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However, the pH remote loading method is not available for
DXR encapsulation into the albumin-conjugated PEG liposome,
since carbodiimide can activate carbonyl group only ata low pH
region, especially between 3.5 and 4.5 during the first step of
reaction (Nakajima and lkada. 1995). Therefore, in the present
study, we chose SPDP as the hetero-bifunctional-cross-linker
(Carlsson et al,, 1978) to prepare rHSA/PEG liposomes, because
the coupling reaction can be conducted under weakly alkaline
pH. which makes it possible to perform the pH remote load-
ing method for encapsularing DXR into rtHSA/PEG liposomes.
SPDP has been widely used for the preparation of disulphide-
linked protein-protein conjugates (Moll and Thompson, 1994
Takeoka et al., 2001) and immunoliposome (Barbet et al., 1981;
Ishimori et al., 1984; Schwendener et al., 1990). As a result,
the encapsulation efficiency of DXR into rtHSA/PEG liposomes
or PEG liposomes was very high and more than 95% of DXR
added was successfully encapsulated.

In vivo disposition studies in tumor-bearing rats revealed
that the DXR encapsulation into rHSA/PEG liposomes or PEG
liposomes dramatically changed the in vivo disposition char-
acteristics of DXR itself (Fig. | and Table 1), Furthermore,
rHSA-conjugation onto the surface of liposomes significantly
prolonged the blood circulation of DXR compared with PEG
liposomal DXR. Taken that the in vitro release study demon-
strated that DXR was stably and similarly encapsulated within
both liposomal preparations in the presence of plasma and that
free DXR was immediately cleared from the blood circulation
after injection (Fig. 1), the in vivo disposition characteristics
of rtHSA/PEG liposomal DXR or PEG liposomal DXR is con-
sidered to mainly represent the pharmacokinetics of each PEG
liposomes themselves. In addition, rHSA/PEG liposomes sig-
nificantly reduced the hepatic and splenic clearances of DXR
compared with PEG liposomes, although both PEG liposomal
preparations remarkably decreased both tissue clearances com-
pared with free DXR (Fig. 2B). Although the disposition amount
of DXR in the liver and spleen was larger for both tHSA/PEG
and PEG liposomal DXR than that for free DXR, it would be
because the distribution of DXR into and the subsequent elim-
ination of DXR from the liver is delayed and prolonged for
liposomal preparations, compared with free DXR. The distri-
bution of free DXR to and its subsequent elimination from the
liver due to the metabolism, biliary excretion or efflux back o
the blood stream are very fast (Colombo et al.. 1994; Working
and Dayan, 1996). In the case of heart, the amountof DXRat3 h
would reflect the accumulation of DXR in heart (Figs, 2 and 4),
considering the very rapid elimination of free DXR from plasma
(Fig. 1). Clearance values also confirmed that both PEG lipo-
somal preparations significantly attenuated DXR distribution
to heart (Fig. 2B). As Speth el al. (1988) reported that one
of the acute or delayed toxicities derived from DXR was car-
diac arthythmias or cardiomyopathy, respectively, the decrease
in DXR distribution to heart would be one of the advantages
rHSA/PEG liposome can provide.

As described above, in vivo disposition studies clearly indi-
cated the longer circulation of rHSA/PEG liposomal DXR and
lower values of tissue clearances for liver and spleen than PEG
liposomal DXR. The serum proteins associated onto the surface
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of liposomes systematically administered have been suggested
1o be one of the most important factors to determine their in
vivo fate (Drummond et al., 1999: Luigi et al., 2003). Chonn
et al. (1992) reported that the amount of serum proteins asso-
ciated on the liposomes used was inversely related to their
circulation half-lives. Our present findings also revealed that
less amount of serum proteins was associated on rHSA/PEG
liposomes than PEG liposomes (Fig. 3). Since the recognition
of surface-associated serum opsonins by their corresponding
receptors is mainly a trigger for the receptor-mediated hepatic
uptake of liposomes, it is considered that the rHSA-conjugation
on PEG liposome suppressed the association of serum proteins
including some serum opsonins, Western blotting will be use-
ful to address the possible less-association of typical serum
opsonins on tHSA/PEG liposome and will be the subject of
our further study.

The movement of liposomes into the tumor interstitium is
principally via extravasation through the discontinuous endothe-
lium of the rumor microvasculature (Drummond et al.. 1999).
Since the maintenance of high blood level or large AUC of par-
ticulate drug carriers is one of the driving forces for the efficient
extravasation into tumor tissues (Drummond et al., 1999), it
can be considered that tHSA/PEG liposomal preparation suc-
cessfully improved the tumor disposition of DXR over PEG
liposomal preparation via EPR effect (Fig, 4). For DXR to exert
the anti-tumor effect, DXR must be released and taken up by
the surrounding tumor cells. Although DXR is stably incorpo-
rated in tHSA/PEG liposomes in plasma, DXR release from the
liposome preparations would be enhanced after liposomes are
extravasated into tumor tissues, considering that malignant effu-
sions significantly elevated the release of DXR from liposome
preparation (Gabizon. 1995). Elucidation of local release profile
of DXR in tumor tissues will be the subject for further study.

From the viewpoint of clinical therapeutics, the balance
between pharmacological and adverse effects is very impor-
tant. Therefore, we calculated the therapeutic index defined as
the ratio of the amount of DXR delivered to tumor, the site
of action, to the DXR amount at potential sites of toxicity,
heart (Fig. 4). Therapeutic index was the highest for tHSA/PEG
liposomal DXR, suggesting that rHSA-conjugation on PEG
liposome would increase the anti-tumor effect as well as the
safety of liposomal DXR.

In conclusion, rHSA modification on the surface of PEG lipo-
some significantly prolonged the blood circulation time of PEG
liposomal DXR, leading to higher DXR amount in the tumor,
but lower level of DXR in heart after intravenous administration.
These findings are very useful to optimize albumin-conjugated
PEG liposome for the passive targeting of encapsulated drug and
for the better therapeutic outcome.
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ARTICLE INFO ABSTRACT

Article history: k To elucidate the determinants of the in vivo anti-tumer efficacy of polyethylene glycol (PEG)-modified
Received 20 November 2007 liposomal doxorubicin (DOX), we examined its anti-tumor effect against three different tumor cell lines
m“""‘“’;‘smx RSy s (Lewis lung cancer (LLC), Colon-26 (C26) and B16BLE melanoma (B16)) in vitro and in vivo. In vitro, LLC

was the most sensitive tumor to DOX and liposomal DOX based on the MTT assay. However, the strongest
in vivo anti-tumor effect was observed in the C26 tumor-bearing mice. The in vivo accumulation of radio-
labelled PEG liposome in the C26 tumor after intravenous injection was significantly larger than in other

Available online 27 March 2008

mﬁ tumors. The extent of vascularity d by i histochemical staining of CD31 was not directly
Doxorubicin related with the tumor accumulation of PEG liposome. On the other hand, Evans blue extravasation and
EPR effect secretion of VEGF in €26 tumors were higher than in LLC tumors, clearly demonstrating that the vascula-
Tumeor vasculature ture permeability was higher within C26 tumors. These results indicated that the vascular permeability
VEGF within the tumor substantially affects the tumor accumulation of PEG liposome and may be one of the
important determinants in the in vivo anti-tumor efficacy of PEG liposomal DOX.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction as extensive angiogenesis, defective vascular architecture and

The clinical usefulness of the 3-(4.5-dimethylthiazol-2-yi)-
2,5-diphenyl tetrazolium bromide (MTT) assay-based in vitro
chemosensitivity test is widely recognized to predict patient
responses to particular drugs, allowing for the selection of appro-
priate chemotherapeutic drugs and the avoidance of ineffective
drugs, thereby improving patient survival (Tonn et al, 1994;
Nakamura et al., 2006). Accumulating knowledge on this assay
revealed its usefulness especially to avoid the administration of
ineffective chemotherapeutic drugs to patients. However, there
are papers reporting the false-positive results of MTT assay-based
selection of drugs (Smit et al, 1992; Kratzke and Kramer, 1996:
Shaw et al., 1996). These results indicate that not only the in vitro
sensitivity of tumor cells isolated from patients toward a given
chemotherapeutic drug but also the in vivo disposition character-
istics of the drug including its accessibility to tumor tissue would
be the important determinants for the therapeutic outcome in the
cancer chemotherapy.

Most solid tumors possess unique pathophysiclogical char-
acteristics that are not observed in normal tissues/organs, such

* Corresponding author. Tel.: +81 86 251 7948; fax: +81 86 251 7926.
E-mail address: kimura®pharm.okayama-wac jp (T. Kimura),

0378-5173/5 - see front matter © 2008 Elsevier BV. All rights reserved.
doi:10.1016/j.ijpharm 2008.03.025

impaired lymphatic drainage/recovery system. Generally, the cap-
illary permeability of the endothelium in newly vascularized
tumors is significantly greater than that of normal organs. Many
of drug delivery approaches to target tumors take advantage of
these unique pathophysiological properties of tumor vasculatures
(Maeda et al.. 2000). Due to the long circulation time of polyethy-
lene glycol (PEG)-modified liposomes (PEG liposome) and the
leakiness of the microcirculation in the solid tumors, PEG liposome
containing anticancer drugs has been shown to accumulate pref-
erentially in the tumors (Unezaki et al,, 1996; Gabizon et al., 2006,
Heyes et al., 2006). This phenomenon known as the enhanced per-
meability and retention (EPR) effect has been generally observed
in many types of solid tumors and provides a great opportunity
for passive targeting of liposomal anticancer agents into the tumor
tissue (Northfelt et al, 1998; Schmidt et al., 1998). PEG liposomal
doxorubicin (Doxil®, Caelyx®) has been approved for the treatment
of several types of cancers in Japan, US. and Europe. However,
the extent of vascularity and permeability of vasculatures within
tumors might be different from one tumor to the other. There-
fore, these pathophysiological differences in the tumor may result
in the different therapeutic effects in the EPR effect-based ther-
apy. In the present study, we prepared the different tumor-bearing
mice models (colon adenocarcinoma, C26; Lewis lung cancer, LLC;
and B16BL6 melanoma, B16) and analyzed these pathophysiological
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characteristics of each tumor. Therapeutic effect of intravenously
administered PEG liposomal doxorubicin (DOX) was also evaluated
in these tumor-bearing mice models to find out determinants for
the EPR effect-based in vivo anti-tumor effects of PEG liposomal
DOX including the in vitro sensitivity of these tumor cells to DOX.

2. Materials and methods
2.1. Materials

Distearoyl phosphatidylethanolamine-N-|methoxy poly (ethy-
lene glycol)-2000] (PEG-DSPE) and hydrogenated soybean phos-
phatidylcholine (HSPC) were purchased from NOF Inc. (Tokyo,
Japan). Cholesterol (Chol) and [*H] Cholesteryl hexadecyl ether
([*H] CHE) were purchased from Wako Pure Chemical Industry Inc.
(Osaka, Japan) and PerkinElmer Life Science Inc. (Boston, MA, USA),
respectively. Daxorubicin (DOX), 3-amino-9-ethylcarbazole (AEC)
tablets and 3-(4,5-dimethylthiazol-2-y1}-2,5-diphenyltetrazolium
bromide (MTT), Dulbecco’s modified Eagle's medium (DMEM),
RPMI, fetal bovine serum (FBS) and antibiotics were obtained from
Sigma (St. Louis, MO, USA). Rat anti-mouse CD31 or rat anti-
mouse vascular endothelial growth factor (VEGF) antibody was
purchased from BD Biosciences (San Jose, CA, USA) or from R&D
Systems (Minneapolis, MN, USA), respectively. Horse radish per-
oxidase (HRP)-conjugated rabbit anti-rat IgG or goat anti-rabbit
IgG was purchased from Zymed Laboratory (San Francisco, CA). All
other chemicals were of the finest grade available.

2.2, Cells

LLC, C26 and B16 were kindly provided from Cell Resource Cen-
ter for Biomedical Research, Institute of Development, Aging and
Cancer, Tohoku University (Sendai, Japan). LLC was cultured in
DMEM, and C26 or B16 was cultured in RPMI, both supplemented
with 100U/ml penicillin, 100 pg/ml streptomycin, 20 pg/ml gen-
tamicin and 10% heat-inactivated FBS at 37 °C under 5% C0,/95%
air,

2.3. MIT assay

Sensitivity of each type of tumor cells to DOX was evalu-
ated using 3-(4.5-dimethylthiazol-2-yl}-2,5-diphenyltetrazolium
bromide (MTT)-based cytotoxicity assay (Mosmann, 1983 ). Briefly,
cell suspension diluted with the corresponding growth medium
was added to each well (3000 cells/well) of a 96-well flat bottom
microtitration plate (Asahi Techno Glass, Chiba, Japan). All plates
were incubated for 12 h at 37 °Ciin a humidified 5% CO; atmosphere.
Nine dilutions (0.01-100 wM) of DOX solution or PEG liposomal
DOX were added to each corresponding wells in the plate. After
incubation for 48 h, each well was washed and rinsed with growth
medium. MTT solution (5mg/ml) was added to each well and
the cultures were further incubated for 4h at 37*C. The medium
containing MTT was removed from the wells and the remaining
MTT-formazan crystals were dissolved by adding 100 pul of 0.04 M
HCl-isopropanol. After being subjected to sonication in a bath-type
sonicator (ASONE Corporation, Osaka) for 15 min, each plate was set
into an ELISA plate reader (Bio-Rad, Hercules, CA) and absorbance at
570 nm (test wavelength) and 750 nm (reference wavelength) were
simultaneously measured. The absorbance at reference wavelength
was subtracted from the absorbance at test wavelength. Results
were expressed as percent cell survival, calculated for each DOX
concentration by the following formula:

ODS‘M.umpl! =% ODTSG,umpk » 100 %))

% cell survival =
ODm.mmml - OD‘)H?.cnm.ml
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where sample and control mean the cells with and without DOX
treatment, respectively. Percent cell survival was plotted against
DOX concentration and was fitted with the Hill-type equation (Eq.
(2)) (Eghbali et al., 2003; Lim et al., 2004) using the non-linear
least-squares regression program MULTI (Yamaoka et al., 1981). The
concentration at which 50% of cells survived corresponded to ICsp:

Eg = ICsp
™ e )

where E or Eg is the % cell survival with or without DOX treatment,
respectively, and C is the final concentration of DOX in each well.
Each experiment was performed using three replicated wells for
each DOX concentration and carried out independently five times.

24. Liposome preparation

Liposomes were prepared as follows. Lipids from chloro-
form stock solution of HSPC, Chol, and PEG-DSPE were mixed
(HSPC:Chol:PEG-DSPE = 56:38:5 by molar ratio) with trace amount
of [*H] CHE, and dried under reduced pressure. For liposomes
without DOX, the dried lipid film was hydrated with PBS (pH
7.4) under mechanical agitation. Then, the resulting multilamellar
preparations were sized by repeated extrusion through polycar-
bonate membrane filters (Millipore, Bedford, MA, USA) with the
pore size of 200 nm followed by further extrusion through the one
with 100 nm. For the preparation of DOX-containing liposome, DOX
was encapsulated by remote loading method (Haran et al., 1993).In
short, after the dried lipid film was hydrated with 250 mM ammo-
nium sulfate (pH 5.4), the resulting liposomes were passed through
a Sephadex G-25 column equilibrated with PBS (pH 8.0) to change
the pH of the external phase. DOX in PBS (pH 8.0) was added to
liposomes at a drug-to-lipid molar ratio of 1:10 and incubated at
60°C for 1h. Our preliminary experiments showed that DOX was
efficiently encapsulated into liposomes and the loading efficacy
was more than 98% reproducibly. Particle sizes of the liposome
were determined by dynamic light scattering spectrophotometer
(DLS-7000, Otsuka Electronics, Osaka), and were 94.7 £ 9.4 nm and
96.4+ 14.8 nm for the empty liposome and DOX-containing lipo-
some, respectively.

2.5. Tumor-bearing mice model

Male BALB/c or C57BL6 mice (6-7 weeks) for the inocula-
tion of C26 or LLC and B16, respectively, were purchased from
Charles River Laboratories Inc. (Yokohama, Japan) and maintained
at 25°C and 55% of humidity with free access to standard chow
and water. To prepare tumor-bearing mice, 1 million tumor cells
were subcutaneously injected in the back of mice. Our investiga-
tions were performed after approval by our local ethical committee
at Okayama University and in accordance with Principles of Labo-
ratory Animal Care (NIH publication #85-23).

2.6. Tissue distribution

Liposome (10 wmol total lipid/kg) containing trace amount of
3H-CHE was intravenously administered into tumor-bearing mice
when the tumor grew up to 500 mm? in volume. At 48 h after injec-
tion, various organs including the liver, spleen, lung, kidney, heart
and tumor were excised for the measurement of radioactivity after
washed with saline. To solubilize organs, Soluene-350 (Packard
instrument Inc., Meriden, CT, USA) was added and incubated for
2 h at 50°C before neutralized by HCL Scintillation medium was
added to samples, and radioactivity was determined by a liquid
scintillation counter (TRI-CARB® 2260XL, Packard instrument Inc.).
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2.7. Invivo anti-tumor activity

When the tumor grew up to 500mm? in volume, DOX-
containing liposome was administered at a dose of 5mg/kg DOX
by intravenous injection through the tail vein. Saline solution
was injected into control group. The tumor volume was mea-
sured every other day with a caliper in two dimensions, and was
calculated using the following equation: volume (mm?)=longer
diameter x (shorter one)? x 0.52 (Lee et al., 2005). The results were
expressed as % of initial volume for all tumor models. The exper-
iment was terminated when one of the mice in either control or
treatment group died. A slope of % of initial volume-time curve,
representing the growth rate of each tumor in the treatment group
(T), was obtained (day 11-18, 11-24, or 14-28 for LLC, C26, or B16
tumor, respectively) and divided by that in the control group (C)
to give an index (T/C) for the in vivo therapeutic effect for each
tumor-bearing mouse model.

2.8. Immunohistochemical staining of CD31 or VEGF within the
tumnor fissue

Tumor tissues were excised from mice when the tumor grew
up to 500 mm? in volume and snap-frozen in isopentane. Acetone-
fixed 5-im thick sections of tumor tissues were prepared with the
use of cryostat (CM1850, Leica Microsystems, Wetzlar, Germany).
Then, the tumor sections were incubated with rat anti-mouse CD31
antibody or VEGF antibody diluted in PBS containing 5% FBS. This
was followed by incubation with horse radish peroxidase (HRP}-
conjugated rabbitanti-rat1gG antibody and further incubation with
HRP-conjugated goat anti-rabbit IgG antibody. Peroxidase visual-
ization was performed by the conventional staining procedure with
3-amino-9-ethyl-carbazole (AEC, Sigma), and the sections were
counterstained with Mayers hematoxylin (Merck, Darmstadt, Ger-
many) according to standard laboratory protocols. In the case of
CD31 staining, the staining procedure was followed by the counting
of the number of vessels under the microscope in ten independent
fields for each type of tumor cells,

2.9, Extravasation of albumin-Evans blue within tumor tissues

Evans blue dissolved in saline (1 mg/mL) was administered into
the tail vein of tumor-bearing mice at a dose of 4 mg/kg. Forty-
eight hours after intravenous injection, tumors were excised and
were snap-frozen. Cross-sections of tumor tissues were prepared
as described above and were directly subjected to the observation
under the microscope equipped with digital recording system (VH-
5000, KEYENCE, Osaka).

2.10. Enzyme-linked immunosorbent assay for VEGF

Tumor tissues with 500 mm? in volume were homogenized in
lysis buffer containing 5% protease inhibitor cocktail (Sigma). VEGF
levels were quantified with commercially available enzyme-linked
immunosorbent assays (Mouse VEGF ELISA kit, BioSource Interna-
tional, Inc., Camerillo, CA).

2.11. Statistical analysis

Results are expressed as the mean +5.D. Analysis of variance
(ANOVA) was used to test the statistical significance of differences
among groups. Statistical significance was evaluated by using Stu-
dent’s -test or Dunnett's test for the single or multiple comparisons
of experimental groups, respectively.
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3. Results and discussion

To have an optimal in vivo anti-tumor effect in the can-
cer chemotherapy, many factors that influence the therapeutic
outcome should be taken into consideration. Among them, the
sensitivity of tumor cells composing a tumor tissue against the anti-
cancer drug used is one of the most important factors. Irrespective
of the approaches to improve the drug delivery into tumor tissues,
the tumor cells with very low sensitivity to a given anticancer drug
will not be efficiently killed with the drug. On the other hand, it was
reported that anticancer drugs with high sensitivity did not always
lead to the good therapeutic outcome (Smit et al., 1992; Kratzke
and Kramer, 1996; Shaw et al,, 1996).

In the present study. to elucidate the important determinants
for the EPR effect-based in vivo anti-tumor effect of PEG liposomal
DOX, we first evaluated the sensitivity of each type of tumor cells
tested to DOX solution (Fig. 1a). The obtained results revealed that
LLC had the smallest ICsq value (0.096 M) among the three tumor
cells studied, indicating that LLC was the most sensitive to DOX
solution. B16 tended to show the larger ICsp value (0.213 pM) than
LLC, and C26 showed significantly larger ICsq value (0.311 uM) than
LLC, suggesting the lower sensitivity to DOX. We also performed the
similar study using PEG liposomal DOX (Fig. 1b). It was confirmed
that the order of sensitivity of the three tumor cells was the same as
that for DOX solution and C26 showed significantly larger ICsq value

(a) 0.5- =
0.4 4 |
;|
E 0.3 4
B
s
'E 0.2
g
011 I
&
{b) 5.0 7
g = 1
g 1
k]
-
o
& 4 <

Fig 1. In vitro sensitivity of Lewis lung cancer (LLC). Colon-26 (C26) and B16BL6
melanoma (B16) cells to DOX (a) and PEG lip | DOX (b). Results are

a5 the mean with the vertical bar showing 5.0. of five independent exper-
iments. “p<001, *p<0.05.
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Tabie 1
Tumor growth rates and T/C values in tumor-bearing mice

Tumor growth rate (% of initial/day) TIC

Control {saline) PEG liposomal DOX
uc 205=72 518 = 18.0 035 = 0.09"
26 376+ 89 2N =747 007 £ 020
B16 123+37 572+ 332° 046 £ 027"

Tumar growth rate was estimated as the slope of tumor growth-time curve calcu-
lated based on day 11-18, 11-24, or 14-28 for LLC, C26. or B16 tumor, respectively.
T/C values were calculated as the ratio of PEG liposomal DOX treated- to control

groups in tumor growth rate.
* p<005.

** p<0.001, compared with each control group.
* p<0.05, compared with C26.

than other tumor cells, suggesting the lowest sensitivity to DOX.
The absolute ICsg values for PEG liposomal DOX (LLC, 0.68 uM: C26,
2.5 wM: B16, 1.4 wM) were about 10 times larger than DOX solution.
reflecting the slow release rate of doxorubicin from PEG liposome.
In vivo anti-tumor effect of PEG liposomal DOX was also studied
in the mice bearing C26, LLC or B16 tumor (Fig. 2 and Table 1). Sig-
nificant in vivo anti-tumor effects of liposomal DOX were observed
in all the tumor models studied. On the day when we terminated
the experiment, the size of C26 tumor treated with liposomal DOX
was much smaller (around 200% of the initial volume) than other
tumors investigated (Fig. 2). Since the tumor growth rate was differ-
ent depending on the type of tumors, we also calculated the index
for the in vivo therapeutic effect (T/C) that is independent of the
growth rate of each type of tumors, to compare the in vivo effi-
cacy of liposomal DOX and were summarized in Table 1. Calculation
of T/C also gave the significantly lower value (0.07 + 0.20) for C26
tumor-bearing mice than other two tumors (LLC, 0.35 £0.09; B16,
0.46 + 0.27). From these results, it was revealed that the strongest
in vivo anti-tumor effect was observed in the C26 tumor model,
and that the in vivo anti-tumor effect of PEG liposomal DOX was
not directly reflecting the sensitivity of tumor cells against DOX.
The in vivo disposition characteristics of intravenously adminis-
tered PEG liposome must be taken into considerations as one of the
crucial factors for the therapeutic outcome of PEG liposomal DOX.
It was reported that DOX injected as a solution was so rapidly elim-
inated from plasma by being excreted into bile and urine and that

the amount of DOX distributed into tumor tissues was very small
(Gabizon et al., 1996; Mayer et al.. 1989), PEG liposomal preparation
can improve the retention of DOX in plasma, but to exert the in vivo
anti-tumor effect of PEG liposomal DOX, certain amount of DOX-
containing PEG liposome must be extravasated to get into the tumor
tissue, and DOX must be released and taken up by the surround-
ing tumor cells. In plasma, DOX leakage from the liposome with the
same lipid composition as those applied in this study was very slow
(Ty;2=100h) and the presence of fluid obtained from malignant
effusions significantly elevated the release rate (Gabizon, 1995).
Therefore, DOX would be mainly released from PEG liposome after
the liposome is extravasated within the tumor tissue. Considering
the low leakage of DOX from PEG liposome in the blood circulation,
the in vivo disposition characteristics of PEG liposomal DOX would
be similar to the one of PEG liposome. Therefore, we evaluated the
in vivo distribution characteristics of *H-labeled PEG liposome by
measuring radioactivity.

Tissue distribution of PEG liposome at 48 h after intravenous
administration was investigated in the mice bearing C26, LLC or
B16 tumnor of 500 mm? in volume (Fig. 3). Tissue distribution of PEG
liposome exhibited the similar tendency for each tumor-bearing
mice, and it was found that PEG liposome mainly distributed to the
liver and spleen irrespective of the type of tumors. On the other
hand, the distribution of PEG liposome into tumor was quite differ-
ent depending on the type of the tumors used, and the disposition
amount of PEG liposome in the C26 tumor was significantly and
approximately threefold larger than those in the other two tumors.
These results suggest that the tumor accumulation of PEG liposome
correlates with the in vivo anti-tumor efficacy of PEG liposomal
doxorubicin in these tumors.

After its systemic administration, the liposome follows two dis-
tinct processes before its accumulation into tumors, i.e.. circulation
within vessels (blood circulation) and transport across vasculature
walls into the surrounding tumor tissues (extravasation). Gener-
ally, extravasation of particles in blood circulation is a function of
both local blood flow and vascular permeability. One of the factors
that influence the local blood flow is the extent of vascularity within
the tissue. That is to say, the tissue with numerous vasculatures will
receive larger local blood supply. To unravel the mechanism under-
lying the larger tumor accumulation of PEG liposome in C26 tumor,
we evaluated the extent of vascularity in each type of tumor tis-
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Fig. 3. Tissue distrib of PEG lip at 48h after intravenous administra-

tion into tumor-bearing mice. Keys: (1) LLC-bearing mice; (W) C26-bearing mice;
(%) B16-bearing mice. Results are expressed as the mean with the bar showing 5.0.
of three experi **p<0.01, compared with LLC-bearing mice; **p<0.01, com-
pared with C26-bearing mice; ''p<0.01, compared with B16-bearing mice. Dose of
liposome was 10 wmol total lipid/kg.

sue. To visualize the vasculature, cryostat sections were incubated
with rat antibody recognizing the mouse endothelial cell marker
CD31, followed by the standard staining procedure as described in
Section 2. As shown in Fig. 4. in the sections prepared from LLC and
B16 tumors, tube-like large vessels were often observed but the
numbers of vessels were relatively small (LLC, 28 +5; B16, 17 =6
vessels per field). On the other hand, a lot of tiny vessels (47 +6
vessels per field) equally distributed throughout the tumor tissue
were observed in C26 tumor.

Besides the extent of vascularity. the permeability of vasculature
within the tumor tissue would be one of the important factors influ-
encing the transport of liposome across vasculature walls (Yuan
et al., 1995) and may vary considerably depending on the type of
tumor models. Several earlier studies demonstrated the differences
in the vascular permeability of macromolecules among the tumor
tissues used (Graffetal., 2000, 2001; Dreheret al., 2006). Evans blue
was utilized to evaluate the vascular permeability of tumor tissues,
because the dye spontaneously makes a complex with serum albu-
min by electrostatic interaction between the sulfonic acid group of
the dye and the terminal cationic nitrogens of the lysine residues
of albumin (Clasen et al.. 1970) and it has, therefore, been generally
applied to evaluate the vascular permeability within tumor tissues
(Amice et al., 1978; Roberts and Hasan, 1993; Tanaka et al., 2003).
Since it was previously reported that the amount of Evans blue
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remaining in the blood is negligible at 48 h after its intravenous
administration at 10mg/kg (Graff et al., 2000), we excised tumor
tissues at 48 h after intravenous administration in order to discrim-
inate Evans blue extravasated from that in blood vessels. In C26
tumor, the blue color derived from Evans blue was able to be clearly
observed equally throughout the tumor (Fig. 5b), suggesting that
the permeability of vasculature within 26 tumor would be high
and the equal distribution of tiny vasculature throughout the tumor
would also be responsible for this observation. On the other hand,
in the case of LLC tumor, the blue color was hardly found (Fig. 5a),
indicating that the permeability of vasculatures in LLC tumor is very
low and that the vascularity is not necessarily a sufficient factor for
the efficient intra-tumoral accumulation of PEG liposome. Unfortu-
nately, we were not able to perform the similar study for B16 tumor
due to theintrinsic black color of the tissue, Although we did not see
any direct relationship between the extent of vascularity (Fig.4)and
the tumor accumulation characteristics of PEG liposome (Fig. 3),
the results on Evans blue extravasation obtained for C26 and LLC
tumors (Fig. 5) could explain the difference in the tumor accumu-
lation of PEG liposome between the two tumor tissues. That is to
say, not only the extent of vascularity within the tumor but also the
vascular permeability would be responsible for the accumulation
of PEG liposome into tumor tissues. Therefore, the vascular perme-
ability within the tumor would be one of the crucial determinants
in the in vivo anti-tumor effect of PEG liposomal DOX. To draw more
universal conclusion on this issue, however, increasing the number
of tumor types investigated would be necessary and will be the
subject of our further study. In addition, intra-tumoral distribution
pattern of PEG liposome would also be an important factor to deter-
mine the in vivo anti-tumor effect. Although we did not directly
evaluate the intra-tumoral distribution of PEG liposome, we con-
sider that the intra-tumoral distribution of extravasated Evans blue
would be reflecting that of PEG liposome. Therefore, it can be con-
sidered that the higher permeability of vasculature and the equal
distribution of tiny vasculature observed in the case of €26 tumor
would be beneficial for the efficient intra-tumoral distribution of
PEG liposome. Together with these factors, the difference in the
extent of vascularity between central and peripheral parts of tumor
tissue and/or the interstitial fluid pressure may vary depending on
the type of tumor and would affect the intra-tumoral distribution
of PEG liposome.

One of the major factors that influence the vascular perme-
ability within the tumor tissue is VEGF (Kliche and Waltenberger,
2001). To unravel the mechanism underlying the difference in vas-
cular permeability between (26 and LLC tumors, we performed
immunohistochemical staining of VEGF within the tumor tissues
for the semi-quantification (Fig. 6a and b). As shown in Fig. 6a and
b, the higher amount of VEGF in C26 tumor than LLC tumor was
detected. Furthermore, the quantification of VEGF amount in each
tumnor by ELISA demonstrated that approximately eightfold larger

Fig. 4.

ining of CD31 in each rumor section of LLC (a), 26 (b), and B16 tumors (c). Tumnor tissues were excised from mice when the tumor became

500mm® in volume and were snap-frozen, Acetone-fixed 5-wm thick sections of tumaor tissues were prepared and then AEC staining was performed for CD31 as described

in Section 2. Bar: 100 wm.
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Fig. 5. Extravasation of Evans blue in LLC (a) and C26 tumors (b). Forty-eight hours after intravenous injection of Evans blue solution, tumors were excised and were snap-
frozen. Cross-sections of tumor tissues were directly subjected to the observation under the microscope as described in Section 2. The result shown here is the representative
one among three independent tumor sections per group.

amount of VEGF was secreted in C26 tumor compared with that of Mediators that would be substantially responsible for enhancing
LLC tumer (Fig. 6¢). From these results, it was suggested that the the secretion of VEGF in these tumor tissues remain unclear, but
higher vascular permeability within C26 tumor (Fig. 5) would be should be identified for the development of the more efficient can-
ascribed to its higher secretion of VEGF within the tumor tissue.  cer chemotherapy.
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The present study clearly demonstrated that besides the
improvement of retention of liposomal DOX in plasma, the higher
vascular permeability within tumor tissues would also be required
for liposomal DOX to be taken up more efficiently by tumor cells,
indicating that the permeability of vasculature within tumor tis-
sues is a critical factor for EPR effect-based anti-tumor effect of
liposomal DOX.
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Article history: The objective of this study is to evaluate the biodistribution characteristics of liposomes surface-modified
Received 7 January 2008 with the mixture of polyethylene glycol (PEG) and polyvinyl alcohol (PVA) as a drug carrier for passive tar-
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geting of drugs. The liposomes (egg phosphatidylcholine:cholesterol = 55:40, molar ratio) modified with
both PEG and PVA (4:1 molar ratio) (PEG4%/PVA1% liposome) provided the largest AUC, which could be
attributed to the smallest hepatic clearance of the liposomes. The liver perfusion studies clearly indicated
that lower hepatic disposition of PEG4%/PVA1% liposome was ascribed to the decrease in its hepaticuptake

:gc"‘f,;‘;om via receptor-mediated endocytosis. Furthermore, the amounts of whole serum proteins and of opsonins
Polyvinyl alcohol such as complement C3 and immunogiobulin G adsorbed on PEG4%/PVA1% liposome were significantly
Pharmacokinetics smaller than those on the liposome solely modified with PEG (PEG5% liposome). On the other hand, sev-
Opsonins eral proteins were adsorbed at larger amount on PEG4%/PVA1% liposome than PEGSX liposome, and the
Dysopsonins protein identification by LC-MS/MS suggested that some of those proteins including albumin might func-
tion as dysopsonins. The decrease in the adsorbed amount of several opsonins and the increase in the
adsorbed dysopsonins would be responsible for its lower affinity to the liver and long residence in the

systemic circulation of PEC4%/PVA1X liposome.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction demonstrated that PEG-modified liposome exhibits its prolonged

Liposomes, mainly made from naturally occurring phospho-
lipids, are biocompatible vehicles. Liposomes can entrap both
hydrophilic and hydrophobic drugs in their agueous internal com-
partment or within their membrane bilayer, respectively, and hence
it can protect the entrapped drug from external destructive con-
dition such as light, pH and enzymes. Therefore, liposomes are
considered to be one of the advantageous candidates of drug car-
riers (Lian and Ho, 2001; Torchilin, 2005). In spite of these merits,
their rapid clearance by the reticuloendothelial system (RES) lim-
its their application as drug carriers to other tissues and/or cells
(Poste etal., 1982; Senior, 1987; Allen et al., 1991 ). Various strategies
have been developed in order to avoid RES uptake, including the
modifying of the liposomal surface with natural polysaccharides
such as mannan, pullulan, amylopectin and dextran (Sihorkar and
Vyas, 2001). Besides these approaches, long circulating liposomes
were developed by the incorporation of ganglioside GM1, phos-
phatidylinositol or lipid-conjugated polyethylene glycol (PEG) onto
the surface (Allen and Chonn, 1987; Gabizon and Papahadjopoulos.
1988; Allen and Hansen, 1991). Among them, many studies have

* Corresponding author, Tel.; +81 86 251 7948; fax: +8] 86 251 7926,
[E-mail address: kimura@pharm.okayama-u.acjp (T. Kimura).

0378-5173/S - see front matter © 2008 Elsevier B.V, All rights reserved.
doi: 10.1016/j.ijpharm. 2008.04.004

blood circulating property by inhibiting adsorption of various
opsonins such as immunoglobulin G (1gG) and complement-related
components (Banerjee, 2001; Ishida et al., 2002). PEG liposome
has been widely used in an attempt to achieve a passive target-
ing of drugs due to its easy preparation, relatively low cost and its
multiple linkability to other lipids (Allen et al., 1991; Maruyama
et al., 1999). Lately, the feasibility of modifying the surface of lipo-
somes with polyvinyl alcohol (PVA) or polyacrylic acid (PAA) having
a hydrophobic anchor(s) was reported, and it was confirmed that
the modification of the liposomal surface with PVA could improve
the physical stability of liposomes (Takeuchi et al., 1998, 2000). In
addition, the blood circulation time of PVA (MW: 20,000)-modified
liposome was comparable to that of PEG (MW: 2000)-liposome
(Takeuchi et al., 2001). However, there has been no report exam-
ining the effect of the modification of liposomes with the mixture
of different hydrophilic polymers. In order to develop the longer
circulating liposomal preparations, therefore, we formulated the
liposomes surface-modified with the mixture of PEG and PVA, and
evaluated their biodistribution characteristics in rats. The hepatic
disposition characteristics of these liposomes were evaluated in the
liver perfusion experiments. In addition, to have a better under-
standing of their in vivo behavior, especially their hepatic uptake,
the interaction of these polymer-modified liposomes with blood
components was also studied.
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2. Materials and methods
2.1. Materials

Egg yolk phosphatidylcholine (EPC), cholesterol (Chol) and
distearoyl phosphatidylethanolamine-N-[methoxy poly(ethylene
glycol)-2000] (PEG-DSPE) were purchased from ASAHI KASEI
Chemicals Industry Inc, (Tokyo, Japan), Wako Pure Chemical
Industry Inc. (Osaka, Japan) and NOF Inc. (Tokyo), respectively.
[*H] Cholesteryl hexadecyl ether ([*H| CHE) was purchased from
PerkinElmer Life Science Inc. (Boston, MA, USA). Polyvinyl alcohol
derivatives bearing a hydrophobic anchor (Cy;Hz5-5-) at the ter-
minal of the molecule with molecular weight of 20,000 was a kind
gift from Kuraray Co. (Tokyo). Trypsin from porcine pancreas was
purchased from Sigma (St. Louis, MO, USA). Calcein was purchased
from Kanto Chemical Co. Inc. (Tokyo). Phospholipid content of lipo-
somes was determined using Phospholipid C-Test Wako (Wako Pure
Chemical, Osaka), Rabbit anti-rat IgG polyclonal antibody or goat
anti-rat complement C3 polyclonal antibody was purchased from
Southern Biotech. (Birmingham, AL, USA) or from MP Biomedicals,
LLC (Solon, OH, USA), respectively. All other reagents were of the
finest grade available.

2.2. Preparation of liposomes

Small unilamellar liposomes were prepared by the hydration
method reported previously (Furumoto et al, 2007). PEG2000
is almost completely incorporated into liposomes at 5mol% of
total lipid contents, but its amount incorporated is saturated over
5-7mol% (Allen et al., 1991). Therefore, we set the total poly-
mer content to be 5mol%. EPC, Chol and/or PEG-DSPE from stock
solution were mixed at the molar ratio of EPC:Chol = 60:40 for con-
ventional liposome or EPC:Chol:polymer{s)=55:40:5 for polymer-
modified liposomes, respectively, the liposomes were radiolabeled
by incorporating trace amount of the non-exchangeable, non-
metabolizeable marker [*H] CHE to follow the biodistribution of
liposomes (Stein et al, 1980). Then, the lipid mixture was dried
under reduced pressure. The resultant dried lipid film was hydrated
with phosphate-buffered saline (PBS, pH 7.4) under mechani-
cal agitation. The obtained liposomal suspensions were extruded
through polycarbonate membrane filters (Millipore, Temecula.
CA, USA) with pore sizes of 200nm 5 times, followed by the
extrusion through 100-nm filter 10 times. In order to prepare
liposomes-containing PVA, furthermore, an aliquot of the lipo-
somal suspensions were mixed with PVA polymer solution with
various concentrations to give an intended final PVA content and
was followed by the incubation at 10°C for 60 min according to
the method reported previously (Takeuchi et al.. 1998). In the case
of calcein-containing liposomes, the hydration of dried lipid film
was performed with PBS (pH 7.4) containing calcein (0.2 mg/mL),
then the liposomal suspensions were obtained by following the
same procedure as described above. Non-encapsulated calcein
was removed by gel-filtration chromatography (Sepharose CL-4B,
Amersham Bioscience, Uppsala, Sweden). The amount of PVA asso-
ciated onto the liposomes was estimated by the method reported
previously (Takeuchi et al, 1998). In brief, 0.3 mL of liposomal
suspension was ultra-centrifuged at 300,000 x g for 120 min. The
mixture of 3mL of boric acid solution (4%, w/v) and 0.6mL of
12/KI solution (0.05 M/0.15 M) was added to 0.05mL of the super-
natant, then the solution was diluted to 10 mL with distilled water.
The polymer concentration was measured spectrophotometrically
at the wavelength of 620 nm. The amount of associated PVA was
calculated by subtracting the PVA amount in the solution. It was
confirmed that more than 90% of added PVA was incorporated into
the liposomal membranes.
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2.3. Liposomal size distribution and zeta potential measurements

The size distribution and zeta potentials of liposomes in PBS (pH
7.4) were determined by dynamic light scattering spectrophotome-
ter (DLS-7000, Otsuka Electronics, Osaka) and by electrophoretic
light scattering spectrophotometer (ELS-6000, Otsuka Electronic),
respectively.

24. Invitro release of calcein from liposome

The in vitro release of calcein from liposomes was evaluated by
equilibrium dialysis method. In brief, 1 mL of liposomal suspension
was mixed with 1 mL of PBS (pH 7.4) containing 10% serum (v/v)
and the mixture was loaded into the membrane tube (Spectra/Por®
Membrane, MWCO: 12,000-14,000, Spectrum Laboratories Inc.,
Breda, The Netherlands). After both ends were tightly closed, the
dialysis tubes were placed into 40 mL of PBS (pH 7.4) as an acceptor
medium, and were incubated at 37 °C for 12h. The percentage of
released calcein from liposomes was calculated as follows:

release (%) = J" —b_ . 100

ol = lo

where lg and I are the fluorescence intensities of calcein before
and after incubation, respectively. I, was the florescence inten-
sity of total calcein loaded into liposomes, which was determined
after the destabilization of liposomes by 5% Triton X-100 (final
concentration), The florescence intensity of calcein was mea-
sured at 490 and 520 nm for excitation and emission wavelengths,
respectively.

2.5. Animals

Male Wistar rats (Japan SLC, Hamamatsu, Japan), maintained
at 25°C and 55% humidity, were allowed free access to standard
laboratory chow (Clear Japan, Tokyo) and water. Rats weighing
220-240 g were randomly assigned to each experimental group.
Our investigations were performed after approval by our local eth-
ical committee at Okayama University and in accordance with
Principles of Laboratory Animal Care (NIH publication #85-23).

2.6. In vivo disposition experiments

After rats were anesthetized by intraperitoneal injection of
sodium pentobarbital (20 mg/kg), liposomes were injected into the
femoral vein at a dose of 10 wmol total lipid/kg. Body temperature
of rats was kept at 37°C using a heat lamp during the experi-
ment. Blood samples were withdrawn from the jugular vein at fixed
time points, followed by immediate centrifugation at 4000 x g. The
obtained plasma was collected (100 pL) and scintillation medium
(Clear-sol II, Nacalai Tesque, Kyoto) was added. For the tissue dis-
tribution study, organs (liver, spleen, kidney, heart and lung) were
excised at 6 h after the intravenous injection, rinsed with PBS, and
weighed. To solubilize the organs, Soluene-350 (Packard Instru-
ment Inc.. Meriden, CT, USA) was added and incubated for 2h at
50 °C before the solubilized solution was neutralized by HCL Then,
scintillation medium was added to the samples, and radioactivity
was measured in a liquid scintillation counter (TRI-CARB® 2260XL,
Packard Instrument Inc.). .

Plasma concentrations of liposomes (Cp) versus time curves
were analyzed by the Eq. (1) using the non-linear least-squares
regression program MULTI (Yamaoka et al.. 1978).

CGp=A-exp(—a-t)+B-exp(—f-1) (1)
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The area under the plasma concentration-time curve (AUC) was
calculated by the following equation:

4
Auq,zf Gyt (2)
o

Total body clearance (CLyy, ). elimination rate constant (Kg), dis-
tribution volume of central compartment (Vd.) and distribution
volume at steady state (Vds;) were calculated by the following
equations:

Dose
Clapta) = W (3)
Dose
Vde = 220 )
key = —‘El (5)
k2
Vi = (I = -Vdc) (6)

where AUC§ means AUC value from O to infinity. kyz and kz, are
first-order rate constants from peripheral to central compartment
and from central to peripheral compartment, respectively. Tissue
uptake clearance (Clyjs,ue) Was calculated by the following equa-
tion:
Xt

Clyjssue = I;“a"f
where AUC], means AUC value from Oto time tand X,
the amount of liposomes in a tissue at time (.

(t = 360 min) (7

represents

2.7. Single-pass liver perfusion experiments

Liver perfusion was carried out following the procedure
reported previously (Furumoto et al., 2002). After the liver was sta-
bilized by 13-min perfusion with Krebs-Ringer bicarbonate (KRB)
buffer, each liposomal preparation was continuously infused at a
concentration of 0.5 nmol total lipid/mL in the presence of 1% serum
from the portal vein for 20 min. After 5-min wash with KRB buffer,
the liver was excised, weighed and the accumulated amount of
liposomes in the liver was evaluated by measuring the radioac-
tivity in the liver as mentioned above. The serum was prepared
just before use as follows: rat whole blood was collected from the
carotid artery and allowed to clot at room temperature for 20 min,
then centrifuged at 1500 x g for 20 min at 4 ‘C and the supernatant
obtained was used. To investigate the contribution of the receptor-
mediated endocytosis to the uptake of liposomes, the perfused liver
was pretreated with 10 ug/mL trypsin for 10 min (Ogawara et al.,
1999).

2.8. Quantitative and qualitative determination of serum protein
associated onto liposomal surface

Aliquots of *H-liposomal suspension (2.5 wmol total lipid/mL)
were incubated with equal volume of fresh rat serum for 20 min at
37 'C.Then, the liposomes were separated from bulk serum proteins
by Sepharose CL-4B gel filtration (Johnstone et al., 2001 ). Fractions
of liposomes were collected, and the amount of serum proteins
associated on liposomes was quantified by Lowry's method (Lowry
et al., 1951) and the amount of liposomes was quantified by mea-
suring the radioactivity, SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed by using the Mini Protean-1l elec-
trophoretic apparatus (Bio-Rad, Hercules, CA, USA) on 12.5%
polyacrylamide gel (Ready Gel J, Bio-Rad). For the relative com-
parison of the proteins associated on the surface of each liposomal

preparation, the same amount of protein (0.3 pg) was loaded onto
the gel. The detection of proteins was performed by a silver-
stain procedure by using a silver-stain kit (Daiichi Pure Chemicals,
Tokyo).

After SDS-PAGE was performed as described above, proteins
were blotted on cellulose nitrate membrane (Advantec, Tokyo).
For the detection of complement C3 or IgG. the blots were incu-
bated with 1:100 diluted goat anti-rat complement C3 or 1:250
diluted rabbit anti-rat 1gG polyclonal antibody. As second antibod-
ies, peroxidase-linked anti-goat polyclonal antibody (Cosmo Bio.
Tokyo) and anti-rabbit polyclonal antibody (Zymed® laboratories
Inc., CA, USA) were used at 1:10,000 and 1:5000 dilution in block-
ing buffer, respectively. The protein band was visualized with the
enhanced chemiluminescence (ECL) system (Amersham Pharmacia
Biotech, Buckinghamshire, UK) and the densitometric intensities
of protein bands were quantified by Scion Image™ (Scion Cor-
poration, Frederick, MD). Since SDS-PAGE was conducted under
reducing condition where many small fragments can be generated
from the protein of interest, the densitometric intensities of bands
were integrated for each lane to semi-quantitatively evaluate the
amount of C3 and IgG.

2.9. Sample preparation for LC-MS/MS analysis and data search

The protein bands were excised from the gel and transferred
to Ependorf tubes. The gel pieces were washed twice with 50%
acetonitrile/25mM ammonium bicarbonate, washed with 100%
acetonitrile and then dried in a speed vacuum concentration sys-
tem (CVE-100D, Rikakikai, Tokyo). Approximately 30 L of trypsin
(20 pg/mL) in 25mM ammonium bicarbonate was added to the
dried residue and the samples were incubated overnight at 37°C.
The supernatant was transferred to a separate Ependorf tube and
the peptides were further extracted from the gel pieces by incu-
bation in 50% acetonitrile/5% formic acid (FA) for about 4h at
room temperature. The supernatants obtained from the two steps
were pooled, dried by SpeedVac and dissolved in 5L 50% ace-
tonitrile/0.1% FA and stored at —20°C until use. Sample analysis
was performed on Agilent 1100LC/MSD Trap XCT series system.
The ionization system was Chip Cube using HPLC-Chip-Ms (Agi-
lent Technelogies, Santa Clara, CA, USA), The chip was automatically
loaded and positioned into the MS nanospray chamber. The chip
contained a Zobrax 300SB-Cyg (43 mm x 75 wm, 5 um) column and
a Zobrax 3005B-C,5 (40nL 5 wm) enrichment column. The mobile
phase, the mixture of Hy0/0.1% FA and acetonitrile/10% H;0/0.1%
FA, was delivered at the flow rate of 300 nL/min. Tryptic peptides
were eluted from the column into the MS using gradient elution.
The capillary voltage was set to 1850V, the flow and temperature
of the drying gas were 4 L/min and 300 °C, respectively. The MS and
MS/MS data were analyzed by Data Analysis software (Spectrum
Mill Ver. 3.3).

2.10. Statistical analysis

Results are expressed as the mean + 5.0, Analysis of variance
(ANOVA) was used to test the statistical significance of differ-
ences among groups. Statistical significance in the differences of
the means was evaluated by using Student’s t-test or Tukey’s test
for the single or multiple comparisons of experimental groups.
respectively.

3. Results and discussion
In order to prolong the residence time of liposomes in the sys-

temic circulation, PVA as well as PEG were employed to modify
the surface of liposomes. In this study, we prepared five different
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Table 1
Composition and physical properties of liposomes
Lip Lig compuositi Particle size Zeta potential
EPC:Chol:PEG:PVA (nm} (mV]
(molar ratio)
Naked 60:40:0:0 908 =089 =290+ 12
PEGS% 55:40:5:0 B85 =12 —45+08
PEGAZ/PVAIEX  55:40:4:1 IR ES A | 3705
PEGIX/PVA4E  55:40:1:4 1242227 07 £08
PVASE 55:40:0:5 1410 = 0.6 04410

Results for particle size and zeta potential are expressed as the mean £ 5.0. of three
experiments,
" p<0.05, compared with naked liposome.

8

Calcein released in 12 hr (%)
3 8 8 8

o
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Fig. 1. In vitro release of calcein from surface-modified iposomal preparations. Each
liposomal preparation was incubated in PBS (pH 7.4) containing 10% rat serum (v/v]
at 37°C for 12 h. Results are expressed as the mean with the vertical bar showing
S.0. of three i “p<0.05,¢ d with naked lip

liposomal preparations including naked liposome, PEG liposome
(PEG5%), liposomes modified with the mixture of both PEG and PVA
(PEG4%/PVA1% and PEG1%/PVA4%) and liposome modified with
PVA only (PVAS%). Itis well known that PEG-DSPE is stably inserted
into the lipid bilayer of liposomes (Parr et al., 1994). The 1-h incuba-
tion with 50% rat serum at 37 “C revealed that more than 90% of PVA
incorporated stably remained on the liposomes, suggesting that the
hydrophobic moiety of PVA derivative was also stably inserted into
the lipid bilayer of liposomes as suggested by Takeuchi et al. (1998 ).

Since several factors such as particle size, charge and lipid
composition have been reported to influence the in vivo fate of lipo-
somes after intravenous administrations (Levchenko et al., 2002:
Murao et al., 2002; Awasthi et al,, 2003), the physicochemical prop-
erties of the liposomes prepared were examined (Table 1). The
particle sizes for naked and PEG liposomes were found to be almost
the same, while the modification of liposomes with PVA increased
the particle size depending on its molar ratio. The measurement
of zeta potential showed that the negative charge of naked lipo-
some tended to be neutralized by the surface-modification either

{ journal of F
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Fig. 2. Plasma concentration-time profile of surface-modified liposomal prepara-

tions after intravenous injection into rats. Each liposomal preparation was injected

atadoseof 10 wmol total lipidfkg. Results are expressed as the mean with the vertical

bar showing 5.D. of three rats. Keys: - (-, Naked: -0-, PEGSX; -4, PEGAZ/PVALR]

—&-, PEG1%/PVA4%; —B-, PVASE. "p <0.05 compared with PECSX liposome.

with PEG, PVA or their mixture. In order to confirm the stability of
prepared lip in the pr & of serum, calcein release from
each liposomal preparation was determined. As illustrated in Fig. 1,
the surface-modified liposomes were characterized by the signif-
icant lower release of calcein compared to the naked liposome,
demonstrating their good stability in the presence of serum.

In vivo pharmacokinetics and biodistribution of the surface-
modified liposomes were investigated after intravenous adminis-
tration to rats. Fig. 2 shows the plasma concentration-time profiles
of the liposomes, and the pharmacokinetic parameters obtained
are summarized in Table 2. As shown in Fig. 2, naked liposome was
rapidly eliminated from systemic circulation with the largest values
of ke, Vd. and Vdg; (Table 2). On the other hand, other polymer-
modified liposomes exhibited longer blood circulating properties.
Among them, PEG4%PVA1% liposome showed the smallest Clyg)
and the largest AUCS", which was about 12 times or 1.2 times
larger than that of naked liposome or PEG5% liposome, respectively
(Table 2). In addition, the PEG4%/PVA1% liposome showed signifi-
cantly higher plasma levels than PEG5% liposome at 30 and 60 min
after intravenous injection. Moreover, the PEG4%/PVA1% liposome
provided the smallest values of both Vd. and k.; among the lipo-
somal preparations examined, where the small Vd, and kg would
mean the decrease in the rapid distribution to the liver just after
dosing and the delay of elimination from plasma, respectively. Tis-
sue uptake clearances calculated for various organs would support
the above consideration (Fig. 3). The hepatic clearances for the
liposomes modified with polymers were significantly smaller than
that for naked liposome, and PEG4%/PVA1% liposome provided the
smallest value of hepatic clearance among the liposomes investi-
gated. Furthermore, it is worth to note that PEG4%/PVA1% liposome
showed significantly smaller clearances for liver (68%), spleen (38%)
and lung (22% of PEG5%) than PEG5% liposome. On the other hand,

Table 2

Pharmacokinetic parameters of different lip | formulations after injection into rats

Parameters Maked PEGST PEG4%/PVALE PEGIE[PVA4R PVASE

ALIC (X of dose min/mL) 1096 = 101 10755 = 3012" 13438 + 45207 6045 + 604 2267 = 282
Clygeas (pLjmin) 919 83 9.7+ 247 B0+ 247 16.7 = 167 446 + 537
ket (min=") 498 =024 121 £ 036" 113 = 036" 212 £035" 429 = 042
Vd: (mlL) 184 £ 11 81=05" 71 £09” 80+17" 104 = 077
Vdy (mL) 184 =11 94 £037 95+ 23" 106 & 23" 143+ 14
Eachnh-\m-- ki was obtained by following the equations described in Section 2. Results are expressed as the mean £ 5.D. of three rats.

™ p<0.01, compared wﬁh naked liposome.
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Fig. 3. Tissue uptake clearances of surface-modified liposomes after intravenous
injection into rats. Each liposomal preparation was injected at a dose of 10 wmel
total lipid/kg. Each tissue was excised at 6h after injection. Results are expressed as
the mean with the vertical bar showing 5.0, of three rats. Keys: B, liver; [0, spleen;
. lung; O, kidney; W, heart. “p<0.05 compared with naked liposome; *p<0.05
compared with PEG5% liposome.

the renal uptake clearance was larger for PEG4%/PVA1% liposome
than that for PEG5% liposome. The reason for it remains to be clari-
fied, but the longer circulation of larger amount of liposomes might
lead to the disposition of intact and/or degraded liposomes into
kidney.

To clarify the mechanism behind the less affinity of
PEG4%/PVA1% than PEG5% to the liver where these liposomes
were mainly distributed, a single-pass liver perfusion experiment
was performed by using the perfusate containing 1% serum (v/v)
(Fig. 4). Naked liposome showed significantly higher hepatic
accumulation (4.3 + 1.2 nmol total lipid) than the two polymer-
modified liposomes. In addition, the hepatic accumulation of
PEG4%/PVA1% liposome (0.6+02nmol total lipid) was signifi-
cantly lower than PEG5% (1.9+ 0.3 nmol total lipid). These results
were similar to those obtained in the in vivo study (Figs. 2 and 3
and Table 2), Furthermare, the pretreatment of the perfused liver
with trypsin drastically decreased the hepatic accumulation of
both naked (0.96+0.1nmol total lipid) and PEG5% liposomes
(0.90+0.06 nmol total lipid). On the contrary, the same treat-
ment did not significantly affect the hepatic accumulation of
PEG4%/PVA1% liposome (0.70+020nmol total lipid). These
results clearly indicate that the modification of liposomes with
the mixture of PEG4%/PVA1% can avoid the hepatic disposition
via the receptor-mediated endocytosis, which, on the other hand.
substantially contributes to the hepatic disposition of PEG5%
liposome.

It is well known that the hepatic uptake of liposomes is
largely affected by the association of serum opsonins such as IgG,

79 #
§ °
§<51 4
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Naked PEG5% PEGA%/PVA1%

Fig 4. Hepatic disposition of naked, PEGS% and PEG4%/PVA1% liposomes in single-
pass liver perfusion experiments. The liver perfusion was performed for 20 min.
Results are expressed as the mean with the vertical bar showing 5.0. of three exper-
iments. Keys: B, 0, + trypsin “®.1p<0.05, compared with naked,
control or PEGS% liposome, respectively.
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Fig. 5. Amount of serum proteins assoclated on the surface of PEGSX and
PEGAZ/PVA1X liposomes. Results are expressed as the mean with the vertical bar
showing 5.D. of three experi "p<0.05,¢ d with PEG5% lipesome.

fibronectin, complement components, C-reactive protein and az-
macroglobulin (Tsujimoto et al., 1981; Rossi and Wallace, 1983;
Bonte and Juliano, 1986; Huong et al.. 2001; Price et al., 2001: Ishida
et al.. 2006; Moghimi et al.. 2006). In addition, the recognition of
surface-bound opsonins by their corresponding receptors is known
to be a main trigger for the hepatic uptake of particles via receptor-
mediated endocytosis (Moghimi and Davis, 1994; Liu et al., 1995).
Therefore, we tried to evaluate the serum proteins associated on the
surface of PEG5% liposome and PEG4%/PVA1% liposome quantita-
tively and qualitatively. As illustrated in Fig. 5, the total amount of
serum proteins adsorbed on the surface of the PEG4%/PVA1% lipo-
some (13.0 = 0.3 pwg/pmol total lipid) was significantly smaller than
that for PEG5% liposome (18.0 + 0.4 pg/mol total lipid). This result
was in good agreement with the previous report demonstrating
that the circulation half-lives of liposomes after intravenous admin-
istration is inversely related to the total protein amount associated
on the surface (Chonn et al, 1992). It has previously been reported
that the fixed aqueous layer thickness (FALT) around liposomes was
increased by the surface-modification with PEG and that thicker
FALT would be likely to prevent serum proteins from interacting
with liposomes (Shimada et al., 1995; Zeisig et al., 1996). More-
over, it has been postulated that surface-grafted PEG would form
either amushroom or a brush conformation, depending on molecu-
lar weight and surface density of PEG on the liposomes, and that the
latter conformation would build the thicker FALT than the former
one (Needham et al., 1997; Nicholas et al., 2000; Johnstone et al.,
2001), Sadzuka et al. (2002) reported that the surface-modification
with the mixture of PEG500 and PEG2000 provided thicker FALT
than the modification with either PEG500 or PEG2000, and that the
liposomes modified with both PEG500 and PEG2000 revealed the
lowest hepatic uptake. They speculated that PEG500 would facil-
jtate to transform of PEG2000 from the mushroom structure into
the brush one, and that the liposomes on which less amount of
opsonins would be adsorbed due to thicker FALT had lower affinity
to the liver (Sadzuka et al., 2002). Considering this background, we
speculated that PVA alone on the surface of liposomes would be
present as the mushroom (shrunk) structure with thin FALT. Then,
further addition of adequate amount of PEG might facilitate the
conformational change of PVA to the brush-like (extended) struc-
ture with thicker FALT, leading to the decrease in the adsorbed
amount of serum proteins on PEG4%/PVA1% liposome. In the case
of PEG1%/PVA4% liposome, the amount of PEG might be still insuf-
ficient to facilitate the conformation change of PVA. Sadzuka et
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Fig. 6. Comparison of serum proteins associated on the surface of PEC5Z and
PEGA%[PVA1% liposomes. The same amount of protein (0.3 ug) was loaded onto
each lane. SDS-PAGE was performed following the procedure described in Section
2, and proteins were silver-stained. Solid and dotred arrows indicate the typical pro-
teins increased and decreased on PEG4%/PVA1X liposome, respectively, as compared
with PEG5% liposome.

al, (2002) proposed that the optimal amount of PEG500 would
be needed to support the brush-like structure of PEG2000 and it
could also be the case with PEG/PVA liposomes. To have better
understanding of the mechanisms; however, the conformational
dynamics of PVA molecule on the surface have to be elucidated
and will be the subject of our further study.
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In order to identify the proteins adsorbed on the liposomes, SD5-
PAGE was at first performed. The results revealed that there was
quite large difference in the profiles of surface-associated serum
proteins between PEG5X liposome and PEG4%/PVA1% liposome
(Fig. 6). The proteins highlighted with dotted arrows seem to be
preferentially associated onto PEG5% liposome, On the other hand,
the proteins highlighted with solid arrows (15, 25,35 and 240kDa)
are associated more onto PEG4%/PVA1% liposome. Taken the results
obtained in the in vivo and liver perfusion studies together, the
proteins with dotted arrows might contain opsonins enhancing
the hepatic uptake of PEG5% liposome, while the proteins with
solid arrows might possess dysopsonin-like activity suppressing
the uptake of PEG4%/PVA1X% liposome.

As discussed above, complement C3 (C3) and IgG are the major
opsonins and are known to play important roles to promote the
hepatic uptake of liposomes via their corresponding receptors
expressed on the surface of Kupffer cells in the liver (Ishida et al.,
2002). Therefore, we conducted the Western blot analysis to com-
pare the amounts of C3 and IgG associated on the surface of PEG5%
and PEG4%/PVA1% liposomes (Fig. 7). As shown in Fig. 7Aand B, the
semi-quantification of the densitometric intensities derived from
C3 and IgG fragments revealed that these typical opsonins associ-
ated more with PEG5% liposome than PEG4%/PVA1% liposome.

Besides opsonins, it has been suggested that there are some
dysopsonins in serum, which can inhibit phagocytosis of pathogens
or particles. Although it was reported that immunoglobulin A and
a;-acid glycoprotein functioned as dysopsonins for microorgan-
isms (Van Oss et al., 1974; Absolom, 1986), there is no identified
serum components with dysopsonic activity for liposomes so
far. Then, we tried to identify the proteins which might act as
dysopsonin for PEG4%/PVA1%, highlighted with solid arrows in
Fig. 6. After SDS-PAGE was performed for proteins associated on
PEGA4%/PVA1% liposome, the proteins highlighted with solid arrows
in Fig. 6 were subjected to LC-MS/MS system for identification and
the results were summarized in Table 3. The analysis showed that
albumin would be one of the serum proteins preferentially associ-
ated onto PEG4%/PVA1% liposome. Taken our previous reports that
the pre-coating of polystyrene nanospheres with albumin or the
coupling of albumin onto the surface of PEG liposome reduced their
affinity to the liver (Ogawara et al., 2004; Furumoto et al. 2007).
albumin might function as dysopsonin for PEG4%/PVA1% liposome.

(B) Immunoglobulina G
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globulin G associated on the surface of PEGSX and PEG4%/PVA1X liposomes by Western blot analysis. The same

amount of protein (1.2 jug) was loaded onto each lane. Results of semi-quantification are expressed as the mean with the bar showing 5.0. of five experiments. “p<005

compared with PEGSX liposomes.
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Table 3
Identification of several serum proteins associated on PEG4%/PVA1% liposome at
larger than PEGSX lip
Band it lentified Accession number  Spectrum Mill score
1 Apolipoprotein B 61098031 43.67
2 Apolipoprotein A-IV 8392909 9662
Albumin 55391508 41.07
3 Apolipoprotein E 37805241 18639
4 Apolipoprotein A-1 113997 a765
Albumin

LC-MS/MS data were analyzed by Spectrum Mill with NCBinr database
(herp: | iwww.ncbinimnih.gov/). The following filters were used after database
searching: peptide score >6, peptideX SPI > 60 and protein score > 11. Band numbers
represent the proteins highlighted with solid arrows in Fig 6.

In addition, apo A-1, A-IV, B and E were also shown to preferentially
be associated onto PEG4%/PVA1% liposome. Although apoE itself
is known to function as an opsonin for the uptake of particles by
hepatocytes, Bisgaier et al. (1989) indicated that the co-existence
of apoE with apoA-1, A-IV or B leads to the conformational change
of apoE and abolishes its ability to enhance the uptake of liposomes
by HepG2 cells. Therefore, the enrichment of these apolipoproteins
on the surface of PEG4%/PVA1% liposome might abolish the opsonic
activity of apoE. However, the mechanisms by which the specific
proteins such as albumin, apo A-l, A-IV, B and E were preferentially
associated onto PEG4%/PVA 1% liposome are still unclear and would
be investigated in the further study.

4. Conclusion

An incorporation of small percentage of PVA into PEG liposome
(PEG4%/PVA1% liposome) improved the in vivo disposition charac-
teristics, which could be attributed to lower hepatic distribution
of PEG4%/PVA1% liposome. The decrease in the affinity to the liver
would be attributed to lower amount of serum proteins includ-
ing opsonins and larger amount of dysopsonins such as albumin
adsorbed on the surface. These findings can form a solid basis to
develop useful particulate drug carriers with better in vivo dispo-
sition characteristics. To confirm the advantage of PEG4%[PVA1%
lippsome, the in vivo anti-tumor activity of the liposome including
some anti-tumor drug will be investigated in our next study.
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LETTER TO THE EDITOR

ATX-510(Na)-photodynamic therapy inhi-
bits cytokine secretion and proliferation
of lymphocytes

Photodynamic therapy (PDT) is a new therapeutic
modality for a variety of neoplasms, including skin
tumors, lymphomas, as well asscleroderma. Now PDT
using 5-aminolevulinic acid (ALA) is available for skin
diseases and its effects on cytokine production have
also been reported [1,2]. ATX-S10({Na),13,17-bis(1-
carboxypropionyl)carbamoylethyl-8-ethenyl-2-
hydroxy-3-hydroxyiminoethylidene-2,7,12,18-tetra-
methylporphyrin sodium salt, is a new hydrophilic
chlorine photosensitizer characterized by good accu-
mulation in tumors [3,4], and rapid elimination in
urine within 24—48 h. Thus ATX-S10(Na) is regarded
as a good candidate for the second generation photo-
sensitizer of PDT. Recent study from our laboratory
has demonstrated that ATX-S10(Na)-PDT is effective
for various skin tumors [5].

Psoriasis is a chronic inflammatory skin disease
with hyperproliferative epidermis. It is assumed
that T cells and various T cell-derived cytokines
reveal an essential role on induction and mainte-
nance of the psoriatic lesion [6]. In fact cyclosporine
and various biological agents are effective for psor-
iasis, There are no reports, however, which describe
the effect of PDT on cytokine production or T cell
proliferation. In the present study, we investigated
the effect of ATX-S10(Na)-PDT on the production of
cytokines and viability of various T cell lines.

These cell lines include HuT102, MT-2, Jurkat,
MolT4, which are derived from mycosis fungoides,
adult Tcell leukemia, acute lymphoblastic leukemia,

Abbreviations: PBS, phosphate-buffered saline; PDT, photo-
dynamic therapy.
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and acute lymphoblastic leukemia, respectively.
These were generous gifts from Dr. Hiroya Kobayashi
(Pathology, Asahikawa Medical College, Japan). The
cells were cultured in RPMI 1640 medium containing
10% fetal calf serum, 100u/ml penicillin, and
100 pg/ml streptomycin at 37 °C in CO; in air. In
order to determine the production of cytokines,
10 cells were cultured for 24 h and supernatants
were collected. Then various cytokines, TNF-a,
IFN-v, IL-2, IL-5, IL-6, and IL-8, were assayed using
ELISA kits, which were purchased from BioSource
International, Inc. (California, USA). In a preliminary
study, HuT102 cells produced abundant cytokines,
such as TNF-a, IFN-+, IL-6, and IL-B, but not IL-2, or IL-
5 (data not shown). Then we analyzed the effect of
ATX-S10(Na)-PDT on the cytokine production of
HuT102 cells.

HUT102 cells (1 x 10°%) were cultured in the pre-
sence of 10 ug/ml ATX-510(Na) for 3 h and the cells
were washed with phosphate-buffered saline (PBS).
Then the cells were irradiated with diode laser
(LD670-05, Hamamatsu Photonics K.K, Hamamatsu,
Japan). At the indicated time the supernatants were
collected and cytokine assays were performed. ATX-
$10(Na)-PDT significantly inhibited TNF-c, IFN-y, IL-
6, and IL-B production and the maximal effect was
observed at 24 h (Fig. 1). The effect was irradiation
dose-dependent. ATX-S10(Na) or the laser irradia-
tion alone did not affect the cytokine secretions or
cell proliferation (data not shown). Similar inhibi-
tory effects on the cytokines production were
observed by ATX-S10(Na)-PDT using MT-2, Jurkat,
and MolLT4 cells (data not shown).

The effect of ATX-S10(Na)-PDT on cell prolifera-
tion was performed by non-radioactive proliferation
assay using tetrazolium as indicator (Promega, Madi-
son, WI). Various doses of laser were irradiated on
1 x 10* HuT102 cells, which were pretreated by
10 ug/ml ATX-510(Na) for 3 h. The decrease in cell
proliferation was observed at 6 h and the maximal
effect was detected at 24 h (data not shown). The
suppressive effect was detected at 40 mJ/cm? with
dose-dependent inhibition up to 100 mJ/cm’
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