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Abstract. This aim of the present study was to investigate the
safety and toxicology of intravenous administration of angio-
poietin-2 (Ang2)-small interfering (si)RNA plasmid-chitosan
magnetic nanoparticles (CMNPs). Ang2-CMNPs were
constructed and subsequently administered at different
doses to mice and rats via the tail vein. The acute (in mice)
and chronic toxicity (in rats) were observed. The results
of the acute toxicity assay revealed that the LDy, mice was
>707.0 mg-kg'-d’, and the general condition of mice revealed
no obvious abnormalities. With the exception of the high
dose group (254.6 mgkg'-d"), which exhibited partial lung
congestion, the other groups exhibited no obvious abnor-
malities. Results of the chronic toxicity assay demonstrated
that the non-toxic dose of Ang2-CMNPs in the rat was
>35.35 mg-kg'-d! for 14 days. The rat general condition and
blood biochemistry indexes revealed no obvious abnormality.
The blood routine indexes and lung/body ratio of each treat-
ment group were higher when compared with the control
group. The middle- and high-dose groups exhibited chronic
pulmonary congestion, whilst the low-dose and control groups
exhibited no abnormality. Similarly, the other organs revealed
no obvious abnormality. Ang2-CMNPs have good safety at a
certain dose range and may be considered as the target drug
carrier.

Introduction

The incidence of malignant cancer types in China demon-
strates an upward trend, and is increasing at an average rate
of 3-5% annually (1). Melanoma is a form of superficial
tumor, with a high malignancy and difficulty to treat (2).
Currently, no effective prevention and treatment methods
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exist (3). The traditional surgical treatment methods lead to
surgical trauma. The magnetic targeted drug delivery system
(MTDDS) has provided a novel avenue for cancer therapy,
and has become a priority of domestic and foreign pharma-
ceutical research (4). MTDDS is a stable system composed
of a magnetic substance and drugs, using a suitable carrier.
Under the external magnetic field with a specific intensity, the
drug may be directionally moved, positioned, concentrated
and released in vivo towards the lesions, thereby exerting its
efficacies at the lesion site (5). The highly specific charac-
teristic of this system has been previously demonstrated to
significantly reduce the side effects (6).

The present study used self-made angiopoietin-2
(Ang2)-small interfering (si)RNA plasmid-chitosan magnetic
nanoparticles (CMNPs) with the aim of inhibiting the growth
of malignant melanoma. However, its safety remains to
be investigated. Ang2-CMNPs have magnetic iron oxide
nanoparticles as their core and are wrapped in chitosan poly-
saccharides to adsorb to the Ang2-siRNA plasmid vector,
thus forming the magnetic nanoparticle carrier. This particle
is nano-grade, so its features are making nanomaterials more
readily absorbed in vivo, as well as entry into the blood circula-
tion (7). A previous study (8) demonstrated that nanoparticles
may penetrate the blood-brain-barrier by passive transferring,
vector-mediation or phagocytosis, thereby exhibiting certain
impacts on the body. Therefore, it is necessary to perform a
comprehensive safety evaluation on nanomaterials. However,
no research institute thus far has performed a full and
systematic evaluation towards the safety of nanomaterials,
and the data concerning the potential toxicity are scarce.
The present study predominantly investigated the acute and
chronic toxicity of Ang2-CMNPs, aiming to examine their
safety and provide a theoretical basis for their application in
tumor-targeted therapy.

Materials and methods

Preparation of CMNPs. A total of 0.15 g of magnetic Fe;O,
nanoparticles (Fuzhou Maixin Biotechnology Development
Co.,Ltd.,Fuzhou, China) were dispersed in 20 ml 1.5% chitosan
solution (CS; molecular weight, 1.38x10°% 90% deacetylation;
Zhejiang Aoxing Biotechnology Co., Ltd., Hangzhou, China)
by ultrasound and stirring. Subsequently, 80 ml liquid paraffin
and petroleum ether mixture (v/v, 7:5), containing 2 ml Span-80
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(all provided by Sigma-Aldrich, Merck-Millipore, Darmstadt,
Germany), was added, followed by stirring at 40°C for 30 min
for sufficient emulsification. A total of 10 ml 25% glutaralde-
hyde (Sigma-Aldrich) solution was slowly added, followed by
stirring at 40°C for 30 min. NaOH (1 mol/l) (Sigma-Aldrich)
solution was used to adjust the pH to 9.0, followed by heating
at 40°C for 1 h. After thoroughly washing successively with
anhydrous ether, acetone, absolute ethanol and distilled water,
the CMNPs were obtained.

Preparation of Ang2-CMNPs. A total of 1 mg CMNPs was
added to 1 ml PBS buffer (pH 7.4; Sigma-Aldrich), followed
by ultrasonic oscillation for 3 min. Subsequently, 2 ml poly-
lysine (diluted in PBS buffer to a concentration as 0.1 mg/ml;
Sigma-Aldrich) was added, followed by mixing well and
incubation at room temperature for 10 min. An Ang2-siRNA
plasmid (Fig. 1; Fuzhou Maixin Biotechnology Development
Co., Ltd.) was mixed with polylysine-modified CMNPs, to a
ratio of 1:1, 1:10, 1:100 or 1:1,000, followed by incubation at
room temperature for 1 h. Ang2-CMNPs were transfected
into human malignant melanoma cells. Following transfec-
tion, the cells were observed using fluorescence microscopy
and the transfection efficiency was calculated by cell
counting.

Acute toxicity assay. A total of 60 Kunming mice (30 male
and 30 female; weight, 18-22 g, specific-pathogen-free grade)
were purchased from Shanghai Experimental Animal Center,
[Shanghai, China; license number SCXK (Min) 2012-0001].
The animals were house under the following conditions:
Temperature, 25+1°C; humidity, 50-60%; 12:12 light:dark
cycles. The animal experiments were approved by the
Institutional Animals Ethics Committee of Fujian Medical
University (Fuzhou, China). The mice were randomly divided
into six groups (10 mice/group; male/female ratio, 1:1). The
mice were fasted with free access to water for the 12 h prior
to the experiment. Ang2-CMNPs were divided into five
different dose groups. The doses in each were as follows:
91.6, 152.8, 254.6, 424.2 and 707.0 mg-kg'-d" (groups 1-5,
respectively). A total of 0.4 ml Ang2-CMNPs in suspension
with normal saline was injected into the mice via the tail vein,
while the control group was injected with an equal volume of
normal saline. Diet and body weight changes of each group
were observed for 14 consecutive days, as well as whether any
mice died during experimentation. Following experimenta-
tion, the mice were sacrificed by cervical dislocation and two
mice from each group were randomly selected for dissec-
tion to observe the color and shape of the gross specimen.
The major organs, including heart, liver, spleen, lungs and
kidneys were performed underwent pathological examina-
tions. Hematoxylin and eosin (H&E) staining, and Prussian
blue staining (Fuzhou Maixin Biotechnology Development
Co., Ltd., Fuzhou, China) were performed, according to the
manufacturer's protocols, to observe the conditions of edema,
deformation, necrosis and iron-particle deposition in cells.

Chronic toxicity assay. A total of 40 Sprague-Dawley
rats (20 male and 20 female; weight, 90-100 g;
specific-pathogen-free grade) were purchased from Shanghai
Experimental Animal Center [Shanghai, China; license
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number SCXK (Min) 2012-0001]. The rats were randomly
divided into low-, middle- and high-dose groups, and a control
group (10 rats/group; male/female ratio, 1:1) and allowed free
access to food and water. The control group was injected with
saline, while the low-, middle- and high-dose groups were
injected with 1 ml Ang2-CMNP suspension (35.35, 70.70 and
353.50 mg-kg'-d’, respectively) via the tail vein. The injec-
tion was performed for 14 consecutive days. Following the
initiation of medication, the response of the rats was observed
and they were weighed once every 3 days to monitor weight
changes. On day 15, the medication was stopped and the
observation was continued for 7 days. On day 21, the rats
were sacrificed by cervical dislocation, and the blood was
sampled from the eyeball for routine blood tests (red cell
count, white cell count, hemoglobin content, blood platelet
count) and biochemical tests (blood urea nitrogen, albumin,
creatinine-2, alkaline phosphatase, g-glutamyltransferase,
alanine aminotransferase, aspartate aminotransferase, total
bilirubin-1, total protein). Two rats from each group were
selected for dissection to observe the color and shape of the
gross specimen. As aforementioned for the acute assay, the
major organs, including the heart, liver, spleen, lungs and
kidneys, underwent pathological examination, and the organ
co-efficient (organ wet weight/body weight; 60 mice) was
calculated. H&E staining and Prussian blue staining were
performed to observe the conditions of edema, deformation,
necrosis and iron-particle deposition in cells, and the chronic
toxicity of the particles.

Statistical analysis. All statistical analysis were performed
using SPSS software (version, 17.0; SPSS, Inc., Chicago, IL,
USA). The data are presented as the mean + standard devia-
tion. Comparisons between two groups were performed using
one-way analysis of variance. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Confirmation of suitable quality ratio of Ang2/CMNPs.
Fluorescence microscopy revealed that when the quality
ratio of Ang2/CMNPs ranged between 1:1 to 1:1,000, the red
fluorescence of transfected human malignant melanoma cells
gradually increased (Fig. 2). When the ratio was 1:100, the red
fluorescence was the most intense. The transfection efficiency
of Ang2-CMNPs towards malignant melanoma cells is shown
in Table I. A ratio of 1:100 was determined to be the appropriate
quality ratio of Ang2/CMNPs for subsequent experiments.

Results of the acute toxicity assay. Following administration of
Ang2-CMNPs, the mice in the 254.6,424.2 and 707 mg-kg'-d"!
groups exhibited short-term staggering, reduced activity and
accelerated breathing. The 91.6, 152.8 mg-kg'-d™" and control
groups exhibited no abnormality. No mouse in any group
died during experimentation. The body weight gain in each
treatment group demonstrated no significant difference when
compared with the control group (data not shown).

The naked eye observation indicated that the anterior left
lung lobe of the mice in the 254.6 mg-kg'-d" group was dark
red in color and each lung lobe of the mice in the 424.2 and
707 mgkg'-d"! groups were identical color. The H&E staining
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Table I. Transfection efficiency of Ang2-CMNPs into human
malignant melanoma cells.

Quality Cell Cell Transfection
ratio® number® number® efficiency (%)
1:1 0 118 0

1:10 10 107 9.35
1:100 63 103 61.17
1:1,000 35 84 41.67

*Quality ratio of Ang2/CMNPs; "Number of cells with red fluores-
cence under mercury lamp; ‘Number of cells under normal light.
Ang2-CMNPs, angiopoietin-2-small interfering RNA plasmid
chitosan magnetic nanoparticles.
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Figure 1. pGenesil-3 recombinant plasmid (Ang2-siRNA plasmid). A sche-
matic showing the 4,842 bp plasmid used in the present study, including
restriction sites and promoter regions. Ang2-siRNA, angiopoietin-2-small
interfering RNA.

revealed that the alveolar wall of the mice in the 254.6, 424.2
and 707.0 mg-kg'-d"' groups exhibited telangiectasia, with red
blood cells appearing inside the alveolar cavity, presenting
signs of pulmonary congestion (Fig. 3). The Prussian blue
staining demonstrated that the lungs in the 254.6, 424.2 and
707 mg-kg'-d"' groups were deposited with blue aggregated
particles. The lung phagocytes exhibited phagocytosis
targeting these particles and the surrounding areas exhibited
inflammatory reactions (Fig. 4). The other assessed organs
exhibited no abnormality in each group. The control group and
the low-dose groups demonstrated no obvious abnormalities.

Results of chronic toxicity assay. Following administration
of Ang2-CMNPs, all rats in each group exhibited normal
drinking and eating activity, and no animal died throughout
the experimental period. The changes in body weight between
each treatment group and the control group demonstrated no
significant difference (F,=0.85, F,=0.72, P>0.05).

As presented in Table II, the lung/body ratio of treatment
groups was significantly higher compared with the control
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Figure 2. Transfection of Ang2/CMNPs into human malignant melanoma
cells. Following transfection, the cells were observed using fluorescence
microscopy, and the transfection efficiency was calculated by cell counting.
Red signal indicates cells positively transfected with the plasmid. The quality
ratio of Ang2/CMNPs was (A) 1:1,(B) 1:10, (C) 1:100 and (D) 1:1,000, respec-

tively (magnification, x100). Ang2/CMNPs, angiopoietin-2-small interfering
RNA plasmid chitosan magnetic nanoparticles.
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Figure 3. Hematoxylin and eosin staining results following the acute toxicity
assay. The lung tissue was stained with hematoxylin and eosin to observe the
conditions of edema, deformation and necrosis in cells following the acute
toxicity assay (magnification, x200).

group of the same gender (F,=38.58, F.=12.56, P<0.05). With
the increasing dose, the lung/body ratio also increased accord-
ingly. The co-efficient of the other organs in each treatment
group exhibited no significant difference when compared with
the control group (P>0.05).

The routine blood test demonstrated that the total number
of white blood cells in the treatment groups were significantly
higher compared with the control group of the same gender
(F,=93.37,F;=80.04, P<0.05). The remaining indexes revealed
no significant differences between the different groups
(Table IIT). The blood biochemical assay indicated that there
was no significant difference in blood biochemistry indexes
between each treatment group and control group of the same
gender (Table IV).
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Organ co-efficiency Control Low-dose Middle-dose High-dose
J'Heart/body 0.52+0.08 0.52+0.13 0.46+0.04 0.47+0.07
Jd'Liver/body 5.73+0.48 5.21+0.05 5.09+0.17 4.75+0.37
J4'Spleen/body 0.32+0.03 0.44+0.03 0.38+0.03 0.49+0.13
J'Lung/body 0.57+0.06 0.74+0.05* 0.81+0.03 0.84+0.00*
JKidney/body 0.97+0.15 1.04£0.18 1.03+£0.06 0.92+0.00
QHeart/body 0.54+0.10 0.50+0.01 0.49+0.04 0.45+0.05
QLiver/body 5.14£0.21 5.13+0.67 4.86+0.46 5.01+0.38
@ Spleen/body 0.41+0.03 0.43+0.03 0.49+0.04 0.35+0.09
QLung/body 0.57+£0.03 0.77+0.03 0.79+0.04* 0.88+0.01*
QKidney/body 1.04+0.11 1.01+0.07 0.94+0.04 0.97+£0.08

"P<0.05 vs. control group. Low-dose, middle-dose and high-dose groups received 35.35, 70.70 and 353.50 mg-kg'd' Ang2-CMNPs,
respectively. Saline was administered to the control group. Ang2-CMNPs, angiopoietin-2-small interfering RNA plasmid chitosan magnetic

nanoparticles.

Table III. Effects of Ang2-CMNPs on blood routine indexes of rats.

Red cell count White cell count Hemoglobin Blood platelet
Group (10" cells/1) (10° cells/1) content (g/1) count (10° cells/l)
J&'Control 6.78+0.58 3.45+0.26 133.60+4.32 480.00+30.33
dLow-dose 6.81+0.31 5.05+0.35* 133.00+£5.18 492.00+25.61
Jd'Middle-dose 6.79+0.32 5.58+0.38* 138.00+5.66 478.00+38.68
J'High-dose 6.66+0.28 6.99+0.31° 139.20+5.04 484.00+37.20
QControl 6.73+0.39 3.48+0.27 130.80+6.31 464.00+31.37
QLow-dose 6.69+0.34 5.06+0.26" 133.20+3.06 478.00+41.18
QMiddle-dose 6.80+0.35 5.46+0.44* 136.40+7.03 478.00+44.00
QHigh-dose 6.62+0.29 7.15+0.23" 136.40+4 45 466.00+48.83

iP<0.05 vs. control group. Low-dose, middle-dose and high-dose groups received 35.35, 70.70 and 353.50 mgkg'-d' Ang2-CMNPs,
respectively. Saline was administered to the control group. Ang2-CMNPs, angiopoietin-2-small interfering RNA plasmid chitosan magnetic

nanoparticles.

The H&E staining revealed that the alveolar wall of the
middle- and high-dose group was thickened and exhibited
mild fibrosis, and red blood cells leaked from the alveolar
cavity (Fig. 5). The Prussian blue staining demonstrated that
blue particles in the middle- and high-dose group were scat-
tered inside the lungs, that the particles aggregated in lungs
and were engulfed by pulmonary phagocytes, and inflamma-
tory reactions existed around the lungs (Fig. 6). The control
group and the low-dose group demonstrated no abnormali-
ties. The remaining organs exhibited no obvious abnormality.

Discussion

Nano-targeted drug delivery systems can overcome the
limitation of traditional chemotherapies, and therefore, have
become a novel and prosperous tumor treatment method. In
MTDDS, the magnetic nanoparticles may be used as an ideal
carrier for direct targeted accumulation into the tumor tissues,
thus selectively releasing the therapeutic molecules (9).

MTDDS predominantly consists of three parts: i) Magnetic
material; ii) the frame material; and iii) the drug. The most
representative magnetic material at present is Fe;0, powder,
which can not only provide magnetism for the targeting
drugs, but can also load the drugs for targeted therapy (10).
The drugs used in MTDDS currently include adriamycin (11),
folic acid (12), cisplatin and insulin (13). The frame mate-
rial is the part connecting the magnetic material and the
drug, including glucans (14) and chitosan (15). The specific
targeting characteristics of the magnetic nano-carrier include
active and passive targeting (16). Active targeting vectors
have a higher specificity compared with passive targeting
vectors, and include the ligand or antibody coupling of the
targeted cells (17), or are directly aggregated in the targeted
tissues under the influence of an external magnetic field to
achieve its targeting property.

Iron is one of the essential trace elements, and human
tissues store and transport it using hemoglobin, transferrin,
ferritin and transferrin hemosiderin. Excessive iron can be
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Acute toxicity is an important index to evaluate the
safety of drugs. In the present study, the acute toxicity assay
revealed that the mice in groups 3-5 exhibited short-term
staggering, reduced activities and accelerated breathing, as
well as transient reduction of eating; however all mice recov-
ered normally following experimentation. The weight gains
in the treatment groups revealed no significant difference
when compared with the control group, and no mouse in any
group died, indicating that acute toxicity was low. Following
sacrificing and dissection of the mice, it was revealed that the
lungs in groups 3-5 exhibited uneven dark red coloring. H&E
staining revealed acute pulmonary congestion and Prussian
blue staining demonstrated blue particles scattering inside the
lungs. These particles were aggregated inside the lungs and
phagocytized by lung phagocytes. The control group and the
low-dose group demonstrated no obvious abnormalities. This
indicated that low-dose Ang2-CMNPs caused no obvious
acute toxicity in the mice.

In the chronic toxicity assay, the rats in all groups exhib-
ited normal feeding and drinking activity following injection
of Ang2-CMNPs and no animal died. No significant impact
was observed on weight gain and hepatoenteric functions.
Following the sacrifice and dissection of the rats, the middle-
and high-dose group exhibited uneven dark red coloring in the
lungs. H&E staining revealed chronic pulmonary congestion
and pulmonary inflammation, whilst Prussian blue staining
demonstrated more particles aggregated inside the lungs;
the control group and the low-dose group exhibited no such
abnormality. Therefore, it can be presumed that the non-toxic
dose of Ang2-CMNPs was >35.35 mg-kg'-d"'. As for the
organ co-efficients, the lung/body ratios in the high-, middle-
and low-dose group were significantly higher compared with
the control group, and the blood routine revealed that the
total number of white blood cells in each treatment group
was significantly higher compared with the control group.
Therefore, it can be suggested that the target organ for the
Ang2-CMNP-induced toxicity is predominantly the lungs;
the repeated stimulation of particles to the lungs will induce
chronic lung inflammation and mild fibrosis.

The surface functionalization, colloidal stability and
biocompatibility of the magnetic nanoparticles are crucial
for their biomedical applications (22), and the toxicity of
the nanoparticles is often closely associated with their
sizes. When the particle diameter is <100 nm, the toxicity
is predominantly decided by the nature of the particles or
the surface-attached materials, but when the particle size
is larger, death can often be caused by the embolism of
capillaries and small blood vessels by the particles. In the
present study, the results demonstrated that Ang2-CMNPs
predominantly caused damage in the lungs. Since the specific
surface areas of nanoparticles are significantly increased
with the decreased particle size, so is the particle surface
energy. Therefore, they would easily mutually aggregate at
a high concentration. It can be presumed that the reason for
Ang2-CMNP-induced lung damage is that, when a large
number of microparticles enter the circulation of the mice,
they will firstly reach the lungs. The aggregation of the
particles will then block the pulmonary vessels, thus leading
to the observed acute pulmonary congestion. In the chronic
toxicity assay, the long-term repeated injection of the particles

Middle-dose group High-dose group

Figure 6. Prussian blue staining results following the chronic toxicity assay.
The lung tissue was stained with Prussian blue to observe iron-particle
deposition in cells following the acute toxicity assay (magnification:
Control, x100; low-dose 35.35 mgkg'-d"' Ang2-CMNPs, x200; middle-dose
70.70 mg-kg'-d! Ang2-CMNPs, x100; high-dose 353.50 mg-kg'd"
Ang2-CMNPs, x100).

via the tail vein led to chronic pulmonary congestion in rats,
as well as simultaneous pulmonary inflammation and partial
fibrosis. Since the unaggregated particles are small in size,
they can escape phagocytosis by the liver and spleen, so no
particle deposition was observed around the liver and spleen.
The low-dose group presented no organ damage, so it can
be speculated that, in a certain concentration range, CMNPs
will be safe and not cause side effects towards the body. This
non-toxic dose was determined as >35.35 mgkg'-d"'. Based
on the conversion method of equivalent dose co-efficient, the
non-toxic dose in humans should be >222.71 mg-kg'-d"! for
14 day, overall a total of 3,117.87 mg-kg", which is signifi-
cantly higher compared with the quantity required clinically.
Therefore, this dose is relatively safe. Increasing the disper-
sion degree of the particles may reduce the aggregation at
higher concentrations, thus reducing the toxicity.

One of the major challenges faced by gene therapy is the
selection of vector system in gene therapy (23). The results
of the present study demonstrated that, Ang2-CMNPs have
good security, so they can be considered as a vector for
targeted gene therapy. Furthermore, the study has also laid a
foundation for the in vivo targeting intervention experiments
towards the angiogenesis and tumor growth of transplanted
malignant melanoma in nude mice in the future.
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