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Importance of the field: Acquired immunodeficiency syndrome (AIDS)
remains one of the greatest challenges in public health. The AIDS virus is
now responsible for > 2.5 million new infections worldwide each year. Despite
significant advances in understanding the mechanism of viral infection and
identifying effective treatment approaches, the search for optimum treat-
ment strategies for AIDS remains a major challenge. Recent advances in the
field of drug delivery have provided evidence that engineered nanosystems
may contribute to the enhancement of current antiretroviral therapy.

Areas covered in this review: This review describes the potential of polymeric
nanoparticle-based drug delivery systems in the future treatment of AIDS.
Polymeric nanoparticles have been developed to improve physicochemical
drug characteristics (by increasing drug solubility and stability), to achieve sus-
tained drug release profile, to provide targeting to the cellular and anatomic
human immunodeficiency virus (HIV) latent reservoirs and to be applied as an
adjuvant in anti-HIV vaccine formulations.

What the reader will gain: The insight that will be gained is knowledge
about the progress in the development of polymeric nanoparticle-based
drug delivery systems for antiretroviral drugs as alternative for AIDS
treatment and prevention.

Take home message: The advances in the field of targeted drug delivery can
result in more efficient strategies for AIDS treatment and prevention.
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1. Introduction to HIV/AIDS

Since its discovery in 1981, acquired immunodeficiency syndrome (AIDS) has
remained one of the greatest public health challenges. It is now responsible
for > 2.5 million new infections worldwide each year. Although progress has been
made in lowering the number of AIDS-related deaths annually, the number of
people living with human immunodeficiency virus (HIV) continues to grow, and
programs have aimed to increase access to antiretroviral (ARV) therapy [1].

There are at present two known species of HIV: HIV-1 and HIV-2. Each species
has related subspecies. HIV-1 is the most common infection globally, whereas
HIV-2 is more prevalent in West Africa and has a longer latency period than
HIV-1. HIV infects target cells (macrophages and T lymphocytes) by attaching
its gp120 protein to the cell-surface receptor CD4". After binding, gp120 is induced
to change its conformation exposing sites for chemokine co-receptors (CXCR4 or
CCR5), which act as cofactors for HIV entry. After viral entry into the cell, the
RNA-containing viral core is disassembled. Through the use of reverse transcriptase,
the viral RNA is transcribed into DNA, which migrates to the cell nucleus where it
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Article highlights.

» AIDS continues to be a major global health priority.
Although important progress has been achieved in
preventing new HIV infections and the development of
new drugs, the number of people living with HIV
continues to increase.

Despite the presence of highly active antiretroviral

treatment, latently infected cells can persist for long

periods of time and constitute ‘viral sanctuaries’.

» The research involving the applications of polymeric

nanoparticles in AIDS treatment and prevention has

generated several interesting results.

Passive and active targeting of antiretroviral drugs to

monocytes/macrophages, an important viral cellular

reservoir, can be achieved using polymeric nanoparticles.

» The brain represents an important viral anatomic
reservoir. The polymeric nanoparticles are able to
transpose the blood-brain barrier by well-
characterized pathways.

» The use of polymeric nanoparticles as vaccine adjuvants
has been explored recently, and the results show the
potential of its application in anti-HIV vaccine
formulation. The polymeric nanoparticles are able to
increase the cellular and humoral immune response.

This box summarizes key points contained in the article.

is inserted in the host chromosomal DNA by viral integrase.
The cell is now capable of producing provirus. Viral proteins
are produced and following proteolysis mediated by protease
enzyme, individual viral proteins are formed and become
functional. The HIV subunits combine to make up the con-
tent of the new virus. Assembly of the viral core and coat in
the host cell cytoplasm leads to the maturation of the virus,
which is ready to be expelled out of the host cell and infects
other cells without causing host cell lysis [2].

HIV infection is characterized by a progressive loss of CD4"
T cells, and this loss normally leads to severe immunodefi-
ciency. Following infection with HIV-1, most individuals
present a mononucleosis-like syndrome, a transient drop in
CD4" cells, and a subsequent recovery of these initially
reduced CD4" T cells to near normal levels [3]. Continuous
HIV replication results in a state of generalized immune acti-
vation, and new T cells are continuously produced by the thy-
mus to replace the ones that are lost [4]. This scenario may
remain for years until the CD4" T-cell count is sufficiently
low, leading to AIDS. The period from initial infection to
the development of clinical AIDS can vary among individuals
based on the interactions between the virus and host factors [5].
HIV causes AIDS by depleting CD4" T-helper lymphocytes
that are essential to the immune response. T-helper lympho-
cytes prevent opportunistic infections [6]. Predicting the timing
of HIV-1 disease progression requires the viral load set point
because infected subjects with high levels of viremia usually
progress to AIDS faster than those with lower viral load (7).

Some cell types, including macrophages and resting CD4"

T cells, are recognized as potential reservoirs for HIV-1.

Macrophages represent a latently infected viral reservoir,
and they are a significant and critical HIV-1 target cell
in vivo. Macrophages can be divided into multiple subsets
of macrophage-like cells, all of which are susceptible to
HIV-1 infection, including dendritic cells (DCs), Langerhans
cells, alveolar macrophages, mucosal macrophages and micro-
glial cells. The main anatomic reservoir sites for HIV include
the lymphoid organs (particularly the spleen, lymph nodes,
and gut-associated lymphoid tissue (GALT)) and the central
nervous system (CNS). Undoubtedly, it is of particular
importance that HIV persistence remains a serious challenge
in the development of efficacious ARV therapy [8.9].

2. Current chemotherapy and drug targeting
approaches in AIDS therapy

ARV treatment aims to reduce HIV replication in infected
patients. The current clinical therapy, known as ‘highly
active antiretroviral treatment (HAART), is considered to
be one of the most significant advances in the field of
HIV therapy. Since the mid-1990s, HAART has made a
remarkable contribution towards reducing mortality [10].

HAART, however, is unable to eliminate HIV-1 from rest-
ing CD4" T cells in the blood because HIV persists in latency
at multdple sites [11]. Despite successful administration of
HAART, latently infected cells can escape the viral immune
response and persist for long periods of time. Given the
appropriate stimulus, latently infected cells can reactivate
and start producing infectious virions. Owing to their long
lifespan of several years and their ability to reactivate on
encounter with cognate antigen or other stimulation, memory
CD4" T cells are considered a critical reservoir for latent
HIV-1 proviral DNA. Cells of the monocyte-macrophage
lineage (Mo/Mac), which originate in the bone marrow, are
of particular importance in HIV-1 persistence owing to their
ability to cross the blood-brain barrier (BBB) and spread
HIV-1 infection into the immunoprivileged CNS. Hemato-
poietic progenitor cells (HPCs) are also a potential HIV-1
reservoir; proviral DNA was found in HPCs 7% vive in a sub-
population of HIV-1-infected patients. The ability of HPCs
to proliferate and potentially generate clonal populations
of infected cells of the Mo/Mac lineage may be crucial in
HIV-1 dissemination [12].

A total of 25 compounds have been officially approved
for the treatment of AIDS. At present, the different ARV
drugs are classified under categories that include nucleoside
reverse transcriptase inhibitors (NRTTIs), nucleotide reverse
transcriptase inhibitors (NtRTIs), non-nucleoside reverse
transcriptase inhibitors (NNRTTs), protease inhibitors (Pls)
and, more recently, fusion and entry inhibitors (FIs and Els)
and integrase inhibitors (Ils) [13). Table 1 lists the approved
drugs within the different classes, the available dosage forms,
the main side effects and related references [14-31]. Table 2
describes some pharmacokinetic parameters of ARV
treatments and related references [32-34].
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Table 1. Approved ARV drugs within the different classes, the available dosage forms and the class-wide side

effects.
Class of Name of Commercial name/ FDA Dosage form Class-wide side effects Ref.
drug drug company approval
NRTIs Zidovudine Retrovir®/GlaxoSmithKline 1987 Tablets, capsules, Lactic acidosis, hepatic [14-18]
oral solution steatosis, peripheral
neuropathy, pancreatitis
and lipoatrophy
Lamivudine Epivir®, Zeffix®/ 1995 Tablets, oral solution Zidovudine-related anemia
GlaxoSmithKline and abacavir-induced
hypersensitivity reactions
are common
Didanosine Videx®, Videx® EC/ 1991 Tablets, capsules,
Bristol-Myers Squibb oral solution,
oral suspension
Zalcitabine Hivid®/Roche 1992 Tablets
Stavudine Zerit®/Bristol-Myers Squibb 1994 Capsules, oral solution
Abacavir Ziagen®/GlaxoSmithKline 1998 Tablets, oral solution
Emtricitabine  Emtriva®/Gilead Sciences 2003 Capsules, oral solution
NtRTIs  Tenofovir Viread®/Gilead Sciences 2001 Tablets Nephrotoxicity and osteopenia [19-21]
NNRTIs  Nevirapine Viramune®/Boehringer 1996 Tablets, oral suspension Hepatotoxicity and skin reactions. [22,23]
Ingelheim Efavirenz is potentially teratogenic
and has its own unigue CNS
reactions
Delavirdine Rescriptor®/Pfizer 1997 Tablets
Efavirenz Sustiva®, Stocrin®/ 1998 Tablets, capsules,
Bristol-Myers Squibb oral solution
Etravirine Intelence®/Tibotec 2008 Tablets
Pls Saquinavir Fortovase®/Roche 1995 Capsules, tablets Severe gastrointestinal symptoms, [24-28]
hepatotoxicity, paresthesias,
insulin resistance and
hyperlipidemia
Indinavir Crixivan®/Merck 1996 Capsules Indinavir-related crystalluria and
nephrolithiasis can occur
Ritonavir Norvir®/Abbott 1996 Capsules, oral solution
Lopinavir Kaletra®/Abbott 1997 Capsules (with ritonavir)
Nelfinavir Viracept®/Pfizer 1997 Tablets, oral powder
Amprenavir  Agenerase®, Prozei®/ 1999 Capsules, oral solution
GlaxoSmithKline
Fosamprenavir Lexiva®/GlaxoSmithKline 2003 Tablets, oral solution
Atazanavir Reyataz®/Bristol-Myers 2003 Capsules
Squibb
Tipranavir Aptivus®/Boehringer 2005 Capsules, oral solution
Ingelheim
Darunavir Prezista®/Tibotec 2006 Tablets
lls Raltegravir Isentress®/Merck 2007 Tablets Diarrhea, nausea and headache [29]
Fls Enfuvirtide Fuzeon®/Roche 2003 Powder for injectable The major side effects are related [30]
solution to injection site inflammation:
induration, pruritus, nodule
formation, and erythema
Els Maraviroc Selzentry®, 2007 Tablets Cough, fever, upper respiratory [31]

Celsentri®/Pfizer

tract infections, rash, muscle
and joint pain, abdominal pain,
and postural hypotension

ARV: Antiretroviral; Els: Entry inhibitors; Fis: Fusion inhibitors; lis: Integrase inhibitors; NNRTIs: Non-nucleoside reverse transcriptase inhibitors; NRTIs: Nucleoside
reverse transcriptase inhibitors; NtRTIs: Nucleotide reverse transcriptase inhibitors; Pls: Protease inhibitors.
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Table 2. Pharmacokinetic profile of main ARV drugs [32-34].

Class of drug Name of drug Half-life (h) Plasma protein Bioavailability (%)
binding (%)

NRTIs Zidovudine 1.1 <38 60
Lamivudine 3-6 < 36 86
Didanosine 1.3-16 <5 30 - 40
Zalcitabine 1-3 <4 85
Stavudine 1-16 Negligible 80
Abacavir 1-2 50 83 - 100
Emtricitabine 10 <4 93

NtRTIs Tenofovir 17 > 7 25-39

NNRTIs Nevirapine 25-30 60 > 90
Delavirdine 5.8 98 85
Efavirenz 40 - 50 96 - 99 42 - 80
Etravirine 30 - 40 99.9 Unknown

Pls Saquinavir 1.5-2 97 Erratic
Indinavir 1.2-2 60 65
Ritonavir 3-5 98 - 99 65
Lopinavir 5-6 98 - 99 Unknown
Nelfinavir 35-5 > 98 20 - 80
Amprenavir 7-10 90 Unknown
Fosamprenavir 7.7 90 Unknown
Atazanavir 7 86 Unknown
Tipranavir 5-6 99.9 Unknown
Darunavir 15 95 37

IIs Raltegravir 9 83 Unknown

Fls Enfuvirtide 3.8 92 84

Els Maraviroc 14 -18 76 23 -33

ARV: Antiretroviral; Els: Entry inhibitors; Fls: Fusion inhibitors; lls: Integrase inhibitors; NNRTIs: Non-nucleoside reverse transcriptase inhibitors; NRTIs: Nucleoside

reverse transcriptase inhibitors; NtRTIs: Nucleotide reverse transcriptase inhibitors; Pls: Protease inhibitors.

ARV drugs in the NRTI class need to be activated intracel-
lularly in the triphosphate form to compete with endogenous
deoxynucleotide-triphosphate, an essential substrate for provi-
ral DNA, and to inhibit the activity of the viral reverse tran-
scriptase. The drug derivates (the monophosphate form) act
as chain terminators during the synthesis of proviral DNA.
Seven NRTTs have been approved for use: zidovudine, lami-
vudine, didanosine, zalcitabine, stavudine, abacavir and
emtricitabine. Zidovudine was the first ARV treatment devel-
oped; it was far from ideal, according to De Clerq [13], but it
launched the search for new compounds with increased
potency and safety, thereby divulging new targets and options
for therapy. In general, NRTIs have limited stability, first-
pass metabolism and systemic toxicity. For example, didano-
sine has poor stability in the gastric environment and low
bioavailability owing to hepatic first pass. Zidovudine has
a short half-life and hematological toxicity that is dose-
dependent. Also, zidovudine and didanosine have variable
bioavailability. Thus, NRTIs are ideal candidates for sus-
tained drug release owing to a short half-life, which necessi-
tates frequent doses, as well as severe dose-dependent side
effects [351.

Tenofovir is the only commercially available NtRTI. The
drug is available as tenofovir disoproxil fumarato, a prodrug.
Tenofovir is also available in a fixed-dose combination with
emtricitabine and also in a fixed-dose triple combination

with emtricitabine and efavirenz, which provides a single daily
dose for the treatment of HIV. Tenofovir disoproxil fumarato
is hydrolyzed to tenofovir, which is then phosphorylated intra-
cellularly to tenofovir diphosphate, the pharmacologically
active form. Tenofovir diphosphate inhibits HIV reverse tran-
scriptase by competing with endogenous deoxynucleotide-
triphosphate for incorporation into viral DNA [36]. Tenofovir
can cause renal toxicity, including acute renal failure, Fanconi
syndrome, proteinuria or tubular necrosis [15,19].

NNRTIs include structurally dissimilar agents that are
non-competitive inhibitors of HIV reverse transcriptase;
because these drugs have a different mechanism of inhibition
compared with nucleoside analogues, they can be combined
with NRTTs to minimize resistance and provide synergistic
effects (377. NNRTTIs include the following drugs: nevirapine,
delavirdine, etravirirne and efavirenz. One of the most widely
used NNRTTIs is efavirenz. In contrast to other NNRTTs, efa-
virenz presents a more favorable resistance profile, and two or
more mutations in the reverse transcription are required to
generate high-level drug resistance [38]. The main drawbacks
of efavirenz are its very low solubility (~ 3 - 9 pg/ml), which
hinders administration, low absorption and limited biodistri-
bution. Etravirine also presents low solubility, and no data are
available about its bioavailability [39].

The PI class represents a significant advancement in the
treatment of HIV infection. These drugs block HIV-1
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protease, a virus-specific enzyme that is essential for the
maturation of the virus. Inhibition of this enzyme results in
immature and defective viral particles. Ten PI drugs are now
used in the clinic: saquinavir, the first to be developed, fol-
lowed by indinavir, ritonavir, lopinavir, nelfinavir, amprena-
vir, fosamprenavir, atazanavir, tipranavir and darunavir. The
main drawback of PI drugs is poor oral bioavailability because
they are substrates for efflux pumps; as a result, individual
dose adjustment is required because pharmacokinetic profiles
depend on pharmacogenetic patterns [40]. Protease inhibitors
also have limited penetration into the lymphatic system and
CNS 37. The poor passage of these drugs across the BBB
is mainly attributed to permeability glycoprotein (P-gp)-
mediated efflux. In humans, P-gp is also expressed on kidney
cells, hepatocytes and intestinal cells. The P-gp expressed on
intestinal cells is responsible for the reduced oral bioavail-
ability of PIs [41. Most PIs can increase plasma lipid con-
centrations, potentially increasing cardiovascular risk, and
many have clinically relevant drug interactions, especially
when low doses of ritonavir are used to boost the pharma-
cological profile. Most of these drugs are associated with
gastrointestinal disturbance [28].

Raltegravir is representative of the class IIs drugs, which
inhibit the insertion (‘integration’) of HIV-1 proviral DNA
into the host genome. Raltegravir is indicated for combina-
tion with other ARVs in treatment-experienced adult patients
with multi-drug-resistant HIV-1 strains [42].

Enfuvirtide is the first member of the FI class. It blocks the
entry of HIV-1 into host cells by interfering with the process
of virus—cell fusion, a pharmacologic target that is unique
among available ARV medications; because of this unique
mechanism of action, enfuvirtide remains active against
HIV-1 clinical isolates that are resistant to all three classes of
ARV medications (i.e., NRTIs, NNRTTIs and PIs) [43]. Enfur-
vitide is expensive and generally poorly tolerated because of
the need for twice-daily injections that often cause painful
local subcutaneous reactions [44].

Maraviroc is the first member of the EI class of CCR5-
receptor antagonists, a new class of ARV agents. It blocks
the binding of HIV-1 viral gp120 to the CCR5 receptor
and thus halts the conformational changes necessary for the
entry of CCR5-tropic HIV-1 into CD4 cells. Given this
unique mechanism of action, cross-resistance with other
ARV classes is unlikely and has not been reported [45).

HAART comprises the combined use of three or more
anti-HIV drugs. Table 3 contains the main fixed-dose drug
combination regimen recommended at present. The objec-
tives of combined therapy are: i) to achieve synergistic activity;
ii) to reduce the individual drug dose levels (and associated
drug toxicity); and iii) to reduce the risk for drug resistance
development [46].

HAART is highly necessary for infected patients. The
discontinuation of HAART allows viral relapse from latent
reservoirs. Regardless of the remarkable progress made in
ARV pharmacotherapy, current HAART cannot prevent
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HIV replication in some anatomic (brain, gastrointestinal
tract) and intracellular (Mo/Mac, hepatocytes, DCs and
Langerhans cells) sites where the drugs have restricted access
and short residence time [47). Thus, the administration of
higher doses is required, but is often associated with the
appearance of resistance. In addition, there are also other
important issues, such as adverse drug effects, poor drug reg-
imen compliance and drug-drug interactions associated with
ARV therapy [48].

Nanotechnology represents an important strategy to
improve drug efficacy and reduce toxicity. Owing to the
nanometer size and high surface area of the nanovectors, the
pharmacokinetics of the delivered molecule can be altered.
Nanocarriers have several important advantages that can
improve treatment with ARV drugs, including: i) improved
solubility of hydrophobic drugs; ii) increased drug bioavail-
ability; iii) improved drug stability under physiological con-
ditions; iv) surface characteristics that ensure uptake by
phagocytic cells; and v) a more specific drug delivery and tar-
geting strategy. This review presents the main strategies using
polymeric nanoparticles for AIDS treatment and prevention.

3. Strategies using polymeric nanoparticles
for AIDS therapy and prevention

Nanoparticles are solid, colloidal particles consisting of mac-
romolecular substances varying in size from 10 to 1000 nm.
A drug can be dissolved, entrapped, adsorbed, attached or
encapsulated into a nanoparticle. Depending on the method
of preparation, nanospheres or nanocapsules can be developed
with different properties, and different release characteristics
for the encapsulated therapeutic agent can also be developed.
Nanocapsules are vesicular systems in which the drug is con-
fined to a cavity surrounded by a unique polymer membrane,
whereas nanospheres are matrix systems in which the drug
is physically and uniformly dispersed in the polymeric
matrix [49-51]. For nearly three decades, polymeric nanopar-
ticles have been studied extensively because of their unique
and valuable physicochemical and biological properties.
Indeed, nanoparticles can protect the drug from degradation
(physical stability during storage and in biological fluids),
enhance its transport and distribution (possibility of drug tar-
geting by modification of surface charge with inserted ligands,
such as antibodies, surfactants, polymers and others) and pro-
long its release (ability to sustain the drug release over a period
of days to weeks); therefore, they may improve the plasma
half-life of the drug entrapped [52,53. The pharmacokinetic
parameters are altered with the nanoparticles, and their sur-
face composition plays an important role in drug bioavailabil-
ity, which can be greater or lower than the drug solution/
powder ratio depending on the polymer used [54.55]. As
some nanoparticle characteristics, such as particle size and
surface charge, can be modulated by modifying some process
parameters on their formulation, they can be used in various
applications involving different routes of administration.
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Table 3. The main fixed-dose drug combination regimen anti-HIV recommended at present.

Fixed-dose drug Drugs Commercial name/company FDA approval Dosage form
combination regimen
Double combination Lamivudine/zidovudine Combivir®/GlaxoSmithKline 1997 Tablets
Abacavir/lamivudina Epzicom®/GlaxoSmithKline 2004 Tablets
Tenofovir/emtricitabine Truvada®/Gilead Sciences 2004 Tablets
Lopinavir/ritonavir Kaletra®/Abbott 2000 Tablets, oral solution
Triple combination Abacavir, lamivudine Trizivir®/GlaxoSmithKline 2000 Tablets
and zidovudine
Tenofovir/emtricitabine/ Atripla®/Gilead Sciences 2006 Tablets

efavirenz

and Bristol-Myers Squibb

Although polymers are the most widely used materials,
nanoparticles consist of a variety of materials, including poly-
mers, proteins and lipids. The polymers used include natural
and synthetic materials, and the main characteristics required
are biodegradability and biocompatibility. In general, syn-
thetic polymers (polyesters and their copolymers polyacrylates
and polycaprolactones) offer greater advantages than natural
ones (albumin, gelatin, alginate, collagen and chitosan) in
that they can be tailored to have a wider range of properties.
Natural polymers have not been widely used because they
vary in purity, and they often require crosslinking, which
could denature the embedded drug (56-58]. The general criteria
for selecting a polymer for use as a degradable biomaterial are
to match the mechanical properties and the degradation rate
to the needs of the application.

The advantage of using polymeric nanoparticles as colloidal
carriers for advanced drug delivery is mainly their small size,
which allows nanoparticles to penetrate into even small
capillaries and be taken up within cells, allowing efficient
drug accumulation at targeted sites in the body. Also, the bio-
degradable polymers used for their preparation allow for sus-
tained drug release at the targeted site over a period of days or
even weeks after administration [59].

The research involving the applications of polymeric nano-
particles in AIDS treatment and prevention has generated
several important results and demonstrates its potential for
this objective. The main strategies discussed in this review
are based on: i) the intracellular delivery of ARV drugs by
polymeric nanoparticles; ii) brain delivery of ARV drugs by
using polymeric nanoparticles; and iii) the use of polymeric
nanoparticles as an adjuvant for anti-HIV vaccines.

3.1 Intracellular delivery of ARV drugs by polymeric
nanoparticles

Mo/Mac cells are widely recognized as the secondary cellular
target of HIV-1 and a crucial virus reservoir [60). HIV-1-
infected Mo/Mac cells are widely distributed in all tissues
and organs, including the CNS, where they represent the
majority of cells infected by HIV-1 (61,621. HIV-1 replication in
Mo/Mac is a crucial pathogenic event during the progression
of viral infection. HIV-1 infection in Mo/Mac is characterized

by viral dynamics substantially different from that of CD4"
lymphocytes. In fact, activated CD4" lymphocytes can sustain
a rapid and exponential viral production followed by massive
cell death (63]. By contrast, Mo/Mac are resistant to the cyto-
pathic effect of HIV-1 and produce virus over a prolonged
period; production increases linearly during the first
1 - 2 weeks of infection, followed by a plateau of the high
level of replication (> 108 copies of unspliced/spliced RNA
produced) lasting at least up to 60 days after infection [64].
Mo/Mac can survive HIV-1 infection for long periods of
time. This is mainly related to the autocrine secretion of the
nerve growth factor (NGF) associated with enhanced expres-
sion of the high affinitcy NGF receptor p140 trkA on the
Mo/Mac surface. This complex interaction enhances the abil-
ity of macrophages to cope with HIV infection, thus trans-
forming them into a long-term viral reservoir [65]. Plus,
these cells are implicated in HIV transmission routes, includ-
ing maternal-fetal [66), mucosal [67] and sexual transmis-
sion [68]. Based on these facts, it is obvious that Mo/Mac
represents an important target for ARV drugs and for carriers
loaded with these drugs.

When administered intravenously, conventional colloidal
carriers are rapidly cleared from the bloodstream by the
mononuclear phagocyte system (MPS), represented by mono-
cytes and macrophages. This removal from the circulation
generally occurs through recognition by cellular receptors
specific for plasma proteins bound to the carriers rather than
recognition of the carriers themselves [69]. The recognition
of particles by macrophages is mediated by a process called
opsonization, which depends on the distance between the par-
ticles and opsonins. When this distance is sufficiently small,
the opsonins bind to the surface of particles and become rec-
ognizable to macrophages, and phagocytosis occurs [70]. It is
well known that particle uptake by cells is affected by the par-
ticle’s physicochemical properties, such as particle size, surface
charge, hydrophobicity and presence of a coating (varying in
density/conformation). A correlation between surface charge
and phagocytosis has been demonstrated in vitro; the uptake
of charged particles occurs more quickly and to a greater
extent than the uptake of neutral particles [71]. Based on this
knowledge, the development of an ARV carrier system
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intended for targeting Mo/Mac is an attractive concept in
AIDS treatment.

One of the first studies involving ARV treatments and
macrophage targeting using nanoparticles was conducted
by Schifer and co-workers [721. Their ex vivo study used
macrophages isolated from the peripheral blood of HIV-
infected or uninfected patients. The authors found that the
physicochemical properties, including the composition, sur-
face characteristics and size, of poly(alkyl cyanoacrylate)
(PACA), poly(methyl methacrylate) (PMMA) and human
serum albumin (HSA) nanoparticles containing zidovudine
influenced the rate of uptake by macrophages, particularly
when these cells were infected by HIV (up to 60% more
than for uninfected macrophages). Thereafter, the group
developed poly(hexyl cyanoacrylate) (PHCA) and HSA
nanoparticles containing zidovudine and didanosina and
demonstrated in wvitro the effectiveness of these drug-
targeting systems in preventing HIV infection in Mo/Mac
cultures ([73]. Furthermore, the group prepared PHCA
nanoparticles as carriers for saquinavir (475 nm) or zalcitabina
(200 nm) by an emulsion polymerization method (poloxamer
188 as stabilizer) and tested them for antiviral activity in
primary human Mo/Mac in vitro. Both nanoparticulate for-
mulations led to a dose-dependent reduction of HIV-1 anti-
gen production. Whereas nanoparticle-bound zalcitabine
showed no superiority compared with free drug, a signifi-
cantly higher efficacy was observed with saquinavir-loaded
nanoparticles. In acutely infected cells, the saquinavir aqueous
solution showed little antiviral activity at concentrations
< 10 nM, whereas the nanoparticulate formulation showed a
good antiviral effect at a concentration of 1 nM and a signif-
icant antigen reduction at 0.1 nM (ICs = 4.23 nM for free
drug and 0.39 nM for nanoparticle-bound drug). At a con-
centration of 100 nM, saquinavir was completely inactive in
chronically HIV-infected macrophages, but when bound to
nanoparticles, saquinavir caused a 35% decrease in antigen
production [74].

In a similar study, Shah and Amiji (75] designed saquinavir-
loaded  poly(ethylene  oxide)-modified  poly(epsilon-
caprolactone) (PEO-PCL) nanoparticles (200 nm) for
intracellular delivery. The saquinavir carried in the PEO-
PCL nanoparticles was significantly internalized by the
THP-1 human Mac/Mo cell line at a 10-fold higher rate com-
pared with saquinavir in an aqueous solution, according to a
fluorescent probe. The intracellular concentration of saquina-
vir, after incubation with Mo/Mac cultures, was evaluated as a
function of the dose administered and incubation length. In
the first case, at a 50 nM dose, the intracellular concentration
of saquinavir delivered through the nanoparticle was eightfold
higher in concentration than the delivery in an aqueous
solution. A similar trend was observed when the cells were
treated with a 50 nM dose of saquinavir for different time
intervals. Microscopic observations qualitatively showed that
a significantly higher percentage of the administered dose of
nanoparticles was internalized by the cells.

Khalil, Carraro, Cotica & Mainardes

In another study, Hillaireau ez 4. (76] developed poly(isobu-
tyl cyanoacrylate) (PIBCA) nanocapsules as carriers for
azidothymidine-triphosphate (AZT-TP) and cidofovir, and
preliminary studies suggested that AZT-TP rapidly leaked
out of the nanocapsules after encapsulation, which was attrib-
uted to the rapid diffusion of the molecule through the pores
of the thin polymer nanocapsule wall. Furthermore, the same
group developed hybrid nanocapsules consisting of PIBCA
and poly(ethylene imine) to increase the encapsulation
efficiency of AZT-TP. The particles were analyzed for intra-
cellular uptake by J774.A1 cells (mouse macrophages). As
expected, free AZT-TP was poorly absorbed by the cells,
whereas the uptake of AZT-TP was 10 - 30-fold higher
when it was delivered by nanocapsule (77).

In work from the authors’ group, polylactic acid (PLA) and
PLA-polyethylene glycol (PLA-PEG) blend nanoparticles con-
taining zidovudine (265 - 374 nm) were developed, and their
uptake by polymorphonuclear leukocytes from rats was studied
in vitro. The influence of the polymer type on particle size, zeta
potential and particle uptake by polymorphonuclear leukocytes
was investigated. The cells were isolated from rat peritoneal
exudate, and their activation by nanoparticles was measured
by luminol-dependent chemiluminescence and microscopic
analysis. The PEG in the blend modified the zeta potential,
suggesting the formation of a PEG coat on the particle surface.
The phagocytosis was dependent on the PEG and its ratio
in the blend. The results showed that the PLA nanoparticles
(€ -20 mV) were more efficiently phagocytosed than PLA-
PEG blends (€ -6.5 mV). The blend with the highest PEG pro-
portion did not prevent phagocytosis, indicating that the steric
effect of PEG was concentration-dependent, owing to the con-
formation acquired on the nanoparticle surface. Also, the inter-
action between the various nanoparticle formulations and the
cells was observed microscopically by counting the formation
of intracellular vacuoles corresponding to nanoparticle phago-
cytosis. The PLA nanoparticles were observed to be able to
activate a larger number of cells (51.5 = 7.5) than the PLA-
PEG blend nanoparticles (19.3 + 6.1). Interestingly, the PLA
nanoparticles were able to activate the cells more extensively,
as indicated by the larger number of intracellular vacuoles
formed by the cell (~ 2.2-fold) compared with those induced
by the PLA-PEG blend particles (1:0.25). The nanoparticles
comprising the PLA-PEG blend with the highest PEG propor-
tion had a profile very similar to the PLA nanoparticles, and
these observations confirmed the results obtained in the chemi-
luminescence assay [78]. Furthermore, the group evaluated the
pharmacokinetic profile of the zidovudine-loaded PLA and
PLA-PEG blend nanoparticles in rats after a single intranasal
administration [79]. PLA-PEG blend nanoparticles showed sus-
tained release of the drug over 24 h. The T,,, for this formu-
lation was increased twofold compared with zidovudine from
PLA nanoparticles and 16-fold compared with the zidovudine
aqueous solution. The drug levels in plasma were detectable
up to 10 h after administration in the aqueous solution or
PLA nanoparticles. The t, of zidovudine also varied among
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the formulations. The slow elimination rate (K.) resulted in
significantly prolonged t, of zidovudine from the PLA and
PLA-PEG blend nanoparticles compared with the zidovudine
solution. Owing to the slow release of zidovudine from the
nanoparticles, its metabolic breakdown was also slower, increas-
ing the mean half-life. The significant increase (p < 0.05) in the
area under curve (AUC) value of the zidovudine-loaded PLA-
PEG nanoparticles in comparison with that of the PLA nano-
particles and zidovudine aqueous solution distinctly indicated
the improved intranasal bioavailability of the blended system.
Thus, the results of this study corroborated those of the first
study, indicating that the determination of physicochemical
characteristics of nanoparticles intended for controlled drug
release is very important because these characteristics can gov-
ern the application of the formulation and can be used to
predict its behavior in the biological medium. The size and
surface charge are important parameters in a nanostructured
system because these characteristics interfere directly in biolog-
ical processes, such as transport across biological membranes,
recognition by Mo/Mac and biodistribution.

Destache and co-workers [80) developed poly(lactic-co-
glycolic) acid (PLGA) nanoparticles containing three ARV
drugs ritonavir, lopinavir and efavirenz. The nanoparticles
(262 + 83.9 nm and { -11.4) were developed by water-in-
oil-in-water homogenization. The in vitro release of the
ARV drugs from the nanoparticles in human peripheral blood
mononuclear cells was investigated, and the results showed
an intracellular peak of each drug over 28 days, whereas
nanoparticle-free drugs were eliminated in 2 days. Macro-
phages were imaged by fluorescent microscopy and flow
cytometry, and phagocytosis of nanoparticles by Mo/Mac
was demonstrated. A cytotoxicity assay performed on the cells
demonstrated that the nanoparticles were not significantly
toxic. These results are important because they demonstrate
that the three drugs can be incorporated into a single nano-
particle for drug delivery. The use of a single ARV drug in
the treatment of HIV-1 only results in the development of
resistant strains and treatment failures. In another recent
paper, these nanoparticles were administered intraperitoneally
to mice for a pharmacokinetic study. Serum-free ARV drug
concentrations were observed to peak at 4 h post-injection
(ritonavir 3.9 + 3.05, lopinavir 3.4 + 2.5 and efavirenz
1.8 + 0.63 mg/ml) and were eliminated by 72 h. PLGA
nanoparticle-administered ritonavir, lopinavir and efavirenz
had detectable concentrations in all tissues for 28 days. These
results showed that the ARV drugs associated with nanopar-
ticles were able to maintain the drug concentrations for a pro-
longed period. In brain tissue, the peaks induced using the
ARV drug-loaded nanoparticles were significantly higher
than those induced using the free ARV drug. None of the
three freely injected ARV drugs reached a concentration of
1 mg/g in the brain tissue during the experiment. In sharp
contrast, the concentrations of the three ARV drugs delivered
by nanoparticles peaked at concentrations of 5 mg/g in the
brain. Indeed, lopinavir concentrations in the brain were still

detectable (averaging 1.2 mg/g) 35 days post-injection of a
single dose. Also, the ARV nanoparticles were able to interact
with the Mo/Mac infected with HIV-1 and inhibit virus rep-
lication up to 1000-fold for 10 days compared with free
drugs. These data provided evidence that the nanoparticles
may be able to offer sustainable HAART {s1].

The lymphoid organs (liver and spleen) contain immune
cell populations, particularly macrophages, which are impor-
tant targets in HIV therapy. Lobenberg and co-workers [82,83]
obtained PHCA nanoparticles containing zidovudine by
emulsion polymerization (bis-2-ethylhexyl sulfosuccinate
sodium as stabilizer). After intravenous administration in
rats, a higher drug concentration was observed in the organs
of the reticuloendothelial system (RES) (liver and gastrointes-
tinal tract); the concentration was ~ 18 times higher com-
pared with the zidovudine solution (control). A specific
nanoparticle’s uptake by the macrophages was suggested
because the radioactivity was higher in organs rich in macro-
phages (83]. Another important effect observed was the
higher levels of zidovudine in the brain when the nanopar-
ticles were coated with polysorbate 80 (PS-80) [84. Dembri
and co-workers [85] evaluated the capacity of PHCA nano-
spheres to concentrate zidovudine in the intestinal epithelium
and associated immunocompetent cells after oral administra-
tion in rats. Unlike the nanoparticle-free drug given in solu-
tion, the nanoparticle formulation concentrated zidovudine
very efficiently in the intestinal mucosa and in the Peyer’s
patches, and it could simultaneously control the release of
free zidovudine. The concentration of the drug in the Peyer’s
patches was four times higher for nanoparticles compared
with the control solution. The tissue concentration was
30 - 45 pM, which was much higher than the reported 1Csq
of zidovudine (0.06 - 1.36 pM), and it was regularly distrib-
uted along the gastrointestinal tract. This work supported the
view that these particles may represent a promising carrier to
treat specifically the gastrointestinal reservoir of HIV. The
normal uptake of nanoparticles by macrophages present in
the RES is indeed an important passive method for targeting
this anatomic reservoir site.

HIV-targeted cells, particularly macrophages, are also
able to take up particles by receptor-mediated endocytosis,
increasing the cell-specific uptake. Receptor-mediated drug
targeting is one of the most promising approaches to achiev-
ing efficient therapy and minimizing systemic toxicity. Subse-
quent internalization of the carrier-drug complex leads to the
accumulation of drug in the target cells and exclusion from
non-target cells that lack the requisite receptor [s6].

Macrophages possess various receptors, such as fucose
receptors, mannosyl, galactosyl, and many others. Mannose
receptors are present at the surface of Mo/Mac, alveolar
macrophages, astrocytes in the brain, hepatocytes, and so
on [87,88]. These receptors help in the recognition and endocy-
tosis of a particulate carrier. Therefore, carriers containing
ligands such as mannosyl, immunoglobulin, fibronectin and
galactosyl are better phagocytosed by macrophages than
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carriers without such ligands (89]. Jain ez a/. (90] developed and
explored the use of mannosylated gelatin nanoparticles for the
selective delivery of an anti-HIV drug didanosine to target
organs. Mannosylated gelatin nanoparticles (248 - 325 nm)
were prepared using a two-step desolvation technique and
coupled with mannose using the amino group of gelatin pres-
ent on the surface of nanoparticles. The ex vivo cell uptake
studies that used alveolar macrophages from male albino rats
showed a significant increase in cellular drug uptake when
mannosylated gelatin nanoparticles were used; the use of these
nanoparticles resulted in drug concentrations 18.0 and
2.7 times higher than those achieved using the free drug and
uncoated gelatin nanoparticles, respectively. In a study using
fluorescence microscopy, it was revealed that intravenous
administration of mannosylated coated nanoparticles in rats
induced a higher intensity of fluorescence in the lung tissue,
lymph nodes and liver compared with that using the uncoated
drugs. This occurred because mannose receptors are present in
higher numbers in these organs. These receptors recognize the
mannosylated gelatin nanoparticles, which are taken up by a
receptor-mediated endocytosis mechanism, thus resulting in
higher uptake and localization of the nanoparticles. The
authors concluded that the mannose-conjugated drug delivery
system with site specificity could help to reduce the toxicity of
the available anti-HIV doses and formulations.

In a similar study, Kaur ez /. [91] formulated sustained- and
targeted-release nanoparticles with didanosine using gelatin as
the polymer and mannan coating to enhance further its mac-
rophage uptake and distribution in organs that are major res-
ervoirs of HIV. The nanoparticles were prepared using the
double desolvation technique (95 - 235 nm) and were
evaluated in vitro, ex vivo and in vivo. Results of the ex vivo
cellular uptake study indicated a fivefold higher macro-
phage uptake of didanosine from the mannan nanoparticle
formulation compared with the didanosine solution. Results
of the quantitative biodistribution study showed that the
localization of didanosine in the spleen, lymph nodes and
brain was 1.7, 12.6 and 12.4 times higher, respectively, after
administration of mannan-coated nanoparticles compared
with the nanoparticle-free didanosine solution. However, the
authors did not evaluate the uncoated gelatin nanoparticles,
although they did show the role of mannan in promoting
the receptor-mediated endocytosis by mannosyl receptors.

The previous studies have shown that this strategy is a
highly versatile alternative to modify the nanoparticles to dis-
play different structural features. Nanoparticles represent a
compelling carrier system for the targeted delivery of ARV
agents to macrophages.

3.2 Brain delivery of ARV drugs by polymeric
nanoparticles

Considering that the CNS is an important reservoir for HIV
and that the reason for therapeutic failure is multifactorial,
the treatment and control of HIV within this reservoir are
primordial. Owing to the restricted entry of anti-HIV drugs,
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the brain is thought to form a viral sanctuary. This restriction
not only results in virologic resistance (generating a virus pool
that curtails the total elimination of HIV), but also is regularly
associated with the development of complications such as
HIV-associated dementia, neuroinflammation, latent infec-
tion and neurodegeneration [921. HIV-associated dementia is
characterized by a cognitive impairment (short-term memory,
reduced concentration, learning capability and psychomotor
skills), motor dysfunction and behavioral changes (personality
changes, apathy and social withdrawal) [93,941. Thus, the tar-
geting of ARV drugs to the brain has become a significant
goal for drug therapy.

Current ARV therapy often fails to reduce effectively the
viral load in the brain. CNS delivery of anti-HIV drugs is
limited by the BBB and blood-cerebrospinal fluid (CSF)
interfaces owing to a combination of restricted paracellular
movement, powerful metabolic enzymes and numerous trans-
porters, including members of the ATP binding cassette
(ABC) and solute carrier (SLC) superfamilies [95]. Thus,
drug delivery into the brain is limited under both normal
and pathological conditions. The urgent need to develop
new strategies to improve drug delivery to this tissue is evi-
dent. The use of nanoparticles for drug delivery to the brain
across the BBB may provide a significant advantage over other
strategies. A review by the authors’ group described some
important results obtained with polymeric nanoparticles in
drug delivery to the brain [96].

Effective treatment of HIV infection in the brain requires
long-term maintenance of therapeutic concentrations of
ARV drug in the brain. This maintenance leads to sustained
suppression and eventual elimination of HIV-1 in the viral
reservoirs within sequestered regions of the brain. However,
the systemic delivery of ARV drugs in the brain is severely
hampered by the BBB. Therefore, fabrication of new carriers
that would significantly enhance the delivery of drugs across
the BBB holds the key for the treatment of neuro-AIDS and
other neurological diseases [97].

Nanoparticles can enhance brain drug delivery by three
major pathways, which are: i) increasing the local drug gradi-
ent at the BBB by passive targeting; ii) allowing drug-
trafficking by nonspecific or receptor-mediated endocytosis;
and iii) blocking drug efflux transporters at the BBB [98]. Con-
sequently, the use of nanocarriers should help not only to
achieve higher concentrations of encapsulated drugs, but
also to allow their prolonged residence in the CNS.

One of the most used polymers for the development of
nanoparticles intended for brain delivery is poly(butyl
cyanoacrylate) (PBCA). These nanoparticles are prepared by
polymerization techniques, with the drug adsorbed onto the
surface of the nanoparticles pre-formed [99]. Studies showed
that surface modification of PBCA nanoparticles using other
polymers or tensoactive agents (non-ionic) could increase
the transport of particles through the BBB. PS-80 has been
used for this purpose, and studies denoted higher
translocation of nanoparticles coated with this surfactant
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into the brain than that of uncoated PBCA nanoparticles [100].
Studies revealed that PS-80 can increase the concentration of
apolipoprotein E (apoE) adsorbed on the nanoparticle sur-
face, and these apoE-enriched nanoparticles probably exploit
the low-density lipoprotein (LDL) receptor-mediated endo-
cytic pathway in brain endothelial cells [101). Furthermore,
PS-80 could inhibit the efflux function of P-gp to promote
the BBB penetration efficiency [102,103].

PBCA and methylmethacrylate-sulfopropylmethacrylate
(MMSPM) nanoparticles (59 - 149 nm) containing stavudine
were designed for brain targeting [104]. This work emphasized
the effect of particle size on drug loading; a smaller size
resulted in higher drug loading. Subsequenty, Kuo and
Chen [105] observed the effect of PBCA and MMSPM nano-
particles on the permeability of zidovudine and lamivudine
across the BBB using the blood-brain-microvascular endothe-
lial cells model. Drug permeability increased with the decrease
in particle size of the two polymeric carriers. A better result
was obtained with the MMSPM nanoparticles, which were
able to increase significantly, by 100%, the BBB permeability
of both drugs. PBCA nanoparticles increased the BBB
permeability of zidovudine 8 - 20-fold and lamivudine
10 - 18-fold. In the follow year, these authors observed an
increase in BBB permeability (in vitro study) of stavudine-,
delaviridine- and saquinavir-loaded PBCA and MMSPM
nanoparticles coated with PS-80 and also solid lipid nanopar-
ticles, and higher drug permeability was obtained with smaller
particles [106]. PS-80 had an important role in the entry of
nanoparticles by means of receptor-mediated transcytosis,
mimicking LDL particles. The permeability of the three drugs
was enhanced ~ 12 - 16-fold with PBCA nanoparticles,
3 - 7-fold with MMSPM nanoparticles and 4 - 11-fold
with solid lipid nanoparticles.

Receptor-mediated endocytosis provides a means for selec-
tive uptake of macromolecules and also small molecules. At
the BBB, this process occurs for substances such as transferrin,
insulin, leptin, insulin-like growth factor and LDL and is
an energy-dependent transport that may be saturated. The
transferrin and LDL receptors have been studied for specific
targeting of drugs and drug carriers to the brain [107.108).

The transferrin receptors present in the luminal membrane
of brain endothelial cells have been used as preferential targets
for enhanced ARV drug delivery to the CNS by means of
nanoparticulate systems [109). Long circulatory PEGylated
albumin nanoparticles encapsulating zidovudine were
prepared by an ultra-emulsification method (120 nm) using
chemical crosslinking by glutaraldehyde. The surface of
the PEGylated nanoparticles was modified by anchoring
transferrin as a ligand for brain targeting. Fluorescence
studies revealed the enhanced uptake of transferrin-anchored
nanoparticles in the brain tissues compared with the
uptake of unmodified nanoparticles with transferrin. An
in vivo evaluation was conducted in albino rats to eval-
uate the tssue distribution of engineered nanoparticles
after intravenous administration. The authors observed a

significant enhancement of brain localization of zidovudine
when it was delivered by transferrin-anchored PEGylated
albumin nanoparticles [110].

Recently, the properties of cell-penetrating peptides have
been explored to enhance further the cellular permeability of
drug carrier systems. In this approach, certain proteins or pep-
tides can be tethered to the hydrophilic drug of interest, and
together the construct possesses the ability to translocate
across the plasma membrane and deliver the payload intra-
cellularly [111]. The Tat peptide, the most frequently used
cell-penetrating peptide, is derived from the transcriptional
activator protein encoded by HIV-1 [112). The ability of the
Tat peptide to permeate biological membranes using different
pathways, including clathrin-dependent endocytosis, lipid
raft-dependent macropinocytosis and the use of non-
endocytic pathways such as direct movement through lipid
bilayers, makes it a promising system for intracellular drug
delivery [113,114]. Fusion of B-galactosidase to the Tat peptide
demonstrated the passage of the conjugated biomacromole-
cule across the BBB in mice [115]. Thus, nanoparticles contain-
ing Tat are promising systems for transport across the BBB
and entry into the brain. Therefore, Rao and colleagues [116]
hypothesized that anti-HIV drugs loaded in nanoparticles
could bypass the efflux action of P-gp and that Tat conjuga-
tion would enhance their transport across the BBB, thereby
enhancing the CNS bioavailability of anti-HIV drugs. In their
study, ritonavir-loaded PLA nanoparticles conjugated with
the Tat peptide were developed (300 - 340 nm) using an
emulsion-solvent evaporation technique (PVA as stabilizer).
They demonstrated enhanced and sustained brain delivery of
ritonavir-loaded Tat-conjugated nanoparticles without influ-
ence on the integrity of the BBB, suggesting that the transport
occurred through transcytosis across the endothelium of the
brain vasculature. At 2 weeks post-administration, the brain
ritonavir level after administration of the conjugated nano-
particles was 800-fold higher than that with the drug deliv-
ered in solution. Drug clearance was seen within 4 weeks.
The authors concluded that Tat-conjugated nanoparticles
enhanced the CNS bioavailability of the ritonavir and main-
tained therapeutic drug levels in the brain for a sustained
period that could be effective in reducing the viral load in
the CNS, which acts as a reservoir for the replicating
HIV-1 virus.

Another way to continue the research in brain delivery is to
circumvent the BBB by applying alternative routes of admin-
istration, such as the intranasal route. Intranasally adminis-
tered therapeutics reach the CNS via the olfactory and
trigeminal neural pathways. Both the olfactory and trigeminal
nerves innervate the nasal cavity, providing a direct connec-
tion with the CNS. Direct delivery of therapeutics from the
nose to the brain was initially attributed to the olfactory
pathway [117,118]. More recently, the contribution made by
the trigeminal pathway to intranasal delivery to the CNS
has also been recognized, especially to caudal brain regions
and the spinal cord [119,120]. This technology allows drugs

104 Expert Opin. Drug Deliv. (2011) 8(1)

RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

that do not cross the BBB to be delivered to the CNS within
minutes. It also delivers directly to the brain drugs that do
cross the BBB, eliminating the need for systemic administra-
tion and its potential side effects. The Hanson and Frey
review [121] cited the potential of intranasal delivery of drugs
for treatment of neuro-AIDS. Intranasal administration as a
potential route for enhancing brain delivery of stavudine was
investigated in rats by Yang er al. [122] using microdialysis as
a sampling technique. Following intranasal administration,
stavudine was rapidly and completely absorbed into systemic
circulation and had a T, of 14 min and bioavailability of
105%. The half-life of stavudine in the various brain regions
was significantly longer than that in the plasma.

Previous work explored the application of drug-loaded
nanoparticles by the intranasal route intended for direct
nose-to-brain transport. Some research showed an improve-
ment in the brain delivery of molecules such as morphine [123)
and nimodipine [124] loaded in polymeric nanoparticles and
administered by the intranasal route. Until now, in the field
of ARV drugs, only one study has investigated the potential
use of chitosan nanoparticles as a delivery system to enhance
the systemic and brain-targeting efficiency of didanosine fol-
lowing intranasal administration. The brain/plasma, olfactory
bulb/plasma and CSF/plasma concentration ratios were sig-
nificantly higher (p < 0.05) after intranasal administration of
didanosine nanoparticles or solution than those after intrave-
nous administration of the didanosine aqueous solution.
The study showed that both the intranasal route of adminis-
tration and the formulation of didanosine in chitosan
nanoparticles increased the drug delivery to the CSF and
brain [125]. Certainly, the exploration of the intranasal route
is a promising means for drug delivery to the brain.

3.3 Polymeric nanoparticles as adjuvant for

anti-HIV vaccines

The development of an HIV-1 vaccine is much needed to pre-
vent the continuing spread of the AIDS pandemic across the
world [126). HAART has reduced the AIDS death rate and
suppressed viral replication in infected individuals, but the
complete eradication of the virus from infected patients by
HAART does not seem possible, suggesting the necessity for
long-term treatment. Moreover, the side effects and emergence
of drug-resistant viruses limit the long-term application of
HAART 1(1271. Thus, an effective, safe and affordable HIV-1
vaccine with prophylactic/therapeutic effects is most desirable
for the eradication of HIV-1 infection.

Nanosystems have been studied in the development of
vaccines as adjuvants. These adjuvants play an important
role because in many cases the antigen itself is only very
weakly immunogenic; therefore, an adjuvant is needed to
intensify the immune response. Adjuvants can also be
included in vaccines to guide the type of immune response
generated [128]. This may be especially important when
developing vaccines for cancer [129], HIV [130] or mucosal
immunizations [131].
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The main adjuvant licensed for human use is aluminum salt.
Apart from its wide use, it presents some disadvantages, such as
instability to freezing and drying [132] and inconsistencies in
inducing humoral immunity [133]. Also, despite maintaining a
good safety profile for more than seven decades, some safety
concerns exist regarding the use of aluminum salts [134].

Thus, with very few adjuvants now being used in marketed
human vaccines, a critical need exists for new immunopoten-
tiators and delivery vehicles capable of eliciting humoral,
cellular and mucosal immunity. Polymeric nanoparticles
have been studied as vaccine adjuvants because of their safety
profile and ability to protect labile immune-stimulating mol-
ecules (e.g., DNA or peptides/proteins) and enhance their
immunogenicity when delivered by diverse routes (e.g., intra-
muscular, subcutaneous, intradermal and intranasal) [134-137].
Microparticle- and nanoparticle-prepared PLGA or PLA pol-
ymers represent a successful method for iz vive delivery of
peptide, protein or DNA antigens. These polymers were
developed primarily as resorbable sutures and controlled-
release drug delivery systems [138], and they have an excellent
safety record. Moreover, PLGA microspheres have several
more advantages, such as the ability to elicit cytotoxic
T-lymphocyte (CTL) responses, and the potential for mucosal
immunization and DNA delivery [139,140]. Recent work by
Sharp er al. 1141] has shown that cellular internalization of
PLGA and polystyrene microparticles induced large amounts
of IL-1B production in DCs via inflammasome activation.

In a study by Locher ez al. (142], an HIV-2 env DNA vaccine
was synthesized and delivered in a new polycationic adjuvant
formulation (consisting of polylysine as a cationic center con-
taining imidazole side chains to optimize endosomal escape)
that formed nanoparticles in solution (140 nm) and enhanced
protein expression. The results showed that the nanoparticles
were superior at inducing high levels of systemic antibody
responses compared with naked DNA when delivered by
the intradermal route in BALB/c mice. In addition, the
nanoparticles induced higher levels of IgM, IgG and
IgA antibodies.

Cui et al. 143 used PLA nanoparticles as a carrier for
HIV-1 Tat (1 - 72). The authors related that up to now no
studies (in wvitro and in vive) have verified whether Tat
(1 - 72) presents an immunosuppressive effect because several
studies demonstrated that Tat (1 - 86) is immunosuppressive.
The results confirmed that Tat (1 - 72) is immunogenic and
non-immunosuppressive. Immunization of BALB/c mice
with Tat-coated nanoparticles resulted in antibody levels
(IgG and IgM) comparable to those elicited from Tat and
the aluminum adjuvant. Further investigation is required to
verify whether these nanoparticles are able to enhance both
antibody and cellular immune responses.

Ataman-Onal ez al. 1144 obtained surfactant-free PLA
nanoparticles with a largely negative surface charge, allowing
adsorption of the HIV-1 p24 capsid protein. The antigenicity
and immunogenicity of proteins on these nanoparticles were
well preserved. These nanoparticles induced potent antibody
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responses, including strong CTL responses in mice as well as
CD4" and CD8" IFN-y-producing T-cell responses in maca-
ques. This new protein delivery system confirmed the promis-
ing potential of charged particle vaccine development. In
another study [145], this group investigated whether the power-
ful carrier system could be used for the delivery of a divalent
candidate vaccine against HIV-1. As gag-env combinations
are widely tested in HIV vaccine research, the authors
added the gpl20 envelope glycoprotein to the PLA-p24
formulation. The results showed that two different antigens
can be adsorbed together onto particulate carriers and that
the mass ratio of proteins is identical in the feed and on the
particle surface. Furthermore, the structural integrity of
p24 and gpl20 proteins was extremely well maintained
following adsorption, as assessed by antibody-specific and
soluble CD4 (sCD4) binding assays. Finally, the divalent
PLA-p24/gp120 formulation was highly immunogenic for
both antigens, which was indicated by the induction of
antigen-specific antibodies in the mice.

Guillon ez al. [146) quantitatively and qualitatively com-
pared the effect of different adjuvants (PLA nanoparticles
versus an emulsion) in the induction of antibody responses
using three HIV-1 antigens: p24gag, wild-type Tat and a
mutated, detoxified form of Tat. The main result was that
the nature of the adjuvant had consequences on the spec-
trum of specificity induced, depending on the antigen: the
PLA adjuvant induced an anti-p24 response that was more
focused on an immunodominant domain compared with
the response with the emulsion. With wild-type Tat, no dif-
ference was observed between adjuvants in the spectrum of
the induced immune response specificity. By contrast,
detoxified Tat coated on PLA increased the number of epit-
opes recognized by serum IgG compared with those as a
result of the emulsion adjuvant. These results emphasized
that the comparison of adjuvants required assessment for
each candidate vaccine antigen rather than for a model anti-
gen because the qualitative differences in outcome vary
among antigens.

Castaldello ez al. (147) developed PMMA-PEG nanopar-
ticles by emulsion polymerization and characterized them
in vitro and in vivo for DNA vaccine applications. The nano-
particles reversibly adsorbed large amounts of DNA, mainly
through electrostatic interactions, preserved its functional
structure, efficiently delivered DNA intracellularly, and were
not toxic 7z vitro or in mice. Furthermore, two intramuscular
immunizations (4 weeks apart) with a very low dose (1 pg) of
the plasmid pCV-Tat delivered by these nanoparticles, fol-
lowed by one or two protein boosts, induced significant
antigen-specific humoral and cellular responses and greatly
increased the Thl-type T-cell responses and CTLs against
HIV-1 Tat.

Wang et al. (148] suggested that nanoparticles can be used as
an efficient antigen delivery system to DCs for a variety of
vaccines, such as an anti-HIV-1 vaccine. Dendritic cells play
a major role in activating and shaping the adaptive immune

response. Indeed, the loading of dendritic cells with a partic-
ulate antigen adsorbed onto polymeric nanoparticles can sig-
nificantly increase the potency of both cellular and humoral
immune responses after immunization. The authors con-
structed an efficient protein-based vaccine using biodegrad-
able poly(y-glutamic acid) (y-PGA) nanoparticles, which
were capable of inducing potent cellular immunity.
A significant expansion of CD8" T cells specific to the major
histocompatibility complex class I-restricted gp120 epitope
was observed in mice intranasally immunized once with
gp120-carrying nanoparticles, but not with gp120 alone or
gp120 together with the B-subunit of cholera toxin. Long-
lived memory CD8" T cells were also elicited. Also, the
authors compared Y-PGA nanoparticles with polystyrene
nanoparticles and found that the former were much stronger
inducers of antigen-specific CD8" T-cell responses than
non-biodegradable polystyrene nanoparticles [149]. In some
other work from this group, nanoparticles play a critical role
in inducing cellular immune responses. The uptake of ovalbu-
min by DCs was markedly enhanced by y-PGA nanoparticles,
and the ovalbumin was gradually released from nanoparticles
into the cells. In addition, y-PGA nanoparticles appeared to
have great potental as an adjuvant because they induced
DC maturation. Although DC maturation was induced not
only by ovalbumin-encapsulating nanoparticles but also by a
simple mixture of ovalbumin and nanoparticles, only the
DCs exposed to ovalbumin-nanoparticles could strongly acti-
vate antigen-specific IFN-y-producing T cells. Subcutaneous
immunization of mice with HIV-1 p24-encapsulating nano-
particles activated more antigen-specific IFN-y-producing
T cells in the spleen and induced p24-specific serum antibod-
ies when compared with immunization with p24 alone. Like
ovalbumin, the mixture of p24 and nanoparticles also induced
antigen-specific serum antibodies but did not activate IFN-y-
producing T cells in spleen cells. The authors concluded that
gamma-PGA nanoparticles encapsulating various antigens
may have great potential as new and efficient protein-
based vaccines against infectious diseases, including HIV-1
infection [150]. Recent results published by the group showed
that y-PGA nanoparticles carrying gp-120 induced stronger
gp120-specific cellular and humoral immunity than vaccina-
tion with gp120 alone in rhesus macaques, but there was no
protective effect against inoculation of simian and human
immunodeficiency chimeric viruses [151]. Aline ez al [152]
investigated the feasibility of DC uptake of p24 on the surface
of surfactant-free PLA nanoparticles. After immunization, the
p24-coated nanoparticles were efficiently taken up by mouse
DCs, which then underwent maturation. The nanosystem
also induced serum and mucosal antibody production and eli-
cited strong systemic and local lymphoproliferative responses
that were correlated with a Th1/Th2-type response and sys-
temic CTL responses in the immunized mice. Thus, the
DC:s pulsed with antigen-loaded PLA nanoparticles may pro-
vide a new delivery tool for cellular vaccination against
chronic infectious diseases.
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4. Conclusions

This review has explored the application of polymeric nano-
particles as carriers for ARV therapy for AIDS treatment
and as adjuvants for anti-HIV vaccines. Various nanostruc-
tures have shown the ability to improve the efficacy of several
ARV treatments while reducing their toxicity. These systems
have been shown to provide higher and sustained drug
levels in known HIV reservoir sites. The development of
nanotechnology-based drug delivery systems is a promising
strategy to improve the efficacy and safety of current ARV
therapy. The use of nanoparticles as adjuvants for vaccines
has produced interesting results, which contribute to the
efforts in the development of an efficient and safe anti-HIV
vaccine formulation.

5. Expert opinion

It has been almost three decades since the discovery of HIV as
the cause of AIDS, and the growing number of HIV-
infected individuals and AIDS-related deaths reflects the
efforts required to control this infectious disease. The thera-
peutic options for HIV infection continue to expand. New
targets, such as viral entry and integration, have recently
been exploited successfully. However, HIV-infected patients
in need of treatment are at present committed to lifelong sup-
pressive therapy, and non-compliance leads to a rapid increase
in viral load. Despite significant advances that have been
made in understanding the mechanism of HIV infection
and in identifying effective treatment approaches, optimal
treatment strategies for AIDS remain a major challenge.

A major obstacle in HIV eradication is the ability of
the virus to remain latent in cellular (macrophages, CD4"
T cells and DCs) and anatomical reservoirs (CNS, lymphoid
organs and male urogenital tract). Latently infected cells can
escape the viral immune response and persist for long periods
of time despite the presence of successful HAART.

So far, there are > 25 drugs approved for AIDS treat-
ment. HAART comprises the combined use of three or
more anti-HIV drugs, with the objective of reducing the
individual drug dose levels, reducing the risk of drug resis-
tance and acting on the different stages of viral replication,
which increases the efficacy of treatment. The effect of
ARV therapy on the quality of life of HIV patients has
been enormously positive; however, toxicity, adverse drug
reactions, suboptimal bioavailability owing to poor physico-
chemical properties, impaired biodistribution in HIV reser-
voirs, emergence of drug resistance, requirement of drug
monitoring and lifelong adherence are the problems associ-
ated with ARV treatment. ARV drugs used in current AIDS
therapy have some pharmacokinetic limitations. Most ARV
therapies available are formulated as solid dosage forms for
oral administration. The drugs delivered by this route suffer
significant first-pass effect and variation in absorption, and
they are also degraded in the gastrointestinal tract by

Khalil, Carraro, Cotica & Mainardes

enzymes and pH conditions. Thus, the drugs have short
mean half-life, and the duration of drug action is limited,
which necessitates therapy with the drug in large and
frequent doses, resulting in a rise of toxic effects. The use
of new drug delivery systems for oral delivery of ARV ther-
apy is an alternative to circumvent these problems. Also, to
reach the therapeutic target sites, ARV drugs must cross sev-
eral biological barriers, such as mucous membranes, the
BBB and cell membranes. The physicochemical and meta-
bolic properties of these drugs contribute to reducing the
amount of drug in the blood and affected tissues. Variabil-
ity also occurs in the bioavailability profile of ARV drugs
and represents a significant factor in the failure of some
drug regimens. The development of nanotechnology-
based delivery systems for ARV drugs has focused on over-
coming these barriers. Nanotechnology-related rational
targeting may improve the therapeutic success by decreasing
adverse drug effects and requiring less frequent admini-
stration regimens, resulting in patient compliance and
higher adherence.

The great goal to improve the therapeutic effect of ARV
drugs requires overcoming the pharmacokinetic limitations
(rapid hepatic metabolism, low bioavailability and short
half-life), viral resistance and cellular and anatomic barriers.
Nanotechnology can solve problems of drug formulation
(poor water solubility and lack of stability) and pharmacoki-
netic drawbacks, such as bioavailability, short half-life and
biodistribution (viral targeting tissues), that are associated
with current HAART. The nanometric size of these carrier
systems allows efficient crossing of biological barriers, amelio-
ration of tissue tolerance, and improved cellular uptake and
transport, and thus, the carrier size enables efficient delivery
of the therapeutic agents to the target sites. The nanosystems
can improve therapy by controlling drug concentrations in
target cells. The literature describes a wide range of nanopar-
ticulate carriers intended for AIDS treatment. Some studies
have described ARV drugs that are successfully delivered or
targeted using different nanosystems. Polymeric systems
include nanoparticles, dendrimers, micelles and nanoconju-
gates; non-polymeric devices include liposomes, nano-
emulsions and solid lipid nanoparticles. The polymeric
nanoparticles are attractive carriers because they present
higher drug loading capacity and the potential to target HIV
reservoirs by manipulation of their surface characteristics.
These nanoscale systems have been used successfully in other
diseases such as cancer, and therefore there is a better under-
standing of the practicalities and technicalities associated
with their clinical development.

An issue related to the development of new drug delivery
systems for ARV therapy is that AIDS treatment involves
combination drug therapy. Few studies have developed poly-
meric nanoparticles for the simultaneous loading of two or
more ARV drugs. This issue must be explored and considered
thoroughly in the design of nanostructures for ARV delivery
and targeting. Another area lacking research is the delivery

Expert Opin. Drug Deliv. (2011) 8(1) 107

RIGHTES

Wy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

Potential of polymeric nanoparticles in AIDS treatment and prevention

of ARV drug-loaded polymeric nanoparticles by the intranasal
route to the brain. This direct nose-to-brain drug delivery

route represents an interesting strategy to deliver ARV therapy

to the brain. The applicability and development of polymeric
nanoparticles for this brain-delivery route is a promising area
of research. Finally, it was observed in this review that most
studies involving ARV-loaded nanoparticles are based on

Bibliography
Papers of special note have been highlighted as

either of interest (@) or of considerable interest

(e®) to readers.

ex vivo or in vivo studies using rats. These data show that
the research in this field is at an early stage.

Declaration of interest

extended periods: implications for
eradication of virus. J Infect Dis

2007;195:1762-4

e authors state no conflict of interest and have received no
The auth tat flict of interest and h d
payment in preparation of this manuscript.

editor, Antiviral drugs: biology,
chemistry, clinic. John Wiley & Sons,
Inc.; 2010: in press

1. AIDS Epidemic Update: November 12.  Alexaki A, Liu Y, Wigdahl B. Cellular 21.  Stellbrink HJ, Orkin C, Arribas JR, et al.
2009. Joint United Nations Programme reservoirs of HIV-1 and their role in viral Comparison of changes in bone density
on HIV/AIDS (UNAIDS) and World persistence. Curr HIV Res and turnover with abacavir-lamivudine
Health Organization (WHO), 2008;6:388-400 versus tenofovir-emtricitabine in
2009. Available from: http://data.unaids. 13.  De Clercq E. Anti-HIV drugs: HIV-infected adults: 48-week results
org/pub/Report/2009/JC1700_Epi_ 25 compounds approved within 25 years from the ASSERT study. Clin Infect Dis
Update_2009_en.pdf [Last accessed after the discovery of HIV. Int J 201051:963-72
29 September 2010] Antimicrob Agents 2007;33:307-20 22.  de Bethune M-P. Non-nucleoside

2. Levy JA. HIV and the pathogenesis of 14.  Cote HC, Brumme ZL, Craib KJ, et al. reverse transcriptase inhibitors
AIDS. 3rd edition. American Society of Changes in mitochondrial DNA as a (NNRTIs), their discovery, development,
Microbiology Press, Washington, DC; marker of nucleoside toxicity in and use in the treatment of
2007 HIV-infected patients. N Engl ] Med HIV-1 infection: a review of the last

3. Kahn JO, Walker BD. Acute human 2002;346:811-20 20 years (1989-2009). Antiviral Res
immunodeficiency virus type 1 infection. 15.  Cihlar T, Ray AS. Nucleoside and 2010:85:75-90
N Engl ] Med 1989;339:33-9 nucleotide HIV reverse transcriptase 23. Fundaro C, Genovese O, Rendeli C,

4. Appay V, Sauce D. Immune activation inhibitors: 25 years after zidovudine. .et al. M)felomeningocele in gf child with
and inflammation in HIV-1 infection: Antiviral Res 2010;85:39-58 intrauterine exposure to efavirenz. AIDS
causes and consequences. ] Pathol 16.  Smith CJ, Olsen CH, Mocroft A, et al. 2002;16:299-300
2008;214:231-41 The role of antiretroviral therapy in the 24. Plosker GL, Noble S. Indinavir: a review

5. Stevenson M. HIV-1 pathogenesis. incidence of pancreatitis in HIV-positive f)f its e in the management of HIV
Nat Med 2003:9:853-60 individuals in the EuroSIDA study. infection. Drugs 2009;58:1165-203

AIDS 2008;22:47-56 25.  Cameron DW, Heath-Chiozzi M,

6. Hel Z, McGhee JR, Mestecky J. HIV .
infection: first battle decides the war. 17. Haubrich RH, Riddler SA, Danner 5, et al. Randomised
Trends Immunol 2006:27:274-81 DiRienzo AG, et al. Metabolic outcomes placebo-controlled trial of ritonavir in

in a randomized trial of nucleoside, advanced HIV-1 disease. The Advanced

7. Mellor JW, Rinaldo CR Jr, Gupto P, nonnucleoside and protease HIV Disease Ritonavir Study Group.
< al: Prognosis in HIY_I infe‘ction' inhibitor-sparing regimens for initial Lancet 1998;351:543-9
predicted by the quantity of virus in HIV treatment. AIDS 2009;23:1109-18  26.  Croxtall JD, Perry CM. Lopinavir/
plasma. Science 1996;272:1167-70 . . . . .

. 18.  D:A:D Study Group. Use of nucleoside Ritonavir: a review of its use in the

8 Blankson JN, Persaud D, Siliciano RE. reverse transcriptase inhibitors and risk of management of HIV-1 infection. Drugs
II}II'(\:/—Clhig;:cgtfoi \K;arll:ers{zr:(;\i{rz;n myocardial infarction in HIV-infected 2010;70:1885-915
2002:53:557-93 patients enrolled in the D:A:D study: 27.  Sulkowski MS, Thomas DL,

’ a multi-cohort collaboration. Lancet Chaisson RE, Moore RD. Hepatotoxicity

9. Schrager LK, D’Souza MP. Cellular and 2008;371:1417-26 associated with antiretroviral therapy in
ana'tomlcal r.es'crvou‘s of HIV__I n . 19.  Herlitz LC, Mohan S, Stokes MB, et al. adults infected with human
P atlen.ts I‘f:CClVlIlg potent antiretroviral Tenofovir nephrotoxicity: acute tubular immunodeficiency virus and the role of
i;z;?;&z;;hlemp y- JAMA necrosis with distinctive clinical, }213%30“;;3(: or B virus infection. JAMA

’ pathological, and mitochondrial ;283:74-80

10.  Richman DD, Margolis DM, abnormalities. Kidney Int 28.  Wensing AM, van Maarseveen NM,
Delaney M, et al. The challenge of 2010: published online 1 September Nijhuis M. Fifteen years of HIV protease
finding a cure for HIV infection. Science 2010, doi:10.1038/ki.2010.318 inhibitors: raising the barrier to
2009;323:1304-7 20.  De Clercq E. Tenofovir disoproxil resistance. Antiviral Res 2010;85:59-74

11. Chun TW, Justement JS, Moir S, et al. fumarate (TDF): discovery and clinical 29.  McColl DJ, Chen X. Strand transfer
Decay of the HIV reservoir in patients development. In: Kazmierski WM, inhibitors of HIV-1 integrase: bringing
receiving antiretroviral therapy for

108 Expert Opin. Drug Deliv. (2011) 8(1)

RIGHTES

Wy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

in a new era of antiretroviral therapy.
Antiviral Res 2010;85:101-18

Bartlett JG, Gallant JE. Drug
information. In:

2004 Medical Management of HIV
Infection. Baltimore, MD: Johns
Hopkins Medicine Health
Publishing Business Group

2004. p. 99, 240-5

Ndegwa S. Maraviroc (Celsentri) for
multidrug-resistant human
immunodeficiency virus (HIV)-1.
Issues Emerg Health Technol
2007;110:1-8

RxList the internet drug index, RxList,
Inc. Available from: http://www.rxlist.
com/cgi/generic/intelence_cp.htm
[Accessed 30 September 10]

Sharma P, Garg S. Pure drug and
polymer based nanotechnologies for

the improved solubility, stability,
bioavailability and targeting of and-HIV
drugs. Adv Drug Deliv Rev
2010;62:491-502

This review discusses the application of
polymer based nanotechnologies for
anti-HIV drugs.

Ojewole E, Mackraj I, Naidoo P,
Govender T. Exploring the use of novel
drug delivery systems for antiretroviral
drugs. Eur ] Pharm Biopharm
2008;70:697-710

Critical review discussing various drug

delivery systems for AIDS treatment.

Flexner C. HIV drug development: the
next 25 years. Nat Rev Drug Discov
2007;6:959-66

Pozniak A. Tenofovir: what have over
1 million years of patient experience
taught us? Int J Clin Pract
2008;62:1285-93

Li X, Chan KW. Transport, metabolism
and elimination mechanisms of anti-HIV
agents. Adv Drug Deliv Rev
1999;39:81-103

Staszewski S, Miller V, Sabin C, et al.
Virological response to protease inhibitor
therapy in an HIV clinic cohort. AIDS
1999;13:367-73

Sosnik A, Chiappetta DA,

Carcaboso AM. Drug delivery systems in
HIV pharmacotherapy: what has been
done and the challenges standing ahead.
J Control Release 2009;138:2-15

An important review that discusses
how to target HIV reservoir by means

of drug delivery systems.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S51.

52.

53.

Hochman JH, Chiba M, Nishime J,

et al. Influence of P-glycoprotein on the
transport and metabolismof indinavir in
Caco-2 cells expressing cytochrome
P-450 3A4. ] Pharmacol Exp Ther
2000;292:310-18

Schinkel AH. The roles of P-glycoprotein
and MRP1 in the blood-brain and
blood-cerebrospinal fluid barriers.

Adv Exp Med Biol 2001;500:365-72
Croxtall JD, Keam §J. Raltegravir:

a review of its use in the management of
HIV infection in treatment-experienced

patients. Drugs 2009;69:1059-75

Fung HB, Guo Y. Enfuvirtide: a fusion
inhibitor for the treatment of HIV
infection. Clin Ther 2004;26:352-78

Volberding PA, Decks SG. Antiretroviral
therapy and management of HIV
infection. Lancet 2010;376:49-62

Lieberman-Blum SS, Fung HB,

Bandres JC. Maraviroc: a CCR5-receptor
antagonist for the treatment of

HIV-1 infection. Clin Ther
2008;30:1228-50

Gazzard BG. British HIV association
guidelines for the treatment of
HIV-1-infected adults with
antiretroviral therapy. HIV Med
2008;9:563-608

Saksena NK, Haddad DN. Viral
reservoirs an impediment to HAART:
new strategies to eliminate HIV-1.
Curr Drug Targets Infect Disord
2003;3:179-206

Richman DD, Margolis DM,
Delaney M, et al. The challenge of
finding a cure for HIV infection. Science

2009;323:1304-7

Soppimath KS, Aminabhavi TM,
Kulkarni AR, Rudzinski WE.
Biodegradable polymeric nanoparticles as
drug delivery devices. ] Control Release
2001;70:1-20

Kreuter J. In: Swarbrick J, Boylan JC,
editors, Nanoparticles. Marcel Dekker,
New York; 1994. p. 10

Fattal E, Vauthier C. In: Swarbric J,
Boylan JC, editors, Nanoparticles as drug
delivery systems. Marcel Dekker, New
York; 2002. p. 10

Oppenheim RC. Solid colloidal drug
delivery systems: nanoparticles.

Int ] Pharm 1981;8:217-34

Allemann E, Gurny R, Doelker E. Drug

loaded nanoparticles preparation methods

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

Khalil, Carraro, Cotica & Mainardes

and drug targeting issues. Eur J
Pharm Biopharm 1993;39:173-91

Ubrich N, Schmidt C, Bodmeier R,

et al. Oral evaluation in rabbits of
cyclosporine-loaded Eudragit RS or RL
nanoparticles. Int J Pharm

2005;288:169-75

Hoffart V, Lamprecht A, Maincent P,
et al. Oral bioavailability of a low
molecular weight heparin using a

polymeric delivery system.
J Control Release 2006;113:38-42

Kawashima Y. Nanoparticulate systems
for improved drug delivery. Adv Drug
Deliv Rev 2001;47:1-2

Lewis DH. In: Chasin M, Langer R,
editors, Biodegradable polymers as drug
delivery systems. Marcel Dekker, New
York; 1990. p. 45

Hans ML, Lowman AM. Biodegradable
nanoparticles for drug delivery and

targeting. Curr Opin Sci 2002;6:319-27
Vinogradov SV, Bronich TK,

Kabanov AV. Nanosized cationic
hydrogels for drug delivery: preparation,
properties and interactions with cells.

Adv Drug Deliv Rev 2002;54:135-47
Gartner S, Markovits P, Markovitz DM,

et al. The role of mononuclear
phagocytes in HTLVIII/LAV infection.
Science 1986;233:215-19

Koenig S, Gendelman HE,

Orenstein JM, et al. Detection of AIDS
virus in macrophages in brain tissue from
AIDS patients with encephalopathy.
Science 1986;233:1089-93

McElrath MJ, Pruett JE, Cohn ZA.
Mononuclear phagocytes of blood and
bone marrow: comparative roles as viral
reservoirs in human immunodeficiency

virus type 1 infections. Proc Natl Acad
Sci USA 1989;86:675-9

Bagnarelli P, Valenza A, Menzo S, et al.
Dynamics and modulation of human
immunodeficiency virus type 1 transcript
in vitro and in vivo. J Virol

1996;70:7603-13
Aquaro S, Bagnarelli P, Guenci T, et al.

Long-term survival and virus
production in human primary
macrophages infected by human
immunodeficiency virus. ] Med Virol
2002;68:479-88

Garaci E, Caroleo MC, Aloe L, et al.
Nerve growth factor is an autocrine
factor essential for the survival of

macrophages infected with HIV.

Expert Opin. Drug Deliv. (2011) 8(1)

109
RIGHTES

Wy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

Potential of polymeric nanoparticles in AIDS treatment and prevention

Proc Natl Acad Sci USA nucleotide analogues 86.  Takakura Y, Hashida M.
1999;96:14013-18 azidothymidine-triphosphate and Macromolecular carrier systems for

66. McGann KA, Collman R, Kolson DL, cidofovir in poly(iso-butylcyanoacrylate) targeted drug delivery: pharmacokinetic
et al. Human immunodeficiency virus-I nanocapsules. Int ] Pharm considerations on biodistribution.
causes productive infections of 2006;324:37-42 Pharm Res 1996;13:820-31
macrophages in primary placental cell 77.  Hillaireau H, Le Doan T, Appel M, 87.  Largent BL, Walton KM, Hoppe CA,
culture. J Infect Dis 1994;169:746-53 Couvreur P. Hybrid polymer et al. Carbohydrate-specific adhesion of

67.  Milman G, Sharma O. Mechanism of nanocapsules enhance in vitro delivery of alveolar macrophages to mannose
HIV/SIV mucosal transmission. azidothymidine-triphosphate to derivatized surfaces. ] Biol Chem
AIDS Res Hum Retroviruses macrophages. ] Control Release 1984;259:1764-9
1994;109:1305-12 2006;116:346-52 88.  Haltiwanger RS, Hill RL. The ligand

68.  Vanct-Wout AB, Kootstra NA, 78.  Mainardes RM, Gremiao MP, binding specificity and tissue localization
Mulder-Kampinga GA. Brunetti IL, et al. Zidovudine-loaded of a rat alveolar macrophage lectin.
Macrophage-tropic variants initiate PLA and PLA-PEG blend nanoparticles: J Biol Chem 1986;261:15696-702
human immunodeficiency virus type 1 influence of polymer type on phagocytic 89.  Shao ], Ma JKH. Characterization of
infections after sexual, parenteral and uptake by polymorphonuclear cells. mannosylphospholipid liposome system
vertical transmission. ] Clin Invest J Pharm Sci 2009;98:257-67 for drug targeting to alveolar
1994;94:2060-7 79.  Mainardes RM, Khalil NM, macrophages. ] Drug Deliv Target

69.  Stolnik S, Hlum L, Davis SS. Long Gremiao MP. Intranasal delivery of Ther Agents 1997;1998:43-8
circulating microparticulate drug carriers. zidovudine by PLA and PLA-PEG blend 90.  Jain SK, Gupta Y, Jain A, et al.

Adv Drug Deliv Rev 1995;16:195-214 nanoparticles. Int J Pharm Mannosylated gelatin nanoparticles

70.  Owens DE, Peppas NA. Opsonization, 2010;395:266-71 bearing an anti-HIV drug didanosine for
biodistribution, and pharmacokinetics of 80.  Destache CJ, Belgum T, Christensen K, site-specific delivery. Nanomedicine
polymeric nanoparticles. Int ] Pharm et al. Combination antiretroviral drugs in 2008;4:41-8
2006;307:93-102 PLGA nanoparticle for HIV-1. 91.  Kaur A, Jain S, Tiwary AK.

. This review comments comprehensively BMC Infect Dis 2009;9:198-206 Mannan-coated gelatin nanoparticles for
on the pharmacokinetics of * One of few papers that involves sustained and targeted delivery of
polymeric nanoparticles. combination drug in didanosine: in vitro and in vivo

71. Roser M, Fisher D, Kissel T. polymeric nanoparticles. evaluation. Acta Pharm 2008;58:61-74
Surface-modified biodegradable albumin 81.  Destache CJ, Belgum T, Goede M, et al. 92.  Rao KS, Reddy MK, Horning JL,
nano-and microspheres 1I: effect of Antiretroviral release from Labhasetwar V. TAT-conjugated
surface charges on in vitro phagocytosis poly(DL-lactide-co-glycolide) nanoparticles for the CNS delivery of
and biodistribution in rats. Eur J nanoparticles in mice. anti-HIV drugs. Biomaterials
Pharm Biopharm 1998;46:255-63 J Andimicrob Chemother 2008;29:4429-38

. 2010;65:2183-7 .

72.  Schafer V, von Briesen H, Andreesen R, 93.  Letendre SL, Ellis RJ, Ances BM,
et al. Phagocytosis of nanoparticles by 82.  Lobenberg R, Kreuter J. Macrophage McCutchan JA. Neurologic
human immunodeficiency virus targeting of azidothymidine: a promising complications of HIV disease and their
(HIV)-infected macrophages: a possibility strategy for AIDS therapy. AIDS Res treatment. Top HIV Med 2010;18:45-55
for antiviral drug targeting. Pharm Res Hum Retroviruses 1996;12:1709-15 94.  Grant . Neurocognitive disturbances in
1992;9:541-46 83.  Lobenberg R, Araujo L, von Briesen H, HIV. Int Rev Psychiatry 2008;20:33-47

73.  Bender AR, Schafer V, Steffan AM, et al. et.al‘ BOd}f (#Stribumm of 95.  Varatharajana L, Thomasb SA. The
Inhibition of HIV in vitro by antiviral ;zndothymldme bound to ) ) transport of anti-HIV drugs across
drug-targeting using nanoparticles. e).cyl‘—cy.anoacrylate nanoparticles after i blood-CNS interfaces: summary of
Res Virol 1994;145:215-20 v- injection o rats. J Conerol Release current knowledge and recommendations

74.  Bender AR, von Briesen H, Kreuter J, 1998;50:21-30 for further research. Antiviral Res
et al. Efficiency of nanoparticles as a 84.  Lobenberg R, Maas ], Kreuter J. 2009;82:A99-A109
carrier system for antiviral agents in Improved body distribution of 96.  Khalil NM, Mainardes RM. Colloidal
human immunodeficiency virus-infected 14C-labe} fed AZT bound to. polymeric nanoparticles and brain drug
human monocytes/macrophages in vitro. nan'opartl.cles in rats determined by delivery. Curr Drug Deliv 2009;6:261-73
Antimicrob Agents Chemother radioluminography. Drug Targets .
1996:40:1467-71 1998;5:171-9 97.  Mahajan SD, Roy I, Xu GX, et al.

75.  Shah LK, Amiji MM. Intracellular 85.  Dembri A, Mondsci MJ, Gandler JC, E:L;a?;:i iievie t:zsiiznﬁoﬁrz;ﬁ
delivery of saquinavir in biodegradable et al. Targe.tl.ng of 3'-azido -3'- barrier using nanoparticles.
polymeric nanoparticles for HIV/AIDS. d.eoxythymldme (AZT)-loaded poly Curr HIV Res 2010;8:396-404
Pharm Res 2006:23:2638-45 (isohexylcyanoacrylate) nanospheres to

L the gastrointestinal mucosa and 98.  Wong HL, Chattopadhyay N, Wu XY,

76 Hillaireau H, Le. Doan T, .Biesnard M, associated lymphoid tissues. Pharm Res Bendayan R. Nanotechnology
et al. Encapsulation of antiviral 2001;18:467-73 applications for improved delivery of

110 Expert Opin. Drug Deliv. (2011) 8(1)

RIGHTES

Wy



99.
100.
N
5
Q 101.
S
—
c
[}
=
[
o)
[}
3
T
102.
&
£
(e}
o
(]
8>
=5 103
T ‘
g5
E®
S3
=]
E o
S5
w— LL
3 104.
B
S
c
g
[a)
=
D
[a)]
? 105.
[a)]
c
S
o)
5
o
&
106.
107.

antiretroviral drugs to the brain. Adv
Drug Deliv Rev 2010;18;62:503-17
Critical review discussing how
nanotechnology improves brain

antiretroviral delivery.

Koziara JM, Lockman PR, Allen DD,
Mumper RJ. The blood-brain barrier and
brain drug delivery.

J Nanosci Nanotechnol 2006;6:2712-35

Olivier JC, Fenart L, Chauvet R, et al.
Indirect evidence that drug brain
targeting using polysorbate 80-coated
polybutylcyanoacrylate nanoparticles is
related to toxicity. Pharm Res
1999;16:1836-42

Goppert TM, Muller RH.
Polysorbate-stabilized solid lipid
nanoparticles as colloidal carriers for
intravenous targeting of drugs to the
brain: comparison of plasma protein
adsorption patterns. ] Drug Target
2005;13:179-87

Kreuter J. Application of
nanoparticles for the delivery of
drugs to the brain. Int Congr Ser
2005;1277:85-94

Kreuter J, Shamenkov D, Petrov V, et al.
Apolipoprotein-mediated transport of
nanoparticles-bound drugs across the
blood-brain barrier. ] Drug Target
2002;10:317-25

Kuo YC. Loading efficiency of stavudine
on polybutylcyanoacrylate and
methylmethacrylate-
sulfopropylmethacrylate

copolymer nanoparticles.

Int J Pharm 2005;290:161-72

Kuo YC, Chen HH. Effect of
nanoparticulate polybutylcyanoacrylate
and methylmethacrylate-
sulfopropylmethacrylate on the
permeability of zidovudine and
lamivudine across the in vitro
blood-brain barrier. Int ] Pharm
2006;327:160-69

Kuo YC, Su FL. Transport of
stavudine, delavirdine, and saquinavir
across the blood-brain barrier by
polybutylcyanoacrylate,
methylmethacrylatesulfo-
propylmethacrylate, and solid lipid
nanoparticles. Int J Pharm

2007;340:143-52
Kang YS, Bickel U, Pardridge WM.

Pharmacokinetics and saturable
blood-brain barrier transport of biotin
bound to a conjugate of avidin and a

monoclonal antibody to the transferring

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

receptor. Drug Metab Dispos
1994;22:99-105

Shin SU, Friden P, Moran M, et al.
Transferrin-antibody fusion proteins are
effective in brain targeting. Proc Natl

Acad Sci USA 1995;92:2820-24

Kreuter J. Nanoparticulate systems for
brain delivery of drugs. Adv Drug
Deliv Rev 2001;47:65-81

Mishra V, Mahor S, Rawat A, et al.
Targeted brain delivery of AZT via
transferrin anchored pegylated albumin
nanoparticles. ] Drug Target
2006;14:45-53

Torchilin VP. Tat peptide-mediated
intracellular delivery of pharmaceutical
nanocarriers. Adv Drug Deliv Rev
2008;60:548-58

Jeang KT, Xiao H, Rich EA.
Multifaceted activities of the
HIV-1 transactivator of transcription,

Tat. J Biol Chem 1999;274:28837-40
Dennison SR, Baker RD, Nicholl ID,

Phoenix DA. Interactions of cell
penetrating peptide Tat with model
membranes: a biophysical study.
Biochem Biophys Res Commun
2007;363:178-82

Torchilin VP. Cell penetrating
peptide-modified pharmaceutical
nanocarriers for intracellular drug and
gene delivery. Biopolymers
2008;90:604-10

Schwarze SR, Ho A, Vocero-Akbani A,
Dowdy SF. In vivo protein transduction:
delivery of a biologically active protein

into the mouse. Science

1999;285:1569-72

Rao KS, Ghorpade A, Labhasetwar V.
Targeting anti-HIV drugs to the
CNS. Expert Opin Drug Deliv
2009;6:771-84

Chen X-Q, Fawcett JR, Rahman Y-E,
et al. Delivery of nerve growth factor to
the brain via the olfactory pathway.

J Alzheimer’s Dis 1998;1:35-44

Thorne RG, Emory CR, Ala TA,

Frey WH. Quantitative assessment of
protein transport to the rat olfactory bulb
following intranasal administration:
implications for drug delivery. Brain Res

1995;692:278-82

Thorne RG, Pronk GJ, Padmanabhan V,
Frey WH. Delivery of insulin-like
growth factor-I to the rat brain and
spinal cord along olfactory and

trigeminal pathways following intranasal

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Khalil, Carraro, Cotica & Mainardes

administration. Neuroscience

2004;127:481-96
Ross TM, Martinez PM, Renner JC,

et al. Intranasal administration of
interferon beta bypasses the blood-brain
barrier to target the central nervous
system and cervical lymph nodes:

a non-invasive treatment strategy for
multiple sclerosis. ] Neuroimmunol

2004;151:66-77
Hanson LR, Frey WH. Strategies for

intranasal delivery of therapeutics for the
prevention and treatment of neuroAIDS.
] Neuroimmune Pharmacol 2007;2:81-6

Yang Z, Huang Y, Gan G, Sawchuk RJ.
Microdialysis evaluation of the brain
distribution of stavudine following
intranasal and intravenous administration

to rats. ] Pharm Sci 2005;94:1577-88
Betbeder D, Sperandio S, Latapie JP,

et al. Biovector nanoparticles improve
antinociceptive efficacy of nasal

morphine. Pharm Res 2000;17:743-8

Zhang QZ, Zha L-S, Zhang Y, et al.
The brain targeting efficiency following
nasally applied MPEG-PLA nanoparticles
in rats. ] Drug Target 2006;14:281-90

Al-Ghananeem AM, Saeed H,

Florence R, et al. Intranasal drug delivery
of didanosine-loaded chitosan
nanoparticles for brain targeting; an
attractive route against infections caused
by AIDS viruses. ] Drug Target
2010;18:381-8

Letvin NL. Correlates of immune
protection and the development of a
human immunodeficiency virus vaccine.

Immunity 2007;27:366-9

Chun TW, Fauci AS. Latent reservoirs of
HIV: obstacles to the eradication of
virus. Proc Natl Acad Sci USA
1999;96:10958-61

Copland MJ, Rades T, Davies NM,
Baird MA. Lipid based particulate
formulations for the delivery of antigen.
Immunol Cell Biol 2005;83:97-105

Saupe A, McBurney W, Rades T,
Hook S. Immunostimulatory colloidal
delivery systems for cancer vaccines.

Expert Opin Drug Deliv 2006;3:345-54
Parren PWHI, Marx PA, Hessell AJ,

et al. Antibody protects macaques against
vaginal challenge with a pathogenic

R5 simian/human immunodeficiency
virus at serum levels giving complete
neutralization in vitro. ] Virol
2001;75:8340-7

Expert Opin. Drug Deliv. (2011) 8(1)

111
RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

Potential of polymeric nanoparticles in AIDS treatment and prevention

131. Gallichan WS, Rosenthal KL. Long-lived injectable delivery of vaccine antigens. 148. Wang X, Uto T, Sato K, et al. Potent
cytotoxic T lymphocyte memory in Adv Drug Deliv Rev 2005;57:391-410 activation of antigen-specific T cells by
mucosal tissues after mucosal but not 141.  Sharp FA, Ruane D, Claass B, et al. antigen-loaded nanospheres.
systemic immunization. ] Exp Med Uptake of particulate vaccine adjuvants Immunol Lett 2005;98:123-30
1996;184:1879-90 by dendritic cells activates the 149. Wang X, Uto T, Akagi T, et al.

132.  Vogel FR, Powell MF, Alving CR. NALP3 inflammasome. Proc Natl Acad Induction of potent CD8+ T-cell
A compendium of vaccine adjuvants and Sci USA 2009;106:870-5 responses by novel biodegradable
excipients. In: Powell MF, Newman M], 142. Locher CP, Putnam D, Langer R, et al. nanoparticles carrying human
editors, Vaccine design: the subunit and Enhancement of a human immunodeficiency virus type 1 gp120.
adjuvant approach. Plenum Press, immunodeficiency virus env J Virol 2007;81:10009-16
New York; 1995 DNA vaccine using a novel polycationic 150. Wang X, Uto T, Akagi T, et al. Poly

133.  Simon JK, Edelman R. Clinical nanoparticle formulation. Immunol Lett (gamma-glutamic acid) nanoparticles as
evaluation of adjuvants. In: 2003;90:67-70 an efficient antigen delivery and adjuvant
Schijns VEJC, O’Hagan DT, editors, 143. Cui Z, Patel J, Tuzova M, et al. Strong system: potential for an AIDS vaccine.
Immunopotentiators in modern vaccines. T cell type-1 immune responses to J Med Virol 2008;80:11-9
Academic Press, Burlington, MA; 2006 HIV-1 Tat (1-72) protein-coated 151. Himeno A, Akagi T, Uto T, et al.

134. Peek L], Middaugh CR, Berkland C. nanoparticles. Vaccine 2004;22:2631-40 Evaluation of the immune response and
Nanotechnology in vaccine delivery. 144. Ataman-Onal Y, Munier S, Ganee A, protective effects of rhesus macaques
Adv Drug Deliv Rev 2008;60:915-28 et al. Surfactant-free anionic PLA coated vaccinated with biodegradable

135.  Wendorf J, Singh M, Chesko J, et al. with HIV-1 p24 protein induced nanoparticles carrying gp120 of human
A practical approach to the use of enhanced cellular and humoral immune immunodeficiency virus. Vaccine
nanoparticles for vaccine delivery. responses in various animal models. 2010;28:5377-85
J Pharm Sci 2006;95:2738-50 J Control Release 2006;112:175-85 152. Aline F, Brand D, Pierre J, et al.

136. He Q, Mitchell A, Morcol T, Bell SJD. 145. Lamalle-Bernard D, Munier S, Dendritic cells loaded with
Calcium phosphate nanoparticles induce Compagnon C, et al. Coadsorption of HIV-1 p24 proteins adsorbed on
mucosal immunity and protection against HIV-1 p24 and gp120 proteins to surfactant-free anionic PLA nanoparticles
herpes simplex virus type 2. Clin Diagn surfactant-free anionic PLA nanoparticles induce enhanced cellular immune
Lab Immunol 2002;9:1021-4 preserves antigenicity and responses against HIV-1 after

137, Lutsiak ME, Kwon GS, Samuel J. immunogenicity. ] Control Release vaccination. Vaccine 2009;27:5284-91
Biodegradable nanoparticles delivery of a 2006;115:57-67 L.

Th2-biased peptide for induction of 146. Guillon C, Mayol K, Terrat C, et al. Afﬁhatl?n " .
Th1 immune responses. Formulation of HIV-1 Tat and Na'Jeh Maissar Kha?ll M Emerson Carraro’,
J Pharm Pharmacol 2006;58:739-47 p24 antigens by PLA nanoparticles or Luiz Fernando Cotica &A]
138. And : : : MF59 impacts the breadth, but not the Rubiana Mara Mainardes'

. Anderson JM, Shive MS. Biodegradation . ' "Author for correspondence

and biocompatibility of PLA and magnitude, of serum and faecal antibody WUniversidade E
i responses in rabbits. Vaccine niversidade Estadual do Centro-Oeste/

PLGA microspheres. Adv Drug 205 25:7491-501 UNICENTRO - Departamento de Farmacia,
Deliv Rev 1997;28:5-24 725 i Rua Simedo Camargo Varela de Si 03,

139. O’Hagan DT, Singh M, Gupta RK. 147. Castaldello A, Brocca-Cofano E, 85040-080 Guarapuava-PR, Brasil
Poly(lactide-coglycolide) microparticles Voltan R, et al. DNA prime and protein Tel: +55 42 3629 8160; Fax: +55 42 3629 8102;
for the development of single-dose boost immunization with innovative E-mail: rubjanamainardes@pq.cnpq.br
controlled-release vaccines. Adv Drug polymeric cationic core-shell 2Universidade Estadual de Maringa/UEM -
Deliv Rev 1998;32:225-46 nanoparticles elicits broad immune Departamento de Fisica,

140. Jiang W, Gupta RK, Deshpande MC, responses and strongly enhance cel.lula.r Av. Colombo, 5.790,

Schwendeman SP. Biodeeradable vol responses of HIV-1 tat DNA vaccination. 87020-900 Maringa-PR, Brasil
, ot brodeg poy Vaccine 2006;24:5655-69
(lactic-co-glycolic acid) microparticles for
112 Expert Opin. Drug Deliv. (2011) 8(1)

RIGHTES



