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Abstract

Human immunodeficiency virus (HIV) infection commonly results in a myriad of comorbid 

conditions secondary to immune deficiency. Infection also affects broad organ system function. 

Although current antiretroviral therapy (ART) reduces disease morbidity and mortality through 

effective control of peripheral viral load, restricted infection in HIV reservoirs including gut, 

lymphoid and central nervous system tissues, is not eliminated. What underlies these events is, in 

part, poor ART penetrance into each organ across tissue barriers, viral mutation and the longevity 

of infected cells. We posit that one means to improve these disease outcomes is through 

nanotechnology. To this end, this review discusses a broad range of cutting-edge nanomedicines 

and nanomedicine platforms that are or can be used to improve ART delivery. Discussion points 

include how polymer-drug conjugates, dendrimers, micelles, liposomes, solid lipid nanoparticles 

and polymeric nanoparticles can be harnessed to best yield cell-based delivery systems. When 

completely developed, such nanomedicine platforms have the potential to clear reservoirs of viral 

infection.
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1. INTRODUCTION

1.1. Human Immunodeficiency Virus (HIV)

HIV, a lentivirus, is the cause of acquired immunodeficiency syndrome (AIDS). An 

estimated 35 million people are infected worldwide. Viral infection is transmitted person to 
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person through intimate contact by unprotected sex, needle sharing, accidental blood borne 

infection or from mother to child. Virus does not survive alone outside the body and is not 

transmitted through routine daily activities such as food or food utensils, shaking of hands or 

close non-intimate contact [1]. The virus, ~100 nm in diameter, is a single-stranded, 

positive-sense enveloped RNA with a coat comprised of two host cellular lipids. The virus’ 

outer viral envelope is comprised of gp120 and gp41 that govern viral entry through the 

CD4 and CCR5 or CXCR4 cell receptors [2, 3]. In addition to the viral core HIV has six 

regulatory genes (tat, rev, nef, vif, vpr and vpu) that affect its abilities to infect, replicate and 

assemble within the cell [4–9]. Upon entering its target CD4+ T lymphocytes or 

mononuclear phagocytes (MP; monocytes, macrophages and dendritic cells), genomic viral 

RNA is reverse transcribed into double-stranded DNA by the viral enzyme reverse 

transcriptase. Circular double stranded DNA, which motions to the nucleus is integrated into 

cellular DNA by the viral enzyme integrase. Once integrated into the host genome, viral 

genes are transcribed into messenger and genomic RNA and translated into viral proteins; 

viral RNA and proteins undergo processing and assembly before budding from host cell 

membranes or endosomes to produce progeny virions used for spreading infection [10, 11]. 

Infection and ultimate destruction of CD4+ T cells heralds secondary immune deficiency 

and concomitant co-morbid conditions that include opportunistic infections and primary 

virus-induced metabolic changes that affect also the function of the central nervous system 

(CNS), gut and lymphoid tissues [12, 13]. Within days after primary infection HIV invades 

the nervous system through lymphocytes and macrophages that cross the blood brain barrier 

(BBB) and serve as Trojan Horses for viral dissemination [14].

1.2. Antiretroviral Therapy (ART)

ART has revolutionized the care of HIV infection with significant reductions in disease 

morbidities and mortalities [15]. Treatment is generally initiated early in the course of 

infection and continues throughout the life of the patient [16]. Currently there are more than 

26 drugs available on the market or in the latter stages of approval by the United States Food 

and Drug Administration (USFDA), that target a number of viral life cycle components 

including viral cell entry (entry inhibitors), reverse transcription (nucleoside and non-

nucleoside reverse transcriptase inhibitors), integration (integrase inhibitors) and assembly 

(protease inhibitors) [17]. Combination ART which includes regimens of at least three drugs 

from at least two categories, readily suppresses plasma viral load to undetectable levels 

resulting in maintenance or partial recovery of CD4+ T cell numbers and function [18, 19]. 

However, life-long daily administration of ART is associated with adherence challenges that 

include treatment fatigue, drug toxicity, drug-drug interactions and viral resistance. 

Furthermore, the poor pharmacokinetics and biodistribution of current ART to cellular, 

subcellular and tissue reservoirs affect long-term drug therapeutic efficacy [15].

1.3. Infection of Lymphoid tissues, Lung and Gut

Overwhelming evidence supports the notion that cells and tissues sheltered from the 

lymphoid system, such as the CNS, lymph nodes, testes, gut, vaginal epithelium and lungs, 

serve as viral sanctuaries that complicate HIV treatment. This occurs, in part, because many 

drugs cannot infiltrate these sites in sufficient concentrations to exert optimal therapeutic 

responses [20–23]. HIV infection and progression involves three phases. The acute phase is 
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characterized by high viremia and extensive viral replication in lymphoid tissues, including 

alveolar macrophages in the lung [24, 25]. The onset of the second phase is preceded by 

secondary immune events. During this phase, replication of the virus occurs mainly in the 

secondary and tertiary lymphoid tissues such as the lymph nodes and mucosa associated 

lymphoid tissues [26, 27]. The third stage is characterized by an increase in peripheral viral 

load and significant depletion of CD4+ T lymphocytes [28]. It has been shown that most of 

viral replication occurs in activated infected CD4+ T cells of the blood, lymph nodes, 

spleen, gut associated lymphoid tissue (GALT), and the CNS [29, 30]. Infection is greater in 

the lymphoid tissue because of the numbers of CD4+ T lymphocytes [30]. Intestinal mucosa 

is a major target for HIV based upon the route of exposure [31, 32] and GALT is a depot for 

Th-17 cells, which are responsible for spreading infection. Lymphoid tissues and gut are 

considered the major reservoirs for HIV replication; therefore targeting antiretroviral 

therapies to these areas is crucial to HIV eradication.

1.4. Infection of the CNS

The CNS is considered another viral reservoir site, where HIV persists in long-lived cells 

(e.g. blood borne brain macrophages and microglia), resulting in difficulty of viral clearance 

by ART and the emergence of drug-resistant viral strains [12]. To date, no drugs are able to 

eradicate viral reservoirs, thus lifelong treatment with sustained and durable viral 

suppression is the major goal of current therapies. Of particular importance, the low 

permeability of current ART across the BBB is associated with higher cerebrospinal fluid 

viral loads, which further limits the possibility of HIV eradication and can contribute to the 

development of HIV-associated neurocognitive disorders (HAND) [33]. In the CNS, HIV 

can further infect and sustain HIV infection [34, 35]. On the clinical side, HAND includes 

neurological disorders of various severities. This includes severe forms of disease or HIV-

associated dementia (HAD), HIV encephalopathy, and milder neurocognitive disorders. 

HIV-associated neurocognitive impairment is most commonly mild and associated with 

immunosuppression [19]. Nearly half of all people infected with HIV show some form of 

neurological dysfunction [36]. In all the combination of CNS HIV infection, life-long 

medications, the presence of other neurological and non-neurological medical conditions 

(e.g. cerebrovascular disease, hepatitis C co-infection), and aging-associated 

neurodegenerative disease may exacerbate or be a cause of HAND [37].

1.5. ART Targeting of Viral Reservoirs

Despite the tremendous progress in antiretroviral therapy, HIV continues to replicate in 

anatomical and intracellular sites where ART has restricted access. Rebound in viral plasma 

levels commonly occurs following ART withdrawal [38]. Penetration of ART into viral 

sanctuaries is limited by blood tissue barriers [39–41]. As noted, viral replication occurs 

predominantly in the peripheral lymphoid organs such as the spleen, lymph nodes and 

GALT that are rich in CD4+ T-lymphocytes [42]. These tissues are also the major sites for 

CD4+ T-cell viral destruction [43]. Delivery of ART to these sites will have a great impact 

on HIV eradication efforts.

As another important barrier of antiretroviral therapy, the BBB is an active, dynamic, and 

complex interface between blood and CNS that regulates transport of proteins, molecules 
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and cells and as such maintains the homeostasis of the brain microenvironment. Notable, the 

BBB plays a key role in shielding the CNS against potentially toxic substances. Structurally, 

it is formed by a complex system of endothelial cells, astroglia, pericytes, perivascular 

macrophages and a basal lamina [44, 45]. In contrast to the peripheral vasculature, 

endothelial cells of the BBB are characterized by lack of fenestrations, reduced pinocytic 

activity and the presence of strong intracellular tight junctions. The tight junctions between 

endothelial cells of the BBB have low paracellular permeability which significantly impedes 

the access of many therapeutic agents [46, 47]. Overcoming the BBB is one of the major 

hurdles for development of efficient CNS drug delivery strategies that avoid the need for 

direct administration or the use of high doses with increased risks of adverse side effects 

[46]. Small molecule drugs are transported across the BBB by either passive or active 

transport. Several transporters are expressed on the BBB endothelial cells that regulate 

transport of many lipophilic and hydrophilic drugs into the brain and include efflux (P-

glycoprotein (Pgp) and multi-drug resistance-associated protein (MRP)) and influx (system 

L-transporters, organic anion transporter, organic cation transporter) transporters [1, 48]. 

Macromolecular therapeutic agents can be transported into the brain parenchyma by 

receptor-mediated transcytosis, nonspecific adsorptive-mediated transcytosis, or cell-

mediated transcytosis. In all, these strategies are only applicable for a limited number of 

agents. To overcome the limitations of CNS drug delivery, various strategies have been 

developed that include drug modification, disruption of the BBB and novel drug delivery 

systems such as nanomedicines [48–50].

2. ART NANOMEDICINES

Nanomedicines have been widely studied as drug delivery platforms due to their versatile 

and tunable properties, such as large surface to volume ratio, surface charge and 

hydrophobicity, particle shape, and small and controllable size. Moreover, nanomedicines 

can be biodegradable, biocompatible and functionalized depending on proper material 

selection and manufacturing. Numerous nanosized pharmaceuticals have been developed, 

investigated and applied for the treatment and prevention of human disease [46, 51–53]. 

They exhibit properties useful in improving drug delivery such as increased drug stability, 

enhanced intestinal absorption and bioavailability, prolonged pharmacokinetics, optimized 

drug biodistribution, improved toxicity profiles, and selective drug delivery. Nanomedicines 

can also significantly improve the permeability of different therapeutic agents across 

anatomical and physiological barriers [54–56]. Many reviews have been published that 

focus on specific aspects or types of nanomedicines for the management of HIV infection 

[57, 58]. Nanomedicine platforms that deliver antiretroviral agents to HIV reservoirs, which 

includes drug polymer conjugates, dendrimers, micelles, liposomes, solid lipid nanoparticles 

(SLN), nanosuspensions, polymeric nanoparticles and cell-mediated NP drug delivery are a 

focus for discussion in this review.

2.1. Drug polymer conjugates

There has been remarkable growth in the use of drug polymer conjugate nanomedicine 

platforms to improve the delivery of therapeutic agents across physiological barriers. The 

use of water-soluble polymers for drug, protein and gene delivery offers the advantage of 
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smaller size (around 10 nm), improved drug bioavailability, long circulation time and 

increased stability compared to that of free therapeutic agents. Attachment of enzymes or 

biological response modifiers to polymers further improves their stability and 

pharmacokinetic properties. The main feature of drug polymer conjugates involves the use 

of a biologically responsive linker to covalently attach the drugs onto biodegradable 

polymeric materials. These are synthesized with the aim of improving the physicochemical, 

biopharmaceutic and pharmacokinetic properties of the therapeutic agents [59, 60]. Drug 

polymer conjugates of nucleoside reverse transcriptase inhibitors have attracted considerable 

attention to overcome drawbacks associated with limited stability and systemic toxicity of 

these drugs. Yang et al. [61] investigated improvement of antiretroviral efficacy of 

nucleoside reverse transcriptase inhibitors by developing a nanosized monophosphate-

polymer conjugate delivery system using stavudine (d4T) as a model prodrug (Scheme 1). 

Conjugation of d4T to chitosan was achieved through a phosphoramide linkage between 

glucosamine and the nucleoside’s monophosphate. The synthesized chitosan-O-isopropyl-5′-

O-d4T monophosphate conjugate exhibited enhanced antiretroviral activity and low 

cytotoxicity when compared to the native nucleoside d4T.

Modification of drugs with polyethylene glycol (PEG) materials has led to improved 

pharmacokinetic and pharmacodynamic profiles of therapeutic agents. Li et al. [62] 

developed a series of methoxy poly(ethylene glycol)-succinyl-5′-O-zidovudine conjugates 

(mPEG-succinyl-zidovudine (AZT), Scheme 2), and evaluated their pharmacokinetic and 

antiretroviral activities in rats and MT-4 cells. The polymeric drug conjugates displayed 

enhanced pharmacokinetic profiles and antiretroviral activity when compared to native drug.

Neeraj et al. [63] synthesized a 2-hydroxyethyl methacrylate (HEM) AZT polymeric 

conjugate and drug release kinetic studies. Their studies demonstrated that the drug-polymer 

conjugate significantly increased drug uptake and was characterized by a sustained release 

profile. Indeed, polymeric drug conjugates have shown considerable promise in the delivery 

of antiretroviral therapies across physiological barriers. However, inadequate linker 

chemistry, insufficient drug loading and polymer toxicity concerns have constrained their 

clinical applications.

2.2. Dendrimers

Dendrimers are macromolecules that are comprised of hydrophobic cores and highly 

branched surface functional groups that make them ideal for transport of drugs across 

biological barriers. The end groups of these molecules can be functionalized to generate 

dendrimers that can be used as drug carriers and targeting moieties can be attached that 

influence biodistribution and toxicity of the dendrimers [64]. Even though no dendrimer-

based delivery systems have been approved for HIV treatment, numerous studies are 

exploring their application in the delivery of antiretroviral drugs to viral reservoirs. Huang et 

al. [65] evaluated nanoscopic polyamidoamine dendrimers (PMAM) as vectors for gene 

transfer. For their study, PMAM was converted to PAMAM-PEG-Tf through surface 

modification with transferrin targeting ligand. Transferrin receptor is expressed at the brain 

capillaries, thereby forming a solid basis of ligand choice. The authors observed a 2-fold 

increase in the accumulation of PAMAM-PEG-Tf/DNA complex in the brain when 
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compared side by side with PAMAM/DNA and PMAM-PEG/DNA untargeted complexes. 

The targeted system therefore holds great promise for efficient delivery of therapeutic agents 

across barriers. Elsewhere, Dutta et al. [66] investigated the targeted delivery of lamuvidine 

(3TC) using mannosylated poly(propyleneimine) dendrimers (MPPI). The 3TC loaded 

MPPI formulation showed a 21-fold increase in drug uptake by MT2 cells when compared 

to native drug. Similarly, the antiretroviral activity of the 3TC loaded MPPI dendrimers was 

found to be 2.6-fold higher than the native drug. In an earlier study Dutta et al. [67] 

developed poly(propyleneimine) (PPI) dendrimer nanocontainers for targeting efavirenz to 

monocytes/macrophages. These dendrimer based nanocontainers enhanced cell uptake of 

efavirenz.

In another study by Vinogradov et al. [68], nanogel carriers consisting of dendritic networks 

decorated with apolipoprotien E (ApOE) peptide molecules were synthesized for delivery of 

nucleoside reverse transcriptase inhibitors. Antiviral efficacy of the nanocarriers was 

evaluated in HIV-1 infected monocyte derived macrophages (MDM). It was found that 

decorating the dendrimers with vector peptides greatly improved antiviral efficacy. These 

investigators also observed less mitochondrial toxicity associated with targeted nanocarriers 

as compared to native drugs. Kumar et al. [69] developed PEGylated (EDA)-PAMAM 

dendrimer-based carriers encapsulating lamivudine. The PEGylated dendrimers were found 

to improve drug entrapment efficiency and released drug over a prolonged period of time. In 

addition, hemolytic toxicity studies demonstrated that the dendrimers were less toxic 

compared to non-PEGylated PAMAM carriers. This report also noted that the formulation 

could be safely administered. The use of PAMAM dendrimers as carriers for efavirenz was 

demonstrated by Pyreddy et al. [70] Ethylenediamine PAMAM dendrimers were 

synthesized and coated with PEG 600 using epichlorohydrin as a cross linker. This system 

exhibited better therapeutic efficacy due to prolonged and targeted release of the drug 

payload. Overall, dendrimer carriers have great potential for drug delivery across barriers 

because of their unique small size and ease of surface functionalization to facilitate drug 

trafficking. However, inherent toxicity associated with many dendrimers has limited their 

application.

2.3. Micelles

Micelles are self-assembled colloidal systems consisting of amphiphilic molecules that 

spontaneously aggregate into particles at a concentration beyond the critical micelle 

concentration (CMC). A typical micelle has hydrophilic heads forming a shell structure, and 

the inner core structure serves as a reservoir for poorly water-soluble drugs. Given their 

small size (10–100 nm), ease of preparation, and prolonged circulation time in vivo, micelles 

have attracted attention as potential drug carriers across physiological barriers [71]. Indeed, 

polymeric micelles have been investigated for diverse pharmaceutical applications, 

including oral delivery, sustained release and site-specific targeting.

Pluronic® block copolymers consist of one hydrophobic poly (propylene oxide) (PPO) at the 

core, and two hydrophilic poly (ethylene oxide) (PEO) termini (Scheme 3). Previous studies 

aimed at understanding mechanisms of drug resistance have shown that Pgp and MRP 

expressed on brain microvascular endothelial cells (BMVEC) regulate passage of certain 
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molecules into the CNS. These transporters limit translocation of systemic drugs [72–74]. 

The use of Pluronic® copolymers inhibits efflux transporters, including Pgp and MRP, 

consequently facilitating drug delivery of substrates. Using polarized monolayers of bovine 

endothelial cells, Batrakova et al. [75] examined the influence of Pluronic® block 

copolymers on the permeability of drugs, including Pgp substrates, organic anion transporter 

substrates, and compounds with less specificity for efflux transporters. The results indicated 

a 1.3- to 20-fold enhancement in the permeability of all the compounds evaluated. Since 

many antiretroviral drugs are substrates for efflux transporters, antiretroviral agent-loaded 

Pluronic® micelles were developed for ART penetrance across BMVEC. It was found that 

Pluronic® P85 could enhance drug tissue permeability of ritonavir [75]. Spitzenberger et al. 

[76] demonstrated that P85 could facilitate antiretroviral drug efficacy in a severe combined 

immunodeficiency (SCID) mouse model of viral encephalitis. Interestingly, 0.2% P85 itself 

also exhibited antiretroviral effects (13.4% HIV-1p24 positive) compared with control group 

(68.5% HIV-1p24 positive) after 2 weeks treatment. What underlies the inhibition of HIV 

replication by P85 might be due to direct interaction with Pgp or the glycolipid membrane of 

HIV, resulting in virus membrane disruption [76]. Another interesting micelle delivery 

system has been described by Chiappetta et al. [77]. Efavirenz was loaded into poly 

(ethylene oxide)–poly(propylene oxide) (PEO-PPO) micelles, and anatomically targeted to 

brain by intranasal administration.

2.4. Liposomes

Liposomes are artificially constructed vesicles that consist of an aqueous core separated 

from the continuous aqueous solvent by one or more spherical, bilayer membranes of 

surfactant molecules. Liposomes are composed of phospholipids (eg. phosphatidylcholine 

and phosphatidylethanolamine), and may contain small amounts of other molecules, such as 

glycolipids that serve as cellular recognition markers and cholesterol that regulates 

membrane fluidity and stability (Scheme 4). As drug delivery systems, liposomes have the 

capability of encapsulating both hydrophobic as well as hydrophilic payloads [78]. 

Liposomes have several other benefits, such as solubilization improvement, protection of 

cargoes from enzymatic degradation and enhancement of intracellular uptake.

Liposome formulations have been used to deliver therapeutic agents that cross tissue barriers 

through vessel fenestrations [79, 80]. PEG coated liposomes have benefits as long 

circulation carriers for brain and other tissue delivery [81, 82]. Targeted PEG-liposomes 

coated with brain specific ligands, such as transferrin and insulin whose receptors are highly 

expressed on endothelial cells are under investigation. In this strategy liposomes are 

designed to cross tissue barriers through receptor-mediated transcytosis [83, 84]. Alternative 

approaches to enhance HIV reservoir penetration has been achieved through cell-penetrating 

peptides (CPP) and antibody conjugation such as OX26 antibody linkage to the liposome 

surface (immunoliposome) to block transferrin activity [85, 86].

In addition to the above liposomal delivery mechanisms, another mechanism for crossing 

tissue barriers is through mononuclear phagocytic system targeting by conventional 

liposomes (not sheltered by PEG) [87]. Kim et al. [88] directly injected zalcitabine loaded 

multivesicular liposomes intraventricularly into a Sprague-Dawley rat model. The drug half-
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life in the CNS was significantly increased from 1.1 to 23 hours for the liposomes when 

compared to native zalcitabine. In a different study, Jin et al. [89] investigated the 

pharmacokinetics and tissue distribution of zidovudine in rats following intravenous 

administration of AZT myristate (a prodrug of zidovudine) loaded liposomes. Compared to 

free AZT, liposome treated rats had a two-fold increase of zidovudine in the brain and other 

organs of the reticuloendothelial system; therefore liposomes are potential vehicles for 

improving the therapeutic index of ART. Elsewhere, Saiyed et al. [90] developed magnetic 

azidothymidine 5′-triphosphate (AZTTP) liposomal nanoformulations. Under the influence 

of an external magnetic field, AZTTP can cross the BBB and deliver a higher concentration 

of drug when compared to controls in the absence of a magnetic field.

To target the lymphoid virus reservoir, surface-engineered liposomes have been developed 

[91]. Kaur et al. modified the surface of zidovudine-loaded liposomes by incorporating 

surface charge or site-specific targeting ligands. Here negatively charged liposomes had 

higher accumulation in lymph nodes and spleen compared to positively charged 

formulations. Most importantly, when coated with mannose, whose receptors are highly 

expressed on immune cells, liposomes showed much higher accumulation in the lymphoid 

tissues, suggesting active lymphatic targeting [91]. Another strategy for lymphatic targeting 

is the utilization of immunoliposomes (liposomes incorporated with antibodies). Human 

HLA-DR determinant of the major histocompatibility complex class II is expressed on 

activated CD4+ T lymphocytes and antigen presenting cells including macrophages and 

dendritic cells, which are reservoirs of HIV-1. By conjugating Fab’ fragments of anti-HLA-

DR antibody onto the liposome surface, Bergeron et al. developed indinavir-loaded 

immunoliposomes, which showed 21- to 126-fold enhanced drug accumulation in the liver, 

spleen, and lymph nodes when compared to free indinavir [92, 93].

2.5. Solid Lipid Nanoparticles (SLNs)

SLNs are solid particles consisting of one or more biocompatible solid lipids, which are 

stabilized by emulsifiers and/or coemulsifiers (Scheme 5). SLNs have gained increased 

attention as drug delivery systems because they combine the advantages of polymeric 

nanoparticles, fat emulsions and liposomes, such as: long retention of encapsulated drugs for 

several weeks, ease of introduction of targeting ligands to specific tissues and/or cells, 

superior biocompatibility and biodegradability of lipid excipients, good stability of SLNs for 

years, excellent loading capability of both hydrophilic and hydrophobic payloads, and avoid 

recognition and internalization by reticuloendothelial cells [94–99].

In 1999, two independent groups investigated on the use of SLNs for brain and other tissue 

targeting [97, 100]. The studies showed accumulation of camptothecin and doxorubicin in 

the brain, lung, heart and spleen following both oral and intravenous administration [97, 

100]. The nanoparticles were taken up in the gastrointestinal tract and translocated to 

reticuloendothelial cell containing organs. Since these organs are HIV targets, SLNs have 

potentials to be applicable to the targeted treatment of HIV. Similarly, other studies using rat 

models have demonstrated that both stealth and non-stealth stearic acid labeled SLNs could 

access the liver, lung and brain tissues [101], with stealth SLNs exhibiting significantly 

improved drug accumulation when compared to non-stealth SLNs [98]. In general, many 
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excipients for SLN, including poloxamer 188 stabilized stearic acid [102], emulsifying wax/

Brij® 78, and Brij® 2/Tween 80 SLNs [103] and targeting ligands have been used to achieve 

brain and other tissue specific targeting [104].

For CNS delivery of ART, Kuo and Su [105] tested the permeability of stavudine, 

delavirdine, and saquinavir encapsulated in different nanocarriers, including polymer 

nanoparticles (NP) and SLN, across an artificial BBB. There was increased permeability of 

SLN encapsulated drugs compared to free drugs. In addition, delavirdine and saquinavir 

loaded SLN showed better permeability than those loaded into polymer nanoparticles [105]. 

The same group also demonstrated that electromagnetic force (EMF) could enhance 

permeability of saquinavir loaded SLNs, implying that combination of SLN and EMF might 

benefit a clinical application [106]. Chattopadhyay et al. [107] suggested that SLN could 

bypass cell efflux pumps. Using a human brain microvessel endothelial cell line (hCMEC/

D3), they found a significant improvement of atazanavir uptake when loaded on SLNs in 

comparison with aqueous solution. Similarly, higher cellular concentration of 

rhodamine-123, a substrate of Pgp, was also observed [107]. Kuo and Ko [108] used 83-14 

MAb, an insulin-like peptidomimetic MAb, as a targeting moiety to further enhance the 

BBB permeability of saquinavir loaded SLN. However, despite these promising in vitro 

data, there is no supportive in vivo data so far. Therefore, in vivo studies are necessary to 

further confirm the authenticity of SLN for the delivery of ART. For lymphatic targeting, 

SLN also showed promising results. Alex et al. developed lopinavir loaded SLN by a hot 

homogenization process followed by sonication. The SLN are stable for as long as three 

months. According to their intestinal lymphatic transport study, the SLN exhibited a 4.9-fold 

increase of cumulative percentage dose of lopinavir secreted into the lymphoid tissue when 

compared to the native drugs [109].

2.6. Nanosuspensions

Over the past decade, our laboratory has focused on the development of nanoformulated 

antiretroviral therapeutics (called nanoART) using high-pressure homogenization and wet 

milling for targeted long-acting antiretroviral therapy. NanoART are polymer excipient 

coated drug nanosuspensions, which demonstrate high drug loading capacity, controllable 

size and charge, and tunable surface conjugation. Our group has developed mononuclear 

phagocyte (MP; monocyte, macrophage and dendritic cell) targeted nanoART for delivery to 

HIV reservoirs including lymphoid tissues [110–114]. Using this strategy, drug loaded 

nanoART can be taken up efficiently by MP in vivo and by translocation deliver high drug 

concentrations to lymph nodes, spleen and other tissues that harbor the virus with high drug 

concentration. The drugs are then released into the target sites at levels above the effective 

therapeutic concentration over prolonged periods. Studies in our group have also shown that 

immune responses against the virus facilitate movement of the drug carrying MP to these 

areas of inflammation [115, 116].

To improve pharmacokinetics and pharmacodynamics (PK/PD) of antiretroviral therapy, we 

further developed nanoART targeted to HIV reservoirs. Previous studies have shown that 

folate receptor (FOLR) is overexpressed on activated macrophages. Based on these findings, 

folate-decorated drug delivery systems have been developed to target macrophages for the 
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treatment of inflammatory diseases with improved therapeutic efficacy [117–120]. Using 

this same strategy we conjugated folic acid onto the coating excipient poloxamer 407 (P407) 

to generate folate-decorated nanoART (FA-nanoART) for macrophage targeting [121] In 

vitro studies using a human MDM system, FA-nanoART showed a 2-fold increase in drug 

uptake, longer drug retention, and superior antiretroviral efficacy over non-targeted 

nanoART. Similarly, in vivo PK/PD studies showed that FA-nanoART increased the plasma 

levels of ATV approximately 5-fold over that observed with non-targeted nanoART. This 

increase was reflected in the tissue levels of ATV. We also noted that FA-nanoART resulted 

in a 4-fold increase in ATV in spleen compared to non-targeted nanoART. It is noteworthy 

that ATV levels in lymph nodes were detected weeks after a single administration in only 

the FA-nanoART group. These results demonstrated that FA-nanoART has potential to 

cross tissue barriers for efficient HIV suppression.

Other investigators have also utilized nanosuspensions for viral reservoir targeting. 

Shegokar and Singh [122] prepared surface modified nanosuspensions to improve the 

intracellular targeting of nevirapine. The surface of the particles was modified with serum 

albumin, polysaccharide and PEG. Both in vitro and in vivo studies revealed enhanced 

uptake of the nanosuspensions when compared to free drugs. Pharmacokinetic and tissue 

distribution studies in rats revealed improved drug accumulation in the spleen, liver and 

thymus tissues without toxicity [122].

2.7. Polymeric Nanoparticles

There is interest in the use of polymeric nanoparticles to improve outcomes in HIV therapy. 

Polymers are versatile materials since they can be customized to allow for encapsulation and 

controlled release of therapeutic agents from the nanoparticles. To facilitate reservoir 

targeting, polymeric nanoparticles have been decorated with ligands that bind to receptors 

on the target site. Targeting ligands such as peptides, proteins and antibodies have been 

shown to promote binding and uptake of nanoparticles encapsulating the drugs [123, 124].

Xia et al. [125] functionalized PEG-PLA nanoparticles with penetratin peptide to facilitate 

drug targeting. In vivo pharmacokinetic and biodistribution studies showed enhanced 

cellular and brain uptake of the particles, underscoring its application in the delivery of 

antiretroviral therapies to viral reservoirs. Polymethylmethacrylate (PMMA) nanoparticles 

have been applied in the delivery of therapies to HIV reservoirs. Kuo et al. [126] 

synthesized methylmethacrylate-sulfopropylmethacrylate (MMA-SPM) nanoparticles coated 

with a synthetic pseudopeptide of bradykinin (RMP-7). Stavudine, delavirdine and 

saquinavir antiretroviral therapies were encapsulated into the particles and evaluated for 

individual drug permeability and uptake in co-cultures of human BMVEC and astrocytes. 

Smaller particle sizes were found to improve drug loading efficiency and uptake. Surfactant 

coated chitosan based nanoparticles have also attracted attention for drug delivery. Dhanya 

et al. [127] demonstrated that chitosan nanospheres coated with Tween 80 could be used as 

alternative carriers for targeted drug delivery. Different strategies have also been used to 

improve polymeric nanoparticle mediated delivery of antiretroviral agents to viral reservoirs. 

Modification of the polymers with ligands that target receptors expressed at the surface of 

endothelial cells has greatly improved this effort. For instance, mannan and mannose coated 
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nanoparticles have been studied as a means to enhance intracellular targeting of 

antiretroviral therapies [128, 129]. In another study, Destache et al. demonstrated the in vivo 

feasibility of poly (lactic-co-glycolic acid) nanoparticles to deliver multiple antiretroviral 

drugs. A single injection of the nanoformulation in mice improved serum and tissue 

concentrations of ritonavir, lopinavir and efavirenz [130]. In another effort to improve 

intracellular delivery, Shah and Amiji prepared poly(ethylene oxide)-modified poly(epsilon-

caprolactone) (PEO-PCL) nanocarriers for saquinavir. This delivery system enhanced drug 

encapsulation and subsequent intracellular delivery in a macrophage cell line [131]. Overall, 

polymeric surface modified nanoparticles provide a versatile platform for targeting HIV 

sanctuaries.

2.8. Cell-Based NP Drug Delivery

Immunocytes including MP, neutrophils, and lymphocytes are highly mobile towards zones 

of inflammation, are able to migrate across impermeable barriers and can be exploited for 

drug delivery [112]. Although the use of immunocytes as drug carriers is still at a 

preliminary stage, it offers several advantages over use of traditional drug carriers. 

Immunocytes are spontaneously targeted to sites of injury, inflammation, and tumors; they 

can also serve as Trojan horses, carrying concealed payloads while migrating across 

impermeable barriers; in addition this can diminish the immunogenicity and non-specific 

cytotoxicity of the drug cargoes. Drug loaded nanomedicines, such as liposomes, 

magnetoliposomes, and nanoparticles can be efficiently taken up by the immunocytes, and 

then delivered to specific sites of injury for targeted therapy (Fig. 1) [132]. Nanomedicine 

entry into these cells is also mediated by cell surface receptors, such as mannose, 

complement, and Fc receptors. Surface conjugation of the nanomedicines with specific 

targeting ligands significantly enhances the loading capacity of the cells [112].

Cell-mediated delivery of nanoformulations has gained increasing attention for the treatment 

of various brain diseases, including brain cancer [133], neurodegenerative disorders [134], 

and HAND [111, 135]. Parkinson’s disease has been one of the first targets for cell-based 

therapy [136]. In our group, macrophages have been exploited for targeted ART delivery 

[135, 137–140]. NanoART with high loading capacity and a size range from 200 to 350 nm 

was developed with poloxamer and/or phospholipid coatings. An HIV-encephalitis mouse 

model was used to determine the brain targeting of indinavir nanoART loaded mouse bone 

marrow macrophages after ex vivo cultivation and loading. NanoART loaded BMM were 

administered intravenously to mice resulting in continuous indinavir release for up to 14 

days. Notably, there was robust indinavir nanoART present in HIVE brain regions, where 

significant inhibition of HIV replication was observed [141]. To determine intracellular 

transfer of nanoART Kanmogne et al. [142] loaded MDM with a combination of atazanavir, 

ritonavir, indinavir, and efavirenz nanoART. The nanoART-loaded MDM were then 

cocultivated with endothelial cells. NanoART transfer from MDM to endothelial cells was 

observed in up to 52% of cells, and folate coating of nanoART further increased MDM to 

BMVEC particle transfer by up to 77% [142]. The results demonstrated that nanoART could 

transfer NP through cell-to-cell contacts and thus facilitate the penetration of nanoART 

across the BBB. Another study by Saiyed et al. [90] investigated the potential of 

azidothymidine 5′-triphosphate magnetoliposomes for cell-based delivery. 
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Magnetoliposomes resulted in an up to 90% monocytes magnetization level. Under an 

external magnetic field, magnetic monocytes exhibited 3 times greater tissue permeability 

compared to their non-magnetic counterparts [90, 143].

3. FUTURE PERSPECTIVE

Significant progress has been made to combat HIV/AIDS and improve the quality of life of 

HIV infected people over the last few decades. The use of ART has successfully shifted HIV 

infection from a rapidly progressive to a chronic disease and many patients have little to no 

detectable viral load for a prolonged period of time. However, HIV eradication or cure is 

still elusive, in part due to the occurrence of drug resistance and viral reservoirs. A long-

term goal is to develop nanotechnology-based drug delivery systems that can improve 

antiretroviral therapy by more precisely controlling drug concentrations in target cells and 

tissues. To achieve this goal novel innovative and efficient therapies are required. Herein, 

we have reviewed a broad range of nanomedicine platforms that are being developed for 

delivery of ART to CNS and other HIV reservoirs. These systems can significantly enhance 

uptake of antiretroviral agents into HIV-infected cell and tissue reservoirs and improve the 

pharmacokinetics, pharmacodynamics and biodistribution of antiretroviral agents by using 

targeting ligands and improving drug delivery across tissue barriers.

It is noteworthy that the current complexity of viral reservoirs of HIV remains significant; as 

such, a better understanding of these reservoirs holds the potential for translating novel 

nanomedicine platforms into successful and sustainable effective HIV therapies. However, 

most current nanomedicine platforms for HIV treatment focus on CNS delivery and 

improving pharmacokinetic profiles. Minimal effort has been directed at developing drug 

delivery systems that would target other major HIV reservoirs, such as GALT, lymphoid 

tissues and lung. Our laboratory and others have shown that targeted delivery to 

macrophages and other HIV susceptible cells will potentially improve antiretroviral therapy 

by accessing HIV sanctuary sites. We believe the goal of HIV eradication can be achieved 

through developing different nanomedicine platforms and decorating nanomedicines with 

specific ligands to interact with receptors expressed on HIV infected cells. Therefore, 

identification and characterization of HIV receptor targets will lead to development of 

targeted delivery systems that will allow for treatment of various HIV variants. To further 

achieve the goal of HIV eradication, it will be important to devise therapeutic approaches 

that target both CNS and other viral reservoirs (GALT, lymphoid tissues) since either alone 

will not be successful. Indeed, the concept of lymphoid targeting has successfully been 

applied in cancer treatment using ultra-small nanoparticles or decorating ligands onto the 

nanoparticle surface [144–148]. Simply transferring these nanomedicine platforms into the 

HIV field holds the promise of targeting ART to GALT and other viral reservoirs. There is 

no doubt that nanomedicines will play a decisive role in engineering efficacious regimens 

over the next decade for HIV eradication.

In summary, the nanomedicines described here are still at the pre-clinical stage, and 

advancement to clinical trials will not guarantee the future clinical success. To advance 

these platforms beyond the pre-clinical stage, many challenges need to be faced, and the 

combined efforts of both basic science and translational research will be needed to further 
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nanomedicine research and development. First, nanomedicines should exert superior 

antiretroviral efficacy. Second, nanomedicines should be able to efficiently overcome 

biological barriers to achieve the goal of HIV eradication from viral reservoirs. Third, 

nanomedicines should have an acceptable safety profile. Furthermore, most nanomedicines 

use only a single antiretroviral agent and one targeting ligand for proof-of-concept studies, 

thus, further research is needed to develop combinational therapies and multi-targeted 

nanomedicine platforms for antiretroviral optimization. Future nanomedicines that addresses 

these challenges may pave the way for HIV eradication and significantly contribute to an 

improved quality of life and life span for HIV-infected patients.
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3TC lamuvidine

AIDS acquired immunodeficiency syndrome

ART antiretroviral therapy

AZTTP azidothymidine 5′-triphosphate

BBB blood brain barrier

BMEC brain microvessel endothelial cells

BMM bone-marrow-derived macrophage

cART combination antiretroviral therapy

CMC critical micelle concentration

CNS central nervous system

CPPs cell-penetrating peptides

CSF higher cerebrospinal fluid

EMF electromagnetic force

EPR enhanced permeability and retention

FOLR folate receptor

GALT gut associated lymphoid tissue

HAART highly active antiretroviral therapy

HAD HIV-associated dementia

HAND HIV-associated neurocognitive disorder

HEM 2-hydroxyethyl methacrylate

HIV human immunodeficiency virus
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HIVE HIV-1 encephalitis

MDM monocyte-derived macrophages

MMA-SPM methylmethacrylate-sulfopropylmethacrylate

MND mild neurocognitive disorder

MP mononuclear phagocytes

MPPI mannosylated poly (propyleneimine)

MRP multi-drug resistance-associated protein

nanoART nanoformulated antiretroviral therapeutics

PEG polyethylene glycol

PEI-PEG polyethyleneimine-poly (ethylene glycol)

PEO poly (ethylene oxide)

Pgp P-glycoprotein

PMAM polyamidoamine dendrimers

PMMA polymethylmethacrylate

PPI poly (propyleneimine)

SLNs solid lipid nanoparticles

TAT transcactivating protein of HIV-1
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Figure 1. Schematic model illustrating the cell-mediated drug delivery for nanoformulated 
antiretroviral therapy (nanoART)
This schematic reflects the potential of long-acting antiretrovirals to reduce viral load and 

protect both CD4+ T cells and viral sanctuaries against HIV-1-associated injuries. Human 

HIV exposure through sexual transmission, blood transfusions, or maternal/fetal transfer 

results in chronic HIV infection (red virions). Infected patients are treated with nanoART 

(green particles), which can gain entry into monocyte-macrophages (center of picture), 

captured by blood-filtrating liver/splenic tissue macrophages and serve as a long-term drug 

depot leading to the suppression of viral replication and protection of CD4+ T cell numbers. 

The nanoformulations may also facilitate ART delivery to the CNS, spleen, lymph nodes 

and gut associated lymphoid tissue to reduce viral replication (green organs).
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Scheme 1. 
Synthetic scheme for chitosan-O-isopropyl-5′-O-d4T monophosphate conjugate.
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Scheme 2. 
Synthetic route for mPEG-succinyl-AZT conjugates.
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Scheme 3. 
Chemical structure of poloxamer block copolymer.
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Scheme 4. 
Chemical structures of liposomal components.
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Scheme 5. 
Representative solid lipids (fatty acids, glycerides, and waxes) for the preparation of SLNs.
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