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Abstract

Self-assembled drug delivery systems (SADDS) were designed in the paper. They can be prepared from the amphiphilic conjugates of hydrophilic
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rugs and lipids through self-assembling into small-scale aggregates in aqueous media. The outstanding characteristic of SADDS is
early wholly composed of amphiphilic prodrugs. The self-assembled nanoparticles (SAN) as one of SADDS had been prepared fro
erivative of acyclovir (SGSA) in the previous paper. They were further studied on the properties and the in vitro/in vivo behavior in th
he SAN kept the physical state stable upon centrifugation or some additives including some inorganic salts, alkaline solutions, surf

iposomes except for HCl solution, CaCl2 solution and animal plasma. Autoclave and bath heat for sterilization hardly influenced the SAN. H
amma-irradiation strongly destroyed the structure of SAN and SGSA was degraded. SGSA in SAN showed good stability in weak acidi
uffers although it was very sensitive to alkaline solutions and carboxylester enzymes, the half-lives (t1/2) of which in the buffer at pH 7.4, th
lkaline solution at pH 12.0, pig liver carboxylester enzyme solution, rabbit plasma, and rabbit liver tissue homogenate were 495, 21,
.7 h, respectively. Compared with SGSA in a disordered state, the specific bilayer structures of SAN could protect SGSA from hydroly
iding the sensitive ester bonds. The SAN showed hemolytic action because the amphiphilic SGSA could insert into rabbit erythrocyte m
oth the high concentration of SGSA in samples and the long incubation time improved hemolysis. No hemolysis was observed if the
olume of the SAN was less than 10% of rabbit whole blood in spite of the high concentration of SGSA. Plasma proteins could int
nteraction between the SAN and erythrocytes by binding the SAN. The in vitro antiviral activity of acyclovir SAN was limited possibly
f the weak hydrolysis of SGSA in Vero cells, and the SAN showed a little cell toxicity possible due to the amphiphilicity of SGSA. A mac
ell line of QXMSC1 cells showed uptake of the SAN but not significantly. The SAN were rapidly removed from blood circulation after
dministration to rabbits with the very short distributiont1/2 (1.5 min) and the eliminationt1/2 (47 min). The SAN were mainly distributed in live
pleen and lung after iv administration, and SGSA was eliminated slowly in these tissues (t1/2, about 7 h). It would appear that the nanosized S
ere trapped by the mononuclear phagocyte system. SADDS including SAN combine prodrugs, molecular self-assembly with nano
nd hopefully become novel drug delivery approaches.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The efficacy and safety of drugs is always the key of phar-
acotherapy. To achieve the purpose, a variety of methods are
pplied to drug delivery. An ideal drug delivery system should

∗ Corresponding author. Tel.: +86 10 66931220; fax: +86 10 68214653.
E-mail address: jin yiguang@yahoo.com.cn (Y. Jin).

possess two elements: the ability to target and drug contr
release. Drug targeting will ensure high therapeutic effic
But maybe even more important it will reduce side effects.
reduction or even prevention of side effects can also be ach
by controlled release. Drug carriers such as particulates
somes, nanoparticles, microemulsions) and externally trigg
(pH-, temperature-, or magnetic-sensitive) carriers have w
been explored (Torchilin, 2000; Allen and Cullis, 2004). How-
ever, almost all of current delivery systems load drugs pass
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so that the problems of low drug-loaded efficiency and drug leak-
age in preparation, preservation and transport in vivo always
appear (Barenholz, 2001; Glavas-Dodov et al., 2005). Carri-
ers could have been destroyed in vivo before reaching target
sites. In addition, lipophilic biomembranes including cell mem-
branes usually prevent hydrophilic drugs from entering into
target sites (Lipinski et al., 1997). Generally, carriers also can-
not override cell membranes unless endocytosis/phagocytosis
by cells/macrophages, so that the loaded drugs are probably
released on target surfaces. A majority of drugs could not reach
target sites at all on account of the poor properties of carriers
and drugs.

It is well known that the surfactant-like amphiphiles would
like to self-assemble into ordered aggregates such as micelles,
vesicles, hexagosomes and cubosomes. Some of the aggregates
have been applied to deliver drugs (Drummond and Fong, 2000;
Kim et al., 2000; Shah et al., 2001; Whitesides and Grzybowski,
2002; Zarif, 2002). Unfortunately, surface-active drugs espe-
cially self-assembling drugs are few (Schreier et al., 2000).
However, some amphiphiles with potential pharmacological
action (drugs or prodrugs) can be prepared, and they likely self-
assemble into ordered aggregates. Optimally, the aggregates can
deliver themselves in vivo. We name the aggregates as self-
assembled drug delivery systems (SADDS). Based on the aim
of drug delivery, SADDS had better be small-scale systems and
they would show drug targeting and sustained release. But the
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Acyclovir is a typical nucleoside antiviral agent against her-
pes simplex virus (HSV) with the low oral bioavailability (20%)
and a short circulation half-life (t1/2, 2.5 h) (de Miranda and
Blum, 1983). Some lipophilic derivatives of acyclovir showed
higher bioavailability (Hostetler et al., 1993, 1997). We selected
acyclovir as a model drug to study SADDS in this paper. A
series of long-chained lipid derivatives of acyclovir had been
synthesized and the self-assembly of them were characterized
in our previous paper (Jin et al., 2005). It was found that
stearyl-glycero-succinyl-acyclovir (SGSA), the single-chained
lipid derivative self-assembled into cuboid-like self-assembled
nanoparticles (SAN) in water based on the hydrophobic interac-
tion of lipid chains and the layer-by-layer hydrogen bonding
of nucleoside moieties. Acyclovir SAN had an average size
of 83.2 nm, a negative surface charge of−31.3 mV. It should
be rationally regarded as one of SADDS. The properties and
the in vitro/in vivo behavior of acyclovir SAN were investi-
gated in the paper, mainly including stability, the interaction
with cells, pharmacokinetics and tissue distribution after iv
administration.

2. Materials and methods

2.1. Materials

The lipid derivative of acyclovir, SGSA was prepared accord-
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icles or liposomes is that they are nearly wholly compose
mphiphilic prodrugs, so that high drug-loaded amount and

ow drug leakage are archived easily. In addition, the amphip
onomers of SADDS would like to permeate biomembran

argets provided that SADDS were decomposed on targe
aces.

Vaizoglu and Speiser used the word ‘pharmacosome
escribe the colloidal dispersions prepared from drug-lipid

ugates with or without additional surfactants (Vaizoglu and
peiser, 1986). Pindolol pharmacosomes (vesicle-like) w
repared from pindolol diglyceride by the authors. Phar
osomes have been not deeply studied, possibly becau
ppropriated theory supports the new dosage form and no a
riated drugs and lipids are selected. Obviously, pharmacos
an be considered as one of SADDS based on the theory
aper.

The structural modification of drugs is necessary to ob
mphiphilicity. The lipid derivation of hydrophilic drugs shou
e preferentially considered because lipid derivatives can be
egraded in vivo and permeate biomembranes (Lambert, 2000).
ucleoside antivirals have to be activated to phosphates i
lasma to resist virus although many of them permeate into
ot well due to high molecular polarity (Pastor-Anglada et a
998). Some lipophilic derivatives of nucleosides self-assem

n organic solvents based on hydrogen bonding (Gottarelli et al.
000; Giorgi et al., 2002; Davis, 2004), and some phospholipi
ucleoside conjugates form ordered aggregates in aqueou

ions (Itojima et al., 1992; Choi et al., 2005; Moreau et al., 20).
herefore, nucleoside antivirals are the optimal precurso
repare self-assembling amphiphilic prodrugs.
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ng to the previous research (Jin et al., 2005). Analytical reagent
ere used, and chromatographic reagents were used in
etermination. Distilled water was always used. Surfactants

n the stability investigation of SAN were from Amresco (sodi
odecyl sulphate, SDS), Sigma (Brij 35), Beijing Chem
eagents Company (Tween 80 and cetyltrimethylammo
romide, CTAB), Shenyang Yaoda Jiqi Pharmaceutical

ory (poloxamer 188) and Lucas Meyer GmbH (soybean p
hatidylcholine, SPC). Liposomes were prepared from SP

he REV method (Szoka and Papahadjopoulos, 1978), which
ontained about 7 mg/ml SPC.

Pig liver carboxylester enzyme (PLCE, Sigma) was disso
n Tris–HCl buffer (20 mM, pH 7.4) before use. A macroph
ell line of QXMSC1 cells was from Department of Biotechn
gy, Beijing Institute of Radiation Medicine (BIRM). Africa
reen monkey kidney (Vero) cells were from Institute of Me

nal Biotechnology, Chinese Academy of Medical Science
Male albino rabbits (1.9–2.6 kg) from Laboratory Anim

enter of BIRM were used. Principles in good laboratory an
are were followed and animal experimentation was in com
nce with the Guidelines for the Care and Use of Labora
nimals in BIRM. The rabbits were sacrificed by euthan

o remove tissues. The homogenates used in the experi
f chemical stability and tissue distribution were prepare

issue/water (1:1, w/w).

.2. Preparation of SAN

Acyclovir SAN were prepared with a controlled proc
ccording to the previous research (Jin et al., 2005). The prepara

ion method is described as follows. SGSA solutions of 5 m
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in tetrahydrofuran (THF) were slowly and continually injected
into vortexed water under surface via a 100-�l micro-syringe
until a homogeneous and slightly opalescent suspension was
obtained. The suspensions were incubated in a 37◦C water bath
under vacuum for removing solvents and being concentrated.
The final suspensions could contain high-concentration SGSA
of more than 15 mg/ml, and appeared homogeneously.

2.3. HPLC determination of acyclovir and its derivatives

High-performance liquid chromatographic (HPLC) experi-
ments were performed at room temperature on a Shimadzu
10A HPLC system (Japan) that consisted of LC-10Avp pump,
SPD-10Avp UV detector, SCL-10Avp controller, and Shi-
madzu CLASS-VP 6.02 chromatographic workstation soft-
ware. The DiamonsilTM C18-ODS HPLC columns (5�m,
250 mm× 4.6 mm) and the EasyGuardTM C18-ODS HPLC
guard columns (5�m, 8 mm× 4 mm) were purchased from
Dikma (China). A manual injection valve and a 20-�l loop
(7725i, Rheodyne, USA) were used. UV detector was fixed at
254 nm.

Since the polarity of acyclovir, succinyl-acyclovir (SACV,
the synthesis intermediate or the possible hydrolysis product)
and SGSA was significantly different, the various mobile phases
were used for their HPLC determination. Acyclovir and SACV
in all samples except for tissue homogenates were determined
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additional volume of additives was, respectively, 20, 50, 100 and
500�l.

2.4.2. Chemical stability
Acyclovir SAN were diluted with different buffers, includ-

ing 20 mM phosphate buffers (pH 5.0 and 7.4) and 20 mM
Tris–HCl buffers (pH 9.0 and 12.0), and the dilutions were incu-
bated in a 37◦C bath. At predetermined time intervals, 20-�l
aliquots were removed, dissolved with methanol, and assayed
by HPLC. SGSA solutions in dimethylsulphoxide (DMSO) were
also mixed with buffers, and the stability was measured to com-
pare the degradation kinetics with SGSA in SAN.

The effects of PLCE solution (10 U/ml), rabbit plasma and
tissue homogenates on the chemical stability of acyclovir SAN
at 37◦C were investigated as above. The samples were depro-
teinized with methanol, followed by vortex for 1 min, and cen-
trifuged at 10,000 rpm for 10 min. SGSA in supernatants was
determined by HPLC. Acyclovir in samples was also deter-
mined as the above procedure except for deproteinization with
methanol/5% ZnSO4 (9:1, v/v).

2.4.3. Sterilization of SAN
Gamma-irradiation of 1.5× 104 Gy from a 60Co source

(BIRM, China) was used to sterilize acyclovir SAN in glass
bottles at room temperature. The heat sterilization of the SAN
in glass bottles was performed through autoclave for 30 min, or
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n the mobile phase of methanol/water (19:81, v/v) contai
0 mM ammonium acetate (pH 7.0) at 0.8 ml/min. The re

ion times (tR) of acyclovir and SACV were about 6.8 a
.6 min, respectively. The mobile phase used to determine
lovir in tissue homogenates was methanol/water (12:88,
ontaining 40 mM ammonium acetate (pH 7.0), and the
ate was 1.0 ml/min. ThetR of acyclovir was about 8.7 mi
GSA in all samples was determined with the mobile p
f methanol/water (80:20, v/v) containing 40 mM ammon
cetate (pH 7.0) at 0.8 ml/min. ThetR of SGSA was abou
.1 min.

.4. Stability investigation of SAN

.4.1. Physical stability
The turbidity method was often used to investigate the p

cal changes of small-scale particles (Defrise-Quertain et al
984; Zhai et al., 2005). The turbidity of acyclovir SAN wa
qual to the absorbance at 550 nm with water as referen

he paper. Particle size increasing or particle aggregation c
xpressed by turbidity increasing. The effects of centrifuga
nd additives on the physical stability of the SAN were in

igated. The SAN were centrifuged at various rotate speed
min and then resuspended thoroughly. The turbidity was
ured by a Shimadzu UV-2501PC spectrophotometer. The
iluted SAN (containing about 120�g/ml SGSA) of 2.5 ml wer
dded into cuvettes, followed by, respectively, adding wi
ariety of additives, agitated thoroughly, and then the tur
ty was measured. The additives included 150 mM NaCl, 0
aOH, 100 mM SDS, 10 mM CTAB, 10% Tween 80, 10% B
5, 10% poloxamer 188, SPC liposomes and rabbit plasma
-
)

-

in
e

r
-
r

e

he 100◦C bath for 30 min. Whether SGSA in the sterilized S
as hydrolyzed was evaluated by HPLC determination.

.5. Interaction between SAN and erythrocytes

Rabbit erythrocyte suspension (2%, v/v) was prepared a
ows. Whole blood was obtained from rabbits via margina
ein puncture and collected in a clean beaker, and agitated
glass stick to remove fibrinogen. Erythrocytes were sepa
y centrifugation at 3000 rpm for 3 min, and washed three t
ith 0.9% NaCl solution. The sediment cells were diluted w
.9% NaCl solution to obtain the erythrocyte suspension
as stored at 4◦C and used within 24 h.
Hemolytic action was investigated briefly as the followin

he 2-ml samples containing 1% erythrocytes, a series of
uspensions and supplementary 0.9% NaCl solutions wer
ared. After 12 h of incubation at 37◦C, hemolytic phenomen
ere observed by naked eyes against the completely hem
ample prepared by adding water into erythrocytes, and the
ere counted with light microscopy. The cells and the su
atants were separated, and SGSA in them was determin
PLC. Acyclovir solutions instead of SAN were as cont
he interaction between acyclovir SAN and rabbit whole bl

fresh heparinized) was also investigated.

.6. Toxicity and antiviral activity on cell model

Vero cells were cultured at 37◦C in a humidified atmosphe
f 5% CO2. The cultural medium was the MEM (Sigma) solut
upplemented with 10% calf serum and 1× 105 unit penicillin
nd streptomycin. Vero cells were cultured in 96-well pl
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at a concentration of 2× 104 cells/well. After 24 h of culture,
the autoclaved SAN suspensions and acyclovir solutions diluted
with the cultural medium not containing serum were, respec-
tively, added to the wells. Eight samples of the SAN with SGSA
concentration increasing from 31.2 to 4000�g/ml were added
to the wells in triplicates. So did eight samples of acyclovir solu-
tions from 7.8 to 1000�g/ml. The wells not containing the drugs
were as control. After 48 h of incubation at 37◦C, the cytopathic
effect (CPE) assay was performed with light microscope, and the
50% toxic concentrations (TC50) of SGSA in SAN and acyclovir
were calculated (de La Iglesia et al., 1998).

Anti-HSV therapeutic effect was also investigated like the
above procedure. After Vero cells were cultured in 96-well plates
for 24 h, they were infected by herpes simplex virus type-1
(HSV-1) strain (VR733, ATCC, USA) of 104-fold dilution. The
cultural media were withdrawn after 2 h of virus adsorption.
Eight samples of the SAN with SGSA concentration increasing
from 1.9 to 250�g/ml were added to the wells in triplicates. So
did eight samples of acyclovir solutions from 0.8 to 100�g/ml.
The wells without HSV-1 infection were as control. After 48 h
of incubation at 37◦C, the CPE was examined, and the 50%
inhibitory concentrations (IC50) of SGSA in SAN and acyclovir
were calculated (de La Iglesia et al., 1998).

2.7. Macrophage culture and uptake of SAN

tes
w
T sup-
p mM
2
s
a f
1 ul-
t well
A -
m , and
t M,
p upe
n ffer
( xpe
r ell
l ine
A

2

afte
a AN
s njec
t fore
u g/k
t ol-
l , 2, 3
4 med
i m fo
1 d th

tissues were removed, weighted and disrupted to homogenates.
The plasma samples and the homogenate samples were stored
at−20◦C until HPLC analysis (see Section2.4.2).

3. Results and discussion

3.1. Physical stability of SAN

3.1.1. Effect of centrifugation
Like other colloidal dispersions, SAN may aggregate into

large particles. After centrifugation with rotate speed from 2000
to 8000 rpm, the particle size of acyclovir SAN increased slightly
with speed dependency according to the turbidity measurement
(data not shown). However, the particles size increased sig-
nificantly after 10,000-rpm centrifugation. The surface charge
repulsion among SAN improves to keep stable (Langer et al.,
2003). In fact, nearly no significant precipitants or flocculation
appeared after the SAN containing SGSA of less than 5 mg/ml
kept at room temperature for one year.

3.1.2. Effects of additives
The low-concentration SAN would like to keep stable when

being mixed with 150 mM NaCl, 0.1 M NaOH, 100 mM SDS,
10 mM CTAB, 10% Tween 80, 10% Brij 35, 10% poloxamer
188 and SPC liposomes because the turbidity of the mixtures had
no significant changes, even though the large volume (500�l)
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A macrophage cell line of QXMSC1 cells in 6-well pla
as cultured at 37◦C in a humidified atmosphere of 5% CO2.
he cultural medium was the RPMI-1640 (Sigma) solution
lemented with 10% calf serum, 2.0 mM glutamine, 0.05
-mercaptoethanol, 4.5 g/l glucose, 1.5 g/l NaHCO3, 1.0 mM
odium pyruvate, 10 mM HEPES, and 1× 105 unit penicillin
nd streptomycin (Qin and Xie, 1998). At a concentration o
× 105 cells/well, the autoclaved SAN diluted with the c

ural medium not containing serum, were added to each
fter the plates had been incubated at 37◦C for a predeter
ined period, the supernatants in the wells were drawn off

he cells were washed with the cold Tris–HCl buffer (20 m
H 7.4). The washing was collected and added to the s
atants. The remaining cells were mixed with Tris–HCl bu
0.5 ml), scraped off, collected in a centrifuge tube, and e
ienced probe sonication in a 0◦C bath for 20 s to prepare c
ysates. SGSA in supernatants and cell lysates was determ
cyclovir solutions were as control.

.8. SAN iv administration to rabbits

Pharmacokinetics and tissue distribution were studied
cyclovir SAN bolus iv administration to rabbits. SGSA in S
hould be concentrated to 15 mg/ml or more to reduce i
ion volume. The SAN were autoclaved and determined be
se, and then administered to rabbits at SGSA dose of 30 m

hrough ear vein. Half of one milliliter of blood sample was c
ected into heparinized centrifuge tubes at 0, 0.25, 0.5, 1, 1.5
, 5, 8, 10, 15, 20, 30, 40, 50, 60, 90, 120, 180, 240 min after

cation. Plasma was separated by centrifugation at 3000 rp
0 min. The rabbits were sacrificed at 0.5, 2, 4 and 12 h, an
.
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f additives was used to mix with the SAN of 2.5 ml. Ho
ver, 0.1 M HCl solution, 150 mM CaCl2 solution and plasm
ignificantly increased the turbidity even when a few addit
50�l) were added. H+ and Ca2+ could promote the negative
harged SAN aggregating or fusion by possibly improving
ace hydrophobicity (Ohki and Arnold, 2000). The effect o
lasma on SAN could mainly be resulted from plasma pro
inding to the SAN, and the protein could improve the aggr

ion of SAN like liposomes (Lauraeus et al., 1998). In addition,
he sensitivity of SAN to NaCl-like electrolytes was depende
he particle number per unit volume of suspensions. The
oncentration SAN (less than 5 mg/ml) were not sensitiv
50 mM NaCl. However, when SGSA in SAN was over 7 mg

.e. high particle number per unit volume, 150 mM NaCl solu
ed the SAN aggregation easily.

Although the SAN were relatively insensitive to vario
urfactants and liposomes, these surfactants including pho
ipids did not benefit the preparation of SAN. They were ap
nterfere the formation of SAN. A lot of large particles appea
f the surfactants were co-dissolved with SGSA in THF
njected into water. The surfactants could insert the bilaye
AN on preparing so that the SAN could not be ready to fo

.1.3. Effects of sterilization methods
As a sterilization method,60Co gamma-irradiation strong

acilitated the SAN aggregation and damage. A lot of fl
ulation appeared after irradiation, and the content of S
ecreased. Like liposomes, gamma-irradiation may destro
ilayer structures of SAN and promote monomer degrad
Zuidam et al., 1995), whereas short-time heat treatment
ewer influences than radiation on bilayers (Zuidam et al., 1993).
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The autoclave or the 100◦C bath for sterilization neither influ-
enced the appearance of the SAN nor improved SGSA hydroly-
sis. Therefore, autoclave or 100◦C bath is the good sterilization
method for SAN.

3.2. Chemical stability of SAN

3.2.1. Effect of pH
SGSA in SAN was very sensitive to alkaline solutions (pH

9.0 and 12.0), and kept stable in weak acidic buffers (pH 5.0)
and neutral buffers (pH 7.4) (Fig. 1). SGSA possesses the
carboxylester structure and would like to be hydrolyzed with
OH−1 as catalyzer (Shameem et al., 1993). The main product of
hydrolysis was acyclovir while the possible intermediate SACV
hardly appeared, so that the ester bond between succinyl and
acyclovir moieties was more sensitive than the bond between
succinyl and glycerol moieties. The pseudo-first order kinetics
was used to describe SGSA degradation. Thet1/2 of SGSA in
SAN at pH 5.0, 7.4, 9.0 and 12.0 were 1733, 495, 94 and 21 h,
respectively.

F
S
w
(
p
1
k

Interestingly, after SGSA solutions in DMSO were diluted
with buffers, SGSA degraded more rapidly than SGSA in SAN.
The t1/2 of SGSA in the DMSO/buffers mixtures were 495 h
at pH 5.0 (about 1/4 of SGSA in SAN) and 210 h at pH 7.4
(less than 1/2 of SGSA in SAN), and disappeared completely
within 20 min at pH 12.0. The degradation of SGSA is mainly
determined by the exposure probability of sensitive ester bonds
to water according to the above analysis. The sensitive bonds
of SGSA in SAN are hidden in bilayers. However, when SGSA
solutions in DMSO were diluted with buffers, SGSA molecules
fell into an irregular state where a lot of sensitive ester bonds
maybe directly exposed to water and catalyzers. Therefore, it
is probably the specific ordered structures of SAN that protect
SGSA from hydrolysis.

3.2.2. Effects of hydrolase, plasma and tissue homogenates
Hydrolases including carboxylester enzymes exist widely in

organism. PLCE, rabbit plasma and rabbit tissue homogenates
were used to study the enzymatic hydrolysis of SGSA. SGSA
in SAN was nearly completely hydrolyzed in PLCE solutions
(10 U/ml) after 15 h of incubation at 37◦C with thet1/2 of 4.7 h,
and the hydrolysis speed was more than 100 folds as rapid as
in pH 7.4 buffers (Fig. 2A). Therefore, SGSA is very sensi-
tive to carboxylester enzymes. Also, rabbit plasma hydrolyzed
SGSA much more rapidly than pH 7.4 buffers with thet1/2
ig. 1. The pH dependency of the chemical stability of acyclovir SAN. The
AN were diluted with different buffers and incubated at 37◦C. The buffers
ere 20 mM phosphate buffers (pH 5.0 and 7.4) and 20 mM Tris–HCl buffers

pH 9.0 and 12.0), respectively. (A) The degradation profiles of SGSA; (B) the
roduction profiles of acyclovir. The half-lives of SGSA at pH 5.0, 7.4, 9.0 and
2.0 were 1733, 495, 94 and 21 h, respectively, based on the pseudo-first ord
inetics.
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ig. 2. The effects of: (A) pig liver carboxylester enzyme (PLCE); and (B) rabbit
lasma on the chemical stability of acyclovir SAN at 37◦C. PLCE solution
10 U/ml) was prepared with Tris–HCl buffer (20 mM, pH 7.4) before use. The
alf-lives of SGSA were 4.7 h in PLCE solution and 25 h in rabbit plasma.
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of 25 h (Fig. 2B). Some intermediate SACV appeared in the
plasma samples, which indicated that some enzymes in plasma
could hydrolyze the succinyl-glycerol ester bonds of SGSA. The
degradation of SGSA in rabbit tissue homogenates depended on
the types of homogenates. The degradationt1/2of SGSA in heart,
liver, lung, spleen, kidney and brain were 5.0, 8.7, 11.8, 13.7,
30.7 and 73.7 h, respectively, which must result from diverse
enzyme activity between tissue homogenates.

3.3. Hemolytic action of SAN

Hemolytic phenomena partly appeared with varied extent
in the SAN/erythrocyte mixtures after 12 h of incubation at
37◦C. Both the high-concentration SGSA and the long incuba-
tion time improved hemolysis. SGSA of 18�g/ml did not show
significantly hemolytic action, while marked hemolysis hap-
pened when SGSA in samples was over 36�g/ml. At the same
time, the cell number in the sample containing 18�g/ml SGSA
was 18× 107, close to the primitive cell number (24× 107),
while the sample containing 36�g/ml SGSA had 12× 107 cells.
When SGSA of 90�g/ml was in the sample, the cell num-
ber was only 3.0× 107. The concentration ratio of SGSA in
cells and solutions (Ccell/Csolution) had positive linear relation-
ship with the cell number in samples, i.e. the more cell number
was, the more fraction SGSA distributed in cells. When enough
SGSA molecules distributed in cells, cell membranes would
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Fig. 3. The uptake of acyclovir SAN by a macrophage cell line of QXMSC1
cells after co-culturing them at 37◦C. Results were expressed as the mean± S.D.
(n = 3). No significant uptake was found.

not show any toxicity even when acyclovir was over 1000�g/ml,
i.e. 4444�M. Referred to the interaction between SAN and ery-
throcytes, the strong cell-membrane insertion of amphiphilic
SGSA could be the primary reason of cell toxicity (Prisbe et al.,
1986).

The anti-HSV IC50 of SGSA in SAN on Vero cell model
was 46.8�M, higher than that of acyclovir (7.1�M). Antiviral
selection index (SI) was equal to TC50/IC50. The SI of SGSA and
acyclovir were 24 and more than 626, respectively. The above
data just demonstrate that the antiviral activity of SGSA in SAN
is much weaker than acyclovir, but whether the in vivo results
is the same needs further proofs.

Acyclovir has to be transformed to its triphosphate in cell
plasma to resist HSV. The in vitro anti-HSV action of the SAN
demonstrated that SGSA could enter into cell plasma where
it was hydrolyzed to acyclovir. The degradation of SGSA in
organism was carboxylester enzyme-dependency (see Section
3.2). Unfortunately, the carboxylester enzyme activity of Vero
cells is low according to the literature (McGuigan et al., 2000).
In fact, some prodrugs of antivirals show strong antiviral action
in vivo but weak activity on cell model because the enzyme
activity in vivo and in vitro is significantly different (Neyts and
de Clercq, 1998). For example, a good antiviral famciclovir (a
prodrug of acyclovir) do not show any anti-HSV action on Vero
cell model (Li et al., 2003).

3
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ike to be disrupted, and then SGSA together with hemogl
as released to solutions, which resulted in cell number
cell/Csolution reducing. The high-concentration SGSA in sa
les would accelerate and strengthen the process. In the
f 90�g/ml SGSA,Ccell/Csolution were 1.2, compared with 3
f 18�g/ml SGSA. Therefore, it is likely that the amphiph
GSA molecules may insert into erythrocyte membranes
embrane breakdown like some surface-active chemicalsRoss
t al., 2004). Hemolysis did not immediately happen on mix
robably because the transfer of SGSA from SAN to erythro
embranes needed time. Acyclovir solution did not show
emolytic action. Cell-membrane insertion would give SGS
hance to go into cells.

Surprisingly, SAN seemed to have no hemolytic effec
hole blood. When the additional SAN was less 10% (v/v

abbit whole blood, no hemolysis happened even though S
n the sample was near to 1000�g/ml. However, as soon as t
dditional SAN or water was over 10% (v/v) of whole blo
emolysis preferred to happen. Obviously, the hemolys
hole blood was just relevant to the descent of osmotic
ure of samples. The binding plasma proteins would mark
educe the interaction between SAN and erythrocytes, an
inding action also named opsonization would lead the up
f SAN by the mononuclear phagocyte system (MPS) in

ike liposomes and nanoparticles (Ishida et al., 2002; Moghim
nd Szebeni, 2003).

.4. In vitro toxicity and antiviral activity of SAN

Acyclovir SAN showed weak toxicity to Vero cells. TC50
f SGSA was 750�g/ml, i.e. 1126�M. Acyclovir solutions did
f
-

e

.5. Uptake of SAN by macrophages

QXMSC1 cells are established from murine marrow
how phagocytic ability (Qin and Xie, 1998). The uptake of acy
lovir SAN by QXMSC1 cells was not significant (Fig. 3). The

n vitro uptake of no-ligand modified liposomes by macropha
s not significant too (Opanasopit et al., 2001). However, afte
eing modified by ligands such as mannose residues and
oteins (opsonins), the liposomes or the nanoparticles c
arkedly trapped by macrophages (Opanasopit et al., 200
hsan et al., 2002; Ishida et al., 2002). No uptake was foun

or acyclovir solutions.
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Fig. 4. The time profile of SGSA concentration in plasma after acyclovir SAN
bolus iv administration to rabbits with 30 mg SGSA/kg through ear vein. Results
were expressed as the mean± S.D. (n = 5). The field of 0–5 min was considered
as the distribution phase with the half-life (t1/2�) of 1.5 min, and 5–90 min as
the elimination phase with the half-life (t1/2�) of 47 min based on the first order
kinetics. A little higher SGSA concentration at 180 min than the minimum level
was maybe due to some lung-blocked SAN-aggregating large particles releasing
SAN or SGSA to circulation.

3.6. In vivo fate of SAN

3.6.1. Pharmacokinetics
The SAN were cleared from blood circulation very quickly

after rabbits received acyclovir SAN by bolus iv administra-
tion (Fig. 4). The plasma concentration of SGSA had descended
for about 90% at 5 min, and approached the minimum level at
30 min. The field of 0–5 min was considered as the distribution
phase with the half-life (t1/2�) of 1.5 min, and 5–90 min as the
elimination phase with the half-life (t1/2�) of 47 min based on
the first-order kinetics. The pharmacokinetic characteristics of
SAN were similar to the particulate preparations such as lipo-
somes and nanoparticles (Harashima and Kiwada, 1996; Groll
et al., 2000; Bibby et al., 2005). Integrating the in vitro result
(Section3.5), it was likely that the SAN were opsonized in vivo
by plasma proteins, and then it would appear that the nanosized
SAN were trapped by the MPS. Some physicochemical proper-
ties such as size, surface charge would also influence the in vivo
clearance rate of the SAN. In addition, the clearance of the SAN
seemed more rapid than liposomes or nanoparticles (Harashima
and Kiwada, 1996).

3.6.2. Tissue distribution
To further evaluate the in vivo fate of acyclovir SAN, the tis-

sue distribution of SGSA was investigated. SGSA was mainly
distributed in liver, spleen and lung after acyclovir SAN bolus
i s
v and
m and
l -
t rt
( re,
t ding
l lock
s A in
t eare
c

Fig. 5. The tissue distribution of SGSA after acyclovir SAN bolus iv admin-
istration to rabbits. Results were expressed as the mean± S.D. (n = 3). SGSA
was mainly distributed in liver, spleen and lung although only a little SGSA
appeared in kidney and heart, and nothing was found in brain. The elimination
t1/2 of SGSA in liver, spleen and lung were 7.6, 6.8 and 6.6 h, respectively, near to
the hydrolysist1/2 of SGSA in tissue homogenates. The main tissue elimination
way of SGSA could be resulted from the metabolism.

liver, spleen and lung were 7.6, 6.8 and 6.6 h, respectively, near
to the hydrolysist1/2 of SGSA in tissue homogenates, so that
the metabolism of SAGS in cell plasma could be the main elim-
ination way. From the plasma concentration-time curve (Fig. 4),
SGSA concentration in plasma at 180 min was a little higher than
the minimum level, which was thought that some lung-blocked
SAN-aggregating large particles released SAN or SGSA to cir-
culation again. Acyclovir as the in vivo metabolism product was
also determined, and no acyclovir was found in plasma, heart,
kidney and brain. Acyclovir with less than 10�g/g appeared in
liver, spleen and lung within 12 h after administration because
acyclovir could be eliminated rapidly from plasma and tissues
(Biron et al., 1982).

The site-specific distribution of SAN indicates that, acyclovir
SAN or other SAN prepared from antivirals can be expected to
benefit the therapy of virosis in liver, spleen and lung. The SAN
would be considered as the novel preparations of acyclovir with
targeting and sustained-release functions although acyclovir was
a model drug in the paper. SADDS including SAN would like to
become targeted drug delivery systems although only the phys-
ical targeting to the MPS is achieved now. In the future, SAN
will be modified to got more functions such as long circulating,
pH sensitivity.

4. Conclusions
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v administration to rabbits (Fig. 5). SGSA content in liver wa
ery high to over 50% of the whole injected dose at 0.5 h,
ore than 30% at 4 h. SGSA concentration in liver, spleen

ung was very high to more than 200�g/g at 0.5 h. Only a lit
le SGSA appeared in kidney (about 30�g/g at 0.5 h) and hea
about 4�g/g at 0.5 h). Nothing was found in brain. Therefo
he nanosized SAN were mainly trapped by the MPS inclu
iver, spleen and lung. Also, lung capillary vessels could b
ome large particles formed due to SAN aggregation. SGS
issues was cleared in a first order kinetic mode and disapp
ompletely at 48 h (Fig. 5). The eliminationt1/2 of SGSA in
d

SADDS are novel drug delivery approaches, and en
he fields of pharmaceutical researches. SADDS combine
rugs, molecular self-assembly with nanotechnology. Acyc
AN in the paper become the successful examples of SA
nd show the well site-specific distribution in vivo. Much m
ADDS including SAN will be prepared from more hydroph
rugs such as nucleosides and lipids such glycerides on the
f this paper. It can be predicted that SADDS will be usefu
nti-viral, anti-cancer and gene therapy.
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