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The HIV/AIDS pandemic is an increasing global burden with devastating health-related and socioeconomic
effects. The widespread use of antiretroviral therapy has dramatically improved life quality and expectancy
of infected individuals, but limitations of currently available drug regimens and dosage forms, alongside with
the extraordinary adapting capacity of the virus, have impaired further success. Alongside, circumventing the
escalating number of new infections can only be attained with effective and practical preventative strategies.
Recent advances in the field of drug delivery are providing evidence that engineered nanosystems may
contribute importantly for the enhancement of current antiretroviral therapy. Additionally, groundwork is
also being carried out in the field nanotechnology-based systems for developing preventative solutions for
HIV transmission. This manuscript reviews recent advances in the field of nanotechnology-based systems for
the treatment and prevention of HIV/AIDS. Particular attention is given to antiretroviral drug targeting to HIV
reservoirs and the usefulness of nanosystems for developing topical microbicides and vaccines.
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1. Introduction

In the last quarter of a century human immunodeficiency virus
infection and acquired immune deficiency syndrome (HIV/AIDS)
became an increasing global health, social, and economical concern.
By 2007, it was estimated that the total number of people infected by
HIV accounted for around 33 million, while another 25 million more
have already died since the first reported cases in 1981 [1]. Whereas
the infection has a worldwide distribution, there is clearly a
disproportionate impact of HIV/AIDS on sub-Saharan African
countries, accounting this region for 67% of all people living with
HIV. Other important regions affected by HIV include the Caribbean,
Latin America, and South and Southeast Asia. Heterosexual transmis-
sion is the most common route of viral entry in these developing
nations. This fact is resulting in important socioeconomic, family, and
public health burdens that compromise the convergence of these
regions with developed countries [2,3]. While the number of infected
people is steadily increasing each year, most recent available reports
from UNAIDS show a slight decrease in the pandemic since the
beginning of the 21st century due to the decrease of new infections
(2.7 million in 2007 vs. 3.0 million in 2001) [1]. These figures can be
explained by the expanding access to antiretroviral drugs, especially
in resource-limited settings, which has not only increased lifespan,
but also the quality of life of HIV infected people. Indeed, in the
absence of an effective cure, prevention and access to antiretroviral
therapy are the best options to affect the HIV pandemic [4]. However,
current strategies for providing universal access to prevention and
treatment, and their field applicability are not enough, urging the
search for new and improved options [1].

Although of undeniable importance, antiretroviral therapy has
been limited by several factors, such as its inherent toxicity,
insufficient efficacy, and drug resistance. The development and recent
approval of innovative or improved drugs has managed to minimize
some of this issues but the remarkable ability of HIV to resist the new
therapeutic options has limited success. Alongside, inadequate
physical–chemical properties of most of these antiretroviral drugs
(e.g. poor solubility, permeability, and stability) impair optimal
absorption, biodistribution, and sustained antiretroviral effect, thus
contributing to poor clinical outcome. In order to solve these
problems, several new and improved delivery systems and dosage
form have been proposed in the literature [5,6]. Particularly, several
nanotechnology-based delivery systems have been developed in
order to improve HIV therapy, namely polymeric nanoparticles, solid
lipid nanoparticles (SLNs), liposomes, nanoemulsions, dendrimers,
and drug conjugates (e.g. with low-density lipoproteins or peptides)
[6–10]. Although these wide range of systems share their submicron
dimensions (from a few nanometers up to 1 micrometer), they differ
in physical–chemical properties, biological behavior, preparation
methods, or even characterization methodologies [11–13]. For more
detailed information about these features, readers are referred to
specialized literature in the field. Contrasting with the time and effort
dedicated to the investigation of new treatment options, the interest
in nanotechnology-based systems for the prevention of HIV/AIDS has
been slim and mainly focused on the development of vaccines and
microbicides. Conversely, the field of microbicides in particular has
seen recent thrilling progresses, namely because of the advanced state
in the development pipeline of VivaGel® (Starpharma Pty Ltd.,
Australia), a dendrimer-based microbicide gel, which captured
the attention of the scientific and medical communities to the
potentialities of nanotechnology-based microbicides. Hence, the
scope of this manuscript is to review recent developments in
nanotechnology-based systems specifically designed and developed
for the treatment and prevention of HIV/AIDS, with particular
emphasis focused on specific individual examples of significant
interest. Further, we discuss new prospects and future directions for
advancing in the field. Specific crucial topics in the HIV pharmaco-
therapy are discussed more briefly (e.g., CNS targeting) as other
articles of the present issue address them in more detail.

2. HIV basics

Since the identification of the causative agent of AIDS in 1983, efforts
to understand the biology of HIVhavebeen impressing and the acquired
knowledge contributed valuably to the development of currently
available therapeutic and preventative strategies [14]. Undoubtedly,
knowledge of the transmission process and pathogenesis of HIV
infection is essential to provide important insights towards the
development of new and better treatment options, as well as endow
researcherswith important opportunities to developnovel preventative
measures [15]. Therefore the following section is dedicated to briefly
address someof themost important aspects of the biologyofHIV related
to the development of nanotechnology-based systems for the treatment
and prevention of HIV/AIDS.

2.1. The virus

HIV is a lentivirus of the family Retroviridae, mostly known for
being the causative agent of AIDS [16]. This virus can be seen as a
biological nanostructure (around 100–150 nm), composed by a host-
derivedmembrane, a nucleocapsid and genetic material in the form of
RNA containing three structural genes. These genes code for im-
portant group-specific antigens (gag gene), essential viral enzymes
such as reverse transcriptase, integrase and protease (pol gene), and
the two glycoproteins present in the outer viral membrane, gp120 and
gp41, which are responsible for recognizing the CD4 receptor and the
CCR5 or CXCR4 co-receptors of the host cell membrane, and for virus/
cell fusion, respectively (env gene). As a consequence of constant
transcription errors, these viral structures present high polymorphism
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which leads to mutation, thus constituting a major source of
antiretroviral-resistance development [16].

Two different types of HIV, HIV-1 and HIV-2, are known to cause
infection and disease in humans [17]. Among other differences, HIV-2
is associated with slower progression to immunodeficiency and is less
efficiently transmitted [18]. HIV-2 is also much less prevalent than
HIV-1, being HIV-2 mostly found in individuals from West Africa,
India, and, to a more limited extent, Portugal and former Portuguese
African colonies [19]. For the purpose of this review, presented data
refers mainly to HIV-1 unless otherwise stated.

2.2. HIV/host cell interaction

Human cells expressing the cell-surface protein CD4 may be
productively infected by HIV. These include macrophages, T cells and
dendritic cells (DCs) [20]. HIV-1 life cycle is complex and is dependent
upon several viral and host factors. In order to infect target cells HIV
requires the attachment of its envelope with the cell membrane by
means of the interaction of gp120 (envelope glycoprotein) with the
cell-surface receptor CD4. Once this bond is established, gp120
undergoes a conformational change that facilitates its binding to
one of two chemokine co-receptor molecules, CXCR4 or CCR5 [16].
The gp120 interaction with CD4 and co-receptors is vital for viral
binding to human cells but subsequent interaction of gp41 with a
cellular fusion receptor is responsible for the fusion of HIV with the
cell. R5 viruses, i.e. virus presenting preferential CCR5-expressing cell
tropism, are responsible for most HIV new infections [21]. After HIV/
cell fusion, the viral core containing RNA, reverse transcriptase, and
integrase are released inside the cell cytoplasm. After core disassem-
bly, the viral RNA is reverse transcribed into DNA by the viral reverse
transcriptase and migrates to the cell nucleus, where it is inserted in
the host chromosomal DNA by the viral integrase. At this point cell
infection is irreversible, being the cell now capable of producing
virions [16].

2.3. HIV transmission

HIV is mostly transmitted by vaginal or anal sexual intercourse
[22]. Other means also contribute significantly to the spread of the
infection, namely by transfusion of contaminated blood products,
sharing of contaminated needles among injected drug users, and
transmission frommother-to-child during pregnancy, labor or breast-
feeding. When considering vaginal sexual intercourse, research data
supports that HIV transmission occurs due to viral penetration of the
vaginal and cervical mucosa [23–25]. Upon sexual intercourse, HIV
may be deposited in the vaginal lumen either as free virions or cell-
associated, being macrophages the primary transmission carriers for
HIV present in vaginal and seminal secretions [26].

In the genital mucosa, the immune population consists mainly of
dendritic cells (DCs), macrophages, T cells and B cells present in the
lamina propria [23,27]. All these cells can potentially express either
CXCR4 or CCR5 co-receptors, therefore being susceptible to HIV
infection. Unlike all other cells, DCs are also capable of binding to HIV
gp120 without membrane fusion occurs, which facilitates viral
transport to secondary lymphoid organs and allows enhancing viral
infectivity of T cells. This fact is associated with the presence of a
dendritic cell-specific HIV-1 binding protein, DC-SIGN (dendritic cell-
specific intercellular adhesion molecule-grabbing non-integrin) [28].
In addition to the immune cell population present alongside the
lamina propria, immature DCs, termed Langerhans cells (LCs), are
abundant in the cervicovaginal epithelium, acting as antigen-
presenting cells and playing a key role in the viral infection [23].
Dendritic processes of LCs (not of DCs) are able to extend to the
vaginal lumen and collect antigens, such as HIV, mediate transmission
of the virus across intact genital epithelium and present it to
susceptible cells in the underlying tissues, which support initial HIV
replication (local amplification) [29,30]. Also, infected/HIV-bearing
LCs and, generally, all DCs can readily migrate to T cell-rich lymph
nodes. This ability to transport virions across the epithelium and their
strategic positioning in the epithelium makes these cells important
contributors to vaginal HIV transmission [27,31]. Additionally, HIV
access to sub-epithelium tissues may be facilitated by the presence of
thinned or damaged epithelium [32,33].

Rectal transmission is also a major form of viral transmission. The
presence of a single columnar epithelial lining makes the rectum and
terminal colon a straightforward route for HIV infection. The presence
of M cells in these tissues is thought to guarantee constant lumen
sampling of antigens that are presented to sub-epithelial lymphocytes
and macrophages [34]. While still considering both vaginal and anal
sexual intercourse, penile transmission is not only a possibility but an
important contribution to HIV cases worldwide. Viral invasion occurs
mostly through the inner foreskin and the penile urethra, which are
covered by a poorly keratinized, thin squamous epithelium or by a
thinly stratified columnar epithelium, respectively [27]. Both these
sites harbor HIV-susceptible cells that play similar parts in viral spread
as those discussed above for vaginal transmission [35].

2.4. HIV pathogenesis

After initial infection and local amplification at the mucosal site,
infected cells migrate to regional lymph nodes, leading to amild initial
viral amplification in naïve T cells [4]. The viral infection is then
quickly disseminated by T cells to lymphoid organs, particularly the
gut-associated lymphoid tissues (GALT), spleen, and bone marrow,
being accompanied by a burst in the viral load (acute infection) [36].
During the acute and early stages of infection the gastrointestinal tract
is particularly affected by the virus, leading to a dramatic loss of CD4+
and CD8+ T cells which never quite recover completely and remain
despite antiretroviral treatment [37,38]. Individuals during this acute
phase pose an increased risk for sexual transmission as result of high
blood and genital viral load, with clear implications in the prevention
of HIV transmission [39]. CD4+ cell levels recover soon after; in the
case of CD8+ cells there is a rise followed by a rapid recovery of
normal levels. Levels of the virus are then down regulated in response
to the intense immune response, but never completely depleted,
resulting in clinical latent and asymptomatic infection [40]. During
latency, the virus persists particularly in extra-vascular tissues, lymph
node dendritic cells and resting CD4+ memory cells. This state can
evolve to a symptomatic clinical stage (usually several years after the
initial infection), designated by AIDS, which is characterized by
decreased CD4+ T cell counts and rising viral load [16]. With the
progression of infection, HIV genetic diversity increases noticeably
due to intense error-prone reverse transcription and evolutionary
pressure to evade the immune system [34]. This new heterogeneous
population dramatically increases the generation of viruses resistant
to cellular and humoral immune response, and represents a major
challenge in the development of therapy and preventative strategies.

2.5. HIV reservoir sites

Even if current antiretroviral therapy is able to reduce the viral
load to undetectable levels, HIV is able to persist in the human body,
namely in several reservoir sites. These may be defined as cellular or
anatomical locations where a replication-form of the virus is
persistently harbored with more stable kinetic properties than in
the main pool of actively replicating virus [41]. Reservoir sites are able
to protect the virus from biological elimination pathways, immune
response and/or antiretroviral drugs, making it impossible to
eradicate the virus and achieve a cure with currently available
therapy [41]. The difficulties that constitute the reservoir sites are
different when considering cellular or anatomical sites. Generally,
cellular reservoirs are able to sustain HIV infection by allowing its
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residence in a physical state capable of surviving for prolonged periods
despite otherwise therapeutic levels of antiretroviral drugs. In the case
of anatomical reservoir sites, the problem is mainly to achieve and
sustain adequate levels of antiretroviral agentswithin these spaces [42].

2.5.1. Cellular reservoir sites
Several cell types have been proposed as potential reservoirs;

however, only some are clearly recognized as so: macrophages,
resting CD4+ T cells, and follicular dendritic cells (i.e., dendritic-like
cells present in the lymph nodes) [41,42]. Among these, macrophages
constitute one of the most important viral reservoirs outside the
bloodstream and are able to transport HIV into the central nervous
system, allowing this anatomical site to become infected [43]. These
cells infection by HIV-1 can be productive but noncytopathic, allowing
it to carry and produce the virus for prolonged periods [44]. Most
important probably, is macrophages' role in later stages of infection.
When CD4+ T cells are largely depleted, these cells, that otherwise
are irrelevant as source of HIV particles, constitute a key cell
population in maintaining the HIV replication cycle [42].

2.5.2. Anatomical reservoir sites
Main anatomical reservoir sites of HIV include the lymphoid

organs (particularly the spleen, lymph nodes, and GALT) and the
central nervous system (CNS) [41,42]. Other potential sites have also
been reported as possible reservoirs, namely the testicles and the
female genital tract. The importance of lymphoid organs is directly
related with their role in the circulation and production of
lymphocytes and the abundant presence of HIV-susceptible immune
cells, namely those able to constitute reservoirs as discussed above.
Undoubtedly, the CNS is of particular importance for HIV persistence
and a serious challenge for effective antiretroviral therapy [42].
Infection of the CNS may result in a variety of neurocognitive
disorders, namely HIV-associated dementia, accompanied by several
structural alterations at the microscopic and macroscopic levels [45].
The virus accesses the nervous tissue by means of monocytes/
macrophages, taking advantage of the natural turnover of these cells
in the CNS. In the nervous tissue, lymphocytes, particularly CD4+, are
rare, beingmacrophages andmacrophages-relatedmicroglial cells the
primary targets in brain infection [45]. Poor penetration of antire-
troviral in the CNS due to insufficient blood-brain barrier (BBB)
permeation is a matter of concern, resulting in suboptimal drug levels
that allow continuous replication of HIV [42].

3. Current treatment and prevention of HIV/AIDS

3.1. Treatment options: practice and limitations

First antiretroviral drugs were introduced in therapy in the late
1980s and early 1990s. After fast development of antiretroviral
resistance in individuals treated with single drug regimens, the
concept of highly active antiretroviral therapy (HAART) was intro-
duced in the late 1990s, comprising the intense use of combination
drug regimens [46]. Widespread use of HAART dramatically increased
life expectancy and its quality, shifting AIDS from a rapid-progressing
to a chronic disease [47–49]. Undoubtedly, antiretroviral treatment is
currently the best option for prolonged and maximal viral suppres-
sion, and preservation of the immune system after HIV infection onset
[50]. There are now around 30 individual drugs and fixed-dose
combinations available to treat HIV infection. Currently used
antiretroviral drug classes include reverse transcriptase inhibitors
(RTIs), protease inhibitors (PIs), entry inhibitors (CCR5 antagonists
and fusion inhibitors), and integrase inhibitors (Table 1).

Meanwhile, other antiretroviral drugs belonging to these and new
classes are being actively developed [86]. The choice between this
variety of drugs and drug regimens is not easy and depends of
multiple variables related to drug pharmacological and toxicological
properties, therapy costs, disease staging and progression, drug-
resistance status and patient characteristics [50].

Even if HAART regimens present considerable anti-HIV activity,
several factors frequently compromise its success. To begin with,
current therapy is not able to provide a cure mainly because of HIV's
ability to persist in latency state in cellular and anatomical reservoir
sites. Beside this fact, problems of current antiretroviral therapy also
include prolonged treatment periods with drugs possessing impor-
tant adverse effects, poor drug-regimen compliance, drug resistance,
drug–drug interactions, poor drug pharmacokinetics (see Table 1),
viral levels rebound after therapy cessation, and costs.

Drug resistance is the most common cause of antiretroviral
treatment failure and has been described for virtually every
antiretroviral drug currently used in therapy [87]. An important
contributing factor for the emergence of HIV/AIDS therapy resistance
is the inability to attain effective and/or sustained drug levels with
currently used formulations and drug-schedules, thus contributing
to ineffective viral suppression (even if at undetectable levels
by contemporary assays), particularly in reservoir sites. For
example, PIs are substrate for the efflux cellular membrane trans-
porter P-glycoprotein, which is able to mediate unidirectional
transport of these drugs to the cell exterior [88]. The presence of
this membrane transporter in macrophages and endothelial cells of
the BBB explains the poor concentrations achieved by PIs in these
reservoir sites. Conversely, incomplete absorption of some PIs
when administered by the oral route can be partially explained,
alongside with their poor aqueous solubility, by the presence of this
transporter in intestinal epithelial cells [88,89]. Poor placental
penetration of PIs, which may have important clinical implications
in mother-to-child transmission, is also justified by the presence of
high levels of P-glycoprotein in this tissue [75]. In the particular case
of RTIs, these drugs need to be activated into their tri-phosphorylated
form inside cells in order to be active; this step may be compromised
and thus result in poor intracellular concentration of active molecules
[90]. In addition, the administration of phosphorylated NRTIs and
NtRTIs, which could circumvent the phosphorylation step, is not
feasible for conventional dosage forms as these activated molecules
cannot permeate efficiently cell membranes and undergo rapid
degradation. Such issues are important hurdles that need to be
resolved in order to optimize the activity of antiretroviral drugs and
avoid drug resistance [91].

The use of multi-drug regimens, each of them often possessing
considerable toxicity, is alsooneof themostproblematic issues thatmay
delay therapy initiation or determine its interruption [92]. The type,
severity and frequency of clinical adverse events are variable and
dependent on individual drugs, drug regimens and patients [93,94]. The
problem of drug toxicity is even more dramatic if considering that for
effective viral suppression it is essential a nearly perfect compliance of
drug regimens for long periods, often chronically, with interruption of
drug treatment frequently resulting in increased morbidity and
mortality [95,96]. Also, interactions between antiretroviral drugs or
with other drugs are frequent and highly complex, this fact being
relevant for treatment course management [52].

Affordability of antiretroviral drugs is an increasingly huge burden
for developed countries and an unattainable goal for developing ones.
However, efforts have been made in the last decade by governmental
and non-governmental institutions, as well as by several pharmaceu-
tical companies, towiden thenumber of personswhomaybe treated for
HIV/AIDS, particularly in resource-poor locations, setting several
ambitiousprogramsandactionplans [19,97]. Even if partially successful,
theuniversal access to antiretroviral therapy is still amirage. Theprice of
antiretrovirals is particularly high for drugs recently approved while
older drugs are generally more affordable. An interesting approach for
reducing overall costs with antiretroviral therapy would be to increase
older drugs therapeutic lifespan (i.e. before treatment-compromising
adverse effects or drug resistance occurs) by improving their delivery.



Table 1
Selected currently approved antiretroviral drugs.

Generic names (abbreviations) FDA approval Usual adult dosage regimensb Pharmacokinetic features

[Brand name, manufacturer]a

Nucleoside reverse transcriptase inhibitors (NRTIs)
Zidovudine (AZT; ZDV) March 1987 200 mg, t.i.d. (oral) OR 300 mg, b.i.d. (oral) Short mean t1/2 (1.1 h) [51,52]
[Retrovir®, GlaxoSmithKline]
Didanosine (ddI) October 1991 400 mg, daily (oral; delayed-release capsules) Short t1/2 (1–2 h); CSF/BP=∼0.21; CBP/BP=0.38 [52–55]
[Videx®, Bristol-Myers Squibb]
Zalcitabine (ddC)c June 1992 0.75 mg, t.i.d. (oral) Short mean t1/2 (1.2 h); CSF/BP=0.09–0.37 [56]
[HIVID®, Roche]
Stavudine (d4T) June 1994 40 mg, b.i.d. (oral) Short t1/2 (0.9–1.2 h); CSF/BP=0.16–0.40; FGT/BPb0.1;

concentrates in AF (AF/BP=6.45) [55,57–59][Zerit®, Bristol-Myers Squibb]
Lamivudine (3TC) November 1995 150 mg, daily (oral) OR 300 mg, daily (oral) Short t1/2 (2.5 h); CSF/BP=∼0.06 [60]; concentrates in AF (AF/BP=∼4–12)

[52,55,60–62][Epivir®, GlaxoSmithKline]
Abacavir (ABC) December 1998 300 mg, b.i.d. (oral) OR 600 mg, b.i.d. (oral) Short t1/2 (0.8–1.5 h); CSF/BP=∼0.21[52,63]
[Ziagen®, GlaxoSmithKline]
Emtricitabine (FTC) July 2003 200 mg, daily (oral capsule) OR 240 mg, daily (oral solution) CSF/BP=0.43 [64]
[Emtriva®, Gilead Sciences]

Nucleotide reverse transcriptase inhibitors (NtRTIs)
Tenofovir (TDV; PMPA) October 2001 300 mg, daily (oral) Undetectable in CSF [65]
[Viread®, Gilead Sciences]

Non-nucleoside reverse transcriptase inhibitors (NNRTIs)
Nevirapine (NVP) June 1996 200 mg, daily (for 14 days; oral), then 200 mg, b.i.d. (oral) Sm/BP=0.6 [66]
[Viramune®, Boehringer Ingelheim]
Efavirenz (EFV) September 1998 600 mg, daily (oral) CSF/BP=0.003-0.01 due to high plasma protein bound (∼99%); FGT/BP=0.01–0.1

[59,67,68][Sustiva®, Bristol-Myers Squibb]
Etravirine (TMC125) January 2008 200 mg, b.i.d. (oral) Total oral bioavailability undetermined [69]
[Intelence®, Tibotec]

Protease inhibitors (PIs)
Saquinavir (SQV) December 1995 1000 mg, b.i.d. (oral) Oral bioavailability dependent of formulation (4-5% for Invirase®); CSF/BP=∼0.001

due to high plasma protein bound (∼97%); CBP=0.04; AF/BP = 0.02 [70–72][Invirase®, Roche]
Indinavir (IDV) March 1996 800 mg, b.i.d. (oral) OR 800 mg, t.i.d. (oral) Short t1/2 (2 h); CSF/BP=∼0.17; Cell/blood plasma concentration ratio=0.51;

CBP/BP=0.01 [52,73–75][Crixivan®, Merck]
Ritonavir (RTV) March 1996 300 mg, b.i.d. (initial dose; oral) up to 600 mg, b.i.d.

(in increments of 100 mg every 2 to 3 days; oral)
Short t1/2 (3 h); CSF/BP=∼0.002 due to high plasma protein bound (98–99%);
AF/BP=0.02; negligible CBP levels [52,71,75,76][Norvir®, Abbot Laboratories]

Nelfinavir (NFV) March 1997 1250 mg, b.i.d. (oral) OR 750 mg, t.i.d. (oral) Undetectable in CSF; Sm/BP=0.08; FGT/BP=0.05; CBP/BP=0.24; AF/BP=0.14
[68,72,73,75,77][Viracept®, Agouron Pharmaceuticals]

Lopinavir (ABT-378)d September 2000 – Rapidly metabolized when not associated to RTV; Sm/BP=0.07; FGT/BP=0.03;
LN/BP=0.21; CBP/BP=0.22; AF/BP=0.08 [68,72,73,78]
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Atazanavir (ATV) June 2003 300 mg, daily (oral) OR 400 mg, daily (oral) CSF/BP=0.002-0.014 [79]
[Reyataz®, Bristol-Myers Squibb]
Fosamprenavir (fAPV) October 2003 700 mg, b.i.d. (oral) OR 1400 mg, daily (oral)

OR 1400 mg, b.i.d. (oral)
Sm/BP=0.10-0.39; CBP/BP=0.27 [75,80]

[Lexiva®, GlaxoSmithKline]
Tipranavir (TPV) June 2005 500 mg, b.i.d. (oral) Low oral bioavailability because of low solubility [81]
[Aptivus®, Boehringer Ingelheim]
Darunavir (DRV) June 2006 600 mg, b.i.d. (oral) OR 800 mg, daily (oral) CSF/BP=0.01 [82]
[Prezista®, Tibotec]

Entry inhibitors
Fusion inhibitors
Enfuvirtide (T20) March 2003 90 mg, b.i.d. (subcutaneous) Needs to be injected; undetectable in CSF [83]
[Fuzeon®, Roche & Trimeris]
CCR5 antagonists
Maraviroc (UK-427,857) August 2007 150 mg, b.i.d. (oral) OR 300 mg, b.i.d. (oral) OR 600 mg, b.i.d. (oral) CSF/BP=0.1 (data from rats) [84]
[Selzentry®, Pfizer]

Integrase inhibitors
Raltegravir (MK-0518) October 2007 400 mg, b.i.d. (oral) Undetermined oral bioavailability; short initial t1/2 (1 h) [85]
[Isentress®, Merck]

Fixed-dose combination antiretroviral drugs
Lamivudine/Zidovudine September 1997 150 mg/300 mg, b.i.d. (oral) See individual drugs
[Combivir®, GlaxoSmithKline]
Lopinavir/Ritonavir (rLPV) September 2000 400 mg/100 mg, b.i.d. (oral) OR 500 mg/125 mg, b.i.d. (oral)

OR 533 mg/133 mg, b.i.d. (oral)
See individual drugs

[Kaletra®, Abbott Laboratories]
Abacavir/Lamivudine/Zidovudine November 2000 300 mg/150 mg/300 mg, b.i.d. (oral) See individual drugs
[Trizivir®, GlaxoSmithKline]
Abacavir/Lamivudine August 2004 600 mg/300 mg, daily (oral) See individual drugs
[Epzicom®, GlaxoSmithKline]
Emtricitabine/Tenofovir August 2004 200 mg/300 mg, daily (oral) See individual drugs
[Truvada®, Gilead Sciences]
Efavirenz/Emtricitabine/Tenofovir July 2006 600 mg/200 mg/300 mg, daily (oral) See individual drugs
[Atripla®, Bristol-Myers Squibb & Gilead Sciences]

Abbreviations: AF, amniotic fluid; AF/BP, amniotic fluid/blood plasma concentration ration (determined at birth); b.i.d., twice daily; CBP, cord blood plasma; CBP/BP, cord blood plasma/blood plasma concentration ration (determined at birth);
CSF, cerebrospinal fluid; CSF/BP, cerebrospinal fluid/blood plasma concentration ratio; FGT/BP, female genital tract/blood plasma concentration ratio; LN/BP, lymph node/blood plasma concentration ratio; Sm/BP, semen/blood plasma
concentration ratio; t1/2, plasma half-life; t.i.d., three times a day.

a The use of trade names is for product identification only and does not imply any kind of endorsement (only the original brand names are presented).
b Dependent on product characteristics, co-administered drugs, regimen specificities, or patients previous treatments.
c Discontinued since December 31, 2006.
d Only available in combination with ritonavir.
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3.2. Preventative strategies

Since no curative therapy is available, prevention is a cornerstone
in the battle against HIV/AIDS, particularly for stopping sexual
heterosexual HIV transmission [1]. However, the only currently
recommended prevention measures include sexual abstinence and
condom use; even if highly effective, their applicability in the real
world is far from being perfect. Thus, the continuous search for more
effective and feasible prevention measures led in recent years to the
research and development of innovative options, particularly in the
field of vaccines [98] and microbicides [99].

4. Nanotechnology-based systems for HIV/AIDS treatment

4.1. Rationale for nanotechnology-based systems

The basic concept behind the use of nanotechnology-based
systems for antiretroviral drug delivery is relatedwith themodulation
of pharmacokinetics of incorporated molecules. With this association,
the properties that govern drug absorption, distribution, and
elimination while in the human body are determined not by the
drug properties, rather by the nanosystems physical–chemical
properties, particularly surface exposedmolecules and electric charge,
and its size [100].

General properties of nanosystems that favor their use in antire-
troviral drug delivery are well known and include versatility (virtually
all drugs may be encapsulated), good toxicity profile (depending on
used excipients), possibility of drug-release modulation, high drug
payloads, relative low cost, easiness to produce and possible scale-up to
mass production scale [7,8]. Their ability to incorporate, protect and/or
promote the absorption of non-orally administrable anti-HIV drugs,
namely mono- or oligonucleotides [101,102], is of importance to
improve the bioavailability of several molecules [103–105]. Once
bioavailable, protection of incorporated drugs from metabolism is a
favorable feature of nanosystems, allowing prolonged drug residence in
the human body, thus reducing needed doses and prolonging time
between administrations.

The use of nanoparticulate systems for antiretroviral drug delivery
may be particularly advantageous for targeted delivery, namely to cells
or organs that are directly implicated in HIV/AIDS [7,8]. This can be
achieved either by passive or active targeting. Passive targeting is based
in the inherent properties of different nanosystems, namely size, particle
shape, and surface charge, which can modulate its bioavailability,
biodistribution and/or targeting; in the case of active targeting,
nanotechnology-based systems are conveniently modified, most com-
monly by surfaceattachment of specific ligands that are able to recognize
target cells or sites, and/or escape bioelimination processes [106]. One
important limitation of many current antiretroviral drugs is their
unavailability to circumvent efflux pumps (particularly P-glycoprotein)
that are present, for instance, in themembraneof severalHIV-target cells
and BBB endothelium. Nanoparticulate systems' ability to escape these
bioelimination processes is an added advantage in order to avoid this
particular resistance mechanism to drug delivery, namely to the CNS
[107]. Thus, increasing the amount of available antiretroviral drugs and
its residence timeat target sites allow thinkingaboutdose reduction and,
consequently, simpler but improved regimens with less adverse effects
and increased compliance.

Also, the possibility of incorporating different antiretroviral drugs
in the same delivery system and modulate their release individually
has been shown possible [108]. This fact may contribute to simplify
drug administration schedules, being an important objective towards
the reduction of antiretroviral drug administration errors. Nanosys-
tems seem to be able to reduce antiretroviral drugs toxicity, namely at
the cellular level, providing that rigorous selection of materials and
adequate preparation techniques are assured [109,110]. Even if drug
uptake is increased when encapsulated in nanocarriers, cell toxicity
seems to be diminished, probably due to the slow-release properties
of these systems. This possibility is particularly interesting taking in
consideration the well-known toxicity associated with anti-HIV
therapy. However, the effects of the possible bioaccumulation of
nanosystems components have not been fully addressed and may
pose a point of concern for prolonged used. Lastly, nanosystems may
allow obtaining antiretroviral medicines with adequate shelf-life,
even if this issue has not yet been fully explored. Formulation should
be carefully performed and long-term stability studied since anti-
retroviral drug-loaded nanotechnology-based systems may undergo
several physical–chemical changes that can potentially impair efficacy
and safety [111,112,113].

4.2. Intracellular delivery

The involvement of several immune cells in the pathogenesis of HIV/
AIDS led to the development of nanotechnology-based systems able to
target these cells. Particularly, the macrophage has been the focus of
most studies,withfirst reportsof theseefforts being trackeddownto the
beginning of the 1990s. Macrophages are well recognized phagocytic
cells of the reticulo-endothelial system (RES) and one of the main
responsible for the uptake and clearance of administered drug-loaded
nanoparticles. Once opsonization and endocytosis occur, nanoparticles
are incorporated in an endolysosome, being degraded; however, the
ability of various nanoparticles to escape the endolysomal compartment
allows incorporated drugs to be delivered to the cytoplasm and,
eventually, to the nucleus [114]. Indeed, the ability of nanosystems to
release its content after cellular uptake is essential and not always
straightforward as highlighted by Dinauer et al. for nanoparticulate
protamine–antisense oligonucleotide complexes [115]. Pioneerworkby
Schäfer et al. found that the physical–chemical properties of nanopar-
ticles, in particular their composition, surface characteristics and size,
influence the rate of uptake by macrophages [116]. Most importantly,
results obtained by this group for several polymethylmethacrylate-
based and albumin-based nanoparticles loaded with zidovudine,
highlighted the enhanced nanoparticle uptake by macrophages,
particularly when these cells were infected by HIV (up to 60% more
than for uninfected macrophages). Additional studies showed that
albumin-based andpolyhexylcyanoacrylate-basednanoparticles (PHCA
nanoparticles) loadedwith zidovudine and zalcitabinewere effective in
the prevention of HIV infection of monocytes/macrophages in vitro
(known to better reflect HIV-1 infection of macrophages than other
commonlyusedmacrophage cell lines), againdue to increaseduptake of
the drugs by these HIV-susceptible cells [117]. Further in vitro work by
this group showed thatPHCAnanoparticleswere effective for increasing
phagocytosis and antiviral activity of saquinavir and zalcitabine in HIV-
infected monocytes/macrophages cultures [118]. Results combined
substantiated the possibility of improve intracellular pharmacokinetic
profile of antiretroviral drugs in HIV-infected macrophages while
lowering dosages needed to allow antiretroviral drugs to be effective,
thus potentially augmenting their therapeutic window.

More recently, Shah and Amiji [119] developed poly(ethylene
oxide)-modified poly(epsilon-caprolactone) (PEO–PCL) nanoparticles
loaded with radiolabeled [3H]-saquinavir and evaluated its in vitro
uptake by monocytes/macrophages (human THP-1 cell line). Although
PEO modification is known to confer hydrophilic properties to PCL
particles, which can compromise phagocytosis by steric effect, results
showed that cellular uptake of [3H]-saquinavir was still about 10-fold
higher than for the free drug. Microscopic observations confirmed
qualitatively that a significantly high percentage of nanoparticles were
internalized in monocytes/macrophages (Fig. 1). Also, longer intracel-
lular drug residence was achieved, presumably due to the slow drug
release provided by thenanosystem's polymericmatrix. Taken together,
the data suggest that PEO–PCL nanoparticles can target macrophages
without potentially compromising prolonged drug residence in vivo.
Similar results were obtained byMainardes et al. for zidovudine-loaded



Fig. 1. Uptake of rhodamine 123-loaded PEO–PCL nanoparticles by THP-1 monocyte/macrophage cells, after 2 h of incubation at 37 °C. (a) Bright field image showing intact THP-1
cells and (b) matching fluorescent image showing the cellular uptake of rhodamine-123 labeled nanoparticles (in red). Both images were acquired at 40×magnification. Reproduced
from Ref. [119], Copyright (2006), with kind permission from Springer Science+Business Media, Inc.
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PEGylated-poly(L-lactide) (PEG–PLA) nanoparticles [120]. These inves-
tigators observed that, although PEGylation reduced nanoparticle
uptake by polymorphonuclear leucocytes in a concentration dependent
fashion, even at the highest PEG/PLA ratio tested (1:1) phagocytosiswas
not prevented. Additionally, the presence of a hydrophilic moiety at the
surface acts as a barrier to which low soluble drugs have poor affinity,
thereby delaying transport from the system core to the outside, and
consequently prolonging drug release.

Alongside polymeric nanoparticles, other nanosystemswere studied
for their ability to increase drug uptake by macrophages and enhance
antiviral effects. For instance, Dou et al. observed that HIV infected
monocytes/macrophages are able touptake and retain indinavir-loaded,
lipid-based nanoparticles in vitro, maintaining the drug concentration
inside and outside the cell for at least 5 days, while silencing HIV
replication [121]. Mechanism of increased uptake is not clear but
appears to be related, at least partially, with particles' size and surface
charge. These results seem to confirm that these nanosystems may
allow prolonging drug levels when compared with the free drug, thus
potentially reducing the number of needed drug administrations.
Nanosystems were also shown to have the potential of intracellular
delivery of labile antiretrovirals, such as phosphorylated nucleoside
analogues. Vinogradov et al. tested poly(ethyleneimine) (PEI) nanogels
in order to deliver zidovudine triphosphate, the active form of this NRTI,
to the interior of cells [122]. The higher affinity of developed cationic
nanogels for cell membranes of two breast cancer cell lines (MCF-7 and
MDA-MB-231) helped their uptake, resulting in increased intracellular
levels of zidovudine triphosphate. In vitro results obtained by Hillaireau
et al. also indicate that hybrid polymeric nanocapsules of PEI and poly
(iso-butylcyanoacrylate) may be feasible and non-cytotoxic systems to
incorporate and increase macrophage uptake (10 to 30-fold) for
zidovudine triphosphate [123]. These strategies demonstrate potential
in overcoming antiretroviral resistance due to cellular phosphorylation
impairment and open new roads to the delivery of phosphorylated
nucleoside analogues.

Even if HIV-target cells, in particular macrophages, are generally
able to uptake nanoparticles by non-specific phagocytosis, receptor-
mediated endocytosis has been shown advantageous in increasing its
specific cellular uptake. Thus, decorating the surface of nanoparticles
with specific ligands is an easy way to augment the uptake by specific
cells. Early reports mentioned obvious modifications of nanosystems
with molecules known to be implicated in HIV infection, such as
surface modified liposomes with CD4 receptor molecules or anti-CD4
immunoglobulin [124]. Even if in vitro results seemed promising, the
feasibility of this type of modification was compromised by the
variability and immunogenicity of chosen surface ligands, therefore
recommending the search for other substances. For example,
Couvreur et al. recently developed a new formulation approach for
nucleoside analogue drugs based on the conjugation of the molecule
of interest with 1,1′,2-trisnorsqualenoic acid [125,126]. This conju-
gation process, denominated by the authors as squalenoylation,
renders molecules that self-organize in water by nanoprecipitation
with poly(ethylene glycol) (PEG) derivatives (cholesterol-PEG
or squalene-PEG), forming nanoassemblies of 100–300 nm in
diameter. This group applied the innovative concept to zalcitabine
and didanosine; the squalenoylation of these two drugs resulted in
increased antiretroviral activity in vitro in human peripheral blood
monocyte cultures (roughly 2-fold) when compared to the free
molecules [125]. Also, the high drug loading capacity of these
nanocarriers (up to 36% w/w for zalcitabine nanoassemblies of
approximately 200 nm [126]) combined with an efficient surface
coverage by PEG are interesting features that may increase the half-
life of conjugated drugs. However, further studies are required to
confirm the utility of these novel nanosystems.

Active targeting of drug-loaded nanosystems is also possible by using
approaches that do not involve the use of surface modifiers, such as the
development of stimuli-sensitive formulations [127]. For example,
improved macrophages uptake of anti-HIV compounds was shown to
be possible by using environmentally-sensitive nanosized systems.
Düzgüneş et al. developed pH-sensitive liposomes in order to target
several antiretroviral compounds (one antisense oligodeoxynucleotide,
one ribozyme, and two acyclic nucleoside phosphonates) to macro-
phages and tested their ability in vitro to inhibit viral replication in these
cells [128]. Also, liposomes were PEGgylated in order to improve
liposomes circulation time in thebloodstream.Results showed increased
inhibition of all tested antiretroviral molecules when compared to their
free form; the ability of liposomes to be taken up by macrophages,
alongside with their improved capacity to deliver content into the
cytoplasmby destabilization at the acidic pHachieved in endosomes, are
responsible for these outcome.

As reported above, the number of studies showing enhanced
cellular uptake of antiretroviral-loaded nanosystems is significant and
provides proof of the utility of this drug delivery strategy. Even so, the
mechanisms supporting experimental data are not always clear, thus
resulting in incomplete understanding of the role of different kinetic
processes and their interactions in the final outcome. In a recent paper
by Ece Gamsiz et al. [129], the mechanisms responsible for the
enhanced uptake previously observed for saquinavir-loaded PEO–PCL
nanoparticles [119] were investigated by developing a predictive
theoretical model based in the results of various individual key
processes, namely drug release from nanocarriers outside and inside
the cells, free drug and drug-loaded nanocarrier uptake into cells. The
developed model showed to be useful in predicting saquinavir uptake
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enhancement by THP-1 human monocyte/macrophage cells when
encapsulated in PEO–PCL nanoparticles, confirming the major role of
nanoparticle uptake kinetics on the overall higher cellular drug
concentration [129]. The authors further highlighted that even though
the developed model may not be generalized for other than the
specific presented conditions, it represents a rational approach for
theoretical developing and understanding nanotechnology-based
enhancement of antiretroviral drug delivery to macrophages, and a
starting point for more advanced and generic models.

Modifications of nanocarriers for the targeted delivery of anti-HIV
drugs are further discussed in another article of the present Theme
Issue.

4.3. Lymphatic system delivery

The presence of wide amounts of HIV-susceptible immune cells in
the lymphoidorgansmakes antiretroviral drug targeting to these sites of
tremendous interest in HIV therapy. This strategy comprises once again
targeting nanosystems to immune cell populations, particularly macro-
phages. The normal uptake of nanoparticles bymacrophages present in
the RES is indeed an important passive method for targeting this
anatomical reservoir site, as early demonstrated in vivo by Löbenberg
et al. [130,131]. In one study by this group, [14C]-zidovudine-loaded
PHCA nanoparticles were administered intravenously in a rat model;
soon after administration, thedrugwasdetected in the organs of theRES
in concentrations above 18-fold of those for the drug aqueous solution
[131]. These results were further confirmed by radioluminography
experiments, which showed accumulation of zidovudine-loaded nano-
particles in macrophage rich organs, particularly the gastrointestinal
tract and liver [132]. Identical effects were also observed by these
investigators after oral intake [133], providing evidence that cell/organ
drug targeting may also be achieved by administering drug-loaded
nanoparticles throughmore patient-friendly routes. This possibilitywas
backed up by Dembri et al., who studied the applicability of oral
administration for zidovudine-loaded poly(iso-hexylcyanoacrylate)
nanoparticles in rats [134]. This group observed drug accumulation in
the intestinal mucosa after direct gastric administration, being the
concentration of zidovudine in Peyer's patches around 4-times
higher for nanoparticles than for drug solution; also, tissue concentra-
tions (30–45 µM) were much higher than those reported for HIV IC50
(0.06–1.36 µM). This approach showed to be efficient in concentrating
zidovudine in the gastrointestinal tract and GALT, which are important
sites for HIV replication and perpetuation, as highlighted previously.
Also, studied nanoparticles allowed prolonging drug release because of
the slow degradation of the polymeric matrix.

Jin et al. recently proposed a series of self-assembled drug delivery
systems based on amphiphilic drug–cholesteryl conjugates, presenting
adequate physical–chemical characteristics (e.g. narrow submicron size
distribution, prolonged shelf-life after freeze-drying, stable after heat
sterilization), to be used in the parenteral administration of nucleoside
analogues [135,136]. Once in water, these cholesteryl derivatives are
able to self-arrange in various nanosized structures. Of particular
interest, in vivo studieswith cholesteryl–succinyl didanosine nanotubes
showed preferential distribution of these drug conjugates towards the
liver, spleen and lungs after intravenous injection to rats [137]. Despite
favorable drug distribution to lymphoid tissues, poor in vitro activity
against HIV due to the slow degradation of the conjugate into free
didanosine may limit the applicability of these systems in the future.

Indinavir-loaded liposomes administered subcutaneously to HIV-
2287-infected pig-tailed macaques (Macaca nemestrina) were shown
successful in achieving higher levels of this drug in the lymph nodes
than when formulated in aqueous solution and administered by the
same route [138]. This localized drug concentration increase was
variable according to lymph node anatomical localization (2.5 to 32.5
lymph node/plasma ratio, contrasting to negligible lymph node
levels for indinavir aqueous solution); conversely, indinavir-loaded
liposomes allowed for a 10-fold reduction in peak plasma concentration
and a 6-fold enhancement in plasma terminal half-life, leading to viral
load reduction in lymph nodes and plasma and, in some cases, reversed
the CD4+ T cell decline. Kinman et al. further optimized indinavir-
loaded liposomes in order to improve lymphoid tissue localization and
pharmacokinetic profile [139]. PEGylation of liposomes demonstrated
to provide 6-fold higher indinavir levels in lymph nodes and enhance
drug exposure in blood when compared to non-PEGylated liposomes
administered subcutaneously to macaques. Additionally, antiviral
results were improved. Mathematical models based on the pharmaco-
kinetic results obtained by this previous group [138] indicate that the
concomitant use of the proposed nanocarrier and conventional oral
indinavir regimens could be a valuable strategy in order to prolong the
utility (i.e. drug lifespan before resistance occurs) of antiretroviral drugs
[140].

The applicability of active drug targeting to immune cells, as
shown previously in vitro, is also an interesting approach for
delivering antiretroviral drug to lymphoid organs [141,142]. For
example, Gagné et al. used anti-HLA-DR immunoglobulin-modified
liposomes to deliver indinavir to lymphoid organs, based on the fact
that immune cells present on these sites (e.g. macrophages and
activated CD4+ T cells) express substantial levels of the HLA-DR
determinant of the major histocompatibility complex class II
molecules [143]. Obtained results after subcutaneous administration
to mice indicated that surface modification was successful in active
drug-targeting lymphoid tissues, while maintaining anti-HIV activity
of the drug in vitro. However, this study also alerts to the perils of
specific-drug targeting by nanocarrier surface modification with
potentially immunogenic molecules, as Fab′ fragments-modified
liposomes were 2.3-fold less immunogenic than carriers bearing the
entire IgG [143]; adequately toxicity and immunogenic studies are
therefore imperative in such cases.

Based on previous in vitro work showing that monocytes/macro-
phages are able to uptake and retain indinavir-loaded, lipid-based
nanoparticles [121], and the ability of these cells to cross the BBB, Dou
et al. proposed that nanoparticle-loadedmonocytes/macrophages could
serve as “Trojan horses” for delivering antiretroviral drugs to the CNS
(further discussed on Section 4.4, Central nervous system delivery) [144].
At the same time these researchers were pursuing this intention, in vivo
studies in mice showed that nanoparticle-loaded monocytes/macro-
phages were able to distribute indinavir to lymphoid and nonlymphoid
tissues in significantly therapeutic concentrations for at least 14 days,
allowing to reduce the number of virus-infected cells in plasma, lymph
nodes, spleen, liver, and lungs, as well as promoting CD4+ T cell
protection in a HIV-1-infected humanized immunodeficient rodent
model [144,145]. The complexity related with the direct handling of
monocytes/macrophages may limit this technique as it is presented;
however, this study represents significant evidence that the uptake by
monocytes/macrophages is a crucial event for explaining the ability of
nanosystems to target lymphoid organs.

Besides oral and intravenous routes, other means for antiretroviral
drug administration such as transdermal delivery would be of interest
[146–148]. Obtained results of in vitro permeability studies using rat
skin indicate that these systems are able to augment skin permeation.
Additionally, in vivo studies in rats using topically administered
zidovudine-loaded liposomes showed that these systems enhanced
plasma concentrations by nearly 12-fold when compared to the drug
formulated as a hydrophilic ointment (expressed as AUC0–24 h);
preferential distribution to RES organs (e.g. spleen and lymph nodes)
was also observed for liposomal formulations, particularly in the case of
PEGylated liposomes (up to 2-fold and 27-fold of the concentrations
observed for non-PEGylated liposomes and zidovudine hydrophilic
ointment, respectively) [146,147]. According to the authors, PEGylation
of these systems possibly avoids interaction with components of the
subcutaneous interstitium,which could cause their partial deposition in
this tissue. However, further studies are required in order to assess the
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significance of these results, namely if the amounts of drug required to
achieve therapeutic levels can be adequately formulated in transdermal
delivery systems.

In agreement with the reports presented above, several research
groups developed and reported other nanocarriers, namely liposomes
and SLNs, that were able to provide lymphatic system drug-targeting,
presenting a consistent basis for their therapeutic use to target this
important HIV-reservoir site [149–154]. Globally, these studies also
highlight the safety of used nanosystems and the improved drug
residence in vivo, suggesting that enhanced and prolonged anti-HIV
suppression could be obtained using nanotechnology-based carriers.

4.4. Central nervous system delivery

Nanotechnology-based systems have been extensively studied,with
particular success, to overcome the natural barriers to drug delivery
posed by the CNS anatomy, histology and physiology [155,156].
Particularly, the BBB is characterized by the presence of tight cell
junctions between endothelial cells of the CNS capillaries, representing
an efficient obstacle to the delivery of many drugs [157]. Poor BBB
penetration and/or extensive binding to plasma proteins are intrinsic
characteristics of several anti-HIV drugs that act as limiting factors;
however, even for drugs that penetrate sufficiently into the CNS, the
presence of drug efflux pumps at the BBB, such as P-glycoprotein, can
rapidly diminish drug concentrations in the nervous tissues. Conse-
quently, the use of nanosystems should help not only achieving higher
concentrations of encapsulated drugs, but also allow prolonged
residence in the CNS.

Experiments in the late 1980s by Kim et al. evidenced that
zalcitabine-loaded liposomes could provide an effective method to
retain this antiretroviral drug in the CNS of rats [158]. However, these
investigators administered developed liposomes by intraventricular
injection which is not feasible for human anti-HIV therapeutics,
particularly for prolonged use. Since these first observations several
efforts have been made in order to understand and improve CNS
delivery of antiretroviral drugs by using nanocarriers. Some insights on
the mechanisms and particle properties involved in the enhanced
permeability of antiretroviral-loaded nanosystems through the BBB
have been gained from recent in vitro experiments by Kuo et al. [159–
161]. This group tested the ability of different nanocarriers, namely
polybutylcyanoacrylate nanoparticles, methylmethacrylate-sulfopro-
pylmethacrylate nanoparticles, and cationic SLNs, to permeate in vitro
models of the BBB based on brain-microvascular endothelial cells
(BMEC). Various antiretroviral drugs were successfully incorporated,
and their uptake by BMEC in vitro was enhanced by 3- to 16-fold
(human BMEC) or by 8- to 20-fold (bovine BMEC), depending on
encapsulated drug and nanocarrier properties. In another study, Vyas et
al. developed several nanoemulsion formulations containing [3H]-
saquinavir and examined the drug brain uptake after oral administra-
tion to Balb/c mice [162]. Results showed higher plasma and brain
concentrations of [3H]-saquinavir for nanoemulsion formulations, as
compared to the aqueous suspension of the drug. Also, oral resultswere
compared to those obtained by intravenous injection of developed
formulations (nanoemulsions and aqueous suspension). Combined
pharmacokinetic analysis of results suggested that increased enteric
absorption and brain concentrations of saquinavir could be attributed
mainly to the preferential uptake of polyunsaturated essential fatty
acids that compose used oils (flax-seed oil or safflower oil) and P-
glycoprotein inhibition bydeoxycholic acid (co-surfactant) at both sites,
i.e. gastrointestinal tract and BBB [162].

As highlighted before for other HIV-reservoir sites, active drug
targeting to the brain has proved to be an efficient way to enhance
antiretroviral drug delivery to the brain. For instance, transferrin
receptors present in the luminal membrane of brain endothelial cells
have been used as preferential targets for enhanced antiretroviral
drug delivery to the CNS by means of nanoparticulate systems [107].
For example, Mishra et al. developed and administered intravenously
zidovudine-loaded PEGylated albumin nanoparticles to rats [163].
Further, these investigators modified these systems by anchoring
transferrin molecules and compared CNS uptake of zidovudine.
Biodistribution results showed an increase in brain distribution and
plasmatic circulating time for both nanoparticulate systems, as
compared to the free drug; however, transferrin modification
enhanced significantly brain concentration (approximately by
20%), while modestly diminishing distribution to RES organs. In
another study, the group of Labhasetwar tested the ability of
ritonavir-loaded PLA nanoparticles conjugated with HIV-1 trans-
activating transcriptor (TAT) peptide to overcome the BBB and bypass
the efflux action of P-glycoprotein [164]. The ability of TAT peptide to
permeate biological membranes by a receptor-mediated, endocytosis-
independent and transporters-independent mechanism makes this
new nanosystem of particular interest to overcome poor CNS drug
penetration by most PIs and other antiretrovirals. In vitro and in vivo
results from this study showed that, despite larger than the median
opening of the BBB (∼300 nm vs. ∼8 nm), these systems are
transported through the brain parenchyma (Fig. 2) without any
apparent damage of the BBB integrity. Ritonavir levels in the CNSwere
up to 800 times higher at 2 weeks post-intravenous administration of
TAT-nanoparticles to mice, compared to the drug in aqueous solution
[164]. In addition to enhanced CNS drug delivery, the sustained brain
levels of ritonavir provided by TAT-nanoparticles in mice expressing
P-glycoprotein also makes proof that this is an attractive strategy to
overcome PIs efflux from the CNS.

Interestingly,macrophage targeting also seems to be an indirectway
for enhancing CNS levels of antiretrovirals. The migration of these
immune cells to the CNS, alongside with the relatively high amounts
persistently present at this site, makes this strategy conceptually
possible. In vivo results obtained by various investigators seem to
backup this possibility. In one study, Kaur et al. administered
subcutaneously didanosine-loaded, mannan-coated gelatin nanoparti-
cles to rats and found 12.4 times higher concentrations of the drug in
brain tissue,when comparedwithdidanosine in aqueous solution [165].
Also, Dou et al. observed that indinavir levels in the brain of mice could
be increased up to 20 timeswhenmonocytes/macrophages loadedwith
lipid-based nanoparticles containing the drug were intravenously
administered (as compared with the drug solution) [166]. Particularly,
rhodamine-labeled indinavir-loaded nanoparticles were readily ob-
served in brain subregions with active astrogliosis, microgliosis, and
neuronal loss. However, none of the reviewed studies was able to
unequivocally demonstrate thatmacrophage-mediated transport to the
CNS of antiretroviral drug-loadednanosystems contributes significantly
to increased brain levels, requiring this hypothesis further mechanistic
insight.

5. Nanotechnology-based systems for HIV/AIDS prevention

5.1. Microbicides

5.1.1. Microbicides: possibilities and limitations
The simple idea of inserting topical microbicidal products in the

vagina or rectum before sexual intercourse, in order to prevent sexual
transmitted diseases, particularly HIV/AIDS, has gained significant
support in the last decade [167]. Among other potential advantages,
microbicides may be particularly important in those settings where
women do not have the possibility to negotiate condom use, as these
products do not require the cooperation, consent or even knowledge
of male partners. First microbicides to reach clinical trial were almost
exclusively tested for the prevention of vaginal HIV transmission and
based on simple formulations, such as polymeric gels containing
promising compounds that were shown to have significant unspecific
antiviral activity in vitro. Nonoxynol-9 formulations were the first
being tested in preventing HIV vaginal transmission [167]. Despite



Fig. 2. Fluorescent confocal microscope imaging of mice brain sections showing the localization of non-conjugated and TAT-conjugated PLA nanoparticles loaded with 6-coumarin,
24 h after intravenous injection at a dose of 250 mg/kg (equivalent to 45 mg/kg dose of ritonavir used in the biodistribution study). (a) Endothelial cell staining with anti-CD31
antibody conjugated to AlexaFluor 568, (b) localization of TAT-nanoparticles within the cortex, (c) and (d) localization of non-conjugated nanoparticles within the ventricles and
parenchyma of the brain, respectively, and (e) and (f) localization of TAT-nanoparticles within the lateral and third ventricles, respectively. All images were acquired at 40×
magnification (representative data from studies in three mice per group; bar=25 μm). Blue, red, and green are due to DAPI-staining of the nuclei (N), CD31 antibody-staining the
blood capillaries (CD31), and 6-coumarin-loaded nanoparticles (NPs), respectively. Reprinted from Ref. [164], Copyright (2008), with permission from Elsevier.
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initial high expectations, large clinical trials concluded that no
protection was achieved; in fact, nonoxynol-9 formulations were
shown to enhance HIV transmission [168]. Other candidates followed
but similar frustrating results led researchers to start questioning the
real value of this strategy. While waiting for the next generation of
microbicides, several hypotheses have been proposed to explain these
results, mostly related to drug-induced mucosal damage, inconsistent
microbicide use or poor clinical trial design [169]. However, it has also
been suggested that inappropriate drug formulation may be an
important factor for failure [170]. The main problem of currently
available products is their poor ability to provide an effective and
durable drug barrier along the epithelial lining. Also, the inefficiency
of current conventional formulations to provide sustained-release and
deliver active molecules to target sites is an important issue that
should be resolved [171,172]. Thus, innovative approaches to the
vaginal delivery of microbicides, namely those based in nanosystems,
are being considered to achieve effective protection.

5.1.2. Nanotechnology-based microbicides
As documented above, several antiretroviral agents have already

been successfully incorporated in diverse nanocarriers, but the
utilization of these systems in the formulation of vaginal microbicides
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has not yet been conveniently investigated. Some properties of these
nanotechnology-based systems, e.g. prolonged release of active
agents and ability to penetrate epithelial linings, are important
advantages that may favor their utilization in the field of microbicides.
Also, their possible use for targeted and intracellular drug delivery,
namely to HIV-target cells, and capability to protect antiretroviral
agents from in vivo degradation are interesting features. In one of the
first reports endorsing the possible use of nanotechnology-based
systems for the development of microbicides, the groups of Baba and
Akashi described polystyrene-based nanospheres bearing a lectin
(concanavalin-A) on their surface and demonstrated in vitro their
ability to capture HIV-1 virions as a result of the high affinity between
concanavalin-A and viral gp120 [173]. Although these nanospheres
were originally developed as mucosal vaccine adjuvants, their
capacity to reduce HIV-1 infectivity led these investigators to suggest
the study of nanosystems for microbicides development. An addi-
tional highlighted advantageous feature of these nanosized systems
for the purpose of microbicide development was their high surface
area, which allowed increasing the amount of available concanavalin-
A molecules for interacting with virions [174].

Even if no further studies towards this goal have been conducted
using concanavalin-A-bearing nanospheres, proof of concept was
established and the potential of nanotechnology-based microbicides
was recognized. The group of Penadés has been working for several
years now in the development of gold glyconanoparticles, comprising
sugar bio-functional gold nanoclusters of reduced dimensions [175],
and is currently exploring the potential of mannose-coated gold
nanoparticles as possiblemicrobicides, namely because of their capacity
to interfere with HIV-DCs binding and dissemination. As previously
discussed, DCs (and Langerhans cells) play an important role in the
vaginal transmission of HIV and may be an important target for the
development of preventing strategies. In vitro results obtained by
surface plasmon resonance indicate that α-1,2-mannose disaccharide-
coated gold nanoparticles are able to completely inhibit DC-SIGN/gp120
Fig. 3. Microscopic images of ectocervical tissue (a) before exposure to nanoparticles and (
(H&E staining). Fluorescent microscopic images (40× magnification) of ectocervical tissue t
cells nuclei in blue) or (d) streptavidin-FITC staining (PSC-RANTES-biotin in green) revea
Conversely, fluorescent microscopic images (40×magnifications) of ectocervical tissue treate
nuclei in blue) or (f) streptavidin-FITC staining (PSC-RANTES-biotin in green) showed that PS
basal epithelium. Reproduced from Ref. [178], Copyright (2008), with kind permission from
binding at the level of 10 nM, contrasting with 500 µM for α-1,2-
mannose disaccharide alone [176]. Also, significant in vitro inhibition of
HIV-1 binding to DC-SIGN expressing cells and trans-infection of T cells
by α-1,2-mannose disaccharide-coated gold nanoparticles was ob-
served (85%–90% inhibition vs. 60–79% for the free disaccharide) [177].
These preliminary results illustrate again that the high surface area
provided by nanoparticles is able to maximize the number of available
molecules to interact with DC-SIGN; however, further studies are
needed to fully evaluate thepotential of thesenanosystems tobeused as
microbicides.

Recently, Ham et al. studied the feasibility of poly(D,L-lactide-co-
glycolide) (PLGA) nanoparticles to encapsulate PSC-RANTES (∼8 kDa)
in order to enhance vaginal epithelial penetration and drug targeting
to CCR5-expressing cells, thus resolving poor drug distribution and
retention issues [178]. PSC-RANTES is an analog of the natural
occurring chemokine RANTES (Regulated on Activation Normal T
cell Expressed and Secreted), being able to inhibit R5-tropic HIV-1
infection of T lymphocytes and monocytes by blocking CCR5 co-
receptor [179]. Despite showing protection in vitro against HIV-1, in
vivo experiments in the rhesus macaque (Macaca mulatta) SHIV
model demonstrated that the needed dose of PSC-RANTES for
protection was much higher than in cell models. Results obtained
by Ham et al. showed that nanoparticles (257±20 nm) loaded with
biotinylated PSC-RANTES (used in substitution of PSC-RANTES to
allow tissue localization by streptavidin-FITC staining) were able to
penetrate human ectocervical tissues in vitro and mediate drug
transfer to the deeper layers of the epithelium, immediately above the
lamina propria where CCR5-bearing target cells are predominantly
located (Fig. 3) [178]. Indeed, ectocervical/vaginal basal epithelium
may be an optimal target site for nanoparticles containing antire-
troviral agents as this site is not submitted to coital shearing felt in the
vaginal lumen, which promotes leakage of current microbicide
products. Moreover, the basal epithelial layer is not located too
deeply in the mucosa, which may allow drug diffusion to the nearby
b) after exposure to nanoparticles indicating no significant gross morphologic changes
reated with unformulated PSC-RANTES-biotin for 4 h with (c) DAPI staining (epithelial
led that unformulated PSC-RANTES-biotin remained at the superficial epithelial layer.
d with PSC-RANTES-loaded nanoparticles for 4 h with (e) DAPI staining (epithelial cells
C-RANTES-biotin was able to permeate the superficial epithelium and accumulate at the
Springer Science+Business Media, Inc.
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milieu of the ectocervical/vaginal epithelium but not to nearest blood
vessels of the lamina propria in considerable amounts. The group of
Rohan further observed that mucosal uptake of PSC-RANTES-loaded
nanoparticles was nearly 5-fold higher when compared to unformu-
lated PSC-RANTES [178]. Also, nanosystems were able to retain the
drug activity in vitro when compared to the unformulated form. PSC-
RANTES-loaded nanoparticles presented prolonged drug release, an
important feature considering that microbicide formulations should
require minimal number of applications per time period while
maintaining sustainable amounts of active drug in loco. However,
these results require further in vivo confirmation in order to attest the
real value of this interesting novel approach. Supporting these
observations, other investigators have also reported interesting
properties of nanoparticles for their utilization in microbicides
development. For instance, in vitro studies have demonstrated the
ability that polymeric nanoparticles have to permeate cervical mucus,
depending on size, concentration and surface properties, which is
known to be a significant biological barrier for particles reaching the
epithelium [180,181]. Of particular interest, PEGylation seems to be an
interesting strategy for enhancing nanoparticle transport through
cervicovaginal fluids. Also, recent work by Saltzman et al. highlighted
the favorable behavior PLGA nanoparticles have in vivo with the aim
of developing effective microbicides, namely their safety, full and
deep genital tract distribution, and tissue retention (up to one week)
[182]. These researchers developed 100–300 nm PLGA nanoparticles
containing small interfering RNA (siRNA) targeted against enhanced
green fluorescent protein (EGFP) and observed the complete
knockdown of gene expression in the genital tract of transgenic GFP
mice up to around 2 weeks, after vaginal instillation. These results
seem to substantiate that PLGA nanoparticles might confer prolonged
action to incorporated microbicidal molecules due to sustained drug-
release and intracellular drug-targeting.

The potential of other nanocarriers for vaginal administration of
RANTES analogues has also been investigated by Kish-Catalone et al.
[183,184]. This group developed a new synthetic analogue, designated
−2 RANTES, and tested the ability of commercial paucilamellar non-
phospholipidic liposomes (Novasomes 7474; Novavax, Inc., Rockville,
MD) to incorporate this peptide-based molecule [183]. Loaded
systems were able to release−2 RANTES in vitro in a dose-dependent
manner over a time-frame of 30–120 min, while retaining its antiviral
activity. Also, local safety studies performed in two rodent models
(murine and rabbit) showed no evidence of cervicovaginal toxicity.
This group has further evaluated the efficacy of −2 RANTES-loaded
Novasomes in preventing infection of cynomolgus macaques (Macaca
fascicularis) challenged vaginally with R5-tropic SHIV162P3, after 30–
45 min of the vaginal administration of 0.3 ml of Novasomes
formulation [184]. Surprisingly, Novasomes, either blank or drug-
loaded (0.13 mM), exhibited considerable prophylactic effect against
infection (4 out of 6 animals protected in blank Novasomes and drug-
loaded Novasomes groups), contrasting with the poor results of −2
RANTES in PBS solution (2/5, 0/4, and 0/4 animals protected for
0.5 mM, 0.25 mM, and 0.065 mM concentrations, respectively).
Although unclear, a possible explanation for protection resides in
the physical–chemical properties of these nanosystems (e.g. surfac-
tant properties of its components), which can provide a physical
barrier above the epithelium lining that is able to interact and
inactivate virions. Results also highlight the importance of complete
mucosal coverage provided by Novasomes for the observed protection
against vaginal HIV transmission.

5.2. Vaccines

The development of a vaccine has been a paramount strategy in
the prevention of HIV infection. However, in vivo performance of
promising vaccines has proved to bemeager, a fact that may be in part
attributed to poor protection and delivery of the immunogenic
molecules. One disadvantage of current vaccine formulations is their
content in aluminum, a commonly used adjuvant, because of its
potential toxicity; alongside, instability to freezing and drying, and
inconsistency in producing humoral immunity are frequent difficul-
ties posed by aluminum-based vaccines. Hence, nanosystems have
been studiedmostly as vaccine adjuvants due to their safety profile, as
well as for the ability to protect labile immune stimulating molecules
(e.g. DNA or peptides/proteins) and enhance their immunogenicity
when delivered by diverse routes (e.g. intramuscular, subcutaneous,
intradermal, and intranasal) [185,186]. Various examples of nano-
technology-based vaccine candidates may be found in the literature.
For instance, Locher et al. developed an anti-HIV-2 nanoparticle-based
vaccine comprising 150 nm complexes of gp-140-encoding plasmid
DNA with polylysine-graft imidazoleacetic acid in order to enhance
immune response [187]. The proposed nanostructure was able to
significantly improve specific antibody expression levels after
intradermal injection to BALB/c mice, when compared to the
administration of plasmid DNA alone. This enhancement is presum-
ably related with the nanostructure ability to protect plasmid DNA by
evading lysosomal degradation, therefore resulting in efficient
transfection. Escape from the lysosomal compartment is presumably
attributed to the polymer imidazole side chain groups [187]. The
immunostimulating complex (ISCOM) is an important vaccine
delivery system being studied in the clinic, presenting potent
adjuvant activity [186]. It comprises ∼40 nm cage-like particles
produced by combining a protein antigen, cholesterol, phospholipid
and the saponin adjuvant Quil A, which is derived from Quillaja
saponaria; further, due to toxicity problems, a similar system
(ISCOMATRIX®; CSL Behring, King of Prussia, PA) was obtained by
using a purified fraction of Quil A. Recent studies performed in guinea
pigs by Boyle et al. showed that, compared to an aluminum
hydroxide-based formulation, identical immune response could be
achieved for roughly 100-fold lower levels of recombinant HIV-1
gp120, when incorporated in ISCOMATRIX® [188]. These results
suggest that ISCOMATRIX®-based adjuvants may represent an
effective means of reducing the amount of antigen required, thus
potentially reducing the final cost of vaccine products. In concordance
with the above presented studies, other investigators also observed
the induction of high titers of anti-HIV antibodies when different
immune stimulating molecules were formulated in various nanosy-
tems and administered systemically in animal models (see Table 2 for
examples) or human subjects (e.g. MF59™ oil-in-water nanoemulsion
containing recombinant gp120 derived from HIVSF2 [206], or HIV-1-
derived TAB9 protein combined with Montanide® ISA 720 water-in-
oil nanoemulsion adjuvant [207]). As highlighted for antiretroviral
drug-loaded nanocarriers, nanosystems are able to bear several
antigenic substances simultaneously, facilitating the development of
multivalent vaccines. Lamalle-Bernard et al. developed an anti-HIV
divalent candidate vaccine based in PLA nanoparticles [189]. The two
selected viral antigens, p24 and gp120, were co-adsorbed to
nanoparticles surface, without their structural integrity being com-
promised. Upon subcutaneous administration to mice (three admin-
istrations separated by 2 weeks intervals), the divalent PLA
nanoparticle-based vaccine was highly immunogenic for both anti-
gens, inducing titers of 106 and 105 for p24 and gp120 antibodies,
respectively.

Even if systemically administered vaccines have been intensively
investigated, they are generally ineffective for inducing antigen-
specific mucosal immune responses. Thus, efforts have also been
performed in order to develop anti-HIV mucosal vaccines. Bielinska et
al. investigated the ability of an oil-in-water nanoemulsion (∼400 nm
oil droplets) loaded with recombinant gp120 to immunize mice after
intranasal administration [208]. Obtained results indicated that the
vaccine formulation was capable to strongly induce both systemic and
mucosal immune responses, allegedly because of enhanced tissue
penetration of gp120 conferred by its inclusion the nanoemulsion. An



Table 2
Selected examples of nanotechnology-based anti-HIV vaccines.

Adjuvant nanosystems Immunogens Animal models Administration routes Comments References

ISCOM disrupted HIV-2 virions, V3-derived
synthetic peptides

Macaque
(Macaca fascicularis)

IM Significant immune respo s were obtained [189]

Liposomes DNA plasmid (HIV-1 env and rev genes) Mouse, guinea pig ID, IM, IN, IP, SC DNA plasmid was mixed w h liposomes immediately
before administration; Lip omes greatly enhanced
induced immune response ut IM, IN, and IP routes were
more effective than ID and C routes

[190–192]

Mannan-coated-liposomes DNA plasmid (HIV-1 env and rev genes) Mouse IM DNA plasmid was mixed w h liposomes immediately before
administration; significan enhanced humoral and cellular
responses were obtained obably due to Th1-type response
enhancement by mannan)

[193]

polylysine-graft imidazoleacetic acid complex DNA plasmid (HIV-2 gp-140) Mouse ID See text for details [187]
Sendai virus-liposome complexes Recombinant HIV-1 gp160 Mouse IN See text for details [194]
SLNs Recombinant HIV-1 Tat(1-72) Mouse SC Immunogen was adsorbed SLNs; significantly enhanced

humoral and cellular resp ses were obtained
[195]

MF59™ oil-in-water nanoemulsion Oligomeric HIV-1 gp140 Macaque
(Macaca mulatta)

IN MF59 significantly enhanc anti-HIV systemic and vaginal
humoral response in prev sly vaccinated animals (IM)

[196]

PLA nanoparticles Recombinant HIV-1 p24 Mouse, rabbit, macaque
(Macaca fascicularis)

SC Immunogen was adsorbed nanoparticles; significantly
enhanced humoral and ce lar responses were obtained

[197]

PLA nanoparticles Recombinant HIV-1 p24 and gp120 Mouse SC See text for details [198]
concanavalin-A-bearing polystyrene
nanospheres

Inactivated HIV-1 or SIV Mouse, macaque
(Macaca mulatta)

IN, IVag See text for details [199–202]

ISCOMATRIX® Recombinant HIV-1 gp120 Guinea pig SC See text for details [184]
PR8-Flu ISCOM HIV-1sf2 gp120, p24, and V2 and V3 peptides Macaque

(Macaca mulatta)
IN, SC Immunogens were mixed ith PR8-Flu ISCOM before administration;

SC administration was per rmed in the proximity of the internal iliac
lymph nodes in order to a w targeting these immune sites; ISCOM
modified with PR8 (haem glutinin and neuraminidase subunit of
Influenza A Puerto Rico/8/ ) elicited strong systemic immune response
only when administered b SC route

[203]

PLA nanoparticles p24, wild-type Tat, or mutated Tat Rabbit SC Immunogens were adsorb to nanoparticles; immune response was
induced but differences in duced spectrum of specificity were observed
for PLA nanoparticles and F59™ nanoemulsions

[204]

Tetanus toxoid (TT) antigen-bearing SLNs Recombinant HIV-1 gp140 Mouse SC, IVag Immunogen and TT were sorbed to SLNs; Significantly enhanced
humoral and cellular resp ses were obtained particularly when specific
toll-like receptors (TLR) li nds were co-adsorbed to SLNs (TT and
TLR enhance cell uptake)

[205]

Abbreviations: ID, intradermal; IM, intramuscular; IN, intranasal; IP, intraperitoneal; IVag, intravaginal; SC, subcutaneous.
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interesting approach to mucosal anti-HIV vaccine comprising fuso-
genic liposomes obtained by combining conventional liposomes with
UV-inactivated Sendai virus (HJV-liposomes) has been developed by
Sakaue et al. [194]. These nanosystems were shown to be able to
deliver encapsulated molecules to the cytoplasm of immune cells due
to the ability of viral hemagglutinating, neuraminidase, and fusogenic
proteins to mediate cellular recognition and uptake [194,209]. After
intranasal administration to mice, gp120-loaded HJV-liposomes were
able to induce both systemic andmucosal Th1- and Th2-type immune
responses, taking advantage of the natural ability of Sendai virus to
infect immune cells at the nasal mucosa [194]. As previously referred,
researchers led by Baba and Akashi developed concanavalin-A-
bearing polystyrene nanospheres, which are able to capture inacti-
vated HIV-1 virions by interacting with gp120 [175]. Upon capture of
inactivated HIV-1 by nanospheres and elimination of free viral
particles, these HIV-1-bearing nanospheres were administered intra-
vaginally to mice. Results showed that these systems were able to
induce local immune response, even if the mechanisms behind these
observations remained unclear (possibly IgA-mediated) [210]. Addi-
tionally, when HIV-1-bearing nanospheres were administered by the
intranasal route to mice, IgA-mediated immune response in the
genital tract against HIV-1 was even higher than when administered
intravaginally [199,202]. Combined results once again suggest that
one of the main advantages of these nanospheres is the high surface
area provided by the small diameter (360 to 1230 nm), which allows
increasing the amount of virions available for interacting with
antigen-presenting cells (e.g. dendritic cells), thus boosting the
immune response [201]; also important is the ability to protect viral
antigens. However, in vivo results obtained from a macaque model
(M. mulatta) after intranasal immunization with inactivated SHIV-
bearing nanospheres showed that only partial protection was
obtained upon vaginal challenge with infectious SHIV [210]. Even if
results seem promising, a main setback is that the utilization of
inactivated HIV-1 vaccines may pose serious safety problems in order
to be developed for human use. In concordance with discussed
studies, other investigators also observed similar immune induction
in animal models when using other antigens formulated as nanosy-
tems and administered by mucosal routes (see Table 2 for examples).

Taken together, these results seem to confirm the utility of
nanosystems as adjuvants for the development of anti-HIV vaccines.
However, formulation of nanotechnology-based vaccines should be
adequately performed as to assure that immunogenic profile of
antigens is not altered, for instance, due to changes in their tri-
dimensional structure ormasking of some epitopes [204]. Therefore, it
is advisable that comparison between nanotechnology-based and
other adjuvant-based formulations be performed for each candidate
antigen rather than on a model antigen, as the outcome in terms of
qualitative differences may vary from one antigen to another.

Advanced in the development process and currently undergoing
human phase II clinical trials is a nanotechnology-based topical
therapeutic vaccine formulated as a patch, DermaVir (Genetic
Immunity LLC, United States/Hungary). Dermavir comprises HIV
plasmid DNA material encapsulated in mannosylated PEI nanoparti-
cles, these last being capable of targeting epidermal LCs upon topical
administration, as demonstrated in vitro [211] and in vivo in mice
(reviewed in [212,213]). After cell recognition by mannose receptor
present in LCs membrane and uptake via endocytosis, plasmid DNA-
encoded antigens are expressed similarly to what happens upon HIV
infection of these cells. Antigen-loaded LCs migrate to local lymph
nodes, differentiating into DCs while in transit, and present antigens
to naïve T cells, thus inducing HIV-specific cellular immune response
[214,215]. In vivo experiments performed in chronically SIV-infected
rhesus macaques undergoing antiretroviral therapy showed that
DermaVir-induced cytotoxic T cell response was able to effectively
inhibit SIV replication and enhance control of viral load rebound
during treatment interruptions [216]. Even if currently being
developed as an adjuvant therapy for patients being treated with
antiretroviral drugs, this vaccine may be of interest in the future for
the prevention of HIV transmission.

6. Economical feasibility

One important question to be addressed relates to the economic
impact that nanotechnology-based systems for the treatment and
prevention of HIV/AIDS may have. In fact, this issue can be decisive in
translating experimental results into clinical development and
practice, particularly considering the current inability to provide
effective antiretroviral therapy to most of the infected population,
namely in low-income and developing countries. To our knowledge,
no relevant study about the subject has been conducted and one may
only infer about it [217]. However, several important facts allow the
scientific community to be optimistic. For instance, the increased
lifespan and therapeutic improvement of older drugs (tendentiously
cheaper than those more recently approved [94]) without the
development of drug resistance or intolerable adverse effects, is
predictable for nanotechnology-based delivery systems. It is usual
that several promising antiretroviral molecules are discarded in
preclinical phases due to poor pharmacokinetics performance;
nanotechnology-based systems may help in resolving some of these
troublesome issues, being able to “revive” several of these drugs. Also,
the recent rising of nanotechnology-based pharmaceutical companies
and the introduction of nanosystem-based drug products in the
available therapeutic armamentarium will further allow cost reduc-
tion of their currently relatively expensive formulation scale-up and
production (even if its development is cheaper than that expected for
new active molecules); innovative nanosystems are also expected to
allow the enhancement of effective patent protection in a rapidly
increasing pharmaceutical market segment [218,219]. Economical
aspects of preventative strategies seem even more complex, partic-
ularly in the field of microbicides. It is true that expected acceptable
prices of US $1 or less per application for microbicides based on
conventional dosage forms are not realistic for nanotechnology-based
products [220]; however, predictable reduction of the number of
needed application, and enhanced efficacy and acceptability may
endorse its economic viability. Additionally, potential market dimen-
sion (US$0.9–1.8 billion), and public agencies and non-governmental
organizations financial support are strong arguments for the devel-
opment of nanotechnology-based products [221]. Finally and more
importantly, indirect savings of hindering the HIV/AIDS pandemic are
expected to assure economic return [222].

7. Conclusions

The introduction of nanotechnology in the field of drug delivery
opened exciting perspectives towards the development of new
therapeutic options for the treatment of several devastating and
complex diseases (e. cancer and infectious diseases), culminating in
the last decade with the market release of more than a few nano-
pharmaceuticals [219,223]. In this manuscript we confirmed the
ability of nanotechnology-based systems to provide a rationale
approach for anti-HIV therapy and prevention. Adding to previous
work in the field, new developments in nanocarrier systems for
antiretroviral drugs are consolidating this strategy as a particularly
interesting approach towards the improvement of HIV/AIDS treat-
ment. Even if not providing a way to cure HIV/AIDS, nanotechnology-
based systems may improve drug therapy in infected patients as
demonstrate by in vitro and animal in vivo studies. Various
nanosystems have been shown the ability to improve antiretroviral
activity of several drugs, while reducing their toxicity and potentially
simplifying drug regimens. Also, these systems can provide higher and
prolonged drug levels in known reservoir sites for HIV, which can
result in better viral suppression and potentially longer time until the
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emergence of viral resistance. Even so, some particular aspects of
these nanosystems still need to be fully assessed in order to open road
towards human clinical trials and market launch of the first anti-HIV
nanotechnology-based medicines. Apart from the exciting prospect of
approval of VivaGel®, most of the relevance and applicability of
nanotechnology-based systems in the field of microbicides are yet in
its infancy and much work is still required. However, several helpful
objectives towards the development of effective microbicides may be
possible to achieve using drug nanocarriers, namely specific drug-
targeting to local immune cells or different layers of the mucosa,
increased local drug residence, lower toxicity, stimulus-sensitive drug
release (e.g. variations in vaginal pH during sexual intercourse), or
cellular uptake. Also, other nanostructures that have not yet been
studied for this purpose, such as cyclodextrin-drug complexes,
nanogels, and SLNs, are starting to be considered in the formulation
of novel microbicides, although substantial results are still to be
published. Hence, developments are expected soon. Lastly, experi-
mental proof appears to support the utilization of nanosystems as
adjuvants in the formulation of anti-HIV vaccines, which may be an
interesting strategy to improve both efficacy and safety of currently
used formulations.
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