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Abstract
Objective: To study the effect of dextran magnetic fluid hyperthermia on growth, vascular endothelial growth factor (VEGF)
expression and apoptosis of the grafted H22 tumors in mice.
Methods: Mice with grafted H22 tumor were randomly divided into four groups. The treatment group was intratumorally
injected with dextran magnetic fluid and subsequently exposed to a 55 kHz 20 kA/m alternating magnetic field for 10 min.
The three control groups were respectively injected with physiological saline and no magnetic field; with physiological saline
and exposed to 55 kHz 20 kA/m alternating magnetic field for 10 min; and with dextran magnetic fluid only. The inhibitive
ratios were calculated. Other mice with grafted tumor were randomly divided into two groups, respectively injected
with dextran magnetic fluid or physiological saline and exposed to a 55 kHz 20 kA/m alternating magnetic field for 10 min.
The VEGF expression and apoptosis in tumor tissues were analyzed at 1 h, 5 h, 24 h, 48 h and 336 h after treatment.
Results: The inhibitive ratio of treated group was 59.74%, 52.51% and 40.35% respectively. Necrotic areas in tumor tissue
were mainly distributing around the magnetic fluid and became larger with the lengthening of treatment. The VEGF
expression and apoptosis of the treated group did not show obvious difference from that of the control group at different time
points.
Conclusion: Single time magnetic fluid hyperthermia significantly inhibited growth of grafted H22 tumor in mice,
which mainly resulted from inducing necrosis while not inhibiting VEGF expression or inducing apoptosis.
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Introduction

The use of local hyperthermia for tumor therapy can

be traced back thousands of years. Today, common

heat therapies used clinically include microwave,

radiofrequency, laser and ultrasound. Magnetic fluid

hyperthermia is based on the principle that magnetic

nanoparticles exposed to an alternating magnetic

field can be heated to curable temperatures. The

feasibility of magnetic fluid hyperthermia in tumor

therapy has already been validated by some reports

[1–3], but the molecular mechanism and route by

which magnetic fluid hyperthermia inhibits tumor

growth requires further research. It was previously

reported that the home-made water-based dextran-

coated magnetic fluid (dextran magnetic fluid) used

in vivo was tolerable, safe and biocompatible [4].

In this paper, we observed effects of magnetic fluid

hyperthermia on the growth of grafted H22 tumor

and the change on vascular endothelial growth factor

(VEGF) expression and apoptosis with time after

heat treatment. This study enhances the under-

standing of the mechanism of tumor growth inhibi-

tion under magnetic fluid hyperthermia.

Materials and methods

Animal and cell line

BALB/c mice (about 20 g, male, specific-pathogen

free) were purchased from the Laboratory Animal
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Center of Shanghai. The use and management of

animals was legally acquired and conducted in

compliance with the principles expressed in the

Guide for the Care and Use of Laboratory Animals

of China. The mouse hepatoma cells (H22) were

offered by the Department of Laboratory Animal of

Hebei Medical University.

Grafted tumor growth

1� 107/0.1 ml of H22 cells were subcutaneously

injected into the flank of the mice. After four days,

the mice were randomly divided into four groups

with eight mice in each group. The average volume

of tumors was 115.65� 30.23 mm3. The mice

were anesthetized with pentobarbital sodium before

treatment. The treatment group was injected at five

different points within the tumor with 0.2 ml of

dextran magnetic fluid (including 24.16 mg ferrite

particles with an average diameter of about 15 nm

[4]. The mice were subsequently exposed to an

alternating magnetic field generated from a designed

device, once with the maximum magnetic intensity of

55 kHz 20 kA/m for 10 min. The three control groups

were respectively: intratumorally injected with 0.2 ml

physiological saline; with 0.2 ml physiological saline

and exposed to 55 kHz 20 kA/m alternating magnetic

field once for 10 min; and with 0.2 ml dextran

magnetic fluid. Three mice were chosen randomly

from each group to detect real-time intratumoral

temperature by fiber-optic detection (FOT-M fiber-

optic sensors and FTI-10 signal conditioners, FISO

technologies Inc., Canada), while another three

were selected to examine the rectal temperature.

Mice were sacrificed after two weeks. Tumor mass

was weighed to calculate the ratio of inhibition.

Ratio of inhibition (%)¼ (tumor weight of control

group� tumor weight of treatment group)/tumor

weight of control group� 100.

VEGF expression and apoptosis

Other mice were inoculated as the above and divided

into two groups. At the fourth day after inoculation,

mice of the treatment group were injected intratu-

morally with 0.2 ml dextran magnetic fluid and mice

of the control group were injected with physiological

saline. Both groups were exposed to a 55 kHz

20 kA/m alternating magnetic field for 10 min.

Animals of both groups were sacrificed at 0 h, 1 h,

5 h, 24 h, 48 h and 336 h after treatment. Histology,

VEGF expression and apoptosis in the tumor tissue

were analyzed in three mice at each time point.

Tumor tissues injected but not exposed to the

magnetic field were used as a 0 h control.

Flow cytometry analysis. Cell suspension was made

from fresh tumor tissue by using phosphate buffer

saline (PBS) as medium, and centrifuged at low

speed (1000 rpm) in order to mostly remove the

fragment cause by necrotic cells or operation. Cell

concentration was 1� 106/ml. A 1- ml cell suspen-

sion was centrifuged and re-suspended with 0.1 ml

PBS, then added with 2mg (10 ml) rabbit anti-mouse

VEGF antibody (Youyi Zhonglian Biotechnology

Co. Ltd) for 1 h, washed three times with PBS,

added with FITC-labeled goat-anti-rabbit IgG

(Sino-American Biotechnology Co.) for 30 min,

washed with PBS. Cell filtrate was analyzed using

FACS Aria cell cytometry (BD Co., USA, excitation

light wave length 488 nm).

Another 1 ml cell suspension was centrifuged and

resuspended with 0.1 ml PBS, and then dyed with

5 mg/ml propidium iodide (PI) for 30 min. Cells

were washed with PBS and filtrate and analyzed

using FACS Aria cell cytometry.

Histological and immunohistochemical detection. Some

tumor tissue was fixed with formaldehyde,

embedded with paraffin and then sliced into sections.

The histological detection was conducted after those

sections were stained with hematoxylin-eosin (HE).

VEGF expression of tissue sections was detected by

the ABC method according to the instructions in the

ABC kit user manual (purchased from Huamei

Biotechnology Co. Ltd). Rabbit anti-mouse VEGF

antibody (purchased from Youyi Zhonglian

Biotechnology Co. Ltd) was used as the primary

antibody. The biotin-labeled goat-anti-rabbit IgG

(Sino-American Biotechnology Co.) was used as

the second antibody. PBS instead of anti-VEGF

antibody was used as the control. 3,30-diaminoben-

zidine (DAB) was used as the substrate. The results

were analyzed by image-analysis system (HPIAS-

1000 image-analysis system, product of Tongji

Medical University, China). Samples with an optical

absorbency larger than the control by at least the

mean value plus twice the standard deviation (SD)

were defined as positive.

In situ apoptosis detection. Slices were examined by

terminal deoxynucleotidyl transferase (TdT)-

mediated dUTP nick-end labeling (TUNEL)

method to show apoptosis in tissue sections.

The TUNEL assay kit was purchased from Sino-

American Biotechnology Co. and applied according

to the instructions in the user manual.

Statistical analysis

Data was reported as the mean�SD and analyzed

with Microsoft Excel. Statistical difference between

treatment groups and control groups was determined

by a two-tailed t test. Statistical significance was

designated as P< 0.05.
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Results

Effect on grafted tumor growth

The tumor weight of the treatment group was less

than that of the three control groups; the ratios of

inhibition were all above 30%, but only the difference

between the first control and treated group has

statistical significance (P< 0.05). Tumor weights

of the grafted tumors are shown in Table I.

Intratumoral temperature and rectal temperature

Treating the tumor with dextran magnetic fluid and

then exposing it to an alternating magnetic field

resulted in intratumoral temperatures rising to 41�C

within 2–3 min. The intratumoral temperatures were

able to be kept at or above 41�C until the end of

treatment. The intratumoral temperature could

reach as high as 48�C in the treatment group,

whereas the temperature in the control groups

remained fairly unchanged during exposure to the

magnetic field. However, rectal temperatures in the

treated group were almost the same as those in

control groups during the entire treatment.

Intratumoral and rectal temperature curves for

a representative mouse are shown in Figure 1.

Histological detection

Intratumoral injection allows the dextran magnetic

fluid to infiltrate into the tumor tissue, although not

with a uniform distribution. Necrotic areas in tumor

tissue became larger with the lengthening of treat-

ment. 48 h after treatment with a magnetic field,

the necrotic area in the treated group tumor

tissue was larger than that of the control group, and

mainly distributed around the magnetic fluid.

Representative tissue sections stained by HE are

shown in Figure 2.

VEGF expression

Through immunohistochemical analysis, VEGF

expression in the tumor tissue at different time

points post-treatment did not show obvious differ-

ences between the treated and control groups. The

VEGF expression of tumor tissues at 24 h detected

by immunohistochemistry is shown in Figure 3.

At 0 h, 1 h, 5 h, 24 h, 48 h, and 336 h after

treatment, the VEGF expression of tumor tissues

was analyzed by flow cytometry analysis. The results

are shown in Figure 4. No statistical significant

differences were found between subsequent time

points or between treated and control groups at the

individual time points.

Apoptosis

Examined by in situ apoptosis detection, the

numbers of apoptotic cells at different time-points

after treatment were similar. The apoptotic situations
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Figure 1. The temperature curve examined by fiber optic detection: (A) intratumoral temperature; (B) rectal temperature;
(a) injecting with magnetic fluid and exposed to magnetic field; (b) injecting with physiological saline and exposed to
magnetic field.

Table I. The effect of hyperthermia with dextran mag-
netic fluid on grafted tumor growth.

Tumor weight (g)
Ratio of inhibition (%)

Groups vs. 1 vs. 2 vs. 3

1 5.45� 1.48

2 4.62� 2.67

3 3.68� 1.79

4 2.19� 1.89 59.74* 52.51 40.35

1: injected with physiological saline; 2: injected with physiological
saline and treated with magnetic field; 3: injected with magnetic
fluid; 4: injected with magnetic fluid and treated with magnetic
field. *P<0.05.
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of representative tissue sections at 48 h after treat-

ment are shown in Figure 5.

The apoptotic ratio was analyzed by flow cytome-

try analysis. It was shown that apoptotic cell numbers

of the treated and control groups both increased and

reached the apogee at 5 h after treatment. However,

there was no statistical significance between different

time points and different groups. The results of the

flow cytometry analysis are shown in Figure 6.

Discussion

It has been reported that magnetic fluid hyperther-

mia can be used in tumor therapy. Johannsen et al.

reported that the temperature in rat prostate tumors

can reach 70�C after having been injected

with magnetic fluid and exposed to a magnetic

field of 100 kHz 18 kA/m for 30 min. After being

exposed to a magnetic field of 12.6 kA/m for 30 min,

Figure 2. The tumor tissues stained by hematoxylin-eosin (HE). (A) 1 h after injecting with physiological saline;
(B) 1 h after injecting with magnetic fluid; (C) 1 h after injecting with physiological saline and exposed to magnetic field;
(D) 1 h after injecting with magnetic fluid and exposed to magnetic field; (E) 48 h after injecting with physiological saline and
exposed to magnetic field; (F) 48 h after injecting with magnetic fluid and exposed to magnetic field. (The black points in
B, D and F were the magnetic fluid. The scale bars represent 50mm. A little necrosis was shown near magnetic fluid in D.
Compared with A, B, C, D and E, more nucleus disaggregation and cell broken were shown around magnetic fluid in F.
The necrosis in E is near the center of the tissue, however, the necrosis in f is distributed around magnetic fluid.)
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tumor growth in the treated group was inhibited

compared to that of the control group, with an

inhibitive ratio of 44–51% [3]. The results in this

paper also prove that single magnetic fluid hyperther-

mia can inhibit the growth of grafted tumors in mice.

Data show that local hyperthermia treatment can

induce an immunology reaction [5], tissue necrosis

[6] and cell apoptosis [7], increase vessel perme-

ability [8, 9], and inhibit tumor cell infiltration and

migration [10]. In short, it has various effects on

tumor growth, but the molecular mechanism of local

hyperthermia as well as magnetic fluid hyperthermia

still remains uncertain. Vertrees et al. treated normal

human bronchus epithelium cell BEAS2-B and its

corresponding malignant cell BZR-T33 in 43�C

for 180 min, during which it could be seen that

nucleic acid polymerase degraded, tumor necrosis

(TNF)-related apoptosis-inducing ligand (TRAIL)

increased by 5–7 times, and percentage of apoptotic

malignant cells increased. Compared with normal

cells, malignant cells had lower viability and were

difficult to cancerogenesis [7]. But Komata et al.

reported that to human glioblastoma U251-MG and

U87-MG, hyperthermia only caused arrest and

autophagy of cells rather than apoptosis [11].

Nakahata et al. dealt with several kinds of normal

and tumor cells at 43�C for 2 h, which showed that

abnormal centrosomes appeared in tumor cells; with

time passing, the number of cells with multiple

nucleoli increased. The nuclear morphology of those

cells looked like that of apoptotic cells, but on the

fourth day after treatment no DNA ladder could be

detected and no apoptotic signal appeared in the

in-situ apoptosis detection. Those results suggested

that the death of those tumor cells was not caused by

apoptosis, but rather by the disruption of mitosis

[12]. In our experiments, the apoptotic situation of

treated and control tissues did not show statistical

difference two weeks after magnetic fluid hyperther-

mia treatment. The apoptotic situation of treated and

control tissues at different time points after

hyperthermia also did not show any obvious differ-

ences. According to these results, apoptosis was not

an inevitable reaction to the magnetic fluid

hyperthermia treatment. Inducing apoptosis was

not the main reason for inhibition of grafted tumor

growth following magnetic fluid hyperthermia.

A previous report shows that treatment at 41�C for

90 min made VEGF secretion in endothelial cells

decrease [13]. In vivo, hyperthermia increases vessel

permeability [8, 9]. Therefore, hyperthermia

represses angiogenesis to inhibit grafted tumor

growth. But the VEGF expression of tumor tissues

was examined at different times after hyperthermia

treatment, and there was no significant change

between the treated group and matched control

group. VEGF is a particular promoter for angiogen-

esis. These results suggest that anti-angiogenesis was

Figure 3. The vascular endothelial growth factor (VEGF) expression of tumor tissues at 24 h after treating with magnetic
field stained by immunohistochemical method. (A) injected with physiological saline; (B) injected with magnetic fluid.
(The scale bars represent 50mm. VEGF was distributing in cytoplasm and intercellular substance. The intensity in B seemed
higher than in A.)
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not the reason for hyperthermia-inhibited grafted

tumor growth.

Local thermotherapy causes tissue damage, which

has two stages: (1) direct injury caused by heating;

(2) indirect injury after heating; necrosis of tumor

tissues is mainly caused by direct injury [14].

Eikesdal et al. treated rat BT4An tumors at 44�C

for 60 min. Compared with the control group, single

treatment induced delay of tumor growth; 25–50% of

blood vessels in the tumor were destroyed, especially

in the center of the tumor [15]. Nikfarjam et al.

treated normal liver and colorectal liver metastases

by Neodymium-Yttrium-Aluminium Garnet Laser

(Nd-YAG) with 2 W 100 J for 50 s. Necrosis,

apoptosis, and vascular injury were analyzed at

24 h, 48 h, 72 h, 120 h, and 168 h after treatment.

Their results showed that heat treatment induces

damage to the microvessels and tissue immediately,

and increases apoptosis in the tissue [16]. After heat

treatment, vascular and tissue injury still increase

gradually, with vascular injury appearing earlier than

tissue injury [9], but apoptosis is stable [16], which is

consistent with the tendency that the volume of

necrosis in tumor tissue increases with time.

Consequently, the temporal decrease of VEGF in

the experiment might be caused by necrosis of the

vessels and tissue. Necrosis is the main reason for

magnetic fluid hyperthermia inhibition of grafted

tumor growth.

Furthermore, experiments have shown that,

in vitro, magnetic particles inhibit proliferation of

human fibroblast cells; decrease the survival rate of

the cells [17], induce Hep-6 cell apoptosis [18], and

cause cell disruption [19]. Although in the experi-

ment, magnetic particles were not seen inside the

cell, the difference of tumor growth between the

group injected with magnetic fluid and the group

injected with saline has no statistical significance, but

it could not be entirely denied that magnetic particles

or the magnetic field itself could also inhibit tumor

growth. Therefore, further lengthy observations are

needed to evaluate the effect of magnetic particles on

tumor tissues and cells, and further research is

needed to reveal the mechanism of magnetic fluid

hyperthermia on tumor growth.

Conclusion

Single time magnetic fluid hyperthermia is able to

inhibit grafted tumor growth in the H22 mouse

model significantly. Induced necrosis, while not

inhibiting VEGF expression or inducing apoptosis,

is the main reason for magnetic fluid hyperthermia

inhibited grafted tumor growth.
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