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Abstract: Magnetic targeting delivery of anti-cancer drug with controlled drug release function has been recog-
nized as a promising strategy for pursuit of the increased chemotherapeutic efficacy and reduced adverse effects.
Superparamagnetic nano-carrier is proved to be an efficient manner for superficial tumor therapy like head and
neck cancers. The anti-tumor effect of chemotherapy drug can be enhanced by combining with external magnet.
Herein, we reported the fabrication and functionalization of biocompatible and superparamagnetic hollow meso-
porous nanoparticles with magnetic targeting. The nanoparticles drug delivery system was constructed by surface-
engineering polyacrylic acid (PAA) onto the superparamagnetic nanoparticles which can load bleomycin (BLM) both
in the mesoporous structure and via bonding with PAA. The drug was targeted and retained to the focal area under
the magnetic field with the nano-carriers, and released sustainably. Detailed investigations demonstrated that PAA-
functionalized magnetite nanoparticles loading BLM could stimulate tumor cells to apoptosis locally. The drug load-
ed and delivery system endowed the anticancer drug with targeting capability in vitro and suppressed the growth of
tumor in vivo. The present targeted drug delivery system is a rather simple method without sophisticated chemistry
or materials engineering and is promising in contributing to the progress of nanotherapeutics toward efficient head
and neck cancer treatment.

Keywords: Drug delivery system, nanoparticles, magnetic targeted, sustained releasing, head and neck cancers

Introduction tion, and Reynaud’s phenomenon [5-7]. Among
these, the considerable risk of pulmonary fibro-
sis frequently limits clinical application to maxi-

mize its antineoplastic effects, which might

Squamous cell cancer of head and neck can-
cers (HNSCC) remains a significant public he-

alth problem and rank among the six leading
cancers by incidence worldwide, with more th-
an 630,000 new patients diagnosed annually
resulting in more than 350,000 deaths every
year [1]. Bleomycin (BLM) is one of the most
effective antibiotic agents commonly used,
alone or in combination with other chemothe-
rapeutic regimens, in the treatment of HNS-
CC [2-4]. However, its administration has been
hindered by its dose-limiting toxic side effects
such as pulmonary fibrosis, impaired lung func-

reduce the drug efficacy.

To reduce side effects and improve the thera-
peutic effect of BLM, many efforts have been
directed towards the administration routes for
BLM in order to improve the specific distribu-
tion to targeted tissues. Intratumoral chemo-
therapy with collagen gel formulation contain-
ing anti-tumoral drug has been used to treat
accessible solid tumors of various types inclu-
ding HNSCC. Although the systemic toxicity of
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intratumoral administration is minimal, its effi-
cacy is highly dependent on the timing and fre-
quency of the drug injections because of its
rapid clearance from the tumor site, which de-
pends on physicochemical properties of the
drug loading system and biophysical events
(interstitial pressure, extravasation, tissue ac-
cess). Nanodelivery systems present great po-
tential to overcome these known barriers and
to improve the efficacy and safety of chemo-
therapy treatment [8-10]. For superficial tumor
like HNSCC, magnetic drug targeting has prov-
en to be a promising strategy are among the
most promising materials being used as essen-
tial platforms for targeted drug delivery, imag-
ing and monitoring of therapeutic efficacy.
Superparamagnetic nanoparticles (MNPs), as
one of the most promising nanoscale drug
carriers, have been employed to accumulate
drugs specifically to a diseased site under the
control of an external magnetic field, minimiz-
ing the undesirable side effects [11-14]. How-
ever, the potential of nonporous and nonswell-
able MNPs as a drug carrier remains limited.
Mesoporous nanoparticles, therefore, have at-
tracted much attention for their unique proper-
ties, such as tunable nanoparticle size, uniform
mesopores, porous interior amendable to drug
loading, high surface area, and easily function-
alizable surface, which make them highly suit-
able as a therapeutic delivery vehicle [15, 16].
Our previous studies have synthesized the
MNPs with favorable qualities by a simple sol-
vothermal method. The MNPs could be easily
functionalized with carboxyl groups for optimal
BLM drug loading [17]. However, the biological
effect of the functionalized BLM-MNPs both in
vitro and in vivo under the condition of cancer
has not yet been reported in the open litera-
ture.

Herein, BLM A5 (one of the most effective
divisions of BLM) was functionalized onto the
mesoporous MNPs with PAA capsule, and the
cytotoxicity of functionalized BLM-MNPs and
their apoptosis assay on HNSCC were perform-
ed. Selective antitumor and targeted effects of
BLM-MNPs were investigated in vitro and in
vivo under the control of a constant magnetic
field.

Methods and materials

Instruments and materials

FeCl,6H,0, CH3COONa, ethyleneglycol (EG),
ETH, dimethylformamide (DMF), polyacrylic
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acid (PAA, MW: 3000), ethanol, isopropanol,
1-ethyl-3-(3-diethyl-aminopropyl) carbodiimide
(EDAC), N-hydroxysuccinicacid, Dimethyl sul-
foxide (DMSO) were purchased from Aladdin
Chemical Reagent Co, Ltd (Shanghai, China)
and BLM A5 hydrochloride were purchased
from Harbin Bolai pharmaceutical company
(Harbin, China). Water used throughout all
experiments was purified with the Millipore
system. All chemicals were of reagent grade
and used without further purification. Trypsin-
0.25% EDTA was obtained from Invitrogen, Inc.
(CA, USA). Normal melting agarose and fetal
bovine serum (FBS) were also purchased from
Invitrogen, Inc. (CA, USA). The other chemical
materials such as paraformaldehyde, dime-
thylbenzene, ethanol, Phosphate buffer saline
(PBS), Triton X-100, methanol, ethidium bro-
mide, tetrabromoethane (TBE), Tris-HCI, and
Ethylene Diamine Tetraacetic (EDTA) were pur-
chased from Merck (Kenilworth, USA). The cell
Counting Kit (WST, Beijing Zoman Biotechno-
logy Co., Ltd, China) was used to measure cell
viability. The annexin V-FITC apoptosis detec-
tion kit and Apotosis DNA Ladder detection kit
were obtained from KeyGen Biotech (Nanjing,
China). DNA fragmentation assay for tumor
cells was performed on a wide mini-sub GT cell
(110 V, Biorad Co., USA) and observed by Gel
Doc XR + (Biorad Co., USA). To perform histo-
logical examination of tumor tissues, related
tissues removed from nude mice were frozen-
sliced into thin sections (Leica CM1950, Ger-
many) and observed by microscope (Zeiss,
China).

Preparation of BLM-MNPs

BLM-MNPs were prepared as our previously
reported method [17]. In brief, the spheric
Fe,0, nanoparticles with 30 nm in mean diam-
eter were synthesized with the solvothermal
approach. The FeCl,-6H,0 dissolved in EG was
mixed with NaAc and ETH under ultrasonic
vibration before autoclave. After heating in au-
toclave, they are cooled to room temperature,
purified and were added in distilled water to
make a magnetic Fe,0, nanoparticle sol with
solid content of 20%. The sol was dispersed in
DMF and mixed with PAA before another auto-
clave. Subsequently, isopropanol and ethanol
was used to purify the product. The BLM was
then loaded in 5% of the PAA-functionalized
MNP under 2 h stirring at room temperature.
The assembly of BLM-MNPs was shown in
Figure 1.
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modified with
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Figure 1. Schematic showing the synthesis of the nanoparticles drug delivery system of the magnetic nanoparticle
with surface-engineering PAA in the outer layer and BLM molecules bonded with PAA.

Characterization of BLM-MNPs

Field emission scanning electron microscopy
(FESEM, JSM-6330F; JEOL, Peabody, USA) was
operated at an accelerating voltage of 20.00
kV. Transmission electron microscope (TEM,
JEM-2010HR, 200 kV, JEOL Ltd) was operated
to observe the morphology and sizes of the
MNPs. TEM samples containing Fe O, were dis-
persed with n-hexane until it was about the
color of ‘weak tea’. A drop of it was added onto
copper-coated grid and the n-hexane was evap-
orated. The magnetic properties (M-H curves)
were measured at room temperature by the
use of a Vibrating Sample Magnetometer (VSM,
Lake Shore 7404, Cryotronics, Inc) at 300 K
under an applied field of +6000 g. The sur-
face of the coated Fe, 0, was analyzed by XRD
(Rigaku-Dmax 2500, Rigaku Corporation) with
monochromatic Cu Ka radiation. Infrared (IR)
spectra were recorded with wave numbers
ranging from 4000 to 400 cm? with Fourier
transformation infrared spectrometer (FT-IR,
EQUINOX 55, Bruker Co.) coupled with infrared
microscope with a resolution of 2 cm™.

BLM loading and release

The drug release behavior of the finally pre-
pared drug-conjugated core-sphere nanoparti-
cles was studied in physiological pH (7.4) as
well as in acidic media with pH of 5.3. To make
a control, the naked magnetic nanoparticles
were also studied here in neutral and acidic
media. Typically, 10 ml of BLM loaded magnetic
nanoparticles coated with PAA with 2.5 mg of
BLM were placed into a dialysis bag (MWCO:
8-14 kDa) and dialyzed against 150 mL of ph-
osphate buffered saline (PBS) at 37°C under
mild stirring (100 rpm). At predetermined time
intervals, in order to determine the drug con-
centration, and thereby time dependent drug
release profile, 5.0 mL of solution was taken
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out and replaced with 5.0 mL of fresh buffer
solution maintained at 37°C and evaluated for
drug content by UV-Vis spectroscopy at wave-
length of 291 nm. The percent of drug release
was calculated in reference to a control sam-
ple placed at the same condition, but without
nanoparticles.

Cell culture

Human tongue carcinoma cells (Cal-27) were
purchased from ATCC. Human nasopharyngeal
carcinoma cells (CNE2) were purchased from
Yansheng industrial co. Human Cal-27 tongue
carcinoma cells were cultured in Dulbecco’s
Modified Eagle medium (DMEM) containing
10% fetal bovine serum and 1% antibiotics
(100 units of penicillin and 100 mg streptomy-
cin) in a humidified incubator at 37°C and in an
atmosphere of 5% CO,. CNE2 were cultured in
RPMI-1640 medium. The cells were passaged
every 2-3 days.

Magnetic targeted effect of BLM-MNPs

Since magnetic Fe,0, nanoparticles exhibited
high magnetic properties, we designed an in
vitro experiment to examine the magnetic tar-
geting effect of it. 4 x 10* Cal-27 cells were
plated in a 60 mm culture dish and cultured
under the same conditions as above for 24 h. A
small round magnet, 5 mm in diameter, was
placed at the center of the culture well with
cells cultured with MNPs, BLM, and BLM-MNPs
in complete medium. Cell growth status in mag-
netic and non-magnetic fields was observed
under microscope at 24 h and 48 h. After incu-
bation at 37°C for 24 h, the medium was aspi-
rated and washed several times to remove the
nanoparticles. Then the cells were collected
after centrifugation and fixed in 4% glutaralde-
hyde for 2 h at 4°C. Subsequently, the cells
were washed three times with sodium cacodyl-
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ate buffer and post-fixed in 1% osmium tetrox-
ide. Samples were dehydrated with gradient
ethanol, and embedded in Epon. Thereafter,
the samples were cut into ultrathin sections
and were stained with uranyl acetate. The
intake of BLM-MNPs within cells was obser-
ved by TEM.

Cell viability analysis

Cell Counting Kit-8 (CCK-8) assay was per-
formed to evaluate whether the MNP were bio-
compatible and the effect of BLM-MNPs on
tumor cells. 1.5 x 103/well Cal-27 or CNE2 cells
were plated into 96-well culture plates. After
sterilized by Ultraviolet radiation for 12 h, the
MNPs, BLM, and BLM-MNPs were diluted with
the cell culture medium to 10, 25, 50, 100 ug/
mL, and then added into the cells and cultured
to measure their growth and viability for anoth-
er 12 h, 24 h, 48 h, and 72 h. After incubation,
the medium was removed and 90 ul cell culture
medium mixed with 10 ul CCK-8 solution were
added to each well. After incubating in dark for
4 h at 37°C, the reading was done at 450 nm
using enzyme-labeled instrument. The cell via-
bility index in percentage was calculated as fol-
lows: the cell viability index (%) = (mean absor-
bency of experimental group at specific concen-
tration - mean absorbency of negative control)/
(mean absorbency of positive control - mean
absorbency of negative control) expressed as a
percentage.

Apoptosis analysis by DAPI staining, flow cy-
tometry and DNA fragmentation in vitro

DAPI staining was carried out to detect a mor-
phology change of the nuclei of Cal-27 cells.
The cells were inoculated in a 24-well plate
and then treated with MNPs, BLM, and BLM-
MNPs for 24 h, respectively. The cells were
then washed twice with PBS and fixed with 4%
paraformaldehyde for 10 min. Thereafter, the
cells were stained with DAPI for 15 min and
observed under fluorescence microscope.

Cells were plated in a 6-well plate and cultured
overnight at 37°C. After treatment of different
drugs at 24 h, both the floating cells in the
medium and attached cells were harvested
by trypsinization. The cells were washed twice
with PBS and incubated in 500 pl biding buffer
containing 5 pl Pland 5 yl annexin for 10 min in
darkness at room temperature. The apoptotic
cells were detected by flow cytometer.
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The cells were harvested and then lysed for 4 h
at 60°C with a 500 pl lysis buffer (10 mM Tris-
cl, 0.1M EDTA, 0.5% SDS) containing 20 mg/ml
proteinase K and 10 mg/ml RNase A. Samples
were vortexed for 10 s every hour. Subsequently,
500 pl Phenol, chloroform, and isoamyl alcohol
at the ratio of 25:24:1 was added to each sam-
ple followed by centrifugation to get the DNA
pellet. DNA was precipitated with 0.1 vol. 3
mol/L sodium acetate and 2.5 vol. cold etha-
nol. Finally, the DNA were air dried and dis-
solved in a TE buffer, separated by electropho-
resis in 1.5% agarose gels containing ethidium
bromide and visualized under ultraviolet light.

Establishment of tumor model on nude mice

Thirty-six female BALB-C nude mice were pur-
chased from Laboratory Animals Centre of
Sun Yat-sen University (Guangzhou, China).
They were maintained in specific pathogen-
free (SPF) facilities in the animal center. Animal
experiments were carried out according to the
Animal Management Rules of the Ministry of
Health of the People’s Republic of China (Do-
cument No. ERC-2014-1) and the guidelines for
the Care and Use of Laboratory Animals of Sun
Yat-sen University. Normal nude mice (average
weight 19.3+0.3 g) were provided by Labora-
tory Animals Centre of Sun Yat-sen University
(Guangzhou, China) for studies in vivo. Cal-27
cells (0.2 mL, 1.5 x 107 cells mL* in PBS) were
injected in the subcutaneous tissue of the
nude mice. Thereafter, all the treated nude
mice were observed every day to monitor and
measure the sizes of tumors, using a digital
caliper. When the tumor size of the mice grew
to an average volume of 25 mm3, calculated by
the formula volume = (tumor length) x (tumor
width)?/2, the mice with the tumor large enou-
gh were used for further studies. Among them,
the mice with the maximum size and the mini-
mum size of tumors were excluded.

Tumor assessment in vivo

In this study, 36 mice bearing square cell carci-
noma were divided into four groups: normal
saline (NS), MNPs, BLM, and BLM-MNPs. 50 uL
of each of the above solution are injected in-
tratumorally with targeted magnet fixed locally
on the surface of the tumor. The mice treated
with NS were acted as the blank control. Before
injection, the tumor size and mouse weight we-
re measured daily by a digital caliper and digital
calculation balance. Tumor size was measured
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three times a week using a vernier caliper in
different groups. The tumor volume was calcu-
lated using the following equation: tumor vol-
ume (V) = length x width?/2. Relative tumor
volume was calculated as V/V (V, was the ini-
tial tumour volume before any injection).

After treatment for 1 week and 3 weeks, three
mice of each group were sacrificed and the
tumor was removed from the nude mice for his-
tological study. The tumor tissues were fixed in
10% neutral buffered formalin and embedded
routinely into paraffin. Subsequently, they were
sectioned at a thickness of 4 ym, stained with
hematoxylin and eosin (H&E) and TdT-mediated
dUTP Nick-End Labeling (TUNEL) according to
the manufacturer’s standardized protocols and
examined by inverted phase contrast micro-
scope and three random views in each section
were selected for quantitative assay.

Results
Characterization of BLM-MNPs

SEM images of uncoated and PAA coated
nanoparticles were spherical (Figure 2A and
2B). TEM images indicated that the polyacrylic-
acid-coated Fe,O, nanoparticles displayed a
thin polymeric shell, which is absent on uncoat-
ed nanoparticles. TEM measurements denoted
that the diameters of the uncoated and poly-
acrylic-acid-coated nanoparticles were 30 and
45 nm, respectively. The particles are spherical
in shape and well dispersed without aggrega-
tion, indicating good monodispersity of the par-
ticles (Figure 2C and 2D). The magnetization
curve, as shown in Figure 2E, was measured
in powder samples of Fe, O, nanoparticles at
room temperature as the applied magnetic
field (Oe) changed from -5000 Oe to 5000 Oe.
Both the Fe,0, nanoparticles and polymeric
Fe,0, nanoparticles exhibited negligible coer-
civity and remanence when the magnetic field
was removed, implying magnetic nanoparticles
were superparamagnetic. In the wide angle
XRD spectrums (Figure 2F) of naked Fe,O,
nanoparticles (a) and BLM-MNPs (b), the dif-
fraction peaks match well with the normal
characteristic diffractions of the Fe, O, inverse
spinel structure (PCPDFWIN v.2.02, PDF No.
89-0691). The spectroscopy of naked Fe,O,
nanoparticles showed a characteristic absorp-
tion peak at 564 cm™ related to Fe-O group.
The peaks at 1712 cm™?, 1542 cm™, and 1450
cm? in PAA in spectrum are related to COO-
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groups. The peak at 567 cm™ in spectrum rep-
resents the Fe-O stretching vibration, and the
peaks at 1712 cm™, 1587 cm™, and 1444 cm™
prove the existence of PAA in the product par-
ticles (Figure 2G, Black: BLM; Blue: BLM-MNPs;
Red: MNPs coated with PAA).

Drug releasing kinetics in vitro

Drug loading efficiency was 50.71+0.20%, whi-
ch was comparable with our previous study
[17]. The in vitro release profile of BLM from
naked or functionalized Fe O, magnetic nano-
particles in acetate buffer solution (pH 5.0) and
PBS (pH 7.2) were evaluated by dialysis method
and are shown in Figure 3. Generally, all the
groups released about 20% of the drug in the
first 2 h except for the naked nanoparticles at
pH 5.0 (10%). Nearly 50% of the loaded BLM
was released after 24 h at pH 5.0, while at pH
7.2 the BLM release was up to approximately
70%. Most of the drugs (80%) were released
before 48 h in all situations (Figure 3, *P<0.05).

Magnetic-targeting of BLM-MNPs on tumor cell
in vitro

BLM-MNPs clustered around the magnet, man-
ifesting as reduced cytotoxicity to normal cells
at this area with the drug loaded on it (Figure
4A, 4B showed the control group which was not
under magnet). After 24 h, the number of cells
declined considerably in magnetic field (Figure
4D, Black: BLM-MNPs), while cells outside the
magnetic region continued to grow (Figure 4C).
The amount of cells rebounded after 48 h (Fig-
ure 4F, Black: BLM-MNPs; Figure 4E showed
the control group which was not under magnet)
in the magnetic field probably due to the major-
ity release before 48 h, which is in accordance
with the results of the in vitro release profile.

TEM observation of BLM-MNPs on tumor cell
in vitro

The mechanism for BLM-MNPs internalization
within the Cal-27 cells was characterized by
TEM. Figure 5 showed the TEM images of cells
after incubation of 24 hours with BLM-MNPs.
The BLM-MNPs were observed mainly in the
cytoplasm (Figure 5A, white arrow). More
importantly, BLM-MNPs were found to be lo-
cated inside the endosome (Figure 5B, white
arrow). Interestingly, we detected that cells
formed pseudopodia to endocytose nanoparti-
cles. (Figure 5C, white arrow). After a long incu-
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Figure 2. Characterizations of uncoated nanoparticles, functionalized MNPs and BLM-MNPs. (A) SEM image of un-
coated nanoparticles. Bar = 100 nm. (B) SEM image of PAA-coated nanoparticles. Bar = 100 nm. (C) TEM image of
uncoated nanoparticles. The nanoparticles were well-shaped sphere with multiple hollow mesoporous structures.
Bar =20 nm. (D) Amplified images of the regions of interest boxed in the corresponding left panels. Bar =5 nm. The
constant distance between the stripes on the magnetite particles was shown which could indicate specific crystal-
lographic plane. (E) Magnetization curve of naked Fe,0, nanoparticles. (F) XRD spectrums of naked Fe,O, nanopar-
ticles (A) and BLM-MNPs (B). (G) FT-IR spectrums of BLM, BLM-loaded nanoparticles, PAA-modified nanoparticles.
The absorption peak around 564 cm™ was related to Fe-O group; the peaks around 1542 cm™ are related to COO-

groups. (Black: BLM; Blue: BLM-MNPs; Red: MNPs coated with PAA).
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ed by BLM. This phenomenon
can be similarly seen in incre-
mental incubation time (12 h,
24 h, 48 h and 72 h). Figure
6E-G (*P<0.05) shows that
the cell viability of CNE2 de-
creased with the same ten-
dency of Cal-27 from 10 pg/
mL to 50 pg/mL. Our results
found the cell viability nearly
unchanged along with the
time elapsed from 12 h to
72 h when incubating with

0 20 40
Time/h

Figure 3. Drug release of naked nanoparticles versus PAA-coated nanopar-
ticles at pH 7.2 & pH 5.0 respectively. Most of the drugs were released before
48 h in all situations. The systems in acidic condition display a slower drug

\ MNPs, regardless of different
80 concentrations. However, the
cell viability declined drama-
tically with BLM-MNPs and
BLM under the same con-
centration of particles.

release profile than in medium condition. And the functionalized nanopar-

ticles system display faster release rate in 48 h (*P<0.05).

bation, a great number of BLM-MNPs were in-
truding into the nucleus of Cal-27 cells (Figure
5D, white arrow), and a great number of BLM-
MNPs were situated inside the vesicles (Figure
5E and 5F, white arrow). All these figures sh-
ow that the cells successfully absorbed BLM-
MNPs. The observation could be the explained
by a fast diffusive internalization pathway, a
mechanism only reported for small, charged
nanoparticles.

Inhibitory effects of BLM-MNPs on tumor cell
in vitro

In general, the cell viability decreased with in-
cubation for MNPs, BLM, and BLM-MNPs by
order on equal terms. Figure 6A-D (*P<0.05)
shows that the cell viability of Cal-27 decrea-
sed subtly with the increased concentration of
BLM and BLM-MNPs from 10 pg/mL to 100
ug/mL, while the decreasing tendencies are
more prominent for BLM-MNPs that is follow-
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Apoptosis analysis of BLM-
MNPs on tumor cell in vitro

After 24 h of incubation of Cal-27 cells with NS
(Figure 7A), MNPs (Figure 7B), BLM (Figure 7C)
and BLM-MNPs (Figure 7D), the cells were fix-
ed and processed using inverted fluorescence
microscope. In the NS group, the nucleus was
homogeneously stained and no DNA damage
was observed. The nuclear blue fluorescence
was also clear in the MNPs group (Figure 7B).
After treatment with BLM and BLM-MNPs, the
characteristics of apoptosis, such as nuclear
fragmentation and chromatin condensation,
were observed in the nucleus (Figure 7C and
7D, white arrow).

Annexin V-FITC/PI dual staining was conduct-
ed to determine the proportion of apoptotic
cells in each group. As shown in Figure 7E
and 7F, apoptotic rates in BLM-MNPs treated
cells were significantly higher in contrast to
BLM treated cells, and in BLM-MNPs treated
cells were significantly higher in contrast to
NS or MNPs treated cells (Figure 7E and 7F,

Am J Cancer Res 2020;10(1):350-364
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Figure 4. Magnetic-targeting effect of BLM-MNPs on tumor cell in vitro. A.
Representative macroscopic image of Cal-27 cells treated with BLM-MNPs
after O h of incubation; B. Representative macroscopic image of Cal-27 cells
treated with BLM-MNPs after O h of incubation under magnet field. BLM-
MNPs clustered around the magnet, manifesting as reduced cytotoxicity to
normal cells at this area with the drug loaded on it; C. Representative micro-
scopic image of Cal-27 cells treated with BLM-MNPs after 24 h; D. Represen-
tative microscopic image of Cal-27 cells treated with BLM-MNPs after 24 h of
incubation under magnet field, the number of cells declined considerably in
magnetic field (Black: BLM-MNPs); E. Representative microscopic image of
Cal-27 cells treated with BLM-MNPs after 48 h of incubation; F. Representa-
tive microscopic image of Cal-27 cells treated with BLM-MNPs after 48 h of
incubation under magnet field (Black: BLM-MNPs).

*P<0.05). These results have clearly demon-
strated that BLM-MNPs has the apoptosis
effect on Cal-27 and CNE2 cells.

tion for 24 h, characteris-
tics of apoptosis (DNA ladder
bands) were detectable in
BLM-MNPs and BLM groups.
No DNA fragmentation was
detected when cells were ex-
posed to MNPs or NS (Figure
7G).

Inhibitory effect of BLM-
MNPs on tumors under the
control of magnetic field in
vivo

To finally investigate the in-
hibitory effect of BLM-MNPs
on tumors in vivo, tumor mod-
els on nude mice were es-
tablished by injection of Cal-
27 cells into subcutaneous
tissues. After injection for 1
week, nude mice (around
19-20 g) with similar tumor
size were utilized to carry out
the studies. We periodically
measured the mice’s weights
after tail injections of NS,
BLM, MNPs and BLM-MNPs.
The mice treated with NS
were used as the control
group. Every group had six
duplicate mice samples (n =
6). In the initial stage, the
weights of nude mice were
recorded to be approximate-
ly 19.4+0.9 g. All the inject-
ions were administered three
times per week. As shown in
Figure 8B (*P<0.05), the mice
still maintained their weight
around 20 g after an injection
of MNPs, similar to the group
injected with BLM, while the
latter even continued to grow
and feed for 21 days. However,
the average weights of the
mice treated with NS and

BLM-MNPs increased to 22.1 g and 22.2 g,
respectively. The results indicate that MNPs
had a good biocompatibility and could reduce

the side effects of BLM on nude mice when

The DNA fragmentation in Cal-27 cells with or
without the treatment of drugs was detected
by agarose gel electrophoresis. After incuba-

they were targeted by a magnetic field. We then
measured the tumor sizes at fixed time inter-
vals in order to investigate tumor growth after
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Figure 5. TEM images of Cal-27 treated with BLM-MNPs after 24 h of incuba-
tion. A. The BLM-MNPs were observed mainly in the cytoplasm (white arrows
indicate diffusive nanoparticles, scale bar: 5 ym); B. The BLM-MNPs were
found to be located inside the endosome (white arrow, scale bar: 5 uym);

tion than others (Figure 8D).
Tunnel assay further confirm-
ed the antitumor potency of
BLM-MNPs with target (Fig-
ure 8E, Blue: normal nucle-
us; brown: apoptosis positive
cell nucleus). Tumors of mice
treated with BLM-MNPs with
target showed apoptosis at
high proportion compared
with other groups, even for
the group treated with BLM
(Figure 8F, *P<0.05).

Discussion

Our previous studies have de-
monstrated that BLM-MNPs
combined drug system func-
tionalized by PAA in a medium
solution has favorable adsorp-
tion and releasing ability [17].
However, the biological effect
of the functionalized BLM-
MNPs on head and neck can-
cers is not clear. Herein, the
cytotoxicity of functionalized
BLM-MNPs and their apopto-
sis assay on tongue square
cell carcinoma (TSCC) were
performed.

C. Cal-27 cells formed pseudopodia to endocytose BLM-MNPs (white arrow,

scale bar: 1 um); D. A great number of BLM-MNPs were intruding into the
nucleus of Cal-27 cells (white arrow, scale bar: 1 um); E, F. A great number of

Spherical magnetite nanopar-
ticles can offer a uniform

BLM-MNPs were situated inside the vesicles (white arrow, scale bar: 1 um).

injection with BLM and BLM-MNPs, with or
without magnetic targeting. Quantitative analy-
sis showed that in vivo tumor sizes increased
upon feeding time after treatment with NS and
MNPs, BLM, and BLM-MNPs, respectively. As
compared with the control groups of NS and
other groups, the growth of tumor sizes was
inhibited when treated with BLM and BLM-
MNPs (Figure 8A). Inhibitory effect of BLM-
MNPs with magnetic targeting on the surface
of the nude mice tumors was better than with-
out magnetic targeting, or of pure BLM. BLM-
MNPs with magnetic targeting could efficiently
inhibit the growth of tumors after curing for
14 days (Figure 8C, red circle showed the tu-
mors). HE staining of the tumor sections indi-
cate distribution of MNPs, showing that the
group injected with BLM-MNPs with target had
more particles remained and less cell popula-
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surface area for the coating

and conjugation of targeting
ligands or therapeutic agents [18]. Particles
ranging from 10 to 100 nm are optimal for
systemic administration and demonstrate the
most prolonged blood circulation times. More-
over, these nanoparticles have mesoporous
structures on their surfaces with the porous
size of 5-10 nm [19]. Mesoporous pores on the
surfaces of Fe, 0, nanoparticles play an impor-
tant role in increasing drug loading amounts
and making nanoparticles effective magnetic
carriers for drug targeting [20]. Therefore, the
nanoparticles we have synthesized are promis-
ing candidates for successful drug loading and
delivery. Superparamagnetism is an especially
important property essential for magnetic tar-
geting carriers, due to the prevention of capil-
lary blockage by aggregations formed from resi-
due magnetism after the applied field [21, 22].
Previous studies showed that a static magnetic
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Figure 6. Inhibitory effects of BLM-MNPs on tumor cell in vitro. (A-G) Percentage of living cells after 12 h, 24 h, 48 h, 72 h of incubation with MNPs (blue bars), BLM
(red bars), BLM-MNPs (green bars). The cell viability of Cal-27 (A-D) decreased subtly with the increased concentration of BLM and BLM-MNPs from 10 yg/mL to
100 pg/mL, while the decreasing tendencies are more prominent for BLM-MNPs that is followed by BLM. This phenomenon can be similarly seen in incremental
incubation time (12 h, 24 h, 48 h and 72 h). The cell viability of CNE2 (E-G) decreased with the same tendency of Cal-27 from 10 ug/mL to 50 yg/mL (*P<0.05).
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Figure 7. Apoptosis assay of BLM-MNPs on tumor cell in vitro. (A-D) Localization of nucleus, which was stained with
4’ ,6-diamidino-2-phenylindole (DAPI). In the NS group (A), the nucleus was homogeneously stained and no DNA
damage was observed. The nuclear blue fluorescence was also clear in the MNPs group (B). After treatment with
BLM (C) and BLM-MNPs (D), the characteristics of apoptosis, such as nuclear fragmentation and chromatin con-
densation, were observed in the nucleus (C and D, white arrow); (E, F) The effect of BLM-MNPs on apoptotic rate of
Cal-27 and CNE2 cells were detected by flow cytometry in comparison with NS, MNPs and BLM. 24 h of treatment
with MNPs resulted in few apoptotic cells. The apoptotic rates in BLM-MNPs treated cells were significantly higher
in contrast to BLM treated cells, and in BLM-MNPs treated cells were significantly higher in contrast to NS or MNPs
treated cells (*P<0.05). These results have clearly demonstrated that BLM-MNPs has the apoptosis effect on Cal-
27 and CNE2 cells. (G) After incubation for 24 h, characteristics of apoptosis (DNA ladder bands) were detectable in
BLM-MNPs and BLM groups. No DNA fragmentation was detected when cells were exposed to MNPs or NS.

field as strong as up to 10 tesla did not show a thesized in this study can be ideal candidates
negative impact on cell growth and cell cycles for developing delivery systems because of
[23-25]. However, the in vivo safety of a mag- their excellent biocompatibility and superpara-
netic field of >10 tesla has yet to be demon- magnetism that enables long-term accumula-
strated [26]. External magnetic fields can en- tion/retention at target sites by utilization of a
hance the accumulation of magnetic particles suitable magnet, which is extremely important
in tumors by the EPR effect. The materials syn- for practical applications in the biological and
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Figure 8. Inhibitory effect of BLM-MNPs on tumors under the control of magnetic field in vivo. A. Representative
photographs of tumor from different groups at the beginning, 7th, 21th day, respectively; B. Relative tumor volume
of different groups of mice after various treatments indicated (6 mice per group): mice injected with NS, MNPs, BLM
and BLM-MNPs (*P<0.05); C. Representative photographs of the nude mice from different groups after curing for
14 days (red circle showed the tumors); D. H&E-stained tumor slices collected from different groups of mice on the
following day after various treatments; E. Tunnel assay further confirmed the antitumor potency of BLM-MNPs with
target (Blue: normal nucleus; brown: apoptosis positive cell nucleus). F. Tumors of mice treated with BLM-MNPs
with target showed apoptosis at high proportion compared with other groups, even for the group treated with BLM
(*P<0.05).
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biomedical fields [27]. In addition, this system
in acidic conditions displayed a slower drug
release profile that is a desirable attribute for
response to specific tumoral extracellular sig-
natures [28]. Additionally, the faster release
rate of functionalized nanoparticles is benefi-
cial to intracellular release of anticancer drugs
due to the acidic environment in endosomes
and lysosomes (5.0-5.5) [29-31].

Our results found the cell viability nearly un-
changed along with the time elapsed from 12
h to 72 h when incubating with MNPs, regard-
less of different concentrations. Yet cell viabili-
ty declined dramatically with BLM-MNPs. The
results indicate that the strong decrease in the
number of living cells with BLM-MNPs can be
mainly explained by a growth arrest, caused by
interactions between concentrated and sus-
tained-release BLM from BLM-MNPs and the
nucleus. By contrast, MNPs showed almost no
cytotoxic affect for the same nanoparticle con-
centrations, which in turns proved its biocom-
patibility.

From the results shown in Figure 4, BLM-MNP
gathered in the targeted area, which explained
that magnetic nanoparticles could deliver anti-
tumor drugs to the targeted area in a magnetic
environment and reduce cytotoxicity to normal
cells. After 24 h, the number of cells was great-
ly reduced in the magnetic field, while cells in
the non-magnetic field region continued to
grow. The black material was magnetic nano-
particles.

All results shown in Figure 8 indicate that pure
BLM could not easily reach tumor sites and
interact with tumor cells in vivo. After injection,
BLM could only retain a transient high plasma
drug concentration for a short time. BLM cau-
sed some damage or severe side effects to the
normal cells and tissues in vivo. Then, free BLM
was quickly distributed into other tissue organs,
lost its bioactivity, and was finally excreted out
of body via blood circulation and metabolism.
To some extent, BLM-MNPs with local magnetic
targeting was retained at a certain level through
sustained release when the mice were injected.
Although BLM-MNPs might relieve some side
effects of BLM on the body, BLM still cannot be
sustained for a long time at the target tumor
tissues without magnetic attraction when com-
bined with MNPs. Interestingly, BLM-MNPs with
magnetic targeting efficiently inhibited the gr-
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owth of tumor tissues on nude mice, especially
after the second week. The mechanism could
be interpreted as the magnetic field being able
to gather BLM-MNPs constantly in the tumor
tissue, allowing it to release BLM locally and
steadily [32, 33]. BLM-MNPs with target group
exhibited higher BLM-induced chemotoxicity
than those without targeting BLM to the specif-
ic site. We conclude that this higher chemotox-
icity is due to the efficient release of BLM and
magnetic concentration triggered by mesopo-
rous MNPs in vivo. This system takes advan-
tage of the ability of the PAA polymer shell to
reduce the inherent clearance of MNPs, and
incorporation of a protease-cleavable moiety
achieves constant delivery that stable tumor-
localized drug release [34].

Immunohistochemistry of resected tumors fur-
ther confirmed the antitumor potency of BLM-
MNPs with target. Tumors of mice treated with
BLM-MNPs with target showed apoptosis at
high proportion, while mice receiving other
treatments had tumors with large amount of
viable cancer cells, even for the group treated
with BLM. The results denote that conventional
BLM administration isn’t of capability to gather
around the lesion location. In contrast, BLM-
MNPs display a trend toward tumor site in
which the external magnetic field was imple-
mented and then release antineoplastic drug
exerting powerful inhibitory effect on tumor
cells. Nuclear fragmentation was also promi-
nently displayed; suggesting BLM-MNPs access
to nuclei and release BLM to damage DNA
structure initiating apoptosis procedure.

In conclusion, the drug loaded and delivery sys-
tem endowed the anticancer drug with target-
ing capability in vitro and inhibited the tumor
growth with minimal side effects in vivo. The
present targeted drug delivery system is a
rather simple method without sophisticated
chemistry or materials engineering and is pro-
mising in paving the way for the development
of nanotherapeutics toward efficient cancer
treatment.
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