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ABSTRACT: To develop vehicles for efficient chemotherapeutic cancer therapy,
we report a remotely triggered drug delivery system based on magnetic
nanocubes. The synthesized magnetic nanocubes with average edge length of
around 30 nm acted as cores, whereas poly(methyl methacrylate) (PMMA) was
employed as an intermediate coating layer. Hydrazide was then tailored onto
PMMA both for doxorubicin (DOX) loading and pH responsive drug delivery via
the breakage of hydrazine bonds. The successful fabrication of the pH responsive
drug carrier was confirmed by transmission electron microscopy, Fourier transform
infrared spectroscopy, thermogravimetric analysis, and magnetic hysteresis loops,
respectively. The carrier was stable at neutral environment and doxorubicin released
at pH of 5.0. Cell viability assay and confocal laser scanning microscopy
observations demonstrated that the loaded DOX could be efficiently released after
cellular endocytosis and induced cancer cells apoptosis thereby. More importantly,
the carrier could be guided to the tumor tissue site with an external magnetic field
and led to efficient tumor inhibition with low side effects, which were reflected by magnetic resonance imaging (MRI), change of
tumor size, TUNEL staining, and H&E staining assays, respectively. All results suggest that hydrazide-tailoring PMMA-coated
magnetic nanocube would be a promising pH-responsive drug carrier for remotely targeted cancer therapy in vitro and in vivo.
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■ INTRODUCTION

During past decades, various nanocarriers (iron oxide magnetic
nanoparticles,1,2 mesoporous silica nanoparticles,3,4 gold
nanoparticles,5,6 etc.) were extensively exploited to deliver
chemotherapeutic agents for cancer therapy, because most
administrated chemotherapeutic agents are toxic, potentially
leading to severe side effects to healthy organs of a host.7−9

For cancer therapy, nanocarriers as drug vehicles have advantage
over microsized drug carriers because they could increase drug
accumulation due to enhanced permeation and retention (EPR)
effect at solid tumor site.10 Magnetic nanoparticles have gained
significant attention as drug delivery and imaging facilities mainly
because of their good biocompatibility and intrinsic magnetic
properties.11,12 In addition, MRI is an important diagnostic tool
in cancer therapy. Recently, magnetic nanocubes attract much
attention for biomedical applications, such as contrast agents for
MRI, mainly because of their tunable sizes, high colloidal stability
in aqueous environments, and excellent r2 relaxivity.13−15

To sensitively deliver drugs to a tumor tissue, researchers have
designed various kinds of smart controlled drug delivery systems
in responding to the signals within the microenvironment
of a tumor tissue, such as pH,16,17 temperature,18,19 enzyme,
etc.20,21 As one of the most promising drug delivery systems,

pH-responsive nanocarrier could enable on-demand drug delivery
when a nanocarrier was endocytosed and distributed in
endosomal/lysosomal compartments (pH 4.0−5.0) of cells at a
tumor site.16,22 Some functional moieties and polymers including
hydrazine,23 PAH/PSS,24 PNIPAAm,25 carboxyphenylboronic
acid,26 and peptide amphiphile27 have been incorporated into
different materials to construct pH-responsive drug delivery
systems. Nevertheless, fabrication of a nanocarrier for controlled
drug delivery with excellent biocompatibility, biodegradability,
and long blood circulation time still needs to be investigated.
Poly(methyl methacrylate) (PMMA) was widely used in

biomedical field as a nontoxic polymer. Because of its excellent
biocompatibility and biodegradability, PMMA has been
employed for the fabrication of drug delivery systems.28

Nevertheless, to deliver a nanocarrier to a solid tumor with
long-term blood circulation, PMMA should be decorated or
incorporated with some functional moieties or hydrophilic
molecules to change its hydrophobicity, such as hydrazine,29

protein,30 and SiO2.
31
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Herein, we report an approach to fabricate a pH-responsive drug
delivery system based on hydrazide decorating PMMA coated
magnetic FeO nanocubes (MNCs) that demonstrated great
potential for controlled antitumor drug release in vitro and remotely
targeted cancer therapy in vivo. Our approach involves decorating
hydrazide on PMMA to transform its hydrophobicity to hydro-
philicity. Furthermore, the decorated hydrazide was used to
couple with antitumor drug of doxorubicin (DOX), thus yielding
pH-responsive hydrazone bonds between DOX and PMMA
(Figure 1 A). On the other hand, MNCs were employed as core of
the drug delivery system for magnetic targeting in vivo (Figure 1 B).
We hypothesized that the present system could be served as an
intelligent nanocarrier for intracellular pH-responsive anticancer drug
delivery in vitro and remotely targeted for tumor inhibition in vivo.

■ RESULTS AND DISCUSSION

To confirm our hypothesis, we first synthesized MNCs via
a thermal decomposition method.32 Next, the synthesized

MNCs were coated with PMMA via an aqueous-phase radical
polymerization,33 leading to PMNCs. Subsequently, methyl
bonds of PMNCs were replaced by hydrazide through a reaction
with hydrazine hydrate, resulting in hydrophilic hydrazide-
PMNCs (N-PMNCs) (see the Supporting Information, Figures
S1 and S2). Finally, DOX was covalently attached to N-PMNCs
to form pH-sensitive hydrazone bonds through the reaction
between keto groups of DOX molecules and amino groups of
N-PMNCs molecules (Figure 1 A), leading to DOX-loaded
MNCs (N-PMNCs@DOX). Transmission electron microscopy
(TEM) images showed that the synthesizedMNCs had relatively
uniform square feature with good dispersion property. The sizes
of MNCs were defined as edge lengths of squareMNCs.14,34 The
average edge lengths of MNCs were around 30 nm (Figure 2A).
Compared with native MNCs, PMNCs displayed shadow layer
around MNCs with thickness of around 2 nm (Figure 2 B).
It suggests that MNCs was successfully coated by PMMA. After
loading DOX, N-PMNCs@DOX displayed similar morphology
to that of PMNCs (Figure 2 C). However, the dispersion of both

Figure 1. (A) Synthetic route of pH-responsive N-PMNCs@DOX. TFA = trifluoroaceticacid, TEA = triethylamine; and (B) Schematic illustration of
the fabrication of an intracellular pH-responsive drug delivery system based on MNCs for remotely targeted tumor therapy in vitro and in vivo.
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PMNCs and N-PMNCs@DOX was slightly reduced mainly
due to the presence of viscous PMMA resin with large branch
chains.35 The synthesized MNCs displayed a relatively uniform
edge length of 30 ± 4.1 nm (mean ± SD, n = 300) (Figure 2D).
PMNCs kept uniform square feature with an average edge length
of 32 ± 3 nm (mean± SD, n = 300) and around 80% of PMNCs
were distributed within the range of 30−35 nm (Figure 2E).
N-PMNCs@DOX displayed an average edge length of 33 ±
3.8 nm (mean ± SD, n = 300) (Figure 2F). The trivial difference
in edge lengths between N-PMNCs@DOX and PMNCs could
be interpreted that DOX was only a small molecule. Thus, the
coupling of DOX with PMNCs would contribute only a little to
the edge length of N-PMNCs@DOX.
To monitor the fabrication process, samples were charac-

terized by Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA) and magnetic hysteresis
loops (VSM), respectively. The peak at 585 cm−1 was observed
from the spectra of MNCs, PMNCs and N-PMNCs, which was
assigned to Fe−O bonds.32 The strong peak of the stretching
vibration of CO (1706 cm−1) indicates that PMMA have
been successfully coated on MNCs.36 The new peaks appear at
1645 and 1533 cm−1 suggest that hydrazide have been decorated
on PMMA molecules. Meanwhile, the new peak of amino
group (1605 cm−1) also indicates that N-PMNCs have been
successfully fabricated (Figure 3A).37 Magnetic hysteresis loops
of the prepared MNCs displayed a magnetization value of
27.0 emu/g. The result was consistent with a previous study.32

However, the magnetization value of PMNCs decreased to
17.1 emu/g. It was related to the fact that PMMA layer was
coated onto the surfaces of MNCs. In addition, themagnetization
value of N-PMNCs@DOX slightly decreased to 16.6 emu/g,

which indicates that the loading of DOX only slightly reduced
the magnetization value of drug delivery carrier (Figure 3B).
To investigate the content of coated PMMA and loaded DOX
in the drug delivery system, we employed TGA to quantitatively
characterize the samples. PMMA and DOX were chosen as
controls in this study. MNCs displayed a weight loss of about
8.4%, whereas N-PMNCs showed around 51.3% weight loss,
indicating that the weight proportion of PMMA in the PMNCs
was around 42.9%;whereasN-PMNCs@DOXdisplayed a weight
loss of about 55%. The result suggests that the weight proportion
of DOX in N-PMNCs@DOX was around 3.7% (Figure 3C).
Calculating from eq 1,36,38 the drug loading efficiency of
N-PMNCs@DOX system was determined to be around 20.4%.
To confirm our hypothesis that N-PMNCs@DOX could

efficiently control DOX release in responding to the pH change,
N-PMNCs@DOX were exposed to phosphate buffered saline
(PBS) with pH of 7.4 (physiological pH value) and pH of 5.0
(pH value of endosome/lysosome) at 37 °C, respectively. Only
around 3.61% of DOX released from N-PMNCs@DOX at
physiological condition (pH 7.4) at the initial incubation for 2 h.
It suggests that N-PMNCs@DOX has good drug retaining
efficiency. However, around 56% of DOX quickly released when
the pH value decreased to 5.0, indicating that N-PMNCs@DOX
was highly sensitive to pH stimulus. It could be interpreted
that the hydrazone bonds linking with PMMA and DOX were
broken down under acidic condition, leading to the release of
DOX. After incubation at pH 5.0 for 40 h, around 84% of DOX
released from N-PMNCs@DOX; whereas only 8.47% of DOX
released when incubation at pH 7.0 (Figure 4A). It reveals that
N-PMNCs@DOX could keep stable under physiological
environment, while release most DOX quickly when delivered

Figure 2. (A) Representative TEM image of MNCs; (B) representative TEM image of PMNCs; (C) representative TEM image of N-PMNCs@DOX
(scale bar: 20 nm); and size distributions of (D) MNCs, (E) PMNCs, and (F) N-PMNCs@DOX (n = 300).
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to endosomes/lysosomes of cancer cells (pH 4.0−5.0).16,22 To
further investigate the pH-response of drug delivery system in a
dynamic condition, we adjusted the pH value of the incubation
solution to 5.0 when N-PMNCs@DOX were incubated with a
medium of pH 7.4 for 4 h. Only 4.1% of DOX released from
N-PMNCs@DOX at the initial 4 h (pH 7.4, off). However, when
the pH value was adjusted to 5.0, around 35.5% of DOX released
after incubation for another 6 h. Moreover, the cumulative DOX

reached around 82.1% after incubation for 36 h (pH 5.0, on)
(Figure 4 B). The potential mechanism lies in that hydrazone
between PMMA and DOX were stable (off) at physiological
condition (pH 7.4). Upon exposure to an acidic environment
(pH 5.0), the hydrazone bonds were broken down, resulting in
DOX release (on).
To investigate the feasibility of the N-PMNCs@DOX system

for biomedical application, we performed systematic evaluations
in vitro and in vivo as follows. First, we comparatively investi-
gated the cytotoxicity of N-PMNCs, DOX and N-PMNCs@
DOX. Cell viability was evaluated with cell counting assay kit-8
(CCK-8). Hela cells treated with N-PMNCs showed similar cell
viability to those cultured onto tissue culture polystyrene (TCPS,
control) (Figure 6 A). It suggests that N-PMNCs have good
cytocompatibility. DOX displayed moderate cytotoxicity to cells,
mainly because of its hydrophobic nature with relatively low
solubility in cell culture medium. In contrast, the proliferation
of Hela cells was severely inhibited by N-PMNCs@DOX
after incubation with for 6, 12, and 24 h (Figure 5). The cells
cocultured with N-PMNCs@DOX for 6, 12, and 24 h displayed
significantly lower (p < 0.05 or p < 0.01) cell viability than that
of control. The phenomenon could be interpreted that the
endocytosed DOX released from N-PMNCs@DOX in response
to acidic condition at endosome/lysosome within cells and
simultaneously killed cells.
Second, we investigated cell uptake and intracellular distribu-

tions of PMNCs and N-PMNCs. Hela cells were collected and
observed by TEM and confocal laser scanning microscopy
(CLSM) after incubation with PMNCs and N-PMNCs for 24 h.
Intracellular endosomes (dash circles) were observed in Hela
cells incubated with both PMNCs and N-PMNCs (Figure 6 A,
left and right). However, we found that the endocytosed amount
of N-PMNCs was higher than that of PMNCs via a CLSM
observation (Figure 6 B, dark dots). Moreover, the endocytosed
amounts of PMNCs and N-PMNCs were quantified by
measuring the gray values of images via software of image pro
plus 6.0. Cells treated with N-PMNCs displayed significantly
higher (p < 0.01) gray value than those of PMNCs (see Figure S3
in the Supporting Information), indicating that more N-PMNCs
were uptaken by Hela cells. The result suggests that the decora-
tion with hydrazide improved the internalization efficiency of
N-PMNCs. The potential mechanism is proposed as follows:
first, the positively charged hydrazide was favorable for physical
absorption of N-PMNCs onto negatively charged cell mem-
branes;39 second, the good dispersion of hydrophilic N-PMNCs
in cell medium could promoted the cellular uptake of N-PMNCs.
As we know that exogenous substances could transport into

cells through several different pathways including phago-
cytosis, endocytosis etc. To investigate the cellular endocytosis
mechanism of N-PMNCs system, energy-dependent and
pharmacological inhibitors mediated endocytosis were charac-
terized. As for energy-dependent endocytosis, Hela cells were
incubated with N-PMNCs@FITC at different conditions.26 In
control group, cells were incubated with N-PMNCs@FITC at
37 °C for 2 h; In the second group, cells were initially treated with
sodium azide for 1 h, after that N-PMNCs@FITC were added
and incubated for another 1 h; in the third group, cells were
cocultured with N-PMNCs@FITC, however, at a low temper-
ature of 4 °C for 2 h, respectively. Sodium azide is an agent
that blocks the formation of adenosine 5-triphosphate (ATP)
within cells. While the low temperature of 4 °C maintains the
energy metabolism of cells at a low level.40,41 The normalized
fluorescence intensity of cells either treated with sodium azide or

Figure 3. (A) FITR spectra of MNCs, PMNCs and N-PMNCs; (B)
magnetic hysteresis loops of MNCs and N-PMNCs; and (C) TGA
curves of DOX, PMMA, MNCs, N-PMNCs, and N-PMNCs@DOX,
respectively.
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low temperature of 4 °Cwere only 51.6% and 21.3%, respectively
(Figure 6 C), which were significantly lower than that of control
(p < 0.01). The results directly indicate that the cell uptake of
N-PMNCs system was an energy-dependent process. Moreover,
pharmacological inhibitors (amiloride-HCl, amantadine-HCl
and genistein) mediated cell uptake of N-PMNCs system were
evaluated. Genistein, an inhibitor of caveolae-mediated cell
uptake, displayed a small effect on the endocytosis of N-PMNCs
system.42 Amiloride-HCl, an inhibitor of macropinocytosis, led
to around 19.3% reduction in cell uptake efficiency of N-PMNCs
system.43 Amantadine-HCl, an inhibitor of clathrin-mediated endo-
cytosis, also significantly reduced the cell uptake of N-PMNCs
system (Figure 6D).44 There was significant difference in
fluorescence intensity between the genistein treated cells and
control (p < 0.05), whereas the cells treated both with amiloride-
HCl and amantadine-HCl displayed significantly lower (p < 0.01)
fluorescence intensity than that of control. The results suggest that
N-PMNCs were uptaken mainly through macropinocytosis- and
clathrin-mediated endocytosis pathways.
To further investigate the amount of N-PMNCs@DOX

endocytosed by Hela cells at different time of intervals, we
introduced N-PMNCs@FITC to replace N-PMNCs@DOX
because of he cytotoxicity of DOX. After coculture with
N-PMNCs@FITC for 6 h, around 27.4% of N-PMNCs@
FITC was endocytosed by Hela cells. The endocytosed amount
of N-PMNCs@FITC increased to 82.8% after incubation for
24 h (Figure 6E). The result suggests that the cell uptake is a
time-dependent process.

Third, we investigated cell apoptosis induced by N-PMNCs,
DOX, and N-PMNCs@DOX. CLSM was employed to observe
the morphology of cell nuclei in this study. Hela cells cultured
ontoTCPS showed intact oval shape cell nuclei (Figure 7A, a1−a3).
Cells treated with N-PMNCs displayed similar nuclei feature to
those cultured onto TCPS and the number of cell increased
steadily along with culture time increasing (Figure 7A, b1−b3).
When Hela cells directly exposed to pure DOX, the cell nuclei
appeared deformed and crush after incubation for 12 and 24 h
because of its severe toxicity (Figure 7A, c1−c3), indicating
that serious cell apoptosis and death. Similar phenomenon was
also observed for Hela cells treated with N-PMNCs@DOX
(Figure 7A, d1−d3). For cell apoptosis assay, we observed the
apoptosis bodies through three-dimensional reconstruction of
CLSM images from cells treated with N-PMNCs@DOX. The
result again confirmed that DOX could efficiently release from
N-PMNCs@DOX in cells endosomes/lysosomes and resulted in
cell apoptosis (Figure 7B).
Fourth, to further confirm our hypothesis, we performed

animal experiment to evaluate the antitumor efficiency of
N-PMNCs@DOX in vivo. Four groups of nude mice bearing
Hela tumormodel with four mice in each group were intravenous
injected for cancer therapy. To establish the tumor model,
2 × 106 Hela cells were subcutaneously injected into the left leg
armpits of nudemice. After the tumor size reached approximately
50−60 mm3, saline, DOX, N-PMNCs@DOX alone and
N-PMNCs@DOX with magnetic field were injected via the tail
veins every 3 days for 3 weeks, the magnetic field was applied at
the tumor site for 2 h after every injection (see Figure S4 in the
Supporting Information).
To confirm N-PMNCs@DOX could be efficiently targeted to

tumor tissue with an external magnetic field, T2-weighted MR
scanning was performed to track the locations of drug carriers in
nude mice.45,46 No magnetic signal in tumor tissue was observed
before injection (Figure 8A, left). When no magnetic field was
applied, only a weak dark signal was observed after injection
of N-PMNCs@DOX for 9 days (Figure 8A, right, arrow). The
accumulation of N-PMNCs@DOX could be contributed to
the EPR effect.10 In contrast, when a magnetic field (1.21 T) was
applied, a large amount of dark signals could be observed at
the tumor tissue after injection of N-PMNCs@DOX for 9 days
(Figure 8B, right, arrows). In addition, a large amount of
N-PMNCs@DOX were observed at the histological section of
tumor tissue after applying magnetic field with Perls’ Prussian
blue staining, whereas only a small amount of N-PMNCs@DOX
was observed without magnetic field treatment, which was also

Figure 4. (A) In vitro DOX release profiles of N-PMNCs@DOX at pH 7.0 and 5.0, respectively (n = 5); (B) delayed release profiles of DOX from
N-PMNCs@DOX in response to pH change after incubation for 4 h (n = 5).

Figure 5. Cell viability of Hela cells treated with N-PMNCs, DOX and
N-PMNCs@DOX (n = 6), *p < 0.05, **p < 0.01. Cell viability of cells
cultured onto TCPS at each time of interval was employed as standard
for normalization.
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contributed to the EPR effect in solid tumor tissue (Figure 8 C
left vs right). These results suggest that N-PMNCs@DOX could
be efficiently targeted to tumor tissue by magnetic field for local
drug delivery and N-PMNCs could be employed as an ideal
contrast agent for MRI.

To evaluate antitumor efficiency and tumor necrosis, the
tumor size was measured and histologically evaluated with
TUNEL staining assay and hematoxylin-eosin (H&E) staining.
Notable antitumor efficacy could be observed in the tumor tissue
treated with (mag) N-PMNCs@DOX after therapy for 21 days

Figure 6. (A) TEM images of intracellular distribution of the internationalized PMNCs (left) and N-PMNCs (right); (B) CLSM images of cell uptake
after incubating 24 h with PMNCs (left) and N-PMNCs (right); (C) energy-dependent cell uptake of N-PMNCs@FITC after culture for 1 h; (D) cell
uptake of N-PMNCs@FITC byHela cells pretreated with genistein, amiloride-HCl and amantadine-HCl for 1 h (right). (n = 6), *p < 0.05, **p < 0.01 vs
control; and (E) relative FITC intensity of N-PMNCs@FITC endocytosed by Hela cells after culture for 6, 12, and 24 h (n = 5), respectively.
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(Figure 9A). As shown in Figure 9B, no obvious difference in
tumor sizes was observed in between four groups after the
first injection. However, significant difference could be noticed
between N-PMNCs@DOX with magnetic field group [(mag)N-
PMNCs@DOX] and other three groups after the second
injection (the sixth day). With respect to antitumor efficiency,
DOX showed limited effect on the inhibition of tumor growth,
mainly due to its hydrophobic property and short blood circula-
tion time.10 As we know that most antitumor drugs currently
used in the clinic, such as DOX, camptothecin, and paclitaxel etc.,
are inherently hydrophobic, which limits their solubility in
physiological fluids to kill tumor cells in a form of free drug. Thus,
drug delivery carrier is essentially important for transport those
drugs into tumor cells. Once a pH-responsive drug carrier is
uptaken by tumor cells, the weak acidic microenvironment
of tumor tissue or acidic lysosome/endosome would result
in the drug release from the drug carrier, leading to local high

concentration of antitumor drug within tumor tissue or tumor
cells. It in turn diffuses into tumor cells’ nuclei, leading to cell
apoptosis or death.7,10 In addition, N-PMNCs@DOX without
magnetic field also showed moderate antitumor efficacy since
only a limited amount of N-PMNCs@DOX could be delivered
to tumor tissue. At the end of therapy, the tumors growth treated
with (mag) N-PMNCs@DOX were heavily inhibited. The
volumes of tumors in statistics were smaller than that of native
tumors (0 day) even after feeding for 21 days (Figure 9B). The
nude mice treated with (mag)N-PMNCs@DOX displayed a
significantly smaller (p < 0.01) tumor volumes than that of saline
(control). The results indicate that (mag)N-PMNCs@DOX
could effectively inhibit the growth of tumor.
The TUNEL staining assays indicated that tumor treated with

(mag) N-PMNCs@DOX induced extensive apoptosis of tumor
cells (red). Besides, H&E staining of tumor slices showed that
most tumor cells in tumor tissue had been killed when treated

Figure 7. (A) Representative CLSM images of (a1−a3) TCPS, (b1−b3) N-PMNCs, (c1−c3) DOX, and (d1−d3) N-PMNCs@DOX after culture for
6, 12, and 24 h (scale bar: 20 μm). Blue: cell nuclei. (B) Three-dimensional reconstruction image of apoptosis body.
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with (mag) N-PMNCs@DOX; while other groups showed
normal cell morphology (Figure 9C).45 This result was consistent
with the growth curve of tumor volume, further confirming that
the therapy of N-PMNCs@DOX applied with magnetic field
could efficiently inhibited tumor growth in vivo.
To evaluate toxic side effects of the drug delivery system,

the weight of nude mice were monitored and major organs
were stained by H&E for evaluation. It was observed that the
weight of mice treated with saline, N-PMNCs@DOX only and
N-PMNCs@DOX with magnetic field increased normally.
However, for those mice treated with free DOX, their weights
sharply decreased, even resulting in death after feeding for 21 days
(Figure 10A). There was significant difference regarding weight of
mice between DOX treatment and other treatments (p < 0.01).

Histological analysis of organs also indicated that severe
toxicity was observed in heart and liver of the mice treated
with free DOX (Figure 10B). In detail, the heart showed
prominent cardiotoxicity presented with acute inflammatory
cells (arrows). Besides, the liver toxicity induced by DOX
demonstrated in forms of extensive nuclear shrinkage and
inflammatory cells (arrows). These toxicities, in particular of the
irreversible cardiotoxicity, were the dominant and direct reasons
to induce the death of mice when treated with free DOX.47,48 In
contrast, other groups did not appear noticeable toxicity in major
organs. It suggests that N-PMNCs@DOX could be applied for in
vivo cancer therapy with limited side effects. The reason lies in that
only limited N-PMNCs@DOX could be delivered to the normal
tissue due to the linear blood vessels with smooth and intact

Figure 8. In vivo T2-weighted MR images of tumor before (left) and after (right) N-PMNCs@DOX was intravenously injected into nude mice for
9 days (A) without magnetic field and (B) withmagnetic field treatment, respectively; and (C) images of Perls’ Prussian blue stained tumor slices of nude
mice treated with N-PMNCs@ DOX (left) and (Mag) N-PMNCs@DOX (right), respectively (scale bar: 200 μm).
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structure maintaining by pericytes in normal tissue,49 which highly
diminishes the EPR effect (commonly occurs at tumor tissue). It
thus reduced the toxic side effects of DOX and improved biosafety
of the system for in vivo application. Taken together, we confirmed
our hypothesis that the fabricatedN-PMNCs@DOX system could
be employed as intracellular pH-responsive drug delivery in vitro
and remotely targeted for tumor inhibition in vivo.

■ CONCLUSION
In summary, we fabricated a biocompatible, pH-responsive
drug delivery system based on hydrazide bearing PMMA
coated MNCs, DOX (model drug) was then covalently linked
to PMMA via hydrazone bonds. The prepared N-PMNCs@
DOX system demonstrated high pH-sensitivity for intracellular

drug delivery in vitro. Furthermore, the magnetic nanocubes,
as the core of nanocarrier, could be utilized to remotely
targeted drug delivery via an external magnetic field in vivo. More
importantly, the magnetically targeted drug delivery system of
N-PMNCs@DOX enhanced the efficiency for tumor growth
inhibition and reduced toxic side effects of chemotherapy in vivo.
The N-PMNCs@DOX demonstrated great potential to be a
promising carrier for efficient drug delivery in cancer therapy.

■ EXPERIMENTAL SECTION
Materials. FeCl3·6H2O was provided by Alfa Aesar Co (Tianjin,

China). Sodium oleate, 1-octadecene, and fluorescence isothiocyanate
were purchased fromAladdin Co (Shanghai, China). Oleic acid, ethanol,
hexane, methyl methacrylate (MMA), methanol, sodium lauryl benzene

Figure 9. (A) Optical photos of tumors collected from all mice after treatments for 21 days; (B) in vivo tumor growth curves of mice with different
treatments (n = 4) **p < 0.01; and (C) TUNEL and H&E stained tumor slices of mice with different treatments (scale bar: 100 μm).
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sulfate, hydrazine hydrate, trifluoroacetic acid (TFA), triethylamine
(TEA), glutaraldehyde, paraformaldehyde, formalin, sodium azide,
amantadine-HCl, amiloride-HCl, and genistein were provided by
Oriental Chemical Co (Chongqing, China). Doxorubicin (DOX) and
cell counting assay kit-8 were provided by Huake Chemical Co

(Chongqing, China). Triton X-100 and Hoechst 33258 were supplied
by Sigma Co. (St. Louis, MO, USA).

Synthesis of Magnetic Nanocubes. Magnetic nanocubes were
synthesized with a thermal decomposition method.32 Briefly, iron-oleate
complex was first prepared by reacting metal chlorides with sodium

Figure 10. (A) Body weights of mice with different treatments (n = 4) **p < 0.01; and (B) representative H&E staining images of the major organs of
mice with different treatments (magnification 40×).
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oleate. FeCl3·6H2O (10.8 g, 40 mmol) and sodium oleate (36.5 g,
120 mmol) were dissolved into mixture solution of 80 mL of ethanol,
60 mL of distilled water, and 140 mL of hexane. The mixture solution
was heated to 70 °C and kept for 4 h. After the reaction was completed,
the upper organic layer containing iron-oleate complex was washed with
30 mL of distilled water for 10 times in a separator funnel. The organic
layer was then collected and dried in vacuum overnight. After hexane
was evaporated off, the iron-oleate complex was collected in a waxy solid
form. Subsequently, 36 g of iron−oleate complex and 5.7 g of oleic acid
were dissolved in 200 mL of 1-octadecene at room temperature. The
mixture solution was heated to 380 °C at a constant heating rate of
3.3 °C min−1, and then kept at 380 °C for 30 min. After that, the
resulting solution was cooled down to room temperature and 500 mL
of ethanol was added. The precipitation was the iron oxide nanocubes.
Finally, the nanocubes were separated by centrifugation and washed
with ethanol for 10 times. The iron oxide nanocubes were dried in a
vacuum overnight and kept in a desiccator.
Preparation of PMMA-Coated Magnetic Nanocubes (PMNCs).

PMMA coatedmagnetic nanocubes were prepared via an aqueous-phase
radical polymerization.33 Typically, 200 mg of magnetic nanocubes was
dispersed into 50 mL ethanol in a three-necked round-bottom flask
with sonication for 10 min. Then, 50 mL of aqueous solution containing
10 mg of sodium lauryl benzene sulfate was added under mechanically
stirring at room temperature for 1 h. Next, 1 g of MMA monomer was
added and the resultant dispersion was bubbled with nitrogen for 0.5 h.
Subsequently, the flask was heated to 70 °C for polymerization with
vigorous agitation for 24 h. The resulting nanocubes were washed
with ethanol and distilled water each for 3 times. The PMMA-coated
magnetic nanocubes were dried in vacuum at 50 °C for 10 h.
Synthesis of Hydrazide-PMNCs (N-PMNCs) and Loading of

DOX. The N-PMNCs was synthesized according to previous studies
through conversing methyl esters to hydrazine bonds with hydrazine
hydrate.50 Briefly, PMNCs (3 g) and hydrazine hydrate (10 g) was
dissolved into methanol (50 mL) and refluxed at room temperature
for 12 h. The precipitate was then washed with distilled water 5 times
and freeze-dried. DOX was conjugated to the N-PMNCs through the
formation of hydrazone bonds.23 Briefly, N-PMNCs (50 mg) were
dissolved into 20 mL of anhydrous methanol containing 10 mg of DOX.
Then, 5 μL of TFA and 100 μL of TEA was added and the mixture
solution was bubbled with nitrogen for 10 min and was stirred in dark at
room temperature for 24 h. After that, the precipitant was washed with
anhydrous methanol and distilled water each for 10 times, respectively,
until no absorbance at 480 nm was detected in the supernatant via
an UV−vis spectrophotometer (Lambda 900, PerkinElmer, USA).
The precipitant was then freeze-dried. After loading with DOX, the
precipitant was washed with anhydrous methanol for 15 times, until no
absorbance was detected from the supernatant by UV−vis spectropho-
tometer. The washed anhydrous methanol were collected and added to
the initial solvent. The mixed solvent was then detected via a UV−vis
spectrophotometer at a wavelength of 480 nm. The amount of DOX in
supernatant could be calculated from a standard calibration curve of
DOX. The loading efficiency of N-PMNCs@DOX was calculated from
the following equation36,38

= − ×
⎡
⎣⎢

⎤
⎦⎥

drug loading efficiency (%)

1
drug in supernatant liquid

total drug added
100

(1)

Characterizations. The morphologies and particle sizes of MNCs
and PMNCs were observed by using transmission electron microscopy
(TEM,Hitachi-7500, Hitachi, Japan). Fourier transform infrared spectra
(FTIR, model 6300, Bio-Rad Co. Ltd., USA), magnetic hysteresis
loops (VSM, Lake Shore 7410, Germany), and thermogravimetric
analysis (Micromeritics Co, USA) were employed to analyze the physical
properties of MNCs, N-PMNCs and N-PMNCs@DOX, respectively.
Enzyme linked immunosorbent assay (ELISA, model 689, Bio-Rad Co.
Ltd., USA) was employed to analyze the cytotoxicity of different magnetic
nanocubes. Cells morphologies and cell apoptosis were observed by
confocal laser scanningmicroscopy (CLSM, LSM510Metanlo, Zeiss Co.,

Germany). Caliper was employed to measure the size of tumor. TUNEL
stained assay was observed by CLSM. Perls’ Prussian blue staining and
H&E staining were observed by fluorescence microscope.

In Vitro DOX Release Study. In vitro DOX release was measured
by UV−vis spectrophotometer. To reduce the analytical system error,
N-PMNCs@DOX was equally divided into 10 portions and each
portion (10 mg) was dispersed into 5 mL of phosphate buffer saline
(PBS) with different pH values of 7.4 and 5.0 in a conical tube. These
tubes were incubated at 37 °C with shaking. After incubation for a
specific time of interval, 1 mL of supernatant liquid was taken out
for measurement, while adding another 1 mL fresh PBS in the tube.
The absorbance of the released DOX was measured with a UV−vis
spectrophotometer at a wavelength of 480 nm. In addition, another
5 portions were dispersed into 5mL of PBS with pH 7.4 for 4 h, and then
the pH value of PBS was adjusted to 5.0 and incubated for another 36 h.
The absorbance of DOX was measured as the same manner above.
The release percentage of DOX was calculated according to a DOX
calibration curve. DOX release from N-PMNCs@DOX was calculated
from the following equation

= − − ×∞DOX release(%) (I I )/(I I ) 100t 0 0 (2)

where I0 is the initial fluorescence intensity of samples without
incubation; It is the fluorescence intensity of samples after incubation
for a desired time; and I∞ is the fluorescence intensity of samples with
ultrasonic treatment at pH 2.0 for 48 h, i.e., the total loading amount
of DOX.

Cell Culture. Human cervical carcinoma HeLa cell line was kindly
provided by Professor Lin Chen from Radiology department of Daping
Hospital (Chongqing). Cells were cultured with DMEM (HighGlucose)
medium containing 10% fetal bovine serum (FBS, Gibco), 100 U/mL
of penicillin, and 100 μg/mL streptomycin at 37 °C under a 5% CO2
atmosphere. The culture medium was changed every 2 days.

Cytotoxicity Assay. The effect of DOX on the proliferation
of Hela cells was evaluated by a cell counting assay kit-8 (CCK-8).
Hela cells were seeded into 24-well plates at an initial cell density of
2 × 104 cells/cm2. When cell confluence reached around 60−70%, the
culture medium was replaced with fresh media containing N-PMNCs,
DOX or N-PMNCs@DOX (DOX equivalent, 40 μg/mL DOX). Hela
cells were further incubated at 37 °C for another 6, 12, and 24 h,
respectively. Then, 10 μL of CCK-8 solution was added to each well
and the cells were incubated at 37 °C for another 2 h. Finally, the culture
medium was collected in a 96-well plate and measured with enzyme
linked immunosorbent assay (ELISA) at a wavelength of 450 nm.

Cell Uptake Assay. Hela cells were seeded into cell culture flasks at
an initial cell density of 2 × 104 cells/cm2. When cell confluence reached
around 60−70%, the culture medium was replaced with fresh media
containing PMNCs or N-PMNCs at a concentration of 40 μg/mL. After
incubation at 37 °C for another 12 h, the cells were digested by 0.25%
trypsin-EDTA and washed by PBS. The cells were fixed by 2.5%
glutaraldehyde for 24 h and observed by TEM (Hitachi-7500, Hitachi,
Japan) and confocal laser scanning microscopy (CLSM). The amount of
PMNCs or N-PMNCs endocytosed by Hela cells was quantified by
calculating the gray value via a software of image pro plus 6.0 (n = 6).

Cell Uptake Mechanism Assay. To investigate the cell uptake
mechanism,26 N-PMNCs was loaded with fluorescence isothiocyanate
(FITC) through the reaction of isothiocyanate with amino groups
of N-PMNCs. Briefly, N-PMNCs (50 mg) were added into 20 mL of
PBS (pH 7.4) containing 10 mg of FITC and stirred in dark at room
temperature for 24 h. After that, the precipitant was washed with PBS
10 times. Hela cells were seeded to 24-well plate at an initial cell density
of 2 × 104 cells/cm2 and allowed to reach cell confluence of 60−70%.
Then, Hela cells were treated as follows: first, Hela cells were cultured
with N-PMNCs@FITC for 2 h either at 37 °C (control) or 4 °C.
Another group of cells were culture at 37 °C after pretreated with
sodium azide for 1 h. The excessive nanoparticles were removed
by washing with PBS 3 times. Cells were lysed by 0.1% Triton-X100.
Then, the cell lysate was collected to measure the fluorescence intensity
via a fluorescence spectrophotometer; second, different pharmaco-
logical inhibitors, including amantadine-HCl (1 mM), amiloride-HCl
(2.5 mM), and genistein (100 mM), were utilized to treat Hela cells for
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1 h before incubation with N-PMNCs@FITC. After culture for another
2 h, cells were lysed for fluorescence intensity assay as mentioned above.
Cell Apoptosis Assay. Hela cells were cultured with N-PMNCs,

DOX or N-PMNCs@DOX in 35 mm × 12 mm cell culture dish (NEST
Biotechnology Co., LTD, China) at 37 °C in the same manner as above-
mentioned. After incubation at 37 °C for another 6 h, 12 and 24 h, the
plate was washed with PBS for 3 times. The cells were then fixed by 2%
paraformaldehyde at 4 °C for 25 min and washed with PBS for 3 times.
Next, 0.2% Triton X-100 was added and kept at 4 °C for 2 min.
Subsequently, cell nuclei were stained with 10 μg/mL Hoechst 33258
(Sigma) for 5 min. Finally, the stained samples were mounted with 90%
glycerinum. Cell nuclei were observed with a CLSM.
Endocytosis Percentage Assay. To investigate the percentage of

N-PMNCs@DOX endocytosed by cells, we used N-PMNCs@FITC
because of the cytotoxicity of DOX. N-PMNCs@FITC endocytosed by
cells was evaluated by measuring the fluorescence intensity of FITC.
Hela cells were cultured with 1.1 mg/mL N-PMNCs@FITC at 37 °C
for 6, 12, and 24 h, respectively. Next, the treated cells were washed with
PBS 3 times to remove excessive N-PMNCs@FITC which were not
endocytosed. Then, the cells was collected in tubes and dispersed into
5 mL of PBS (pH 7.4) after being digested by trypsin. After that, 0.1%
Triton X-100 was added and kept at 4 °C for 30 min to lyse Hela cells.
The cell lysate was collected to measure the fluorescence intensity via
a fluorescence spectrophotometer. The percentage of endocytosed
N-PMNCs@FITC was calculated from the following equation

‐ = ×F Fendocytosed N PMNCs@FITC (%) / 100t 0 (3)

where Ft is the fluorescence intensity of samples after incubation for a
desired time; F0 is the fluorescence intensity of the added N-PMNCs@
FITC.
Animal Model. All animal procedures were performed according to

the protocol approved by the Institutional Animal Care and Use
Committee of China. Female nude mice of 4−6 weeks old (weight
16−17 g) were purchased from Animal laboratory of Xinqiao Hospital.
Nude mice were subcutaneously injected in the left limb armpits
with 100 μL of a cell suspension containing 2 × 106 Hela cells. When
tumor reached approximately 50−60 mm3, the tumor-bearing mice
(n = 4/group) were injected via the tail veins with saline, free DOX,
N-PMNCs@DOX alone, or N-PMNCs@DOX (DOX equivalent,
2 mg/kg DOX) with magnetic field once every 3 days.
The body weights of mice were recorded, the tumor size was

estimated by caliper measurement before every injection. The tumor
volume was calculated as Vtumor = ab

2/2, where a and b are the maximum
and minimum diameters, respectively.51,52 The T2-weighted MR
images were obtained before injection and after (9 days) injection of
N-PMNCs@DOX by a 7.0 T Magnetic Resonance Imaging (BioSpec
70/20USR, Bruker, Germany). After feeding for 3 weeks, all mice were
euthanized and sacrificed, tumors and organs of heart, liver, spleen, lung
and kidney were separated. The tumors and organs were washed by PBS
and stored in 4% formalin solution at 4 °C for 48 h. The treated organs
were then embedded in paraffin and the slices were finally stained with
hematoxylin-eosin (H&E). The tumor sections were stained with Perls’
Prussian blue for the observation of the injected magnetic nanocubes
and TUNEL staining assay for detecting DNA stands breakage by
apoptosis.
Statistical Analysis. All data were expressed as means ± standard

deviations (SD). The statistical analysis was performed using Student’s
t test and one-way analysis of variance (ANOVA) at confidence levels of
95 and 99% (OriginPro version 7.5).
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