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Abstract

This review is focused on the macromolecular drug carrier systems by the effect of enhanced permeability and retention
(EPR) and the mechanism of receptor-mediated endocytosis (RME). The effect of EPR is thought to be useful for the targeting
of the macromolecular drugs to the tumor tissues on a vasculolymphatic level. The RME reveals the selective recognition, high
affinity binding, and immediate internalization for the ligand on a cellular level. In the receptor, recognizing transferrin, a level
of expression on the tumor cells is higher than that on the normal cells. We have used serum albumin and transferrin as drug
carriers to deliver mitomycin C (MMC) to the tumor tissues and into the tumor cells. The properties of the conjugates of MMC
to serum albumin and transferrin were examined in vitro and in vivo. We concluded that MMC could be delivered to the tumor
tissue and cells by the use of albumin and transferrin as drug carriers.
© 2004 Elsevier B.V. All rights reserved.
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1. Targeting based on the effect of EPR plasms. However, it presents the problems of severe
myelosuprression and gastrointestinal complications.
1.1. Introduction A variety of macromolecular conjugates of MMC

have been demonstrated in vitro and in vivo, e.g., an-
Macromolecular carrier systems have been de- tibodies Manabe et al., 1985 glycoprotein Kaneo
veloped in an attempt to optimize the delivery et al.,, 199), albumin Kato et al., 1988 dextran
of antineoplastic agents. The idea behind use of (Hashida et al., 19§3and synthetic macromolecules
drug-macromolecule conjugates is that they may show such as polylysineRoos et al., 1984 Approaches
improvement in the distribution of the drugrriend that take advantage of antibodies show some potential
and Pangburn, 1987Mitomycin C (MMC) has the for achieving active targeting, such as HERCEPTIN
potential to act against a number of human neo- (trastuzumab) and RITUXAN (rituximab). On the
other hand, a process of passive targeting utilizes the
"+ Corresponding author. Tel+81-849-36-2111; natu_ral distribut_ion pattern of the macromolecular a_1r_1d
fax: +81-849-36-2024. particulate carrier to deliver the drug to the specific
E-mail address: tanaka@fupharm.fukuyama-u.ac.jp (T. Tanaka). Site of action. SMANCS (zinostatin stimalamer) and
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DOXIL (doxorubicin HCI liposome injection) are 1.2.2. Preparation of albumin conjugates of MMC
divided into the passive targeting drug. MMC was covalently attached to BSA through

Macromolecules such as albumin, globulins, and a glutaryl group spacer by the following methods
synthetic polymer accumulate in the tumor tissues (Tanaka et al., 1991
because these tissues have a vascular network charac-
terized by both enhanced permeability of the neovas- 1.2.2.1. Method 1. BSA was glutarylated before the
culature and a lack of the lymphatic recovery system conjugation of MMC. EDC was added to the reaction
(Matsumura and Maeda, 1986These findings led  mixture of glutarylated BSA (G-BSA) and MMC. The
us to inquire whether MMC might accumulate in the conjugate of G-BSA and MMC (G-BSA-MMC) was
tumor tissues by the use of albumin-conjugate system. purified by gel filtration and lyophilized.

We have previously described the covalent attach-
ment of MMC to serum albumin to give MMC-albu- 1.2.2.2. Method 2. After glutarylation of MMC,
min conjugates which aided the tumor localization of N-hydoxysuccinimide was used to produce an ac-
MMC (Kaneo et al., 1990 Physicochemical prop- tive ester. BSA was reacted with the active ester to
erties of macromolecular carriers such as size and prepare a conjugate of glutarylated MMC with BSA
electric charge influence the biological properties (BSA-G-MMC). The conjugate was purified by gel
of the macromolecular conjugate and hence require filtration and lyophilized.
careful considerationT@kakura et al., 1987; Roos
et al., 1984. At the present stage of the investigation 1.2.3. Determination of both contents of MMC and
of MMC-albumin conjugates, little is known about amino groups
these physicochemical and biological properties. In The MMC content of the conjugate was calculated
this section, we describe the methods to prepare fromthe UV absorbance at 363 nmin 0.9% NacCl with
MMC-albumin conjugates in which MMC is cova- reference to the absorbance rate of the MMC standard.
lently attached to albumin through a glutaryl group The protein content of the conjugate was determined
spacer. The physicochemical properties of these con-by the method of Lowry with a BSA standard. The
jugates, such as degree of chemical modification, MMC content of the conjugate was calculated by di-

molecular weight and sizes-helical content, and re-
lease of MMC, are listed, together with preliminary
examinations of their biological behavior, such as
antitumor activity, toxicity and tumor localization, in
animals Tanaka et al., 1991

1.2. Materials and methods

1.2.1. Materials

Bovine serum albumin (BSA) (fraction V, Sigma
Chemical Co., St. Louis, MO, USA) was fur-
ther purified by gel filtration on Sephadex G-150.
Glutaric anhydride, MMC, N-hydroxysuccinimide,
1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide
hydrochloride (EDC), tetra-butylammonium bro-
mide (TBAB) and 2,4,6-trinitrobenzenesulfonic acid
sodium salt (TNBS) were obtained from Nacalai
Tesque, Inc. (Kyoto, Japan). Gel filtration calibration
kits and molecular weight electrophoresis calibration
kits were obtained from Pharmacia Fine Chemicals
(Uppsala, Sweden). All other chemicals were of ana-
lytical grade or the best quality available.

viding the content of MMC by that of protein.

Free amino groups were determined according to
the method ofFields (1972) The sample solution
was diluted with absorbate buffer. Then, a solution of
0.11 M TNBS was added. After exactly 5min, the re-
action was stopped by addition of 0.1 M NgPD,
containing 1.5 mM NaSQs. The absorption at 420 nm
was correlated with the number of free amino groups.

1.2.4. Sze-exclusion chromatography

The sample dissolved in 0.2 M NaCl was applied on
a column (10 cm x 47 cm) of Sephadex G-150. The
mobile phase was 0.2 M NaCl, and the flow rate was
17.1 ml/h. The absorbance of the eluted solution was
monitored at 280 and 363 nm. The Stokes radius of
the conjugate was determined by the calibration curve
with four kinds of standard proteins.

1.2.5. Gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS—PAGE) was performed according to
the method of.aemmli (1970) A separating gel (7 cm
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long) containing 10% acrylamide was used in com- lents) or MMC (1 mg/kg) in 0.2 ml of 0.9% NaCl was
bination with a stacking gel (1cm long, 4.5% acry- injected through the jugular vein. Blood was collected
lamide). Electrophoresis was carried out with a current periodically from the femoral artery after the injec-
of 20 mA per 8 cm width of the gel. After electrophore- tion. Plasma concentration of MMC was determined
sis, the protein bands were visualized by staining with with a HPLC described later.
Coomassie Brilliant Blue. The molecular weight of
the conjugate was estimated by the calibration curve 1.2.10. Tissue distribution in tumor-bearing mice
with standard proteins. EAC cells (1x 10° cells/mouse) were inoculated
into the subcutaneous tissue of the axillary region of
1.2.6. Estimation of helical content ddY mice. Fourteen days after the inoculation, the
Circular dichroism (CD) spectra were recorded on EAC-bearing mice were administered the conjugate
a JASCO J-20C spectropolarimeter equipped with a (20 mg/kg in MMC equivalents) intravenously through
J-DPZ data processor (Japan Spectroscopic Co. Ltd.,the tall vein. After 24 h, the blood was collected from
Tokyo, Japan) using a 0.1 mm thick cuvette at room the vena cava under ether anesthesia and the tumor
temperature (2% 3°C) under constant nitrogen flush. tissue, liver, spleen, kidney, lung, heart, intestine, and
The spectropolarimeter was calibrated by using an- muscle were excised and weighed. Tissue levels of
drosterone, and each spectrum was the result of four orMMC were determined by using an HPLC method.

more accumulations. The helical content of the conju-
gate was estimated according to the metho@loéing
and Sun (1978)

1.2.7. Sability experiments

The release of MMC and G-MMC from the conju-
gate was determined in a 0.1 M phosphate buffer sys-
tem (pH 5.0, 6.0, 7.4, 8.0, and 9,0,= 0.3) at 37°C
according to the method ¢fashida et al. (1983)he
experiment was initiated by dissolving the conjugate in
a preheated buffer solution to produce a concentration
of 10 mg/ml. At a fixed time interval, the amounts of
MMC and G-MMC released were determined simul-
taneously by using an HPLC method described later.
The stability of MMC and the conjugates was also
measured photometrically under the same conditions.

1.2.8. Animals and tumor cells

Male Wistar rats (190-210g) and male ddY
mice (20-30g) were obtained from Japan SLC, Inc.
(Shizuoka, Japan). Ehrlich ascites carcinoma (EAC)
and Sarcoma 180 (S180) cells were kindly supplied
by Dr. Sato (Sasaki Laboratory, Tokyo, Japan) and
maintained in ddY mice by weekly intraperitoneal
transplantation.

1.2.9. Pharmacokinetics in rats

Rats fasted for 24 h were anesthetized with sodium
pentobarbital (40mg, i.p. injection). The femoral
artery was cannulated with polyethylene tubing
(PE-50). The conjugate (0.5mg/kg in MMC equiva-

1.2.11. Invivo antitumor activity

Inhibitory effect of the conjugate on the growth
of S180 was studied according to the procedure of
Takakura et al. (19875180 cells (k 10’ cells/mouse)
were inoculated into the subcutaneous tissue of the
axillary region of ddY mice. Four days after the in-
oculation, a single intravenous dose of the conjugate
(20 mg/kg in MMC equivalents) or MMC (5 mg/kg)
dissolved in 0.9% NaCl was administered to the
tumor-bearing mice. Tumor sizes were measured with
calipers, and the tumor volumes were calculated. The
tumor growth was monitored by the increasing rate
of the tumor volume after the inoculation.

1.2.12. Acute toxicity in mice

Toxicities of the conjugates and MMC were eval-
uated with the survival on the seventh day after the
intravenous single injection of the test compound to
male ddY mice. LI3g values were determined accord-
ing to Dixon (1965) The mice were permitted access
to food and water ad libitum. By the up-and-down
protocol, mice were observed for 7 days after dosing.

1.2.13. Analytical method

The amounts of MMC and G-MMC released from
the conjugate in vitro were determined simultaneously
by HPLC. The chromatographic system (LC-6A,
Shimadzu, Kyoto, Japan) with a variable-wavelength
UV detector (SPD-6A) operated at 350nm. A
4.6 mm x 250 mm, Gg reversed-phase column (TSK
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Table 1
Physicochemical properties of G-BSA-MMC and BSA-G-MMC
G-BSA-MMC BSA-G-MMC G-BSA BSA

MMC content

MMC/w (%) 6.03+ 0.92 2.82+ 0.51

Molar ratio 121+ 1.8 5.59+ 1.00
Free amino residde(mol) 15+ 05 229+ 14 1.2+ 04 28.5+ 0.8
Effective molecular siZe(A) 45.1 36.6 455 34.4
Apparent molecular weight(kDa) 84 73 94 68
Helical conterft (%) 32.2+ 3.3 50+ 0.3 30.1+ 44 51.6+ 1.3

a Free amino groups were determined by the method of TNBS.

b Effective molecular sizes were determined by a size-exclusion chromatography.

¢ The apparent molecular weights were determined by SDS—-PAGE.
d Helical contents were estimated by the measurement of CD according to the met@bdraf and Sun (1978)

gel 120T, Tosoh, Tokyo, Japan) was used at ambient epsilon-amino groups of lysine (13,300¥cm™1).

temperature. The mobile phase was 20% acetonitrile
in 40 mM phosphate buffer (pH 7.0) containing 2.5 nM
TBAB as an ion-pairing agent and the flow rate was
1.0ml/min. It was confirmed that the determination of
both MMC and G-MMC was not affected by the pres-
ence of the conjugate, and neither MMC nor G-MMC
was liberated from the conjugate during the determi-
nation process. The concentration of MMC in plasma
and tissue was determined as follows. Blood was cen-
trifuged at 8000« g for 30 s to obtain a plasma sam-
ple. The excised tissues were homogenized (25%) in
0.1 M phosphate buffer (pH 74). The plasma samples

On the BSA-G-MMC molecule, 22.9 mol free amino
groups were detected. The molar MMC content
of BSA-G-MMC was equal to the decrease in the
number of free amino groups. On the other hand,
the acylation of BSA with glutaric anhydride caused
a significant decrease in the number of free amino
groups. One mole of G-BSA and G-BSA-MMC
showed the color intensity of only 1.2 and 1.5 mol of
free amino groups, respectively.

1.3.2. Molecular weight
The molecular weights of the conjugates were de-

and the tissue homogenates were assayed accordingermined by SDS-PAGER(g. 1). The samples were

to the procedures dflashida et al. (1983)

1.3. Results

1.3.1. Preparation of mitomycin C-albumin
conjugates

Two types of MMC-albumin conjugates, namely,
G-BSA-MMC and BSA-G-MMC, were synthe-
sized. Both MMC-albumin conjugates showed an
absorbance which contains the pattern of free MMC
between 300 and 400 nm, while the precursors them-
selves showed no UV absorption in this range.

Physicochemical properties of the conjugates
are summarized inTable 1 The MMC contents
of G-BSA-MMC and BSA-G-MMC were 6.0 and
2.8w/w (%), respectively, corresponding to 12.1 and
5.6 mol of MMC/mol of BSA. One mole of BSA
showed the color intensity of 28.5 mol of free amino
groups with reference to the molar absorptivity of

12 3 45 6
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Fig. 1. SDS-PAGE of G-BSA (lane 2), G-BSA-MMC (lane 3),
BSA-G-MMC (lane 4) and BSA (lane 5)Ténaka et al., 1991
Aliquots of the sample were dissolved in the SDS-gel load-
ing buffer containing 5% mercaptoethanol, heat-denatured, and
loaded on the gel. After electrophoresis, the gel was stained with
Coomassie Brilliant Blue. Line 1 and lane 6 show the migration
patterns for the standard proteins.
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Fig. 2. Elution profiles of G-BSA-MMC (closed circle), G-BSA
(closed triangle), BSA-G-MMC (open circle) and BSA (open tri-
angle) Tanaka et al., 1991 Size-exclusion chromatography was
carried out on a Sephadex G-150 columm@m x 47 cm) with
0.2M NaCl at room temperature. G-BSA-MMC and BSA-G-MMC
were spectrophotometrically detected at 363 nm, whereas G-BSA
and BSA were detected at 280 nm.

Fig. 3. Circular dichroism spectra of G-BSA-MMC (solid line),
BSA-G-MMC (dot-dash line), G-BSA (broken line) and BSA
(dotted line) Tanaka et al., 1991Each spectrum was recorded in

a 0.1 mm path length cell on a JASCO J-20C spectropolarimeter
equipped with a J-DPZ data processor.

the conjugate at the pH range of 5.0-9.0. G-MMC
treated with 2% SDS at 10@ for 3min prior to the ~ was entirely undetected, however, in the experimental
gel electrophoresis. The molecular weights of both medium. The disappearance of both G-BSA-MMC
G-BSA-MMC and G-BSA were estimated to be some- and BSA-G-MMC in buffered solutions followed

what larger than that of BSA by this methdthple J). pseudo-first-order kinetics. The degradation of MMC
at each pH followed apparent first-order kinetics, as
1.3.3. Molecular size did that of the conjugates.

The effective molecular sizes of the conjugates On the basis of the present results, the overall re-
were determined by size-exclusion chromatography actions maybe described I8cheme lwhereky, ko,
(Fig. 2. The elution volumes of G-BSA-MMC and andks are apparent first-order rate constants for the
G-BSA were smaller than that of BSA, indicating a depicted reactions. Thus, the concentration of the con-

significant increase in the Stokes radiuEalfle 1. jugate ([CONJUGATE]) and that of MMC released
BSA-G-MMC showed, however, a small increase in ([MMC]) in the buffered solution have a time depen-
the molecular size compared to that of BSA. dence given by the following equations:

Fig. 3 shows the CD spectra of the conjugates. x exp(—(kz + k3)1) D
Each spectrum consists of two negative dichroic o IMMC
hands located at 222 and 208 mm, respectively, and[MMC] = _—k2[MMCJo
a crossover point at 200-201 nm indicating the pres- (k1 — (k2 + k3))
ence of a right-handed-helical structureTable 1 x (exp(—(kz2 + k3)t) — exp(—kit))  (2)

shows the estimated helical content of the conjugates.

Both BSA-G-MMC and BSA contained ca. 50% of where [CONJUGATE]
helical content. However, G-BSA-MMC and G-BSA
had significant low values of helical content under the
same conditions.

and [MMQ represent the ini-
tial concentration of the conjugate and that of MMC
covalently bound to the conjugate, respectively.

CONJUGATE—<~MMC—X—~DECOMPOSITON
1.3.5. Sability and release |10 PRODUCTS
The degradation of the conjugates was investigated DECOMPOSITON
. ; PRODUCTS
in agueous phosphate buffer solutions. The release
of MMC was observed during the degradation of Scheme 1.
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Fig. 4. pH profiles of the rate constants in the formation of MMC
from the conjugateskf) and the degradation of MMCk{) in

0.1 M phosphate buffer solutiong & 0.3) at 37°C (Tanaka et al.,
1997). Closed circle, G-BSA-MMC; open circle, BSA-G-MMC;
closed triangle, MMC. Vertical bar represent S.D. calculated from
15 to 20 sets of experimental data by the least-squares method.
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Fig. 5. Tissue distribution of the conjugate (open column) and
the released MMC (slant lines column) in mice-bearing Ehrlich
ascites cacinoma (EAC) cells 24h after a single intravenous
injection of G-BSA-MMC (A) and BSA-G-MMC (B) Tanaka

et al., 199). The EAC cells (1x 10’ cellsimouse) were inocu-
lated subcutaneously, and 14 days later each conjugate (20 mg/kg
in MMC equivalents) was administered. Results are expressed as
the meant S.D. of three mice. Key: P, plasma; T, tumor; L, liver;

S, spleen; K, kidney; Lu, lung; H, heart; |, intestine; M, muscle;
ND, not detectable.

Based on these equations, curve fitting was done the administration of G-BSA-MMC. These conjugates

by using the nonlinear-least-squares program MULTI
(Yamaoka et al., 1981The values ok; andk, showed
good convergence. The degradation of MMC bound
to the conjugate was regarded as negligilite=£ 0)
because a small negative valuekgfwith an extraor-
dinarily large standard deviation was obtained.

The pH-rate profiles df; andk; are shown irFig. 4.
MMC was very stable above neutral pH, but decompo-
sition increased markedly under acidic conditioks (
Fig. 4). Both G-BSA-MMC and BSA-G-MMC were
relatively stable at low pH contrary to the findings
with MMC, but they predominantly release MMC at
pH 9.0 ko, Fig. 4). These results were similar to those
obtained in the experiment of the MMC-asialofetuin
conjugate Kaneo et al., 1991

Half-lives of the release of MMC from G-BSA-MMC
and BSA-G-MMC under specific physiological con-
ditions (pH 7.4 and 37C) were 66.0 and 84.0h,
respectively.

1.3.6. Disposition
Sustained concentrations of MMC after injection of

the conjugates were observed in spite of the rapid elim-

ination of MMC (data not shown). Higher and contin-
uous levels of MMC were established especially by

appeared to release MMC continuously in the rats.
Fig. 5 shows the tissue distribution of MMC 24 h
after a single intravenous injection of 20mg/kg in
MMC equivalents of the conjugates. Although free
and conjugated forms of MMC were detected sepa-
rately, most of MMC was detected as the conjugated
form in the tissues. Both the conjugates may ac-
cumulated in the tumor tissues. G-BSA-MMC was
distributed to the lung and the heart to some extent,
and trace amounts of the conjugate were detected in
the plasmakKig. 5A). BSA-G-MMC accumulated not
only in the tumor tissue but also in tissues such as
liver, spleen, and lungHig. 5B). Significant amounts
of BSA-G-MMC remained in the circulation even af-
ter 24 h. The concentration ratios of the tumor against
the plasma were 62 and 2.8 for G-BSA-MMC and
BSA-G-MMC, respectively.

1.3.7. Invivo antitumor activity

Fig. 6 shows the growth inhibition curves against
S180 subcutaneously inoculated in mice. In the con-
trol, a remarkable tumor growth was observed, show-
ing an 80 times increase in the ratio of the tumor
volume after 30 days. A marked growth inhibition
was achieved by a single dose of each conjugate; the
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Fig. 6. Growth inhibitory effects of G-BSA-MMC, BSA-G-MMC
and MMC on implanted S180 cellfgnaka et al., 1991 Mice
were inoculated with S180 cells (& 107 cells/mouse) sub-
cutaneously. Four days after the inoculation, a single intra-
venous dose of the test compound was as follows: closed cir-
cle, G-BSA-MMC (20 mg/kg in MMC equivalents); open circle,
BSA-G-MMC (20mg/kg in MMC equivalents); closed triangle,
MMC (5mg/kg); closed square, control (0.9% NaCl, 10 ml/kg).
The ratio was calculated by dividing the tumor volume by the ref-

45

minus) per mol of BSA has been determined by
amino acid analysis and its primary sequenkedd

et al.,, 1980. In the case of BSA-G-MMC 5.6 mol
of free amino groups of the BSA were modified by
the binding of MMC. The number of the modified
amino groups was identical with the MMC content of
BSA-G-MMC (Table 1. One mole of BSA showed
the color development comparable to that of 28.5 mol
free amino groups according to the TNBS method.
The extent of acylation of BSA by glutaric anhydride
could not be estimated adequately by the colori-
metric method. It was found, however, that G-BSA
and G-BSA-MMC had only 1-2 mol reactive lysine
residues on the molecular surface of BSFRalfle ).
Kato and co-workers have prepared an albumin con-
jugate of MMC (BSA-MMC, 5.0 MMC/w (%)) by
binding MMC directly to BSA using large amount
of calbodiimide Kato et al., 198 The effective
molecular size of BSA-MMC they made (99 A) was
much larger than that of BSA (34.4A). BSA is re-

erence volume 4 days after the inoculation. Each point represents ally polymerized during the carbodiimide reaction

the mean value of the ratio: (= 6-27).

ratios of tumor volume were kept at low values even
30 days after inoculation. S180-bearing mice (con-
trol) exhibited a survival ratio of 39% 40 days after
inoculation. By the treatment with G-BSA-MMC and
BSA-G-MMC (20mg/kg in MMC equivalents) the
40-day survival ratio increased to 75 and 100%, re-
spectively. Similarly, an improvement of the 40-day
survival ratio was observed in the mice treated with
MMC (5 mg/kg).

1.3.8. Acute toxicity

Acute intravenous LEy values were determined
by Dixon’s up-and-down method. All animals were
observed for 7 days after treatment. ThesgDalues
of G-BSA-MMC, BSA-G-MMC, and MMC were
51.1 mg/kg in MMC equivalents, 67.3 mg/kg in MMC

because it has both carboxyl and amino groups in its
molecule. The prior acylation of BSA was found to
prevent the protein polymerization in the presence of
carbodiimide since the estimated molecular weight of
G-BSA-MMC (84 kDa) was similar to that of BSA
(68kDa) (Table ). Thus, G-BSA-MMC prepared

in this study showed a much smaller Stokes radius
(45.1A) according to the size exclusion chromatog-
raphy on a Sephadex G-150 columfafle 7. On

the other hand, the synthetic method of preparing
G-MMC followed by binding to BSA (Method 2)
did not influence the effective molecular size or the
molecular weight of BSATable 1.

Acylation, such as acetylation and succinylation,
have been reported to cause conformational changes
of the protein which are attributed to an electrostatic
destabilization flabeeb, 196)¢ Glutarylation also re-
sulted in a 30% increase in the Stokes radius of BSA
(Table 1. Since a 40% decrease in the helical con-

equivalents, and 11.1mg/kg, respectively. Severe tents of G-BSA-MMC and G-BSA occurred, a partial
weight loss and diarrhea observed above the dose ofunfolding and/or conformational change of the BSA

LDso.
1.4. Discussion

A total of 60 mol of free amino groups (provided
by the lysyl side chains and the single amino ter-

molecule were suggestedaple 7). HPLC analysis
showed that the conjugates did not release G-MMC
but MMC directly. The conjugates were very stable
at pH 6.0, contrary to the findings for MMC, but it
predominantly released MMC with the elevation of
pH. MMC was relatively stable at basic pH, but the
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decomposition increased below neutral pH. These re- (Table 1), because the pore radius of 40-58 A was,
sults were similar to those obtained in the experi- for example, estimated for the pulmonary capillary

ment with an MMC-dextran conjugateléshida et al.,
1983. Under the physiological conditions (pH 7.4
and 37°C) BSA-MMC showed higher stability with
a half-life of 84.0h, comparing with G-BSA-MMC
(66.0h). The BSA-MMC conjugate synthesized by
Kato et al. (1982showed monoexponential release of
MMC with a half-life of 20.2 h. The introduction of a

membrane Taylor and Gaar, 1970

Effects of a single dose of 20 mg/kg in MMC equiv-
alents of the conjugates on the growth inhibition of the
tumor and on the survival ratio in S180-bearing mice
were almost equivalent to those of a 5mg/kg single
dose of MMC Fig. 6). MMC has severe side effects
such as myelosuppression, gastrointestinal complica-

glutaric spacer arm resulted in the slower release ratetions, and so on. In practice, the treatment with the

of MMC from the albumin conjugate. These findings
indicate that covalent binding to BSA stabilizes MMC
and that the macromolecular prodrugs, G-BSA-MMC
and BSA-G-MMC liberate MMC gradually under the

physiological conditions.

In rats, thea- and B-half-lives of free MMC given
as MMC were 3.2 and 22.8 min, respectively. The
elimination of the conjugated MMC from the plasma
after dosing G-BSA-MMC and BSA-G-MMC was
slower than that of free MMC given as MMC, with
ty2 of 38.7 and 46.2min, respectively. Since the
plasma concentration—time profiles of free MMC af-

conjugates did not result in necrosis of the site of in-

jection nor severe diarrhea, which was observed by the
treatment with MMC. These findings should account

for the excellent efficiency of the conjugates compared
to MMC.

The relative toxicities of the conjugates and MMC,
as assessed by acute intravenous;d_d the mice,
were represented in order of decreasing potency by
the following: MMC (11.1 mg/kg)>> G-BSA-MMC
(51.1 mg/kg in MMC equivalents) > BSA-G-MMC
(67.3kg in MMC equivalents). The slow release rates
of MMC from G-BSA-MMC and BSA-G-MMC may

ter dosing the conjugates were not reconciled with the account for their lower acute toxicities compared to
compartment model, the elimination parameters were that of MMC.

calculated by the method of noncompartment model.
The elimination half-lives of free MMC after admin-
istration of G-BSA-MMC and BSA-G-MMC were

These investigations showed that the albumin con-
jugates of MMC effectively accumulate in the tumor
tissues and that the distribution of the conjugates de-

8 and 2h, respectively, and were much longer than pends on physicochemical properties such as molecu-

that after dosing as MMC. Sustained levels of free

MMC in the plasma suggested that the conjugates

release MMC continuously in the bodygnaka et al.,
1991).
Macromolecules such as albumin, globulins, and

synthetic polymers accumulate in the tumor tissues

lar size.

2. Tumor targeting based on the mechanism of
RME

because of the unique vascular characteristics and a2.1. Introduction

lack of the lymphatic recovery systenMétsumura
and Maeda, 1986We found that both G-BSA-MMC
and BSA-G-MMC markedly accumulate in the tumor
tissues in miceKig. 5A and B respectively). Serum
albumin is known to also distribute in the normal
tissues including lungGhitescu et al., 1986 These
findings may account for the high concentration of
BSA-G-MMC in the lung Fig. 5B) G-BSA-MMC,
however; scarcely distributed to those normal tis-
sues including lung, liver; and spleehig. 5A). The
characteristic distribution patterns of the conjugates
were partly explicable by the difference of the higher

Targeting of drugs or toxins to tumor cells by
specific carriers has long been a topic of interest.
Macromolecules such as antibodies, glycoproteins,
polysaccharides, and synthesized polymers have been
candidates as carriers to tumor sitdakakura and
Hashida, 199p

Transferrin (TF) is a glycoprotein which deliv-
ers iron ions to actively growing cellsDé Jong
et al.,, 1990. The high efficacy of the TF endocy-
tosis process has tempted many investigators to ask
whether this pathway could be exploited for the tar-

structure such as molecular size and helical content geted delivery of drugs or larger molecules into cells
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(Wagner et al., 1994 TF receptor levels in prolif-  2.2.2. Tumor cells
erating malignant cells have often been found to be  S180 cells were collected from the mice which were
far higher than in the corresponding normal cells. transplanted with S180 cells in the intraperitoneal cav-
For this reason the TF receptor has been proposedity. The S180 cells were washed with Eagle supple-
as a target for cancer chemotherapyroivbridge, mented with 1% BSA (BSA/Eagle).
1988. HL60 cells were kindly supplied by Dr. Yamashita
Mitomycin C, which binds to DNA, is an antitu- (Formulation Research Institute, Otsuka Pharma-
mor antibiotic. Its use in chemotherapy is limited by ceutical Co., Ltd., Tokushima, Japan) and grown in
severe side effects because it is distributed to nor- RPMI1640 supplemented with 10% PBS. Before the
mal cells as well as tumor cells. We synthesized a experiment, the cells were washed twice with ice-cold
transferrin-mitomycin C conjugates and showed that RPMI1640 supplemented with 1% bovine serum
the conjugates bound specifically to TF receptors on albumin (BSA/RPMI).
Sarcoma 180 cellTanaka et al., 1996 In this sec- HepG2 cell was purchased from Riken Cell Bank
tion, we describe the kinetics of the intracellular dis- (Wako, Japan). The HepG2 cells £510° cells) were
position of the conjugate in human leukemia cell line plated in 35 mm plastic dishes in Dulbecco’s MEM
HL60 cells (Tanaka et al., 1998And the efficiency of containing 10% PBS and were cultured in humid-
the conjugate as a receptor-mediated targeting systemified air with 5% CQ at 37°C. After 3 days, the
is discussed and its antitumor effect is also examined. cells were washed twice with ice-cold Dulbecco’s
Moreover, the binding and the internalization in the MEM, supplemented with 1% bovine serum albumin
human hepatoma cell line HepG2 cell are discussed (BSA/Dulbecco).
and compared with those in normal cultured hepato- In order to wash out the endogenous TF, before the

cyte (Tanaka et al., 2001 experiments the suspensions and/or the monolayer of
the cells were incubated in the medium at°g7for

2.2. Materials and methods 30 min and the cells were again washed twice with the
medium.

2.2.1. Materials

Human holo TF was obtained from Sigma Chem- 2.2.3. Cultured hepatocyte
ical Co. MMC, Eagle’s minimum essential medium Hepatocytes were isolated from male Wistar rats
(Eagle), RPMI1640 and Dulbecco’s minimum es- by the collagenase perfusion methddo{deus et al.,
sential medium (Dulbecco’s MEM) were purchased 1978. The cells were fractionated on Percoll density
from Nacalai Tesque, Inc. Fetal bovine serum (FBS) gradients to obtain more than 98% viability as veri-
was purchased from the Life Technologies (Gaithers- fied by the trypan blue exclusion test. Then the cells
burg, USA) and inactivated at S5€ for 30 min be- were resuspended in William’s medium E containing
fore use. Collagenase (type H) was from Boehringer dexamethasone (1 M), insulin (0.1 M), and 10% FBS.
Mannheim (Tokyo, Japan). Percoll was purchased The cells (1x 10° cells) were placed in a 35 mm col-
from Amersham Pharmacia Biotech (Tokyo, Japan). lagen type | coated cultured dish (lwaki, Funabashi,
William’s medium E was obtained from Dainippon Japan) and cultured in humidified air with 5% €0
Pharmaceutical Co., Ltd. (Suita, Japan). The con- at 37°C for 24 h. At the time of each experiment,
jugate of TF and MMC was synthesized according the monolayers of hepatocytes were washed with
to the previous reportTanaka et al., 1996 The Hanks medium, containing 1.3 mM CaGind 10 mM
conjugate or TF was labeled wit8°l (1 mCi, Amer- HEPES (pH 7.4), and incubated in 2 ml of William’s
sham Corp., Tokyo, Japan) by the chloramine T medium E containing 1% BSA (BSA/William) at
method, in which the reaction time was limited to 37°C for 30 min. Then the cells were again washed
1min to avoid denaturation. Unbourid® was re- twice with ice-cold BSA/William.
moved by chromatography on a column of PD-10
(Pharmacia Fine Chemicals). All other chemicals and 2.2.4. Binding
reagents were of the highest grades commercially S180 cells (2 x 10° cells) in BSA/Eagle were in-
available. cubated with'?9 labeled ligands at ©C for 100 min.
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HL60 cells (10 x 10°cells) in BSA/RPMI were in-
cubated with'29 labeled ligands at 8C for 100 min.
After incubation, the cell suspension was added to
an oil mixture (olive oil and dibutyl phthalate) and
centrifuged at 5000 rpm for 2 min. A portion of the
cell pellet was cut and the radioactivity of bouti®l
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2.2.6. Recycling

Recycling of TF-MMC was studied according to
the literature Ciechanover et al., 1933s follows.
Washed HL60 cells (% 107 cells) were incubated with
125 |abeled ligand (37.5 nM) at @C in BSA/RPMI for
100 min. Cells were rinsed with ice-cold BSA/RPMI

to the cells was determined with a gamma counter to remove the unbound ligand. BSA/RPMI preheated

(Aloka301, Tokyo, Japan)?9 labeled ligand was

at 37°C was added to the cell pellet and reincubated at

added to the washed monolayers of HepG2 cells and 37°C for another 0, 2.5, 5, 7.5, 10, 15, 20, or 30 min.

hepatocytes. The dishes were incubated &€ Gor

At the end of the incubation, cell mixtures were added

100 min. The media were aspirated and the dishes to ice cold BSA/RPMI and centrifuged at°€ and

were washed three times with ice-cold Hanks medium
containing 1.3mM CaGl and 10 mM HEPES (pH
7.4). To correct nonspecific binding, assays were
performed in parallel in the presence of G0l
unlabeled TF.

2.2.5. Internalization

Internalization was started by the addition ‘3Pl
labeled ligand to preincubated HL60 cells. The cell
suspension (k 10’ cells) in BSA/RPMI was incu-
bated in the presence of 37.5 ¥l labeled ligand
at 37°C. The internalization was terminated by the
addition of ice-cold BSA/RPMI to a portion of the
incubation mixture. The cell suspension was cen-
trifuged and then the cell pellet was washed three
times with ice-cold BSA/RPMI. The radioactivity
of the cell pellet was emitted by both bound and
internalized ligand. In order to remove radioactiv-
ity from the cell surface, a portion of the incuba-
tion mixture was added to ice-cold 0.25M acetic
acid containing 0.5M NaCl. The cell suspension

1000 rpm for 5min. The radioactivities of the super-
natant and the pellet were determined. Trichloroacetic
acid (TCA) was added to the supernatant at a final
concentration of 10% and the aliquot was centrifuged
at 12,000 rpm for 10 min. The radioactivities of 10%
TCA-soluble and insoluble fractions were measured.
To distinguish the cell surface bound ligands from
the internalized ligands, 0.25M acetic acid/0.5M
NaCl was added to the cell pellet. The mixture was
centrifuged at 4C and 1000 rpm for 5min, and the
radioactivity of the released ligands in the supernatant
and the cell-associated counts were determined. In
order to correct for a nonspecific endocytotic process,
control experiments containing @M unlabeled TF
were run in parallel. In order to correct the intra-
cellular disposition between TF-F-MMC and TF, we
used a kinetic model which assumes that all of these
process follow first-order kineticsScheme 2 The
model consisted of the following steps: uptake of
the ligand-TF-receptor complex into the ceko);
exocytosis of the ligand out of the cels]; decom-

was centrifuged and then the cell pellet was washed position of the ligandkKy); dissociation of the ligand

three times with an acidic solution. The radioactiv-
ity of the internalized ligand was determined in a
gamma-counter. To the monolayers of HepG2 cells
and hepatocytes, pre-warmed medium contaiffih

labeled ligand (9.4 nM) was added. Then the dishes

were immediately placed at 3C. At the appropriate

from the ligand-TF receptor complex on the cell
surface K1).

2.2.7. Cytotoxicity
Alamar Blue (Kanto Reagents, Tokyo, Japan) was
used to determine cell proliferation. Briefly, HL60

time, the dishes were washed three times with the cells (1x 10° cells/ml) were inoculated into 96-well

ice-cold Hanks medium containing 1.3mM CaCl
and 10 mM HEPES (pH 7.4). Another set of dishes
similarly prepared was washed three times with
ice-cold 0.25M acetic acid containing 0.5M NacCl to
remove the cell surface binding ligand. In order to
correct for nonspecific internalization, control exper-
iments containing 6Q.M unlabeled TF were run in
parallel.

microplates (Nunc, Roskilde, Denmark). The cells
were incubated with the test compound at specified

kaLL ku kr
[R]s 77— [LR]s ——=>[LR]}i ——>
ka

Scheme 2. Kinetic model of endocytosis of TF and TF-G-MMC.
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concentrations in RPMI1640 containing 1% FBS
at 37°C for 3 days, followed by an additional 3-h
incubation with Alamar Blue.

HepG2 cells (2x 10° cells/ml) were inoculated in
96-well microplates (Nunc). The HepG2 cells were
cultured in Dulbecco’'s MEM containing 2% FBS at
37°C for 1 day. Isolated hepatocytes{2.0° cells/ml)
were inoculated in collagen type | coated 96-well
microplates (lwaki) and cultured in the William’s
medium E containing dexamethasonequ{d), insulin
(0.1uM), and 2% FBS at 37C for 1 day. The test
compound at specified concentrations in the medium
was added to the well and incubated at°@7for
2 days, followed by additional 3-h incubation with
Alamar Blue.

The viable cell induces a chemical reduction of the
Alamar Blue. The absorbance of reduced Alamar Blue
was determined by a microplate reader (Immuno-mini,
NJ-2300, Inter Med Japan, Tokyo, Japan). Growth in-
hibition (GI) was calculated usingq. (3)

% — (1- =8
Gl(/o)—<1 C—B) x 100 3)
whereS, B andC represent the absorbance of the sam-
ple, the blank and the control, respectively.

2.3. Results

2.3.1. Preparation of the conjugate of MMC to TF
(TF-G-MMC)

We have synthesized G-MMC by the method of
Kato et al. (1983)The coupling of MMC to TF via a
glutaryl group was achieved by using the active ester of
MMC, 1a-[4-(N-succunumidoxycarbonyl)-butyl] mit-
omycin C (MMC-G-OSu) to provide covalent amide
bonding. The MMC contents of the TF-G-MMCs are
listed in Table 2 The MMC content of the conjugate

Table 2
Preparation and characterization of TF-G-MMC
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12 3 45 6

Fig. 7. SDS-PAGE of TF (lane 2) and TF-G-MMC with varying
MMC content (lane 3: 0.82 MMC/w (%), lane 4: 1.80 MMC/w (%),
lane 5: 4.04 MMC/w (%), lane 6: 9.49 MMC/w (%)Ténaka et al.,
1996. Aliguots of the sample were dissolved in the SDS-gel load-
ing buffer containing 5% of mereaptoethanol, then heat-denatured
and loaded on the gel. After electrophoresis, the gel was stained
with Coomassie Brilliant Blue. Lane 1 shows the migration pat-
terns for the standard proteins.

increased with increasing amounts of MMC-G-OSu
added to the reaction mixture.

The molecular weight of the conjugates was deter-
mined by SDS-PAGEHg. 7). The electromigration
pattern of each TF-G-MMC was identified by a single
band, thus TF did not aggregate to a polymeric form
during the conjugation. The molecular weight of the
conjugates was increased slightly by the conjugation
of MMC (Table 2.

2.3.2. Binding of TF-MMC

2.3.2.1. Binding to the S180 cell. The equilib-
rium binding of TF and TF-G-MMC to S180 cell at
0°C resulted in a saturation isotherrrid. 8). The

Conjugate Molar ratio of MMC content Apparent molecular
MMC-G-Osu/TF (mol/mol) MMC/w (%) Molar ratio weigh® (kDa)

1 43 0.82 197 81

2 8.7 1.80 4.32 82

3 22 4.04 9.70 83

4 43 9.49 22.8 84

2 The apparent molecular weight was determined by SDS-PAGE.
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Fig. 8. Binding of 125-TF and %9-TF-G-MMC to Sarcoma
180 cells (40 x 1CPcells) at pH 7.4 and OC (Tanaka et al.,
1996. (A) 251-TF; (B) 125-TF-G-MMC (0.82 MMC/w (%)); (C)
125_TF-G-MMC (4.04 MMC/w (%)); (D) *25-TF-G-MMC (9.49
MMC/w (%)). Specific binding (closed circle) is the mean of
the difference obtained for total (closed triangle) and nonspecific
(closed square) binding. Each line was calculated using the non-
linear least-squares program, MULTI.

Scatchard’s plot of the data gave a nonlinear regres-
sion line (data not shown). Assuming that there are
two types of binding sites); andny, with association
constantKj andKj, respectively:

T. Tanaka et al./International Journal of Pharmaceutics 277 (2004) 39-61

whereB andL represent the bound ligand concentra-
tion and the free ligand concentration, respectively. On
the basis oEq. (4) a curve fitting was done using the
nonlinear least-squares program MULTYafnaoka
et al.,, 198). Table 3lists the binding parameters
obtained by computer analysis. For high-affinity
TF-binding sites, the numbemny) and the affinity
constant K1) were 4500 sites/cell and4ix 168 M1,
respectively. For low-affinity TF-binding siteg),
and K, were 72,000 sites/cell and.22x 10’ M1,
respectively.

Each equilibrium binding of TF-G-MMC with var-
ious MMC content resulted in a saturation isotherm
(Fig. 8B-D). The total binding of the conjugate de-
creased as the MMC content increased. Nonspecific
binding of the conjugate, which was determined in the
presence of an excess amount of nonradioactive TF,
increased as the MMC content was increased. Conse-
qguently, the specific binding of the conjugate to the
TF receptor was depressed as the MMC content was
increased. A Scatchard’s plot of the specific binding
data gave a nonlinear regression line (data not shown).
The binding parameters of TF-G-MMC for the TF re-
ceptor on S180 cell are listed ifable 3 The num-
bers of binding sitesng andny) of the conjugate 0.82
and 4.04 MMC/w (%) were nearly equal to those of
TF; however, when the MMC content was increased
to 9.49 MMC/w (%), n; and n; were decreased to
one-half or one-third of those of TF, respectively.

2.3.2.2. Binding to the HL60 cell. The binding of
TF-G-MMC (1.80 MMC/w (%)) was almost 50% of

n1K1L noKoL 4 that of TF. The equilibrium binding of TF-G-MMC

T 1+ KiL) | (1+ KoL) (4) and TF resulted in a saturation isotherm. The
Table 3
Binding parametérof TF and TF-G-MMC in the Sarcoma 180 cell at©
Compound TF TF-G-MMC
MMC content (MMC/w (%)) - 0.820 4.04 9.49
n;® (sites/cell) 4500 3600 5600 2200
Ki¢ (M~1) 4.4 x 108 1.2 x 10° 3.7 x 1C8 1.3 x 10°
ny? (sites/cell) 72000 86000 55000 20000
K2¢ (M~1) 2.1 x 10 1.2 x 107 3.0 x 1¢° 4.7 x 1P
Sum of nK (sites/cell M1) 3.5 x 1012 1.5 x 1012 2.2 x 10%2 3.8 x 101

a Each parameter was calculated using the nonlinear least-squares program.

® Then; andn, are the number of the binding site.

¢ TheK; andK; are the association constant. Each value is the me&B. which is calculated using a nonlinear least squares program,

MULTI.
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Binding parameters of TF and TF-G-MMC (1.80 MMC/w (%)) in the HL60 cell, the HepG2 cell and the cultured hepattcQte

Parameter

TF

TF-G-MMC

HL60 cell

n° (sites/cell)

Ke (MY

nK (sites/cell ML)
HepG2 cell

n° (sites/cell)

Ke (MY

nK (sites/cell ML)
Cultured hepatocyte

n° (sites/cell)

Ke (MY

nK (sites/cell ML)

2.58x 10° + 0.32 x 10°
1.16 x 108 + 0.23 x 1C®
3.0 x 1013

4.11x 10° + 0.58 x 10°
4.50 x 10" + 1.80 x 107
1.8 x 1013

7.99x 10° + 2.14 x 103
9.15x 10" + 7.38 x 10’
7.3 x 1011

1.16 x 10° + 0.15 x 10°
1.45x 1% + 0.32 x 1C®
1.7 x 1013

3.96 x 10° + 0.31 x 10°
3.24 x 10" + 0.58 x 10’
1.3 x 1013

9.82x 10° + 2.06 x 10°
1.00 x 10° + 0.65 x 10°
9.8 x 1011

a This is the primary cultured rat hepatocyte.
b Number of the binding site.

¢ Association constant. Each value is the mga8 D. which is calculated using a nonlinear least squares program, MULTI.

Scatchard’s plot of the data gave a linear regression per of TF-G-MMC (0715 x 10° molecules/cell) was
line (data not shown). The binding parameters were ajmost 50% of that of TF (44 x 10 molecules/cell).

calculated according to the following equation:
nKL
B= ——
(1+KL)
whereB is the amount of bound ligandjs the number
of binding sitesK is the association constant ahds

the free ligand concentratiomable 4lists the binding
parameter obtained by computer analysis.

®)

2.3.2.3. Binding to the HepG2 cell and cultured hep-
atocyte. Cell surface binding of TF-G-MMC was
compared with that of TF in monolayers of HepG2

The amount of internalization of TF-G-MMC and
TF increased with time and reached a steady-state
within 20 min. However, the steady-state of internal-
ization of TF-G-MMC was reached more slowly than
that of TF. Experimental results for internalized lig-
ands were fitted usingq. (6}

I; = Iappss(1 — eikapp'im) (6)

wherel, is the number of internalized ligand molecules
per cell at timet, lappss is the apparent steady-state
level and is the apparent rate constant of internaliza-

cells and primary cultures of rat hepatocytes (data not tion (Berczi et al., 1998 Table Slists the parameters

shown). TF-G-MMC bound specifically to the HepG2

cell and hepatocyte as well as TF. These specific bind-

obtained by computer analysis. Although the value of
lappssOf TF-G-MMC was similar to that of TF, the rate

ings resulted in saturation as the ligand concentration constant of internalization of TF-G-MMC was smaller
increased. Binding parameters were calculated accord-than that of TF.

ing to Eq. (5) The binding parameters are listed in
Table 4

2.3.3. Internalization of TF--G-MMC

2.3.3.1. Internalization into the HL60 cell.  37.5nM
125 Jabeled ligands were incubated with HL60 cells at
37°C (data not shown). The amount of surface binding
of TF-G-MMC was maximal at 5 min after incubation.
The amount of TF-G-MMC reached a maximum much
faster than that of TF at 30 min. The maximal num-

2.3.3.2. Internalization into the HepG2 cell and cul-
tured hepatocyte. TF-G-MMC and TF were incu-
bated with the HepG2 cell and the cultured hepatocyte
at 37°C (Fig. 9). Each ligand was immediately bound
to the cell surface. In the HepG2 cell, the amounts
of binding of TF-G-MMC and TF reached the max-
imum value at 10 and 20 min, respectively. Then the
amounts of binding were decreased gradually. In the
hepatocyte, the amounts of binding of the ligands
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Table 5
Kinetic parameters of internalization of TF and TF-G-MMC in the
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HL60 cell, the HepG2 cell and the cultured hepfaaicgieC

Parameter TF

TF-G-MMC

HL60 cell

kappintb (minfl)

lapps (Molecules/cell)
HepG2 cell

Kappint® (min~?)

lappss” (molecules/cell)

0.213+ 0.075

0.0707+ 0.0112

Cultured hepatocyte
kappintb (minfl)
lapps (Molecules/cell)

0.207+ 0.056
0.23% 10° + 0

9.44¢ 10* + 0.83 x 10

1.7% 10° + 0.10 x 10°

0.103+ 0.021
1.16 x 10° + 0.09 x 1C°

0.0830t 0.0094
1.04 x 10° + 0.04 x 10°

0.132+ 0.037

17 x 10° 0.224x 10° + 0.19 x 1C°

@ This is the primary cultured rat hepatocyte.
b The apparent rate constant of internalization.

¢ The apparent steady-state level in the cell. Each value was calculated using a nonlinear least squares method.

reached the maximum at 5min. The amounts of in-

The parameters are listedTable 5 In the HepG2 cell

ternalization were increased and reached an apparenthe apparent rates of internalization for TF-G-MMC

steady-state level in both kinds of cells. The rate con-
stants of internalization were calculated By. (6)
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Fig. 9. Time profiles of binding (open circle) and internalization
(closed circle) of }2°1]TF-MMC and [*2%]TF in the HepG2 cell
and the cultured hepatocyte at 37 (Tanaka et al., 2001 (A)
[*25]TF-MMC in the HepG2 cell, (B) }?I]TF in the HepG2 cell,

(C) [**¥I]TF-MMC in the hepatocyte, (D)3]TF in the hepa-
tocyte. Binding and internalization were simultaneously measured
at the ligand concentration of 9.4 nM.

and TF were almost equivalent; however; in the cul-
tured hepatocyte the apparent rate for TF-G-MMC
was slower than that for TF. The apparent rates of
internalization for the ligands in the HepG2 cell were

slightly slower than those in the cultured hepatocyte.
The apparent steady-state levels of internalization
in the HepG2 cell for the ligands were significantly

higher than those in the cultured hepatocyte.

The rate of uptake into the cell and the rate of re-
lease from the cell were calculated according to the
model of A.C. Myers et al. with a slight modifica-
tion (Myers et al., 198y, Scheme Zhows the kinetic
model of endocytosis. The model is represented by
three first-order differential equations as follows:

My~ U]+ kLRI @)
d[;?]s — ka[L][R] s — ka[LR]s — ku[LR]s 8)
% = ky[LR]s — k;[LR]; )

where R]s is number of the receptor on the cell sur-
face, ks is the rate constant of association. [L] is the
ligand concentratiorky is the rate constant of disso-
ciation. [LR]s is the ligand-receptor complex on the
cell surfacek, is the rate constant of uptake, [LR$

the ligand-receptor complex in the cell, akdis the
rate constant of release from the cell. By solving those
differential equations, [LR]and [LR} are expressed
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Table 6
Kinetic parameters of endocytosis of TF and TF-G-MMC to the HepG2 cell and the cultured hepgaticg#C
Cell type TF TF-G-MMC
Ka[L] Xo”
HepG2 cell 37.6x 10° +£ 9.7 x 10° 134 x 10° + 7.1 x 10°
Cultured hepatocyte 37.% 10%¢ 32.7x 10° + 13.9 x 10°
o
HepG2 cell 0.506+ 0.189 0.303+ 0.207
Cultured hepatocyte 2.56 2514+ 1.29
,‘Sb
HepG2 cell 0.0189+ 0.0067 0.0114 0.0100
Cultured hepatocyte 0.000737 0.001764+ 0.00507
kud
HepG2 cell 0.186+ 0.037 0.277+ 0.128
Cultured hepatocyte 0.365 0.254+ 0.101
kre
HepG2 cell 0.0385t 0.0130 0.0862t 0.0525

Cultured hepatocyte 0.283

0.1444+ 0.071

a This is the primary cultured rat hepatocyte.
b These parameters were defined in our repdangka et al., 2001

¢ The values were calculated using a nonlinear least squares algorithm, Simplex and the other values were calculated using a nonlinear

least squares program, MULTI.
d The rate of uptake of the ligand-receptor complex into the cell.
€ The rate of release of the ligand from the cell.

as equations as list in our repofiahaka et al., 2001
The values okappint were used as the initial value in
this model fitting. The lines iifrig. 9represent the fit-
ted curves by the MULTI using the model as shown in
Scheme 2Computer calculated parameters for the en-
docytosis of TF and TF-G-MMC are listed rable 6

2.3.4. Recycling of TF-G-MMC in the HL60 cell

In the recycling experiment of TF-G-MMC, the
ratio of remaining radioactivity on the cell surface
to the initially bound radioactivity decreased in time
(Fig. 10. The internalized radioactivity was maximal
at 7.5min after incubation of 3TC. At least 50% of
the initial bound radioactivity was internalized within
7.5min and then exocytosed. At 30min, approxi-
mately 72% of the initially bound radioactivity was
released from the cells. At that time, 9% of the initial
bound radioactivity, which was not precipitable with
10% TCA, was released from the cells.

In the case of TFKig. 10B), the bound TF de-
creased in time. The ratio of internalization reached a
maximum at 5min and then decreased. The ratio of
the released radioactivity was increased over time. At

30 min, 85% of the initial bound radioactivity, which
was TCA-precipitable, was released from the cell. The
TCA-soluble fraction was less than 1% of the initial
bound radioactivity. Since TF was not decomposed
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Fig. 10. Recycling experiments ofPI]TF-MMC (A) and [*23I]TF

(B) in HL60 cells at 37C (Tanaka et al., 1998 Each ligand
(37.5nM) was bound to a TF receptor on the cell surface°& 0

for 100 min and the cells were washed with ice-cold BSA/RPMI.
Then the cells were incubated at 37 and the radioactivity was
analyzed (se&ection J. Closed circle, specific binding on the cell
surface; closed triangle, remaining in the cell; closed square, TCA
precipitable supernatant; open square, TCA-soluble. Each point
and vertical bar represent the mearS.D. of two independent
experiments. Each line represents computer-fitted profiles.
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Scheme 3. Kinetic model of TF-MMC in the recycling experi-

. . ) 0.1 1 10
ment. A, amount of ligand on the cell surface; B, amount of ligand Concentration (ug MMC/ml)
in the cell; C, amount of ligand out of the cell; D, amount of

decomposed ligandsy, rate constant of uptakds, rate constant Fig. 11. Cytotoxicity of TF-MMC (closed circle) and MMC

of exocytosis;ks, rate constant of decompositiok; 1, dissocia- (closed triangle) against HL60 cellFgnaka et al., 1998 The
tion of ligand from the ligand-TF-receptor complex on the cell g5 (1x 10° cells/ml) were incubated with TF-MMC or MMC at
surface. 37°C under 5% C®@ air for 3 days. Each point and vertical bar

represent the meah S.D. of three experiments.

to a TCA soluble compound, we considered a kinetic

model which ignored the decomposition. dose dependency. Concentrations resulting in the 50%
Kinetic parameters of the intracellular disposition of  inhibition of cell proliferation (IGg) of TF-G-MMC

TF-G-MMC and TF were obtained by computer analy- and MMC were 1..g MMC/ml and 0.43u.g/ml, re-

sis according to the model &cheme 3The equations  spectively.

have been listed in our repoiignaka et al., 1998All

the parameters were calculated by the least-squares2.3.5.2. Cytotoxicity against the HepG2 cell and cul-

program, MULTI (Yamaokaetal., 199land are listed  tured hepatocyte. HepG2 cells were incubated with

in Table 7 As shown inFig. 10 the simulated curves  (ifferent concentrations of TF-G-MMC and MMC

were in fair agreement with the experimental values. (Fig. 12. Each compound inhibited the growth of

the HepG2 cells. However, the relative viability of

2.3.5. Cytotoxicity of TF--G-MMC the hepatocytes was not changed by the addition of

2.3.5.1. Cytotoxicity against the HL60 cells. HL60 TF-G-MMC and MMC up to the concentration of:&)

cells were incubated with different concentrations of MMC/mI. Concentrations resulting in the 50% inhi-

TF-G-MMC (Fig. 11). The growth of HL60 cells was  bition of cell proliferation (IGg) of TF-G-MMC and

inhibited by the addition of TF-G-MMC and MMC. MMC against the HepG2 cells were Qug§ MMC/ml|

The growth inhibition of each compound showed a and 0.5.9/ml, respectively.

Table 7
Kinetic parameters of recycling of TF and TF-G-MMC in the HL 60 cell atG7
Parameter TF TF-G-MMC
Rate constadt(min~1)
ko1 0.0641+ 0.043 0.0915+ 0.0090
ko 0.231+ 0.019 0.188+ 0.015
k3 0.0768+ 0.0082 0.0453+ 0.0055
ka 0.0131+ 0.0029
Mean time (min)
Mean dissociation timeT( 1) 15.6 10.9
Mean uptake timeTy) 4.33 5.32
Mean exocytosis timeTg) 13.0 22.1
Mean decomposition timeTg) 76.3
Mean binding time T1 (=Tint — T2)) 1.13 1.82
Mean recycling timeTs (=T1 + T2 + T3)) 185 29.2

@ Each value is the meah S.D. calculated using the MULTI.
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Fig. 12. Cytotoxicity of TF-MMC (circle) and MMC (trian-
gle) against the HepG2 cells (closed symbols) and the cultured
hepatocytes (open symbolsYapaka et al.,, 2001 The cells
(1x 10° cells/ml) were incubated with TF-MMC or MMC at 3T
under 5% CGQ/air for 2 days.

2.4. Discussion
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used a sum ofiK (e.g.,n1K1 + n2K>3). The sum of
nK of TF on S180 cells, 3 x 10" sites/cell M~ was
smaller than that on K562 (Z x 10*3sites/cell M1)
(Klausner et al., 1983however, it was larger than that
on HT29-D4 (16 x 102 sites/cell ML) (Roiron et al.,
1989 and hepatocytes (B x 10 sites/cell M)
(Young and Aisen, 1980 These results indicated
that TF was capable of binding to S180 cells more
effectively than to normal cells. The number of total
TF binding sites 1 + np = 76,500 sites/cell) that
we found on S180 cells was twofold larger than that
on hepatocyte (37,700 sites/celfjoung and Aisen,
1980. Therefore, TF would be a useful carrier for
antitumor drugs to Sarcoma cell lines.

Each equilibrium binding of TF-G-MMC with var-
ious MMC content resulted in a saturation isotherm
(Fig. 8B and D. The total binding of the TF-G-MMCs
decreased as the MMC content increased. Nonspecific
binding of the TF-G-MMC, which was determined in

Targeting system to tumor cells has long been a the presence of an excess amount of nonradioactive
topic of interest. TF has been considered a specific TF, increased as the MMC content increased. Conse-

carrier of drugs, toxins, and DNA to tumor cells be-

quently, the specific binding of the conjugate to the

cause the expression of a TF receptor has been wellTF receptor was depressed as the MMC content was

known to be increased in cells with malignant trans-
formation Hamilton et al., 1979 TF-G-MMC con-
jugates of differing molar ratios of MMC to TF were
prepared. Up to a molar ratio of MMC-G-OSu/TF of
43, approximately half of the MMC-G-OSu added was

increased. A Scatchard’s plot of the specific binding
data gave a nonlinear regression line (data not shown).
The binding parameters of TF-G-MMC for the TF re-
ceptor on S180 cells are listedTable 2 The numbers

of binding sitesii; andny) of the conjugate containing

attached to TF, and the conjugate was obtained in a0.82 and 4.04 MMC/w (%) were nearly equal to those

good yield (>95.0% as protein). Above the molar ra-
tio of 43, the yield of the conjugate was markedly de-

of TF; however, when the MMC content was increased
to 9.49 MMC/w (%), n1 and n, were decreased to

creased because of the formation of a water-insoluble one-half or one-third of those of TF, respectively. The

product.

The biphasic curve obtained for the TF binding to
the S180 cell was similar to the result of TF-binding
analysis of the human adenocarcinoma cell line
HT29-D4 (Roiron et al., 198p On the other hand,
Klausner et al. (1983analyzed the binding of TF to
human chronic myelogenous leukemia cell line K562
cell by assuming that the only one type of binding

values ofK; andK; decreased as the MMC content
increased, e.g., TF-G-MMC containing 4.04 MMC/w
(%) (10mol MMC/mol TF) gave the value of;
which was one-seventh that of TF. These results in-
dicate that the MMC content of the conjugate is an
important factor with respect to the binding to the TF
receptor.

In order to establish an effective tumor targeting

site is available. This discrepancy could be due to the system, we should conjugate MMC as much as pos-
fact that we used a more extensive range of ligand sible to the TF molecule without losing the binding
concentration. It has been suggested that the humberactivity to the receptoiTable 3shows the effect of the

of TF receptors in various malignant cell lines and

MMC content of TF-G-MMC on the sum afK. The

cancerous tissues is increased compared with that invalue of the sum ofiK decreased as the MMC con-

normal cells and tissuesi@milton et al., 1979; Niitsu
et al., 1987. For the sake of comparison with these
binding parameters on the various kinds of cells, we

tent increased. However, it was found that the conju-
gates with an MMC content below 10 mol MMC/mol
TF retained more than half the activity of that of TF.
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Moreover, we examined the binding of TF-G-MMC
(2.80 MMC/w (%), 4 mol MMC/mol TF) and its an-
titumor activity against human leukemia HL60 cells.
The conjugate was bound specifically to the TF re-
ceptor on the HL60 cells where the summi{ was
1.7 x 1013 site/cell M1, and it exhibited an antitumor
activity equivalent to that of MMC.

The binding affinity of TF to its receptor is influ-
enced by ferric ion. At pH 7.2, the sum oK of
diferric TF (holo-transferrin) was 2 x 103 and that
of apo-transferrin was 2 x 102 (Klausner et al.,
1983. At both the N- and C-terminal regions of
TF, the ferric ion was directly coordinated to two
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The rate of internalization of TF-G-MMC is smaller
than that of TF Table §. However, the value dfppss
of TF-G-MMC (1.16 x 10° molecules/cell) is similar
to that of TF (944 x 10* molecules/cell), indicating
that the amount of the TF conjugate internalized in
the steady-state was not changed with the chemical
modification involving MMC.

Ciechanover et al. reported that the cycle of TF
and its receptor in a cell takes place rather quickly,
and the cycling time from the binding d¢blo-TF to
the secretion oépo-TF takes about 16 min in HepG2
cell: on the average, about 4 min are required for the
binding of holo-TF, 5 min for the internalization of a

tyrosines, one histidine and one aspartic acid, and complex, 7 min for its return to the surface and 16's

was indirectly coordinated to an arginine via the bi-
carbonate anionThorstensen and Romslo, 1990
The primary receptor-binding locus of human TF is
thought to be in its C-terminal lobe, which contains
glucosylated asparagineSlécGillivray et al., 1983

for release ofapo-TF into the medium Ciechanover
et al.,, 1983. In this study, the mean internalization
time of TF was similar to that previously reported in
HepG2 cells Table 7. However, the recycling time
of TF-G-MMC (29.2 min) is longer than that of TF

however, the N-terminal lobe enhances the binding of (18.5min), indicating that the chemical modification

the C-terminal lobeZak et al., 1994 In the conju-

of TF influences its intracellular disposition. It was

gation method using the active ester of glutarylated expected that the longer TF-MMC resides in the cell,

MMC, the drug linked randomly to the epsilon-amino

groups of TF via the glutaryl spacer arm, since the 57

the more cytotoxic TF-MMC becomes.
The extent of availability of endocytosis was calcu-

lysines are almost uniformly spread in the sequence lated usingEq. (10)

(MacGillivray et al., 1983 Therefore, the chemi-
cal modification of TF with MMC might promote a
conformational change in the TF molecule then indi-
rectly affect the sites which were recognized by the
TF receptor.

TF-G-MMC with an MMC content below
4.0 MMC/w (%) still retained more than half the
activity of that of TF. Therefore, we examined the
intracellular disposition of TF-G-MMC (1.8 MMC/w
(%)), such as binding to the TF receptor, internal-
ization, decomposition, and recycling in HL60 cells.
TF-G-MMC (1.8 MMC/w (%)) bound specifically to
the TF receptors on HL60 cells. The binding capacity
of TF-G-MMC was less than half of that of TF atG
(Table 4. At 37°C, the amount of surface binding
of TF-G-MMC and TF reached maximal levels after
5 and 30 min, respectively. The level of TF-G-MMC

_ (Jo BI)rr-gmmc
(Jo Bdr)re

whereF is the extent of availability. In the recycling
experiment, the value d¢f was 1.1, indicating that the
extent of endocytosis of receptor-bound TF-G-MMC
was almost similar to that of TF. Moreover, thguss

of TF-G-MMC is similar to that of TF. It is thought
that the extent of availability of TF-G-MMC as a
receptor-mediated targeting system is similar to that
of TF.

The other factor involved in the cytotoxic effect of
TF-MMC is arelease of MMC from the conjugate. The
recycling experiment showed that TF-G-MMC was in-
ternalized into the HL60 cell via the TF receptor, and a
part of the internalized TF-G-MMC was decomposed

(10)

was almost that 50% of TF. It was suggested that the into TCA-soluble fractions. The rate constant of the

ratio of binding capacity of TF-G-MMC to TF was
not altered under dynamic conditions. Over time, the

decompositionks;) was 0.0131 min!. The mean de-
composition time T4) of TF-G-MMC was 76.3min

amount of surface binding of the ligands decreased, in the HL60 cell. We indicated that the release rate
indicating the down-regulation which occurs due to of MMC from the MMC-albumin conjugate was ac-
the stimulation of internalization. celerated by the decomposition of the carrier protein
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(Tanaka et al., 1995The release rate of MMC from
the TF-G-MMC might be accelerated after its inter-
nalization into HL60 cell.

The cytotoxicity of TF-G-MMC was examined in
HL60 cells which were incubated with the conjugate
at different concentrations. The values of thesdC
of TF-G-MMC and MMC were 1.g MMC/mI
and 0.43u.g/ml, respectively. This suggests that the
TF-G-MMC has an inhibitory effect on the growth of
HLG60 cells.

The intracellular fate of TF-G-MMC is al-
most identical with TF, except for the degrada-
tion of TF-G-MMC. The intracellular fate of TF is
well-known. TF binds to its receptor on the cell sur-
face, the TF-receptor complexes are internalized in
coated vesicles. The coated vesicles fuse with en-
dosomes, an organelle with an internal pH of about
5-5.5 (Qautry-Varsat, 1986 TF-G-MMC might
be susceptible to a weakly acidic condition. From
the stability experiments, TF-G-MMC was released
MMC at pH 5.0 (unpublished data). It is thought that
the TF-G-MMC might act as a prodrug of MMC in
HL60 cells. However, the release rate of MMC was
too late to release MMC completely in the cell, if the
release rate under the weakly acidic condition could
increase, the conjugate might be particularly useful
in combating the tumor cell. In an albumin conju-
gate of MMC, maleic acid and aconitic acid acted
as a pH sensitive spacer arm which rapidly released
MMC at pH 5.0 Kaneo et al., 1990 Furthermore,
poly-[N-(2-hydroxyethyl)z.-glutamine] conjugates of
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et al., 1996, 1998 Furthermore, we examined the
intracellular disposition of TF-G-MMC, such as bind-
ing to the TF receptor and internalization in both the
HepG2 cell and the cultured hepatocyte. By the cal-
culation with MULT]I, the number of the binding site
(n) and the association constatd)(for TF-G-MMC
were estimated to be .® x 10° molecules/cell
and 324 x 10’ M~ respectively Table 5. The
value of nK, which was used to compare the bind-
ing capacity of TF-G-MMC in the HepG2 cell,
1.3 x 10 molecules/cell M, was almost equivalent
to that of TF (18 x 10" molecules/cell Mt1).

Ciechanover et al. reported that TF bound to
the HepG2 cell with the value ohK of 1.2 x
103 molecules/cellM?® (Ciechanover et al., 19$3
Our result of the value ofK of TF in the HepG2
cell was comparable to that of Ciechanover et al. We
have reported that the conjugation of MMC to TF
decreased the binding capacity to its recepiangka
et al.,, 1996. In particular, the nonspecific binding
of TF-G-MMC to the cell surface was affected by
the conjugation of MMC with a high content. How-
ever, the nonspecific binding of TF to the cell surface
did not change with the conjugation of MMC at the
content of 1.8 w/iw (%).

The binding parameters of TF have been evaluated
in a variety of cells. Transferrin bound to the human
erythroleukemia cell line K562 cell with the number
of binding sites of 16 x 10° sites/cell and the value of
nK of 7.2 x 10 molecules/cell M! (Klausner et al.,
1983. We estimated the binding parameters to S180

MMC, which used peptides as a spacer arm, releasedcell (Tanaka et al., 1996and the human leukemia

MMC rapidly at pH 5.5 and in the presence of lyso-
somal enzymedie Marre et al., 1995 In this study,
TF-G-MMC was degraded to a TCA soluble com-

cell line HL60 cell (Tanaka et al., 1998 The values
of nK were 35 x 10 molecules/cell M* and 30 x
10 molecules/cell M1, respectivelyMuller-Eberhard

pound. This finding suggested that part of the inter- et al. (1988)examined the surface expression of the
nalized TF-G-MMC was delivered to lysosomes. The TF receptor in cultured rat hepatocyte. The hepato-
introduction of these pH sensitive spacer arms might cyte exhibited a high affinity receptor for TF, in which
make the TF conjugate of MMC a more effective the value ofnK was 45 x 10 molecules/cell M1,
antitumor prodrug. In our study, the values afK of TF-MMC and TF

Transferrin receptors were found to be more widely in hepatocyte were .8 x 10" molecules/cell M1
distributed on the tumor tissues than the normal tissuesand 73 x 10" molecules/cell M1, respectively.
(Gatter et al., 1983 Transferrin can be exploited as a Furthermore, TF bound to human reticulocyte with
carrier of drugs, such as neocarzinostatiol{go et al., the value of nK of 7.5 x 10molecules/cell M!
1990, adriamycin Berczi et al., 1998 and cisplatin (Frazier et al., 1982 These results represent that
(Hoshino et al., 1995 We have described the cova- the TF receptor distributed to the tumor cells more
lent attachment of MMC to give TF-G-MMC, which  than to the normal cells, such as hepatocyte and
aided the delivery of MMC to the tumor cell¥gnaka reticulocyte.
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Our experiments demonstrated a pronounced
difference in the intracellular disposition between
the hepatoma cell line and the normal hepatocyte.
TF-G-MMC bound significantly to the HepG2 cell
surface by the TF receptor. In contrast to the HepG2
cell, the binding studies performed with the cultured
hepatocyte showed that a little amount of TF-G-MMC
bound specifically to the TF receptor. This difference
indicates that TF-G-MMC is a useful drug targeting
system for the HepG2 cell because the distribution of
the TF receptor on the surface of the HepG2 cell is
more than that of the normal hepatocyte.

At 37°C, TF-G-MMC was bound to and inter-
nalized into both the HepG2 cell and hepatocyte
(Fig. 9. In the HepG2 cell, the amount of surface
binding of TF-G-MMC and TF reached maximal lev-
els after 10 and 20 min, respectively. The maximal
level of TF-G-MMC was 76% of TF. In the hepa-
tocyte, the amount of surface binding of the ligands
reached maximal levels which were almost equiv-
alent in TF and TF-G-MMC. After the maximum
point, the amount of surface binding of the ligands
decreased, indicating the down-regulation occurred
due to the stimulation of internalization. According to
the sequential kinetic model as shownSeheme 2
the rates of uptake of TF-G-MMC and TF in the
HepG2 cell were almost identical to those in the hep-
atocyte Table §. The values ok, for TF-G-MMC
and TF in the HepG2 cell were 277+ 0.128 mirrt
and 0186 + 0.037 mirL, respectively. The values
of ky in the hepatocyte were.®64 + 0.101 mirmr?®
and 0.265min?, respectively. These values in the
HepG2 cell and the hepatocyte were almost identical
to those in the HL60 cell (A88+ 0.015mir ! for
TF-G-MMC and 0231+0.019 mir ! for TF) (Tanaka
et al., 1998. On the other hand, the rate of release of
TF from the HL60 cell was ©7684 0.0082 mirr L.

In the HepG2 cell, the difference of the valueskpf
between TF-G-MMC and TF was not detected. The
values ofk; in the HepG2 cell were identical to that in
the HL60 cell. However, the rates of release from the
cell of TF-G-MMC and TF in the HepG2 cell were
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the AUC for the internalization of TF-G-MMC
and TF were 28 x 10’ molecules min/cell and
1.90 x 10’ moleculesmin/cell, respectively. In
the hepatocyte, the AUC of TF-G-MMC and TF
were 131 x 10’ molecules min/cell and .86 x

10" molecules min/cell, respectively. The AUCs of the
internalization of TF in each of the cells were slightly
affected by the conjugation of MMC. The AUC of
TF-G-MMC in the HepG2 cell was nearly identical to
that in the hepatocyte. However, this study revealed
that the level of TF-G-MMC internalized into the
HepG2 cell was higher than that into the hepatocyte
because the rate of release of TF-G-MMC from the
HepG2 cell was slower than that from the hepatocyte.
This indicates that the TF-G-MMC might be useful
in delivering MMC into the HepG2 cell.

TF-G-MMC inhibited the growth of the HepG2
cells Fig. 12. The I1Gso of TF-G-MMC against the
HepG2 cell was 0.9g MMC/ml, which was a little
higher than that of MMC (Igo = 0.5 ng/ml). MMC
did not indicates cytotoxicity against the hepatocytes
up to the concentration of 8g/ml. MMC reacts to
the DNA during its replication and indicates cytotox-
icity. Since the normal cultured hepatocyte does not
divide in the in vitro condition, the viability of the
hepatocytes did not change by the addition of MMC.
TF-MMC also did not indicate cytotoxicity against
the hepatocytes, not only because the cytotoxicity of
MMC is specific to the dividing cell, but also because
the level of internalization into the hepatocyte is low.
TF-G-MMC and MMC have a cytotoxicity against the
human leukemia cell line HL60 celF{g. 11) (Tanaka
et al., 1998. The values of Igy of MMC against the
HepG2 cell and the HL60 cell were almost similar.
However, TF-G-MMC was more cytotoxic against the
HepG2 cell (IGy = 0.9 g MMC/mI, Fig. 12 than
the HL60 cell (IGo = 1.6 g MMC/mlI, Fig. 11). The
level of internalization of TF-G-MMC in the HepG2
cell was larger than that in the HL60 cell. This may
lead the TF-G-MMC to be more effective against the
HepG2 cell than the HL60 cell. Faulk et al. have re-
ported that TF-adriamycin conjugates inhibited redox

slower than those in the hepatocyte. The difference of and proton transport in the plasma membrane of K562
k: between the HepG2 cell and the hepatocyte might cells and killed these cells with greater efficiency than

be one of the advantages for the tumor targeting
system.

The AUC for internalization is derived by in-
tegration of [LR] by time. In the HepG2 cell,

the free drug Faulk et al., 1991 It can therefore be
presumed that the cytotoxicity of TF-G-MMC against
the HepG2 cells might be affected by the high binding
affinity of TF-G-MMC to the cell.
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These investigations showed that the TF-G-MMC
was bound to and internalized into the HepG2 cell
via the TF receptor. The rates of internalization of
TF-G-MMC and TF into the HepG2 cell were nearly
identical to those into the hepatocyte. However, the
levels of the internalization into the HepG2 cell

were remarkably higher than those into the hepato-
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