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An amphiphilic prodrug of anti-HIV nucleoside analogue, cholesteryl-phosphonyl zidovudine (CPNZ) was
synthesized. An aqueous suspension containing CPNZ self-assemblies was obtained through injecting the
ethanol solution of CPNZ and cholesteryl succinyl poly(ethylene glycol) 1500 (20:1, mol/mol) into water
under agitation. Hydrophobic interaction may be the driving force of molecular self-assembly. The self-
assemblies were nanoscale with ~100 nm in size, and remained stable for a long time. Degradation of
CPNZ self-assemblies was investigated in various environments including buffered solutions, plasma and
rabbit tissue homogenates. CPNZ was degraded very slowly in neutral solutions but rapidly in various
plasma with the half-lives (t;,) of less than 20 h. Tissue homogenates degraded CPNZ with varied rates
depending on enzyme activity. CPNZ self-assemblies showed potent anti-HIV activity on MT4 cell model,
the anti-HIV 50% effective concentration (ECso) of which was 1 nM, only equal to 1/5 of AZT ECs5o. CPNZ
was rapidly eliminated from circulation and distributed into the mononuclear phagocyte system (MPS)
including liver, spleen and lung after bolus intravenous administration of CPNZ self-assemblies followed
slowly elimination. The possible products include AZT-5'-H-phosphonate, AZT and their derivatives. The
MPS-targeted effect and high anti-HIV activity of CPNZ self-assemblies make them become a promising

self-assembled drug delivery system (SADDS).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Self-assembled drug delivery systems (SADDSs) have been
explored in our lab since 2001, defined as self-assemblies of
amphiphilic prodrugs, wherein three technologies, involving pro-
drug, molecular self-assembly, and nanotechnology are integrated
(Jin et al., 2006). Compared with traditional drug carriers, SADDS
can deliver themselves in vivo with the unique advantages of high
drug loads, no drug leakage and controlled drug release at tar-
gets. However, some problems appeared in the previous researches.
Although some of designed amphiphilic prodrugs occupy the
self-assembling ability, their degradation is too slow to perform
effective therapy (Jin et al., 2009). Therefore, when an amphiphilic
prodrug is designed, it is necessary to simultaneously consider
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its self-assembling possibility in aqueous media, the stability of
formed self-assemblies, and the degradation of prodrugs with the
suitable rate at targets. However, it is very difficult to find an ideal
prodrug.

We can now easily design and obtain the amphiphilic prodrugs
to further form nanoscale self-assemblies to achieve tissue target-
ing. However, the controlling of degradation of prodrugs is difficult,
mainly depending on molecular structures. The proper degradation
of prodrugs should be modified based on the requirements of dis-
ease therapy. Generally, antiviral therapy requires rapid release of
active drugs to reach the inhibitory concentration. There are many
books and reviews to discuss metabolic hydrolysis and design of
prodrugs (Testa and Mayer, 2003).

Antiviral nucleoside and nucleoside phosphonate drugs have
played a significant role in improving the quality of life for many
virally infected patients in recent years. Upon entering virally
infected cells, these nucleosides and nucleoside phosphonates
are phosphorylated to their active triphosphates or diphosphates,
respectively, by nucleoside kinases. Therefore, the nucleoside phos-
phonate strategy is regarded as an effective approach to overcome
viral resistance bypassing the first kinase. These phosphorylated
species act as competitive inhibitors of reverse transcriptase and
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as chain terminators, thus preventing viral replication. And these
active polar-phosphate metabolites have prolonged intracellular
half-lives (Hecker and Erion, 2008; Stella et al., 2007). It is note-
worthy that two antiviral phosphonates are currently marketed,
including adefovir dipivoxil for hepatitis B and tenofovir diso-
proxil for HIV. Furthermore, nucleoside phosphonates show higher
polarity than nucleoside alone, which benefit to the design of
amphiphilic prodrugs of SADDS.

Zidovudine (3’-azido-2',3’-dideoxythymidine, AZT) is a potent
inhibitor of HIV replication and the first clinically approved drug
for AIDS. The major limitations of AZT chemotherapy are clini-
cal toxicity that includes dose-related bone marrow suppression
manifested as severe anaemia and leucopenia, hepatic abnormali-
ties, myopathy, limited brain uptake, a short t;; (~1h) in plasma
and the rapid development of drug resistance, resulting in admin-
istration of higher doses for maintaining therapeutic drug levels in
plasma, thus further leading to bone marrow toxicity (Skoblov et
al.,, 2004).

A series of AZT phosphonates were synthesized and anti-HIV
activity was tested. They showed relatively high anti-HIV capabil-
ity, and 2’,3’-dideoxy-3’-azidothymidine 5’-cyclohexylphosphite
was the most active (Pokrovsky et al, 2001). 5-(3'-Azido-
3’-deoxythymidyl)hexanoyloxymethyl methylphosphonate
was prepared as an anionic chemical delivery system for
brain targeting. The phosphonate of AZT was hydrolyzed by
esterases in the brain. The metabolic product, 5-(3’-azido-3'-
deoxythymidyl)methylphosphonate, could be locked in the brain
due to anionic property (Somogyi et al., 1998).

Based on the above analysis, we designed and synthesized an
amphiphilic H-phosphonate prodrug of AZT with the cholesteryl
moiety as lipid tail to prepare SADDS. Self-assembly of the
prodrug was explored and the formed self-assemblies were inves-
tigated on the in vitro/in vivo behaviors, involving characteristics,
degradation, pharmacokinetics, tissue distribution, and anti-HIV
activity.

2. Materials and methods
2.1. Materials

AZT was from Zhang Jiang Desano Science and Technology
Co. Ltd., Shanghai, China. Organic solvents were of analyti-
cal grade. Other chemicals were of reagent grade. Distilled
water was always used otherwise specially indicated. UV spec-
tra, '"H NMR (400 MHz) and 3C NMR (100 MHz) spectra were
recorded respectively on a Shimadzu UV-2501PC spectropho-
tometer, a JNM-ECA-400 NMR spectrometer, and ESI-MS were
respectively recorded on a Thermo LCQ Advantage mass spectrom-
eter.

MT4 cells and human immunodeficiency virus type-1 (HIV-1y;)
virus were from the Center of AIDS, Beijing Institute of Microbiology
and Epidemiology. Plasma from BALB/c mice, Sprague-Dawley rats
and albino rabbits was prepared in our lab. Plasma from beagle dogs
and healthy human was donated by Prof. G. Dou of Beijing Institute
of Transfusion Medicine.

Sprague-Dawley rats and albino rabbits from Laboratory Ani-
mal Center of Beijing Institute of Radiation Medicine (BIRM) were
used. Principles in good laboratory animal care were followed and
animal experimentation was in compliance with the Guidelines
for the Care and Use of Laboratory Animals in BIRM. The rats and
rabbits were sacrificed by euthanasia to remove tissues. The rat
and rabbit tissue homogenates used in the experiments of chemi-
cal stability and tissue distribution were prepared in tissue/water
(1:1, wjw).
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Fig. 1. Structure of cholesteryl-phosphonyl zidovudine (CPNZ).

2.2. Synthesis of cholesteryl-phosphonyl zidovudine

5’-Cholesteryl-phosphonyl  zidovudine (CPNZ, AZT 5'-
cholesteryl-H-phosphonate, C37HsgN5OgP, Fig. 1) was synthesized
according to the literature with a little change (Xiao et al., 2003).
The brief procedure is described as follows. Cholesterol (5 mmol)
was dissolved with anhydrous pyridine (10 ml). Diphenyl phos-
phonate (DPP, 5 mmol) was added and stirred for 26 h under room
temperature in a sealed flask. The anhydrous pyridine solution
of AZT (5mmol in 10ml) was dropped into the above reaction
solution, and then stirred for an additional 12 h. Pyridine was
removed by co-distillation with toluene under reduced pressure.
After purification on a silica gel column (chloroform/ethanol,
50:1, v/v), CPNZ was obtained in high yield as white-like loose
solid. TLC: cyclohexane/acetone, 1.1:0.9, v/v, Rr=0.70; UV (EtOH):
Amax =264.6nm; 6y (400MHz, CDCl3): 0.85 (6H, cholesteryl
CH3CHCH3), 1.01-1.72 (32H, cholesteryl H), 1.95 (s, 3H, CH3),
1.97 (1H, CH,CHCH,), 2.43-2.45 (m, 4H, 2’-CH), 4.30-4.38 (m, 4H,
5'-CH,, 4'-CH, 3’-CH), 5.39 (1H, cholesteryl CCHCH,), 6.22 (t, 1H,
1'-CH, Jy » =6.4Hz), 7.38 (d, 1H, 6-CH), 7.27 (1H, PH), 9.13 (s, 1H,
3-CH); ¢ (100MHz, CDCl3): 18.62 (5-C-CH3), 19.16-42.19 (22C,
cholesteryl), 36.28 (2'-C), 49.80 (CCHCH;CH,), 59.93 (CCHCHCH3),
59.98 (3'-C), 64.03 (5'-C), 77.86 (OCHCH,CH,), 82.09 (1'-C),
84.90 (4'-C), 111.56 (5-C), 123.68 (CH,CCH), 135.26 (6-C), 138.53
(CH,CCH), 150.29 (2-C), 163.78 (4-C); dp (160 MHz, CDCl3): 7.23
(1P, Jp_y =703 Hz); ESI-MS(+): 722.18 (M+Na)*; ESI-MS(-): 698.21
(M-H)* (100), 699.28M* (44).

2.3. Preparation of self-assemblies in water

CPNZ is freely soluble in tetrahydrofuran (THF), like the other
lipid derivatives of nucleoside antivirals (Jin et al., 2008). It is
also freely soluble in ethanol with a high solubility of 100 mg/ml
(143 mM), fit for the preparation of self-assemblies using the
injection method. Cholesteryl succinyl poly(ethylene glycol) 1500
(CHS-PEG1500, synthesized in our lab according to the literature
(Yang et al., 2008)) was used as the unique additive. After exploring
a variety of formulations and preparation processes, the opti-
mal formulation and process for the ethanol injection method
was found, described as follows. The ethanol solution containing
CPNZ (5mg/ml, 7.5 mM) with/without CHS-PEG15¢¢ (0.72 mg/ml,
0.37 mM) was slowly injected into vortexed purified water by a
microsyringe. The injecting process could be repeated for several
times to get a homogeneous and slightly blue-scattering trans-
parent suspension. After removing solvents and partial water by
heat, a stable concentrated suspension of CPNZ self-assemblies
was obtained with a high concentration up to more than 20 mg/ml
CPNZ. The CHS-PEGq500-containing suspension can be kept stable
for more than one month at room temperature.

2.4. Characterization of self-assemblies

CPNZ self-assemblies were observed using a Philips CM120 80-
kV transmission electron microscope (TEM). Five microliters of
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CPNZ self-assemblies in suspensions were dropped onto carbon-
coated copper nets and remained for one minute, and then mostly
removed by filter paper from the edge of nets. A solution containing
2% sodium phosphotungstate (pH 6.5) was also dropped onto the
above self-assemblies spread nets, and processed as the above. The
resulted negative-stained samples were air-dried at room temper-
ature, and moved to TEM for observation as soon as possible.

The dynamic lighting scattering method was used to measure
the particle size and size distribution of self-assemblies on Zeta-
sizer Nano ZS (Malvern, UK). The CPNZ self-assemblies-containing
suspension was diluted with water until to about 0.1 mg/ml CPNZ,
and then measured at 25°C. The zeta potential of self-assemblies
was also measured with the above instrument.

2.5. HPLC determination

HPLC experiments were performed on a Shimadzu 10Avp
HPLC system (Japan), consisting of LC-10Avp pump, SPD-10Avp
UV detector, SCL-10Avp controller, and Shimadzu CLASS-VP 6.12
chromatographic workstation software. The Diamonsil™ C18-0DS
HPLC columns (5wm, 250 mm x 4.6 mm) and the EasyGuard™
C18-0DS HPLC guard columns (5wm, 8 mm x 4 mm) were pur-
chased from Dikma Co., Ltd. (China). A manual injection valve and
a 20-pl loop (7725i, Rheodyne, USA) were used. UV detector was
fixed at 266 nm. The Heal Force® Super NW Water System (Shang-
hai Canrex Analytic Instrument Co. Ltd., China) was used to prepare
purified water. When measuring the samples from biologics such as
plasma, tissues, HPLC column temperature was kept at 30 °C with
an AT-950 heater and cooler (Tianjin Automatic Science Instru-
ment Co., Ltd.). CPNZ and its possible degradation product AZT
were separately determined with the different mobile phases due
to their significant polar differences. The mobile phases for CPNZ
measurement was methanol/isopropanol/acetic acid (80/20/0.3,
v/v/[v) with the flow rate of 1.0 ml/min, and that for AZT measure-
ment was methanol/water (35/65, v/v) at 0.8 ml/min. The retention
times (tg) of CPNZ and AZT were 8.7 min and 13.1 min, respec-
tively.

2.6. Chemical stability of CPNZ

2.6.1. Stability in buffered solutions

Aliquots of 500 .l suspensions of CPNZ self-assemblies were
diluted with 1.5ml of various solutions at different pH values,
including 0.1 and 0.01 M hydrochloride acid solutions (pH 1.0
and 2.0), 20mM phosphate buffers (pH 5.0 and 7.4) and 20 mM
Tris—HCI buffers (pH 9.0 and 12.0). The dilutions were incubated
in a 37°C bath. At predetermined time intervals, two replicates
of 10 .l aliquots were removed, dissolved with 90 .l acetonitrile,
mixed thoroughly, and separately assayed for CPNZ and AZT with
HPLC.

2.6.2. Stability in plasma and tissue homogenates

Effects of animal and human plasma, and rabbit tissue
homogenates on the chemical stability of CPNZ at 37°C were
also investigated with the similar procedures as above. CPNZ self-
assemblies of 300 il were mixed with 600 pl of plasma or tissue
homogenates. At predetermined time intervals, two replicates of
10 w1 aliquots were deproteinized with acetonitrile of 90 pl, fol-
lowed by vortex for 5 min and centrifugation at 5000 x g for 10 min.
The supernatants were separately determined for CPNZ and AZT
with HPLC.

2.7. Anti-HIV effect on cell model

Anti-HIV effect of CPNZ self-assemblies was performed referred
to our previous research (Jin et al., 2009). HIV-1y3 infected MT4

cells were used as model. CPNZ self-assemblies and AZT aqueous
solutions were sterilized by film filtration with 0.22 pm filters. Drug
samples were 10-fold diluted with the cultural media excluding
serum. The concentration of CPNZ in cell cultures was from 10 uM
to 0.1nM, in six levels with a 10-fold decrease gradient and in
triplicates every level. AZT aqueous solutions with the same con-
centration range and gradient as CPNZ were also investigated as
control. After 72 h of incubation at 37 °C, the cytopathic effect (CPE)
assay was performed with a light microscope and the 50% effective
concentration (ECsg) was deduced.

2.8. Pharmacokinetics and tissue distribution in animals

Pharmacokinetics and tissue distribution of CPNZ were stud-
ied after bolus i.v. administration of CPNZ self-assemblies to rats
and rabbits. The suspensions containing CPNZ self-assemblies of
~20 mg/ml were sterilized by 0.22 pm filters, and then injected into
rats through tail vein or rabbits through ear vein. A dose of 40 mg/kg
CPNZ was applied to rats, and 20 mg/kg to rabbits. About 0.3 ml of
rat blood sample was collected from the opposite tail or ear veins of
animals, and then put into heparinized centrifuge tubes at 1, 3, 5, 8,
10, 20, 30, 40, 50, 60, 90, 120, 240, 480, 960, 1440 min. Plasma was
separated by centrifugation at 3000 rpm for 5 min, and then plasma
of 50 wl was mixed with acetonitrile of 100 w1, followed by vortex,
centrifuge at 5000 x g for 10 min and measurement by HPLC. In the
tissue distribution experiments, rats were intravenously adminis-
tered and sacrificed after 0.5, 2, 5, 10, 24 h, and the tissues were
removed, weighted and disrupted to homogenates followed by the
same procedure as plasma samples from the mixing process. Phar-
macokinetics and tissue distribution of CPNZ in rabbits were also
explored as above. Pharmacokinetic parameters are calculated with
the 3p87 pharmacokinetic software supplied by Prof. H. Song of
BIRM.

3. Results and discussion
3.1. Characteristics of CPNZ self-assemblies

CPNZ self-assemblies are nanoscale and spherical vesicles when
CPNZ-alone is injected according to the TEM image (Fig. 2A). After
doping CHS-PEG5¢¢ in assemblies, the self-assemblies maintain
vesicle morphology, although the size of vesicles increases from
83 nm of CPNZ-alone self-assemblies to 107 nm due to the longevity
of PEG chains. Based on the TEM images (Fig. 2A and B), it is found
that the vesicles are prone to aggregate, the basic reason of which is
the relatively low negative surface charges with the zeta potential
of —20.3 mV. It is well know that low surface charges, generally less
than 30 mV of absolute value (|¢|) of zeta potential, could lead to
particles unstable and then aggregate due to very high surface area
if no other stabilizing mechanism is present (Heurtault et al., 2003;
Wang et al., 2006).

Heating can lead to changes of self-assemblies. When the sus-
pension of self-assemblies was concentrated by heat to remove
water, aggregation of vesicles was improved. Single vesicle in
the concentrated samples was bigger than that in the diluted
suspensions, mainly resulting from fusion of aggregated vesicles
(Fig. 2B and E). CPNZ-alone self-assembled vesicles are inclined to
aggregate and fuse more seriously than the CPNZ/CHS-PEG5qq self-
assembled vesicles upon heating. When heating at 100 °C was used
to sterilize CPNZ-alone self-assemblies, all of vesicles disappeared
and the replaced ones were unordered nanoparticles (Fig. 2C).
However, most of vesicles were remained in CPNZ/CHS-PEGq5qg
assemblies (Fig. 2F). Therefore, it is demonstrated that CHS-PEG15¢g
can improve the physical stability of self-assemblies. The result is
the same as stealth or sterically stabilized liposomes (Garbuzenko
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Fig. 2. TEM graphs of CPNZ self-assemblies. Graphs (A)-(C) represent the self-assemblies of CPNZ-alone, and graphs (D)-(F) represent the CPNZ/CHS-PEG50o self-assemblies.
The samples used in graphs (A) and (D) contained ~1.5 mg/ml CPNZ. The samples used in graphs (B) and (E) contained 10-20 mg/ml CPNZ after the concentrating process,
and then they were heated at 100 °C for 30 min to obtain the samples used in graphs (C) and (F), respectively.

et al., 2005; Joannic et al., 1997; Sou et al., 2000). Long PEG chains
coating on the surface of vesicles can protect particles from aggre-
gating and fusing. This phenomenon is called steric stabilization.
Based on the stability data, the mixture of CPNZ/CHS-PEGq5¢9 (20:1,
mol/mol) should be the optimal formulation to prepare CPNZ self-
assemblies in the following research.

The driving force of CPNZ self-assembly is considered to be
the hydrophobic interaction between the cholesteryl moieties of
adjacent CPNZ molecules in the vesicle bilayers, the same as the
other lipid derivatives of nucleoside antivirals in our previous
research (Jin et al., 2008). There are two unique natures to lead
to ethanol to be selected as solvents to dissolve CPNZ in the injec-
tion method. One is its high solubility for CPNZ. The other is the
good water-miscible nature. High solubility of CPNZ in ethanol may
result from hydrogen bonding between ethanol and the thymine
and phosphonyl groups of CPNZ molecules, like other lipid nucle-
oside derivatives (Jin et al., 2008). When CPNZ molecules meet
water upon injection, hydrophobic interaction between cholesteryl
groups should immediately arise due to a lot of water surround-
ing them, and the primitive hydrogen bonds could be disrupted
through water insertion and further replaced by the new hydrogen
bonds between the polar heads of CPNZ and water molecules. The
regulated amphiphilic prodrugs are inclined to self-assemble into
bilayers in water with polar heads outside and lipid tails inside
based on hydrophobic interaction, and then further bending of
bilayers leads to formation of closed vesicles.

3.2. Degradation of CPNZ

3.2.1. Degradation in buffers and acid solutions

Appearance of the suspensions containing CNPZ self-assemblies
did not show any change when they were mixed with the solu-
tions at various pH values. However, degradation of the prodrug
took place upon mixing, and the degradation rates were different
depending on the pH values (Fig. 3). CPNZ rapidly degraded in the
environments far away from neutral, i.e. pH 1.0 and 12.0, in this
study. Dilution of the self-assemblies with the pH 12.0 buffered
solution led to CPNZ degradation very fast (Fig. 3A), and the degra-
dation product, AZT was also rapidly produced (Fig. 3B). Rapid
degradation of the prodrug also happened in the pH 9.0 buffered
solution though much slower than in pH 12.0. The other buffers
led to weak degradation. Based on the pseudo-first degradation
kinetics, the degradation t1, of CPNZ are 11, 182, 315, 533, 52 and
6.7hin pH 1.0, 2.0, 5.0, 7.4, 9.0 and 12.0, respectively. The neutral
environment, i.e. pH 7.4, becomes the most stable condition. The
relationship between pH values and degradation rate constants is
showed in Fig. 4. Significantly, the prodrug can remain relatively
stable in the neutral and weakly acidic environments. Therefore,
the physical and chemical stability of CPNZ self-assemblies in aque-
ous suspensions can be guaranteed when preparing and storing
them.

AZT-5-H-phosphonate (phosphazid) might be one of hydrol-
ysis products of CPNZ besides AZT. Phosphazid is also a prodrug
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Fig. 3. Stability of CPNZ self-assemblies in a series of solutions with various pH
values at 37 °C. Degradation of CPNZ was shown in diagram (A), and production of
AZT was in diagram (B). The data are the mean of two replicated experiments.

0.12

0.09 -

0.06 -

k(™

0.03

0 2 4 6 8 10 12
pH

Fig. 4. The relationship between pH and degradation rate constants (k) of CPNZ in
solutions.

of AZT, currently marketed in Russia in oral dosage form, under
the brand name Nicavir. It has been the pre-clinical stage in the
European Union and United States (Hoffmann and Mulcahy, 2007;
Machado et al., 1999). In this study, it was found that the molar
amount of produced AZT was less than that of disappeared CPNZ in
buffered solutions. Therefore, phosphazid or phosphazid deriva-
tives could be produced as the result of cleavage of the bond
between cholesteryl and phosphonyl.

We also performed a control experiment by rapidly and
directly mixing CPNZ solutions in dimethyl sulfoxide (DMSO)
with the above buffered solutions. It was found that CPNZ in the
DMSO/buffer suspensions was faster degraded than that in self-
assemblies in the same pH solutions, and the t;), of the former
were 38h in pH 9.0 and 4.2h in pH 12.0. Because this simple
mixing procedure was not controllable, most of CPNZ molecules
should be in an unordered state not regulated bilayers like its self-
assemblies. A great amount of sensitive phosphonyl ester bonds
could be exposed to water so that degradation was speeded up.
The result gives an evidence of the unique bilayer structure of CPNZ
self-assemblies. The phosphonyl bonds hided in bilayers would be
protected to a certain extent. In addition, the coating PEG chains
could also hinder proton or hydroxyl ions closing (Taira et al., 2004).
This phenomenon is also shown in our previous paper (Jin et al.,
2006).

3.2.2. Degradation in plasma and tissue homogenates

The degradation of CPNZ in buffers, especially the neutral con-
dition, is so slow that it is naturally worried whether the prodrug
could be degraded in vivo to produce sufficient active forms. In our
previous research, the hydrolysis of lipid carboxyl prodrugs was
much faster in plasma and tissue homogenates than in buffers due
to the presence of a great number of hydrolysis enzymes (Jin et al.,
2006). However, it was also found that one amphiphilic prodrug,
CSD, was very hard to be hydrolyzed even in plasma, resulting in
no activity in vitro (Jin et al., 2009). Therefore, it is important to
investigate the degradation of CPNZ in biological environments.

CPNZ was rapidly degraded and AZT was also greatly produced
in plasma from various resources, involving mouse, rats, human,
rabbit and dog (Fig. 5), the t;, of which were 3.4, 3.7, 4.2, 4.5
and 6.3h in the above turn, much faster than that in neutral
buffered solutions (e.g., pH 7.4). Degradation of CPNZ and produc-
tion of AZT in rabbit tissue homogenates was also rapid (Fig. 6),
the t;, of which were 33, 1.2, 2.1, 10, 10, 4.7 and 3.2 h, respec-
tively, in the homogenates from heart, liver, spleen, lung, kidney,
brain and testis. Rapid degradation of CPNZ in plasma and tissue
homogenates is tightly relevant to the presence of a great amount of
hydrolysis enzymes, and it is well known that enzymatic hydrolysis
is generally much faster than chemical hydrolysis.

Many types of hydrolysis enzymes might be responsible for the
degradation of CPNZ, involving phosphodiesterase, alkaline phos-
phatase and carboxylesterase (Fux et al., 2008; Kelly et al., 1975;
Somogyi et al., 2004). In addition, there was an enzyme capable
to specially hydrolyze phosphonates, considered as a phospho-
nate esterase (Han et al., 1992). Therefore, it is not difficult to
understand the rapid degradation of CPNZ in plasma and tissue
homogenates. In the above described case, the very slow degrada-
tion of CSD in human plasma was shown with the t;, of 990 h, the
essential reason of which was confirmed to be the hard hydrolyzed
cholesteryl-acyl bond (Jin et al., 2009). The relatively rapid degra-
dation of CPNZ highly related to its unique molecular structure,
demonstrates that the design of prodrug is close to a success though
the in vitro/in vivo studies should be further performed. Based on
the data of degradation (Fig. 5), the plasma of rats and rabbits had
the similar degradation capability as human plasma so that rats
and rabbits were selected as model animals in the following in vivo
investigation.
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Fig.5. Stability of CPNZ self-assemblies in plasma at 37 °C. Degradation of CPNZ was
shown in diagram (A), and production of AZT was in diagram (B). The data are the
mean of two replicated experiments.

Interestingly, CPNZ has significant different degradation pro-
files in plasma compared with tissue homogenates. The molar
amount of produced AZT is nearly equal to that of disappeared
CPNZ in various plasmas (Fig. 5). However, there are marked dif-
ferences between the molar amount of disappeared CPNZ and that
of produced AZT in rabbit tissue homogenates. Furthermore, the
differences depend on the types of tissues. In the homogenates
from heart, kidney, brain and testis, the molar amount of disap-
peared CPNZ is about 2- or 3-folds of produced AZT. However, in
liver, spleen and lung that are the main organs of the mononu-
clear phagocyte system (MPS), the fold values can be up to
4-7. In fact, cholesteryl ester hydrolase present in macrophages
could degrade CPNZ to cholesterol and AZT-5-H-phosphonate
(von Eckardstein, 1996; Zhao et al., 2008, 2007). Therefore, more
complicated metabolism of CPNZ could happen in macrophages
than other cells and plasma. The difference of enzymes in var-
ious rabbit tissue homogenates should lead to the different
metabolism of CPNZ. The production of AZT-5-H-phosphonate
and its derivatives would benefit to antiviral therapy based on
the above description. In addition, AZT may be transformed to
other metabolites. Besides the phosphorylation of AZT through
thymidine kinase and other kinases, leading to production of
monophosphate, diphosphate and triphosphate, AZT glucuronide
and 3’-amino-3’-deoxythymidine (AMT) are also produced by glu-
curonyl transferase and CYP450/P450-reductase, respectively (Veal
and Back, 1995).

3.3. Invitro antiviral activity of CPNZ self-assemblies

The anti-HIV ECsq of CPNZ self-assemblies on MT4 cell model is
1nM in this study, which is only 1/5 of the EC5¢ (5nM) of AZT in
the control experiment. Therefore, it could be concluded that CPNZ
is a potent anti-HIV agent. The reason for the high activity could
involve many aspects. First, the freely dispersing and nanoscale
CPNZ self-assemblies have a lot of chances to contact the surface
of cells. Second, CNPZ molecules in endosomes or lysosomes easily
escape through biomembranes due to the high lipophilicity of pro-
drugs. Third, CPNZ could be degraded to AZT-5'-H-phosphonate and
AZT in cellular plasma, and then perform sufficient anti-HIV action.
This exciting result provides a promising perspective of anti-HIV
therapy in vivo.

The nucleoside phosphonates strategy is regarded as an effec-
tive prodrug bypassing the first kinase as described in Section
1. One of possible metabolites of CPNZ, AZT-5-H-phosphonate
(phosphazid) probably plays an important role in anti-HIV treat-
ment. In a report about the in vitro anti-HIV-1 experiment
of phosphazid, the ECsg of phosphazid was 36 nM though the
value was 2nM for AZT (Machado et al., 1999). Another report
showed that the ECsg of phosphazid was 130nM though 14nM
for AZT (Pokrovsky et al., 2001). The authors found that alkyl

(A) 120

100
—— heart

—— liver
—A— spleen
—8— lung

—&— kidney

CPNZ (uM)

—— brain

—B— testis

Time (h)

®

—o— heart
- liver
—— spleen
—e— lung

AZT (M)

—a— kidney
—e— brain

-5 testis

0 5 10 15 20
Time (h)

Fig. 6. Stability of CPNZ self-assemblies in rabbit tissue homogenates at 37°C.
Degradation of CPNZ was shown in diagram (A), and production of AZT was in
diagram (B). The data are the mean of two replicated experiments.
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Fig. 7. The time profile of CPNZ concentration in plasma after bolus i.v. administra-
tion of CPNZ self-assemblies to rats (n=5).

derivatives of AZT-5-H-phosphonate showed a markedly dif-
ferent antiviral activity. The ECso of them were 13, 110, 24.9
and 2.4nM for isopropyl, adamantyl, isopentyl and cyclohexyl
derivatives, respectively, wherein the cyclohexyl derivative, i.e.
2’,3’-dideoxy-3’-azidothymidine-5’-cyclohexylphosphite, had the
highest anti-HIV activity. Significantly, lipophilicity increased the
antiviral activity of derivatives of AZT-5-H-phosphonate except
for the adamantyl derivative due to its large steric space. These
lipophilic derivatives could penetrate cell membranes more easily
than the high polar phosphazid, resulting in a high concentration in
the cell to perform good antiviral action. Unlike the above lipophilic
AZT phosphates, CPNZ self-assemblies own both high dispersing
and lipophilic natures, rationally leading to higher activity than
lipophilic AZT derivatives alone.

3.4. Pharmacokinetics and tissue distribution of CPNZ
self-assemblies

Rapid elimination of CPNZ from circulation happened after
bolus i.v. administration of the self-assemblies to rats and rab-
bits (Figs. 7 and 8), in agreement with the pharmacokinetics of
other colloidal systems due to immune response (Torchilin, 2006).
Other SADDS previously prepared by us also show the similar
pharmacokinetic behavior (Jin et al., 2009, 2006). Based on the
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Fig. 8. The time profile of CPNZ concentration in rabbit plasma after bolus i.v.admin-
istration of CPNZ self-assemblies to rabbits (n=5).
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Fig. 9. The tissue distribution of CPNZ after bolus i.v. administration of CPNZ self-
assemblies to rats (n=3).

pharmacokinetic profile in rats (Fig. 7), the 0-8 min range is con-
sidered as the distribution phase with the t;,, of 4.2 min. In the
profile in rabbits (Fig. 8), the t1;5, of the 0-10min distribution
phase is 4.4 min. The values are a little longer than the distribution
t1/2« (1.5min) of another SADDS (SGSA self-assembled nanoparti-
cles) in rabbits (Jin et al., 2006). This little long circulating effect
should result from the CHS-PEG50¢ coating though the assertion
of pegylated lipids is not sure. Pegylated lipids can also increase
the circulating time of liposomes or nanoparticles although the
effect is influenced by many factors (Awasthi et al., 2003; Moghimi
et al., 2001; Moghimi and Szebeni, 2003). One SADDS, CSD self-
assembled nanoparticulates coated by poloxamers also show along
circulating effect (Jin et al., 2009). Only a little AZT was found
in the blood of rats and rabbits within 0.5h of administration
because of the rapid distribution of prodrugs into the MPS (see
the following text), and the short elimination of AZT from circu-
lation.

The in vivo fate of CPNZ self-assemblies was further explored
through measuring drug distribution in tissues including liver,
spleen, lung, heart, kidney, brain, and testis of rats and rabbits.
The MPS including liver, spleen and lung are still the main distri-
bution tissues of CPNZ in rats and rabbits, in agreement with the
site-specific distribution behavior of other colloidal systems (Ishida
etal., 2002; Moghimi et al., 2001). The concentration of CPNZ in rat
liver reached a high level of 207 pg/g at 0.5 h after administration,
while 197 pg/g in spleen and 37 p.g/g in kidney. Only a little CPNZ
was detected in rat kidney, about 2.48 pug/g, and less CPNZ was
found in brain and testis. No CPNZ was detected in rat heart. When
rabbits were as model, CPNZ concentrations in liver, spleen, lung,
kidney and testis were 160, 270, 33, 2.8 and 1.2 ug/g at 0.5 h after
administration. Only a very little CPNZ was detected in rabbit brain,
and no CPNZ in heart.

Rat liver was the main accumulating site of CPNZ, and the
amount of prodrugs in liver was very high, equal to 43% of the total
administered dose at 0.5 h (Fig. 9). The value was 51% in rabbit liver
(Fig. 10). The prodrug was slowly eliminated from the targeted rat
tissues, and the elimination t;, were 25, 16 and 8 h in liver, spleen
and lung, respectively, based on the pseudo-first order kinetics. In
the case of rabbits, the elimination t;, were 22, 11, 7.5h in liver,
spleen and lung, respectively. Furthermore, only a little AZT, about
1 pg/g or more, was detected within 48 h of administration in the
main targeted tissues of rats and rabbits.

Compared with the degradation of CPNZ in tissue homogenates,
the t1, of CPNZ in the targeted organs are much longer than those
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Fig. 10. The tissue distribution of CPNZ after bolus i.v. administration of CPNZ self-
assemblies to rabbits (n=3).

in the corresponding homogenates except for lung. The elimination
t1j2 in the rabbit liver is almost equal to 20-folds of the degrada-
tion ty, in the rabbit liver homogenate, and about 5-folds in the
case of spleen. The unique interpretation of the differences could
be the marked difference in amount and types of enzymes released
in homogenates and existed in the targeted cellular organelle
(e.g., phagosomes). Generally, the in vivo environment should be
more complicated than in vitro. Other reports also show that there
is a difference of enzyme activity between in vitro and in vivo
(Sintov et al., 2002; Tobin et al., 2006). Even in various organelles
of macrophages, the amount and activity of hydrolases are also
different (Claus et al., 1998). Maybe more enzymes responsible
for the degradation of CPNZ were released from other cellular
organelles than phagosomes when homogenizing tissues with
water.

In addition to the CD4* T lymphocytes, cells of the MPS also
play a decisive role as a reservoir for HIV. Because of the impor-
tant role of cells of the monocyte/macrophage lineage in the
pathogenesis of HIV, fully effective anti-HIV therapy must reach
in addition to other target cells (Aquaro et al., 2002; Bender et
al., 1996). Many anti-HIV agents-loaded nanocarriers were pre-
pared for targeting of the MPS, such as liposomes (Duzgunes
et al., 1999; Gagne et al., 2002; Pretzer et al., 1997), polymer
nanoparticles (Bender et al., 1996), lipid nanoparticles (Dou et
al., 2007), PEG-coating nanocarriers (Wan et al., 2007), manno-
sylated gelatin nanoparticles (Jain et al., 2008), dendrimer (Dutta
et al., 2007). All nucleoside analogues inhibitors of HIV-reverse
transcriptase have the potent efficacy in macrophages. Never-
theless, the limited penetration of some of them, coupled with
the scarce phosphorylation ability of macrophages, suggests that
nucleoside analogues carrying preformed phosphate or phospho-
nate groups may have a potential role against HIV replication in
macrophages. This hypothesis is supported by the great anti-HIV
activity of tenofovir and other acyclic nucleoside phosphonates
in macrophages that may provide a rationale for the remark-
able efficacy of tenofovir in HIV-infected patients (Aquaro et al.,
2002).

In this study, CPNZ self-assemblies have been demonstrated
to be a potent anti-HIV agent in vitro, and mainly distribute into
the MPS in vivo. Therefore, CPNZ self-assemblies as one SADDS
would possibly become a promising macrophage-targeted anti-HIV
nanomedicine.

4. Conclusions

A promising SADDS was prepared in this study. An amphiphilic
prodrug of anti-HIV nucleoside analogue zidovudine, CPNZ, has the
self-assembling capability, forms the stable and nanoscale CPNZ
self-assemblies in water with the relatively fast degradation in bio-
logical environments, and shows the high anti-HIV activity and
the targeting of the MPS followed by degradation at the targeted
organs. Referred to the standards of successful SADDS (Jin et al.,
2009), CPNZ self-assemblies may be regarded as an approximately
successful SADDS. In the future research, the anti-HIV efficiency of
CPNZ self-assemblies will be detected on animal models.
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