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with a high dose of 111In-G4-bt-Av was tolerable and showed
dose-dependent therapeutic effect.
Conclusions: G4-Av complex, which could be labeled
with 111In with very high specific activity and showed efficient internalization into cancer cells and high accumulation
to i.p. tumors, appears to be suitable for the internal radiation therapy of i.p. disseminated tumors using metallic
radionuclides emitting Auger and conversion electrons.

INTRODUCTION
ABSTRACT
Purpose: For the effective internal radiation therapy of
i.p. disseminated tumors, we developed avidin (Av)-dendrimer-chelate complex, which can be labeled with indium111, emitting Auger and conversion electrons, with very
high specific activity, and we studied its internalization,
biodistribution, and therapeutic effect in nude mice with i.p.
tumors.
Experimental Design: Generation 4 dendrimer (G4) was
biotinylated and conjugated with 52 1B4M chelates. 111InG4-bt was mixed with Av to form 111In-G4-Av complex.
111
In-G4-Av was incubated with ovarian cancer cells (SHIN3), and the rate of internalization of the radiolabel into
SHIN-3 cells was followed. 111In-G4-Av was i.p. injected into
nude mice that had i.p. disseminated SHIN-3 tumors, and
the biodistribution was determined. Nude mice bearing i.p.
disseminated tumors received i.p. injection of 111In-G4-Av
(9.25 or 18.5 MBq ⴛ 2, with a 1-week interval) and were
followed for the formation of malignant ascites.
Results: Av could be labeled with 111In with specific
activity as high as 37 GBq/mg. More than 75% of the
radioactivity was internalized 24 h after binding to cancer
cells. 111In-G4-Av accumulated rapidly and highly in the i.p.
tumors (128.20% injected dose/gram of tissue at 2 h,
114.91% injected dose/gram of tissue at 24 h for unsaturated
compound) with high tumor:background ratios. Treatment
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Peritoneal carcinomatosis is characterized as the spread
and implantation of cancer cells throughout the peritoneal cavity, which arises from malignancies that originate primarily in
the peritoneum (1, 2), as well as from gastrointestinal and
gynecological tumors (3) and others. This is an advanced stage
in cancer progression, and it can hardly be controlled by a single
treatment strategy or a combination of traditional treatment
strategies. Selective targeting of therapeutic agents appears to be
a promising therapeutic modality for these disseminated lesions
(4 – 6). Development of an ideal vehicle to carry therapeutic
agents selectively to the target has long been awaited.
Starburst PAMAM3 dendrimers are a new class of highly
branched spherical polymers that are highly soluble in aqueous
solution and have a unique surface of primary amino groups (7,
8). Compared with many other types of already synthesized
dendritic macromolecules, PAMAM dendrimers are undispersed and show high charge densities restricted to the surface
of the molecule (9). The defined structure and large number of
surface amine groups have led PAMAM dendrimers to be used
as a substrate for the attachment of multiple chelating agents to
antibodies, contrast agent, and radiopharmaceuticals (10 –14).
Due to the polycationic surface of the dendrimers, the electrostatic interaction with negatively charged residues on the cell
surface is believed to trigger the endocytosis process.
Av is a Mr 67,000 natural, highly glycosylated (terminal
N-acetylglucosamine and mannose residues) polycationic protein of egg white (15). This protein shows extremely high
binding affinity with biotin (16). Av, when injected i.v., makes
complexes with biotinylated antibody in the circulation and has
been used to remove nonbound biotinylated antibodies from the
circulation in tumor imaging studies (17–19) On the other hand,
when injected i.p., radiolabeled Av is localized and internalized
highly and rapidly in i.p. tumors and is associated with rapid
blood clearance (20, 21). It has been reported that the carbohy-

3

The abbreviations used are: PAMAM, polyamidoamine; Av, avidin;
ID/g, injected dose per gram of tissue; CE, conversion electron; LET,
linear energy transfer; HABA, 2-(4⬘-hydroxyazobenzene) benzoic acid;
Bt, biotin.
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Fig. 1 Flow chart of the protocol for preparing Av-Bt-G4-(1B4M)52-111In.

drate moiety of Av contributes to tumor and liver accumulations
by some specific carbohydrate binding sites (lectins) (16,
21, 22).
Internal radiation therapy using cancer-specific agents labeled with high-energy ␤-emitters can theoretically deliver a
radiation dose selectively to cancer tissues. However, because of
the nonspecific distribution in normal organs and the long path
length of high-energy ␤-rays, there will be significant radiation
exposure to normal organs, which is dose-limiting and degrades
the therapeutic effect. In contrast, cancer-specific agents labeled
with low-energy Auger and/or CE emitters, which bind and
internalize selectively into the cancer cells, could be used as
alternatives to those labeled with ␤-emitters (23–27). Auger/CE
emitters have a short path length, and the ionization density
within this range resembles the pattern of ␣-particles or other
high LET radiations (28). Therefore, Auger/CE emitters could
be extremely effective for cancer therapy if suitable carrier
agents can be made to deliver Auger/CE emitters close enough
to the nucleus. In cancer-specific agents, internalization occurs
only after specific binding to cancer cells, and it may not happen
after nonspecific accumulation in normal organs and therefore
may not cause significant damage to the normal organs. Furthermore, nonspecific radiation damage to the hematopoietic
cells by circulating agents labeled with Auger/CE emitters is
negligible because of the very short path length of Auger/CE
electrons.
Thus, the ideal agent to treat peritoneal carcinomatosis
effectively appears to be (a) an agent that can deliver a large
amount of Auger/CE emitters to the disseminated tumors (i.e.
can be labeled with Auger/CE emitters with very high specific
activity), (b) an agent that internalizes after binding to cancer
cells and delivers the radionuclide close to the nucleus, and (c)
an agent that accumulates little in normal organs. In this study,
we synthesized a compound using dendrimer and Av that was
radiolabeled with a very high specific activity of Auger/CE
electron emitter (111In), and we evaluated its internalization,
biodistribution, and therapeutic effect in mice bearing an i.p.
disseminated tumor. Internalization and biodistribution were
studied for both saturated and unsaturated compound because
the degree of occupancy of chelating sites may affect the behavior of the radiolabeled compound.

MATERIALS AND METHODS
PAMAM Dendrimers. In this study, the generation 4
PAMAM dendrimer (G4) was used. G4 has an ethylenediamine

core that possesses 64 reactive amino groups on its surface and
has a molecular weight of 14,215 (Sigma-Aldrich Chemical Co.,
Milwaukee, WI).
Biotinylation and Conjugation of Chelates to Dendrimer. A brief description of the method and the final complex achieved are shown in Fig. 1. At room temperature, 10 mg
of G4 [0.7 mol in 1 ml of 0.1 M phosphate buffer (pH 9.0)]
were mixed for 30 min with 2.1 mol of Bt (sulfo-NHS-LCbiotin; Mr 556; Pierce Chemical Co., Rockford, IL) at a molar
ratio of 1:3. The mixture was applied to a diafiltration membrane (Centricon 10; Amicon, Inc., Beverly, MA) to remove
unbound Bt. After purification, a small aliquot of biotinylated
G4 (Bt-G4) was examined with a modified HABA assay (15,
17). In brief, the HABA reagent (Pierce Chemical Co.) was
prepared according to the manufacturer’s instructions by adding
10 mg of Av and 600 l of 10 mM HABA to 19.4 ml of PBS.
One hundred l of diluted Bt-G4 solution were added to 900 l
of Av-HABA solution. Then, the absorbance was measured at
500 nm. Approximately 2.5 biotin molecules were conjugated to
a single G4 molecule.
Purified G4-Bt (5.95 g) was reacted with a 64-fold molar
excess (26.78 mol) of 2-(p-isothiocyanatobenzyl)-6-methyldiethylenetriaminepentaacetic acid chelate (1B4M; Mr 555; Ref.
29) at 40°C and maintained at pH 9.0 with 1 M NaOH for 24 h.
An additional amount of 1B4M was added as a solid 24 h later
at the same molar ratio, and the same pH was maintained for
another 24 h.
The resulting compound was purified by diafiltration using
Centricon 30 (Amicon Co.). Approximately 51.75 1B4M molecules were conjugated to the amine groups (80.9% of the
binding sites) on the single dendrimer molecule [Bt-G4(1B4M)52], as determined by 111In labeling of the reacted sample as described previously (12). In brief, ⬃500,000 cpm (⬃0.4
pmol) of 111In-acetate was added to ⬃100 g/10 l of the
conjugate samples before diafiltration and incubated in 0.1 M
ammonium citrate for 60 min at room temperature. The fractions
bound to the conjugates and free 1B4M were then separated
using a PD-10 column (Amersham Pharmacia Biotech AB,
Uppsala, Sweden) and counted. The number of 1B4M chelates
bound to Bt-G4 was calculated from the count of the radioactivity in the fraction bound to the conjugates.
The binding ability of 111In-labeled Bt-G4-(1B4M)52 to the
immobilized Av gel (Pierce Chemical Co.) was examined as
described previously (17). In brief, ⬃ 50,000 cpm of Bt-G4(1B4M)52-111In was incubated with 0.1 ml of immobilized Av
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gel and 0.2 ml of PBS (pH 7.4) for 30 min at room temperature.
Then the gel fraction was washed and separated from the supernatant. The radioactivity of both fractions was counted using
a gamma counter (Aloka, Tokyo, Japan). This yielded ⬎80.0%
of the 111In-labeled Bt-G4-(1B4M)52 bound to the immobilized
Av gel.
Radiolabeling of Bt-G4-(1B4M)64 and Preparation of
111
In-labeled Av-Bt-G4-(1B4M)52. At room temperature, 20
g of Bt-G4-(1B4M)52 was reacted with 7.4 MBq (200 Ci) of
111
In-acetate in 100 l of 0.3 M ammonium citrate at pH 5.0 for
60 min (12). To remove any nonincorporated free radiometal, 10
l of 0.05 M EDTA were added and purified using a PD-10
column, eluted with PBS (pH 7.4). The purified samples were
mixed with a 2-fold molar excess of Av and incubated for 15
min at room temperature. The resulting purified material was
referred to as “unsaturated” ([Av-Bt-G4-(1B4M)52-111In]unsat)
because most of the chelating sites on this molecule were
unoccupied under this condition.
In addition, the chelating sites on Av-Bt-G4-(1B4M)52
were saturated with either radioactive or nonradioactive In(III).
The preparation method was the same as that described above,
except that a 200-fold molar excess of nonradioactive In(III)
citrate (0.281 mol; Nakalai Tesque, Tokyo, Japan) to conjugated 1B4M was added to the reaction mixture and incubated
for 15 min before the addition of EDTA and subsequent purification. The radiolabeling yields of the [Av-Bt-G4-(1B4M)52111
In]unsat and [Av-Bt-G4-(1B4M)52-111In]sat compounds were
⬎83.4% and ⬃47.0%, respectively. When 111In and Av-Bt-G4(1B4M)52 were mixed in various mixing ratios, the specific
activities of the unsaturated compound ranged from 64.8 to
37,000 kBq/g.
Internalization Assay. The human ovarian cancer cell
line SHIN-3 was used to study an in vitro internalization assay
and also used to generate i.p. disseminated tumors in mice for
the biodistribution and therapeutic experiment. The SHIN-3
cells (3 ⫻ 105) were preseeded in 35-mm dishes and cultured
overnight in RPMI 1640 (Nissui Pharmaceutical Co., Tokyo,
Japan) supplemented with 10% FCS (Life Technologies, Inc.,
Grand Island, NY) and 0.03% L-glutamine in a 5% CO2 environment. Subconfluent cells were incubated with 425,000 cpm
(0.02 mol) of [Av-Bt-G4(1B4M)52-111In]unsat or [Av-BtG4(1B4M)52-111In]sat in 1 ml of RPMI 1640 with 10% FCS for
1 h at room temperature. The medium containing the tracers was
then replaced by 1 ml of standard RPMI 1640. The cells were
further cultured at 37°C and 4°C. At 0, 1, 3, 5, 10, and 24 h (n ⫽
3), the medium was removed, and the cells were washed with
PBS (pH 7.6). The cells were then washed with acidic solution
[0.05 M glycine-HCl/0.1 M NaCl (pH 2.8)]. The radioactivities in
the acid-resistant (internalized) and acid-sensitive (membranebound) fractions were counted using an auto-well gamma counter. The percentages of the membrane-bound fraction and internalized fraction of the total added radioactivity were calculated.
The assay at 4°C could be performed only up to 3 h because
cells died and detached thereafter.
Biodistribution Study. The i.p. tumor xenografts were
established by i.p. injection of SHIN-3 cells (3 ⫻ 106) suspended in 350 l of PBS into 5-week-old female BALB/c nude
mice. Twenty days later, numerous small i.p. disseminated
tumors had grown in the peritoneal cavity, especially at the

hilum of the spleen, the root of the mesenterium, and around the
stomach. Two groups of i.p. tumor-bearing mice received an i.p.
injection of 74 kBq of [Av-Bt-G4-(1B4M)52-111In]unsat and
[Av-Bt-G4-(1B4M)52-111In]sat compounds. The mice were sacrificed 2, 10, and 24 h after i.p. injection by ether inhalation.
Blood, i.p. disseminated tumors, and various organs were removed and weighed, and their radioactivities were determined
by gamma counter. The percentages of ID/g normalized to a
20-g mouse were determined. The tumor:normal tissue uptake
ratios of the radioactivity were also calculated.
Internal Radiation Therapy of i.p. disseminated Micrometastases. Five days after receiving an i.p. injection of
SHIN-3 cells (3 ⫻ 106), two groups of treated mice received
an i.p. injection of 9.25 MBq (group A) and 18.5 MBq (group
B) of [Av-Bt-G4-(1B4M)52-111In]unsat (n ⫽ 7; specific activity 3.3 MBq/g). One week later, these mice received another
i.p. injection of 9.25 and 18.5 MBq of the same compound,
respectively. The evolution of tumor growth and hemorrhagic
ascites was followed and compared with those of untreated
mice (n ⫽ 7).
All animal experiments were carried out in accordance
with the regulations of the Kyoto University animal facility
regarding animal care and handling.
Statistical Analysis. We performed statistical analyses
using the t test for independent variables and Kaplan-Meier
cumulative survival curves. Values were considered significant
at P ⬍ 0.05.

RESULTS
Internalization Assay. The human ovarian cancer
SHIN-3 cells showed progressive internalization of the radioactivity when incubated at 37°C (Fig. 2), and 77.6% of the
radioactivity of [Av-Bt-G4(1B4M)52-111In]unsat and 86.0% of
the radioactivity of [Av-Bt-G4(1B4M)52-111In]sat were internalized after 24 h of incubation. The increases in the radioactivity
during the internalization assay were significant for both compounds (P ⬍ 0.01, ANOVA). In contrast, when incubated at
4°C, SHIN-3 cells showed no significant internalization of radioactivity for both compounds (data not shown).
Biodistribution Study. The percentages of ID/g in i.p.
tumor-bearing mice at 2, 10, and 24 h postinjection of [Av-BtG4-(1B4M)52-111In]unsat and [Av-Bt-G4-(1B4M)52-111In]sat
compounds are shown in Tables 1 and 2.
When injected i.p., both radiolabeled compounds showed
rapid and high accumulation in the i.p. disseminated tumors.
Two h after injection, the tumor uptake of radioactivity reached
128.20% and 65.92% ID/g, respectively, and a high level of
radioactivity remained until 24 h postinjection (114.91% and
49.28% ID/g, respectively).
The concentrations of both radiolabeled compounds (unsaturated and saturated) in the blood were considerably low
(0.49% and 0.63% ID/g at 2 h, respectively), resulting in very
high tumor:blood ratios (329.63 for unsaturated compound and
144.14 for saturated compound at 2 h). [Av-Bt-G4-(1B4M)52111
In]unsat and [Av-Bt-G4-(1B4M)52-111In]sat compounds also
showed very low accumulation of radioactivity in the bone and
muscle. Relatively high uptake of radioactivity was observed in
stomach and spleen for both compounds, followed by liver,
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Table 2 Biodistribution of [Av-Bt-G4(1B4M)52-111In]sat 2, 10, and
24 h after i.p. injection in Balb/c nude mice bearing i.p.
disseminated tumor
Organs

2h

Blood
Liver
Kidney
Intestine
Stomach
Spleen
Lung
Muscle
Bone
SHIN-3

0.63 ⫾ 0.45
2.47 ⫾ 1.64
2.40 ⫾ 1.15
1.42 ⫾ 0.63
3.21 ⫾ 1.29
3.00 ⫾ 1.58
1.45 ⫾ 1.03
0.51 ⫾ 0.19
0.62 ⫾ 0.17
65.92 ⫾ 25.06

a

a

10 h

24 h

0.37 ⫾ 0.17
3.61 ⫾ 0.69
3.66 ⫾ 1.07
0.98 ⫾ 0.22
2.49 ⫾ 1.02
3.71 ⫾ 0.66
4.73 ⫾ 1.43
0.35 ⫾ 0.23
0.75 ⫾ 0.51
44.12 ⫾ 11.48

0.31 ⫾ 0.07
5.68 ⫾ 0.78
4.35 ⫾ 2.30
1.09 ⫾ 0.26
2.27 ⫾ 0.99
8.10 ⫾ 1.66
4.21 ⫾ 1.85
0.28 ⫾ 0.04
0.84 ⫾ 0.34
49.28 ⫾ 9.91

Values represent percentages of ID/g of tissue (mean ⫾SD of five

mice).

Fig. 2 Internalization assay of [Av-Bt-G4-(1B4M)52-111In]unsat (a) and
[Av-Bt-G4-(1B4M)52-111In]sat (b) bound to SHIN-3 ovarian cancer cells
at 37°C. Temporal changes of the percentages of the internalized (acidresistant) radioactivity (solid line) and membrane-bound (acid-sensitive)
radioactivity (dashed line) in the total bound radioactive are illustrated.
Bars indicate SD of the triplicate sample.

Table 1 Biodistribution of [Av-Bt-G4(1B4M)52-111In]unsat 2, 10, and
24 h after i.p. injection in Balb/c nude mice bearing an i.p.
disseminated tumor
Organs

2h

Blood
Liver
Kidney
Intestine
Stomach
Spleen
Lung
Muscle
Bone
SHIN-3

0.49 ⫾ 0.29
5.89 ⫾ 1.15
3.47 ⫾ 0.38
4.67 ⫾ 1.38
10.29 ⫾ 3.08
7.57 ⫾ 2.91
2.11 ⫾ 0.53
1.27 ⫾ 0.82
1.10 ⫾ 0.60
128.20 ⫾ 17.06
a

10 h

24 h

0.29 ⫾ 0.24
5.50 ⫾ 1.86
3.59 ⫾ 0.16
3.55 ⫾ 1.31
7.67 ⫾ 3.72
6.31 ⫾ 2.90
3.28 ⫾ 4.46
1.04 ⫾ 0.79
1.00 ⫾ 0.54
116.84 ⫾ 29.65

0.40 ⫾ 0.40
8.06 ⫾ 1.05
4.38 ⫾ 1.36
3.24 ⫾ 1.64
6.70 ⫾ 3.10
15.26 ⫾ 2.54
11.80 ⫾ 2.30
1.48 ⫾ 1.06
0.95 ⫾ 0.15
114.91 ⫾ 19.59

a
Values represent percentages of ID/g of tissue (mean ⫾ SD of
five mice).

lung, kidneys, and intestine. Although the radioactivities in the
stomach and intestine decreased with time, uptakes in the
spleen, lung, liver, and kidney showed a tendency to increase
with time.

Fig. 3 compares the biodistribution of saturated and unsaturated compounds at 2 and 24 h after i.p. injection. The unsaturated compound accumulated more in disseminated tumors and
in all organs, except for blood. These differences were essentially significant in most of the organs and tumors.
Auger/CE Therapy for i.p. disseminated Micrometastases. Body weight of the treated mice did not change after the
administration of the radiolabeled compound (data not shown),
and all mice could tolerate the administration of a high dose of
111
In-labeled compound twice, and no death related to radiotoxicity was observed. Ascites-free survival of the treated and
nontreated mice was compared in Fig. 4. Without treatment,
mice developed ascites about 1 month after i.p. injection of
SHIN-3 cells (32.43 ⫾ 2.99 days). In contrast, ascites-free
survival was significantly longer in the treated mice (53.00 ⫾
3.27 days for group A and 63.14 ⫾ 3.13 days for group B). All
mice, regardless of the administered dose, appeared healthy and
alert before the development of ascites.
Cumulative ascites-free survival curves for treated (groups
A and B) and untreated mice are shown in Fig. 4. Compared
with nontreated mice, treated mice (groups A and B) showed
significantly longer ascites-free survival (P ⬍ 0.01 for both). In
addition, mice treated twice with 18.5 kBq (group B) survived
significantly longer that those treated twice with 9.25 kBq
(group A; P ⬍ 0.01).

DISCUSSION
Although a great number of therapeutic agents are discovered and/or created every year, their clinical applications are
often limited by failure to reach the site of action. An additional
problem is the toxicity of drugs toward nontarget sites. Selective
drug targeting would not only reduce systemic toxicity but
would also augment the efficacy of drug action by concentrating
the drug in target cells or tissues.
In this study, we developed a compound that could be
labeled with extremely high specific activity (theoretically,
37GBq/g), internalized effectively into human ovarian cancer
cells (86.0% and 77.6% at 24 h for saturated and unsaturated
compounds, respectively), and accumulated highly and rapidly
in i.p. disseminated tumor xenografted into BALB/c nude mice.
When high doses of this compound were injected i.p. in these
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Fig. 3 Comparison of biodistribution between saturated and unsaturated compounds at 2 and 24 h after i.p. injection in in BALB/c nude mice bearing
an i.p. disseminated tumor. 䡺, 2 h postinjection of the unsaturated compound; u, 2 h postinjection of the saturated compound; f, 24 h postinjection
of the unsaturated compound; , 24 h postinjection of the saturated compound. ⴱ represents P ⬍ 0.05 between values from unsaturated and saturated
compounds at 2 or 24 h postinjection; ⴱⴱ represents P ⬍ 0.01 between values from values from unsaturated and saturated compounds at 2 or 24 h
postinjection.

Fig. 4 Cumulative ascites-free survival curves for untreated and
treated BALB/c nude mice bearing a peritoneal xenograft disseminated
tumor. Treated mice received two i.p. injections of 9.25 and 18.5 MBq
(groups A and B, respectively) of the [Av-Bt-G4-(1B4M)52-111In]unsat
compound. Short-dashed line, untreated mice; long-dashed line, 9.25
MBq-treated mice (group A); solid line, 18.5 MBq-treated mice (group
B). Arrows indicate i.p. injection of the [Av-Bt-G4-(1B4M)52-111In]unsat
compound. Values were analyzed based on the data of seven mice for
each group.

mice, even with the relatively low specific activity in the present
experiment, a significant dose-dependent therapeutic effect was
observed.
Several favorable points could be mentioned to advocate
the use of Starburst PAMAM dendrimers in this study, including
(a) the architecture of this molecule, which is composed by a
regular dendritic branching and radial symmetry, and (b) the
large number of surface amine groups that make this molecule
highly positively charged (7, 8). These polycationic polymers
can be used as a substrate for the attachment of multiple chelating agents to radioisotopes (8, 29, 30). Polycationic charges
on the surface of the dendrimers interact electrostatically with
negatively charged residues on the cell surface, and this electrostatic interaction is believed to facilitate the endocytosis
process (31). Dendrimers appear to be highly efficient for in
vitro transfection and are not cytotoxic at low concentrations

(31–33). For attachment of 111In on the dendrimer surface, we
applied 1B4M as a chelate. The final product had 52 1B4Ms
linked to a single G4 molecule, which can be used for attachment of 111In.
In the present biodistribution study, in addition to very high
radioactivity uptake in the disseminated tumor with very low
blood activity, we found relatively high uptake in normal organs
such as liver, kidney, spleen, intestine, and stomach. High
uptake in the stomach and intestine and to some extent in the
spleen may be due to the radioactivity uptake in small disseminated tumors attaching on the surface of these organs. High
uptake in the liver, kidney, and spleen was consistent with the
report by Kobayashi et al. regarding the biodistribution of
111
In-labeled PAMAM-1B4M-antibody conjugate (12, 29). By
saturating the chelating sites on the Av-dendrimer conjugate,
high uptake in these organs decreased, except for the kidney,
and the high uptake in disseminated tumors also decreased.
These findings have also been reported for dendrimers and
dendrimer-antibody conjugates by Kobayashi et al. (12, 29). In
their reports, the saturation of the chelating sites reduced the
accumulation of the compounds especially in the kidney, liver,
and spleen. Although no clear explanations of these findings
have already been reported, they could be related to the difference in charge between unsaturated and saturated compounds.
The charge of the unsaturated G4-(1B4M)52 is strongly negative, whereas saturated G4-(1B4M)52 is positively charged.
To facilitate the binding and internalization of this compound in the cancer cells, Av was chosen. Av is a basic glycoprotein with a molecular mass of ⬃67 kDa and an isoelectric
point of 10.5. It consists of four essentially identical subunits,
each of which possesses a high affinity biotin-binding site (15,
16). The carbohydrate of Av contributed to its liver accumulation, and the positive net charge was related to its kidney
accumulation (21). The relatively high uptake in the liver and
kidney found in the biodistribution studies was due in part to
this property of Av.
The carbohydrate moiety of Av has also been reported to
facilitate the binding and internalization of compounds into
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cancer cells by interaction with glycoprotein-binding receptors
on the cancer cells (lectin; Ref. 20). Endogenous vertebrate
lectins with galactoside-binding specificities have been detected
in a wide variety of cells and tissues obtained from various
species (34, 35). The presence of endogenous lectins in various
tumor cells has been also reported, and these proteins are involved in adhesion, growth regulation, and metastasis (36). The
level of cell surface lectins increases in cell variants or clones
that exhibit a higher metastatic potential (36, 37). The interaction between Av and lectins on the surface of cancer cells is
essential for the internalization of these compounds. The internalization assay demonstrated that significant amounts of these
compounds internalized effectively during the first 24 h.
Indium-111, an Auger and CE emitter, decays by electron
capture, with a physical half-life of 2.83 days, to stable 111Cd,
thereby releasing approximately 15 electrons/decay (26, 38).
The toxicity of 111In is considered to be mediated by Auger and
CEs with energy ranging from a few to hundreds of keV (26,
38). The path length of Auger electrons (0.02–14 m) is too
short to reach the DNA if the nuclear decay does not occur
within the nucleus (27, 28, 38). However, if 111In disintegrates
close to the DNA, Auger electrons have a cytotoxic effect that
is close to high LET radiation (28, 39 – 41). On the other hand,
the path length for CEs (200 – 600 m) is long enough to be
effective even when disintegrating outside the nucleus (26, 38).
However, biological effectiveness of 111In reduces to low LET
radiation (26, 28).
In the present study, our results clearly show the capability
of this compound to internalize specifically into the cancer cells,
although the intracellular localization has yet to be determined.
The biodistribution studies of saturated and unsaturated compounds demonstrated high concentration in i.p. disseminated
tumors with high tumor:background ratios. In fact, myelosupression may not be a critical problem with this compound,
although no specific study on myelosupression has been done in
the present study. When high doses of this compound were i.p.
injected into mice bearing i.p. disseminated tumor xenograft, a
significant dose-dependent treatment effect was observed with
no apparent side effects in the treated groups. The next goal of
the study should be to determine which makes the major contribution to the therapeutic effect, Auger electron or CE.
In the present study, therapeutic dose of 111In-labeled compound was administered 5 days after i.p. injection of cancer
cells, when only microscopic lesions has been formed. With
regard to the very short path length of Auger and CEs, diffuse
and homogeneous distribution of the radiolabeled compound in
the tumor is important; this can be easily achieved for microscopic lesions, but it cannot be achieved for large lesions, where
macromolecules cannot penetrate easily. Therefore, microscopic
lesion seems to be the optimal candidate for internal radiation
therapy using radionuclides with short path length.
In the present preliminary therapeutic experiment using
111
In-labeled compound with relatively low specific activity, we
could not completely control the formation of malignant ascites.
However, with the use of radiolabeled compounds with much
higher specific activities, we will be able to administer large
amounts of radioactivities without increasing the protein dose of
the compound and can expect a higher therapeutic effect.
In conclusion, we have successfully synthesized G4-Av

complex, which can be labeled with very high specific activity.
The resulting radiolabeled compound accumulated highly and
rapidly in i.p. disseminated tumor and internalized effectively.
In addition, we have demonstrated that this compound could be
used effectively for the treatment of i.p. disseminated tumors in
BALB/c nude mice. Although the immunogenicity of Av may
comprise the possible limitation (42, 43), this approach appears
to be effective in treating peritoneal carcinomatosis of various
malignancies.
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