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Abstract

Liposomes, coated with transferrin (Tf)-coupled polyethylene glycol are considered to be potent carriers for drug delivery to
various organs via receptor-mediated endocytosis. Since Tf receptors were ubiquitously expressed in various organs, additional
perturbation of the liposomes such as regulation of the size may be required to exhibit the tissue selectivity. In the present study, the
effect of size on the uptake of transferrin-coupled polyethylene glycol liposomes (Tf-PEG-L) to various organs was investigated.
In liver and brain, Tf-dependent uptake was found to be dependent on the size of the liposomes used. In small liposomes with a
diameter of 60–80 nm, Tf-PEG-L was taken up to these organs more efficiently than PEG-L. This Tf-dependent uptake for small
liposomes decreased by the high dose administration, suggested that Tf-PEG-L is taken up via Tf receptor-mediated endocytosis
even under the physiological condition, in which plasma concentration of endogenous Tf remains high. On the other hand,
Tf receptor-mediated uptake was also observed in the heart, but size-dependency was not observed in this case. Collectively,
these results indicate that size dependency in the uptake of Tf-PEG-L is tissue-dependent and therefore, controlling the size of
Tf-PEG-L may be useful for the success of tissue targeting.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Liposomes coated with polyethyleneglycol (PEG-L)
have shed light on their use as potent drug carri-
ers, since these have the ability to escape from the
reticuloendothelial system (RES) and to circulate
in the blood for a long period (Blume and Cevc,
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1990; Klibanov et al., 1990; Allen and Hansen, 1991;
Klibanov et al., 1991; Mori et al., 1991; Litzinger
et al., 1994; Maruyama et al., 1999). In addition, var-
ious ligands or antibodies can be further attached to
the surface-granted PEG chains, thus permitting them
to be actively taken up by the target cells via receptor-
mediated endocytosis (Maruyama et al., 1999). One
example is transferrin (Tf), whose receptors are ubiq-
uitously expressed in various tissues including the
luminal membrane of the brain capillary endothelium,
and tumor cells have also been used for targeting
(Ponka and Lok, 1999; Qian et al., 2002). Pardridge
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and co-workers developed immunoliposomes against
this receptor, and succeeded in the delivery of an-
ticancer drugs (e.g. doxorubicin), oligo DNA and
plasmid DNA to the brain via receptor-mediated tran-
scytosis (Liu et al., 1992; Huwyler et al., 1996, 1997;
Pardridge, 1999; Lee et al., 2000, 2002a,b; Shi et al.,
2000, 2001; Shi and Pardridge, 2000).

In addition, Ishida et al. (2001)demonstrated the
utility of Tf-coupled PEG liposomes (Tf-PEG-L) for
the intracellular targeting of the liposomes to tumor
cells via receptor-mediated endocytosis. They also
showed that small liposomes with a diameter of 60 nm
were taken up by tumor cells by receptor-mediated
endocytosis, but not those of 120 nm. Considering
that the majority of the coated vesicles were less than
100 nm (Steven et al., 1983), sizing of ligand-coupling
PEG liposomes that are below this threshold is also
essential for successful intracellular targeting. To in-
vestigate whether this rule can be also applied to
normal tissues, we kinetically evaluated the uptake of
differently sized PEG-L and Tf-PEG-L. In the present
study, we raise finding that size dependency in the
uptake of Tf-PEG-L is tissue-dependent and there-
fore, regulation of the size of liposomes may lead to
the tissue targeting.

2. Materials and methods

2.1. Materials

Cholesterol (CH) and distearoyl-sn-Glycero-3-
phoshoethanolamine-N-[methoxy (polyethylene gly-
col)-2000] (DSPE-PEG) were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). DSPE-PEG with
a functional maleimide moiety at the terminal end
of PEG: N-[(3-maleimide-1-oxopropyl)aminopropyl
polyethyleneglycol-carbamyl] distearoylphosphatidyl-
ethanolamine (DSPE-PEG-Mal) and egg phospha-
tidylcholine (EPC) were purchased from Nippon Oil
and Fat Co. (Tokyo, Japan). [cholesteryl-1,2-3H(N)]-
cholesteryl hexadecyl ether ([3H]CHE) and [3H]inulin
was purchased from Perkin-Elmer Life Science Japan
(Tokyo, Japan). Human holo-Tf and 3-(2-pyridyldith-
iopropionic acidN-hydroxy-succimide ester (SPDP)
were purchased from Sigma (St. Louis, MO). Male
ddy mice (5–6 weeks old) were purchased from
Sankyo Labo Service (Sapporo, Japan).

2.2. Preparation of PEG-L and Tf-PEG-L

PEG-L was prepared from EPC, CH, and DSPE-PEG
in a molar ratio of 2:1:0.18. [3H]CHE and [3H]inulin
were used as a lipid phase marker and an aqueous
phase marker, respectively. Different sizes of lipo-
somes were prepared by a reverse phase evapora-
tion method, followed by extrusion with an Avanti
Mini-Extruder. To prepare large liposomes with a size
of 140–180 nm, liposomes were extruded through
polycarbonate membrane filters (pore size of 0.2�m)
19 times. To prepare small liposomes with a size
of 60–80 nm, large liposomes were further extruded
through polycarbonate membrane filters having pore
size of 0.1 and 0.05�m for 19 times each. The distri-
bution of liposome diameter was determined by a dy-
namic laser scattering method with an ELS-8000HO
instrument (Otsuka Electronics, Osaka, Japan).

Concerning the Tf-PEG-L, EPC, CH, DSPE-PEG
and DSPE-PEG-Mal were first mixed at molar ratios
of 2:1:0.15:0.03, and liposomes were prepared, as de-
scribed above. Prior to this, Tf was modified with
SPDP. A 20 mM solution of SPDP in methanol was re-
acted with the Tf (approximately 60 nmol), dissolved
in PBS (pH 7.4) by stirred for 30 min at room temper-
ature. The product was purified by chromatography on
Sephadex G25. Dithiothleitol (DTT) was then added
to the Tf-SPDP, at a final concentration of 50 mM, fol-
lowed by 30 min incubation in the dark, to reduce the
SPDP to permit it to react with the maleimide moiety
on the surface of the PEG-liposome. After the separa-
tion of the product using Sephadex G25, the reduced
Tf was incubated with the liposomes over night at 4◦C.
Tf-PEG-L was separated from the free Tf by Bio-Gel
A1.5m (BioRad: Hercules, CA). Recovery of the li-
posomes and Tf was evaluated by a cholesterolE-test
WAKO (Wako: Osaka, Japan) and a BCA protein as-
say kit (Pierce: Rockford, IL), respectively. Small and
large liposomes would be expected to contain approx-
imately 210 and 450 molecules per liposome, respec-
tively.

2.3. Pharmacokinetic analysis of the Tf-PEG-L and
PEG-L

The liposomes were injected into a ddy mouse via
the tail vein. The doses of liposomes were fixed at
2 nmol lipid/g BW (low dose) or 36 nmol lipid/g BW
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(high dose). At the indicated times, the mice were
sacrificed and blood, brain, liver, spleen, skeletal
muscle and lung were collected. After weighing the
samples, blood and organ samples were solubilized
in Soluene-350 (Perkin-Elmer Life Sciences) for 5 h
at 50◦C. Blood samples were decolorized by H2O2.
The radioactivities were determined by liquid scin-
tillation counting, after adding 10 ml of scintillation
fluid (Hionic Flour; Perkin-Elmer Life Sciences).

Data analysis was performed, as described in the
previous study (Harashima et al., 1992a,b). Plasma
concentrations at the indicated times,C(t) are ex-
pressed as %ID (injected dose) per ml of blood
radioactivity (%ID/ml). Pharmacokinetic parame-
ters were determined by fitting theC(t) to a mono-
exponential equation, as follows, using a non-linear
regression analysis by the MULTI program:

C(t) = A e−kt

The areas under the blood concentration–time curve
(AUC) were calculated based on the following equa-
tion:

AUC =
∫ 48 h

0 h
C(t) dt = A

k
(1 − e−k×48)

To clarify the distribution of liposomes in the body,
the radioactivities in the various organ samples,Xorgan
were first measured (Fig. 1). However, these values
included a contribution by liposomes in the vascular
space as well as the tissue parenchyma (including
the macrophages and the capillary endothelial cells)
(Xtissue). Therefore, a correction was made for lipo-
somes in the vascular space as follows:

Xtissue= Xorgan− V0C(t)

where V0 denotes the total volume of the vascular
space and interstitial fluid, as determined by the ra-
dioactivities in the whole organ samples divided by
the blood concentration 10 min after the i.v. injection
of the [3H]CHE-labeled PEG-L. Except for the liver
or spleen, the capillary in other organs consisted of
the continuous capillary, in which the distances of
the open junction was less than 4 nm. Therefore,V0
represents the capillary volume since paracellular
capillary permeability of PEG-L is negligible. The
uptake clearance (CL) in various tissues at 48 h were
calculated as follows:

Fig. 1. Time profiles of the blood concentration of PEG-L and
Tf-PEG-L. Open circles, closed circles, open squares and closed
squares indicate the time profiles of the blood concentration, repre-
sented by %ID/ml of small PEG-L, small Tf-PEG-L, large PEG-L
and large Tf-PEG-L, labeled with [3H]CHE after the administra-
tion of a low dose (2 nmol lipid/g BW), respectively. Open and
closed triangles indicate the results of small PEG-L and Tf-PEG-L
after the administration of a high dose (36 nmol/g BW), respec-
tively. Blood concentration of small PEG-L labeled liposomes with
the aqueous phase marker of [3H]inulin at 6 and 48 h are plotted
as diamonds. Data are represented by the mean± S.E. (n = 3).

CL = Xtissue

AUC

This calculation is based on the assumption that the
liposomes taken up by the organs were not effluxed to
the blood in the previous report (Lee et al., 2000), and
it was supported by the experimental data (Harashima
et al., 1992a).

3. Results and discussion

3.1. Plasma concentration and organ distribution of
the PEG-L and Tf-PEG-L

For the optimization of the ligand-directed active
targeting of the liposomes, the rapid elimination due
to the nonspecific uptake by the reticuloendothelial
system (RES) must be avoided. To overcome this bar-
rier, PEG chains were attached to the surface of the
liposomes (Blume and Cevc, 1990; Klibanov et al.,
1990, 1991; Allen and Hansen, 1991; Mori et al., 1991;
Litzinger et al., 1994; Maruyama et al., 1999), and lig-
ands were coupled to the ends of the PEG chains. It
has previously been determined that the Tf-dependent
uptake of liposomes to tumor tissues only occurs for
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Table 1
Kinetic parameters for the blood elimination of PEG-L and
Tf-PEG-L

C0

(%ID/ml)
k
(h−1)

T1/2

(h)
Total body
clearance
(ml/h)

PEG-L (small, low) 19.9 0.067 10.3 9.72
Tf-PEG-L (small, low) 26.4 0.10 6.93 14.4
PEG-L (large, low) 28.4 0.078 8.90 11.2
Tf-PEG-L (large, low) 21.4 0.093 7.45 13.4
PEG-L (small, high) 31.9 0.063 10.9 9.16
Tf-PEG-L (small, high) 27.7 0.057 12.1 8.25

the small size (<60 nm), but not >120 nm liposomes
(Ishida et al., 2001). This result prompted us to investi-
gate the effect of size on the uptake of ligand-coupled
PEG-L to normal tissues. In the present study, we have
compared the disposition of PEG-L and Tf-PEG-L
with small (the average diameter of 60–80 nm) and
large (the average diameter of 140–180 nm) size.

First, time-profiles for the blood elimination of
PEG-L and Tf-PEG-L labeled with [3H]CHE were
compared over a 48 h period (Fig. 1). As demon-
strated previously (Ishida et al., 2001), Tf-PEG-L
and PEG-L have a long circulation with a half-life of
>6 h, and the total clearances of these liposomes are
comparable irregardless of size (Table 1). This sug-
gests that modulation with Tf did not affect the RES
uptake process. Furthermore, blood concentrations
of PEG-L labeled with [3H]CHE were compared to
an encapsulating membrane-impermeable aqueous
phase marker, [3H]inulin in order to verify that the
liposomes are intact even 48 h after i.v. administra-
tion. If [3H]inulin were released from disintegrated
liposomes, it would be rapidly eliminated from the
body with a half-life of <5 min (data not shown).
Therefore, [3H]inulin that was not associated with
liposomes had no effect on the blood concentration
of the [3H]inulin-labeled PEG-L. Since the encap-
sulation ratio of [3H]inulin to the liposomes was
limited, we injected [3H]inulin-labeled PEG-L at a
high dose (36 nmol lipid/g BW) to permit the detec-
tion of radioactivity, even at 48 h. As shown inFig.
1, the blood concentrations of the [3H]inulin-labeled
liposomes at 6 and 48 h were comparable to the
[3H]CHE-labeled sample injected at a high dose,
suggesting that the liposomes remained intact even
at 48 h.

Organ distributions (Xorgan) of PEG-L and
Tf-PEG-L in the liver, spleen, lung, heart, skeletal
muscle and brain were then evaluated 48 h after i.v.
administration (Fig. 2). As shown previously, a large
portion of the liposomes were recovered from the
liver and spleen (>5% ID/g organ), suggesting that
these are major clearance organs even for long cir-
culating liposomes (Liu et al., 1992; Litzinger et al.,
1994; Maruyama et al., 1999). As shown in the case of
the tumor tissues, paracellular permeability partially
contributes to the passive accumulation. In addition,
active uptake mechanisms such as phagocytosis by
Kupper cells in the liver, or filtration by a mesh-
work consisting of reticular fibers and accompanying
macrophages in the red pulp in spleen can be attributed
to these high clearances, as reported previously
(Klibanov et al., 1991; Litzinger et al., 1994). The up-
take of the large PEG-L in spleen was further enhanced
compared with small liposomes, presumably because
large liposomes were efficiently trapped by filtration,
as shown previously (Klibanov et al., 1991; Liu et al.,
1992; Litzinger et al., 1994). Following these or-
gans, lung, heart and muscle showed relatively high
Xorgan values (>0.5% ID/g tissue), while the brain
was much lower (<0.1% ID/g tissue). It is gener-
ally thought that the blood brain barrier, constitut-
ing of the tight junction between the adjacent en-
dothelial cells severely interrupts the movement of
small molecules (Gloor et al., 2001; Huber et al.,
2001; Wolburg and Lippoldt, 2002). Therefore, the
extent of organ distribution of liposomes is presum-
ably dependent on their permeability through the gap
of the endothelial cells.

The uptake of liposomes from the blood to the tis-
sues was then calculated based on the data shown in
Figs. 1 and 2, and represented by the CL, in which
the vascular space was corrected as described in Ma-
terial and Method. In these calculations, theV0 values
in liver, spleen, lung, heart, muscle and brain were de-
termined to be 219± 28.5�l/g liver, 141 ± 34�l/g
spleen, 229± 12�l/g lung, 281± 30�l/g heart, 19.8
± 1.9�l/g muscle and 20.2± 0.5�l/g brain, respec-
tively by i.v. injection of [3H]CHE-labeled PEG-L.
The effects of size and dose on the tissue uptake of
liposomes are shown inFigs. 3 and 4. Statistical dif-
ferences, determined by one-way or two-way ANOVA
followed by the Student–Newman–Keuls test are also
summarized inTable 2.
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Fig. 2. The organ distribution of PEG-L and Tf-PEG-L The organ distribution was expressed as the percentage injection dose per gram of
organ (%ID/g organ), in liver, spleen, lung, heart, skeletal muscle and brain at 48 h after an i.v. injection of [3H]CHE labeled PEG-L and
Tf-PEG-L. Open and closed bars indicate the results for PEG-L and Tf-PEG-L, respectively. Data are represented by the mean± S.E. (n
= 3). ∗ Significantly different between PEG-L and Tf-PEG-L (P < 0.05 by Student’st-test).

Table 2
Summary of statistical analyses for of size- and dose-dependent-
uptake of the PEG-L and Tf-PEG-L

CL
(�L/h/g
tissue)

Tissue Dosea Sizeb Tf-dependent
tissueb uptake

Small Large

>20 Liver � × �c ×
Spleen � � × ×

0.5–6 Lung � × × ×
Heart × × � �
Muscle × × × ×

0.05–0.2 Brain � � �c ×
a The statistical differences of the size- and dose-dependent up-

take of liposomes were determined by two-way ANOVA ((�) P
< 0.05).

b The statistical differences for the transferring-dependent up-
take was determined by two-way ANOVA followed by Student–
Newman–Keuls test ((�) P < 0.05).

c The statistical differences for the transferring-dependent up-
take was determined by one-way ANOVA followed by Student–
Newman–Keuls test ((�) P < 0.05).

3.2. Effect of dose on the tissue uptake of the PEG-L
and Tf-PEG-L

First, absolute values for the CL of small PEG-L
injected at a low dose were compared among the
various organs. Similar to the rank order ofXorgan,
values for CL were high in the liver and spleen
(>15�l/h/g tissue). As discussed above, active uptake
such as entrapment by the Kupper cells in the liver
and filtration by the meshwork of reticular fibers in
the spleen may explain the high CL values found for
the liver and spleen. With respect to the other organs,
the CL value in the brain (<0.2�l/h/g tissue) was
much lower than that in the lung, heart and muscle
(1–4�l/h/g tissue). Considering that the CL values
were significantly reduced in various organs such
as liver, lung and brain (Fig. 3 and Table 2), active
uptake such as phagocytosis by the macrophages,
or pinocytosis by the endothelial cells and/or tissue
parenchyma may be involved.
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Fig. 3. Effect of liposomes dose on the uptake clearances A comparison of the tissue uptake clearance by the various organs between a low
dose injection (2 nmol lipid/g BW) and a high dose injection (36 nmol lipid/g BW). The uptake clearances for the small PEG-L (open bars)
and Tf-PEG-L (closed bars) were calculated using the data inFigs. 1 and 2, as described inSection 2. Open and closed bars indicated
results for PEG-L and Tf-PEG-L, respectively. Data are represented by mean± S.E. (n = 3). ∗ Significantly different between PEG-L
and Tf-PEG-L (P < 0.05 by two-way ANOVA, followed by Student–Newman–Keuls test).∗∗ Significantly different between PEG-L and
Tf-PEG-L (P < 0.05 by one-way ANOVA, followed by Student–Newman–Keuls test).

Then, the effect of the modulation of Tf was
investigated. Considering that endogenous plasma
concentration of Tf (approximately 10�M) is sig-
nificantly higher than Kd values of Tf receptor (ap-
proximately 1 nM), they should be saturated under
the physiological condition (Klausner et al., 1983).
However, in the present study, Tf-dependent uptake
was observed in the liver, brain and heart at low dose
injection (2 nmol lipids/g body weight), and moreover,
this effect is diminished by the administration of high
doses of liposomes (36 nmol lipids/g body weight),
suggesting that Tf-PEG-L was taken up by Tf
receptor-mediated endocytosis (Fig. 3 and Table 2).
In these conditions, initial (<6 h) concentration of the
liposomes injected by low dose and high dose were
estimated as 12.2 and 245�M, respectively. These

values are converted to approximately 10 and 300 nM
in terms of the Tf concentration modified on the
Tf-PEG-L. These data can be accounted for by as-
suming that inhibition constant (Ki ) of Tf against the
Tf-PEG-L was significantly higher than Kd value of
Tf receptors, since Tf-PEG-L exhibits the multivalent
binding to the Tf receptors and high concentration of
Tf are necessary to remove all of these binding. The
values for the Tf-dependent uptake by these organs
in liver (∼25�l/h/g tissue), muscle (∼4�l/h/g tissue)
and brain (∼0.05�l/h/g tissue) were quite different.
This can be attributed to the differences in the density
of Tf-receptors or internalization rate via endocyto-
sis among these organs. In contrast, the uptake of
Tf-PEG-L by the spleen was drastically enhanced
when a high dose was injected, presumably because
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Fig. 4. Effect of liposome size on the uptake clearances. The uptake clearances of the small and large PEG-L (open bars) and Tf-PEG-L
(closed bar) injected at a low dose (2 nmol lipid/g BW) were calculated using the data inFigs. 1 and 2as described inSection 2. Open and
closed bars indicate the results for PEG-L and Tf-PEG-L, respectively. Data are represented as the mean± S.E. (n = 3). ∗ Significantly
different between PEG-L and Tf-PEG-L (P < 0.05 by two-way ANOVA, followed by Student–Newman–Keuls test).∗∗ Significantly
different between PEG-L and Tf-PEG-L (P < 0.05 by one-way ANOVA, followed by Student–Newman–Keuls test).

of the immunogenesis derived from the human trans-
ferring attached to the PEG (Fig. 3 andTable 2).

On the other hand, in other organs such as lung and
skeletal muscle, Tf-dependent uptake was barely de-
tectable, in spite of the high or ubiquitous expression
of Tf receptors (Ponka and Lok, 1999; Qian et al.,
2002). These results are not in agreement with prior
observations. It has been demonstrated that coupling
of the antibody against Tf to a receptor (OX26) PEG
liposomes are able to enhance accumulation by the
spleen and lung in rats (Huwyler et al., 1997). Further-
more, PEG-L coupled with the OX26 monoclonal an-
tibody is taken up by in vitro L6 cell cultures derived
from skeletal muscle (Schnyder et al., 2003). In addi-

tion, when antibodies against the Tf receptor were in-
jected into the cynomolgous monkeys, a large portion
of the dose was recovered from the skeletal muscle
(Friden et al., 1996). These contradictions suggest that
Tf is a much less potent ligand than OX26. In fact, the
absolute value for the uptake of CL by the brain was
approximately 1/15 of that of OX26 coupled PEG-L
in rats (Huwyler et al., 1997)

3.3. Effect of size on the tissue uptake of the PEG-L
and Tf-PEG-L

Finally, the effect of size on the tissue uptake of
liposomes was investigated (Fig. 4 and Table 2). In
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the heart and especially the spleen, the CL values for
large liposomes were significantly increased over that
of small liposomes. In addition, such a size-dependent
uptake was also observed in the liver (e.g. small
PEG-L versus large PEG-L), although the differences
were not significant by two-way ANOVA. These
findings are consistent with previous observations
showing that larger liposomes are more susceptible to
recognition by the complement system, followed by
the phagocytosis by macrophages (Harashima et al.,
1996). Therefore, entrapment by macrophages par-
tially contributes to tissue uptake in these organs.
In contrast, small liposomes were more extensively
taken up by the brain. Presumably, pinocytosis, rather
than phagocytosis plays a role in tissue uptake in the
brain.

Concerning the hepatic uptake, Tf-dependent up-
take was observed only for small liposomes, whereas
no or little change was detected for large ones, sug-
gesting that uptake via receptor-mediated endocytosis
functions in the uptake of small liposomes with sizes
less than 60–80 nm but not for the large ones be-
cause the major part of the diameter of the coated
vesicles was less than 100 nm (Steven et al., 1983).
This hypothesis is also supported by the fact that ade-
noviruses, with a diameter of 70–90 nm are able to
efficiently access the liver parenchymal cells, result-
ing in a high level of transgene expression (Herz and
Gerard, 1993). Such a size-dependent efficiency for
endocytosis in vivo is also in agreement with an in
vitro study showing that the internalization of large-
sized cell-associated microspheres (200 nm) is sub-
stantially slower than that of small ones (50–100 nm)
(Rejman et al., 2003). A size-dependent delay in up-
take was also observed in viral particles (Matlin et al.,
1982) and polyplexes (Godbey et al., 1999). Similarly,
the Tf-dependent uptake of the liposomes was also ob-
served only for the small liposomes by the brain, where
Tf receptors are highly expressed on the luminal mem-
brane of the endothelial cells. The uptake of Tf-PEG-L
by brain capillary endothelial cells is consistent with
previously reported microscopic observations (Omori
et al., 2003). The size-dependent efficiency of
clathrin-mediated endocytosis, as described above,
also explains this result. In contrast to the liver and
brain, Tf-dependent uptake by the heart was clearly
observed and was independent of the size of the lipo-
somes (Fig. 4). Although the mechanism remains to

be elucidated, smooth muscle cells in the heart may
accept large particles via clathrin-coated vesicles.

4. Conclusion

In conclusion, a small size, less than 80 nm is an
important factor for the tissue targeting of Tf-PEG-
L based on receptor-mediated endocytosis, especially
in the liver and brain. On the other hand, the heart is
able to take up both small and large liposomes in a Tf-
dependent manner. These results suggest that Tf can
be the ligand for the active targeting of PEG-L in vivo
even in the physiological condition, and regulation of
size confer the tissue selectivity of Tf-PEG-L.
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