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Iron oxide based magnetic nanoparticles (MNPs) as typical theranostic nanoagents have been popularly
used in various biomedical applications. Conventional core-shell MNPs are usually synthesized from
inside to outside. This method has strict requirements on the interface properties of magnetic cores and
the precursors of the coating shell. The shape and size of MNPs are significantly influenced by that of
the pre-synthesized magnetic cores. Most core—shell MNPs have only single T2W MRI imaging ability.
Herein, we propose a new synthetic strategy for core-mesoporous shell structural MNPs, where hollow
mesoporous nanospheres which exhibit an intrinsic property for both CT imaging and drug loading were
used as the shell and the magnetic cores were produced in the cavity of the shell. A new type of MNPs,
Fes04@ZrO, nanoparticles (M-MZNs), were developed using this facile outside-to-inside way, where
multiple FesO4 nanoparticles grew inside the cavity of the mesoporous hollow ZrO, nanospheres
through chemical coprecipitation. The obtained MNPs not only exhibited superior magnetic properties
and CT/MR imaging ability but also high drug loading capacity. In vitro experiment results revealed that
M-MZNs-PEG loaded with doxorubicin (DOX) presented selective growth inhibition against cancer cells
due to pH-sensitive DOX release and enhanced endocytosis by cancer cells under a magnetic field.
Furthermore, the proposed MNPs exhibited CT/MRI dual modal imaging ability and effective physical
targeting to tumor sites in vivo. More importantly, experiments of magnetic targeting chemotherapy on
tumor bearing mice demonstrated that the nanocomposites significantly suppressed tumor growth
without obvious pathological damage to major organs. Henceforth, this study provides a new strategy
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rsc.li/rsc-advances for CT/MRI dual-modal imaging guided and magnetic targeting cancer therapy.

Introduction nanoparticles (MNPs) have aFtracted a wide range.of interest to
be researched due to their excellent properties, such as
Recently, there has been a trend toward theranostic nanotech- biocompatibility, low toxicity, high relaxation profiles and
nology, delivering therapeutic drugs and imaging agents magnetic susceptibility, superparamagnetism, and tunable
simultaneously within a multifunctional nanoplatform.t® surface modifications and multifunctionalization.>® In partic-
These theranostic nanoagents can not only localize the tumor ular, this type of theranostic NPs not only has the intrinsic
site providing diagnosis information, but also visualize drug property of T2-weighted magnetic resonance imaging (T2W
pharmacokinetics and biodistribution providing abundant MRI)and high capacity of drug loading, but also can be directed
biological information among different patients.*> Thus, to cancer under the influence of a magnet, where tumor tar-
theranostic nanomedicine makes personalized medicine easier ~ geting can be easily achieved. In recent years, they have been
and is in great demand.®” Among the broad spectrum of popularly researched in various biomedical applications,'***
theranostic nanoparticles (NPs), iron oxide based magnetic such as MRI guided and/or magnetic targeting chemo-
therapy,”*"®  photodynamic therapy,'*®  photothermal
therapy,"* magnetic hyperthermia*®*>* and combined
Department of Radiology, First Hospital of China Medical University, Key Laboratory therapy_”"29
of Diagnostic Imaging and Interventional Radiology in Liaoning Province, Shenyang Among different MNPs, those with porous shell have
110001, People's Republic of China. E-mail: kexu@vip.sina.com; Fax: +86-24- . . .
attracted great interest for targeted drug delivery to cancer since
83282997; Tel: +86-24-83282999 3 3
the high surface area and pore volume attribute to easy

T Electronic  supplementary information (ESI) available. See DOI: ’ : )
10.1039/c9ra01063g adsorption as well as high loading of chemotherapy drugs.*>**
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The most common synthetic strategy for core-porous shell
MNPs is that the magnetic core was achieved firstly, followed by
the formation of shell on the surface. However, this strategy
have two major disadvantages. The first one is that this method
has strict requirements to the interface properties of magnetic
cores and the precursors of coating shell.** Besides, the shape
and size of MNPs were significantly influenced by that of the
magnetic cores. Thus, only silica as well as few metal oxides
were successfully used as porous shell for MNPs.**

On the other hand, iron oxide based core-shell MNPs with
single T2W MRI function have some limitations, such as long
acquisition time, negative contrast imaging, low sensitive for
tissues containing low proton density, like lung.**** Theses
limitations may constrain the range of their application area. X-
ray computed tomography (CT) is the other major imaging
technique besides MRI for cancer therapy response evaluation
in clinical practice,®?* and it has distinctive advantages
complementary to MRI, such as short examination time, high
imaging contrast for hard-tissue and lung, high spatial resolu-
tion and low cost.**** Thus, MNPs with CT/MRI dual modal
imaging ability have significant perspective for clinical use.
Unfortunately, reports about combining core-shell MNPs with
biocompatible materials for CT imaging are very few. Several
studies combined Gold*** to core-shell MNPs through coating
or chemically linking. For example, Sanchez reported the
synthesis of janus MNPs by combining Au NPs to the surface of
magnetic mesoporous silica NPs.*> However, adding imaging
components to MNPs may decrease the drug loading capacity
and increase the cost and complexity of synthesis.** For
example, the specific surface decreased from 848 m> g™ to 380
m? g~ " after addition of Au NPs in Sanchez' study.*

ZrO, NPs were demonstrated to have good biocompatibility
and safety used as versatile biomaterials in recent years.* It was
indicated that mesoporous hollow ZrO,-based nanocomposites
not only have high drug loading capacity but also have property
of CT imaging due to the high atomic number (Z = 40) and
atomic mass of Zr element.*® Thus, mesoporous ZrO, NPs seem
ideal candidate for used as shell for MNPs.

On the basis of the above considerations, we propose a new
synthetic strategy for core-mesoporous shell structural MNPs,
where hollow mesoporous ZrO, nanospheres were used as the
shell and the magnetic cores were produced in the cavity of the
shell through a facile outside-to-inside way. Using this strategy,
the magnetic cores were easily achieved through confined
coprecipitation using cheap chemicals and mild reaction
conditions. Unlike conventional synthesis of core-shell MNPs
from inside to outside, the cores were produced inside the shell
and thus there is no need to consider the surface chemical
properties and no need to use surfactant. Furthermore, CT/MRI
dual modal imaging can be easily achieved without adding
another component to the shell.

In this study, we present the synthesis of magnetic meso-
porous zirconia nanoparticle (Fe;0,@ZrO,, abbreviated as M-
MZNs) for CT/MRI dual modal imaging and magnetic target-
ing drug delivery, as presented in Scheme 1. Ferrous and ferric
aqueous solution were sealed into the inner space of the hollow
ZrO, nanospheres with a simple physical forced penetration
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method. Afterwards, ultrasmall superparamagnetic iron
(USPIO) NPs were produced through coprecipitation in ethanol
inside the cavity of mesoporous ZrO, hollow nanospheres,
obtaining a new type of MNPs with multiple cores and meso-
porous shell. Then the as-made M-MZNs were PEGylated to
improve its biocompatibility and prolong circulatory time in the
blood. The as-made M-MZNs-PEG presented high density on CT
imaging with a CT value of as high as 430.5 HU at the concen-
tration of 50 mg mL ™' and their transverse relaxivity (7,) was
79.88 mM s . Due to the presence of multiple USPIO cores, the
M-MZNs-PEG also possess excellent magnetic property with
a saturation magnetization (M) of 26.5 emu g~ *. Once injected
intravenously, the nanocomposite could be directed to tumor
site by an external magnetic field and make the tumor site
positively enhanced in CT imaging with an CT value increase of
37.68% as well as negatively enhanced in MRI imaging with
a signal intensity (SI) decrease rate of 39.95%. In the meantime,
mesoporous and modified core-shell structure contributes to
large capacity for drug loading of DOX. Thus, the M-MZNs could
also be used for magnetic and pH dual responsive drug delivery.
The results of in vivo anti-tumor experiments indicated that
DOX loaded M-MZNs (M-MZNs-DOX) could significantly
enhance the efficacy of chemotherapy. Hence, our work
demonstrates the proposed multifunctional nanoplatform as
novel theranostic platforms bring about potential clinical
applications for CT/MRI dual-modal imaging guided and
magnetic targeting cancer therapy.

Experimental
Reagents and materials

Sodium hydroxide (NaOH), anhydrous ethanol, ammonia
(NH;3-H,0, 28%), acetonitrile, hydrochloric acid (HCI), ammo-
nium iron(u) sulfate hexahydrate, and ammonium iron(m)
sulfate dodecahydrate were bought from Sinopharm Chemical
Reagent Co., Ltd. Zirconium propoxide was obtained from
Tokyo Chemical Industry Co., Ltd. DOX was provided by Dalian
Meilun Biotechnology Co., Ltd. Polyethylene glycol (PEG) was
obtained from Beijing Chemgen Pharma Co., Ltd. Fetal bovine
serum (FBS) were obtained from GIBCO. Dulbecco's Modified
Eagle Medium-High Glucose (DMEM-HG), phosphate buffer
saline (PBS), penicillin and streptomycin were provided by
Thermo Fisher Scientific Inc. All reagents were used without
further purification.

Synthesis of mesoporous hollow ZrO, NPs

Uniform sized mesoporous hollow ZrO, NPs were synthesized
using the previously reported method with a slight modifica-
tion.*® 283 mg SiO, NPs with a size of about 127 nm were
dispersed in the mixture of 120 mL ethanol, 40 mL acetonitrile
and 1.2 mL of ammonia. 0.5 mL of zirconium propoxide was
rapidly put into another mixture of 30 mL ethanol and 10 mL
acetonitrile. Then the above two mixture were mixed together.
The reaction was sustained for 16 h under magnetic stirring at
room temperature. Then the products of SiO,@ZrO, were
collected by centrifugation at 9000 rpm for 10 min and washed
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Scheme 1 Schematic illustration of the synthesis for M-MZNs-DOX and its application for CT/MRI duo-modal imaging and chemotherapy in

a magnetic field.

with ethanol and water for 3 times. The SiO,@ZrO, NPs were
dispersed into 100 mL deionized water. The dispersion was
heated to 80 °C under stirring; then, 6 mL of 1 M NaOH solution
was added and reacted for 4 h. The products of mesoporous
hollow ZrO, NPs were obtained after washing with deionized
water for 3 times and centrifugation at 9000 rpm for 10 min.

Synthesis and surface modification of M-MZNs

20 mg of ZrO, NPs were scattered in 4 mL of deionized water
containing 100 mg of ammonium iron(n) sulfate hexahydrate
and 123 mg of ammonium iron(u) sulfate dodecahydrate. The
mixture solution was pumped under the condition of vacuum
until the water was drained. After washed with anhydrous
ethanol three times, the sample was redispersed in 40 mL
anhydrous ethanol by sonication for 20 min and transfered into
a three neck flask. Then it was stirred and refluxed at 70 °C for
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2 h under nitrogen protection after 2 mL of ammonia was
added. The black precipitation was collected by centrifugation
at 8500 rpm for 10 min. After washed with ethanol and deion-
ized water, the product was stirred for 30 min in 30 mL of 0.2 M
HCI followed by washing with water to remove Fe;O4 on the
surface of ZrO, spheres. The product of M-MZNs was magneti-
cally separated and washed with water for 3 times. 20 mg of M-
MZNs were dispersed in 20 mL H,O containing 5 mg PEG, and
then properly stirred for 16 h to achieve the M-MZNs-PEG.

Characterization

The morphology of as-fabricated NPs were characterized by
transmission electron microscope (TEM, JEM-2100, JEOL) and
scanning electron microscope (SEM, Model S-4800, Hitachi).
Energy dispersive spectroscopy (EDS) of SEM was employed to
determine the elements in the samples. Hydrodynamic
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diameter in water and zeta potential were measured using
a Zetasizer Nano-ZS (3000HSA, Malvern Instruments) at room
temperature. X-ray powder diffraction (XRD) was used to
determine the crystal lattice properties of NPs on a D8 Focus X-
ray diffractometer (Bruker, Germany) with a scanning range
from 20° to 80°. Magnetic characterization were evaluated using
superconducting quantum interference device magnetometer
(PPMS-9, Quantum Design, US) at 300 K. The measurements
were recorded between —20 000 and 20 000 Oe. N, adsorption-
desorption isotherm was measured with a QuadraSorb Station 3
(Quantachrome Instruments, USA) at —196 °C. The Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
method were used to calculate the specific surface area and pore
size distribution.

Drug loading and release in vitro

Chemotherapeutic drug, DOX, was used to test the drug-loading
capacity and release behavior of M-MZNs. 20 mg of M-MZNs-
PEG was dispersed into DOX solution (10 mg of DOX in
10 mL PBS). The mixture solution was stirred for 16 h under
dark conditions and then drained by vacuum pumping. After
that, the sample was washed 3 times with PBS. M-MZNs-DOX
were obtained by centrifugation and re-dispersed in of PBS.
The supernatant was collected and concentration of DOX in
solution was measured using a microplate reader (Thermo
Fisher Scientific, Inc., USA) at the wavelength of 481 nm. The
amount of DOX loaded was determined by the difference of the
initial and residual DOX amount. Drug loading (DL, %) was
calculated using the equations of mass of DOX loaded in NPs/
mass of DOX loaded NPs. Drug encapsulation efficiency (EE,
%) was determined using the equations of mass of DOX in NPs/
initial mass of DOX.

To determine the drug release behaviors, 10 mg of M-MZNs-
DOX were dispersed in 10 mL of PBS solutions at pH of 5.5 and
7.4. Drug releasing was carried out in a shaking table at 37 °C. At
the predetermined time intervals, the amount of released DOX
was measured with a microplate reader.

In vitro CT imaging and relaxivity measurement of M-MZNs

For evaluation of CT imaging capability, M-MZNs dispersed in
a PBS solution with a concentration range of 50, 25, 12.5, 6.25
and 3.125 mg mL " were placed in an Eppendorf tube. The
tubes were positioned in a tube rack. The rack was scanned by
a 256 multislices CT (Brilliance iCT256, Philips Healthcare) with
slice thickness of 1 mm under different voltages of 80-140 kv.

The T2 values of M-MZNs in PBS at different concentrations
were measured at 3.0 T MRI scanner (Signa HDxt imager; GE
Healthcare Bio-Sciences Corp, USA). 1 mL of M-MZNs dispersed
in PBS solution were mixed with the same volume of 1% agarose
gel at different Fe concentrations of 0, 0.017, 0.034, 0.068, 0.137,
and 0.275 mM in 2.5 mL Eppendorf tubes. The tubes were fixed
in a box filled with agarose gel to minimize magnetic suscep-
tibility to air interface artifacts. The tank was placed in a 8 HD
head coil. T2WI and T2 Mapping Images were achieved using
the quantitative T2 multi-spin multi echo scan sequence. The
scanning parameters were as follows: echo time (TE) = 9, 18, 36,
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45, 55, 64 and 73 ms; repetition time (TR) = 1220 ms; slice
thickness = 2 mm. At last, the r, value was calculated as the slop
of correlation line between transverse relaxation R2(1/T2) and
Fe concentration.

Cell culture and animal model

Briefly, human hepatocarcinoma cells (cell line HepG2) were
cultured at 37 °C under 5% CO, in DMEM-HG medium con-
taining 10% FBS, penicillin (100 U mL "), and streptomycin
(100 pg mL ™). The HepG2 cell line was provided by the Cell
Bank of Type Culture Collection of Chinese Academy of Sciences
(Shanghai, China). All animal experiments in this work were
performed in compliance with the Guide for the Care and Use of
Laboratory Animals, eighth edition (international publication
no: 978-0-309-15400-0) and approved by the Institutional
Animal Care and Use Committee (IUCUC) of the First Hospital
of China Medical University (CMU). Kunming female mice with
weight of about 24.4 g (obtained from Department of Laboratory
Animal Science of CMU) were subcutaneously implanted with 2
x 10° H22 tumor cells in the axillary.

In vitro cytotoxicity assay and anti-cancer activity

CCK-8 method was used to test the cytotoxicity of M-MZNs and
therapeutic effect of M-MZNs-DOX to cell line HepG2. 3000 cells
were seed onto well of 96-well plates. After incubation over-
night, HepG2 cells were treated with M-MZNs at different
concentrations ranging from 0.78 to 100 pg mL ™" for 24 h. For
the test of in vitro therapeutic effect, free DOX and M-MZNs-
DOX at the DOX concentration of 0.625-10 pg mL ™' were
separately added and cells were treated for 24 h. The small
NdFeB permanent magnet with thickness of 1 mm was placed
under of plates for first 0.5 h of incubation in the magnetic
targeting group. Then, the cellular viability was measured with
CCK-8 method by a microplate reader at the wavelength of
450 nm.

Cellular uptake of M-MZNs

Prussian blue stain: 2 x 10° cells per well were cultured in 6-well
plates overnight and treated with 12.5 ug and 25 pug of M-MZNs
dispersed in 2 mL serum-free DMEM medium for 4 h. A small
NdFeB permanent magnet with thickness of 2 mm was placed
under each well in the magnetic targeting groups during the
first 0.5 h of incubation. After treatment, cells were fixed with
4% paraformaldehyde for 30 min. Then the fixed cells were
stained by freshly prepared Prussian blue staining solution
(Solarbio Life Sciences Co, Beijing, China) for 30 min and
counterstained by eosin for 1 min.

Bio-TEM of labelled cells: HepG2 cells were incubated in
a culture flask and treated with 12.5 ug mL™~" of M-MZNs. After
24 h of treatment, the cells were digested and fixed with 2.5%
glutaraldehyde for 24 h and postfixed in 1% osmium tetroxide
for 1.5 h. After dehydrated, transparentized, embedded and
polymerized, the samples were cut into ultrathin sections of
about 70 nm thickness. The sections were then transferred to
the copper grid and observed on TEM (H-7650, Hitachi) at 80
kv.
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Intracellular DOX release

HepG2 cells were seeded onto 24-well plates with 1 x 10* cells
in each well. After incubated overnight, cells were treated with
1 mL of M-MZNs-DOX (12.5 pg mL~" in DMEM) and free DOX
(2.5 pg mL ") for 4 h. For the magnetic targeting group, a small
NdFeB permanent magnet with thickness of 2 mm was placed
under of the well during the first 0.5 h of incubation. After the
medium was discarded, the cells were washed with PBS for 3
times and then fixed with 4% paraformaldehyde in PBS for
15 min. Then the cell nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI). The blue emitting fluorescence of DAPI
and red emitting fluorescence of DOX in cells were observed by
laser scanning confocal microscopy (LSCM) (Olympus FV1000-
IX81). For quantitative study, HepG2 cells were seeded in 6-
well plates with 2 x 10° cells in each well. The treatments were
same to the experiment of LSCM. And an another control group
of cells were treated with medium. After washed with PBS for 3
times, the treated cells were digested and collected. The fluo-
rescence intensity of intracellular DOX was quantified by flow
cytometry at 488 nm.

In vivo CT/MR imaging and magnetic targeting ability

H22-tumor bearing mice placed on a self-made plank were
subjected to CT and MR imaging before and immediately after
intratumorally injection or 3 h after intravenously injection with
0.2 mL of M-MZNs-DOX (80 mg kg ' dispersed in saline). A
cylinder NdFeB permanent magnet with diameter of 15 mm and
thickness of 5 mm was fixed on the surface at the tumor site for
the magnet targeting group after injection. 1 h later, the
magnets was removed. A 256 Multislice CT (Brilliance iCT256,
Philips Healthcare) was used for CT imaging with slice thick-
ness of 2 mm under voltages of 80 kv and 200 mA. Fat
suppression T2WI was achieved by 3T MRI scanner with a wrist
coil. The scanning parameters were as follows, TR = 3460 ms;
TE = 110 ms; slice thickness = 2 mm. Furthermore, all the mice
and a control group mice 3 h post treated with saline were
sacrificed. Major organs (brain, heart, spleen, liver, lung,
muscle and kidney) and tumor were harvested. The samples
were fixed in 4% paraformaldehyde for 48 h, embedded into
paraffin and then cut into sections with thickness of 4 pm. The
tissue sections were stained with Prussian blue-eosin and
hematoxylin—-eosin (H&E) to qualitatively analyze tumor target-
ing and biodistribution of the NPs.

Antitumor efficacy evaluation of M-MZNs-DOX in H22 tumor
bearing mice

To evaluate the antitumor efficacy of M-MZNs-DOX, H22-tumor
bearing female mice with each group of 3 mice were injected
with 0.2 mL of saline, M-MZNs (10 mg kg™ "), free DOX (2 mg
kg™ "), M-MZNs-DOX (10 mg kg™ ') and M-MZNs-DOX (10 mg
kg™ ") with a small magnets fixed at the tumor site for 1 h, via
caudal vein every 4 days. The injections were repeated 4 times.
Length and width of tumors and body weight of the mice were
carefully recorded every two or three days. The tumor volume
was calculated by the formula of length x width?/2. Three days
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after the last injection, the mice were sacrificed and the main
organs and tumors were harvested and measured. Sections of
major organs were stained with H&E to evaluate the safety.
Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) was used to analyse apoptosis in tumors with an in situ
cell death detection kit, according to the manufacturer's
protocol. Ratio of apoptosis were presented as the average
results of three images per tissue.

Statistical analysis

Quantitative data collected were expressed as mean + SD. The
statistical significance was determined with Student's ¢-test
using SPSS 17.0. The statistical significance was inferred at
a value of P < 0.05.

Results and discussion

Preparation and characterization of the as-synthesized
materials

The M-MZNs were synthesized by the following procedure as
illustrated in Scheme 1. Firstly, mesoporous hollow ZrO, NPs
were prepared via a template method using SiO, templates as
described previously.* Then, ferrous and ferric salts mixture
with a Fe>* : Fe** ratio of 1 : 1 were sealed into the inner space of
the ZrO, hollow nanospheres with a simple physical forced
penetration method. Next, Fe;O, cores were produced in
ethanol through a modified chemical coprecipitation method
using ammonia as coprecipitator.”” The Fe;0, NPs on the outer
surface of ZrO, spheres were removed by HCI. Ultimately, the
as-synthesized M-MZNs were PEGylation through physical
adsorption method to improve their biocompatibility and half
time in the blood circulation.

The morphology of the as-made materials was characterized
by TEM and SEM. As shown in Fig. S1A and S1B,t SiO, NPs show
solid nanospheres structure with a mean diameter of 126.83 +
8.23 nm. As shown in Fig. 1A of TEM image, spherical and
hollow ZrO, NPs were successfully synthesized from templates
of SiO,. The ZrO, NPs have a mean diameter of 154.06 =+
10.50 nm measured from TEM image and narrow size distri-
bution (Fig. S1Ct). Fig. 1B shows the TEM images of M-MZNs.
As we can see, well-dispersed uniform nanoscale structures
characterized with a round-shaped ZrO, spheres enwraping
multiple USPIO NPs were formed. The mean size of M-MZNs is
155.23 + 7.10 nm (Fig. S1D¥). As indicated in TEM and SEM
images, our as-fabricated MNPs with magnetic cores grown in
the cavity (Fig. 1B and D) show no significant differences in both
shape and size, compared with ZrO, NPs (Fig. 1A and C).
Elements contained in the as-made nanoplatforms EDS was
measure with EDS. As revealed from EDS, Zr and O are the main
elements in the sample of ZrO, NPs (Fig. 1E), and a significant
peak of Fe was detected in the sample of M-MZNs (Fig. 1F),
confirming the presence of iron oxide. Fig. SIEf shows zeta
potentials of —44.9 mV, 16.9 mV, and —17.9 mV, for ZrO,, M-
MZNs and M-MZNs-PEG, respectively. The difference of zeta
potentials between M-MZNs confirms the successful PEGyla-
tion. The hydrodynamic diameter of the Fe;O0,@ZrO,-PEG
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Fig. 1 The structural characterization of ZrO, and M-MZNs. (A) TEM
images of ZrO, NPs and (B) TEM images of M-MZNs NPs, scale bars
represent 100 nm. (C) SEM images of ZrO, NPs and (D) SEM images of
M-MZNs, scale bars represent 200 nm. (E) EDS of ZrO, NPs and (F) EDS
of M-MZNss.

particles was 231.4 nm and the polydispersity index (PDI) was
0.144 as measured with dynamic light scattering (Fig. S2t). This
low PDI indicated that Fe;0,@ZrO,-PEG was monodisperse.
The dispersion in water and saline can be stable for at least 2 h.
XRD was further used to analyse the crystalline nature. As
indicated in Fig. 2A, besides the broad peak at 2 theta of 20-40°
corresponded to the amorphous peak of ZrO,, M-MZNs possess
several diffraction peak at 2 theta of 30.2°, 35.7°, 43.3°, 57.2°,
and 62.6°, which were characteristic diffraction peak of spinel
inverse magnetite phase Fe;0, assigned to [220], [311], [4004],
[5115], and [440] lattice planes.*® Then, the magnetic property of
M-MZNs-PEG were studied by magnetometer. As presented in
Fig. 2B, the magnetization curve of M-MZNs-PEG shows its
superparamagnetic behavior owing to absence of hysteresis
loops, with a M of about 26.5 emu g~ . Thanks to such a high
M, value, the M-MZNs-PEG can be quickly attracted by an
external magnet (Fig. 2B, inset). When the magnet was removed,
they became emulsion again soon after slight shaking. It is
worthwhile to note that this M; value is higher than that of the
core-shell MNPs with a single magnetic core of similar size in
the sphere previously.>® This may be contributed to the multi-
cores structure of this new MNPs. The excellent magnetic
properties of the as-made MNPs make them suitable for
magnetic targeting drug delivery applications.

The mesoporous property of M-MZNs-PEG was verified by N,
isotherms, as presented in Fig. 2C and D. Fig. 2C revealed that
the isotherm curve was type IV with an obvious hysteresis loop,
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demonstrating mesoporous structure of M-MZNs-PEG. The BET
estimated specific surface area of M-MZNs-PEG were 307.066
m?” g~ '. The pore size in M-MZNs-PEG is 3.803 nm and the pore
volumes (VP) is 0.783 cm® g~ * from the pore size distribution
presented in Fig. 2D. The high surface area and mesoporous
channels could endow M-MZNs-PEG with large drug loading
capacity and excellent prospect in biological applications.

DOX loading and pH-responsive release results

DOX, as a model drug, was chosen to analyse the drug loading
capability of M-MZNs-PEG. The spectrum of UV-vis absorption
was used to confirm the successful loading of DOX in the M-
MZNs-PEG. As shown in Fig. 3A, M-MZNs-DOX and free DOX
exhibit the same absorption peak centered at 481 nm, whereas
M-MZNs-PEG express no significant absorption at wavelength
around 481 nm. This suggests that DOX was successfully loaded
in the M-MZNs-PEG. EE and DL were around 49.5% and 20.2%,
respectively. The DL of M-MZNs-PEG was similar to the 21% of
drug-loading content in mesoporous MNPs with core-shell
structure as previously published.* The pH-sensitive release of
DOX was explored in PBS solution with different pH (5.5 and
7.4). The cumulative released content of DOX was less than
12.5% in the condition of pH 7.4 in 24 h, while more than 25%
of DOX was released in acidic condition (pH = 5.5) in 24 h
(Fig. 3B). This suggests that DOX releasing from M-MZNs-PEG
can be triggered by acidic environments. This discrepant
release profiles may result from weakened electrostatic inter-
action between DOX and particles by lower pH. Since the pH
value of extracellular microenvironments is lower and the acidic
cell organelles such as lysosomes and endosomes are more in
cancer tissue than that in normal tissues, this pH- sensitive
drug-release property makes the fabricated M-MZNs-DOX suit-
able for anti-cancer therapy.*

Magnetically enhanced endocytosis and intracellular DOX
accumulation in vitro

Cellular internalization is essential for NPs used as an effective
drug delivery carriers in vivo. Prussian blue staining, which
selectively stain Fe®", were used to evaluate endocytosis
behavior of M-MZNs-PEG by cancer cells and the effect of
magnetic fields on promoting internalization. In this work,
HepG2 cells were treated with M-MZNs-PEG in a low (12.5 pg
mL ") and high (25 pg mL™") concentration for 4 h, and were
then stained with Prussian blue. As shown in Fig. 4A, blue dots
accumulation in cells treated with a high concentration is
obviously higher than that in cells treated with a low concen-
tration, indicating that M-MZNs-PEG could be concentration
dependently uptaken by tumor cells. Importantly, the intracel-
lular amount of M-MZNs-PEG was markedly increased by
external magnetic field. This result demonstrated that endocy-
tosis of M-MZNs-PEG could be enhanced by the attraction of
magnetic field. The mechanism may be that M-MZNs-PEG can
be attracted and directed to the site of tumor cells by the
external magnetic field. Then the accelerated sedimentation
and accumulations of M-MZNs-PEG on the cellular surface
caused the endocytosis increased.” Cellular internalization of

RSC Adv., 2019, 9, 13220-13233 | 13225
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M-MZNs-PEG after 24 h co-incubation in HepG2 cells was observable modification in size and morphologism, with some
further confirmed by Bio-TEM. As shown in Fig. 4B, a large of them were enclosed in vesicular structures in the cytoplasm.
number of NPs can be observed inside cells without any According to literatures, the NPs can be endocytosis from the
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Fig. 4 Magnetic field enhanced cellular uptake of M-MZNs-PEG. (A) Images of HepG2 stained with Prussian blue after 4 h of treatment with
different concentration of M-MZNs-PEG, (M—) in absence or (M+) presence of an external magnetic field for the first 0.5 h of treatment. Scale
bars represent 50 um. (B) Biological TEM images of HepG2 cells treated with culture medium only (left) or M-MZNs-PEG dispersed culture
medium at the concentration of 12.5 pg mL™* (right) for 24 h. Scale bars represent 2 pm.

cell membrane, encapsulated in early endosomes, and then late
endosomes after maturation process, and finally ending as
lysosomes.*>**

LSCM and flow cytometry were employed to observe and
quantify the fluorescence of intracellular DOX released from the
nanocarrier. HepG2 cells were treated with M-MZNs-DOX (12.5
pg mL~" in DMEM) and free DOX (2.5 pug mL™" in DMEM) for
4 h. As demonstrated in Fig. 5A, the red fluorescence emitted
from DOX mainly appears in the same position of the blue
fluorescence of DAPI, indicating that DOX was released from
NPs and accumulated in nuclei after 4 h of incubation. After
cellular endocytosis by cancer cell, the NPs were trapped and
exposed to the acidic compartments, such as endosomes and
lysosomes. Then DOX was pH responsively released from NPs
into nuclei. This result provides evidence that pH-responsive
drug release of the as-made MNPs is effective in tumor cell
and confidence for further application in tumor therapy study.

Furthermore, fluorescence intensity of cells was measured by
flow cytometry at 488 nm. As shown in Fig. 5B and C, cells in the
control group showed nearly no fluorescence and the fluores-
cence intensity was only 1.26 + 0.14 (x10%). However, obvious
fluorescence was detected at 488 nm in the other three groups.
The values of fluorescence intensity (x10%) were 15.20 + 0.15,
20.59 + 0.43 and 29.95 + 1.10 for the group of free DOX, DOX-
NPs M— and DOX NPs M+, respectively. It can be seen from this

This journal is © The Royal Society of Chemistry 2019

results that fluorescence intensity in the DOX-MNPs group is
stronger than that in the free DOX group. This may be attrib-
uted to NPs mediated enhanced endocytosis than small
molecular as well as cellular retention and continual drug
releasing compared with free DOX which could be pump-out by
some protein, like p-gp."* More importantly, intracellular fluo-
rescence intensity was remarkably enhanced by the magnetic
field with about 1.45 fold increase. It may be due to magnetic
field enhanced endocytosis of NPs. Therefore, these results
demonstrate that the fabricated MNPs has the ability of cancer
cell targeting drug delivery through pH responsive drug release
and magnetic-accelerated endocytosis.

Cytotoxicity of M-MZNs-PEG and magnetically-enhanced anti-
cancer effect of M-MZNs-DOX in vitro

Biocompatibility is a crucial premise for NPs used as drug
carriers. HepG2 cells were treated with a varying concentration
M-MZNs-PEG with (0.78 to 100 ug mL™') for 24 h and the
cytotoxicity was detected with the CCK-8 analysis. We also
investigated the cytotoxicity of M-MZNs-PEG on HepG2 cells
under an external magnetic field. As indicated in Fig. 6A, M-
MZNs-PEG has no obvious cytotoxicity, and the presence of
magnetic stimuli did not increase its cytotoxicity even under
a high concentration of 100 pg mL™". This result revealed that

RSC Adv., 2019, 9, 13220-13233 | 13227
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the M-MZNs-PEG as a nanocarrier have a good biocompatibility
and safety for magnetic targeting drug delivery.

The in vitro therapeutic effect of M-MZNs-DOX on cancer
cells was evaluated with CCK-8 kit. HepG2 cells were treated
with free DOX and M-MZNs-DOX at various DOX concentra-
tions for 24 h with or without an external magnetic field for the
first 0.5 h of treatment. As shown in Fig. 6B, both M-MZNs-
DOX (in absence or presence of magnetic field) and free DOX
inhibited HepG2 cells dose dependently. The relative viability
of HepG2 cells ranged from 59.26% =+ 4.20% to 18.58% =+
1.64% in the DOX group and 66.04 £ 3.00% to 22.82% =+ 2.53%
in the NP M— group at variant DOX concentration of 0.625 to
10 pg mL~'. And the external magnetic field significantly
increased the Kkilling effect of M-MZNs-DOX against HepG2
cells with viability ranging from 54.76% =+ 5.88% to 17.72% =+
3.66% (P < 0.05 for M-MZNs-DOX M+ versus M-MZNs-DOX
M-). The relative viability in the M-MZNs-DOX M+ group

13228 | RSC Adv., 2019, 9, 13220-13233

) and M-MZNs-DOX with magnetic field for first 0.5 h of exposure (M+). Red fluorescence represent location of DOX, and the cell nuclei

was similar to in DOX group (P > 0.05) at each DOX
concentration.

The above results indicate that M-MZNs-DOX have effective
and magnetic-responsively targeting antitumor activity. This
activity may owing to the NPs have properties of magnetic
elevated endocytosis and pH-sensitive DOX release in cancer
cell. Then, DOX released in cells intercalated into the DNA and
finally prevented cell replication.

CT/MRI dual-modal imaging and magnetic targeting of M-
MZNs-DOX

We have then evaluated the CT and MRI imaging properties of
the as-synthesized MNPs in vitro and in vivo (Fig. 7A). Attenua-
tions of M-MZNs-PEG on CT images were significantly corre-
lated with their concentration under all tube voltages used in
this study. This CT imaging potential properties may be

This journal is © The Royal Society of Chemistry 2019
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attributed to the high atomic number and atomic weight of the
elements of Zr and Fe. Fig. 7B shows in vitro T2 mapping and
T2W MRI of M-MZNs-PEG at various Fe concentrations. The
darker signals on T2-weighted images with enhanced Fe
concentration are examined. This result is consistent with the
pseudo-color images of transverse relaxation time (T2 value).
The corresponding r, value is calculated to be 79.88 mM ™~ S,
This result indicates that the as-made MNPs exhibiting a good
property for used as a T2 contrast agent owing to the presence of
multiple Fe;O, NPs cores inside the nanocomposite.

The CT/MRI dual modal imaging in vivo of M-MZNs-DOX was
further verified in H22 tumor bearing mice. As displayed in
Fig. S3,1 the tumor site exhibits obvious enhancement on CT
images and much lower SI on T2W MRI after intratumorally
injection of the nanocomposites, which implies that the as-
made nanocomposites could be used as a effective contrast
agent for CT/MRI dual modal imaging. Magnetic targeting CT/
MRI in vivo study were further conducted via intravenous
injection route. As indicated in Fig. 7C and D (M— groups), the
tumor site was positively and negatively enhanced on CT and
T2WI images, respectively, 3 h after injection, which is consis-
tent with the results of intratumoral injection. CT value of
tumor increased from 43.71 + 0.77 HU before injection to 53.23
=+ 0.43 HU after injection, with an enhancement rate of 21.78%.
And SI decreased from 1231.24 + 24.28 before injection to
1034.10 £ 16.83 after injection, with a SI decrease rate of
16.01%. Importantly, the contrast enhancement effect on both
CT and MR imaging can be improved by the magnet placed on
body surface near the tumor. As shown in Fig. 7C and D (M+
groups), CT value of tumor increased from 44.88 + 0.67 HU pre
injection to 61.79 + 1.43 HU post injection, with an enhance-
ment rate of 37.68%, and SI decreased from 1048.61 £ 6.28 pre
injection to 661.2 & 12.97 post injection, with a SI decrease rate
of 36.95% (the necrotic region, labeled by arrows in the images,
was excluded from measurements). This result indicates that
the as-made MNPs may be directed to the tumor site with a high
efficiency of magnetic targeting and cause the tumor enhanced
on both CT and MRI imaging. Based on the above results, we
can conclude that the as-made MNPs could be used as an
effective contrast agent for magnet targeting MRI/CT duo-
modality imaging to supervise the treatment process.

Thereafter, mice were sacrificed to evaluate the targeting
biodistribution of M-MZNs-DOX. Tumor and major organs were
stained with Prussian blue to qualitatively analyze bio-
distribution and targeting and also stained with H&E to serve as
reference. As shown in Fig. 8A, blue dots staining Fe in the
MNPs were clearly observed in tumor tissue, suggesting tar-
geting delivery of the NPs into tumor tissues after intravenously
injection. Importantly, blue dots are significantly more in the
tumor under magnetic field (group of M+) than that without the
magnetic field (group of M—) (5.48 £ 0.90 vs. 2.84 £ 0.40 in
average positive staining area percentage measured by Image J
software, P value < 0.05), indicating magnetic field can enhance
tumor targeting of the as-made MNPs. Besides, blue stains
mainly existed in the liver, spleen, while they were absent in
brain, heart, kidney and muscle tissues, as observed in Fig. 8B.
This indicates that the as-fabricated MNPs were partially
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Fig. 8 Biodistribution and targeting ability. (A) Images of tumor slices
with standard Prussian blue and H&E staining from mice 3 h after
intravenous injection with saline (control) and M-MZNs-DOX without
magnetic field (M—) or with an external magnet on the site of tumor for
the first 1 h (M+). Scale bars represent 100 um. (B) Prussian blue stained
images of the major organs from mice 3 h after intravenous injection
with M-MZNs-DOX. Scale bars represent 50 um.

nonspecifically uptaken by liver and spleen, which are abun-
dant in phagocytes, namely Kupffer cells and macrophages.

As is well known, NPs can passively accumulate into the
tumor site due to the enhanced permeability and retention
(EPR) effect, whereby the leakiness of malformed vasculature in
cancer as well as poor lymphatic drainage, enable NPs leak into
the tumor matrix from circulation.****> Recent studies suggested
that the external stimulus of magnetic field on the tumor site
could enhance this passive tumor targeting of MNPs and thus
direct delivery to the tumor through this magnetic targeting.*>*”
In this study, NPs were mainly located in the perivascular region
as displayed on the H&E histological images in both the
magnetic and non-magnetic group (Fig. 8A). This result
confirmed passive tumor targeting of the as-made MNPs
mediated by EPR and magnetic targeting through enhancing
EPR by external magnet.

Magnetic targeting anticancer experiments of M-MZNs-DOX
in vivo

Encouraged by the excellent properties of the as-made MNPs
demonstrated from the above results, including biocompati-
bility, pH sensitive drug release, magnetic enhanced endocy-
tosis in vitro and magnetic tumor targeting in vivo, we further
carried out magnetic targeting chemotherapy in vivo on H22
tumor bearing mice. Fifteen mice with mean tumor volume of
162 + 20 mm”® were randomly separated into five groups: (1)
a control group injected with saline (control); (2) M-MZNs-PEG
treated group; (3) free DOX treated group; (4) M-MZNs-DOX
treated group without external magnetic field (M—); (5) M-
MZNs-DOX treated group with an external magnetic field
(M+). Free DOX (2 mg kg ') or M-MZNs-DOX (equally contain-
ing 2 mg kg~ ! of DOX) were injected via caudal vein every 4 days
for 4 times. As shown in Fig. 9A and B, M-MZNs-PEG showed no
anti-cancer effect compared with the control group, while free
DOX and M-MZNs-DOX exhibited similar tumor inhibition

This journal is © The Royal Society of Chemistry 2019
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effect. This result indicates that M-MZNs-PEG can effectively
delivery DOX to tumor site. Moreover, the therapeutic effect in
the group of M-MZNs-DOX M+ was better than that in the
previous groups. This result show that the drug delivery effect
can be enhanced by the magnetic field. During the experiment
span, body weights of the mice increase steadily with similar
variation in mean among all the groups (Fig. 9C). The above
results suggested that M-MZNs-DOX can effectively inhibits the
tumor growth without obvious side effect and its efficacy can be
enhanced by magnetic field.

Magnetic targeting antitumor effect of M-MZNs-DOX treat-
ment was further analyzed by staining apoptotic cells with
TUNEL method. As revealed in Fig. 9D and E, more apoptosis
occurred in magnetic targeting group than in the group without

This journal is © The Royal Society of Chemistry 2019

magnetic field. H&E staining was used to assess the influences
of the treatment on the histopathology of the major organs,
including muscle, kidney, spleen, liver, lung, heart, and brain.
As shown in Fig. 10, no pathological damages is observed in all
of the tissues from all the groups, demonstrating good biosafety
of M-MZNs-DOX.

Taken all the above results together and literatures, M-
MZNs-DOX was targeted delivered into the tumor site through
enhanced EPR by external magnetic field and internalized in
cancer cells. DOX was pH-sensitively released in the tumor site,
went into nuclei and intercalated into the DNA molecules. The
interaction of DOX with DNA inhibited transcription as well as
replication, caused cancer cell apoptosis and then finally
inhibited tumor growth.>

RSC Adv., 2019, 9, 1322013233 | 13231
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Fig. 10 Effect of M-MZNs-DOX on histopathology of the major organs. Histological images of major organs, including muscle, kidney, spleen,
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Conclusions

In summary, we developed a novel modified core-porous shell
MNP with a facile “outside-to-inside’method where multiple
magnetic cores grew inside the mesoporous hollow ZrO,
nanospheres. This synthesis method is cheap and easy. The as-
made M-MZN possesses well pore structures, payload capacity,
magnetic property, and biocompatibility. Such M-MZNs-PEG
exhibits CT/MRI dual modal imaging and could be used as
a pH sensitive drug delivery for DOX. This novel nanodrug
showed magnetic targeting anticancer effect in tumor bearing
mice without obvious side effects. Our work provides a new
strategy for cancer theranostics using MNPs of dual modal
imaging and magnetic targeting abilities.
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