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Fig. 4. Effect of trypsin-treatment of cell surface on the disposition of NS-50 to Kupffer cells (A} and hepatocytes (B) in the presence of various concentrations of
fetuin. Nanospheres (100 p.g/mi) suspended with PBS (pH 7.4) were added to the cells. Before the addition of nanospheres, cells were mcubated for 30 min at 37 °C

with PBS alone (@) or PBS containing trypsin ((J). Results are expressed as the mean with a bar showing the 8.D. (n=3-4).

**p<0.01; **"p<0.001, compared

with each corresponding control (in the absence of fétuin). p <0.05; 1p<0.01; 'p<0.001, compared with each corresponding control without trypsin treatment.
Disposition amount for control was 131.5 & 11.3 or 52.3 = 11.5 g particles/mg protein for Kupffer cells or hepatocytes, respectively.

We also performed the in vitro uptake study using primary
cultured rat Kupffer cells and hepatocytes (Fig. 4). As shown in
Fig. 4B, the disposition of NS-50 to hepatocytes was decreased
in the presence of fetuin in the concentration-dependent man-
ner. Pre-treatment of hepatocytes with trypsin did not affect
the disposition amount of NS-50. On the contrary, the dispo-
sition of NS-50 to Kupffer cells was enhanced in the presence of
fetuin (~10 pg/ml) and this enhancing effect of fetuin decreased
as the concentration of fetuin in the medium increased further
(Fig. 4A). In addition, pre-treatment of Kupffer cells with trypsin
tended to make these cells unresponsive to fetuin and the uptake
amount of NS-50 was almost constant except for one experimen-
tal condition where the concentration of fetuin in the medium
was 10 pg/ml. The presence of poly Lin the medium also signif-
icantly reduced the uptake of NS-50-fetuin by Kupffer cells to
42% of the control, but not the uptake of NS-50-BSA (Fig. 5).

Furthermore, focusing on SR-A, we investigated whether SR-
A was substantially responsible for the SRs-mediated uptake of
NS-50-fetuin by Kupffer cells (Fig. 6). The presence of anti-
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Fig. 5. Involvement of SRs in the uptake of NS-50-fetuin by Kupffer cells.
Nanospheres (100 pg/ml) suspended with PBS (pH 7.4) were added to the cells.
Poly I (50 pg/ml) was added to the cells together with nanospheres. Results
are expressed as the mean with a bar showing the §.D. (n=3-5). “'p<0.01,
compared with corresponding control. Disposition amount for control was
117.6 4 8.3 or 66.8 = 10.4 pg particles/mg protein for NS-50-fetuin or N'S-50-
BSA, respectively. '
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SR-A antibody in the incubation medium significantly reduced
the uptake of NS-50-fetuin to 54% of the control. To confirm
whether this phenomenon was specific for anti-SR-A antibody,
we investigated the effect of anti-villin antibody, an irrelevant
IgG, used as a negative control, on the uptake of NS-50-fetuin by
Kupffer cells. It was found that anti-villin antibody did not influ-
ence the uptake of NS-50-fetuin by Kupffer cells. In contrast,
the uptake of NS-50-BSA by Kupffer cells was not significantly
influenced by the presence of anti-SR-A antibody.

4. Discussion

The hepatic uptake of particles has been believed to be depen-
dent on various factors such as particle size, surface hydropho-
bicity and surface charge, However, we have clearly demon-
strated that some serum proteins adsorbed on particles play
an important role in their hepatic disposition by utilizing sev-
eral kinds of polystyrene nanospheres (Ogawara et al., 1999;
Furumoto et al.,, 2002). In the case of negatively charged par-
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Fig. 6. Involvement of SR-A in the SRs-mediated uptake by Kupffer celis.
Nanospheres (100 pg/ml) suspended with PBS (pH 7.4) were simultaneously
added to the cells with 1 pg/ml anti-SR-A antibody or anti-villin antibody. The
final concentration of antibody was 0.5 jug/ml. Results are expressed as the mean
with a bar showing the S.D. (n=4-9). *'p<0.01, compared with corresponding
control. Disposition amount for control was 159.2 £26.5 or 106.1 £203 pg
particles/mg protein for NS-50-fetuin or NS-50-BSA, respectively.
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ticles, it was reported that some blood components such as
az-macroglobulin or apolipoprotein H were associated on the
surface of negatively charged liposomes and were responsible
for their rapid elimination from the systemic circulation after
intravenous administration (Chonn et al., 1992, 1995). However,
to date there is no report that describes substantial involvement
of blood components in the SRs-mediated uptake of negatively
charged nanoparticles by phagocytes.

Fetuin, an acidic glycoprotein in serum, was reported to
strongly promote the phagocytosis of several substances through
the terminal oligosaccharide residues highly rich in sialic acid,
although it is still unknown whether a specific receptor for fetuin
is responsible for the enhanced phagocytosis (Green et al., 1988;
Wang et al.,, 1998; Jersmann et al,, 2003). Therefore, in the
present study, we focused on fetuin and tried to investigate the
possible involvement of fetuin in SR-mediated hepatic uptake
of NS-50 which had surface negative charge.

Hepatic clearance of NS-50-fetuin was significantly
decreased by the pre-injection of poly I in the in vivo study
(Table 1). Similar results were obtained with the pre-treatment
of the liver with poly L in the liver perfusion experiments (Fig. 3).
As poly I has been widely used as an inhibitor of SRs to confirm
the possible involvement of SRs-mediated phagocytosis in the
in vivo (Jansen et al., 1991; Terpstra and Berkel, 2000) and/or
in the liver perfusion studies (Jansen et al.,, 1991), the present
result strongly indicates that fetuin coated on the surface of NS-
50 endowed NS-50 with the nature that could be recognized by
SRs in the in vivo situation. Taken the results of Western blot
analysis together (Fig. 1), these results would account for our
previous finding that the hepatic uptake of NS-50 in the presence
of serum was significantly inhibited by poly I but was not in the
absence of serum (Furumoto et al., 2004),

Certain amount of fetuin significantly enhanced the disposi-
tion of NS-50 to Kupffer cells (Fig. 4A), but the disposition of
NS-50 to hepatocytes decreased as the concentration of fetuin in
the medium increased (Fig. 4B). The pre-treatment with trypsin
did affect the disposition of NS-50 only in the case of Kupffer
cells (Fig. 4A and B). Furthermore, taken that the disposition
amount of NS-50-fetuin to the whole liver was significantly
reduced by the trypsin treatment in the liver perfusion exper-
iments (Fig. 3) where fetuin was applied in the perfusate at
10 wg/ml, Kupffer cells are mainly responsible for the hepatic
disposition of NS-50 via a mechanism where fetuin is involved,
and hepatocytes would lack in receptors contributing to the
uptake of NS-50. Furthermore, as the hydrophobicity of NS-
501s decreased by the adsorption of serum proteins (Ogawara et
al., 2001), the adsorption of fetuin would lower the hydropho-
bicity of NS-50, resulting in the decrease in the uptake of NS-50
by hepatocytes via hydrophobic interaction, The difference in
the disposition characteristics of NS-50 between Kupffer cells
and hepatocytes would be mainly attributed to the lack of the
responsible SRs on hepatocytes which can recognize fetuin asso-
ciated on the surface of NS-50. Although 40 pg/m] fetuin did
not apparently change the disposition NS-50 to Kupffer cells
(Fig. 4A), it might be because unbound fetuin competitively
inhibited the receptor-mediated recognition of NS-50 associ-
ated with fetuin by Kupffer cells. In our preliminary experiment,
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almost ail the fetuin added into the medium was associated
on the surface of NS-50 at 10 pg/ml, while 28% and 47% of
fetuin was present as unbound at the concentration of 20 and
40 p.g/ml, respectively (data not shown). Therefore, the increase
in unbound fetuin in the medium would decrease the dispo-
sition amount of NS-50 to Kupffer cells (Fig. 4A). On the
contrary, the in vivo study showed that hepatic clearance of NS-
50-fetuin was drastically decreased by the pre-injection of poly
1 in spite of the presence of abundant amount of unbound or
soluble form of fetuin in the serum (Table 1), suggesting that
these unbound fetuin would not inhibit the hepatic uptake of
NS-50-fetuin via SRs. It could be speculated that some compo-
nents in serum might form the complex with unbound fetuin and
be masking the recognition by phagocytes in the in vivo sitna-
tion. The detailed mode of the fetuin recognition by phagocytes
remains to be elucidated and will be the subject of our fiirther
study.

Similar to the liver perfusion experiments, the uptake of NS-
50-fetuin to Kupffer cells was significantly inhibited with poly
1 (Fig. 5), suggesting that SRs-mediated endocytosis would be
involved in the disposition of NS-50-fetuin to Kupffer cells. SRs
are categorized into six groups, among which SR-A, SR-C, SR-
D, SR-E and SR-F are known to be poly I-sensitive ones (Peiser
and Gordon, 2001). As SR-A is mostly expressed on the sur-
face of macrophages (Moghimi and Hunter, 2001), its possible
involvement in the SRs-mediated uptake of NS-50-fetuin was
investigated by utilizing anti-SR-A antibody (Fig. 6). The results
indicated that SR-A was indeed responsible for the uptake of NS-
50-fetuin by Kupffer cells. Possible involvement of other SRs
in the uptake is underway and will be the subject of our further
study.

In conclusion, we clearly demonstrated that fetuin, one of
serum proteins associated on the surface of NS-50, played a
substantial role in its uptake by Kupffer cells via SRs by utilizing
NS-50-fetuin. Among SRs, at least SR-A would be responsible
for the uptake. This is the first report demonstrating that at least
class A scavenger receptors are recognizing fetuin associated
onto the surface of the particles. Although it is not clarified yet
whether fetuin is responsible for the uptake of other negatively
charged particles, the present results will give an insight into
the mechanisms behind the hepatic handling of the negatively
charged particulate drug carrier.
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Abstract

To evaluate the effect of coupling of albumin onto the surface of poly(ethylene glycol)-modified liposome (PEG liposome) on the in vivo
disposition of liposome, pharmacokinetics and tissue distribution were examined after intravenous administration of rat serum albumin-modified
PEG (RSA/PEQG) liposome into rats. RSA/PEG liposome showed longer blood-circulating property than PEG liposome and the hepatic clearance
for RSA/PEG liposome was significantly smaller than that for PEG liposome. Single-pass liver perfusion experiments also showed that the hepatic
disposition of RSA/PEG liposome was much less than that of PEG liposome and that pre-treatment of liver with trypsin did not significantly
reduce the hepatic disposition of RSA/PEG liposome, suggesting that RSA/PEG liposome could avoid the hepatic uptake via the receptor-mediated
endocytosis. To unravel the mechanism behind the less affinity of RSA/PEG liposome to the liver, serum proteins associated on their surface
were quantitatively and qualitatively assessed. The resuits showed that the coupling of albumin onto PEG liposome significantly reduced the total
amount of serum proteins associated onto the surface, and SDS-PAGE revealed that the decrease in the association with liposomes for several
serum proteins, which might have opsonic activity. From these findings, introduction of serum albumin onto PEG liposome could be useful to
develop a new nanoparticulate formulation with a better pharmacokinetic property.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Liposomes; Poly(ethylene glycol); Rat serum albumin; Hepatic disposition; Serum opsonins

1. Introduction known to function as opsonins to promote the hepatic dispo-
sition of liposomes (Hsu and Juliano, 1982; Derksen et al.,
Although liposomes are good candidates for efficient drug 1987; Wassef and Alving, 1993). In addition, it was shown
carriers, the rapid clearance by the reticuloendothelial system  that some other serum proteins such as apolipoproteins and -
(RES) limits their application as drug carriers to other tissues  glycoprotein I, can function as opsonins depending on the lipid
and/or cells. Early studies demonstrated that several physico-  composition of the liposomes (Ivanov et al., 1985; Chonn et al.,
chemical properties of liposomes such as size, lipid composi-  1995). On the other hand, the existences of serum components
tion and surface charge, influence their pharmacokinetics after  that inhibit phagocytosis of pathogens or particles, dysopsonins,
systemic administration (Allen et al., 1991a; Liu et al., 1995; were also indicated (Park and Huang, 1993). Although dysop-
Harashima et al., 1996; Li and Mitra, 1996). The serum pro-  sonins for microorganisms such as immunoglobulin A and a;-
teins associated onto the surface of systematically administered  acid glycoprotein were already reported (van Oss et al., 1974;
liposomes were also suggested to influence their in vivo fate  Absolom, 1986), there is no identified serum components with
(Harashima et al., 1998; Semple et al., 1998). Among them,  dysopsonic activity for liposomes so far.
immunoglobulin G, complement C3 and fibronectin are well Albumin is the most abundant protein in serum, of which
the concentration is approximately 5% (w/v). The functions of
albumin include the transport of both endogenous and exogenous
* Corresponding author. Tel.: +81 86 251 7948; fax: +81 86 251 7926. ligands such as hormones and fatty acids to tissues, the main-
E-mail address: kimura@pharm.okayama-u.acjp (T. Kimura). tenance of vascular integrity and transvascular oncotic pressure

0378-5173/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2006,08.026
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gradient (Peters, 1975). Although albumin is also known to be
one of the most abundant proteins associated with both neu-
tral and charged liposomes (Chonn et al., 1991; Gabizon and
Papahadjopoulos, 1992; Du et al., 1997), there is little informa-
tion on the substantial role of albumin in the in vivo behavior of
liposomes after systemic administration (Torchilin et al., 1980).

In our previous study, the pre-coating of the surface of
polystyrene nanospheres (50 nm in diameter) with albumin sig-
nificantly decreased their hepatic disposition, especially the
uptake by Kupffer cells, which resulted in their longer blood cir-
culation time. The results suggested that albumin might provide
dysopsonin-like activity by inhibiting the subsequent association
of opsonins on the surface of polystyrene nanospheres (Ogawara
et al., 2004). In the present study, therefore, we investigated the
effect of coupling of albumin onto the surface of PEG-modified
liposomes on their in vivo disposition after intravenous admin-
istration in rats.

2. Materials and methods
2.1. Chemicals

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and rat serum albumin (RSA) were purchased from Sigma
(St. Louis, MO, USA). N-Hydroxysuccinimide (NHS) was
obtained from Pierce (Rockford, IL, USA). Egg yolk phos-
phatidylcholine (EPC), cholesterol (Chol) and N-glutaryl phos-
phatidylethanolamine (NGPE) were purchased from ASAHI
KASEI Chemicals Industry Inc. (Tokyo, Japan), Wako Pure
Chemical Industry Inc. (Osaka, Japan) and Avanti Polar
Lipids Inc. (Alabaster, AL, USA), respectively. Distearoyl
phosphatidylethanolamine-N-[methoxy poly(ethylene glycol)-
2000] (PEG-DSPE) was obtained from NOF Inc. (Tokyo).
[*H]Cholesteryl hexadecyl ether ([*H]JCHE) was purchased
from Perkin-Elmer Life Science Inc. (Boston, MA, USA). All
other chemicals were of the finest grade available.

2.2, Animals

Male Wistar rats (Japan SLC, Hamamatsu, Japan), main-
tained at 25 °C and 55% of humidity, were allowed to free access
to standard laboratory.chow (Clea Japan, Tokyo) and water
prior to the experiments. Rats weighing 220-240 g were ran-
domly assigned to each experimental group. Our investigations
were performed after approval by our local ethical committee at
Okayama University and in accordance with “Interdisciplinary
Principles and Guidelines of the Use of Animals in Research”.

2.3. Liposome preparation

Liposomes were prepared according to the following proce-
dures. EPC, Chol, NGPE and PEG-DSPE from stock solution
were mixed at EPC:Chol:NGPE = 60:30:10 for non-PEG lipo-
some or EPC:Chol:NGPE:PEG-DSPE=55:30:10:5 for PEG
liposomes with trace amount of [*HJCHE. Then, the lipid mix-
ture was, dried under reduced pressure and the resultant dried
lipid was hydrated in phosphate buffer (pH 5.0) under mechani-
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cal agitation. Then, the resulting multilamellar preparations were
sized by repeated extrusion (15 times) through polycarbonate
membrane filters Millipore, Bedford, MA, USA) with pore size
of 200 nm.

2.4. Preparation of RSA-modified PEG (RSA/PEG)
liposomes

RSA was conjugated to liposomes by using carbodiimide
as reported previously (Bogdanov et al., 1988; Holmberg et
al., 1989; Nakajima and Ikada, 1995). To activate the carboxy!
group of NGPE incorporated in liposomes, EDC (10 pmol/p.mol
total lipid (TL)) and NHS (10 pmol/pmol TL) were added
to liposome suspension, and the mixture was further incu-
bated for 15 min at room temperature. After 2-mercaptoethanol
(5mmol/pmol TL) was added, the mixture was applied to
Sephadex G-25 (Sigma) column equilibrated with phosphate
buffer (pH 5.0) and the liposome fractions were collected. RSA'
(0.01 wmol/pmol TL) was added to the liposome suspension
and incubated for 18h at 4°C. Then, the liposome fractions
were separated from unconjugated RSA by Sepharose CL-
4B (Amersham Biosciences, Uppsala, Sweden) column equili-
brated with phosphate buffered saline (PBS, pH 7.4). Particle
size of liposome was determined by dynamic light scatter-
ing spectrophotometer (DLS-7000, Otsuka Electronics, Osaka),
and paﬁicle sizes for non-PEG, PEG or RSA-modified PEG
(RSA/PEG) liposomes in PBS (pH 7.4) were 208 £ 10,2154 12
or 233+ 15nm, respectively. The particle size of each lipo-
some in PBS containing rat serum (5%, v/v) was constant for
up to 24 h. Quantity and quality of coupled RSA onto lipo-
somes were evaluated by the method reported by Lowry et al.
(1951) and SDS-PAGE, respectively, as described below. The
amount of RSA conjugated onto the surface of PEG liposome
was 19.3 £4.1 pg/pmol TL. SDS-PAGE under non-reducing
condition revealed that RSA coupled onto the surface of lipo-
some was exclusively in a monomeric form.

2.5. In vivo disposition experiments

Rats were anesthetized by intraperitoneal injection of
sodium pentobarbital (20 mg/kg). Liposomes were injected from
femoral vein at a dose of 10 pmol TL/kg. Body temperature of
rats was kept at 37 °C using a heat lamp during the experiment.
Blood samples were withdrawn from the jugular vein at fixed
time points, and then centrifuged immediately at 4000 x g. The
obtained plasma was collected (100 1) and scintillation medium
(Clear-Sol II, Nacalai Tesque, Kyoto) was added.

For the tissue distribution study, organs (liver, spleen lung,
kidney; heart, cerebrum, cerebellum, eyeball, muscle and lymph)
were excised at 1'h after intravenous injection, and rinsed with
PBS, and weighed. To solubilize organs, Soluene-350 (Packard
Instrument Inc., Meriden, CT, USA) was added and incubated
for 2h at 50 °C before solubilized solution was neutralized by
HCL. Scintillation medium was added to samples, and radioactiv-
ity was determined in a liquid scintillation counter (TRI-CARB®
2260XL., Packard Instrument Inc.).
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Plasma concentrations of liposomes (Cp) versus time curves
were analyzed by Eq. (1) using the non-linear least-squares

regression program MULTI (Yamaoka et al., 1981).
Cp=Ae™™ + Be (1)

The area under the plasma concentration—time curve (AUC)
was calculated by Eq. (2).

!
AUC) = / Cpdi )
0
Tissue clearance (CLyssue) Were calculated by Eq. (3).
]
CLijssue = 52 (1= 1h) (3

AUC)

where AUC) means AUC value from O to time 7, and Xf..
represents the amount of liposomes in a tissue at time 1.

2.6. Rat liver single-pass constant infusion experiments

Liver perfusion experiments were performed under single-
pass conditions at a flow rate of 13 ml/min. Perfused liver was
prepared according to the method reported previously (Ogawara
et al., 1999a). After a stabilization period of 13 min, liposomes
were continuously infused from the portal vein for 20 min at the
concentration of 0.5 nmol TL/ml in the presence of serum 1%
(v/v). After a 5-min wash with Krebs—Ringer bicarbonate (KRB)
buffer, the liver was excised and weighed, and the accumulated
amount of liposomes in the liver was evaluated by measuring the
radioactivity in the liver as described above. The serum was pre-
pared 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.

2.7. Pre-treatment of liver with trypsin

Pre-treatment of the perfused liver with trypsin was con-
ducted as reported previously (Ogawara et al., 1999b). In brief,
after 5 min stabilization period of the perfused liver using KRB
buffer as a perfusate, the liver was then perfused with KRB buffer
containing trypsin (10 pwg/ml) for 10 min. To wash the remaining
trypsin in the vascular compartment, the liver was perfused with
KRB buffer for another 5 min, then liposomes were perfused. It
was already evidenced that the treatment with trypsin described
above did affect only the receptor-mediated uptake of particles
(Ogawara et al., 1999b).

2.8. Determination of amount of serum proteins associated
with liposomes

Liposomes (2.5 wmol TL/ml) were incubated in rat serum
(liposomes:serum= 1:1 v/v) for 20 min at 37 °C. Separation of
liposomes from bulk serum proteins was achieved by Sepharose
CL-4B gel filtration. Fractions of liposomes were collected, and
the amount of serum proteins associated on the surface of lipo-
somes were quantified by Lowry's method (Lowry et al., 1951)
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and the amount of liposomes were quantified by measuring the
radioactivity. The amount of serum proteins associated with
RSA/PEG liposome was calculated by subtracting the amount
of RSA coupled with liposomes from total protein amount
measured.

2.9. SDS-polyacrylamide gel electrophoretic analysis of
serum proteins associated with liposomes

Analysis of serum proteins associated with liposomes was
performed by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) using the Mini Protean-I electrophoretic apparatus (Bio-
Rad, Hercules, CA, USA) on 12.5% polyacrylamide gel (Ready
Gel 1, Bio-Rad). Prestained SDS-PAGE molecular weight stan-
dards (Bio-Rad) were used to estimate the molecular weights
of the associated proteins. For the relative comparison of the
proteins associated on the surface of different liposome prepa-
rations, the same amount of protein (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).
2.10. Statistical analysis

Statistical significance was evaluated by using Student’s -
test or Dunnet’s test for the single or multiple comparisons of
experimental groups, respectively.

3. Results

The in vivo disposition of conventional liposome (non-PEG
liposome), PEG liposome and RSA-modified PEG liposome
(RSA/PEG liposome) was evaluated after the intravenous injec-
tion into rats (Fig. 1 and Table 1). The inclusion of PEG
onto the surface of liposome significantly increased the AUC
value about three times of conventional liposome. It was also
revealed that the AUC value for RSA/PEG liposome was
slightly larger than that of PEG liposome. Distribution vol-

Plasma concentration (% of dose/ml)

Time (hr)

Fig. 1. Plasma concentration of conventional (non-PEG), PEG and RSA/PEG
liposomes after intravenous injection into rats. Results are expressed as the
mean with the bar showing the S.D. of three experiments. Keys: (@) non-PEG
liposome; (O) PEG liposome; (@ ) RSA/PEG liposome.
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Table I

Pharmacokinetic parameters of conventional, PEG and RSA/PEG liposomes after intravenous injection into rats

Parameter (unit) Conventional liposome PEG liposome PEG/RSA liposome
AUC (% of dose/m1h) 219+ 13 639 + 10.5° 84.9 +13.5"
CLuga (mi/h) 4.6 +03 1.6 £ 02°" 12 402"

Va (ml) 14.8 £ 0.5 8.1+ 1.1 6.8 03"

kg (71 0.31 = 0.02 0.20 % 0.01”

0.17 # 0.03™

Results are expressed as the mean == $.D, of three experiments. **"p<0.001; “"p<0.01; "p<0.05, compared with conventional liposome.
pel p

ume (Vy) and elimination rate constant (ke;) for PEG liposome
significantly decreased compared with conventional liposome.
RSA-modification tended to decrease both parameters further,
although not significantly. Tissue distributions of these lipo-
somes were-also studied at 1 h after intravenous injection and it
was found that liposomes mainly distributed to the liver and
the spleen, and that the distribution of liposomes into other
organs/tissues was negligible (less than 5% of dose). Tissue
clearance calculated by Eq. (3) showed that PEG liposome had
significantly smaller values both for the liver and the spleen
than non-PEG liposome (Fig. 2). RSA modification further
and significantly decreased the hepatic clearance of PEG lipo-
some, but this was not the case for the spleen where both PEG
liposome and RSA/PEG liposome had the similar clearances
(Fig. 2).

Then, to elucidate the mechanisms behind the hepatic dispo-
sition of PEG liposome and RSA/PEG liposome; the effect of
trypsin treatment on the hepatic disposition of these liposomes
was investigated in the rat liver single-pass perfusion study uti-
lizing the perfusate containing 1% serum (v/v) (Fig. 3). The
hepatic accumulation of RSA/PEG liposome (2.1 0.3 nmol
total lipid (TL)) was found to be significantly less than that of
PEG liposome (13.1 &= 0.9 nmol TL), suggesting that RSA/PEG

Tissue clesrance (mi/hr)
-3
3

4
dkk
2
* kN
LT3
0 | .-&r—\
Liver Spleen

Fig. 2. Liver and spleen clearances of conventional (non-PEG), PEG and
RSA/PEG liposomes. Results are expressed as the mean with a bar showing
the S.D. of three experiments. (B) Non-PEG liposome; () PEG liposome;
(& ) PEG/RSA liposome. ***p<0.001, compared with non-PEG liposome;
# 1 <0.01, compared with PEG liposome.

liposome has less affinity to the liver. Pre-treatment of the liver
with trypsin drastically decreased the hepatic disposition of PEG
liposome to 10% of control. However, this was not the case
for RSA/PEG liposome where such a significant reduction was
not observed. These results suggest that the hepatic disposi-
tion of PEG liposome can be mainly ascribed to the receptor-
mediated uptake, but the further modification of liposome with
RSA can avoid the hepatic disposition via the receptor-mediated
endocytosis. ’

Since the recognition of surface-associated serum opsonins
by their corresponding réceptors is mainly a trigger for the
receptor-mediated hepatic uptake of particles, the results shown
in Fig. 3 also suggest that the amount of opsonins associated
on the surface of PEG liposome would be reduced by RSA-
modification. Therefore, we tried to evaluate the serum proteins
associated on the surface of PEG liposome and RSA/PEG
liposome quantitatively and qualitatively (Figs. 4 and 5). As
shown in Fig. 4, it was revealed that the amount of serum
proteins associated on the surface of RSA/PEG liposome was
significantly smaller than that of PEG liposome. Furthermore,
the serum proteins associated on these two liposomes were
qualitatively analyzed by using SDS-PAGE (Fig. 5). Although
a marked qualitative change in the surface-associated serum
proteins by RSA modification was not observed, the relative
amount of several serum proteins (e.g., around 200, 115 and
100kDa in apparent molecular weight) was reduced by RSA
modification.

PEG liposome RSA/PEG liposome
1 T
Control —-!
'
i
i
1
1
Trypsin- i l
treated H
i
1
v ¥ M 1 N 1 M t i i
150 100 50 0 0 50 100 150
Hepatic accumulation Hepatic accumulation
(% of control) (% of control)

Fig. 3. Effect of pre-treatment with trypsin on the hepatic disposition of PEG
liposome or RSA/PEG liposome in rat liver single-pass constant infusion exper-
iments. Results are expressed as the mean with the bar showing the 8.D. of three
experiments. ***p <0.001, compared with control.
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Fig. 4. Quantitative estimation of the rat serum proteins associated on the sur-
face of PEG liposome and RSA/PEG liposome. The amount of serum proteins
associated with RSA/PEG liposome was calculated by subtracting the amount
of RSA coupled with liposomes from the total protein amount measured. Results

are expressed as the mean with the bar showing the S.D. of three experiments.

**p <0.01, compared with PEG liposome.

M‘WQ
(kDa) PEG RSA/PEG
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Fig. 5. Silver-stained SDS-PAGE of rat serum proteins associated on the surface
of PEG liposome and RSA/PEG liposome. The same amount of protein (3 png)
was loaded onto each lane.

4, Discussion

Long-circulating particulate carriers can provide several
advantages, for instance, for the development of artificial oxy-
gen delivery or blood-pool imaging system (Weissig et al., 2000,
Sakai and Tsuchi, 2006). Besides them, long-circulating parti-
cles are promising.carriers for passive targeting of drugs into
tumors or inflamed tissues where the integrity of the endothe-
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lial barrier is perturbed (Gabizon, 1992; Jang et al., 2003). One
of the most widely-used methods for enhancing the circulation
properties of liposomes is the inclusion of PEG within the mem-
brane surface of liposomes (Blime and Cevc, 1990; Klibanov
et al., 1990; Allen et al., 1991b). PEG is considered to form a
hydrated shell hindering the interaction of liposomes with serum
proteins, thereby greatly reducing the opsonization and uptake
by macrophages.

The purpose of our present study was to investigate the effect
of coupling of RSA onto the surface of PEG liposome on the in
vivo disposition. Our preliminary study showed that the RSA
modification significantly increased the particle size of PEG
liposome with 100 nm in diameter, but not the one with 200 nm
in diameter. Therefore, we utilized the liposome with 200 nm in
diameter to exclude the effect of the increase in the particle size
of PEG liposome by RSA modification. As a result, the mod-
ification of PEG liposome surface with albumin significantly
reduced the hepatic disposition of liposomes, resulting in further
prolongation of their blood circulation time. The result clearly
indicates that albumin conjugated on the surface substantially
influenced the hepatic handling of PEG liposome.

Chonn et al. (1992) reported that the amount of serum proteins
associated on the liposomes used was inversely related to their
circulation half-lives. Our presént findings also revealed that
RSA/PEG liposome, onto which less amount of serum proteins
associated (Fig. 4), showed more prolonged blood circulation
time than PEG liposome (Fig. 1 and Table 1). It has been postu-
lated that surface-grafted PEG would form either a mushroom
or a brush conformation, depending on molecular weight and
surface density of PEG on the liposomes (Needham et al., 1997,
Nicholas et al., 2000; Johnstone et al., 2001). Originally, PEG
incorporated into liposome forms the mushroom conformation,
thén PEG liposomes are thought to readily interact with serum
proteins and with cell surface as well (Johnstone et al,, 2001).
On the other hand, a brush conformation, which is suggested to
be induced by hydrostatic interactions between the surface of
PEG liposome and serum proteins, can interfere with the sub-
sequent interactions between PEG liposomes and phagocytes or
other serum proteins (Mori et al., 1991; Johnstone et al., 2001).
From these backgrounds, it is suggested that PEG molecules in
RSA/PEG liposome would be in the brush conformation upon
the introduction of RSA (Fig. 6). This could be the reason why
the interaction of RSA/PEG liposome with serum proteins was
significantly suppressed by the introduction of RSA (Fig. 4).
Besides this speculation based on the change in the confor-
mation of PEG moleciile, other possible explanations for the
reduced interaction of RSA/PEG liposome with serum proteins
would be that (1) RSA introduced onto the surface of PEG lipo-
some occupied the binding sites for the serum proteins and/or 2)
RSA-modification further increased the apparent hydrophilicity
of PEG liposome. However, the mechanisms behind the less
association of RSA/PEG liposome with serum proteins remain
to be elucidated and will be the subject of our further study.

Our previous study suggested that not only the amount but
also the kind of serum proteins associated on the surface of
polystyrene nanoparticles would be important determinants for
their in vivo disposition (Ogawara et al., 2001; Furumoto et al.,
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Fig. 6. Assumed mechanisms by which RSA-modification suppresses the association of serum proteins onto the surface of PEG liposome.

2002). Therefore, we performed SDS-PAGE analysis to quali-
tatively evaluate the serum proteins associated onto the surface
of RSA/PEG or PEG liposome (Fig. 5). Although the modifica-
tion of PEG liposome with RSA did not lead to a tremendous
change in the kind of serum proteins associated compared with
that of PEG liposomes, the association of some serum pro-
teins (e.g., with apparent molecular weights of around 200, 115
and 100kDa) was reduced (Fig. 5). Considering that the pre-
treatment of the liver with trypsin did not significantly decrease
the hepatic disposition of RSA/PEG liposome (Fig. 3), some
serum opsonins would be-included in the proteins of which the
amount adsorbed onto the surface was decreased. Western blot-
ting will be useful to address the possible less-association of
typical serum opsonins on RSA/PEG liposome and will be the
subject of our further study.

In conclusion, the present study clearly indicated that the
RSA modification on the surface of PEG liposome significantly
decreased the hepatic disposition of liposomes, resulting in the
more prolonged circulation time of PEG liposome after intra-
venous administration in vivo. This pharmacokinetic advantage
of RSA/PEG liposome would be ascribed to the reduced associa-
tion of the serum proteins including some given serum opsonins
onto the surface.

References

Absolom, D.R., 1986. Opsonins and dysopsonins: an overview. Meth. Enzymol.
132,281-318.

Allen, T.M., Austin, G.A., Chonn, A., Lin, L., Lee, K.C., 1991a. Uptake of lipo-
somes by cultured mouse bone marrow macrophages: influence of liposomes
composition and size. Biochim. Biophys. Acta 1061, 56-64.

Allen, T.M., Hansen, C., Martin, E, Redemann, C., Yau-Young, A., 1991b.
Liposomes containing synthetic lipid derivatives of poly(ethylene glycol)
show prolonged circulation half-lives in vivo. Biochim. Biophys. Acta 1066,
29-36.

Blime, G., Ceve, G., 1990, Liposomes for the sustained drug release in vivo.
‘Biochim. Biophys. Acta 1029, 91-97.

66

Bogdanov Jr.,, A.A., Klibanov, A.L., Torchilin, V.P., 1988. Protein immobiliza-
tion on the surface of liposomes via carbodiimide activation in the presence
of N-hydroxysulfosuccinimide. FEBS Lett. 231, 381-384.

Chonn, A., Semple, S.C., Cullis, PR., 1991. Separation of large unilamellar
liposomes from blood components by a spin column procedure: towards
identifying plasma proteins which mediate liposome clearance in vivo.
Biochim. Biophys. Acta 1070, 215-222.

Chonn, A., Semple, S.C., Cullis, PR., 1992. Association of blood proteins with
large unilamellar liposomes in vivo: relation to circulation lifetimes. J. Biol.
Chem. 267, 18759-18765.

Chonn, A., Semple, S.C., Cullis, PR., 1995. 82-Glycoprotein I is a major protein
associated with very rapidly cleared liposomes in vivo, suggesting a signif-
icant role in the immune clearance of ‘Non-self” particles. J. Biol. Chem.
270, 25845-25849.

Derksen, 1.T.P,, Morselt, H.W.M., Kalicharan, D., Hulstaert, C.E., Scherphof,
G.L., 1987. Interaction of immunoglobulin-coupled liposomes with rat liver
macrophages in vitro. Exp. Cell Res. 168, 105-112.

Du, H., Chandaroy, P., Hui, S.W., 1997. Grafted poly(ethylene glycol) on lipid
surfaces inhibits protein adsorption and cell adhesion. Biochim. Biophys.
Acta 1326, 236248,

Furumoto, K., Ogawara, K., Nagayama, S., Takakura, Y., Hashida, M., Higaki,
K., Kimura, T., 2002. Important role of serum proteins associated on the
surface of particles in their hepatic disposition. J. Contr. Release 83, 89-96.

Gabizon, A.A., 1992. Selective tumor localization and improved therapeutic
index of anthracyclines encapsulated in long-circulating liposomes. Cancer
Res. 52, 891-896.

Gabizon, A., Papahadjopoulos, D., 1992. The role of surface charge and
hydrophilic groups on liposome clearance in vivo. Biochim. Biophys. Acta
1103, 94-100.

Harashima, H., Huong, T.M., Ishida, T., Manabe, Y., Matsuo, H,, Kiwada, H.,
1996. Synergistic effect between size and cholesterol content in the enhanced
hepatic uptake clearance of liposomes through complement activation in rats,
Pharm. Res. 13, 1704-1709.

Harashima, H., Matsuo, H., Kiwada, H., 1998. Identification of proteins mediat-
ing clearance of liposomes using a liver perfusion system. Adv. Drug Deliv.
Rev. 32, 61-79.

Holmberg, E., Maruyama, K., Litzinger, D.C., Wright, S., Davis, M., Kabalka,
G.W., Kennel, S.J., Huang, L., 1989. Highly efficient immunoliposomes
prepared with a method which is compatible with various lipid compositions.
Biochem. Biophys. Res. Commun. 165, 1272-1278.

Hsu, M.J., Juliano, R.L., 1982, Interactions of liposomes with the reticuloen-
dothelial system II. Nonspecific and receptor-mediated uptake of liposomes



116

by mouse peritoneal macrophages. Biochim. Biophys. Acta 720, 411-
419.

Ivanov, V.O., Preobrazhensky, S.N., Tsibulsky, V.P., Babaev, V.R., Repin, V.S.,
Smirnov, V.N., 1985. Liposome uptake by cultured macrophages mediated
by modified low-density lipoproteins, Biochim. Biophys. Acta 846, 76-83.

Jang, S.H., Wientjes, M.G., Lu, D, Au, J.L.S., 2003. Drug delivery and transport
to solid tumors. Pharm. Res. 20, 1337-1350.

Johnstone, S.A., Masin, D., Mayer, L., Bally, M.B., 2001. Surface-associated
serum proteins inhibit the uptake of phosphatidylserine and poly(ethylene
glycol) liposomes by mouse macrophages. Biochim. Biophys. Acta 1513,
25-37.

Klibanov, A.L., Maruyama, K., Torchilin, V.P., Huang, L., 1990. Amphipathic
poly(ethylene glycol) effectively prolong the circulation time of liposomes.
FEBS Lett, 268, 235-237.

Li, Y., Mitra, A.K., 1996. Effect of phospholipid chain length, concentration,
charge, and vesicle size on pulmonary insulin absorption. Pharm. Res. 13,
76-79.

Liu, D., Liu, F, Song, Y.X., 1995. Recognition and clearance of liposomes
containing phosphatidylserine are mediated by serum opsonin. Biochim.
Biophys. Acta 1235, 140-146.

Lowry, H., Rosebrough, N.I,, Farr, A.L., Rnadall, R.J., 1951. Protein measure-
ment with the Folin phenol reagent. . Biol. Chem. 193, 265-275.

Mori, A., Klibanov, A L., Torchilin, V.P., Huang, L., 1991. Influence of the steric
barrier activity of amphipathic poly(ethylene glycol) and ganglioside GM,
on the circulation time of liposomes and on the target binding of immunoli-
posomes in vivo. FEBS Lett. 284, 263-266.

Nakajima, N., Ikada, Y., 1995. Mechanism of amide formation by carbodiimide
for bioconjugation in aqueous media. Bioconjugate Chem. 6, 123130,
Needham, D., Stoicheva, N., Zhelev, D.V., 1997. Exchange of monooleoylphos-
phatidylcholine as monomer and micelle with membranes containing

poly(ethylene glycol)-lipid. Biophys. J. 73, 2615-2629.

Nicholas, A.R., Scott, M.J., Kennedy, N.I., Jones, M.N., 2000. Effect of grafted
polyethylene glycol (PEG) on the size, encapsulation efficiency and perme-
ability of vesicles. Biochim. Biophys. Acta 1463, 167-178.

Ogawara, K., Yoshida, M., Kubo, J., Nishikawa, M., Takakura, Y., Hashida,
M., Higaki, K., Kimura, T., 1999a. Mechanisms of hepatic disposition of
polystyrene microspheres in rats: effect of serum depend on the sizes of
microspheres. J. Contr. Release 61, 241-250.

67

K. Furumoto et al. / International Journal of Pharmaceutics 329 (2007) 110-116

Ogawara, K., Yoshida, M., Takakura, Y., Hashida, M., Higaki, K., Kimura,
T., 1999b. Interaction of polystyrene microspheres with liver cells: roles
of membrane receptors and serum proteins. Biochim. Biophys. Acta 1472,
165-172.

Ogawara, K., Furumoto, K., Takakura, Y., Hashida, M., Higaki, K., Kimura, T.,
2001. Surface hydrophobicity of particles is not necessarily the most impor-
tant deterninant in their in vivo disposition after intravenous administration
in rats. J. Contr. Release 77, 191-198. '

Ogawara, K., Farumoto, K., Nagayama, S., Minato, K., Higaki, K., Kai,
T., Kimura, T., 2004. Pre-coating with serum albumin reduces receptor-
mediated hepatic disposition of polystyrene nanosphere: implications
for rational design of nanoparticles. J. Contr. Release 100, 451-
455. .

Park, Y.S., Huang, L., 1993. Effect of chemically modified GM]1 and neo-
glycolipid analogs of GM1 on liposome circulation time: evidence sup-
porting the dysopsonin hypothesis. Biochim. Biophys. Acta 1166, 105~
114. .

Peters Jr., T., 1975. Serum albumin. Adv. Protein Chem. 37, 161-245, )

Sakai, H., Tsuchi, E., 2006. Performances of PEG-modified hemoglobin-
vesicles as artificial oxygen carriers in microcirculation. Clin. Hemorheol.
Microcire. 34, 335-340. '

Semple, S.C., Chonn, A., Cullis, PR., 1998. Interactions of liposomes and lipid-
based carrier systems with blood proteins: relation to clearance behavior in
vivo, Adv. Drug Deliv. Rev. 32, 3-17.

Torchilin, V.P.,, Berdichevsky, V.R., Barsukov, A.A., Smirnov, V.N., 1980. Coat-
ing liposomes with protein decreased their capture by macrophages. FEBS
Lett. 111, 184-188.

van Oss, C.J., Gillman, C.F,, Bronson, PM., Border, J.R., 1974. Phagocytosis-
inhibiting properties of human serum «-1 acid glycoprotein. Immunol.
Commun. 3, 321-328.

Wassef, N., Alving, C.R., 1993. Complement-dependent phagocytosis of lipo-
somes. Chem. Phys. Lipids 64, 239-246.

Weissig, V.V., Babich, J., Torchilin, V.V,, 2000. Long-circulating gadolinium-
loaded liposomes: potential use for magnetic resonance imaging of the blood
pool. Colloids Surf. B Biointerfaces 18, 293-299.

Yamaoka, K., Tanigawara, Y., Tanaka, H., Uno, Y., 1981. A pharmacokinetic
analysis program (MULTT) for microcomputer. J. Pharmacobio-Dyn. 4,
879-885.



Available online at www.sciencedirect.com '

-"’
‘e“' [y .. INTERNATION
* ScienceDirect PHARMACEUTICS

ELSEVIER International Journal of Pharmaceutics 342 (2007) 215-221

www.elsevier.com/locate/ijpharm

Time-dependent changes in opsonin amount associated on
nanoparticles alter their hepatic uptake characteristics

Susumu Nagayama, Ken-ichi Ogawara, Yoshiko Fukuoka, Kazutaka Higaki, Toshikiro Kimura*

Department of Pharmaceutics, Faculty of Pharmaceutical Sciences, Okayama University, 1-1-1 Tsushima-Naka, Okayama 700-8530, Japan

Received 16 March 2007; received in revised form 13 April 2007; accepted 25 April 2007
Available online 10 May 2007

Abstract

The relationship between the time-dependent change in serum proteins adsorbed on nanoparticles and their disposition to the liver was investigated
by employing lecithin-coated polystyrene nanosphere with a size of 50nm (LLNS-50) as a model nanoparticle in rats. The total amount of proteins
adsorbed on LNS-50 increased and the qualitative profile of serum proteins adsorbed on LNS-50 changed during the incubation with serum up to
360 min. The liver perfusion study indicated that the hepatic uptake of LNS-50 incubated with serum for 360 min was significantly larger than those
of LNS-50 incubated for shorter period. It was suggested that the increase in the hepatic uptake of LNS-50 with the increase in incubation time
would be ascribed mainly to the increase in the opsonin-mediated uptake by Kupffer cells. Semi-quantification of major opsonins, complement
C3 (C3) and immunoglobulin G (IgG), and in vitro uptake study in primary cultured Kupffer cells demonstrated that the increase in C3 and IgG
amounts adsorbed on LNS-50 was directly reflected in the increased disposition of LNS-50 to Kupffer cells. These results indicate that the amounts
of opsonins associated on nanoparticles would change over time and this process would be substantially reflected in the alteration of their hepatic
disposition characteristics.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Polystyrene nanosphere; Receptor-mediated uptake; Opsonins; Hepatic uptake; Kupffer cells

1. Introduction ' it was demonstrated that the process of opsonization are largely
affected by the physicochemical properties of nanoparticles such
Utilization of nanoparticulate drug carriers such as lipo-  as size (Devine et al., 1994), charge (Gessner et al., 2002) and
somes and emulsions is considered to be one of the promising hydrophobicity (Gessner et al., 2000). Major opsonins such as
approaches to achieve the organ specific delivery of drugs and  immunoglobulins and complement-related proteins (Semple et
genes (Drummond et al., 1999; Moghimi et al., 2001; Andresen al., 1998) and non-immune opsonins such as fibronectin, vit-
et al., 2005). Intravenously injected nanoparticles first contact  ronectin and fibrinogen were also identified (Price et al., 2001).
and associate with blood components including opsonins which Furthermore, studies on the interaction of a single protein with
can be recognized by their specific receptors on macrophages  the solid surface or studies on the recognition of the nanopar-
in reticuloendothelial system (RES). This process, so-called ticles coated with a single protein by phagocytes have been
opsonization, leads to the rapid elimination of nanoparticles  extensively performed and have provided alot of useful informa-
from the blood circulation (Chonn et al., 1992; Oja et al., 1996;  tionincluding the identification of the corresponding receptor for
Scherphof and Kamps, 1998), which has limited the clinical each opsonin (Moghimi and Patel, 1998; Moghimi and Hunter,
application of nanoparticulate drug carriers so far. To under-  2001; Scherphof and Kamps, 2001).
stand and/or improve their in vivo disposition characteristics, In spite of these numerous reports, it is still very difficult
the interaction of nanoparticles with plasma or serum proteins  to fully understand or predict the in vivo behavior of injected
has been investigated intensively in in vitro studies. As a result, nanoparticles. One of the main reasons for this would be that
the adsorption of plasma or serum proteins on the surface of
nanoparticles is highly complicated event due to the presence of
+ Corresponding author. Tel.: +81 86 251 7948; fax: +81 86 251 7926. protein—protein interaction (Devine and Marjan, 1997; Semple
E-mail address: kimura@pharm.okayama-u.ac,jp (T. Kimura), et al., 1998) and/or competitive adsorption processes among

0378-5173/% ~ see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2007.04.036
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various proteins, so-called “Vromann-effect”, where initially
adsorbed proteins can be displaced by other proteins (Vroman
et al., 1980; Vroman and Adams, 1986; Norman et al., 1993). It
has been also reported that the incubation time is a crucial fac-
tor to determine the adsorption pattern of proteins on the solid
surface (Blunk et al., 1996). Recently, Goppert and Muller indi-
cated that a time-dependent change in the adsorption profiles
on nanoparticles would occur in the in vivo situation as well
(Goppert and Muller, 2005). Although there are many papers
describing the relationship between the opsonin amounts asso-
ciated on the surface of various particles and their affinity to the
macrophages (Chonn etal., 1992; Oja etal., 1996; Scherphof and
Kamps, 1998), there is no report investigating whether the time-
dependent change in the adsorption profile of plasma or serum
proteins including opsonins on nanoparticles substantially alters
the recognition by macrophages or not.
Therefore, the objective of this study is to investigate the
; correlation between the time-dependent change in the adsorp-
tion pattern of serum proteins on lecithin-coated polystyrene
nanoparticle with a size of 50 nm (ILNS-50), used as a model
nanoparticle, and its disposition characteristics to the liver.
Furthermore, focusing on the representative opsonins such as
complement C3 and immunoglobulin G, we also tried to evaluate
the effect of the time-dependent change in the amount of these
surface-bound opsonins on the uptake of LNS-50 to primary
cultured Kupffer cells.

2. Materials and methods
2.1. Chemicals

Egg yolk lecithin was purchased from Sigma (St. Louis,
MO). Gadolinium chloride (GdCl;-6H,0) was purchased
from Nacalai Tesque, INC (Kyoto, Japan). Rabbit anti-rat
immunoglobulin G (IgG) polyclonal antibody was purchased
from Vector Laboratories (Burlingame, CA). Rabbit anti-rat
serum albumin polyclonal antibody was purchased from Inter-
cell Technologies (Hopewell, NJ). Sheep anti-rat complement
C3 polyclonal antibody was purchased from Biogenesis (Poole,
UK). All other chemical were of the finest grade available.

2.2. Animal

Male Wistar rats (Japan SLC, Hamamatsu, Japan) weighing
220-240 g were randomly assigned to each experimental group.
Our investigations were performed after approval by our local
ethical committee at Okayama University and in accordance
with Principles of Laboratory Animal Care (NIH publication
#85-23).

2.3. Preparation of rat serum

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
20min at 4 °C and the supernatant obtained was used as serum.
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2.4. Preparation of nanospheres

Monodispersed, non-ionized polystyrene nanospheres (NS-
50) covalently linked with fluorescein isothiocyanate, 50 nm
in diameter, were used as received (Polysciences, Warring-
ton, PA). For the preparation of lecithin-coated polystyrene
nanosphere (LNS-50), the suspension of NS-50 was soni-
cated for 3min with egg yolk lecithin (NS-50:lecithin=1:4,
w/w) on the ice by a probe type sonicator (Ohtake, Osaka,
Japan). The diameters of LNS-50 were measured by a
dynamic light scattering equipment (DLS-7000, Otsuka Elec-
tronics, Osaka) after incubated in KRB buffer containing rat
serum (5% (v/v), pH 7.4). The diameter of LNS-50 did not
significantly increase during the incubation up to 360 min
and the diameters of LNS-50 after 5 and 360min incu-
bations were 77.4+32.8 and 90.34:35.9nm, respectivély.
Subpopulations with larger diameter (>200nm) were hardly
observed (<5%) imespective of the incubation time peri-
ods.

2.5. SDS-polyacrylamide gel electrophoretic (SDS-PAGE)
analysis

After the incubation of LNS-50 in KRB buffer containing
rat serum (5% (v/v), pH 7.4) at 37°C, LNS-50 was sepa-
rated by ultracentrifugation using a Beckman Optima XI.-90
(Beckman Instruments Inc., Palo Alto, CA) at 40,000 x g
for 15min at 4°C and washed three times with KRB
buffer (pH 7.4). After solubilizing with 10% SDS solu-
tion, the resulting protein solution was mixed with sample
buffer composed of 0.1M Tris-HCl, 4% SDS, 12% 2-
mercaptoethanol and 20% glycerol. This mixture (protein
solution:sample buffer=3:1, v/v) was incubated for 30 min at
37°C and was subjected to SDS-PAGE using 12.5% poly-
acrylamide gel (Ready Gel, Bio-Rad, Hercules, CA). The
detection of proteins was performed by a silver-stain proce-
dure by using a silver-stain kit (Daiichi Pure Chemicals, Tokyo,
Japan).

2.6. Liver perfusion experiments

Liver perfusion was carried out with KRB buffer (pH 7.4)
following the recirculating perfusion procedure as reported pre-
viously (Furumoto et al., 2002). In brief, LNS-50 was suspended
in the KRB buffer containing rat serum (5% (v/v), pH 7.4) and
incubated for various time periods (5, 60, 180 or 360 min). Then,
LNS-50, an initial concentration of 50 pg/ml., was recirculated
in the isolated liver preparation at a flow rate of 13.0 mL/min for
50 min. The perfusate concentration of LNS-50 in the reservoir
was fluorometrically determined (excitation maximum 458 nm,
emission maximum 540 nm) (RF-540 Fluorescent Spectrome-
ter, Shimadzu, Kyoto) until 50 min. Hepatic clearance (CLy) was

calculated according to Eq. (1):

CLb — X fiver

= {t = 50 min) )
AUC
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where X}, and AUCj mean the amount of LNS-50 in the liver
at time ¢ and the area under the concentration of LNS-50 in
the perfusate versus time curve from 0 to time 1, respectively.
XL o, Was estimated by subtracting the remaining amount of
LNS-50 in the reservoir from the total amount of dose. AUC}
was calculated according to the trapezoidal rule (Yamaoka et al.,

1978).

2.7. Pre-treatment of liver with trypsin or gadolinium
chloride

Pre-treatment of the perfused liver with trypsin was per-
formed by following the method reported by Furumoto et al.
(2002). Pre-treatment of rats with gadolinium chloride was per-
formed as following the method reported by Lazar et al. (1989).
In brief, gadolinium chloride (20 pmol/kg) was pre-injected
from a femoral vein 24 h before the initiation of the liver perfu-
sion experiments.

2.8. Western blot analysis

After SDS-PAGE was performed as described above, pro-
teins were blotted on cellulose nitrate membranes (Advantec,
Tokyo). For the detection of albumin, complement C3 and
IgG, rabbit anti-rat albumin polyclonal antibody, sheep anti-
rat complement C3 polyclonal antibody and rabbit anti-rat IgG
polyclonal antibody were used at 1:250 dilution in blocking
buffer. As second antibodies, peroxidase-linked anti-rabbit IgG
polycional antibody (Chemicon International, Temecula, CA)
and anti-sheep IgG polyclonal antibody (Kirkegaard and Perry
Laboratories, Guildford, UK) were used at 1:5000 and 1:10,000
dilution in blocking buffer, respectively. The protein band was
visualized with the enhanced chemiluminescence (ECL) sys-
tem (Amersham Pharmacia Biotech, Buckinghamshire, UK) and
the densitometric intensities of protein bands were quantified
by Scion Image™ (Scion Corporation, 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. Isolation and culture of Kupffer cells

Kupffer cells were isolated after collagenase perfusion fol-
lowing the conventional procedures (Knook and Sleyster, 1976).
Kupffer cells were grown in 24-well plates in RPMI 1640
medium (Sigma) supplemented with 10% heat-inactivated FBS
(Sigma), penicillin G (100U/mL, Sigma) and streptomycin
(100 pg/mL, Sigma). After the incubation for 2h at 37 °C and
5% CO,/95% air atmosphere, the medium was refreshed and
then cultured at 37°C and 5% C02/95% air atmosphere for
48 before experiments. The purity of isolated Kupffer cells
(over 95%) was checked morphologically and enzymatically by
measuring peroxidase activity using 3,3-diaminobenzidine as a
substrate.

70

217

2.10. Uptake experiments

LNS-50 was suspended in PBS containing rat serum (5%
(v/v), pH 7.4) and incubated for 5 or 360 min. Then, cultured rat
Kupffer cells were washed with FBS-free medium and uptake
studies were started by adding LNS-50 (100 pg/mL) to the cells.
In the case of inhibition study, LNS-50 was added to the cells
together with different amounts of each antibody diluted with
PBS (pH 7.4). The incubation with LNS-50 for the uptake was
performed at 37 °C for 1h. Then, the cells were washed with
PBS and solubilized with 10% SDS solution for 12h. Solubi-
lized samples were lyophilized over 36 h, and the resulting dried
samples were re-suspended in accurately measured volume of
chloroform and mechanically shaken for 18 h. After the result-
ing suspension was filtered through a 0.22 p.m solvent-resistant
membrane filter Millex HV Milopore, Bedford, MA), the flu-
orescence intensity of the filtrate was determined as described
above.

2.11. Statistical analysis

Results are expressed as the mean == S.E. 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 Dun-
nett’s test for the single or multiple comparisons of experimental
groups, respectively.

3. Results and discussion

To evaluate the relationship between the adsorption kinetics
of serum proteins on the nanoparticle surface and the disposi-
tion characteristics of the particle to the liver, we used LNS-50
as a model nanoparticle, which exhibited extensively prolonged
blood circulating property in vivo, compared with the non-
coated one because of much less association of opsonins on
the surface of LNS-50 (Ogawara et al., 2001). Furthermore, our
preliminary studies showed that the liver accumulation of LNS-
50 was lower than non-coated one in the early periods of time
after injection but increased afterwards in the time-dependent
fashion up to 24 h, resulting in the higher liver accumulation
than non-coated one (data not shown). In the present study, first
of all, we studied the adsorption kinetics of serum proteins on
the surface of LNS-50 over time (Fig. 1). As shown in Fig. 1A,
the total amount of serum proteins associated on LNS-50 did
not change until 60 min, but then it significantly increased as
the incubation time was prolonged. The amount of adsorbed
proteins after 180- or 360-min incubation was 1.5- or 2.5-fold
larger than that after 5-min incubation, respectively. SDS-PAGE
analysis also showed that adsorption profile of serum proteins
on LNS-50, especially the bands with arrows, was dramatically
changed with the increase in incubation time (Fig. 1B). These
results clearly indicated that not only the amount but also the
kind of serum proteins associated on the surface of LNS-50 was
changed in the incubation time-dependent fashion.

Then, the effect of the incubation time of LNS-50 with
serum on the subsequent hepatic uptake of LNS-50 was inves-
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Fig. 1. Evaluation of total amount (A) and SDS-PAGE analysis (B) of serum proteins associated on the surface of LNS-50 after the incubation with serum for different
periods of time. (A) After the incubation with serum, LNS-50 was separated and the total amount of serum proteins adsorbed was quantified. Results are expressed
as the mean with a bar showing the S.E. (n=5-14). “p <0.05; ***p <0.001, compared with the value of 5-min incubation. (B) Two samples for each incubation time
were independently prepared and subjected to SDS-PAGE analysis. The same amount of protein (1.75 p.g) was loaded on the gel. Lane 1, molecular marker; Lanes
2 and 3, 5-min incubation; Lanes 4 and 5, 60-min incubation; Lanes 6 and 7, 180-min incubation; Lanes 8 and 9, 360-min incubation.

tigated in the liver perfusion experiments (Fig. 2). The results
indicated that the hepatic clearance of LNS-50 incubated with
serum for 360 min (ILNS-50 (360 min)) was significantly larger
than that of LNS-50 incubated with serum for 5min (LNS-
50 (5 min)), although statistically significant change in hepatic
clearance was not observed for either LNS-50 (60 min) or LNS-
50 (180 min). To unravel the mechanism behind the increase in
hepatic uptake of LNS-50 by 360-min incubation, we applied
trypsin-treatment technique (Furumoto et al.,, 2002) (Fig. 2).
The results showed that the pre-treatment of the liver with
trypsin significantly decreased the hepatic clearance of LNS-
50 (360 min). The same treatment tended to decrease those of
LNS-50 incubated for shorter period, but the decrease was not

1.8

Hepatic clearance (mL/min)

60 180 360

Incubation time (min)

Fig. 2. Effect of pre-treatment of liver with trypsin on hepatic uptake of LNS-50
incubated with serum for different periods of time. The prepared isolated liver
was perfused in the absence (B) or the presence ([J) of trypsin in the perfusate
before starting the perfusion of LNS-50. Results are expressed as the mean with
a bar showing the S.E. (n=3-6). "p<0.05, compared with the value of 5-min
incubation. 1y <0.01, compared with the corresponding group without trypsin
treatment.
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statistically significant. Of note, the trypsin treatment provided
that the hepatic clearances of LNS-50 were almost the same irre-
spective of the incubation time, suggesting that this treatment
effectively inhibited the hepatic uptake of LNS-50 via receptor-
mediated mechanisms and that the increase in the hepatic uptake
of LNS-50 by 360-min incubation would be ascribed mainly to
the uptake via the receptor-mediated mechanisms. Therefore,
we tried to further clarify the events underlying the increased
receptor-mediated liver uptake of LNS-50 (360 min).
Gadolinium chloride, widely used to depress the phagocy-
totic activity of macrophage (Lazar et al., 1989; Hardonk et
al., 1992; Vajdova et al., 2000; Lee et al., 2004), was utilized
to investigate the involvement of Kupffer cells in the increased
hepatic uptake of LNS-50 (360 min) in the liver perfusion study
(Fig. 3). Although the pre-treatment with gadolihium chloride
significantly decreased the hepatic clearance of both LNS-50
(360 min) and LNS-50 (5 min) compared with each correspond-
ing control, the extent of the decrease in the hepatic clearance
was 1.6-fold larger for LNS-50 (360min) (55% of control)
than that for LNS-50 (5min) (34% of control). In addition,
to investigate the involvement of the heat-labile opsonins such
as complement components in the hepatic uptake of LNS-50
(360 min), LNS-50 was incubated with heated serum (56 °C,
30min) for 5 or 360 min prior to the liver perfusion experi-
ments (Fig. 3). The results showed that the hepatic clearance
of LNS-50 incubated with heated serum for 360 min was sig-
nificantly lower than that of LNS-50 (360 min), although there
was no significant-difference in the case of 5-min incubation.
These results suggested that the increase in the hepatic uptake of
LNS-50 by 360-min incubation would be ascribed mainly to the
increase of the opsonin-mediated phagocytotic uptake by Kupf-
fer cells. On the other hand, taken the patterns of serum proteins
adsorbed on LNS-50 (Fig. 1), the incubation time-dependent
increase in the amount of opsonins associated on the surface
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Fig. 3. Effect of pre-treatment of liver with gadolinium chloride and heated-
treatment of serum on hepatic uptake of LNS-50 incubated with serum for
360 min. The prepared isolated liver was perfused with KRB buffer contain-
ing LNS-50 incubated in 5% (v/v) serum for 5 min () or 360 min ({J). Resuits
are expressed as the mean with a bar showing the S.E. (n=3-6). *p<0.05, com-
pared with the value of 5-min incubation. Tp<0.05; Hp <0.01, compared with
each corresponding control value.

of LNS-50 would be reflected in the hepatic uptake of LNS-50
(360 min).

Among opsonins, complement C3 (C3) and immunoglob-
ulin G are the most representative ones. C3 is cleaved in the
process of complement activation cascade and generates C3b
and iC3b, which strongly bind to each corresponding receptor
expressed on the surface of Kupffer cells and promote the uptake
of nanoparticles (Borchard and Kreuter, 1996; Luck et al., 1999;
Ishida et al., 2000, 2001). 1gG also strongly facilitates the uptake
of nanoparticles to Kupffer cells via Fc receptor (Leroux et al.,
1995; Moghimi and Patel, 1998; Semple et al., 1998). In addi-
tion, it has been already reported that the amounts of C3-and
IgG on nanoparticles are time-dependently modulated during
the incubation with serum or plasma (Allemann et al., 1997,
Goppert and Muller, 2005). However, there is no report indicat-
ing the direct relationship between the time-dependent changes
in the amount of a specific opsonin on nanoparticles and their
opsonin-mediated phagocytotic uptake by macrophage. There-
fore, focusing on C3 and IgG, the adsorption kinetics of both
opsonins on LNS-50 was investigated by the incubation with
serum (Fig. 4).

As shown in Fig, 4A and B, Western blot analysis was
performed under the reducing condition and many fragments
derived from C3 and IgG were detected due to the cleavage of
disulfide bonds within the molecule. The semi-quantification of
the densitometric intensities derived from C3 fragments and IgG
fragments revealed that C3 and IgG adsorbed on LNS-50 sig-
nificantly increased with the increase of incubation time, and

{A) Complement C3 (B) immunoglobulih G
(kDa) ’
207.0
2 56.7
€ £ 205
b=1
£ 2
& 2
- QO
b ©
g >
o)
% 60 180 380 (min) 5 60 180 360 (min)
(C) Albumin

Optical density units

B0 180

360 (min)

Fig.4. Semi-quantification of complement C3 and immunoglobulin G associated on the surface of LNS-50 by Western blot analysis. Two samples for each incubation
time were independently prepared and subjected to Western blot analysis. The same amount of protein (2.25 pug) was loaded on the gel. Results of semi-quantification
for 5- or 360-min incubation are expressed as the mean with a bar showing the S.E. (n=6).**"p <0.001, compared with the corresponding value for 5-min incubation.
In the cases for 60- or 180-min incubation, results are expressed as the average of two values as follows; complement C3 (60-min incubation, 1508 and 3542; 18G-min
incubation, 4269 and 5645), immunoglobulin G (60-min incubation, 591 and 5025; 180-min incubation, 4497 and 6634) and serum albumin (60-min incubation,

9489 and 10,217; 180-min incubation, 11,147 and 11,533).
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Fig. 5. Involvement of complement U3 and immunoglobulin G in the disposition of LNS-50 (360 min) to Kupffer cells. LNS-50 (100 pg/mL) suspended with PBS
was simultaneously added to the cells with the varions concentrations of anti-complement C3 antibody or anti-immunoglobulin G antibody. Results are expressed
as the mean with a bar showing the S.E. (n=3-12). *p <0.05; *"p<0.01, compared with each corresponding control value. 15 <0.01; 111p <0.001, compared with
each corresponding value of LNS-50 (5 min). Keys; &, LNS-50 (5 min); 03, LNS-50 (360 min).

that the amounts of C3 and IgG on LNS-50 (360 min) were
2.6- and 4.7-fold more than those on LNS-50 (5min), respec-
tively. On the other hand, albumin, having the dysopsonin-like
activity (Ogawara et al., 2004), was not significantly changed
in the amount adsorbed on LNS-50 throughout the incubation
(Fig. 4C). Altbough the increase in the amount of C3 and IgG
was observed for LNS-50 (180 min) and LNS-50 (360 min),
the significant increase in the receptor-mediated hepatic uptake
was found only for LNS-50 (360min) (Fig. 2), suggesting
that the density of these opsonins on LNS-50 (180 min) would
be still insufficient to trigger the receptor-mediated hepatic
uptake. Together with these studies, we also evaluated the
uptake of LNS-50 (Smin) and LNS-50 (360 min) by Kupf-
fer cells and the possible involvement of C3 and IgG in the
uptake (Fig. 5). As shown in Fig. 5, the disposition amount of
LNS-50 (360 min) to Kupffer cells was about three-fold larger
than that of LNS-50 (5min), which were similar to the ten-
dency obtained in the liver perfusion study (Fig. 2). These
results suggest that Kupffer cells play an important role in
the hepatic uptake of LNS-50 (360 min). This high disposi-
tion of LNS-50 (360 min) to Kupffer cells was significantly
decreased by the addition of either anti-complement C3 or
anti-IgG antibody in a concentration-dependent manner. On
the other hand, the disposition amount of LNS-50 (5 min) to
Kupffer cells was not significantly influenced by the presence
of these antibodies. These results clearly indicate that C3 and
IgG were substantially functioning as opsonins in the dispo-
sition of LNS-50 (360min) to Kupffer cells, but not in that
of LNS-50 (5min). Therefore, the high disposition of LNS-
50 (360 min) to Kupffer cells could be ascribed to the C3 and
IgG amounts on LNS-50 which was increased time-dependently
during the incubation. IgG bound to exogenous materials is
known to function either as a direct ligand for Fc receptor or
as a trigger molecule to activate the complement cascade via
classical pathway leading to the complement receptor-mediated
uptake, thereby playing the central role in the self-defense sys-
tem of the body (Absolom, 1986; Devine and Marjan, 1997).
Therefore, anti-complement C3 antibody might inhibit partly
the uptake of LNS-50 (360 min) via IgG-initiated complement
receptor-mediated mechanism (Fig. 5). The reasons for the time-
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dependent increase of IgG and C3 amounts on the surface of
LLNS-50 remain unclear, but the time-dependent increase in the
amount of other proteins such as $2-glycoprotein I which has
high affinity sites for the interaction with IgG in its molecules
(Kertesz et al., 1995; Willems et al., 1996; Celli et al., 1999),
might occur on the surface and this would lead to the time-
dependent increase in the amount of IgG and C3 on the surface
of LNS-50.

On the other hand, we also found that the amounts of other
serum proteins such as apolipoprotein E and IgA on the surface
of LNS-50, which are known to enhance the uptake of particles
to hepatocytes (Sztul et al., 1985; Larkin et al., 1986; Yan et
al., 2005), were time-dependently increased (data not shown).
We are now investigating whether the increase in these proteins
influences the uptake of LNS-50 by hepatocytes or not. The rela-
tive contribution of these proteins to the time-dependent increase
in the uptake of LNS-50 by whole liver will also be the subject
of our further study. :

In conclusion, we clearly demonstrated that the amounts
of opsonins such as C3 and IgG associated on LNS-50 were
increased with the increase in incubation time with serum,
and that this increase in their adsorbed amount was directly
correlated with the increased uptake of LNS-50 by Kupf-
fer cells. Although the mechanism behind the increase in the
opsonins amounts adsorbed on LNS-50 and its physiological
role remain to be elucidated, our present study suggests that the
adsorption of opsonins on the nanoparticulate materials would
time-dependently increase, and that it could lead to the increase
in their affinity to the liver in the in vivo situation as well. Our
finding will give deeper insight to understand the crucial role of
serum proteins in the in vivo behavior of nanoparticulate drug
carriers.
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ABSTRACT: Controlling the noncovalent bondings such as electrostatic interaction,
van der Waals force and hydrogen bond, is the key factor to generate molecular as-
sembly. We show that pressure is one of the most intensive variables for controlling
these intermolecular forces and producing assembled structure. Macrogel and nano-
particles of hydrogen-bonded polymers were simply obtained through an ultrahigh-
pressure process. The morphology of the obtained assembly depends on concentration
and various conditions of the pressurization. These results indicate that the ultra-
high-pressure induces inter/intra-hydrogen bond, which is strong enough to maintain
microassemblies such as gels and particles. This methodology leads to the molecular
design of pressure-induced molecular assembly, and nonharmful processes for molecu-
lar separation and drug development. © 2008 Wiley Periodicals, Inc. J Polym Sci Part B:

Polym Phys 46: 743750, 2008
Keywords:

INTRODUCTION

Molecular assembly technology has been gather-
ing interest in the material processing field,
especially nanotechnelogy. Molecular assembly
is achieved by noncovalent bonding between agd-
jacent molecules. The development of carbon
nanotubes as circuit wires™? and the incorpora-
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crosslinking; hydrogels; nanoparticles; water-soluble polymers

tion of anticancer drugs and amphiphilic poly-
mers into nanomicelles®* are examples of molec-
ular assembly in which noncovalent bonding,
such as electrostatic interaction, van der Waals
interactions and hydrogen bonds, are well com-
bined.5® Controlling these intermolecular forces
is the key factor to create or collapse the
assembled structure. Supramolecular chemistry
has expanded to allow various elemental mole-
cules to generate elegant assembles,®'? whereas
the operative factors which regulate molecular
assembly are mostly limited by the concentra-
tion and/or temperature. Here, we show that
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pressure, which is one of the most intensive var-
iables in thermodynamics as well as the concen-
tration and temperature,’®'® can also be used
for controlling the intermolecular forces to gen-
erate assembled molecules. We found that a poly
{(vinyl alcohol) (PVA) solution turned into a mac-
rogel or nanoparticle through a simple ultra-
high-pressure proucess (10,000 atmosphere,
10 min). The morphology of the obtained assem-
bly depended on the PVA concentration, indicat-
ing significant inter/intra-molecular hydrogen
bonding. Our results demonstrated that ultra-
high-pressure induces hydrogen bonding in
water, which is strong enough to maintain
microassemblies such as gels and particles.”®
Since the interactive potential of molecules is
brought out under ultrahigh-pressure, this tech-
nology would be applicable to realize the concept
for designing assembly molecules proposed by
Whitesides and coworkers.'™?' Furthermore,
this methodology leads to the molecular design
of pressure-induced molecular assembly, and
facilitates nonharmful processes for molecular
separation and drug development.

EXPERIMENTAL

Materials

The degree of polymerization of the used PVA
(Kuraray, Japan) was 1750. The degree of sa-
ponification was 99.8%.

Ultrahigh-Hydrostatic Pressurization

An aqueous PVA solution of predetermined con-
centration was poured inte a plastic bag and
was sealed. The bag solution was pressurized
using an ultrahigh-pressure machine (hydro-
static pressure). The pressure was set to 1000-
10,000 atmospheric pressures, and was pro-
cessed over the predetermined time period.

Hydrogel Preparation by The Freeze-Thawing
Method

An aqueous PVA solution was subjected to five
cycles of freeze-thawing, in which the sample
was frozen for 12 h at —20 °C, and then thawed
for 12 h at 4 °C as one cycle. The mass change
of the freeze-thawed sample and the high-pres-
sure processed sample before and after soaking
was measured, and the structures of the two
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gels, both of which had gel ratios over 90%,
were compared.

Dynamic Light Scattering Measurement

A 0.5 wiv % PVA solution was high-pressure
processed for 10 min at 10,000 atm, and the
sample was diluted to an appropriate concentra-
tion with ultrapure water, and was subsequently
filtered with a 5-um pore mesh. The particle size
was then measured with DLS-7000 (Otsuka
Electronics, Japan) using an Ar laser (2 = 488
nm, 75 mW),

Swelling Ratio Measurement

The PVA hydrogel prepared by pressurization
was immersed in pure water at room tempera-
ture for 10 days and then freeze-dried. The swel-
ling ratio of the PVA hydrogel was calculated as
follows: :

Wi — W

X
Wi 100

Swelling ratio =

where Wy, is the weight of hydrated gel after the
dialysis and Wy is the weight of dried gel.

Scanning Electron Microscopy

Observation of PVA assembly was carried out
using a scanning electron microscope, S-4700
(Hitachi High Technologies). Specimen for SEM
observation was prepared as follows: After a
hydrogel was freeze-dried, it was coated with a
thin layer of Pt—Pd by the vacuum evaporation
technique.

Differential Scanning Calorimetry

DSC measurement was carried out to reveal the
melting temperature of PVA assembly. It was
carried out at heating rate of 5 °C/min under a
constant flow of nitrogen gas.

TH NMR Measurement

The nongelled portion of the pressurized PVA
was obtained by the dialysis of the PVA hydro-
gel. The 'H NMR spectra was obtained by the
measurement of the PVA sample dissolved in di-
methyl sulfoxide (DMSO-dyg).

Journal of Polymer Science: Part B: Polymer Physics
DOI 10.1002/polb



a)
{A) Non-pressurized

(B) Low viscous
translucent solution

{C) Low viscons
turbid solution

(D) Soft gel

(E) Hard gel

b)

10006

9000

8000

7000

Pressure (atm)

600G |

5000

30

1 2 5
Time (min)

10

Figure 1. Pressure-induced PVA assembly. (a) Pho-
tographs of a 10 w/v% PVA solution pressurized under
various conditions: (A) nonpressurized, (B) 7000 atm,
1 min, (C) 9000 atm, 1 min, (D) 7000 atm, 10 min,
and (E) 10000 atm, 10 min. (b) Phase (constitutional)
diagram of a 5 w/v % PVA solution pressurized under
various conditions. The state was decided by visual
observation according to the -photographs. [Color fig-
ure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

RESULTS AND DISCUSSION

PVA Assembly Formed by Pressurization

Aqueous solutions of PVA at 1-20 w/v % concen-
trations were pressurized hydrostatically under
various conditions. Figure 1(a) shows photo-
graphs of typical samples of 10 w/v % PVA solu-
tions pressurized at different atmosphere pres-
sure (atm) for 10 min. A translucent solution, the
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precipitate and hydrogel of PVA was obtained by
increasing the pressure, indicating that the as-
sembly of PVA molecules was induced by pres-
sure treatment. The hydrogel was stable in pure
water, and the yield (gelation ratio) was 90% or
more. It is well-known that PVA solutions trans-:
form into hydrogels when the solution was frozen
and thawed sequentially several times; this pro-
cedure is called the freeze-thawing method.
Approximately 10 days is required to form a
hydrogel with similar strength as a hydrogel
obtained by pressurization for only 10 min. Thus,
this simple pressurizing method can be expected
to be an energy saving process. The influence of
the pressure conditions on the formation of a
PVA assembly was examined using a PVA solu-
tion of 5 w/v % in detail. Figure 1(b) shows the
state diagram of the PVA assembly in a pres-
sure-time plot determined by visual observation
according to the photographs shown in Figure
1(a). The translucent solution and hydrogel were
acquired by pressure treatment at more than
8000 atm over a very short time (one min). The
tendency for gelation of PVA with increasing
pressure was observed for each step of pressur-
ization. In addition, at constant pressure, a long
period of pressure treatment induced assembly of
the PVA, even in the case of only 6000 atm, and
the hydrogel was obtained by pressurization for
30 min. Furthermore, DLS measurements of a
10 w/v % solution pressurized under conditions
in which a hydrogel was not obtained revealed
the formation of PVA nanoassembly and the
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Figure 2. DLS measurements of a 10 w/v % PVA so-
lution pressurized under various conditions.



