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Since its discovery almost three decades ago, HIV-1 has grown into the most 
aggressive pandemic of modern time. Following the implementation of combination 
antiretroviral therapy, the pathological outcome of HIV infection has substantially 
improved. However, combination antiretroviral therapy is limited by several factors 
including, long-term toxicity, serious side effects and complex dosing regimens, and 
so on. In this regard, researchers have directed their attention toward enhancing 
current treatment strategies and/or developing alternative HIV-1 therapeutics. In 
recent years, this attention has fixated on nanomedicine-based anti-HIV therapeutics 
(HIV-1 nanotherapeutics). In the present study, we have reviewed several HIV-1 
nanotherapeutics that have shown success at the preclinical level and/or Phase I/II clinical 
trials. We also discuss the possible benefits of these nanomedicine-based approaches 
and their future outlook.
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HIV was identified in 1983 as the retrovi-
rus responsible for the onset of AIDS [1]. In 
a relatively short period of time, HIV/AIDS 
transformed into a global pandemic that 
resulted in the death of millions of people. 
The Joint United Nations Program on 
HIV/AIDS (UNAIDS) 2014 report calcu-
lated that approximately 35 million people 
are living with HIV worldwide. In 2013, 3.2 
million children under the age of 15 years 
were living with HIV globally – 91% of 
whom are located in sub-Saharan Africa [2]. 
Another 2014 UNAIDS report highlighted 
inferior access to HIV prevention, treatment, 
care and support, as the reason for this dis-
parity. The report concluded that focusing 
on populations who are underserved and at 
higher risk of HIV will be the key to end the 
AIDS epidemic [3].

It has also become increasingly important 
to understand how HIV treatment fails over 
time in patients. As the molecular mecha-
nisms for treatment failure are still not fully 
understood, patients who begin showing 
resistance to one regimen of drugs will be 

asked to change to a different regimen. Long-
term adherence to these treatment regimens 
can be difficult due to their high expense and 
adverse side effects. At the same time, current 
treatments do not guarantee that infected 
patients will not progress to AIDS [3].

Combination antiretroviral therapy 
(cART) has significantly improved the 
morbidity and mortality of HIV-infected 
patients [4]. However, cART cannot eradicate 
the virus from reservoir organs, such as, the 
CNS, lymphoid tissues, testis, and so on [4]. 
Moreover, pharmacology issues such as 
drug–drug interaction, acute and long-term 
toxicity have presented an immense chal-
lenge toward controlling the progression and 
spread of HIV [4].

Limitations of conventional cART in 
treating HIV-1
Presently, no cure for HIV has been discov-
ered nor has a viable therapeutic vaccine been 
developed. Prevention measures (e.g., con-
dom use, needle exchange programs, peri-
partum antiretroviral prophylaxis) play an 
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important role in circumventing HIV numbers but, 
once the virus is transmitted, the infection is irrevers-
ible. The current method of combating HIV infection 
is through cART, which involves the combined admin-
istration of three or more different types of drugs. 
cART has had wide success in improving patients’ lives, 
but not without serious adverse side effects. The poten-
tial risk of developing adverse side effects varies from 
drug to drug. The long-term use of protease inhibitors 
has been linked with hyperlipidemia, body fat redis-
tribution and diabetes mellitus [5]. While nucleoside 
analogous have been associated with lactic acidosis, 
which can ultimately lead to liver failure and death. 
Moreover, almost all antiretrovirals have been associ-
ated with increased risk of transaminitis and hepato-
toxicity [6]. In addition, cART is a life-long treatment 
that often consists of patients taking a variety of drugs 
daily. These impractical regimens have led to unfavor-
able results in treatment as well as the enhanced devel-
opment of drug-resistance when patients fail to take 
the drugs as prescribed. This ‘lack of adherence’ to 
drug regimens has resulted in patients having ineffec-
tive drug levels in their body, which allows the virus to 
mutate and replicate further [4].

In addition to the problem of daily doses required 
by cART, researchers are also working toward creat-
ing therapeutics that is effective in combating the 
disease mechanism [7]. One of the issues with halting 
the disease mechanism with cART is the lack of a tar-
geted approach to decrease viral reservoirs (where the 
replication of the virus may result in consistent activa-
tion of the immune system) [8]. cART may be leav-
ing behind HIV-replicating cells in these reservoirs, 
which would normally be eliminated by the immune 
system, but since cART reduces the effectiveness of 
memory CD4 T cells designated to attack the virus, 
patients who have been treated with cART over a long 
periods of time are susceptible to HIV (replication) in 
the viral reservoirs [8]. Different research approaches 
are attempting to completely eliminate HIV within 
the viral reservoirs through nontoxic and low-dosage 
therapeutics, thereby obviating the need for a lifetime 
of daily drug administration [4].

HIV-1 nanotherapeutics
The limitations of cART may be addressed in the 
coming years by nanotechnological applications in 
pharmacology. The serious side effects associated with 
cART may be ameliorated through nanomedicine-
based enhancements to current treatment. The use of 
modified nanocarriers and/or nanosuspensions will 
allow for the emergence of novel targeted drug delivery 
and controlled drug release methods. These exciting 
nanomedical applications toward current treatment 

may reduce the potentially toxic fluctuations in drugs 
levels caused by uneven tissue distribution and bio-
availability. Nanomedicine has also driven the devel-
opment of new prevention and treatment approaches 
to HIV-1 infection, including vaccine delivery, gene 
therapy, immunotherapy and preventive microbicides. 
Most nanomedical applications toward HIV are pre-
clinical or have failed at the clinical stage. However, 
clinical trials investigating the controlled and sus-
tained release of cART drugs via nanoformulations 
have shown immense promise (Table 1) [7].

Common nanomaterials used in HIV-1 
nanotherapeutics
Nanomaterials are defined by their very small size – 
featuring at least one dimension measuring less than 
100 nm. Materials on this scale possess unique prop-
erties, such as high reactivity and large surface vol-
umes. Nanomaterials have provided researchers with 
novel approaches to advance treatment and preven-
tion strategies for HIV-1. There is an extensive range 
of nanomaterials used in biomedicine. Some of the 
most prevailing nanomaterials that have been investi-
gated for their use in HIV-1 infection are dendrimers, 
liposomes, micelles and nanosuspensions (Figure 1) [8].

Dendrimers consist of repetitively branched mol-
ecules that radiate from a central core. They are quite 
unique in their overall uniformity, narrow molecular 
weight distribution and dynamic internal cavities. 
Dendrimers also possess a multifunctional terminal 
surface – primarily composed of amine functional 
groups. Dendrimers can be used as nanocarriers by 
conjugating/absorbing drugs unto the dendrimer sur-
face or through drug encapsulation by its internal cavi-
ties. Their low manufacturing costs and easy scalabil-
ity also make dendrimers a highly attractive option. In 
one in vitro study, poly(propyleneimine) dendrimers 
were shown to improve the uptake of efavirenz by 
circulating macrophages [13].

Micelles are lipid molecules that form spherical 
aggregates in aqueous solutions. The water-soluble 
exterior of a micelle forms a kind of shell that allows 
drugs to be encapsulated in its hydrophobic core. These 
spherical structures are highly versatile as their size and 
block copolymer chemistries can be fine-tuned for a 
wide range of biomedical applications [14]. Polymeric 
micelles have been shown to increase the aqueous 
solubility and oral bioavailability of efavirenz [15].

Liposomes are spherical structures that are made up 
of one or more phospholipid bilayer membranes sur-
rounding an aqueous core. When the phospholipids 
bilayer membranes of liposomes are hydrated they form 
closed structures that can be used as vesicles to trans-
port aqueous and lipid drugs. Liposomes offer many 
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advantages as drug carriers owing to their nontoxic, 
non-immunogenic, biocompatible and biodegradable 
nature [8]. The transdermal delivery of Indinavir – a 
protease inhibitor – was significantly enhanced by use 
of ethanolic liposomes [16].

Nanosuspensions are colloidal dispersions of nano-
sized drug particles that are typically stabilized by a 
surfactant in order to avoid agglomeration. Drug 
bioavailability can be significantly improved through 
nanosuspension formulation, especially in drugs with 
poor solubility and/or permeability. Stabilizers that 
are commonly used in nanosuspensions are cellulosics, 
poloxamer, polysorbates and lecithin. Injectable nano-
suspensions are preferred for drugs that are degraded 
or not absorbed in GI tract (GIT), and/or have shown 
limited improvement in bioavailability when stabi-
lized by surfactants [17]. Nanosuspensions of several 
antiretrovirals have resulted in sustained release prop-
erties that may allow for lower dosing frequency and 
improved adherence [4].

Controlled release of cART
The applications of nanomedicine toward HIV may 
tackle the problem of low adherence and subsequent 
treatment failure by implementing a drug therapy that 
is not required to be taken daily. Nanomedicine may 
apply controlled release delivery systems to anti-HIV 
drugs so that their half-lives may be prolonged, thus 
keeping the drug molecules in circulation longer [4]. If 
the drugs are effective in patients for a longer period 
of time, then they would not have to be taken as fre-
quently, which could make it much easier for patients 
to remain on their recommended treatment regimens.

Recently, injectable long acting nanoformulations of 
several cART drugs have been developed and tested 
by many researchers in order to observe their potential 

for improving the dosing regimen from current daily 
dosing to weekly or monthly dosing. This approach 
may dramatically improve the quality of life of patients 
by avoiding side effects and related toxicity. Long-
acting injectable nanoformulations of rilpivirine and 
GSK1265744 (cabotegravir) have progressed to the lat-
ter stages of the development pipeline. GSK1265744 
is an HIV-1 integrase strand transfer inhibitor and 
analogue of dolutegravir. In a Phase II clinical trial, 
GSK1265744 was detected in plasma at 48 weeks [18]. 
Complementary pharmacologic properties, resistance 
profiles, metabolic pathways, lack of drug interac-
tions and low daily oral doses, offer the potential for 
combination use. Mean absorption-limited apparent 
terminal-Phase half-life ranged from 21 to 50 days as 
compared with approximately 40  h following single-
dose oral administration. This longer apparent half-
life following injection is a result of low solubility of 
the drug nanoparticles and inherent low tissue perfu-
sion, prompting a slow absorption rate of drug from 
the injectable formulation [19]. A similar kind of long-
acting parenteral formulation of antiretrovirals could 
facilitate maintenance and prophylactic treatment of 
HIV using the poorly water soluble non-nucleoside 
reverse transcriptase inhibitor (NNRTI) rilpivirine 
(TMC278). Baert et al. have developed such a formu-
lation, which has been shown to significantly increase 
the biological half-life of TMC278 via injectable nano-
suspension [20]. TMC278 free base is a stable crystal-
line polymorphic drug substance with very low water 
solubility (<0.1 mg/ml). Further preclinical investi-
gation of TMC278-LA (200 nmol/l injectable nano-
suspension) in animal models confirmed sustained 
plasma concentrations and dose-proportional release 
lasting more than 2 months in rats and more than 6 
months in dogs. Absolute bioavailability approached 

Table 1. Selected examples of antiretroviral compounds and nanocarriers in development for HIV-1 
nanotherapeutics.

Antiretroviral 
compound(s)

Type Nanocarriers Development stage Refs.

TMC278-LA  
(long-acting)

Non-nucleoside 
reverse-transcriptase 
inhibitor 

Nanosuspension with 
poloxamer 338 and d-a-
tocopheryl polyethylene 
glycol 1000 succinate

Phase II clinical trials [9]

GSK1265744 Intregrase inhibitor Nanosuspension with 
polysorbate 20 and 
polyethylene glycol 3350

Phase II clinical trials [10]

Enfuvirtide Fusion inhibitor Iron oxide nanoparticles 
coated with amphiphilic 
polymer

In vitro [11]

DermaVir Patch HIV antigen-coding 
DNA plasmid

Polyethyleimine mannose 
nanoparticles

Phase II clinical trials [12]
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Figure 1. Comparison between four common nanomaterials used in HIV-1 nanotherapeutics.  
(A) Dendrimers: increases the uptake of efavirenz into macrophages. (B) Micelles: increases the bioavailability 
of efavirenz. (C) Liposomes: increases the transdermal delivery of indinavir. (D) Nanosuspensions: increases the 
circulation time of several antiretrovirals.
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100%, indicating complete release from the injec-
tion site [21]. A subsequent Phase I clinical trial of 
TMC278-LA (300 mg/ml nanosuspension) evaluated 
with single gluteal intramuscular or abdominal subcu-
taneous injections in 51 HIV-negative adult patients 
established that rilpivirine can slowly release from the 
injection site into plasma with drug concentrations of 
more than 10 ng/ml for 12–26 weeks [22].

A previous report from our group indicated that 
weekly administered injections of long-acting nanofor-

mulated cART drugs in a mouse model led to simi-
lar concentrations as those effective in humans and 
resulted in limited toxicity. The CD4 T-cell levels of 
nanodrug treated humanized mice were significantly 
higher than those of conventionally treated (standard 
drug) mice [23]. Furthermore, a weekly injection of 
P-188 nanoformulation with cART drugs atazanavir 
and ritonavir showed serum and tissue concentra-
tions up to 270-fold higher than unformulated drugs 
throughout 8 weeks of study in mice. Importantly, 
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nanoformulated drugs were localized in nonlysosomal 
compartments in mouse liver macrophages, creating 
intracellular depot sites. Similar observations were also 
made in representative rhesus macaque studies using 
the same formulations. These nanoformulations also 
did not indicate any immediate liver and renal toxicity 
to mice and macaques, respectively [24].

Despite the natural worries about patient acceptabil-
ity issues regarding invasive administration of drugs, 
the development of the first injectable long acting anti-
retroviral formulation has created a significant interest 
among patient populations. A recent study found that 
nearly 73% of patients were interested in using inject-
able nanoformulated antiretroviral therapy depending 
on the dosing schedule [25]. Monthly administration 
seems feasible contrasting with poor acceptance of 
weekly injections. In this regard, formulations of ril-
pivirine and GSK1265744 have been developed with 
the potential for once monthly intramuscular admin-
istration. Moreover, physiologically based pharmaco-
kinetic modeling suggests that dolutegravir, efavirenz, 
emtricitabine, raltegravir, rilpivirine and tenofovir are 
potential candidate for once monthly dosing with an 
optimized clinical condition [26].

It has also been observed in several clinical trials 
that lower pill burden is associated with better viro-
logical suppression and overall adherence to treatment. 
In an attempt to capitalize on this finding, many clini-
cal trials have been designed to evaluate the short- and 
long-term effects of injectable nanoformulations of 
anti-HIV drugs versus a once daily oral tablet [26,27]. In 
one example, the injectable nanodrug, TMC278, was 
suggested for one (1200 mg) injection at 8-week inter-
vals rather than a 25 mg oral capsule once daily [26]. In 
a separate ongoing study the injectable HIV medicine, 
GSK1265744, was tested for its safety, pharmacokinet-
ics and therapeutic efficacy as an injectable and oral 
medication once or twice a week [10,28]. Likewise, a 
similar kind of long-acting injectable drugs, TMC278 
and GSK1265744, were also tested for their safety, tol-
erability and pharmacokinetics of single versus three 
consecutive doses in humans by Tibotec Pharmaceuti-
cals and GlaxoSmithKline [9,29–30]. A single tablet con-
taining co-formulated darunavir, cobicistat, emtric-
itabine and tenofovir alafenamide fumarate is currently 
in development. If approved by US FDA, this will be a 
first line tablet regimen [31]. A co-formulation of teno-
fovir alafenamide fumarate with elvitegravir, cobicistat 
(adrug enhancer) and emtricitabine (FTC) is also in 
development, which is also a potential candidate for 
single tablet regimens [32–37]. All the above studies 
have strongly indicated that once daily, single tablet 
regimes offer several advantages over combination 
therapy. Indeed, replacing complicated drug cocktails 

with a single daily pill increased treatment adherence, 
lowered healthcare costs and improved overall quality 
of life [37,38]. With these improved drug formulations, 
it is possible that there will be long-term reduction 
of neuronal and renal toxicity which itself improves 
the chances of longer survival of infected patients. 
Moreover, one pill a day regimens have achieved 95% 
treatment adherence and a 23% reduction in hospi-
talization, which resulted in a 17% reduction in the 
healthcare costs associated with HIV [38].

Nanomedical approaches for improving the 
delivery of cART drugs
Complete eradication of HIV via cART is hampered 
by the continued presence of HIV in anatomical and 
cellular reservoir sites. The CNS acts as a vital reser-
voir site to the persistence of HIV infection following 
cART [39]. The chronic presence of HIV in the CNS 
has also been associated with a range of neurocognitive 
disorders [40]. Although current cART drugs can sup-
press HIV in peripheral blood, they have limited access 
to the CNS due to efflux exclusion at the blood–brain 
barrier (BBB). Therefore, the CNS acts as a safe haven 
for HIV which allows the virus to evolve and enhance 
its fitness.

Nanomedical approaches to cART may allow thera-
peutic doses of cART drugs to be delivered into the 
CNS. One nanomedical drug delivery approach is to 
absorb or conjugate cART drugs unto nanocarriers. 
Some of the materials that have been investigated as 
nanocarriers include liposomes, dendrimers, micelles. 
These nanocarriers may allow cART drugs to pene-
trate the BBB and be administered into the CNS [41]. 
More recently, iron oxide nanoparticles coated with 
an amphiphilic polymer were found to increase the 
translocation of enfuvirtide across the BBB [11].

The transfer of hydrophobic/hydrophilic drugs into 
specific tissues may also be improved due to the small 
size of the nanoparticles used as delivery systems [4]. 
Nanomedicine has exhibited improved delivery of 
poorly water-soluble drugs, the ability to target spe-
cific cells or tissues for drug delivery, and intracellular 
delivery of macromolecules. Nanocarriers can be engi-
neered to deliver drugs to specific cells by modifying 
their surface chemistries. One commonly employed 
method is the conjugation of ligands to the nanocar-
rier surface. These factors could be used to improve 
treatment of HIV-1 infection [42]. In addition, these 
drugs may be significantly less toxic once nanoformu-
lated [43,44]. This is due to less fluctuant systemic levels 
of antiretroviral drugs as yielded by sustained release 
from nanoparticles. An overall difference between 
unformulated and nanoformulated anti-HIV drug 
delivery has been illustrated in Figure 2 indicating 
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Figure 2. The advantage of nanoformulated drug vs free drug in several applications. (A) The free drugs are mostly prevented from 
reaching the CNS; (B) whereas the nanodrugs are able to reach the CNS in a therapeutically effective dose. (C) The free drugs are 
distributed uniformly with low levels being delivered to target cells. (D) The intercellular delivery of the free drugs is enhanced via a 
nanoformulation that contains receptor targeting ligands. (E) Most of the free drugs have been metabolized and eliminated within 
few hours after administration. (F) The nanodrug remains at therapeutically effective dose even days after injection. 
BBB: Blood–brain barrier.
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hurdles of conventional drug delivery compared with 
nanodrug delivery.

HIV nanoformulated vaccine
While the controlled release of cART drugs via nano-
formulations has shown the most success in clinical 
trials, another promising application of nanomedicine 
toward HIV is the DermaVir patch (Genetic Immu-
nity, Budapest, Hungary). The DermaVir patch is a 
therapeutic vaccine that has entered Phase II clinical 
trials. The formulation of the patch involves manno-
sylated poly(ethyleneimine), glucose and an HIV anti-
gen-coding DNA plasmid, which are formulated into 
nanoparticles. The patch delivers these nanoparticles 

to epidermal cells, which then engulf the nanoparti-
cles and evolve to produce an immune response. The 
DermaVir patch is one of the first nanomedical treat-
ments for HIV to reach clinical trials and is intended 
to be used as adjuvant to conventional cART. It has 
been shown to induce long-term responses in memory 
T cells and reduce HIV load in viral reservoirs. Phase I 
clinical trials indicated that the patch was safe and tol-
erable by patients [45]. No therapeutic vaccine has yet 
been made available because of the complicated nature 
of the disease mechanism and its interaction with the 
immune system; the fact that the immune escape has 
not been eliminated by T cells is due to the high genetic 
variability of the virus and the inability to stimulate 
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Figure 3. Chemical structure of SPL7013. 
Reproduced with permission from [47] © American Chemical Society (2005).
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widely reactive neutralizing antibodies [4,7]. However, 
efforts are underway in order to tackle these and other 
limiting issues in HIV vaccine development [45].

Nanomedicine & prevention of HIV sexual 
transmission
As advances continue to be made in the field of nano-
medicine, approaches to eliminating HIV-1 in patients 
globally may sway from mainly treating the virus via 
drug therapeutics to preventative measures. One pos-
sible method of prevention is the use of topical micro-
bicides, defined as products containing one or more 
anti-HIV compounds and intended to be locally 
administered around the time of sexual intercourse 
(coitus-dependent microbicides) or otherwise allow 
sustained drug levels for prolonged periods irrespec-
tive of the time of use (coitus-independent microbi-
cides) [46]. Microbicides have been tested in an attempt 
to prevent transmission of HIV-1 through vaginal 
and/or rectal routes.

Among different options for product design, nano-
technology-based approaches have been proposed over 
recent years and a few products are in various stages of 
preclinical and even clinical development. The most 
advanced nano-microbicide product in the development 
pipeline is Vivagel® (Starpharma, Melbourne, Australia). 
This carbomer gel contains a dendrimer (SPL7013) with 
inherent but unspecific antiviral activity [47]. SPL7013 is 

a fourth generation dendrimer comprising naphthalene 
disulfonate-terminated polylisine branches attached to 
a central benzhydrylamine amide group (Figure 3). The 
outer sulfonate groups are responsible for interacting with 
viral gp120, which has been shown to inactivate HIV 
at submicromolar concentrations in vitro [48]. Animal 
in vivo data on safety and efficacy [49,50] provided support 
for progressing into human testing. Phase I clinical trials 
have been conducted and results were generally favorable 
concerning the safety of Vivagel [51,52]. However, advance 
into subsequent clinical stages seems to be halted. Other 
dendrimers are being actively developed, with promis-
ing anti-HIV activity being demonstrated in vitro [53]. In 
particular, carbosilane dendrimers have been proposed 
by the group of Muñoz-Fernández and tested in vivo. 
Results obtained using mouse models showed that dif-
ferent carbosilane dendrimers were safe [54,55] and one in 
particular (G2-S16, a ∼8 nm, second generation, silica 
core and 16 sulfonate end-groups dendrimer) was able 
to significantly reduce HIV transmission upon vaginal 
challenge (84% of animals protected) [56].

Current nanotechnology approaches for the devel-
opment of microbicides seem to be shifting toward the 
delivery of potent antiretroviral drugs rather than the 
use of nanostructures with inherent activity [42]. Several 
molecules of various nature have been incorporated into 
different nanocarriers, in particular polymeric nanopar-
ticles, and tested for their potential as microbicide sys-
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tems (Table 2). As an example, 150–200 nm carriers 
based on polycaprolactone have been shown useful in 
modulating the in vitro activity, toxicity and cell target-
ing ability of the NNRTI dapivirine [57]. In particular, 
the formulation steps of nanoparticles were shown criti-
cal in achieving systems with suitable colloidal stabil-
ity [58] and ability to be transported across a simulated 
vaginal fluid [59]. Furthermore, optimized poly(ethylene 
oxide)-modified polycaprolactone nanoparticles were 
shown to be safe and provided favorable pharmacoki-
netics after vaginal delivery in a mouse model. Higher 
and prolonged levels of dapivirine at the lower genital 
tract were observed as compared with the drug in sus-
pension (Figure 4) [46]. These results suggest that the use 
of nanoparticles may potentially increase the protection 
window of dapivirine against vaginal HIV transmission.

In another recent work, Kovarova et al. [66] showed 
the ability of poly(lactate-co-glycolate) nanoparticles 
loaded with the NNRTI rilpivirine to protect HIV-
susceptible BLT mice from vaginal transmission. 
Nanoparticles (around 60–70 nm) were incorporated 
in a Pluronic®-based thermosensitive gel in order to 
facilitate vaginal retention and provide adequate muco-
sal distribution upon administration as assessed by flu-
orescent confocal microscopy. Most important, mice 
administered with the gel 1.5 h prior to vaginal viral 
challenge were completely protected from infection; 
however, protection decreased to 50% when the gel 
was administered 24 h before HIV challenge. Despite 
these interesting results, no control data were obtained 
for a gel containing rilpivirine in suspension, thus lim-
iting the interpretation as to the real importance of 
incorporating the drug into nanoparticles.

Another interesting approach for obtaining new micro-
bicide formulations has been the use of polymeric fibers, 
namely those presenting cross-sectional diameter in the 
nanometer range, to incorporate different antiretroviral 
drugs (Table 2). Developments in microbicide nanofibers 
have been mostly fueled by the work of Woodrow and 
collaborators, namely by producing various electrospun 
systems using materials such as poly(ethylene oxide), 
poly(lactate-co-glycolate) and poly(vinyl alcohol) [71]. 
Among other advantages, fibers allow incorporating high 
amounts of different active molecules, either alone or in 
combination, while drug release can be easily modulated 
in order to meet specific needs (i.e., coitally-dependent 
or -independent microbicides) [72,73]. At the same time, 
obtention of readily usable vaginal dosage forms upon 
electrospinning of nanofibers and their manufacturing 
scale-up seems to be feasible [74].

As documented above, most advances in the field of 
nanotechnology-based microbicides have so far been 
made with the purpose of preventing vaginal HIV trans-
mission, while little work has been conducted concerning 
the rectal route. Apart from increasing interest in using 
similar principles for developing rectal products, prelimi-
nary in vitro and ex vivo data suggest that this approach 
may be advantageous for protecting both male and 
female individuals engaged in anal intercourse [75–77].

Conclusion & future perspective
In the coming years, nanomedicine may fundamen-
tally transform approaches toward the treatment 
and prevention of HIV/AIDS. Although many novel 
HIV-1 nanotherapeutic strategies have been proposed, 
only a small minority have reached clinical trials, most 

Table 2. Selected examples of antiretroviral compounds and nanocarriers used for developing vaginal microbicides.

Antiretroviral compound(s) Nanocarriers Development stage Ref. 

Tenofovir Solid lipid nanoparticles In vitro [60]

Tenofovir Poly(lactate-co-glycolate)/methacrylic 
acid copolymer nanoparticles

In vitro [61] 

Tenofovir Chitosan-based nanoparticles In vitro [62]

Dapivirine Polycaprolactone nanoparticles In vivo Reviewed 
in [63] 

Dapivirine Poly(lactate-co-glycolate) nanoparticles In vitro [64]

Raltegravir and efavirenz Poly(lactate-co-glycolate) nanoparticles In vitro [65]

Rilpivirine Poly(lactate-co-glycolate) nanoparticles In vivo [66] 

MC1220 Lecithin/cholesterol-based liposomes In vivo [67] 

PSC-RANTES Poly(lactate-co-glycolate) nanoparticles In vitro [68]

Maraviroc, zidovudine, tenofovir, etravirine, 
other compounds with pharmacological 
activity (e.g., contraceptives, anti-HSV drugs), 
either alone or in combination

Polymeric nanofibers In vivo Reviewed 
in [69]
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Figure 4. Dapivirine levels in vaginal lavages and genital tissues (vagina and lower half of the uterine horns) following vaginal 
administration of dapivirine-loaded poly(ethylene oxide)-modified polycaprolactone nanoparticles or the drug suspension in 
phosphate-buffered saline (dapivirine). Note the different scales and units in y-axes, including the log-scale for vaginal lavages. 
Individual points represent mean values and vertical bars the standard error of the mean (n = 5). *p < 0.05 when comparing 
nanoparticles with free dapivirine at the same time point. 
ND: Not detected; NP: Nanoparticle. 
Reproduced with permission from [70] © Springer Science and Business Media (2014).
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of which, aim to improve the safety and efficacy of 
conventional cART. Presently, there are 28 antiret-
roviral drugs that are recommended as first-line regi-
mens in antiretroviral therapy. In addition, two more 
drug regimens are currently being tested for standard 
care against HIV-1 infection [78]. While conventional 
cART regimes are known to significantly reduce viral 
load, their high toxicity, and associated side effects 
limit the adherence of patients to long-term treat-
ment. In order to tackle this problem, researchers have 
focused on developing new drug delivery methods that 
allow for active targeting of therapeutic sites and/or 
controlled release of antiretrovirals. Several long-acting 
nanoformulated drugs have demonstrated consider-
able success in Phase I/II clinical trials. For instance, 
combination therapy with long-acting nanoformula-
tions of GSK1265744 and TMC278-LA has achieved 
adequate and sustained drug concentrations in blood. 
Furthermore, novel preventive strategies that block 
HIV-1 transmission and have also entered the develop-
ment pipeline. There are several important consider-
ations with respect to basic and clinical research that 
should be highlighted regarding the development of 
these future therapeutic strategies to combat HIV-1 
infection. The full potential of nanomedicine toward 
HIV-1 will likely take some time to be realized as high 
levels of toxicity, poor scalability and adverse reactions, 
including: undesirable interactions with plasma pro-
teins in systemic circulation and toxicity through the 
accumulation of nanomaterials in major end organs 
have undermined progress [42].

In time, a more detailed understanding of the safety, 
efficacy and pharmacodynamics of these HIV-1 nano-

therapeutics will be assessed. Furthermore, viral reser-
voir reduction, renal clearance and the side effects of 
HIV-1 nanotherapeutics on major end organs such 
as, liver, kidney, heart, lungs and brain, will likely be 
deciding factors with respect to the continuation of 
research in this direction. The present review has also 
mentioned the enthusiasm among patients toward 
accepting these novel therapies. Promising data indi-
cate that advances in nanomedicine toward HIV-1 may 
substantially reduce the healthcare costs of patients. It 
is also important to understand whether these HIV-1 
nanotherapeutics can be delivered to patients in the 
developing world – where HIV is most prevalent – in 
a cost effective manner. There are many exciting nano-
medical applications toward HIV on the horizon that 
may significantly improve the lives of HIV-1-infected 
patients [79].
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Executive summary

Challenges associated with the treatment of HIV/AIDS
•	 HIV/AIDS has triggered a devastating global epidemic with over 35 million people currently infected with 

the virus.
•	 Progress toward curing HIV/AIDS has been limited. Current combination antiretroviral therapy (cART) 

regimens are expensive, induce adverse side effects and have inconvenient dosing regimens, all of which leads 
to suboptimal adherence to cART.

•	 Full adherence to cART cannot completely eliminate the virus in infected patients. The virus lays dormant in 
cellular and anatomical reservoirs and it may come back to blood circulation after cART is stopped due to viral 
reactivation.

Applications of nanomedicine toward the treatment & prevention of HIV/AIDS
•	 Nanomedicine may significantly change HIV treatment by improving the health outcomes of patients by 

lowering the cost of cART drugs, decreasing antiretroviral drug exposure and contributing new methods of 
drug delivery toward elimination of HIV/AIDS.

•	 Nanomedical applications toward HIV that have shown initial success in clinical trials include the controlled 
and sustained release of cART drugs, vaccine delivery, preventive microbicides and drug delivery.

Controlled release of cART drugs via nanosuspension
•	 Currently, the controlled and sustained release of cART drugs via long acting nanoformulations shows 

considerable promise in reducing toxicity and improving adherence to cART.
•	 Experimental nanoformulated cART drugs such as long-acting GSK1265744 and TMC278-LA may allow patients 

to move from daily dosing to weekly or monthly dosing.
•	 Patients have expressed enthusiasm for long-acting nanoformulations of CART drugs.
Nanomedical approaches for improving the delivery of cART drugs
•	 HIV-1 nanotherapeutic drug delivery may dramatically improve the safety and efficacy of cART.
•	 HIV-1 nanotherapeutic drug delivery systems can be used to overcome anatomical and cellular barriers to 

HIV-1 eradication, such as the blood–brain barrier, and delivery antiretrovirals.
•	 Recently engineered iron oxide nanoparticles were utilized to increases the translocation of enfuvirtide across 

the blood–brain barrier.
Nanoformulated HIV-1 vaccine
•	 The DermaVir patch is only nano formulated HIV-1 vaccine to reach advance stage clinical trials.
•	 The DermaVir patch as shown to be safe and tolerable in both preclinical and Phase I clinical trial.
Nanomedicine & prevention of HIV-1 sexual transmission
•	 Nanomedicine-based topical microbicides are being developed at the preclinical and clinical level to prevent 

the sexual transmission of HIV-1.
•	 Vivagel is a vaginally delivered nanomicrobicide that is presently the most advanced product of its kind in the 

development pipeline.
•	 New microbicide formulations consisting of various antiretrovirals and nanocarriers have also been developed 

in recent years that have shown success at the preclinical level.
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