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Introduction
Arsenic trioxide (ATO), known as Pi Shuang, has been used in 
traditional Chinese medicine for thousands of years.  Approxi-
mately 100 years ago, Western medicine adopted some of the 
arsenic compounds and used them widely[1], but subsequently 
abandoned them because of their toxic and oncogenic effects 
after chronic exposure.  Despite the toxicity of arsenic, ATO 
has long been of biomedical interest.  Recently, it has been 
shown to be efficient in the treatment of newly diagnosed and 
relapsed acute promyelocytic leukemia[2–5].  More interest-
ingly, this anticancer efficiency of ATO was extended to many 
solid tumors[6, 7], and ATO has been shown to induce apoptosis 

in various malignant tumor cells[8, 9].  Meanwhile, to avoid the 
toxicity and side effects of ATO, many new preparations for 
this powerful drug have received significant attention.  

In this study, ATO was incorporated into Poly-D,L-lactic-
co-glycolic acid(PLGA) magnesium iron ferrite (MgFe2O4, 
MgO·Fe2O3) magnetic nanoparticles.  We hypothesize that they 
can achieve site-specific delivery guided by an external mag-
netic field, and then can subsequently be released in the target 
tissue to provide enhanced therapeutic efficacy and reduced 
side effects.  The As2O3 magnetic nanoparticles (As2O3-MNPs) 
were prepared using a solvent-displacement method, and 
their loading efficiency, characterization, in vitro drug release, 
cytotoxicity and in vivo magnetic targeting were investigated.

Materials and methods
Drugs and reagents 
Poly-D,L-lactic-co-glycolic acid (PLGA; lactic-glycolic acid 
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ratio: 50:50, Mr (relative molecular mass)=20 000, batch number: 
070512) was purchased from Shanghai Pharmaceutical Indus-
try Research Institute.  Magnesium iron ferrite (MgFe2O4, 
10 nm) was a gift from the Inorganic Department of Beijing 
Chemical Technology University.  As2O3 was provided by 
Sigma Corporation.  MTT (5-dimethylthiazol-2-yl-2,5-diphe-
nyltetrazolium bromide), McCoy’s 5A and FBS were pur-
chased from Gibco Corporation.  Other reagents and chemicals 
were of AR (analytical reagent) grade and were from standard 
commercial sources.

Animals 
Kunming mice (Grade II, Certificate No 0805192) weighing 
18–22 g were provided by Animal Laboratory Center of the 
Second Affiliated Hospital of Harbin Medical University.

Preparation of As2O3-MNPs 
As2O3 MgFe2O4 magnetic nanoparticles (As2O3-MNPs) were 
prepared using a solvent-displacement method[10].  Briefly, 
exactly 35 mg of PLGA was dissolved in a mixture of 5 mg/mL 
As2O3 liquid (1 mL), using acetone (9 mL) as a solvent phase 
after clarification.  A gelatin solution (40 mL, ω=0.01) was 
stirred and heated in a 65 °C water bath for 30 min.  A small 
amount of MgFe2O4 was added to a volume of 0.5% Tween 80 
to achieve a final concentration of 0.05 mg/mL.  After 10 min 
of ultrasonic dispersion, the non-solvent phase was created.  
With mixing and ultrasonic dispersion, the solvent phase (60 
drops/s) was infused into the non-solvent phase.  The mix-
ture was stirred until the acetone had evaporated, and the 
resultant dispersed nanoparticle solution was condensed in a 
rotary evaporator and filtered through a 0.4 μm filter (Millex 
AP, Millipore).  The magnetic nanoparticles were collected by 
centrifugation at 30 000×g at 4 °C for 40 min and washed twice 
with double distilled water before lyophilization.  Finally, 
the samples were frozen for 3 h at -20 °C and freeze-dried for 
48 h in a 10 mL freeze-drying vial (initial self-temperature was 
-15 °C; the temperature was reduced to -40 °C and maintained 
for 48 h).  The temperature of the vial was then elevated to 
15 °C, and the vial was removed.

Characterization of As2O3-loaded magnetic nanoparticles
Investigation of the magnetic response[11] 
To investigate the magnetic properties of the As2O3-MNPs, 
magnetic measurements were made at room temperature (23 
°C), according to particle size, using a vibrating sample mag-
netometer (VSM, JDM-13) at -15 kOe–15 kOe.

Determination of the polydispersibility and zeta potential[12]

Polydispersibility and zeta potential were measured with the 
laser light scattering particle size analyzer (PSS380, PSS com-
pany, US).  The As2O3-MNPs were transferred in lyophilized 
form to 2 mL Eppendorf tubes.  The samples were suspended 
in phosphate buffer, pH 7.4, and then introduced into the 
instrument according to the manufacturer’s guidelines.  The 
particle size and zeta potential were then read.

Observation of the morphology by scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM)
The size and surface morphology of the MNPs were deter-
mined by scanning electron microscopy (JSM561OLV, Japa-
nese Electronic Company).  The samples were spread on metal 
stubs and gold coating was added using an ion-sputtering 
device.  The gold-coated samples were vacuum-dried and then 
examined.  

Transmission electron microscopy (1220, Japan Electronic 
Company) was performed on As2O3-MNPs.  A drop of drug-
loaded magnetic nanoparticle suspension mixed with distilled 
water was placed on a carbon film coated on a copper grid for 
TEM.  Observation was done at 80.0 kV.

Entrapment efficiency 
Loaded drug quantity was determined according to the fol-
lowing procedure: after the As2O3-MNPs were synthesized, 
unbound arsenic trioxide was separated by centrifugation 
at 30 000×g at 4 ºC for 30 min.  The precipitate was then lyo-
philized, and the resulting powder containing the loaded mag-
netic nanoparticles was dissolved in water to obtain a clear 
solution.  Using hydride generation atomic fluorescence spec-
trometry (AFS-230E Atomic Fluorescence Spectrometer, Bei-
jing HaiGuang Instruments Company), the presence of arsenic 
was determined.  Loading capacity was expressed in terms of 
entrapped drug quantity and entrapment efficiency[13].

In vitro drug release
The in vitro release experiments were carried out as follows: 
20 mg of arsenic-loaded magnetic nanoparticles and 1 mL of 
phosphate buffered saline (PBS 0.1 mol/L, pH 7.4) were mixed 
in a dialysis tube (27-mm diameter; Sigma Chemical Co), and 
the tube was then introduced into a vial containing 10 mL of 
PBS.  At specific time intervals, the solution in the vial was 
removed and replaced with fresh PBS.  The concentration of 
the released arsenic trioxide was determined by atomic fluo-
rescence spectrometry.

Cytotoxicity evaluation
Cell line and cell culture 
The human osteosarcoma cell line, Saos-2, was obtained 
from the China Center for Type Culture Collection of Wuhan 
University.  The Saos-2 cell line was cultured in McCoy’s 5A 
medium containing 15% fetal bovine serum (Gibco), 2 μmol/L 
L-glutamine, 100 U/mL penicillin, and 100 μg/mL strepto-
mycin (Gibco) at 37°C, 5% CO2 with high humidity.  The cells 
were passaged every 2−3 days using 0.05% trypsin (Gibco) in 
0.01% EDTA (Sigma Aldrich).

MTT assay 
For cell growth and viability assays, 5×104 cells/mL were 
plated into six-well flat-bottom plates (Costar).  The cells were 
cultured in different concentrations of As2O3, with or with-
out As2O3 loaded MNPs or McCoy’s 5A medium to measure 
their growth and viability.  All flat-bottom plates were then 
placed in a magnetic field with a magnetic flux density of 
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0.5 T.  Based on these results, different concentrations of As2O3 
and As2O3-loaded MNPs were compared to find the optimal 
concentration to kill tumor cells.  After incubation for 48 h, 20 
μL of MTT solution (5 mg/mL) was added into each well, and 
the cells were incubated at 37 °C in the dark for at least 4 h.  
Formazan crystals were solubilized in 200 μL of dimethyl sul-
foxide (DMSO) in every well, and the absorbance was read at 
540 nm using a plate reader (Model 550, Bio-Rad).  The inhibi-
tion ratio of cells was determined as follows: (1–Absorbance of 
drug-treated cells/Absorbance of control )×100%.  Each assay 
was repeated at least five times[14].

Animal experiments 
Magnetic targeting in mice 
Five-week-old male mice (18–22 g) were housed with free 
access to a standard diet and water for 1 week, and then 
they were fasted overnight before experimentation.  Experi-
ments were carried out in accordance with the guidelines of 
the Chinese Committee for Experiments on Animals.  Eighty 
mice were randomly divided into two groups (n=40) and then 
anesthetized with an intraperitoneal (ip) injection of pentobar-
bitone (50 mg/kg).  The livers of the mice in one group were 
exposed and positioned in an external magnetic field with a 
magnetic flux density of 0.5 T for 30 min, whereas the livers 
from the other group were treated without a magnetic field.  
The tail veins in the two groups were all injected with mag-
netic nanoparticles (5 mg/kg).  Eight groups of five mice each 
were sacrificed 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 16 h, and 24 h 
after the injection.  The livers and kidneys were excised, rinsed 
in normal saline, and weighed, and then the amounts of As2O3 
in the livers and kidneys were measured by atomic absorption 
spectrometry.

Statistical analysis
Results are presented as the mean±SD.  Determination of the 
significance of differences between the two groups was carried 
out using Student’s t-test and considered statistically signifi-
cant for values of P<0.05.

Results
Magnetic response 
The superparamagnetic behavior of the As2O3-MNPs was evi-
dent due to their zero coercivity and remanence on the mag-
netization loop, and a saturation magnetization of 8.65 emu·g-1 
was determined (Figure 1).  The results showed a strong mag-
netic response of the As2O3-MNPs.

Polydispersibility and zeta potential
The results of particle size analysis by laser diffraction showed 
that the most dense and narrow range of particle dispersion 
was observed between 60 nm and 180 nm.  Average particle 
diameter was 109.9 nm (Figure 2).  The As2O3-MNPs had a 
negative zeta potential value of -14.33 mV.

SEM and TEM analyses 
The SEM and TEM studies showed that the prepared particles 

were smooth and spherical-shaped, with sizes in the nano 
range.  A major portion of the particles consisted of very small 
particles in nano-range size compared with the larger par-
ticles, which were less than 200 nm in size.  This was further 
confirmed by particle size analysis, which showed that size 
distribution varied from 60 nm to 180 nm.  There was a clear 
distribution of the small and large particles and they were not 
conglomerated (Figure 3, 4).

Figure 1.  Hysteresis loops of As2O3-MNPs. 

Figure 2.  Nicomp distribution of As2O3-MNPs.

Figure 3.  Scanning electron micrograph of As2O3-MNPs.
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Entrapment efficiency, drug loading and in vitro release study
The encapsulation efficiency value achieved for arsenic triox-
ide was 82.16%; the arsenic trioxide loading content or loading 
efficiency onto the As2O3-MNPs was 10.08%.  Total release 
of arsenic trioxide from As2O3-MNPs is shown in Figure 5.  
Regarding the release pattern of the samples, a pseudo zero-
order release after an initial burst release effect was observed.  
The release rate of As2O3 from As2O3-MNPs was moderate at 
about 50% at 24 h, compared with the rapid release rate of 98% 
from the As2O3 solution at 24 h.

Cell growth and inhibition 
The MTT assay (Figure 6, 7) revealed that without As2O3, the 
MNPs alone could hardly inhibit the Saos-2 cell proliferation 
at doses between 12.5 μg and 75 μg (P>0.95).  The growth inhi-
bition of Saos-2 cells was dose-dependent, and the 50% inhibi-
tion concentration (IC50) at 48 h was 5.54 μmol/L.  The inhibi-
tion of Saos-2 cells in the As2O3-MNP group was significantly 
higher than that in the As2O3 group.  The IC50 of the As2O3-
MNPs group at 48 h was 2.15 μmol/L, which was 2.57-fold 
lower than that in the As2O3 groups (P<0.05), suggesting that 
the effective rate was 2.57.

Concentration of As2O3 in liver and kidney tissue
After administration of As2O3-MNPs (to As2O3 total con-
tent) at 5 mg/kg body weight, the liver tissue concentration-
time curve was determined, as shown in Figure 8.  The Cmax 
of As2O3 in the liver tissue in group A was 30.65 μg/g, 4.17 
times the drug concentration in the kidney tissue from the 
same experimental group (7.35 μg/g) and 2.88 times the drug 
concentration in the liver tissue in group B (10.66 μg/g).  The 
drug concentration in the liver tissue in the 24 h group was 
2.13 μg/g, 4.63 times the concentration of drug in the kidney 
tissue (0.46 μg/g), while the liver drug concentration in group 
B was only 0.26 μg/g.  In group A liver tissue, which was 
injected with the highest concentration of drug, the drug con-
centration in the tissue was maintained for an extended period 
of time; group B liver tissue,which received a lower concentra-
tion of drug, cleared the drug in a much shorter time.

SPSS 12.0 statistical analysis revealed that in the magnetic 
field group and non-magnetic group, there was a significant 
difference in the concentration of As2O3 between the liver and 

Figure 4.  Transmission electron micrograph of As2O3-MNPs.

Figure 5.  Release of As2O3 from As2O3-MNPs at pH 7.4, 37 ºC.  Mean±SD.  
n=3.

Figure 6.  Growth inhibition rates of Saos-2 cells incubated with different 
concentrations of As2O3 and As2O3-MNPs for 48 h as assessed by the MTT 
assay.  Mean±SD.  n=5.  bP<0.05, cP<0.01. 

Figure 7.  Absorbance of Saos-2 cells incubated with different concen
trations of non-As2O3-loaded MNPs for 48 h as assessed by the MTT 
assay.  Mean±SD.  n=5.
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kidney tissues (P<0.01).  In the magnetic field group, the drug 
concentrations were significantly higher in the liver than in the 
kidney (P<0.01).  In the non-magnetic group, there was also a 
significant difference in the concentrations of As2O3 between 
the liver and the kidney (P<0.05), with lower drug concentra-
tions in the liver.

Discussion
It is a major breakthrough that acute promyelocytic leukemia 
can be cured by arsenic trioxide (ATO), although the clini-
cal dose of ATO could induce severe cardiac injuries, such as 
QT prolongation, arrhythmias, and cardiac arrest in extreme 
cases.  Other adverse effects include skin lesions, gastrointesti-
nal symptoms, neuropathy and liver dysfunction[15, 16].  There-
fore, we decided to evaluate magnetic nanoparticles made 
with ATO in an effort to reduce the side effects of ATO and 
improve its bioavailability.

PLGA, a biodegradable and biocompatible polymer 
approved for humans[17], was used to prepare As2O3 magnetic 
nanoparticles.  At present, the most widely used method in 
the preparation of PLGA nanoparticles is the emulsion solvent 
evaporation method.  However, multiple organic solvents 
are needed for this method, which would result in larger-size 
nanoparticles and a wide range of particle size distributions[18].  

Furthermore, As2O3 has a low solubility in water.  If this limi-
tation was overcome in the preparation of magnetic nanopar-
ticles, the particle size, drug loading, entrapment efficiency 
and stability would be improved.  

However, in the application of magnetic nanoparticles, 
there are still some unanswered questions.  First, although the 
method utilized in the present study of preparing As2O3-MNPs 
results in a sufficient number of packets of magnetic material, 
the number of packets of MNPs in each batch of As2O3-MNPs 
cannot be quantified.  Second, a stable, well-focused, suitable 
magnetic field strength needs to be determined.  Furthermore, 
a methodology of the magnetic material to reduce the toxicity 
and enhance its compatibility with the human body needs to 
be discovered.

The solvent displacement method was used in this study 

to prepare As2O3-MNPs.  As2O3 in an aqueous solution was 
mixed with acetone in a 1:9 ratio.  PLGA was then dissolved 
in this solution and a surfactant containing the aqueous phase 
was added with stirring to remove the volatile organic solvent.  
As2O3 is not soluble in acetone, but it exists in the arsenite 
form (H3AsO3) in water; the carbonyl group in acetone (C=O) 
associates to form stable hydrogen bonds, resulting in a stable 
phase of the solvent.

The stability of nanoparticle dispersion is dependent not 
only on the size but also on the steric repulsion, gravity, 
Brownian motion forces and electrostatic repulsion, and other 
factors.  Taking these factors into consideration, we investi-
gated whether PLGA may help to enhance the surface prop-
erties of magnetic nanoparticles, because surface properties 
are crucial for nanoparticle applications[19].  For this purpose, 
zeta potential measurements were carried out to estimate the 
effect of PLGA on the surface charge of As2O3-MNPs.  The zeta 
potential reported for PLGA-based magnetic nanoparticles 
was found to be -14.33 mV, which indicated that deprotonated 
carboxylates (COO−) are on the surface of nanoparticles and 
thus make them negatively charged.  Particles with zeta poten-
tials higher than +30 mV and lower than -30 mV are normally 
considered stable for colloidal dispersion[20].  As2O3-loaded 
MNPs are therefore probably unstable in the colloidal state.  
The particles are thus stored in a lyophilized form and should 
be reconstituted immediately before use.  Meanwhile, other 
factors need further consideration.

It is generally assumed that drugs on nanoparticles are 
released by several processes, such as diffusion through the 
polymer matrix, release by polymer degradation and solubi-
lization and diffusion through microchannels that exist in the 
polymer matrix or are formed by erosion[21].  Because of the 
long biodegradation time of PLGA, we assume that the drug 
would be released from the nanoparticles through the dif-
fusion mechanism in vitro.  This hypothesis requires further 
investigation.

The cytotoxicity of MgFe2O4 was minor according to the 
MTT experiment result.  The absorbance was essentially 
unchanged after the Saos-2 cells were administered with non-
As2O3-loaded MNPs for 48 h.  The MTT result also illustrated 
that the growth inhibition of Saos-2 cells by As2O3 was time- 
and dose-dependent.  The enhanced inhibition of cell growth 
after administering As2O3-loaded MNPs might be caused by 
the higher concentration of As2O3 induced by the magnetic 
field in flat-bottom plates.  This is supported by the result that 
the IC50 of As2O3 solution was 2.57 times higher than that of 
the As2O3-loaded MNPs at 48 h.  

The Cmax of As2O3 in liver tissue in the magnetic group was 
30.65 μg/g, 4.17 times the drug concentration in kidney tissue 
from the same experimental group (7.35 μg/g), and 2.88 times 
the drug concentration in liver tissue of the non-magnetic 
group (10.66 μg/g).  These results indicated that As2O3-MNPs 
in normal mice showed good magnetic targeting.  At the same 
time, the concentration of As2O3 was lower in the kidney tis-
sue, thereby leading to a reduced effect of the drug in kidney 
functions and reduced toxicity in other organs.

Figure 8.  As2O3 concentrations in liver and kidney.  (A) Magnetic group; (B) 
Non-magnetic group.
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Suitable particle size of the magnetic media generally ranges 
between l0 nm and 30 nm, and the particles are subjected to an 
external magnetic field and accurately positioned in the target 
therapy site and its surrounding tissue.  The magnetic materi-
als (MgFe2O4) used in the experiment were 10 nm in size and 
had good magnetic response, stability and no obvious toxicity, 
as shown in the animal experimentation in the present study.  
If their safety can be further established, Mg-Fe Ferrite could 
be a new type of targeting vector for magnetically targeted 
drugs.

In our experiment, the As2O3-MNPs showed good stability 
in its structure, entrapment efficiency and drug loading.  Their 
high capability of magnetic targeting was illustrated in vivo, 
which indicated that the agent complies with the requirements 
of targeted drugs.
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