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a b s t r a c t

This study describes the preparation and evaluation of biodegradable poly(l-lactide) (PLA) and poly(l-
lactide)–poly(ethylene glycol) (PLA–PEG) blend nanoparticles containing zidovudine as model drug. The
prepared nanoparticles were characterized in terms of size, zeta potential, morphology and drug entrap-
ment efficiency. The pharmacokinetics of zidovudine following intranasal administration in mice was
assessed. The results showed that although PLA and blend nanoparticles had the same morphology, the
particle size and zeta potential were changed by the PEG. The drug entrapment efficiency was increased by
PEG presence. The pharmacokinetic study showed that all the nanoparticles were able to sustain zidovu-
dine delivery over time, but greater efficiency was obtained with PLA–PEG blend nanoparticles, whose
idovudine
ioavailability

Tmax was twice that of PLA nanoparticles. The PLA and PLA–PEG nanoparticles formulations increased the
zidovudine mean half-life by approximately 5.5 and 7 h, respectively, compared to zidovudine aqueous
solution. The relative bioavailability of zidovudine-loaded PLA–PEG blend nanoparticles was 2.7, relative
to zidovudine-loaded PLA nanoparticles and 1.3 relative to aqueous solution formulation. Thus, the PLA
nanoparticles were unable to increase the zidovudine bioavailability compared to aqueous solution for-
mulation. The results obtained in this study indicate the potential of the PLA–PEG blend nanoparticles as

liver
carriers for zidovudine de

. Introduction

Zidovudine (AZT) was the first antiretroviral agent developed
nd, upon approval in 1987, it became a key feature in the therapy of
cquired immune deficiency syndrome (AIDS) (Chien and Wearley,
989; Warnke et al., 2007). AZT is an analog of deoxythymidine
nd is activated to its mono-, di-, and triphosphates by cellular
nzymes in both human immunodeficiency virus (HIV) infected
nd uninfected cells (Furman et al., 1986). The active metabolite,
ZT triphosphate, inhibits HIV-1 reverse transcriptase as well as
itochondrial DNA polymerase-g (König et al., 1989).
The major limitation in the use of AZT is the occurrence of severe

ide effects (Yarchoan et al., 1989). The most serious and frequent
s the hematological toxicity, characterized by bone marrow sup-
ression, which is usually manifested as anemia, neutropenia and
hrombocytopenia (Gill et al., 1987; Kennedy et al., 1991). These

oxic effects are dose-dependent. The adverse side effects of AZT

ay necessitate dose reduction or even cessation of therapy.
The pharmacokinetics of AZT have been studied in humans and

n animal species, showing that when it is administered orally,

∗ Corresponding author. Tel.: +55 42 36298137; fax: +55 42 36298102.
E-mail addresses: rubianamainardes@pq.cnpq.br,

ubianamainardes@hotmail.com (R.M. Mainardes).
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y by the intranasal route.
© 2010 Elsevier B.V. All rights reserved.

AZT is rapidly absorbed from the gastrointestinal tract, but is then
rapidly metabolized to the inactive glucoronide with a mean elim-
ination half-life (t1/2) of 1 h, resulting in low oral bioavailability
(∼60–65%) (Blum et al., 1988). An alternative route for AZT admin-
istration could be an interesting way to increase it bioavailability.
Also, a colloidal carrier used to entrap AZT could deliver it at a con-
tinuous rate and reduce the dose-dependent toxicity by minimizing
the fluctuations in plasma concentrations.

Colloidal drug carriers are interesting in drug delivery sys-
tems because their small size allows them to permeate through
biological barriers (Nakada et al., 1996). The novel drug delivery
systems for anti-HIV agents include micelles and microemulsions,
liposomes, polymeric microparticles and nanoparticles (Ojewole
et al., 2008). For nearly three decades, polymeric nanoparticles
have been extensively studied because of their unique and valuable
physicochemical and biological properties. Indeed, nanoparticles
can protect the drug from degradation, enhance its transport and
prolong its release; therefore, they may improve the plasma half-
life of the drug (Oppenheim, 1981; Allémann et al., 1993). The
pharmacokinetic parameters are altered with the nanoparticles and

its surface composition plays an important role in drug bioavail-
ability, that can be greater or lower than drug solution/powder
depending on the polymer used (Ubrich et al., 2005; Hoffart et al.,
2006). Since some nanoparticles’ characteristics, such as particle
size and surface charge can be modulated by modifying some pro-

dx.doi.org/10.1016/j.ijpharm.2010.05.020
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:rubianamainardes@pq.cnpq.br
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ess parameters on the formulation, they can be used in various
pplications, involving different routes of administration.

The nasal mucosa is an attractive site for the delivery of drugs
nd vaccines, because it has a relatively large absorptive surface
nd low proteolytic activity. Some formulation factors should be
onsidered while designing the drug delivery system for intranasal
dministration. The formulation should be designed so as to pro-
ide rapid transport of the drug across the nasal mucosa and a long
esidence time in the nasal cavity, to overcome nasal mucociliary
learance (Ugwoke et al., 2001). A critical parameter for transport
cross the nasal mucosa is the particle size. It has been shown
hat nanoparticles can play an important part in improving the
ioavailability of drugs delivered intranasally (Tobio et al., 1998;
ainardes et al., 2006). Nanoparticles cross the mucosal epithelium

etter than microspheres since are better taken up by microfold
ells overlay the nasal associated lymphoid tissue (NALT) (Huang
nd Donovan, 1998; Brooking et al., 2001). The polymeric composi-
ion of the nanoparticles also influences its transport. The potential
f polyethylene glycol (PEG)-corona nanoparticles for nasal pro-
ein administration has been explored and had a positive effect in
reserving the stability of nanosystems in contact with mucosal
omponents (Alonso, 2004). A slight interaction with the mucus
ids the access of the nanosystem to the epithelium, but this inter-
ction should not lead to the aggregation of nanoparticles at the
ucus level.
In this study, we show that PLA and PLA–PEG blend nanopar-

icles prolong the plasma circulating time of AZT after single-dose
ntranasal administration. The PEG had a crucial role in the formula-
ion since it promoted a great increase in the bioavailability of AZT.
he PLA and PLA–PEG nanoparticles represent promising versatile
arriers for AZT taken by the intranasal route.

. Materials and methods

.1. Materials

The polymers poly(lactic acid) (PLA) (Mw 40–100 kDa) (viscos-
ty 0.15–0.25) and poly(ethylene glycol) (PEG) (Mw 6 kDa) were
btained from Sigma (St. Louis, MO, USA). The surfactant used in
he emulsification process was polyvinyl alcohol (PVA) (Mw 18 kDa

85% hydrolyzed) from Sigma (St. Louis, MO, USA). The organic
olvent was methylene chloride (Labsynth Ltd., São Paulo, Brazil).
idovudine was a gift from FURP (São Paulo, Brazil). Thiopental was
urchased from Cellofarm Ltd. (São Paulo, Brazil). Methanol HPLC
rade was used (Mallinkrodt, Rio de Janeiro, Brazil). All the reagents
sed for buffer preparation were of analytical grade.

.2. Preparation of zidovudine-loaded nanoparticles

The nanoparticles were produced by the double emulsion sol-
ent evaporation technique, as described elsewhere (Zambaux et
l., 1998). For the preparation of PLA nanoparticles, approximately
0 mg PLA was dissolved in 2 mL methylene chloride. This solu-
ion was poured rapidly on to 200 �L of PVA solution (0.1%, w/v)
ontaining AZT (20 mg) and emulsified by means of sonication for
0 s (55 W) (XL 2002 Sonicator® ultrasonic liquid processor). The
esulting water-in-oil (W/O) emulsion was further emulsified with
mL of PVA solution (0.7%, w/v) by sonication for 1 min (55 W),
iving rise to the water-in-oil-in-water emulsion (W/O/W). Next,
he organic solvent was rapidly eliminated by evaporation under

acuum (20 min) at 37 ◦C. The particles were then recovered by
entrifugation (168,000 × g, 20 min, 25 ◦C – Hitachi centrifuge) and
ashed twice with water to remove the surfactant.

PLA–PEG blend nanoparticles were prepared by mixing 50 g PLA
nd 12.5 g of PEG in methylene chloride (2 mL), giving a 1:0.25
of Pharmaceutics 395 (2010) 266–271 267

PLA–PEG blend. Nanoparticles of this blend were made exactly as
described above for PLA nanoparticles.

2.3. Physicochemical characterization of nanoparticles

2.3.1. Particle size
Mean particle size and polydispersity index were determined

in double distilled water by photon correlation spectroscopy
(Brookhaven Instruments Corp.). The analyses were performed at
a scattering angle of 90◦ and a temperature of 25 ◦C. For each sam-
ple, the mean particle diameter, polydispersity and the standard
deviation of ten determinations were calculated.

2.3.2. Zeta potential
The zeta potential of the nanoparticles was obtained from their

measured electrophoretic mobility (Zeta Plus, Brookhaven Instru-
ments Corp.) The samples were appropriately diluted with KCl
0.1 mM in order to maintain a constant ionic strength, and placed in
the electrophoretic cell where a potential of ±150 mV was applied.
Three measurements were made for each sample and the zeta
potential was calculated.

2.3.3. Morphology
The morphology of nanoparticles was examined by scanning

electron microscopy (SEM) (JEOL JSM-T330A), operating at 10 and
20 kV. The nanoparticles were fixed on supports and coated with
gold.

2.4. Drug entrapment efficiency

The percentage of drug incorporated during nanoparticle
preparation was determined indirectly. Solid nanoparticles were
separated from the supernatant containing excess of AZT by
ultracentrifugation, as described in Section 2.2. After appropriate
dilutions in HPLC mobile phase, 100 �L of the sample was injected
into the HPLC system and the drug concentration in the supernatant
was obtained by comparison with an analytical curve previously
constructed. Before injection, all solutions were previously filtered
through a membrane filter (pore size 0.22 �m, Millipore). The
amount of AZT entrapped in nanoparticles was obtained by sub-
tracting the quantity of drug in the supernatant from the total
amount used for the preparation. The analyses were performed
in triplicate with the same HPLC system and conditions described
below in Section 2.5.3 (In vivo quantitation of AZT), except that the
mobile phase consisted of a mixture of methanol:water (1:4, v/v).

2.5. Pharmacokinetic study

2.5.1. Intranasal administration
Male adult Wistar rats with a mean body weight of 190 ± 10 g

were fasted overnight, prior to the experiments, with free access
to water. Rats were anesthetized by intraperitoneal injection of
sodium pentobarbital at a dose of 50 mg kg−1. A cannula was used
to instill 100 �L of aqueous suspension of AZT-loaded nanoparti-
cles (containing 160 �g mL−1 de AZT) into each nostril, in 5 drops
of 20 �L at 4-min intervals. This spaced instillation was intended
to allow a high dose of particles to be delivered, while minimizing
the overflow into the gastrointestinal tract. The AZT aqueous solu-
tion also 160 �g mL−1 was instilled drop wise into the nostrils in
exactly the same way as the suspension, in a control group of rats.

In all cases, blood samples (300 �L) were withdrawn from the tail
vein of the rats at 0 (pre-dose) and 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10
and 24 h after the intranasal administration. The study was previ-
ously approved by the research ethics committee of Faculdade de
Ciências Farmacêuticas de Araraquara, Brazil.
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Table 1
Nanoparticle characteristics.

Polymer Particle size (nm) Polydispersity index Zeta potential (mV) Encapsulation efficiency (%)

−20 ± 1.2 42 ± 6
−6.5 ± 2.1 52 ± 4
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a coat of PEG on the nanoparticle surface. This effect is very relevant
to understanding the in vivo behavior of the particles.

The encapsulation efficiency achieved for AZT was enhanced
by the presence of PEG on the PLA chains (Table 1). Thus PLA
PLA 265.8 ± 15.3 0.311
PLA/PEG blend (1:0.25) 328.1 ± 8.6 0.383

alues are reported as mean ± S.D. (n = 3).

.5.2. Sample preparation
To determine AZT in rat plasma, blood samples were taken from

he tail vein and collected in tubes containing sodium heparin. The
ubes were centrifuged (850 × g for 20 min) at 27 ◦C, to separate the
lasma and it was stored at −20 ◦C until analysis. In order to ensure
he effective separation of AZT from plasma components by HPLC,
he plasma was deproteinized. To 100 �L of plasma was added 1 mL
f acetonitrile. The mixture was vortexed for 1 min and centrifuged
or 15 min at 1600 × g. The supernatant was transferred to a tube
nd evaporated to dryness (approximately 15 min), under a stream
f nitrogen. The resulting residue was reconstituted in 200 �L of
he HPLC mobile phase.

.5.3. In vivo quantitation of AZT
A Varian HPLC system (Pro-Star 330) was used to quantitate

ZT in plasma, with the UV detection set at 265 nm and with
LiChrospher® 100-RP-18 (250 mm × 4 mm i.d., pore size 5 �m)

nalytical column. AZT was eluted by isocratic flow at a rate of
mL min−1, with a mobile phase comprising a mixture of sodium
cetate buffer (55 mM – 7.0 pH) and acetonitrile (91:9, v/v). The
PLC method was validated and the sensitivity was 90 ng mL−1

Mainardes and Gremião, 2009).

.5.4. Data analysis
The maximum observed plasma concentration (Cmax) and the

ime taken to reach it (Tmax) were obtained from the curve of AZT
oncentration vs. time. The area under this curve, from t = 0 to

(AUC0–∞) was calculated by the trapezoidal rule and the first-
rder elimination rate constant (Ke) was estimated by least-squares
egression of the points describing the terminal log-linear decay
hase. The half-life (t1/2) was derived from Ke (t1/2 = ln 2/Ke).

.5.5. Statistics
All data are reported as mean ± standard error of mean (S.E.M.)

nd the difference among groups were compared using one-way
nalysis of variance (ANOVA) and difference greater at p < 0.05 were
onsidered significant.

. Results

.1. Preparation and characterization of AZT-loaded PLA and
LA–PEG blend nanoparticles

The choice of a particular method of encapsulation is usually
etermined by the solubility characteristics of the drug. Owing to
he hydrophilic characteristics of AZT, nanoparticles were prepared
y the double emulsion–evaporation method, with appropriate
odifications.
The nanoparticles obtained were examined by SEM

Figs. 1 and 2). From these micrographs, nanoparticles pre-
ared with either PLA or PLA–PEG blends containing AZT were
pherical in shape and did not show aggregation.

The basic physicochemical characteristics of the nanoparticles

re presented in Table 1. It can be seen that the presence of PEG
n the blend altered several physicochemical characteristics of the
articles. The PLA–PEG blend nanoparticles were larger than those
repared from PLA alone and had a higher polydispersity index,

ndicating a broader size distribution. The zeta potential was cal-
Fig. 1. SEM image of AZT-loaded PLA nanoparticles.

culated to assess whether the PLA/PEG blend might modify the
particle surface charge. The most negative zeta potential was dis-
played by the PLA nanoparticles, probably reflecting the presence of
carboxyl end groups on the PLA chains at the surface of the particles.
A significant decrease in the zeta value was observed in PLA–PEG
(1:0.25) blend nanoparticles, possibly due to PEG chains covering
of the PLA terminal carboxyl groups and masking their negative
charges. The PLA nanoparticles had a much lower zeta potential
than the PLA–PEG blend nanoparticles, indicating the formation of
Fig. 2. SEM image of AZT-loaded PLA–PEG blend nanoparticles.
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ig. 3. Comparative in vivo plasma concentration vs. time profiles of the differ-
nt AZT formulations after intranasal administration. All values are reported as
ean ± S.D. (n = 6).

anoparticles showed around 42% efficiency, while PLA–PEG blend
anoparticles reached 52% (p < 0.05).

.2. Pharmacokinetic study

AZT-loaded PLA and PLA–PEG blend nanoparticles were
esigned to improve the drug bioavailability by the intranasal
oute. Blood levels after intranasal administration of the nanopar-
icle formulations were compared with those achieved with
ZT aqueous solution. Fig. 3 shows the mean AZT plasma
oncentration–time profiles after intranasal delivery of: AZT
queous solution, AZT-loaded PLA nanoparticles and AZT-loaded
LA–PEG blend nanoparticles, on AZT dose of 160 �g mL−1 in rats.
able 2 lists the relevant pharmacokinetic parameters. The AZT
queous solution was absorbed quickly after intranasal adminis-
ration and the maximum plasma concentration of approximately
.5 �g mL−1 was reached in 30 min. Thereafter, the AZT plasma
oncentration decreases abruptly, as it was rapidly metabolized,
esulting in high Ke and short t1/2, approximately 1.19 h. This result
s consistent with the literature (Blum et al., 1988; Yarchoan et al.,
989). AZT, 10 h after intranasal administration, was still detected
0.27 �g mL−1), but it was not detectable at 24 h. The AZT from
anoparticles showed a different pharmacokinetic profile with a
ustained release of AZT over hours. It can be observed that 30 min
fter intranasal administration of AZT-loaded PLA nanoparticles,
he mean plasma concentration was approximately 0.3 �g mL−1,
nd for AZT-loaded PLA–PEG blend nanoparticles the plasma con-
entration was approximately 0.7 �g mL−1. The values of Cmax

btained with the two nanoparticle formulations were not signif-
cantly different, but the Tmax with PLA–PEG nanoparticles was
bout twice that with PLA nanoparticles and 16-fold the Tmax
or AZT solution, demonstrating an obvious sustained release of
ZT from PEGylated nanoparticles. AZT from PLA–PEG nanopar-

icles, 24 h after intranasal administration, was still detectable
n plasma (0.21 ± 0.08 �g mL−1), but AZT from PLA nanoparticles

as no longer detected. The relative bioavailability of AZT-loaded

able 2
harmacokinetic parameters of AZT from formulations.

AZT formulation AUC0–∞ (�g min mL−1)

Aqueous solution 1126.8 ± 129.2
PLA nanoparticles 552.2 ± 208.6
PLA/PEG blend nanoparticles (1:0.25) 1482.7 ± 197.7

alues are reported as mean ± S.D. (n = 6). AUC: area under the plasma concentration
oncentration; Ke: constant of elimination; and t1/2: mean half-life.
of Pharmaceutics 395 (2010) 266–271 269

PLA–PEG blend nanoparticles was 2.7 with respect to AZT-loaded
PLA nanoparticles and 1.3 compared to AZT aqueous solution. Thus,
AZT from PLA nanoparticles showed lower intranasal bioavailabil-
ity than AZT aqueous solution, although the drug had a prolonged
release profile and longer t1/2. Both nanoparticles formulations
increased the t1/2 of AZT, but the PLA–PEG blend nanoparticles gave
the better result, increasing the AZT t1/2 to 7 h (Table 2). The results
indicate that PLA–PEG blend nanoparticles improved the intranasal
AZT bioavailability and maintained a prolonged drug release profile
over 24 h.

4. Discussion

To reach the therapeutic target sites, antiretroviral drugs must
cross several biological barriers such as mucous membranes,
blood–brain barrier and cell membranes. The physicochemical and
metabolic properties of these drugs contribute to reducing the
amount of drug in the blood and affected tissues (Aungst, 1999;
Li and Chan, 1999). Variability also occurs in the bioavailability
profile of antiretroviral drugs and represents a significant factor
in the failure of some drug regimens (Csajka et al., 2003; Aarnoutse
et al., 2003). The development of delivery systems for antiretro-
viral drugs has focused on overcoming these barriers to drug
delivery in adequate amounts at appropriate rates, thus improv-
ing the drug pharmacokinetics (Ojewole et al., 2008; Sosnik et al.,
2009). In the present work, PLA and PLA–PEG blend nanoparti-
cles were developed to maintain a prolonged AZT release after
intranasal administration. The influence of PEG on the physic-
ochemical characteristics and pharmacokinetic parameters were
investigated.

The mean hydrodynamic diameter and polydispersity index of
the particles were analyzed and it was found that the presence of
PEG lead to an increase in particle size. This was to be expected,
since the addition of PEG made the organic phase more viscous,
hindering the dispersion of the aqueous phase in the organic phase,
during the first emulsion formation. This first emulsion, subse-
quently, had a low efficiency in reducing the globule diameter
during the second emulsion phase.

Analysis of the zeta potential demonstrated that the nanopar-
ticles of PLA–PEG blends differed in their surface charge from PLA
nanoparticles. A significant decrease in this potential was observed
in PLA/PEG nanoparticles, resulting from the covering of the PLA
terminal carboxyl groups by the PEG chains, masking the nega-
tive charge on these carboxyl groups. The presence of a hydrophilic
PEG steric barrier would shift the “slipping plane” (between parti-
cle and surrounding phase) away from the surface of the PLA core
and this would also result in a reduced zeta potential (Stolnik et
al., 1994; Gref et al., 1995). The PLA–PEG blend is more amphiphilic
than PLA alone, and the PEG, due to its hydrophilic character, shows
more affinity for the aqueous phase of the emulsion; thus, when the
organic solvent is evaporated, the PLA precipitates on the emulsion

globule and PEG chains predominate on the particle surface. These
results suggest a possible steric protection of the nanoparticles by
the PEG in the blend.

The encapsulation efficiency of AZT in PLA and PLA/PEG blend
was determined and compared. The results showed that the

Cmax (�g mL−1) Tmax (min) Ke (h−1) t1/2 (h)

7.5 ± 0.3 30 0.5837 1.19
1.18 ± 0.9 240 0.1224 5.66

1.8 ± 0.8 480 0.0988 7.01

–time curve from 0 h to ∞; Cmax: peak concentration; Tmax: time to reach peak
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resence of PEG favored an increase in the AZT encapsula-
ion by approximately 10% relative to PLA nanoparticles. Owing
o its hydrophilic character, PEG shows more affinity for AZT,

hydrophilic drug, improving the emulsification process and
ncreasing the incorporation of AZT in emulsion globules. The
nhancement of the interaction between polymer and drug can
educe the drug loss during the emulsification process (Dong and
eng, 2004).

The determination of physicochemical characteristics of
anoparticles intended for controlled drug release is very impor-
ant since they can govern the type of application of the system and
an be used to predict its behavior in the biological medium. The
ize and surface charge are important parameters in a nanostruc-
ured system since they interfere directly in biological processes,
uch as transport across biological membranes, recognition by
ononuclear and polymorphonuclear cells of the defense system

nd also the biodistribution (Owens and Peppas, 2006; Beletsi et
l., 2005).

A correlation between particle surface charge and opsoniza-
ion has also been demonstrated in vitro, with research showing
hat neutrally charged particles have a much lower opsonization
ate than charged particles (Roser et al., 1998). Since the initial
psonization of particles is so critical to the process of phago-
ytic recognition and clearance from the bloodstream, researchers
ave focused on trying to stop or block this step of the process
hus increasing the blood circulation half-life and effectiveness
f the particle (Carstensen et al., 1992; Norman et al., 1992).
olymers containing long hydrophilic chains adsorbed in particle
urface can block the electrostatic and hydrophobic interactions
hat help opsonins bind to particle. Some examples of poly-

er systems polysaccharides, polyacrylamide, poly(vinyl alcohol),
oly(N-vinyl-2-pyrrolidone), PEG, and PEG-containing copolymers
uch as poloxamers, poloxamines, polysorbates, and PEG copoly-
ers. Of all the polymers tested to date, the most effective and
ost commonly used are the PEG and PEG-containing copoly-
ers. These polymers are very flexible, highly hydrophilic and

resent neutral charge, which can help shield even hydrophobic
r charged particles from blood proteins and lessens the effect of
lectrostatic interactions (Owens and Peppas, 2006). In the case
f PEG nanoparticles, another important parameter in determin-
ng the clearance rate of nanoparticles and its biodistribution, is
he PEG layer itself. The characteristics of this layer such as thick-
ess, charge, surface density, functional groups, and conformation

mpact the way in which the particle interacts with opsonins
Stolnik et al., 1995).

The pharmacokinetic study showed that the nanoparticles were
ble to sustain the AZT delivery over time. The slow and sustained
elease of AZT from nanoparticles accounts for the long time (Tmax)
equired to attain Cmax. The greatest efficacy was obtained with
LA–PEG blend nanoparticles, that exhibited AZT sustained release
ver 24 h. The Tmax for this formulation was increased twofold com-
ared to AZT from PLA nanoparticles, and 16-fold relative to AZT
queous solution. AZT plasma levels were detectable up to 10 h after
dministration in aqueous solution or PLA nanoparticles. The t1/2
f AZT also varied among the formulations. The slow elimination
ate (Ke) resulted in significantly prolonged t1/2 of AZT from PLA and
LA–PEG blend nanoparticles compared to AZT solution. Due to the
low release of AZT from nanoparticles, its metabolic breakdown is
ade slower, increasing the mean half-life. The significant increase

p < 0.05) in the AUC value of the PLA–PEG nanoparticles AZT for-
ulation in comparison to that PLA nanoparticles and AZT aqueous
olution distinctly indicates the improved intranasal bioavailability
ith the blended system.

The great difference between the AUCs of AZT-loaded PLA
anoparticles and PLA–PEG nanoparticles can be explained in two
ays: the interaction of the polymers with the nasal epithelium,
of Pharmaceutics 395 (2010) 266–271

which influences the transport across the nasal mucosa and the
speed of clearance from the blood by mononuclear phagocyte sys-
tem (MPS). In the first case it has been shown that PEG can play
an important role in transport across mucosae (nasal and intesti-
nal). The PEG coating can preserve the stability of nanosystems
in contact with mucosal components, preventing the aggregation
of nanoparticles at the mucus level and possibly facilitating their
transport across the nasal epithelia (Tobio et al., 1998; Vila et
al., 2004; Alonso, 2004). PLA nanoparticles aggregate immediately
following their incubation with lysozyme, an enzyme that accu-
mulates at mucosal surfaces. This aggregation process may have
a negative effect on the further transport of these particles (Vila
et al., 2002). The interaction of the polymeric nanoparticles with
nasal mucus also is dependent of the surface charge and affects the
particle transport across nasal epithelium. This interaction can be
explicated in terms of the mucoadhesive properties of the nanopar-
ticles. Mucoadhesion of the particles would improve the drug
absorption for it could prolong the intimate contact time of the par-
ticle on the nasal mucosa by adhering to the surface of mucus layer.
Since the nasal epithelium is negatively charged, excellent mucoad-
hesion of positive nanoparticles occurs due electrostatic attraction
between particle and mucin. Negative nanoparticles cause neg-
ative charge repulsion with mucus, and the particle transport is
reduced (Wang et al., 2006; Brooking et al., 2001; Morimoto et al.,
2001; Schipper et al., 1997). The PLA nanoparticles and PLA–PEG
blend nanoparticles reported in this study both presented neg-
ative charge, but the presence of PEG on the surface of particle
decreased the value of negative charge, almost nearly to neutral-
ity. In this case, the repulsion with mucus could be lower than
the PLA nanoparticles and the hydrophilic functional group from
PEG could form hydrogen bonds with mucus, thus producing some
adhesive force of this polymer, resulting in higher drug absorp-
tion. These associated effects can explain the positive effect of the
PEG on their ability to overcome the nasal mucosal barrier. Other
statement that helps explain the efficacy of PEG nanoparticles in
improving the drug bioavailability after intranasal administration
is its ability to escape from phagocytosis. After absorption the
uncoated nanoparticles in blood are rapidly cleared by the MPS
(Fernández-Urrusuno et al., 1996). The rapid particle uptake is due
to the opsonization process, which depends on the particle size
and surface charge and makes the particle susceptible to recogni-
tion by macrophages and circulating monocytes. Thus, opsonized
particles exhibit a short blood circulating time and consequently
the drug bioavailability falls (Owens and Peppas, 2006). We have
recently reported that AZT-loaded PLA nanoparticles were more
efficiently delivered into polymorphonuclear cells than PLA–PEG
blend ones (Mainardes et al., 2009), illustrating that the presence
of PEG influences the particle–cell interaction.

Summarizing, the AZT and other antiretroviral drugs used in cur-
rent AIDS therapy have some pharmacokinetics limitations, such
as: (i) transport to the CNS in ineffective concentrations, and (ii)
fast hepatic metabolism leading to the short mean half-life, neces-
sitating therapy with AZT in large and frequent doses, giving rise to
hematological toxicity. In light of these considerations it is impor-
tant to develop systems that improve the pharmacokinetic of AZT.
The large and frequent AZT doses could be replaced by a sustained
drug release over longer period of time, reducing the fluctuations of
the drug in the plasma, and the toxicity. Polymer nanoparticles are
able to meet these objectives. The results obtained here should be
useful for a future application of AZT-loaded nanoparticles in AIDS
treatment. The presence of PEG in the nanoparticle formulation, in
the form of a blend, modified the characteristics of the particles
and changed their pharmacokinetic profile. The AZT bioavailability

after intranasal administration was increased. Our results indicate
the potential of the PLA–PEG blend nanoparticles as carriers for AZT
delivered by intranasal route.
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