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Abstract 

Reticuloendothelial cells play an important role in the immunopathogenesis of AIDS. For this reason, a targeted delivery of 
antiviral drugs to these cells should significantly improve therapy of AIDS. The objective of the present study was to investigate 
the possibility of specific drug targeting of antiviral drugs to the reticuloendothelial cells by the oral route. Hexylcyanoacrylate 
nanoparticles were used as colloidal drug carriers for azidothymidine (AZT). 14C-labelled AZT was bound to nanoparticles using 
bis(2-ethylhexyl) sulfosuccinate sodium as surfactant. The radioactivity in several organs including those containing large numbers 
of macrophages was measured after peroral administration of the nanoparticle preparation and compared to a [14C]AZT control 
solution containing the same components without the nanoparticles. In the liver the area under the curve (AUC) of [14C]AZT was 
30% higher when the drug was bound to nanoparticles than after administration of the solution. In addition, higher [14C]AZT 
concentrations were observed after 1 hour and at later time points in blood and brain when nanoparticles were used compared 
to the control solution. These results indicate that nanoparticles are a promising drug targeting system for nucleoside analogues. 
Furthermore, the increase in drug availability at sites containing abundant macrophages, e.g. in the blood and in the brain, may 
allow a reduction in dosage and a decrease in systemic toxicity. 0 1997 Elsevier Science B.V. 
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1. Introduction 

Reticuloendothelial cells act as a reservoir for the 

Human Immunodeficiency Virus (HIV) and are be- 

lieved to be responsible for its dissemination through- 

out the body and into the brain [1,2]. To target 

anti-AIDS drugs to these cells, therefore, is a promising 

strategy in AIDS therapy [3]. 

After i.v. injection colloidal drug carriers such as 

nanoparticles have been shown to accumulate in the 

macrophages [4,5]. Orally administered nanoparticles 

were found to be taken up by the gut [6-91. There are 
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certain mechanisms suggested to be responsible for the 

peroral uptake [lo], for example intracellular uptake 

described by Kreuter et al. [l l] or a paracellular route 

reported by DamgC et al. [12]. A mixed uptake via both 

routes was reported for iron particles by McCullough et 

al. [13]. However, the major site for the uptake of 

colloidal drug carriers seems to be the M-cells of the 

peyer’s patches [14]. Up to 60% of the uptake is ac- 

counted by these cells of the gut [lo]. 

Azidothymidine (AZT) is still one of the most impor- 

tant drugs in AIDS-therapy [15], but side-effects like 

bone marrow toxicity or haematological changes mini- 

mize the ability for a consequent antiviral therapy. As 

shown in earlier in vitro studies with human 

macrophage tissue cultures, AZT bound to nanoparti- 

cles retains its full antiviral activity [16]. The in vitro 
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efficacy of other antiviral drugs, e.g. the poorly 
bioavailable protease inhibitor saquinavir [17] was en- 
hanced IO-fold [18] when it was bound to nanoparticles. 

In the present study the feasibility of the strategy to 
target drugs to the macrophages via the oral route was 
tested in rats. AZT was chosen as a model drug, 
because at the beginning of the study it was the only 
approved anti-AIDS drug and because it was commer- 
cially available in radioactive form. AZT-nanoparticles 
and an AZT control solution prepared identically to the 
nanoparticles but without monomer were administered 
by gavage to rats. The radioactivity was measured in 
reticuloendothelial cell containing organs as well as in 
organs containing no reticuloendothelial cells. The 
body distribution of free and nanoparticlc-bound AZT 
was compared. 

rate of 1.0 ml/min. These chemicals were analytical 
grade. UV detection was carried out at a wavelength of 
maximum absorbance, 265 nm, with a Lambda-Max 
480 UV detector (Waters, Eschborn, Germany). The 
analysis showed that 51.5 + 4.9% of the AZT was 
bound to the particles. 

2.3. Particle size and zeta potential 

The particle size was measured by laser light scatter- 
ing using a BI 200 SM Goniometer with digital correla- 
tor and PC (Brookhaven, Holtsville, NY). The average 
diameter of the particles was 230 + 20 nm. 

The zeta potential was determined with a Lazer Zee 
Meter Mod. 501 (Penkem, Bedford Hills, NY). The 
nanoparticle preparation showed a zeta potential of 
-51.6f3 mV. 

2. Materials and methods 2.4. Drug liberation 

2.1. Synthesis and preparation of nanoparticles and 
control solutions 

Nanoparticles were produced by emulsion polymer- 
ization after addition of 100 ~1 n-hexylcyanoacrylate 
monomer (Sichel Werk, Hannover, Germany), as well 
as 20 mg bis(2-ethylhexyl) sulfosuccinate sodium as an 
emulsifier (DOSS) (FLUKA, Neu-Ulm, Germany) to 
10 ml of an aqueous solution of 0.01 N HCl containing 
10 mg [14C]AZT (SIGMA, Deisenhofen, Germany) 
with an activity of 274 PCi. The monomer was added 
dropwise to the solution under magnetic stirring (600 
rpm). After 96 h polymerization was completed by 
neutralisation with 100 p 1 1 N sodium hydroxide. After 
another 60 min 5% (w/v) of mannitol (Phoenix, Hanau, 
Germany) was added to the suspension. This suspen- 
sion was then administered. 

Drug release from the nanoparticles was examined 
using Higuchi side-by-side diffusion cells (Fischer 
OHG, Frankfurt, Germany). A dialysis membrane con- 
sisting of cellulose acetate (Medicell, London, UK) with 
a molecular weight cut-off of 12 000-14 000 was used 
to separate the chambers. Prior to the experiment the 
membrane was washed with distilled water for 1 h. As 
release medium isotonic saline solution was chosen. 100 
~1 of the nanoparticle suspension/drug solution was 
added to 1900 ~1 of saline solution in the donor side of 
the diffusion cells. The receiver chambers were filled 
with 2 ml saline solution. After regular periods of time 
samples of 100 ~1 were taken out of the receiver side 
and replaced by fresh saline solution. 

2.5. Animal experiments 

Control solutions with the same [14C]AZT and DOSS 
content were prepared identically, but without 
monomer. 

Authorization for the animal experiments was given 
by the Regierungsprlsidium Darmstadt, Germany un- 
der the registration number II 17a-19c 20/15-F 116/05. 

2.2. Determination of drug loading 

An aliquot of 185 ~1 of the suspension was cen- 
trifuged for 30 min at 100000 g with an Air Fuge 
(Beckman Instruments, Miinchen, Germany). Unbound 
AZT was assayed by HPLC in the supernatant. HPLC 
analysis was performed using a Perkin Elmer Series II 
pump with autosampling system ISS 100 and integrator 
LCI 100, (Perkin Elmer, Langen, Germany). The ana- 
lytical column (LiChroCART 125-4) was filled with 
LiChrospher 100 RP-18 (5 pm), the guard column was 
a LiChroCART 4-4 filled with the same material 
(Merck, Darmstadt, Germany). The mobile phase con- 
sisted of 15% (v/v) acetonitrile, 0.12 mol phosphate 
buffer, pH 6.2 and 14.4 mmol triethylamine with a flow 

The animals were kept under standard conditions, 
with free access to water and food. Nanoparticle prepa- 
rations and AZT solutions were administered by gav- 
age. For each preparation and each sampling time 
point, four rats, two male and two female (Wistar 
Unilever rats, Harlan Winkelmann, Borchen, Ger- 
many), of a body weight between 180 and 220 g were 
treated with a single dose of 3.3 mg AZT (90.1 pCi)/kg 
body weight. After dosing the animals were kept in 
individual cages until they were sacrificed using CO,, 
i.e. after 30 min, 1, 2, 4, 6 and 8 h, respectively. 

The elimination pathways of the AZT-nanoparticles 
and of the control solution were studied by collecting 
faeces and urine over 24 h from rats (two male and two 
female) using metabolic cages (Hoechst, Frankfurt, 
Germany). 
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2.6. Determination of “C-radioactivity 

The animals were dissected and a portion of each 
organ was removed. Every sample was accurately 
weighed into a glass vial. The weight of the organs was 
estimated from the total body weight employing the 
following percentages: GI-tract 6.19, bone marrow 1.3, 
muscles 45 and blood 5 (Dr. Maas, Hoechst, Frankfurt, 
Germany). After dissolving the tissue in 1 ml BTS 450 
tissue solubilizer at 50°C (Beckman, Munchen, Ger- 
many), 500 ~1 of hydrogen peroxide solution (30% v/v) 
was added until the colour disappeared. After addition 
of 100 ~1 glacial acetic acid and 10 ml liquid scintilla- 
tion cocktail (Ready Organic, Beckman, Munchen, 
Germany) the samples were stored for 1 week in dark- 
ness before radioactivity was determined in a scintilla- 
tion counter (model LS 1801, Beckman, Munchen, 
Germany). 

3. Results and discussion 

The choice of a suitable model for the estimation of 
the drug release from nanoparticles is always problem- 
atic. A major problem with conventional separation 
procedures such as ultrafiltration or ultracentrifugation 
represents the time period between sampling and con- 
tent determination required for the separation of free 
drug from nanoparticle-bound drug during which drug 
release continues. In the present experiments dynamic 
dialysis was chosen for the separation of free drug from 
nanoparticle-bound drug. This separation was achieved 
by a molecular weight cut off of the dialysis membrane 
of 12000-14000. In Fig. 1, the AZT transport is 
shown for AZT bound to nanoparticles and for free 
AZT. For drug bound to nanoparticles the release into 
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Fig. I. Drug liberation of [14C]AZT from nanoparticles compared 

with free [“‘CIAZT in a Higuchi side-by-side diffusion cell. The drug 
liberation from the nanoparticle preparation was delayed compared 
to the free [“‘CIAZT. 
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Fig. 2. Blood concentration of [‘%]AZT following oral dosing of 
[14C]AZT bound to nanoparticles and a [14C]AZT control solution. 

the receiver chamber was slower compared to the free 
AZT, indicating a delayed drug liberation by the 
nanoparticles. 

The blood level versus time curves of the orally 
administered [14C]AZT nanoparticle preparation and 
the [14C]AZT control solution are shown in Fig. 2. The 
highest blood level was observed after the first experi- 
mental point, 30 min with the solution and after 60 min 
with the nanoparticles. Similar peak 14C-label concen- 
trations were found in all organs except in the bone 
marrow and the lymph nodes (Table 1). In these organs 
the C,,, of the nanoparticle preparation appeared at 2 
or 4 h respectively. The delayed absorption of the 
[14C]AZT bound to nanoparticles in comparison to the 
solution was coupled with an increase of the AUC of 
the 14C-label by 20% in the blood (Table 2). Similar 
increases in bioavailability due to binding of the drug 
to nanoparticles were previously reported by Maincent 
et al. for vincamine [19], Beck et al. for avarol [20] and 
DamgC et al. for lipiodol [12]. The bioavailability was 
1.75-fold higher with vincamine, 889-fold higher with 
avarol and 2.5 higher with lipiodol compared to the 
respective control solutions. In the present study a 
second increase in the 14C-label blood levels between 
4-8 h was observed after the first peak (Fig. 2). This 
effect might be caused by a prolonged absorption of the 
drug due to bioadhesion of the nanoparticles to the gut. 
This assumption would be in agreement with earlier 
findings of Pimienta et al. who showed an adhesion of 
poly (hydroxypropyl-methacrylate) nanoparticles to the 
intestinal mucosa [21]. Slow degradation of these parti- 
cles in the gut by esterases [22] could be responsible for 
the delayed release and the observed increase in the 
[‘4C]AZT-label concentration after 4 h. 

The most pronounced difference between [14C]AZT 
label bound to nanoparticles and the free [14C]AZT 
label was found in the liver (Fig. 3). The AUC was 
increased by the nanoparticles by 30% (Table 2) com- 
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Concentration of [r4C]AZT (ng ‘%AZT/g organ) after oral administration of AZT bound to nanoparticles and an AZT control solution 

Organ Time (min) 

30 60 120 240 360 480 

Mean *SD. Mean + SD. Mean + SD. Mean + SD. Mean kS.D. Mean k S.D. 

[“‘CIAZT bound to nanoparticles (rig/g organ) 

Blood 366 161 375 
Bone marrow 410 234 522 
Brain 118 15 133 
Heart 394 179 434 
Kidneys 1892 2034 2315 
Liver 872 449 921 
Lungs 461 187 526 
Lymphnodes 1315 92 1643 

Muscles 341 271 401 

Ovaries 551 405 898 
Spleen 413* 158 873 
Testicles 92 8 255 

[%]AZT control solution (rig/g organ) 

Blood 467 215 361 
Bone marrow 122 414 464 
Brain 116 61 100 
Heart 365 322 437 
Kidneys 3694 1829 2214 
Liver 1418 614 1113 
Lungs 738 424 552 
Lymphnodes 2415 1786 1516 

Muscles 564 320 396 
Ovaries 645 184 434 
Spleen 982* 373 771 
Testicles 293 267 213 

65 265* 30 166 66 

268 576* 30 293 120 

35 77* 39 80* 13 

100 244* 29 136 65 

2042 1073* 249 400 64 

250 7s4* 135 513 88 

89 312* 41 170 31 

574 651 346 2547* 2042 

108 224 21 111 12 

718 219 44 142 18 

563 397 17 267 85 

38 468 283 118 25 

224 

221 

12* 

98 
214* 

136* 

1509 

83 

147 

184* 

87 

122 236* 62 

51 145 19 
12 59* 4 

18 72 13 

48 173 42 

72 320* 68 

14 103* 13 

1617 744* 270 

14 71 19 

28 138 43 

43 152* 27 

13 64 8 

123 204* 39 161 55 152 28 122* 49 

189 368* 30 239 93 194 14 164 64 

28 51* 25 62* 10 44* 5 44s 6 

159 187* 38 133 31 80 28 63 11 

1047 719* 197 518 240 175* 48 152 45 

556 431* 92 375 108 234* 52 214* 65 

196 21s* 50 156 61 90* 16 SO* 18 

927 556 111 616* 173 759 367 438* 107 

150 179 32 122 33 69 13 59 19 

62 165 32 144 50 113 48 85 21 

517 365 177 212 73 130* 17 100* 27 

85 210 102 130 16 65 10 61 24 

* Statistically significant (PCO.05). 

pared to the control solution. The differences between nanoparticles, suggested that an increased surface area, 
the two preparations amounted to a factor of 1.8 after combined with a rapid dissolution of the drug and an 
2 h and to 1.5 after 8 h. In the other reticuloendothelial optimal dispersion due to the nanoparticulate character 
cell containing organs such as the lungs, spleen or bone may be responsible for the excellent performance of the 
marrow the nanoparticles also caused higher [i4C]AZT nanoparticles. However, it must be kept in mind that 
label concentrations after 1 hour compared to the con- these factors do not provide a satisfactory explanation 
trol solution (Table 1). These differences, however, were for the superior bioavailability, nor for the greater 
in general not statistically significant. Nevertheless, the transport to the reticuloendothelial cell containing or- 
question arises, what is the mechanism for the enhanced gans of the nanoparticles in comparison with the solu- 
transport to these organs? Le Ray et al. [23] reported a tion formulation. In fact, the solution formulation 
transport of nanoparticles to the liver after single oral should meet the parameters brought into discussion by 
dosing. In other studies [24] particles also were found in Leroux et al. better than the nanoparticles. An alterna- 
spleen and lymph. The quantity of gut uptake of tive explanation is that nanoparticles would allow a 
nanoparticles and their translocation to organs seems more intimate and prolonged contact of the bound 
to depend strongly on their size [25] and on their drug with the absorptive cells in the gut due to their 
apparent hydrophobicity [26]. Smaller particle sizes and bioadhesive properties. It has to be mentioned in this 
more hydrophobic particles increase uptake. In general, context, that considerably increased transport through 
gut uptake of intact particles is rather low [25]. The an artificial dialysis membrane was already seen in vitro 
improvements in bioavailability and in transport to the with [‘?Se]norcholesterol bound to poly(cyanoacrylate) 
organs, therefore, have to be explained by different nanoparticles comparable to those used in the present 
mechanisms. Leroux et al. [27] who observed a similar study [28]. Although the mechanism of this type of 
favourable peroral bioavailability with a novel HIV-l transport and the contribution of bioadhesion still is 
protease inhibitor bound to Eudragit L 100-55 not clear, we assume that similar mechanisms may 
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Pharmacokinetic parameters of peroral [14C]AZT nanoparticles and a [14C]AZT control solution 

Organ Preparation AU&480 ng min ml-’ A&_, ng min ml-’ AUC,,, ng min ml ’ C,,,,, t,,, t,:, 

Blood Nanoparticles 111980 - 375 60 ~ 
Blood Control solution 92 798 186 594 50 461 30 525 
Liver Nanoparticles 278 352 410 600 32 921 60 283 
Liver Control solution 213 953 307 442 30 1418 30 318 
Kidney Nanoparticles 336 549 386 527 13 2315 60 198 
Kidney Control solution 361 230 387 409 I 3694 30 139 

AUC,,m area under the curve between O-480. 
AUC,,_,, area under the curve between 0-a. 

A&,,> % of calculated AUC after t,,,. 
t, ,2, elimination half time. 

contribute to the improved bioavailability observed with 
[14C]AZT. The higher uptake by liver, spleen and lymph 
nodes on the other hand may be due to an enhanced 
lymphatic uptake as reported by Maincent et al. and Jani 
et al. [24,25,29]. 

Another organ that is relevant for AIDS therapy is the 
brain since the HI-virus is able to infect this organ [30]. 
In addition, in the brain cells specific transport mecha- 
nisms are located [3 11, that actively eliminate AZT from 
these cells. Consequently, an increase of the AZT con- 
centration in the brain would be an important advantage 
for AIDS therapy. The [14C]AZT label concentration in 
this organ (Fig. 4) was about 33% higher after 1 hour 
with nanoparticles as compared to the solution. This 
trend persisted for the whole observation period. There- 
fore, peroral nanoparticles may be considered to im- 
prove delivery of AZT to the brain. 

The elimination pathway of [14C]AZT was examined 
using metabolic cages. The control solution was elimi- 
nated via the kidneys by 96 f 2.8% which corresponds 
to literature data [32]. In contrast, [14C]AZT label bound 
to nanoparticles was eliminated via the faeces by 62 f 
3.7%. This high amount of drug in the faeces may be 
explained in two ways. First, the absorption of [14C]AZT 
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Fig. 3. Liver concentration of [“‘CIAZT following oral dosing of 
[14C]AZT bound to nanoparticles and a [14C]AZT control solution. 

label bound to nanoparticles might not be complete. 
Second, the elimination pathway of [14C]AZT label was 
changed by the particles as it was already reported for 
intravenously injected [14C]AZT preparations [3]. How- 
ever, since the concentrations of the 14C-label in the 
blood are similar for both preparations, nanoparticles 
and free drug, and since the concentrations in most 
organs are slightly higher in most cases with the 
nanoparticles between 60-480 min (end of experimental 
frame), an incomplete gut uptake cannot be postulated 
and cannot be the reason for the high faecal elimination. 
In addition, the kidneys AUC’s for [14C]AZT following 
administration of nanoparticles and the control solution 
were nearly the same (Table 2), indicating that the same 
drug amount passed through this organ over the 8 hours 
of the study. Nanoparticle-bound radioactivity, how- 
ever, obviously was not eliminated to the same extent by 
the kidneys as the free drug. The nanoparticles, in 
contrast, seem to enhance biliary excretion as already 
observed by Nefzger et al. [6]. 

In the present study the beneficial properties of 
nanoparticles as drug carrier for an antiviral therapy are 
apparent: The AUC in the organs that are mainly 
infected by the HI-virus, namely the reticuloendothelial 
cell containing organs, the blood, and the brain was 
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Fig. 4. Brain concentration of [“‘CIAZT following oral dosing of 
[14C]AZT bound to nanoparticles and a [‘%]AZT control solution. 
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increased when nanoparticles were used perorally. Con- 
sequently, nanoparticles represent a very promising 
drug delivery system for AZT and for AIDS therapy in 
general. These properties also might be advantageous 
for other poorly soluble drugs or for drugs that cannot 
cross the blood-brain-barrier. 
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