. The folate-targeting DOX loaded magnetic
ore–shell nanocarriers have better targeting effect to the Hela
ells in vitro than their non-folate targeting counterparts. Mean-
hile the MRI  scanner may  monitor it as a noninvasive diagnostic

trategy. The folate-targeting DOX loaded magnetic core–shell
anocarriers demonstrated the potential as a powerful multifunc-
ional platform for simultaneous drug delivery and diagnostic
maging applications.
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