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Abstract

The development of effective drug delivery approaches for the treatment of AIDS and HIV infection is a global challenge. The advent
of multidrug, highly active antiretroviral therapy (HAART), have increased the life span of HIV-infected patients. However, it has
not eradicated HIV infections, particularly in anatomically privileged sites, such as the brain, testes, gut, liver, kidney, and secondary
lymphoid tissue. Several nanocarriers have been investigated in order to enhance the effective delivery of antiretroviral drugs for HIV
prevention and therapy. This review focuses on the most recent and significant examples of nanotechnology-based approaches for
the delivery of antiretroviral agents belonging to the classes of nucleoside-analog reverse transcriptase inhibitors (NRTIs) and non-
nucleoside reverse transcriptase inhibitors (NNRTTs). Nanocarriers such as natural and synthetic polymeric nanoparticles, dendrimers,
liposomes, and various drug conjugates have been discussed. These nanotechnology carriers are able to deliver the antiretroviral agents
in a controlled and/or targeted manner thereby increasing the drug bioavailability and residence time at target sites with a considerable
improvement in quality of HIV patients.
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Introduction

Human immunodeficiency virus (HIV), the etiological agent of acquired immunodeficiency syndrome (AIDS), is responsible for
more than 25 million deaths worldwide and estimated 34 million people are infected with HIV across the globe with consequently
devastating socioeconomic effects [1]. The disease is characterized by severe impairment of immune system resulting in markedly
decreased CD4* T cells, thus leading to various life-threatening opportunistic infections. After the interaction of its exterior
glycoprotein gp120 with CD4* of T cells, HIV most commonly uses the chemokine CCR5 and/or CXCR4 as a co-receptor to enter
the target cells. Then, the genetic RNA material together with enzymes such as the reverse transcriptase, integrase, ribonuclease
and protease are released into the host cell [2,3]. Among the different enzymes, reverse transcriptase (RT) represents one of
the main targets for the development of AIDS therapy [4,5]. Inhibitors of reverse transcriptase both nucleoside analogues and
non-nucleoside have been described but all present some limitations including toxicity and the emergence of resistant strains
[6,7]. With the advent of multidrug, highly active antiretroviral therapy (HAART), the prognosis for HIV-1 infected patients has
significantly improved; however, it has not eradicated HIV infection, particularly in sequestered, anatomically privileged sites,
such as the brain, testes, gut, liver, kidney, and secondary lymphoid tissue [8]. Additionally, emergence of resistant viral strains
and the adverse side effects associated with prolonged use continue to slow down the application of effective antiviral therapies
[9]. Moreover, these drugs suffer from physicochemical problems such as poor solubility permeability, and stability which may
lead to formulation development problems and impair optimal absorption, biodistribution, and sustained antiretroviral effect. In
order to overcome these problems, several new chemical entities or improved delivery systems have been proposed involving the
use of several nanotechnology-based delivery systems [10-14]. Thus, in order to improve HIV therapy, a large number of carriers
have been developed; they include polymeric nanoparticles, solid lipid nanoparticles, liposomes, nanoemulsions, dendrimers, and
drug conjugates [15-20]. These nanotechnology carriers are able to deliver the HIV current drugs in a controlled and/or targeted
manner thereby increasing the drug bioavailability and residence time at target sites with a considerable improvement in life quality
of HIV patients. Moreover, research in this field suggest that nanotechnology-based drug delivery systems have the potential to
facilitate complete eradication of viral load from the reservoir sites such as the central nervous system, the cerebrospinal fluid,
the lymphatic system and in the macrophages, where it cannot be reached by the majority of therapeutic agents in adequate
concentrations or in which the therapeutic agents cannot reside for the necessary duration [21]. This review will focus the most
recent and significant examples of nanotechnology-based approaches for the delivery of the main drugs used in the standard
antiretroviral therapy (ART) with particular emphasis on their safety, pharmacokinetic aspects, and long-term toxicity.
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Overview of antiretroviral drugs used for treatment of HIV/AIDS

To date, an arsenal of 28 Food and Drug Administration (FDA) approved drugs are available for treatment of HIV-1 infections.
These drugs are mainly distributed into six distinct classes based on their molecular mechanism: 1) nucleoside-analog reverse
transcriptase inhibitors (NRTIs); 2) non-nucleoside reverse transcriptase inhibitors (NNRTIs); 3) integrase inhibitors; 4) protease
inhibitors (PIs); 5) fusion inhibitorsand 6) co-receptor antagonists. Moreover, FDA approved a combination of HIV medicines
containing two or more HIV drugs from one or more of the reported drug classes [22]. Reverse transcriptase (RT) plays a key role
in the replication of HIV by converting single-stranded genomic RNA into double-stranded proviral DNA and represents one of
the main targets for the development of AIDS therapy [23-28]. Both NRTIs and NNRTIs inhibit the RT-associated polymerase
activity: the NRTIs compete with the natural deoxynucleotide triphosphate (ANTP) substrate and act as chain terminators, while
the NNRTTIs bind to an allosteric pocket and inhibit polymerization noncompetitively; in addition to these two classes, other RT
inhibitors (RTIs) target RT by distinct mechanisms [29]. After the discovery of zidovudine (AZT) in 1987, NRTIs were the first
class of drugs to be approved by the FDA; they play a central role in HAART and have been used extensively in the fight against
HIV-1 infection. NRTTs, nucleoside analogues lacking of the 3’-hydroxyl group or modified at the sugar moiety, are administered
as inactive prodrugs and require metabolic conversion to their corresponding active 5’-triphosphate forms by host cellular kinases.
Thus, competing with the natural deoxynucleoside triphosphates (ANTPs), these drugs can be efficiently incorporated at the 3’-end
of the viral DNA as NRTI monophosphate by HIV-1 RT. After incorporation, these nucleoside analogues inhibit the elongation
of viral DNA chain, preventing the incorporation of next incoming nucleotide, resulting in termination of the growing viral DNA
chain [30]. In the last year, to search new biologically active nucleoside analogues, structural modifications on the sugar moiety and/
or the heterocyclic base of natural nucleosides have been performed in order to overcome the drawbacks mainly due to enzymatic
degradation and/or to reduce the toxicity and the cross-resistance problems [31-40]. Currently, there are eight FDA-approved
NRTIs: abacavir (ABC), didanosine (ddI), emtricitabine (FTC), lamivudine (3TC), stavudine (d4T), zalcitabine (ddC), zidovudine
(AZT), and tenofovir disoprovil fumarate (TDF), a nucleotide RT inhibitor (Figurel). The commonly used pyrimidine analogues
are AZT (3’-azido-2}3’-dideoxythymidine) and d4T (23 -dideoxy-2}3’-didehydrothymidine), analogues of thymidine, 3TC (B-1-
(-)-233’-dideoxy-3’-thiacytidine) and FTC (B-1-(-)-2}3’-dideoxy-5-fluoro-3’-thiacytidine), analogues of 2’-deoxycytidine. Purine
analogues commonly used in HAART are ddI(f-d-(+)-2,3-dideoxyinosine), a 2’-deoxyadenosineanalogue, ABC ((-)-(1S,4R)-
4-[2-amino-6-(cyclopropylamino)-9H-purin-9-yl] -2-cyclopentene-1-methanol), a 2’-deoxyguanosine analogue and TDF (R-9-
(2-phosphonomethoxy propyl) adenine), a chemically unique acyclic phosphonate nucleotide analogue. As with all antiretroviral
therapies, treatment with any of these agents often results in the emergence of HIV-1 strains with reduced drug susceptibility.
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Figure 1: Nucleotide reverse transcriptase inhibitors approved by FDA

Resistance to NRTTs is mediated by two main mechanisms. The first is the prevention of NRTT incorporation into the nascent chain;
this mechanism involves discriminatory mutations able to weaken the binding affinity of the NRTIs and retaining the binding
efficiency of the corresponding natural nucleosides; thus, the incorporation of NRTTs into the viral DNA is reduced and the virus
continues to proliferate. The second common mechanism of resistance to NRTIs, is the nucleotide excision which represents the
reversal of the polymerization reaction in order to restore the DNA synthesis. RT utilizes ATP or inorganic pyrophosphate (PP))
as a co-substrate to remove the incorporated nucleoside analogue monophosphate thus terminating the DNA elongation [41,42].
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The non-nucleoside reverse transcriptase inhibitors (NNRTTIs) are structurally and chemically different molecules able to bind in
noncompetitive manner to a hydrophobic RT pocket close to the polymerase active site. Unlike NRTTs, these drugs do not require
intracellular metabolism to exert their activity. The binding of NNRTIs changes the spatial conformation in the proximity of the
active site upon binding to the hydrophobic NNRTI-binding pocket (NBP), thus inducing rotamer conformational changes in
some residues of RT (Y181 and Y188). This binding makes the thumb region more rigid, thus reducing the polymerase activity
and blocking the DNA synthesis [43]. More than thirty different classes of compounds could be considered to be NNRTIs and
currently, there are four approved NNRTIs: etravirine (ETV), delavirdine (DLV), efavirenz (EFV), and nevirapine (NVP), and
several in development, including rilpivirine (RPV) in phase 3 (Figure2).
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Figure 2: Non-Nucleoside Reverse Transcriptase Inhibitors approved by FDA

NNRTIs represent a pivotal part of HAART because of their minimal side effects and less toxicity profiles compared to NRTIs
[44]. However, as with NRTI, complex patterns of NNRTI-resistant mutations diminish or completely abolish their therapeutic
efficacy. Several factors are involved in the NNRTT resistance such as the ease of sequence variability in residues aligning the NBP,
the effect of resistance mutations on drug susceptibility and viral fitness. NNRTT resistance generally results from amino acid
substitutions such as L100, K101, K103, E138, V179, Y181, and Y188 in the NNRTI-binding pocket of RT [45]. First-generation
inhibitors including nevirapine and delavirdine, have a lower genetic barrier to resistance and resistance mutations emerge quickly
with respect to the second-generation inhibitors. Primary resistance mutations that are selected by these drugs are all located
in the NBP, and reduce the binding affinity of the inhibitors or block their access to NBP. Second-generation NNRTISs, such as
efavirenz usually require two or more mutations in the HIV-1 RT before significantly decreasing their antiviral potency [46].
Third generation compounds etravirine and rilpivirine have enhanced potency and effectiveness on drug-resistant mutants [47].
Most NNRTI mutations engender some level of cross resistance among different NNRTIs, especially in the context of additional
secondary mutations. The development of resistance to the different classes of approved drugs led to resistance testing performed
in order to select a combination of drugs that is most effective for each patient. In addition, extremely lengthy regimens of HAART
are related to poor patient compliance, drug intolerance, toxicity and viral relapse after some time [48]. Side effects due to the drugs
toxicities are also a concern; patients treated with HAART showed increased rates of heart disease, diabetes, liver disease, cancer
and accelerated aging. Even if these side effects could be related to the HIV infection itself or to co-infection with another virus,
such as hepatitis C virus, resulting in liver disease, the toxicities resulting from the drugs used in HAART could also contribute
to these effects [49]. Other than these effects, the disease management is challenging due to the presence of viral reservoir sites
that are inaccessible to the existing drug delivery methods and the presence of latent cells with integrated HIV DNA which are
susceptible to in vivo activation at a later stage. The main reason for these effects is related to hidden reserves of HIV viruses; these
‘latent reservoirs’ are CD4* T cells and cells of the macrophage-monocyte lineage [50]. These cells are typically concentrated in
specific anatomic sites, such as secondary lymphoid tissue, testes, liver, kidney, lungs, gut and the CNS [51,52]. It was recently
demonstrated that these latent reservoirs, contribute to the generation of elusive mutant viral genotypes by serving as the host for
viral genetic recombination [53]. Thus, the complete eradication of the virus from such reservoirs is a pivotal issue for an effective
longterm HIV therapy. On the basis of these considerations there is a great need to explore new approaches for developing lower-
dosage treatment modalities that provide more sustained dosing coverage with reduced toxicity and able to effectively eradicate
the virus from the reservoirs, avoiding the need for lifetime treatments.
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Nanotechonology approaches for antiretroviral drugs delivery

Nanotechnology has shown tremendous applications in healthcare promising better alternatives to diagnose and treat AIDS. HIV
nanotherapeutics has the potential to sustained release, increased half life, higher drug concentrations at target sites and lesser side
effects. Moreover these approaches also targets latent HIV in anatomically privileged sites. The purpose of this review is to present
highlight of recent developments in the application of nanotechnology for the delivery of antiretroviral drugs which represent
today the main drugs used in HAART for HIV treatment. The wide range of different materials used as cargo for these drugs,
share their submicron dimensions (from a few nanometers up to 1 micrometer) but substantially differ in physical-chemical
properties, biological behavior, preparation methods and characterization methodologies. Thus the different nanotherapeutics will
be discussed with respect of the kind of nanomaterial used. In table 1 is reported a summary of the recent HIV-1 nanotherapeutics

antiretroviral drugs based.

Nanomaterial Antiretroviral drug Testing way Cells/tissue/ organs Ref.
Synthetic polymers PLGA DAT in vitro macrophages 56
PBCA, MMA-SPM D4T in vitro (BMVECs) 57
PBCA, MMA-SPM AZT, 3TC in vitro BBMECs 58
PBCA, MMA-SPM D4T, DLV in vitro HBMECs 59
Eudragit RL 100 AZT ex vivo Wistar rat skin 60
PLGA AZT, 3TC in vivo mice 61
PHIC AZT ex vivo lymphoid tissue 62
PHCA AZT in vitro macrophages 63
PPG-5-CETETH-20 AZT in vitro release study- 64
PLA, PLA-PEG AZT in vitro macrophages 65,66
PLGA 3TC in vitro HepLL 67
PMAA 3TC in vitro release study 68
poloxamer 388/ RPV in vivo mice and dogs 69,70
PLGA NVP in vitro HBMECs 71
polysaccharide, PEG NVP in vivo mice 72
PLGA EFV in vivo PBMCs 73,74
PCL or PEO DPV ex vivo pig mucosa 75
Natural polymers chitosan 3TC in vitro release study 77,78
squalene ddC, ddI in vitro PBMCs 80
mannosylated gelatin ddI in vivo mice 81
chitosan DAT in vitro release study 82
Dendrimers mannosylated dendrimer 3TC in vitro macrophages 88
tuftsindendrimers EFV in vitro monoc/ macroph 89,90
Liposomes liposomes ddCTP in vitro monoc/ macroph 95
liposomes AZT in vivo mice 96, 97
galactosylated liposomes AZT in vivo mice 98,99
mannosylated liposomes AZT in vivo mice 100
liposomes DAT in vitro macrophages 101
mannosylated liposomes D4T in vitro macrophages 102
galactosylated liposomes DAT in vitro monoc/ macroph 103-106
liposomes ddI in vitro U937 108
liposomes ddIMP in vitro PBMCs 111
liposomes ddC in vitro U937 114
liposomes ddCMP in vitro monoc/ macroph 116-118
Miscellaneous cyclodextrin EFV in vitro U937 120
micelles P85 AZT3TC in vitro macrophages 123
macrophages EFV in vitro monocytes 126
CNT 3TC in vitro MT-4 20

Table 1: Summary of HIV-1 Nanotherapeuticsantiretroviral drugs based
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Synthetic polymeric nanoparticles

Polymers are the essential component of nanocarriers and almost 90% of the controlled and sustained drug delivery devices
essentially contain polymers as vital component. Synthetic polymeric nanoparticles such as poly (lactic-co-glycolic acid) (PLGA)
or polylactide, polymethacrylic acid, polyethylene glycol (PEG), all of which are biodegradable, are prepared from synthetic
polymers where drugs are dissolved, entrapped, or encapsulated [54]. Synthetic polymers have a precise chemical composition
and high predictable physical properties such as controlled rate of disassociation, permeability, degradation, erosion and targeting
capability. Advances in polymerization chemistries and the application of orthogonal chemical modification reactions led to the
development of advanced multifunctional polymeric nanoparticles with precise control over the architectures of the individual
polymer components, in order to direct their assembly and subsequent transformations into nanoparticles of selective overall
shapes, sizes, morphologies, external surface charges. Moreover, the insertion of selected functionalities can modulate the
responsiveness of the nanostructures to specific stimuli through remote activation [55]. Sumit and co-workers reported an in vitro
study on colloidal gold-loaded, poly (d,l-lactic-co-glycolic acid)-based nanoparticles containing stavudine [56]. The authors report
a drug release for a prolonged period (over 63 days) and the uptake of these nanoparticles by macrophages. This nanosystem may
minimize the systemic toxicity of stavudine, providing reduced required drug dose and improved drug delivery to macrophages
over an extended period. The nanoformulation of polybutylcyanoacrylate (PBCA) and methyl methacrylate-sulfopropyl
methacrylate (MMA-SPM) nanoparticles for brain targeting was investigated by Kuo et al. on several antiretroviral agents. The
authors initially reported the loading of stavudine in the nanoformulation by using an in vitro brain microvascular endothelial
cell model [57]. In a successive studythe same research team evaluated the effect of size of PBCA and MMA-SPM nanoparticles
on the permeability of zidovudine and lamivudine across the blood-brain barrier (BBB) [58]. The permeability of these drugs was
found to be inversely proportional to nanoparticle size; the authors report values of permeability of AZT and 3TC, respectively
8-20-fold and 10-18-fold higher with PBCA nanoparticles, whereas for MMA-SPM nanoparticles a 100% increase in the BBB
permeability was observed for both drugs. In a subsequent report, the transport of stavudine, delavirdine, and saquinavir across
the BBB when delivered as PBCA and MMA-SPM nanoparticles was investigated [59]. The results revealed that the permeability
of all the investigated drugs increased about 12-16-fold with PBCA nanoparticles and 3-7-fold with MMA-SPM nanoparticles.
The team of Avrim investigated the role of monolithic film of Eudragit RL 100 and ethyl cellulose for transdermal application of
zidovudine and compared the release profiles [60]. The authors showed for Eudragit RL100 based delivery the highest in vitro
cumulative release profile giving the closest results with the freedrug; this effect could be attributed to the hydrophilic natureand
swelling of ERL polymer. In contrast, drug releasefrom hydrophobic ethyl cellulose film, not swellable, was slower. Synthetic
nanoparticle has been investigated for the delivery of zidovudine-lamivudine combination [61]. The nanosystem was prepared
through emulsion polymerization in a continuous aqueous phase of different polymers such as poly (lactic-co-glycolic acid)
(PLGA), poly (lactic acid), and poly (methyl methacrylate) (PMMA), methyl methacrylate sulfopropyl methacrylate (MMA-
SPM). The authors observed that in vitro drug release was higher from PLGA compared to the other nanoparticles. For both the
investigated drugs, release from PLGA nanoparticles was greater than 95% within 10 hours and acute toxicity to animal cells was
not detected. Dembri et al. reported the preparation of poly (isohexylcyanate) nanoparticles of zidovudine for the targeting of
lymphoid tissue in the gastrointestinaltract [62]. From this study the drug levels of the synthesized carrier resulted in the Peyer’s
patches four times higher with the encapsulated drug form, when compared with aqueous drug solution. In a separate study,
Lobenberg et al formulated polyhexylcyanoacrylate nanoparticles always for the delivery of zidovudine [63]. A controlled AZT
release and improved AZT incorporation into the target tissues was reported by Carvalho et al using as delivery system a PPG-5-
CETETH-20/oleic acid/water composition [64]. Mainardes and co-workers encapsulated AZT on biodegradable poly (L-lactide)
or poly (L-lactide)-poly (ethylene glycol) blend by the double-emulsion solvent-evaporation method [65]. The authors report
that the PEG presence influenced all of the analyzed physicochemical parameters and that the amount of drug released increases
with the PEG presence in the blend. The same research team in a similar study showed intranasal delivery as an effective route for
administration of AZT by PLA and PLA-PEG blend NPs [66]. They reported that PLA and PLA-PEG blend had same morphology
but particle size and zeta potential were changed by PEG. The relative bioavailability of AZT-loaded PLA-PEG nanoparticle was
2.7 times more relative to AZT-loaded PLA nanoparticle and 1.3 times more relative to aqueous solution formulation, thereby
depicting PLA-PEG blend NPs as potential carrier of drug via intranasal route.

These in vivo studies in rodents demonstrated also in this case, higher zidovudine levels in the body with the encapsulated drug
compared with free drug solution after oral administration. Wang and co-workers reported PLGA nanoparticles loaded with
lamivudine and coated with BSA prepared via a double emulsion method [67]. The loaded lamivudine showed a burst release
at beginning and sustained release until 24 h in physiological conditions while the PLGA particles were readily internalized
into the human liver cells within a short time and increased gradually with the prolongation of incubation time regardless of
the loading of lamivudine. Tamirhrashi et al. prepared polymethyl acrylic acid nanoparticle loaded with lamivudine [68]. The
nanoparticle showed a slow and constant release of the drug with constant drug plasma concentration, thus increasing therapeutic
efficacy. A nanoformulation of rilpivirine, a second generation NNRTT with a half-life of 38 hours, was stabilized by polyethylene-
polypropylene glycol (poloxamer 338) and PEGylatedtocopheryl succinate ester (TPGS 1000) [69,70]. The nanotherapeutic,
administered as single intramuscular or subcutaneous injection in mice and dogs, resulted in sustained release over 3 months in
dogs and 3 weeks in mice. Its pharmacokinetics, disposition to lymphoid tissues and tolerability were evaluated for its use as once-
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monthly drug in humans, thus demonstrating the potential of this long acting drug formulation for improving the compliance
in HIV patients and prophylaxis against HIV transmission. Kuo et al., prepared Poly (lactide-co-glycolide) (PLGA) nanoparticle
grafted with transferrin as efficient carriers for enhanced transport across Human Brain Microvascular Endothelial Cells (HBMEC)
for viral therapy [71]. NVP nanosuspensions with surface modification via albumin, polysaccharide and PEG to enhance its
targeting potential, were prepared by Sheqokaret al. These surface coated nanosuspensions, when administered intravenously in
rats, showed enhanced bioavailability, antiretroviral drug accumulation and prolonged residence in organs such as brain, liver
and spleen compared to free drug [72]. One example of the work in this area is the PLGA nanoparticles containing multiple
antiretroviral drugs (ritonavir, lopinavir, and efavirenz) which were fabricated by Destache et al using a multiple emulsion solvent
evaporation technique [73]. The encapsulated antiretrovirals were detected intracellularly in peripheral blood mononuclear cells
in vitro after 28 days. On the contrary, unencapsulated antiretrovirals could not be detected after two days. It was showed that
nanoparticles based delivery of single dose of lopinavir/ritonavir and efavirenz resulted in better and sustained suppression of
the HIV-1 from both serum and tissues compared to free drugs administration in mice model. Moreover it was demonstrated
that parenteral delivery of antiretroviral drugs is possible and hence overcome the issue of absorption and metabolism with
the resultant improvement in bioavailability of these drugs. In a similar work, the same research team investigated PLGA
nanoparticles containing efavirenz (EFV) and boosted lopinavir (lopinavir/ritonavir; LPV/r) by a high-pressure homogenization
method [74]. The authors demonstrated the significant uptake of the combination of antiretroviral drugs particles compared
to the soluble free antiretroviral drugs, the subsequent release of levels of antiretroviral drugs in the nuclear, cytoskeleton, and
membrane fractions of cells with no toxicity for 28 days. In a recent work, Das Neves and co-workers prepared differently surface-
engineered poly (e-caprolactone) nanoparticles and tested their ability to modulate the permeability and retention of dapivirine
in cell monolayers and pig vaginal and rectal mucosa [75]. This nano formulation increased monolayer/tissue drug retention as
compared to unformulated dapivirine. Cell and tissue toxicity was also affected differently by nanoparticles; the PEO modification
decreased the in vitro toxicity of dapivirine, while highertoxicity was generally observed for the same systems coated with sodium
lauryl sulfate (SLS) or with cetyltrimethylammonium bromide (CTAB).

Natural polymers

Together with synthetic polymers, natural polymers such as cellulose, gelatin pullulan, chitosan, alginate and gliadin, represent
the predominant types of nanoparticles that are typically used for biological applications. They are very biodegradable polymers
where the biologic active agents can be dissolved, entrapped, or encapsulated. Unlike synthetic polymers, the natural polymers
widely vary in physical and chemical composition [12,14,76]. Lavimudine loaded chitosan nanoparticle were prepared by ionic
gelation of chitosan with tripolyphosphate anion [77]. The developed system showed sustained release over 24 hrs which was more
efficient than lamivudine conventional dosage forms. Surfactant Tween 80 coated and uncoated chitosan nanoparticle containing
lamivudine were prepared for targeted delivery to the brain [78]. The system showed a very good stability for 60 days. In particular,
the Tween 80 coated nanoparticles have shown to be efficient and cheaper carrier for targeted delivery of lavimudine to the brain
for HIV associated CNS disorders. Squalene, a natural terpenoid; when conjugated with nucleoside analogs have shown to afford
amphiphilicprodrugs able toself assembling in water with nanoassemblies of 300nm size. This process, called saquenoylation,
allows synergistic effects of both the prodrug and nanocarrier [79]. Hiliareuand co-workers showed that saquenoylated NNRTI
such as dideoxycytodine and didanosine, when incubated in HIV infected peripheral blood mononuclear cells (PBMCs) enhanced
the antiviral delivery of the drug [80]. The conjugated systems orally administered in rats exhibited increased levels of drugs in
plasma and target tissues. Moreover, an improved bioavailability and a significantly increased anti-HIV efficacywere reported for
these systems. Jain and co-workers explored the use of mannosylated gelatin nanoparticles for the selective delivery of an anti-
HIV drug, didanosine, to the target organs [81]. Them annosylated gelatin nanoparticles (MN-G-NPs), prepared using a two-step
desolvationtechnique, were coupled with mannose using the amino group of gelatin present on the surface of nanoparticles. The
cellular uptake by MN-G-NPs was 2.7 times more as comparedwith G-NPs. The results of this study demonstrated that coupling
of the nanoparticles with mannose significantly enhanced the lung, liver, and lymph nodes uptake of drug, which is reflected
in the recovery of a higher percentage of the dose from these organs following administration of MN-G-NPs in comparison to
noncoupled G-NPs or free drug. Low molecular weight chitosan nanoparticles were also investigated as potential drug delivery
system of stavudine [82]. The drug entrapment efficiency was found to be near 83% and in vitro release studies revealed that
the rate of drug release was 93% in 24 hours. The results of this study suggest that chitosan polymer based nanoparticulate
formulations are potential means to achieve release of stavudine for the prolonged period of time for effective therapy.

Dendrimers

Dendrimers are a versatile class of regularly-branched macromolecules with unique structural and topologic features. They
are characterized by very small size, typically less than 100 nm, narrow molecular weight distribution, and relative ease of
incorporation of targeting ligands [12,83]. These features make them potential and fascinating nanoparticles for the delivery
of antiretroviral drugs. Unlike natural or synthetic polymers they possess highly branched three-dimensional architecture and
are characterized by the presence of three different topologic sites such as the core, interior layers, and multifunctional surface
[83,84]. The polyfunctional core, surrounded by several layers of highly branched repeating units, such as polyethers, porphyrins,
polyamidoamines, polyphenyls, and polyamino acids has the ability to encapsulate several chemical moieties. The multivalent
surface interacts with the external environment with several functional groups. The phisicochemical properties of dendrimers can
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be controlled during synthesis by selecting the core groups, the extent of branching, and the nature and/or number of functional
groups on the surface. Dendrimers have been used as carriers of antiretroviral peptides and genes for HIV inhibition and more
surprisingly, many recent studies showed that they themselves can be used as antiretroviral agents [83,85,86]. Dutta and co-
workers loaded lamivudine into mannose-capped poly (propyleneimine) dendrimers [87]. The authors reported a significant
increase in antiretroviral activity, cellular uptake, and reduced cytotoxicity with respect to the the free drug. Moreover, the
specific combination between mannose and ConA, a well-investigated lectin, was detected through in vitro agglutination assay
demostrating that the mannose conjugation enabled the targeted delivery of the lamivudine-loaded dendrimers to macrophages
containing lectin receptors on their surface. The same research group prepared efavirenz loaded tufstin conjugated 5" generation
poly (propyleneimine) dendrimers (TuPPI) [88]. Tuftsin is a natural macrophage activator tetrapeptide (Thr-Lys-Pro-Arg) able
to bind specifically to mononuclear phagocytic cells enhancing their phagocytic activity. The authors reported that the dendrimer
system is able toprolong the in vitro drug release up to 144 hr with respect to 24h of the PPI polymer. Moreover, a 34.5 times higher
cellular uptake and reduced viral load by 99% at a concentration of 0.625 ng/ml was reported; this activity was more significant
in HIV infected macrophages than uninfected cells. In a similar study the same authors prepared t-Boc-glycine conjugated PPI
dendrimer (TPPI) and mannose conjugated dendrimer [89]. The mannose conjugated dendrimer showed a 12 times higher
increase in cellular uptake of efavirenz by monocyte/macrophage cells with respect to the free drug

Liposomes

Liposomes are vesicular carriers consisting of phospholipid bilayers surrounding an aqueouscore. The aqueous core can be used
to encapsulate hydrophilic drugs while hydrophobic and amphiphilic drugs can be solubilized within the phospholipid bilay-
ers. There are three types of liposomes: small unilamellar vesicles, large unilamellar vesicles, and multilamellar vesicles. Their
size ranges from 20 to 30 nm to several microns and depends upon the type of process and constituent lipid of the liposomes.
Liposomes are generally prepared from natural as well as synthetic phospholipids and cholesterol, and may also include other
lipids and proteins [90-92]. The unique and advantageous beneficial aspect of liposomes lies in their recognition as a foreign
entity by the cells of the mononuclear phagocytic system (MPS), such as the monocytes/macrophages. Since HIV mainly re-
sidesin the macrophages and MPS of the body, the liposome based nanoformulations of antiretrovirals can substantially reduce
the side effects of the drugs both in vitro and in vivo. Liposomes has been mostly used for the delivery of hydrophobic anti HIV/
AIDS drugs and in thelast two decades many studies reported the liposomaldelivery of anti-HIV/AIDS drugs like zidovudine,
didanosine andzalcitabine. Broadly, there are four types of the liposomes mainly studied for the anti-HIV/AIDS drug delivery;
these are cationic, anionic, sterically stabilized and immunoliposomes [18]. Encapsulated 2’3 -dideoxycytidine-5’-triphosphate in
liposomes and compared its antiviral effect with the dideoxycytidine and dideoxycytidine-triphosphate in cultured human mono-
cyte-macrophages infected with HIV-1 [93]. The antiviral effect and bone marrow toxicity of AZT-loaded liposomes in C57BL/6
mice Zidovudine was exploited by Phillips and co-workers [94]. The authors reported an improved antiviral activity in the infected
mice, compared to the free drug. Moreover, no bone marrow toxicity and enhanced localization of AZT in liver, spleen and lung
was reported. Jain and co-workers investigated AZT-loaded elasticliposomes which were transdermally administered using a skin
model [95]. The authors reported a transdermal flux of the liposomal AZT approximately 20times higher than the free drug across
rat skin. In a more recent study the same elastic liposomes were PEGylated and the lymphatic targeting of zidovudine was evalu-
ated in vitro and in vivo [96]. A further increase in the transdermal flux of the drug was observed, compared to unmodified ones.
Jin et al. synthesized AZT-myristate (AZT-M), a prodrug of AZT that was loaded into the liposomes [97]. Higher levels of the
drug were reported following intravenous administration of AZT-Mliposomes compared with AZT solution. Vyasand co-workers
investigated a liposomal formulation called ‘emulsomes; lipoidal vesicular systems with an internal solid fat core surrounded by a
phospholipid bilayer for the AZT delivery in hepatic cells [98]. Ligand conjugated liposomes such as galactosylated and manno-
sylated coated were also reported for the targeting of AZT especially to the macrophages and lymphatic system [99-101]. The role
of the ligand was found to be predominant over the surface charge in the prolonged localization of the drug and an higher cellular
uptake, especially in macrophages, was observed. Katragadda and co-workers investigated the macrophage uptake of stavudine
in humanmonocyte/macrophage [102]. Exploring the importance of charge on the liposomes in the cellular uptake the authors
reported that the uptake of liposomes containing phosphatidylserine was higher than liposomes prepared using dicetyl phosphate.
The authors suggested that this difference might be due to the extent of interaction between the charged bilayer and the cells, the
extent of interaction being greater inthe case of negatively charged liposomes. Mannosylated anggalactosylated liposomes were
also investigated for the delivery of stavudinein order to enhance the stability of liposomes, which is an inherent limitation for
these carriers [103,104]. In both case an enhanced half-life and residence time of the encapsulated drug was registered with no
hematological or hepatic toxicity. The galactosylated liposomes were further radio labeled with 99mTc, the biodistribution was
evaluated and the antiretroviral activity was determined using HIV-1-infected MT?2 cell line [105]. The scintigraphic imaging and
quantitative biodistribution of 99mTc labeled drug and liposomes reported in this study, showed that liposomal formulations were
better taken up by the liver andspleen and an uptake prolonged up to 24 h thus suggesting a reduced toxicity and target ability
ofthe stavudine-loaded liposomes to the MPS. Liposomes have shown toimprove the delivery of didanosine into target tissues and
to reduce the toxic side effects associated with its administration. Desormeaux and co-workers investigated the liposomalencapsu-
lation of the didanosine [106]. The authors report a marked improvement of drug biodistribution, especially into the RES organs
but a lowering of the antiviral efficacy with respect to the free drug in HIVIIIB-infected U937 cells. In a further study, the same
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authors extended the drug half-life inplasma from 3.9 h for conventional liposomes to 14.5h by incorporating it into sterically
stabilized liposomes [107]. Kompella and co-workers evaluated the effect of didanosine-loaded neutral liposomes on corneal and
conjunctivital permeability and report a permeability coefficient, initial flux and tissue levels of the drug at the end of the transport
lower in the presence of liposomal formulations [108]. Lalanne et al. investigated didanosine and didanosine monophosphate
encapsulated as pro-drug into liposomes in order to bypassthe hepatic first-pass metabolism. The synthesized formulations
displayed antiviral activity and enhancement of the drug activity against HIV-1 in in vitro infected cell cultures [109]. In a further
study, the same systems were developed as afreeze-dried liposomal formulation for gastro resistant capsules in order to protect the
drug from acid degradation [110]. The authors reported a maintained chemical integrity of the pro-drug after the freeze drying
of the liposomal formulation. Zalcitabine represets one of the earliest drugs encapsulated in liposomes. Kim and co-workers
investigated multi-vesicular liposomes for the delivery of the drug into the cerebrospinal fluid in Sprague-Dawley rat model
[111]. Exponentially increased drug level within the CNS with a halflife of 1.1 h for the non-encapsulated drug was reported and
a remarkably 23h value for the liposome-encapsulated one. Makabi-Panzu et al. investigated the cellular accumulation, tissue
distribution, and antiviral activity of free and liposomal zalcitabinein RAW264.7 and U937 cell lines and reported a significantly
higher uptake of the liposomal form was observed in both cell lines [112]. In a further study, the same research team reported that a
high intracellular uptake of zalcitabine was facilitated by the anionic nature of the liposomes [113]. Studies have been performed in
order to overcome the phosphorylation step which is not feasible due to the presence of phosphatases which hydrolyse nucleotides
into the corresponding nucleosides and to the poor permeability of cell membranes to the phosphatase form [114]. Thus, the
phosphorylated form of zalcitabin was employed in order to overcome these limitations and to obtain site specific delivery [93].
This nanoformulation was investigated in humanmonocyte/macrophages infected with HIV-1. The authors reported that the free
drug was dephosphorylated before entering the cells, while liposomalzalcitabine-TP remained stable over days [115]. Ramana et
al developed nepiravine (NVP) loaded liposomal formulation and studied its different parameters [116]. The formulation has an
efficient targeted delivery of the anti-retrovirals to the selected compartments and cells with reduced systemic toxic side effects.
Several disadvantages limit the use of liposomes in antiretroviral drug delivery. The main limit is the hydrophilic drug-loading
capacity of liposomes, due to the small volume of the core (approximately 15 pL); moreover, another challenging issue is the long-
termphysical and biologic stability of these delivery systems which precludes their use for sustained drug delivery applications.

Miscellaneous

Other than the HIV-1 nanotherapeutics above discussed, different types and modifications of carriers have been investigated for
the delivery of antiretroviral drugs. Among them, cyclodextrins represent a group of naturally occurring cyclic oligosaccharides
composed of (1,4)-linked a-D-glucopyranose units. Since cyclodextrins are hydrophobic inside and hydrophilic outside, they
can form complexes with hydrophobic guest molecules. This ability was used to enhance the solubility of lipophilic antiretroviral
drugs, as well as to protect them from external degradation. Sathigari and co-workers investigated the ability of several classes of
cyclodextrins, including f-cyclodextrin, methyl-B-cyclodextrin, and2-hydroxypropyl-B-cyclodextrin, to improve the solubility of
the hydrophobic efavirenz [117]. The authors reported that hydroxypropyl-B-cyclodextrin and methyl-p-cyclodextrin complexed
with the drug showed faster in vitro dissolution rate profiles compared with the free efavirenz. Polymeric micelles composed of
block copolymers have been used for improving aqueous solubility, membrane permeability, and site-specific delivery of several
drugs. They are constituted by a core shell structure usually derived from polymers, such as propylene oxide, aspartic acid,
L-lysine, and caprolactone which constitute the hydrophobic block and by the shell composed of a hydrophilic block derived
from polymers such as polyethyleneiminepolyvinyl alcohol, and polyethyleneoxide [118]. These micelles can be considered
as amphiphilic surfactant molecules that spontaneously aggregate in water into a spherical vesicle the center of which is the
hydrophobic core. Depending on the polarity of the drug, it may be entrapped in the core, shell, or at the interface. Pluronics such
as P85, are FDA-approved and are the most common block copolymers for the preparation of polymeric micelles used for drug
delivery and targeting [119]. Batrakova and co-workers have investigated the coadministration of antiretroviral drugs such as
zidovudine, nelfinavir, and lamivudine with P85 and reported an enhancement of the drugs permeability in vitro in bovine brain
microvessel endothelial cells and macrophages [120]. The enhancement of the drugs efficacy upon co-administration with P85 was
demonstrated in vivo in a severe combined immunodeficiency mousemodel of HIV-1 encephalitis [121]. Even if specific ligands
for HIV-infected cells, such asgalactose and lactose units, can be attached to the surface of the polymeric micelles to achieve drug
targeting, their biological stability and the slower rate of dissociation, allowing retention of loaded drugs, remain issues, limiting
their use for sustained drug delivery applications. Cell-based nanoformulations such as macrophage-based drug delivery system
seem to be an efficient and promising drug delivery approach and have been exploreded for the protease inhibitor indinavir [122].
The interest for macrophagesis due to their ability to enter into tissues and anatomic sites with limited access to antiretroviral
drugs and hence, to the possibility to use them as transporters for antiretroviral drugs. A combination of indinavir, ritonavir
and efavirenz loaded lipid nanoparticles were packaged into the human macrophages [123]. The antiretroviral nanoparticles
present in the cytoplasmic vesicles of the macrophages released the drugs for two weeks; moreover, a dose-dependent reduction
of viral replication and HIV-1 p24 antigen were observed. Few other nanocarriers such as gold nanoparticles, silver nanoparticles,
aptamers, and carbon nanotubes have also been explored for the targeted drug delivery in the field of HIV research. Among them,
carbon nanotubes have shown promise as anti-HIV-1 therapeutics. These carbon nanomaterials offer potential advantages over
the more widely studied nanoparticle systems including their ability to cross cellular membranes and shuttle drugs, biomolecules
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including DNA, small interfering RNA (siRNA) and proteins, into various types of cells such as cancer cells and T cells [124-127].
Their multimodal conjugation which allows the insertion of more than one type of functional group to the carbon nanotube
surface, may be a key property that establishes the superiority of nanopharmaceuticals over conventional agents; in addition, the
presence of iron nanoparticles often encapsulated inside the carbon nanotubes allow their use as powerful magnetic carriers in
drug delivery and in a range of other magnetic therapies [128]. Single-walled nanotubes were shown to deliver CXCR4 and CD4
specific siRNA to human T cells and peripheral blood mononuclear cells [127]. Up to 90% knockdown of CXCR4 receptors and
up to 60% knockdown of CD4 expression on T cells was observed while the knockdown of CXCR4 receptors on peripheral blood
mononuclear cells was as high as 60%. Multiwalled carbon nanotubes conjugated with lamivudine and other antiretroviral agents
have been investigated as anti HIV agent [20]. From this study emerged the pivotal role of the physical chemical properties of these
nanosystems, which critically influence the biological interactions; good antiviral activity was, in fact, exerted by the more highly
hydrophilic and dispersible samples. The results obtained in these studies could represent an important starting point for future
investigation on the use of CNT-based nanomaterials for the treatment of HIV infection.

Conclusion

AIDS and HIV infection have reached pandemic levels in many parts of the world. Due to the complexities of virus infection cycle
and the targets for delivery of antiretroviral drugs, more efficient drug delivery systems are needed. Several nanocarriers have
been investigated in order to enhance the effective delivery of antiretroviral drugs for HIV prevention and therapy. Among these,
polymeric nanoparticles, dendrimers, liposomes, and various drug conjugates have been reported. These nanotechnology carriers
are able to deliver the antiretroviral agents in a controlled and/or targeted manner thereby increasing the drug bioavailability
and residence time at target sites with a considerable improvement in quality of HIV patients. These nanotechnology-based drug
delivery systems have the potential to completely eradicate viral load from the reservoir sites, not achievable by the free drugs in
adequate concentrations. All the above-mentioned studies are in various preclinical stages and a great amount of both experimental
and clinical validation needs to be done before these HIV nanotherapeutics could be used in clinics.
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