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ABSTRACT

Macrophages play an important role in the immunopathogenesis of AIDS. The objective of this study was to
investigate the possibility of specific targeting of antivirals such as azidothymidine (AZT) to macrophages, us-
ing nanoparticles as a colloidal drug carrier. The body distribution of AZT bound to nanoparticles and as a
control solution was studied in rats after intravenous and peroral administration. '*C-Labeled AZT was bound
to nanoparticles in the presence of bis(2-ethylhexyl)sulfosuccinate sodium. The radioactivity was measured in
different organs including those containing large numbers of macrophages. After intravenous injection, the
concentrations of AZT were up to 18 times higher in organs belonging to the reticuloendothelial system (RES)
when the drug was bound to nanoparticles than after injection of an aqueous AZT solution. Likewise, after
oral administration the nanoparticle formulation delivered AZT more efficiently to the RES than the aque-
ous solution. In addition, the blood concentration was significantly higher after oral administration of nanopar-
ticles. These results demonstrate that nanoparticles are a promising drug-targeting system for AZT to the
RES organs. The increase in drug availability at the sites containing abundant macrophages may allow a re-

duction in dosage to avoid systemic toxicity.

INTRODUCTION

CELLS OF THE RETICULOENDOTHELIAL SYSTEM (RES), espe-
cially monocytes/macrophages (MO/MAC) and possibly
also endothelial cells, play an important role in HIV infection
and the immunopathogenesis of AIDS.!-3 These cells serve as
a reservoir for the virus and are believed to be responsible for
its dissemination throughout the body and especially into the
brain.*> The ability to access RES cells is therefore critical to
the success of AIDS therapy.

Colloidal drug carriers such as nanoparticles have been
shown to accumulate in the RES. Nanoparticles are solid, bio-
compatible polymeric particles, ranging in size between 10 and
1000 nm, in which drugs can be incorporated.® In addition to
their ability to accumulate in the RES, it has been shown that
by manipulation of their surface properties, nanoparticles may
be able to modulate the distribution of drugs to other parts of
the body.”-12

Azidothymidine (AZT) was chosen as a model antiviral
drug since it represents the first and still one of the most im-
portant drugs in AIDS therapy.!? It is usually given in com-

bination with other drugs to minimize drug resistance, toxic-
ity, and side effects. Despite this approach, bone marrow tox-
icity, hematological changes, and short plasma half-life con-
tinue to limit the effectiveness of AZT therapy. Carrier
systems for AZT such as nanoparticles offer in theory at least
two advantages over current therapy. First, they can prolong
the half-life of the drug in the body, reducing the dosing fre-
quency and total dose required. Second, they can target AZT
to the organs that are rich in macrophages. In earlier in vitro
studies with human macrophage tissue cultures, it was shown
that when AZT is bound to nanoparticles, it retains its full an-
tiviral activity.> Moreover, chronically infected macrophages
showed an even higher phagocytic activity than noninfected
cells. This effect was even more pronounced with prolonged
infections.'415

In the present study the feasibility of the strategy to target
drugs to the macrophages was tested using AZT as a model
drug. In the first series of studies, free and nanoparticle-bound
AZT was administered intravenously to rats, while in the sec-
ond series, rats were given nanoparticles and control solutions
orally.
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*Dedicated to Prof. Dr. K. Thoma, Ludwig-Maximilians-Universitdt, Munich, Germany, on the occasion of his 65th birthday.
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MATERIALS AND METHODS

Synthesis of nanoparticles

Nanoparticles were produced by emulsion polymerization of
100 ul of n-hexylcyanoacrylate monomer (Sichel Werke,
Hannover, Germany) in 10 ml of an aqueous solution of 0.01
N HCI, containing 10 mg of ['*CJAZT (Sigma, Deisenhofen,
Germany) with an activity of 250 uCi as well as 20 mg of bis(2-
ethylhexyl)sulfosuccinate sodium as an emulsifier (Fluka, Neu-
Ulm, Germany). The monomer was added into the solution
dropwise under mechanical stirring (600 rpm). After 96 hr the
solution was neutralized with 100 ul of a 1 N sodium hydrox-
ide solution. Control solutions with the same ['*C]AZT content
were prepared identically, but without monomer.

Determination of drug loading

An aliquot of 185 ul of the suspension was centrifuged for
30 min at 100,000 X g using an Air Fuge (Beckman Inst.,
Munich, Germany). Unbound AZT was assayed by high-per-
formance liquid chromatography (HPLC) of the supernatant.
The HPLC analysis was performed using a Perkin-Elmer Series
11 pump with autosampling system ISS 100 and integrator LCI
100 (Perkin-Elmer, Langen, Germany). The analytical column
(LiChroCART 125-4) was filled with LiChrospher 100 RP-18
(5 wm); the guard column was a LiChroCART 4-4 filled with
the same material (Merck, Darmstadt, Germany). The mobile
phase consisted of 15% acetonitrile-0.12 M phosphate buffer
(pH 6.2)-144 mM triethylamine and the flow rate was 1.0
ml/min. All chemicals used for the HPLC assay were gradient
grade. Ultraviolet (UV) detection was carried out at a wave-
length of maximum absorbance, 265 nm, with a Lamda-Max
480 UV detector (Waters, Eschborn, Germany). About 48 to
55% of the AZT was adsorbed to the particles.

Particle size

The particle size was measured by laser light scattering using
a BI 200 SM goniometer with digital correlator linked to a PC
(Brookhaven Instruments, Holtsville, NY). The average diame-
ter of the particles was 230 = 20 nm, with a dispersity of >0.2.

Animal experiments

The animals were kept under standard conditions, with free
access to water and food. Nanoparticles and control solution
were tested as an intravenous injection into the tail vein or were
dosed perorally into the stomach by gavage. For each prepara-
tion and each sampling time point, four rats (two males and two
females [Wistar Unilever rats, Harlan Wikelmann, Borchen,
Germany), with a body weight of 180 to 220 g) were treated
with a single dose of 3.33 mg of AZT (90.91 uCi)kg body
weight. After the administration of the preparation, the animals
were kept in individual cages. Animals were sacrificed with
CO, after 5, 10, 15, 30 min, 1, 2, 4, and 8 hr (intravenous stud-
ies) and 0.5, 1, 2, 4, 6, and 8 hr (oral study). The animals were
dissected and an aliquot was taken from each organ. Samples
were accurately weighed into glass vials. After dissolving the
tissue in 1 ml of BTS 450 tissue solubilizer (Beckman) at 50°C,
500 wl of hydrogen peroxide solution (30%) was added until
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the color was removed. After addition of 100 ul of glacial acetic
acid and 10 ml of liquid scintillation cocktail (Ready Organic;
Beckman) samples were stored for 1 week in a light-free envi-
ronment before radioactivity was determined in a scintillation
counter (model LS 1801; Beckman).

Autoradiography

The rat cadavers were placed into a gel containing 2% cel-
lulose (Tylose C 600; Hoechst, Frankfurt, Germany) and were
frozen in liquid nitrogen. Slices were cut using a microtome
(Cryo Polycut; Leica, Benzheim, Germany). The slices were
fixed onto an adhesive tape (Tesafilm, Beiersdorf, Hamburg,
Germany) and freeze-dried in the microtome. Radioactivity was
visualized by radioluminography using a bio-imaging analyzer
(BAS 2000; Fuji Photo Film, Tokyo, Japan).

RESULTS

Figure 1 shows the AZT concentration kinetics in the liver af-
ter intravenous injection. The liver concentrations of the
[14C]AZT label were about 2.5- to 18-fold higher after binding
to nanoparticles than after administration of the solution, with
differences increasing with time. In other organs of the RES, the
difference in the uptake rate was not as high as in the liver.
Nevertheless, a significant difference between the two prepara-
tions occurred in these organs showing similar trends; in the lungs
and in the spleen about 10-fold differences in favor of the
nanoparticles were obtained after 480 min (Table 1). In bone mar-
row, the difference was about a factor of two after 480 min. In
other organs, no relevant differences were observed. In some or-
gans, administration resulted in lower AZT concentrations. After
i.v. administration of nanoparticles, the total dose of AZT in the
organs of the RES after 5 min amounted to 23%. The control so-
lutions reached an uptake into the RES of only 9% by the same
time. Four hundred and eighty minutes after nanoparticle injec-
tion, 60% of the detected AZT label was found in the RES,
whereas only 12% of the label was found in the RES after in-
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FIG.1. [!C]AZT concentrations in the liver after i.v. injection
of AZT (3.33 mg/kg) bound to nanoparticles (X) or in form of
a solution, identically prepared but without monomer (O). Every
time point represents the average concentration of two male and
two female rats of a body weight between 180 and 220 g.



1711

MACROPHAGE TARGETING OF AZT

81 * €¢I €01 + 6LC 8P¢ * €£€§ 0ST + S99 ¥S6 + L8TT CI9T ¥ 69SC 026 + 650¢ €66 + 097¢ [0s
ST + 68b1 oy + 18C1 ovS + 8991 0evl + 09t¢ 661 + 8PET 98¢ F 6tte LE9 F €S8¢€ G8L + 1T8S ued
* * * * * * * * Q
uaardg
01 ¥ 06 99 ¥ 691 ILT * p6€ Sl * 1.9 SYT + 60L1 L9€ * 06¥C 876 + C£8¢E S8Y + T8TY [0S
ITIT * $9¥1 001 + 6¢8 191 * LEL €9 F 8LLT €Iy ¥ £90C I16€ + 88¢€¢ Y69 * LLVS 651 + S689 ueu
* * * * * * * * d
s3ung
LT ¥ 8LI LS ¥ L8T Y9C + 0€S 6C1 + $LOT LT9 ¥ LOIT 916 + LOLT 0981 * L8LY SOL * 8LIY [0s
809 * 9PEE S0S * €61 STL + S8PT viv * 1evS 666 * SILY 619 F+ 80¢9 1901 * 69501 POI1 + 806¢€1 ueu
* * * * * * * * Q
IOATT
€L ¥ 19 9 * 9§ LT ¥ €6 0C * 0L1 St * 0P 6y + 8¢ 011 * 68t 8y + 69% [08
L ¥ 8¢S LFLL 0T * 811 LT ¥ 102 or = I¢e 9€T + TS 6t * vIS L+ 6SS ueu
* * * * * * Q
urelqg
LY * ST PI1 * TIE €0€ * 08S [€L + 8601 909 * P98I 166 + S6LC GES T £EVT 01T ¥ 1€9¢ [0S
89 F 61¢ €1 * 9 $2T * 9L LIE ¥ 1€6 779 * ISLL Y66 + PSLI 66C + 1561 78S ¥ LLIT cau
%
MOLIBW 3U0g
Y21 + 865 LTT + The L8 F 8€S 71 * $68 €LT + LBEI 981 + Cl11¢T 08y + 8¢ee 62¢ * 91t¢€ 108
99¢ F 9LS 161 + LLS 6L1 + L68 8C1 * 0¥01 L1T + TLLL 6v8 + $S8T [€€ + T60€ IvS =+ 8SIY ueu
* * * * n&
pooidg
(@s = uoow)  (Qs F uvaw) (@s ¥ uvow)  (QS ¥ uvow) (S T uvow) (as ¥ uvow) (as = uvow) (as = uvow) upaQ
unu 0g¢ w0y uu oz um )9 unu Og unu ¢ unu g unu ¢
aui]

%ﬁ—zm sSnoudAeIjuy

eNOILNTOS V 40 WYO,{ HHL NI ¥0 SHIJLLYVAONVN OL ANNO{ ] ZV 40 NOILVILSININAY TVIOAJ ANV NOLLDAIN]
SNONHAVILIN] ¥ELIV NHHTS ANV ‘SONNT ‘¥HAIT ‘NIVY{ ‘MONAVIA ANOE ‘d00Tg NI SNOLLVIINAONOD LZV [DJy] I 318V



LOBENBERG AND KREUTER

1712

‘uonnjos ‘[os ‘uoneredaid d[onredoueu ‘Ueu ‘UONBIASD PIEpUE)S ‘S :SUONRIAIIQQY
(600 > d) douaIalIp JEdYIUSIS A[[EONSNEIS ‘xq
“Jowouow noyim nq paredaid A[feonuspy,

LT ¥ 001 LT F+ 0¢l €L ¥ TIT LLT * S9¢ LIS ¥ ILL €LE F 786 [0S
LT * TSI &y + 81 8 ¥ L9C LL ¥ L6E €96 ¥ €L8 8SI ¥ €1 cmw.
* * *
ua9idg
8I ¥ 08 91 * 06 19 ¥ 961 0S + 8I¢C 961 + TSS Yy + 8€L [0S
€l * €01 1 * 9¢1 I€ ¥ 0L v ¥ TI¢ 68 ¥ 978 L81 ¥ 19¥ ued
* * * Q
s3un
9 F V1T 6 ¥ ¥£C 80T + SLE 76 ¥ LEY 9GS F €111 19 F 81v1 [0S
89 ¥ 0z¢ L ¥ 8y 88 F €LS SEI ¥ ¥8L 0SC * 126 6vy + TL8 EWM
* * *
IOAY]
9 F ¥ S * 0l 5 79 ST F LS 8C ¥ 001 19 * 911 [0s
¥ ¥ 6§ T ¥ T €1 ¥ 08 6 * LL € F g€l SL ¥ 811 ued
* * * * d
urerg
Y9 + ¥91 YL F ¥61 €6 F 6£C 0 + 89¢ 681 ¥ 9t iy ¥ TTL [os
6L F SP1 LS ¥ 1TC 0TI + €6C 0€ + 9LS 89T F TTS v€T * 01 :mw
%

MOLIRW U0y
6y + CC1 8T * TSI S ¥ 191 6€ F ¥0C €21 ¥ 19¢ SIT + L9Y [os
79 F 9¢C Tl * T 99 ¥ 991 0¢€ ¥ §9C S9 ¥ GLE 91 ¥ 99¢ cau

* *
pooig
(s ¥ uvaw) (@s & uvow) (as + uvaw) (s ¥ uvaw) (as ¥ uvow) (@s ¥ uvaw) unidiQ
utuL 09y unL 09¢ unu O0pz unu Og1 u 09 uu O¢
uiy

Apnjs [eI0Ig

(panunuo)) | a14v]



MACROPHAGE TARGETING OF AZT

FIG. 2. Autoradiographic image of a rat 120 min after i.v. in-
jection of [“CJAZT (3.33 mg/kg) in the form of a solution.
AZT was homogeneously distributed in the liver tissue and the
lung. Up to 94% of the AZT was eliminated via kidneys.

jection of the control solution. AZT bound to nanoparticles was
eliminated to an extent of 28% =* 5.8 in the feces. AZT given in
solution form was eliminated via the kidneys to an extent of
94% =+ 0.7. Autoradiographs after i.v. injection of the solution
(Fig. 2) showed a rather homogeneous although sparse distribu-
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FIG. 3. Autoradiographic image of a rat 120 min after i.v. in-
jection of [*CJAZT (3.33 mg/kg) bound to nanoparticles. AZT
was inhomogeneously distributed in the liver tissue and the
lung. Up to 28% of the AZT nanoparticle preparation was elim-
inated by feces.
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FIG.4. [“C]AZT concentrations in the liver after peroral ad-
ministration of AZT (3.33 mg/kg) bound to nanoparticles (X)
or in the form of a solution, identically prepared but without
monomer (O). Every time point represents the average con-
centration of two male and two female rats of a body weight
between 180 and 220 g.

tion of the AZT label in liver and lungs, whereas after i.v. ad-
ministration of nanoparticles (Fig. 3) the radioactive concentra-
tions were much higher. In this case, not only was the concen-
tration higher, but it appeared in clusters. These clusters were
ascribed to macrophages (J. Maas, autoradiography specialist,
Hoechst AG). In an earlier work (Waser et al.'6) a similar ap-
pearance of radioactivity in the form of dots was identified as an
accumulation of nanoparticles in macrophages by the combina-
tion of macro- and microautoradiography.

In the oral study (Fig. 4), similar results were found.
Nanoparticles again led to an accumulation of AZT in tissues
containing a large number of macrophages (Table 1). In the brain,
the uptake of AZT was also higher when using nanoparticles as
the drug-targeting system. This higher uptake was especially sig-
nificant (p < 0.05 after 2 hr) after oral administration. However,
oral absorption of AZT from the solution was very rapid whereas
binding of drug to nanoparticles delayed oral absorption. After
administration of nanoparticles, 60 min was required to reach the
highest concentrations in the RES organs. After oral administra-
tion, the bioavailability was 28% (nanoparticle preparation) and
30% (solution), respectively, compared to the i.v. injection.

During the first 2 hr after oral administration, the AZT con-
centration following administration of the control solution de-
creased by a factor of two to five, depending on the organ. At
later times the organ clearance rate was considerably reduced,
depending on the organ. Nanoparticles delivered AZT more
slowly to all organs, and also resulted in a slower elimination.
As a consequence 1.79% of the administered dose was still
found after 480 min in contrast to 1.16% of the control. Both
effects result in a better bioavailability of AZT bound to
nanoparticles, particularly in the RES.

DISCUSSION

Apart from the CD4 helper T subset of lymphocytes, cells
of the mononuclear phagocyte system can be infected by
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HIV-1 and HIV-2 strains.2!7-18 For MO/MAC the virus seems
to be much less cytocidal than for T cells. Therefore, cells of
the MO/MAC lineage most likely play an important role in the
immunopathogenesis of the HIV infection, by serving as a reser-
voir for the virus and its dissemination throughout the body and
brain.*3

In the present study the AZT was chosen as a classic model
compound for the treatment of AIDS. The finding by Schifer
et al.'* that infected macrophages take up nanoparticles to a
significantly higher degree than uninfected macrophages, and
that this effect increases after longer time periods, may enable
the use of drugs such as AZT even against chronically infected
cells. The binding of AZT to nanoparticles does not decrease
its antiviral activity against HIV.3 In another in vitro study with
acutely and chronically infected MO/MAC, the antiviral activ-
ity of saquinavir was highly increased when the drug was bound
to nanoparticles compared to the solution.!® The binding of
AZT to the nanoparticles was stable for at least 2 weeks.

The results of the present study show that AZT bound to
nanoparticles caused a higher drug uptake into the RES.
Responsible for this uptake are macrophages, as confirmed by
autoradiography (Fig. 3). The autoradiograms show that AZT
bound to nanoparticles accumulated preferentially in the Kupffer
cells of the liver. Our results are in agreement with earlier body
distribution studies using nanoparticles conducted by Troster et
al.'% and Tllum et al.?° In these earlier studies, the particle poly-
mers were radiolabeled whereas in the present study the label
was carried by the drug, AZT, itself. The conclusion that can be
drawn from all of these studies is that nanoparticles can indeed
be used for the targeted delivery of drugs such as AZT to the
RES. The elimination pathway as well as the organ distribution
are influenced by nanoparticles. Nefzger ez al. demonstrated that
nanoparticles were excreted to a large extent via the bile.2!
Similar results have been detected in our studies.

Furthermore, earlier results by Maincent et al.,22 Damge et
al.,® and Beck et al.2* had shown that nanoparticles loaded
with different drugs can increase oral bioavailability. Especially
noteworthy for AIDS therapy is the finding that the brain con-
centration of AZT label after 1 hr was 27 + 9% higher after
oral administration of nanoparticles compared to the control so-
lution. Consequently, nanoparticles represent a very promising
drug targeting system for AZT and perhaps also for AIDS ther-
apy in general.
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