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Abstract

The endocytosis of nanosized magnetic particles by tumor cells led to numerous tests to establish the use of this
phenomenon in antitumor therapy. The direct antitumor e!ect of a biocompatible cobalt-ferrite-based magnetic #uid
directly inoculated in bitch mammary tumors was studied. A direct correlation between tumor cell lysis and cobalt ferrite
was established in tumors. Massive endocytosis of magnetic particles was observed 1 h after the contact of magnetic #uid
with tumor cells. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lately, a lot of research has been directed at
using magnetic #uids in cancer therapy. From all
experiments an increased ability of tumor cells to
take up magnetic nanoparticles resulted [1}3].
Based on these observations varied methods using
magnetic #uids for tumor cells lysis were employed.
Some recent studies [4}8] pointed out the lysis of
the tumor cells that had endocitosed magnetic par-
ticles by, controlled hyperthermia, induced by an
external AC magnetic "eld. But the methods are
fastidious and could a!ect the normal cells [7] from
the organs in that the magnetic particles are stored
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after crossing the blood barrier. Recently, remark-
able progress has been obtained in anticancer ther-
apy by using magnetic #uids as antitumor drug
carriers [9}11].
The direct intratumor inoculation of antitumor

drug magnetic carriers has the advantages of high
local drug concentration and of the use of anti-
tumor drugs in smaller doses.
If tumors are di$cult to reach, then the only

possibility of administering antitumor drugs bound
to magnetic carriers is by using the blood circula-
tion. But intravenous inoculation requires higher
doses of magnetic drug carriers to compensate for
the loss of material, which ends up mainly in liver,
spleen and the macrophages system. On the other
hand, high doses of cytostatic substances and
magnetic #uids intravenously inoculated could
induce general toxic e!ects. The lethal doses are
determined by magnetic particle concentration,
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complementary substances and animal species
[12}14]. Among the animals used for experiments
with magnetic #uids, dogs seemed to be more sensi-
tive. For example, the lethal dose of dextran mag-
netic #uid injected intravenously was "ve times
smaller in mg/kg body weight than in mice.
Coupling anticancer drugs to magnetic particles

allows to inoculate these compounds in the vascu-
lar network around the tumor and to maintain the
magnetic #uid in the area with the help of some
magnets, thus allowing the progressive release of
antitumor substance [15}18].
Another advantage of employing magnetically

targeted antitumor drugs is the accumulation of the
anticancer drug e!ects with cell lysis induced by
magnetic nanoparticles.
More and more observations report the destruc-

tion of tumor cells due to the blocking of the
substances transport through the vascular en-
dothelium because of mechanical clogging of mag-
netic nanoparticles on the vessels wall. Also, by
overloading with magnetic particles due to a mass-
ive nonspeci"c endocytosis the tumor cells are de-
stroyed [13].
The endocytosis phenomenon is a means of

transportation of substances through cell mem-
branes with the help of vesicles. The endocytosis
may be nonspeci"c when the inclusion of substan-
ces is not made by speci"c receptors or it may be
speci"c when it is mediated by speci"c membrane
receptors.
The most familiar type of speci"c endocytosis

occurs during low-density lipids (LDL) formation.
This mechanism controls the intracellular choles-
terol concentration. The LDL size (20}25 nm) is
close to that of magnetic particles in the #uid struc-
ture.
Endocytosis is more intense in cells with higher

proliferative ability such as "broblasts, epithelial
cells and committed blood cells where more nutri-
tive substances are needed and the transmembrane
transport is faster.
In the case of hyperplasia and hypertrophy of

these cells (as modi"cation characteristic to tumor
process) the endocytosis is intensi"ed and loses its
speci"city. Cells with high turn-over must get large
supplies to be able to replicate, and if nanoparticles,
which are similar in size to organic compounds, are

present in the extracellular matrix, then they can be
endocitosed fast. This also happens to magnetic
particles, which are taken up fast and overload the
cell, blocking the cell multiplication and leading to
lysis [1,19].
Our experiments are preliminary investigations

regarding the e!ect of cobalt ferrite magnetic #uids
250G on the tumor cells of bitch mammary aden-
ocarcinoma during a 24 h period.

2. Materials and methods

Water-based magnetic #uid with saturation
magnetization 250G having CoFe

�
O

�
nanopar-

ticles was used. These were obtained by chemical
coprecipitation of Co�� and Fe�� ions in NaOH
solution 6N, the particles being sterically stabi-
lized by oleic acid double layer. The size of
nanoparticles was about 110As . This type of mag-
netic #uid (MF) was selected from a large variety of
magnetite nanoparticle samples currently prepared
[20] for technical [21] and biological applications
[22].
The toxic e!ect of cobalt ferrite MF was experi-

mented on cow follicular cells culture. The 0.4 and
0.2mg cobalt ferrite/1ml cell culture doses were
well supported until 24 h when the cell lysis was
observed (paper submitted).
The magnetic #uid was inoculated directly into

the mammary tumors of bitches brought for treat-
ment at the Surgery Clinic of the Faculty of Vet-
erinary Medicine Timisoara and at two Private
Veterinary Practices. The experiments were made
after getting the agreement of animal owners.
Mammary tumors of about 100}120 cm� were
chosen to provide enough tumor tissue. The ani-
mals were between six and eight years old and their
body weight between 15 and 17 kg.
The magnetic #uid was inoculated in four sym-

metrical points of the tumor, releasing the magnetic
#uid slowly while extracting the needle from the
tumor.
The applied doses of magnetic #uid took into

account the dog's higher sensitivity for magnetic
#uid. We took into consideration the observations
regarding magnetic dextran microspheres. The
lethal dose in dogs after intravenous injection is
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Table 1
Endocytosis of magnetic cobalt ferrite particles over time

Time of tumor Cobalt ferrite doses
resection

7.25 mg/cm� Tumor 14.5 mg/cm� Tumor

Total number of
inspected tumor
cells

Number of
endocitosing
cells

Fraction of
endocitosed cells
(%)

Total number of
inspected tumor
cells

Number of
endocitosing
cells

Fraction of
endocitosed cells
(%)

20min 1018 543 53 1003 572 57
1h 1076 692 64.3 1024 931 90.91
6 h 1022 789 77.2 1015 996 98.12
24h Most tumor cells are in lysis

0.5}0.9 g/kg body [15] and we thus used 10 and
5 times smaller concentrations.
In a "rst group of four tumors 2.5}3ml of cobalt

ferrite magnetic #uid was inoculated, correspond-
ing to 7.25mg cobalt ferrite/cm� tumor and
48.33mg cobalt ferrite/kg body. The amount of
magnetic particles in the tumor tissue (cells and
extracellular matrix) never came close to or ex-
ceeded the whole body lethal doses.
Five-ml cobalt ferrite magnetic #uid and 14.5mg

cobalt ferrite/cm� tumor and 96.6mg/kg body
weight, respectively, were inoculated to a second
group of fourth mammary tumors.
From each group of bitches a tumor fragment

was resected at 20min, 1 h, 6 h and 24h after mag-
netic #uid inoculation. The tumor fragments were
taken both from near the MF injection points and
from peripherical zones. The tumor fragments were
"xed in formalin and prepared for cytohistological
studies by H&E and Perls methods. Perls iron stain
is the classic method for demonstrating iron in
tissues. The section is treated with dilute hydro-
chloric acid to release ferric ions from binding
proteins. These ions then react with potassium
ferrocyanide to produce an insoluble blue
compound (the Prussian blue reaction).
The percentage of tumor cells, which had en-

docitosed cobalt ferrite particles, was calculated
microscopically for every magnetic #uid dose and
the state of tumor cells was also studied.
From every tumor as many cells as possible

(approximately 1000) were counted on serial slides
and the percentage of tumor cells with endocitosed

magnetic particles calculated. The resected tumor
glands had a weight between 130 and 150 g.

3. Results and discussion

The cytohistological investigations of mammary
tumors inoculated with cobalt ferrite magnetic #uid
revealed that after 20min almost half of the tumor
cells endocitosed magnetic nanoparticles. The nor-
mal glandular cells and other cell types did not take
up magnetic nanoparticles.
Twenty minutes after the intratumor administra-

tion of the two magnetic #uid doses there was only
a slight di!erence between them regarding the per-
centage of tumor cells with endocitosed nanosize
particles. After 1 h the di!erence between the two
groups increased. The percentage of tumor cells
with included nanosize particles was higher than
90% in the case of 14.5mg cobalt ferrite/cm�

tumor dose. In the case of tumors inoculated with
7.25mg cobalt ferrite/cm� tumor, the tumor cells
that included cobalt ferrite were close to 64%
(Table 1).
In the case of mammary tumors inoculated with

7.25mg cobalt ferrite/cm� tumor the percentage
increased progressively at 1 h and 6 h. After 6 h a lot
of tumor cells with endocitosed magnetic nanopar-
ticles were observed in various necrosis processes.
After 24 h most of the tumor cells were destroyed,
but intact tumor cells were still detected, especially,
far from the point of magnetic #uid inoculation
(Fig. 1).
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Fig. 1. Bitch mammary tumor inoculated with 7.5mg cobalt
ferrite/1 cm� tumor, after 24 h. Arrows indicate tumor cells that
have not taken up cobalt ferrite nanoparticles.

Fig. 2. Necrosis of the tumor cells at 24 h after inoculation of
14.5mg cobalt ferrite/1 cm� tumor.

Fig. 3. Sagital section of the mammary tumor inoculated with
14.5mg cobalt ferrite/1 cm� tumor after 24 h. Arrows indicate
necrosis foci.

The presence of intact tumor cells could be no-
ticed both at of a low concentration and at a slow
di!usion of magnetic nanoparticles in cellular
matrix. We must also take into consideration the
magnetic #uid, which passed in blood stream.
These phenomena diminish the uptake of cobalt
ferrite particles and allow the tumor cell's prolifer-
ation.
The microscopical investigations revealed near

MF injection points some clogging of magnetic
particles on the vessels wall.
In the case of mammary tumors inoculated with

14.5mg cobalt ferrite/cm� tumor the spreading of
magnetic #uid was faster and extensive. After
20min more than 57% of tumor cells endocitosed
magnetic nanoparticles. The magnetic #uid di!u-
sion was faster and the vessel wall was full of
magnetic particles. After 1 h 90% of tumor cells
were full of magnetic nanoparticles and after 6 h
practically all the tumor cells were overloaded with
nanoparticles. This nonspeci"c endocytosis of co-
balt ferrite particles is proportional to their concen-
tration in the extracellular matrix. Most often the
endocytic vesicles can fuse with other vesicles and
the magnetic material was stored in the cell. After
6 h the necrosis of tumor cells was intense (Fig. 2).
Frequently, cell membrane and nuclear disintegra-

tion were noticed. The sagital section of the tumor
revealed a pronounced dispersion of magnetic #uid
in the whole tumor and a lot of necrosis foci (Fig. 3).
The microscopical examination showed massive

necrosis of tumor cells in the mammary tumor
resected 24 h after magnetic #uid inoculation.
Tumor cells without endocitosed cobalt ferrite
particles were not observed any longer. The
microscopic examination of this last tumor pointed
out a "brocarcinoma type. Besides glandular
tumor cells, many hypertrophied and hyperplasic
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Fig. 4. Glandular tumor cells overloaded with magnetic particle
vesicles. Fibrocarcinoma mammary tumor inoculated with
14.5mg cobalt ferrite/1 cm� tumor.

"broblasts that endocitosed cobalt ferrite were ob-
served, too (Fig. 4).
These observations led to the conclusion that

magnetic #uids with a certain magnetic particles
concentration and nanosize (especially 20}25nm)
realize cell membrane transport troubles of vascu-
lar network that blocks the O

�
and nutrient supply

of cells. The capillaries transcytosis is a!ected
mostly.
Under these circumstances, the tumor cells

which continuously multiply and need large
amounts of nutrient supply lose their functional
speci"city, including that of endocytosis. So, such
tumor cells endocitosed a lot of substances from
extracellular matrix whose nanometrical sizes are
not too big and, more than that exhibit a hydro-
phobic cover resembling LDL.
The massive uptake of magnetic nanoparticles

overloads the tumor cells that cannot get rid of
them. So, the magnetic particles are like &Trojan
horse', leading to tumor cell lysis. Supposedly, the
tumor cells lysis could also be a magnetolysis. In-
deed, subdomain-sized cobalt ferrite nanoparticles
have a permanent magnetic moment,m"M

�
<(M

�
* saturation magnetization of CoFe

�
O

�
, < *

particle volume). Once these little magnets arrive in
cells, they can modify orientation and function of
inner organelles and of structures with obvious

polarity such as microtubules. So, the magnetic
nanoparticles clog polymerization and depolymer-
ization of microtubules, which leads to cytos-
keleton alteration and hinders the formation of
division spindle, blocking the multiplication. More
than that, the magnetic #uid remanence in the
tissue and in the blood stream prevents the devel-
opment of tumor tissue.
The cells destruction is obviously due to mag-

netic particle endocytosis. However, it is necessary
to study the behavior of tumor tissue for a longer
period of time after magnetic #uid inoculation. One
must also establish whether tumor cells destruction
is complete, which is the magnetic #uid remanence
in the tissue as well as the recovery ability of a!ec-
ted tissue, objectives which we will take into consid-
eration in the next stages.

Acknowledgements

We are indebted to Professor Ioan Anton, mem-
ber of the Romanian Academy, for his long-term
interest in our work on biomedical applications of
magnetic #uids. We would also like to thank
Dr. Gabriel Radbea and Dr. Marius Ga( nga� from
Sal } Vet Veterinary Practice Timisoara, for pro-
viding the animals for the experiments.

References

[1] A.R. Harutyunyan, A.A. Kuznetsov, O.A. Kusnetsov,
J. Magn. Magn. Mater. 194 (1999) 16.

[2] A. Jordan, R. Scholtz, P. Wust et al., Int. J. Hyperthermia.
12 (1996) 587.

[3] A. Jordan, P. Wust, R. Scholtz et al., Int. J. Hyperthermia.
13 (1997) 687.

[4] J.C. Bacri, Da Silva, Perzynski, in: U. HaK feli, W. SchuK tt,
J. Teller, M. Zborowski (Eds.), Scienti"c and Clinical Ap-
plication of Magnetic Carriers, Plenum Press, New York,
1997 p. 597.

[5] D.C. Chan, D.B. Kirpotin, P.A. Bunn, in: U. HaK feli, W.
SchuK tt, J. Teller, M. Zborowski (Eds.), Scienti"c and Clini-
cal Application of Magnetic Carriers, Plenum Press, New
York, 1997, p. 607.

[6] A. Jordan, P. Wust, R. Scholtz, in: U. HaK feli, W. SchuK tt,
J. Teller, M. Zborowski (Eds.), Scienti"c and Clinical Ap-
plication of Magnetic Carriers, Plenum Press, New York,
1997, p. 569.

[7] A. Jordan, R. Scholtz, P. Wust et al., J. Magn. Magn.
Mater. 194 (1999) 185.

M. S7 incai et al. / Journal of Magnetism and Magnetic Materials 225 (2001) 235}240 239



[8] M. Shinkai, M. Yanase, M. Suzuki, J. Magn.Magn. Mater.
194 (1999) 176.

[9] L.M. Allen, T. Kent, Cristina Wolfe et al., in: U. HaK feli, W.
SchuK tt, J. Teller, M. Zborowski (Eds.), Scienti"c and Clini-
cal Application of Magnetic Carriers, Plenum Press, New
York, 1997 p. 481.

[10] A.S. LuK bbe, C. Bergemann, J. Brock, D.G. Mc Clure,
J. Magn. Magn. Mater. 194 (1999) 149.

[11] S.K. Pulfer, J.M. Gallo, in: U. HaK feli, W. SchuK tt, J. Teller,
M. Zborowski (Eds.), Scienti"c and Clinical Application of
Magnetic Carriers, Plenum Press, New York, 1997, p. 445.

[12] M. Kresse, S. Wagner, K. Philipp et al., Proc. Int. Symp.
Control. Rel. Bioact. Mater. 24 (1997) 93.

[13] O.A. Kusnetsov, N.A. Brusentsov, A.A. Kusnetsov, J.
Magn. Magn. Mater. 194 (1999) 83.

[14] Z.G. Lacava, R.B. Azevedo, L.M. Lacava, J. Magn. Magn.
Mater. 194 (1999) 90.

[15] S. Goodwin, C.Hoh Peterson et al., J. Magn.Magn. Mater.
194 (1999) 132.

[16] A.A. Kusnetsov, V.J. Filippov, O.A. Kusnetsov, J. Magn.
Magn. Mater. 194 (1999) 20.

[17] A.S. LuK bbe, C. Bergeman, in: U. HaK feli, W. SchuK tt, J.
Teller, M. Zborowski (Eds.), Scienti"c and Clinical Ap-
plication of Magnetic Carriers, Plenum Press, New York,
1997, p. 457.

[18] A.F. Tsyb, S.Y. Tremasov, R.G. Nikitina, J. Magn. Magn.
Mater. 85 (1990) 290.

[19] R. Sheng, G.A. Flores, J. Liu, J. Magn. Magn. Mater. 194
(1999) 167.

[20] Doina Bica, Rom. Rep. Phys. 47 (1995) 265.
[21] I. Anton, I. De Sabata, L. Vekas (invited), J. Magn. Magn.

Mater. 85 (1990) 219.
[22] Gallia Butnaru, D. Terteac, I. Potencz, J. Magn. Magn.

Mater. 201 (1999) 435.

240 M. S7 incai et al. / Journal of Magnetism and Magnetic Materials 225 (2001) 235}240


