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Magnetoliposomes (MLs) were conjugated with an antibody fragment to give specificity to a tumor.
The antibody fragment was cross-linked tdN-(6-maleimidocaproyloxy)-dipalmitoyl phosphatidylethanol-
amine (EMC-DPPE) in liposomal membrane. The immobilization of the antibody fragment was optimal
when the content of EMC-DPPE was 10-wt% and the reaction time for immobilization was 18 h. The
Fab' fragment-conjugating MLs (FMLs) were 2.4 times higher molar immobilization density compared
with the method using the whole antibody. The targetability of the FMLs to the glioma cells, U251-SP,
was then investigated. The amount of FMLs uptake reached 85 pg/cell in @nm vitro experiment using
plastic dishes. In anin vivo experiment using glioma-harboring mice, 26Qug of the FMLs per 1 g of
tumor tissue accumulated (tumor sizes was 0.1 épnwhich corresponded to approximately 60% of the
total injection. This value was 7 times higher than that of the MLs. After injection of the FMLs, mice
were exposed to intracellular hyperthermia using the alternating magnetic field irradiation. The tem-
perature of tumor tissue increased to 4% and the growth of the tumor was found to be arrested over 2
weeks. These results indicate the FMLs could target the glioma celiis vitro and in vivo, and are effi-
ciently applicable to the hyperthermia of tumor.

Introduction magnetic field and cancer specific heating is available.
We have developed “magnetite cationic liposomes
Hyperthermia is a therapy based on the fact that(MCLs)” as a “magnetoliposomes (MLS)” containing
tumor cells are more sensitive to temperature in thecationic lipid (Shinkaiet al., 1996). MCLs show ten
range of 42—4%C than normal tissue cells (Cavaliere times higher affinity for glioma cells than that of the
et al.,, 1967; Overgaard and Overgaard, 1972; MLs with neutral charge, because of the positive charge
Overgaard, 1977). Unlike chemotherapy and radio- on the surface. It has been proven that the high affinity
therapy, hyperthermia itself has few side effects. Vari- of magnetite to the cells allows complete killing of
ous methods have been reported to achieve cancetumors (Yanaset al., 1997, 1998a). However, its cati-
hyperthermia (Lyonst al., 1984; Hiraokaet al., 1994). onic charge causes adsorption in normal cells. There-
However, almost all of these methods heat not onlyfore, administration of MCLs is limited to a direct in-
the tumor, but also normal tissue, in which animal bod- jection into the tumor tissue. From this background, a
ies tested will be damaged by nonspecific heating. novel magnetic particle, which can adsorb to only tar-
Therefore, a new method which can heat only a desir-get cells, should be developed.
able area and new heating mediator for this idea are Conjugation of antibodies to the magnetic parti-
needed. A few researchers have been investigatingles is one of the strong candidates to achieve the aim
submicron magnetic particles as the heating mediatormentioned above. We have developed “antibody-con-
(Tazawaet al.,, 1986; Jordaet al., 1993; Charet al, jugated magnetoliposomes” (Shinkaial, 1994b) and
1993; Shinkaet al., 1994a). If magnetic particles can an antibody-conjugated polyethylene oxide-magnetite
be accumulated only in the tumor tissue, they can gen-complex (Suzukiet al., 1996). However insufficient
erate heat by hysteresis loss under a high frequencyaccumulation of magnetite particles to tumor tissue was
a serious problem, because it resulted in insufficient
Received on July 11, 2000. Correspondence concerning thisheating in the cases of small tumor tissue. In the present
article should be addressed to T. Kobayashi (E-mail address:Paper, we developed unique antibody-conjugated MLs
takeshi@nubio.nagoya-u.ac.jp). with high affinity and high heating ability, and inves-
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tigated their affinity to glioma celig vitro andin vivo.
Moreover, their hyperthermia effect was demonstrated “ I'”f \'\' ""
Hy

using mouse subcutaneous tumor. NH:
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1. Materials and Methods Wi ﬂgg"

1.1 Reagents propanaie {EA0F] Fiak,
The magnetite particles were prepared by the ni- “ / i oTT

trite oxidation method as reported previously (Shinkai “_ BH ‘ﬂﬂ

et al, 1994b). Phosphatidylcholine (PC) was purchased Faity

from Wako Pure Chemicals Co. (Osaka, Japan) and
phosphatidylethanolamine (PE) from Tokyo Chemical
Industry Co. (Tokyo, Japan). Dipalmitoyl phospha-

tidylethanolamine (DPPE)N-succinimidyl-3-(2- _.u,,_i_,r_-,. " _;3'—
pyridyldithio)propionate (SPDP) and pepsin (1:10000, -
porcine stomach mucosa) were purchased from Sigma Magneioliposorms inciuding EWMC-DFPE

Chemicals Co. (St. Louis, MON-(6-maleimido-
caproyloxy)succinimide (EMCS) was from Dojin
Laboratories Co. (Kumamoto, Japan). All other chemi-
cals were purchased from Wako Pure Chemicals.
1.2 Cells and antibodies
A human glioma cell line U251-SP was maintained
at 37C in a 5% CQatmosphere in Eagle’s minimum
essential medium (Gibco BRL, Gaithersburg, MD)
supplemented with 10% fetal bovine serum, 5 mM
nonessential amino acids, and antibiotics (100 U/mldium phosphate buffer containing 0.15 M NacCl, pH
penicillin G, and 10Qug/ml streptomycin). The G22 7.5) at a molar ratio 50:1-8:1, and the mixture was
monoclonal antibody (IgG type 1) and its F(gfirag- reacted for 30 min at room temperature. Unreacted
ment, which specifically binds to the antigen of many SPDP was removed by gel filtration with 0.1 M ac-
gliomas cell lines containing U251-SP, was provided etate buffer containing 0.15 M NaCl (pH 5.0). SPDP-
by Dr. J. Yoshida of Nagoya University (Yoshiga modified antibody was reduced with 1,4-dithiothreitol
al., 1987). Sheep anti-mouse IgG antibody and its (25 mM) after nitrogen purge, 0.1 M acetate buffer,
F(ab), fragment were from Organon Teknika pH 5.0, for 90 min at room temperature. 1,4-
(Westchester, U.K.) and mouse monoclonal IgG (type Dithiothreitol was removed by gel filtration with 0.1
) as a control antigen for anti-mouse IgG antibody and M sodium phosphate buffer containing 5 mM EDTA
non-specific antibody against U251-SP was from (pH 6.0).
Bethyl Laboratories Inc. (Montgomery, TX, U.S.A.). F(ab), fragments were prepared by pepsin diges-
1.3 Synthesis ofN-(6-maleimidocaproyloxy)- tion of the whole antibody. The whole antibody (1 mg/
dipalmitoyl phosphatidylethanolamine (EMC- ml) was incubated with pepsin (5 mg/ml) in 0.1 M so-
DPPE) dium citrate buffer (pH 3.8) for 12—-15 h at°&7. Di-
The EMC-DPPE was synthesized as follows. gestion was terminated by adding 3 M Tris (pH 8.0) to
DPPE (34.5 mg, 49.9 mmol) and EMCS (32.5 mg, 105 a final concentration of 80 mM, then centrifuging
mmol) dissolved in chloroform (2.5 ml) containing tri- (10000x g, 30 min, 4C). The supernatant was dialyzed
ethylamine (5 mg) were reacted at60for 10 h. The  with 0.1 M acetate buffer (pH 5.0) for the following
reaction mixture was applied to 10 ml silica gel col- step. F(ah, fragments (1 mg/ml) were reduced with
umn, which had been activated (280 overnight be- 0.1 M acetate buffer containing 25 mM 1,4-dithio-
fore use), and then the column was washed with chlo-threitol (pH 5.0) for 90 min at room temperature to
roform. In the first step, free DPPE fraction was re- obtain the Fabfragment. Then, dithiothreitol was re-
moved with chloroform-methanol mixtures (20:1, v/ moved by gel filtration (Econopack 10DG column, Bio-
v). Then, the EMC-DPPE was eluted in chloroform- Rad, Hercules, HA) with 0.1 M sodium phosphate
methanol mixtures (5:1, v/v). The eluent containing the buffer containing 5 mM EDTA (pH 6.0).
EMC-DPPE was concentrated under reduced pressurel.5 Immobilization of antibodies on MLs

Fig. 1 Scheme of two immobilization methods of antibody
to magnetoliposomes

The resultant EMC-DPPE was dissolved in chloroform A procedure for preparation of the whole antibody-
and stored at —2C after nitrogen purge. conjugating magnetoliposomes (AbMLs) is shown in
1.4 Preparation of antibody fragments Fig. 1. The MLs were prepared by our previous method

SPDP (in a small proportion of methanol) was (Shinkaiet al, 1994b). An adequate amount of EMC-
added in the antibody solution (1 mg/ml, 0.1 M so- DPPE was added in the step of the preparation of phos-
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pholipid membrane in the bottom of a round flask. The 1.9 FMLs uptake by tumor cellsin vivo
reduced whole antibody (0-200 mg/ml) was added in 0.1 ml G22-FMLs or NS-FMLs (net magnetite: 5
MLs (net magnetite concentration: 1 mg/ml) and incu- mg/ml) were injected into tumors with a needle (nee-
bated for 20 h at€C in sodium phosphate buffer (con- dle size: 25G, 1.2 ml/h) using an infusion pump
taining 5 mM EDTA, pH 6.0). The resultant AbMLs (SP100i, World Precision Instruments Inc., Sarasota,
and free antibody were separated by centrifugation atFL, U.S.A.). At 24 h after injection, the mouse was
13000x g for 30 min. The amount of immobilized an- sacrificed and the tumor and organ were removed from
tibody was estimated from the differences of the anti- the mouse. The quantity of adsorbed magnetite was
body concentration in the reaction mixture before and measured by our previous method (Yanasel.,
after the immobilization. Antibody concentration was 1998a).
determined by protein assay (BCA Protein Assay Rea-1.10 In vivo hyperthermia
gent, Pierce, Rockford, Ill). The Fatvagments of the When ellipsoidal tumor tissue had grown to 1 cm
antibody and of the non-specific antibody were conju- in diameter, 0.1 ml G22-FMLs (net magnetite: 5 mg/
gated with MLs in the same way (FMLs and NS-FMLs, ml) were injected at the center of the tumor. At 24 h
respectively). after the injection, the mice were anesthetized and sub-
1.6 Binding activity assay jected to the magnetic field which was created by us-
To assess the binding activity of the antibody im- ing a horizontal coil (inner diameter: 7 cm; length: 7
mobilized on the AbMLs or FMLs, sheep anti-mouse cm) with a transistor inverter (LTG-100-05, (5.0 kW,
IgG was immobilized to the MLs. The 70 mg of mouse 118 kHz); Dai-Ichi High Frequency Co. Ltd., Tokyo).
IgG was added to the AbMLs or FMLs (net magnetite: Anesthetized mice were laid inside the coil such that
1 mg) and incubated for 4 h at room temperature. Thethe tumor region was at the center. The magnetic field
bound mouse IgG and free mouse IgG were separatedrequency and intensity were 118 kHz and 30.6 kA/m
by centrifugation (12008 g, 30 min). The amount of (384 Oe), respectively. The heat evolution rate of all
mouse IgG was determined by measuring the differ-types of MLs used in the present paper was 96 W/g at
ence in the protein concentration before and after thethis condition. Treatment was carried out for 30 min
antigen-antibody reaction by using the protein assay. and repeated three times at 24-h intervals. An optical
1.7 FMLs uptake by tumor cellsin vitro fiber probe (FX-9020; Anritsu Meter Co. Ltd., Tokyo)
U251-SP cells were used as model tumor cells andmeasured temperatures with the tumor surface and rec-
the uptake of FMLs were investigated. U251-SP cellstum. The temperature at the surface of the tumor was
(2 x 10 cells/ml) were cultivated in 35 mm tissue cul- lower than that in the inner part where the magnetite
ture dish with 2 ml of the medium. After 24 h, the existed when the mice was irradiated with the mag-
medium was replaced with G22-FMLs, NS-FMLs or netic field. Therefore, we measured the surface tem-
MLs containing the medium (net magnetite: 100 pg/ perature of the tumor to evaluate the feasibility of this
cell) and incubated at 8, under gentle shaking by a hyperthermia.
reciprocating shaker (SHK-320, Asahi Techno Glass Animal experiments were performed according to
Co., Tokyo, 70 rpm). After incubation for 1, 4 or 8 h, the principles laid down in the “Guide for the Care
the cells were washed with 1 ml PBS twice and har-and Use of Laboratory Animals” prepared under the
vested by a rubber policeman. The quantity of adsorbeddirections of the Office of the Prime Minister of Ja-
magnetite was measured by our previous methodpan.
(Shinkaiet al, 1996).
1.8 Preparation of tumor-bearing nude mouse 2
The U251-SP cells were subcutaneously trans-
planted in the femur of female 4-week-old KSN-nu/nu 2.1 Optimal preparation of antibody-conjugated
nude mice. A tumor tissue obtained from nude mice magnetoliposomes
was cut into pieces of about 2 mm in diameter and the In order to conjugate antibody to the
piece was used for transplantation of another mousemagnetoliposomes, the method using whole antibody
The transplanted tumors had grown to 1 cm in diam- (AbMLs) and the method using Fabagment (FMLS)
eter, approximately 3 weeks after transplantation. were comparedTable 1). Here, anti mouse IgG from
Tumor sizes were measured every 2 or 3 days. Thesheep was used as the antibody. The immobilization
volume was determined by the following formula density of FMLs was a little bit lower than that of

Results and Discussion

(Yoshidaet al., 1991): AbMLs. However, FMLs provided 2.4-fold higher
immobilization density (626 pmol/mg magnetite) than
Tumor volume = 0.5 (lengthx width?) AbMLs (258 pmol/mg of magnetite) on a molar basis,

since the molecular weight of the Féitagment (M.W.
where the units of length and width are centimeters. 46,000) is one third of the whole antibody (M.W.
150,000). Therefore, in the case of AbMLs, steric hin-

68 JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



Table 1

Immobilization density and antigen bind-
ing activity of antibody after immobili-

zation
FMLs AbMLs
Immobilization density 31.3 40.0
[ug of antibody/mg magnetite]
Molar immobilization density 626 258
[pmol of antibody/mg magnetite]
Antigen binding activity 79.0 18.1

[pmol of protein/mg magnetite]

Used antibody: Anti mouse IgG from sheep
Antigen: Mouse 1gG

Immobilization density of antibody

[ng /mg of magnetite]

Fig. 2

Immobilization density of antibody

[1Lg / mg of magnetite]

n
Q
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Time course of immobilization density of anti-
body to MLs. Added Féabfragments: 70 mg/
mg magnetite, EMC-DPPE content: 5% in
liposomal membrane
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Fig. 3 Variation of immobilization density against EMC-

DPPE content in liposomal membrane. Immobili-
zation time was 18 h. Added Fafragments: 70
mg/mg magnetite
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Fig. 4 Time courses of magnetite uptake by U251SP cells
in vitro. Data points and bars are means and SDs of
5 independent experiments. Refer to each abbre-

viation in text

drance of the antibody seems to decrease its immobili-
zation density. When mouse IgG was used as an anti-
gen, the antigen binding activity (79 pmol/mg of mag-
netite) of FMLs was 4 times higher than that (18.1
pmol/mg of magnetite) of AbMLs. A higher activity of
FMLs is due to a lower steric hindrance of the 'Fab
fragment than that of the whole antibody. Therefore,
FMLs were used further in the following experiments.

Next, optimization for the immobilization of the
Fab fragment was studied. The time course of the im-
mobilization of the Fabfragment to MLs is shown in
Fig. 2. The amount of the Falfragment conjugation
reached 17ug/mg magnetite after 18 h, and did not
increase further when the initial concentration of the
Fab fragment was 7@ig/mg-magnetite. On the other
hand, the effect of EMC-DPPE molar ratio on the
immobilization of the Falfragment to MLs are shown
in Fig. 3. The immobilization density increased with
the increase of the EMC-DPPE concentration from 0
to 10 mol% and did not show an obvious increase when
the concentration of EMC-DPPE was above 10 mol%.
From these results, the EMC-DPPE concentration of
10 mol% with the immobilization time of 18 h was
chosen to be optimal to the conjugation of the'Fab
fragment to the MLs.
2.2 In vitro uptake of antibody-conjugated

magnetoliposomes by tumor cells

From this experiment, the G22 antibody was used
instead of anti mouse IgG from sheep. The uptake of
G22-FMLs by tumor cellén vitro is shown inFig. 4.
The G22-FMLs were quickly incorporated in U251-
SP cells, and the maximum amount of uptake was 85
pg/cell after 4 h. This value was 100 times higher than
that of the MLs, and 5 times higher than that of the
NS-FMLs. In addition, the present value was about 20
times higher than that of our previous method (Shinkai
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-

Fig. 5 Magnetite uptake by tumor and various organs. Data
and bars are means and SDs of 5 independent ex-
periments. Refer to each abbreviation in the text

Fig. 6 Photographs of tumor specimens at 24 h after in-

. L S jection. A: G22-FMLs, B: NS-FML
et al, 1994b), because the immobilization density in : S S

the present method was 5 times higher than that in the
previous method. In contrast with NS-FMLs, G22-
FMLs achieved a high adsorption ratio through the in-
teraction of G22 monoclonal antibody with U251-SP.
The MLs showed very low adsorption since there was
no interaction of phospholipid membrane between the
cell surface and the liposomes. On the other hand, the
uptake of G22-FMLs was 1.5 times higher than that of
the MCLs. The amount of MCL uptake was sufficient
to heat tumor as shown in our previous results (Shinkai
et al., 1996). It means the G22-FMLs can heat tumors
better than the MCLs, and they can heat tumors more 34
specifically than the MCLs. i
2.3 In vivo uptake of antibody-conjugated 32 . . : :
magnetoliposomes by tumor cells 0 10 20 30
The uptake of G22-FMLs was investigated in an Irradiation time of magnetic field {min]
in vivo experiment Fig. 5). The G22-FMLs (260 mg)
were found to accumulate in the tumor. This amount Fig. 7 Temperature increase at tumor surface and in rec-
corresponded to 53% of the total injected amount, and tum during magnetic field irradiation. Data points
its value was approximately seven times higher than and bars are means and SDs of 5 independent ex-
that of the NS-FMLs. Injected NS-FMLs diffused in periments
the tumor tissue, and were removed from the tumor by
blood flow. On the other hand, the G22-FMLs adsorbed
on the tumor cell surface by the antigen-antibody re- The magnetite is shown as black regions in the speci-
action, and the G22-FMLs remained in the tumor tis- mens. As shown in the above results, the G22-FMLs
sue. In the case of the MLs, the maximum adsorptionare shown to have a high specific target ability for the
ratio of the magnetite was 58% in the liver, which was glioma cellsin vitro andin vivo.
two times higher than that of the G22-FMLs. The ac- 2.4 Hyperthermia
cumulation of G22-FMLs in the other organs was al- Irradiation of the alternative magnetic field heats
most the same as that of the NS-FMLs. This meansonly magnetic particles in this experiment. Almost all
that almost all of the NS-FMLs removed from the tumor G22-FMLs accumulated in the tumor tissue as shown
by blood flow were trapped by Kupffer cells in the liver. in Fig. 5. Therefore, the temperature of the tumor sur-
Figure 6 shows the section of tumors in which face was elevated rapidly by the irradiation of the mag-
the G22-FMLs (A) or the NS-FMLs (B) were injected. netic field and reached 4G after 5 min as shown in

Temperature [°C]

W Tumor surface

O Rectum
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2 Conclusion
. Irradiation group

In the present paper, we reported that'Hady-
ment is more effective for immobilization than the
whole molecule of the antibody. The antigenicity of
Fab fragment is lower than that of the whole antibody,
so that our method has an advantage in future clinical
application.

In summary, we have developed a tumor-specific
antibody (Fab fragment)-conjugated magnetolipo-
somes, which can target the glioma céfls/itro and
in vivo and are applied efficiently to the hyperthermia
of tumor.

QO Control group -

Tumor volume [cm3]
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