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சுருக்கம்: 
அக்வையரட்் இம்்மமியூனோ�ோடெபிசியன்்சசி சிண்�்டட்்ரரோ ோம் (AIDS) என்பது ஹியூமன இம்்மமியூனோ�ோடெபிசியன்்சசி வைரஸ் 
(HIV) மூலம் ஏற்படும் உயிருக்்ககு ஆபத்தான நோ�ோயாகும். இதுவரை முழுமையான சிகிசச்ை கண்்ட டுபிடிக்கப்படவில்லை. 
சிகிசச்ைகளில் முன்னேற்றங்கள் இருந்தாலும், நோ�ோயாளியின் உடலிலிருந்்தது HIV வைரஸை முழுமையாக நீக்்ககுவது 
இதுவரை சவாலாகவே உள்ளது. HIV தொ�ொற்்றறுக்்ககு உள்ளானவரக்ள் வாழ்நாள் முழுவதும் சிகிசச்ை பருவத்்ததில் 
இருப்பாரக்ள். ஆனால் சமீபத்்ததிய நானோ�ோ தொ�ொழில்்நநுட்ப முன்னேற்றத்்ததின் மூலம், AIDS நோ�ோயை தீர்்வவுக்கான 
சிறப்்பபு மருந்்தது விநியோ�ோகத்்ததின் மூலம் நிரந்தரமாக சரிசெய்ய முடியும் என்ற சான்்றறுகள் கிடைத்்ததுள்ளன, இதில் 
நானோ�ோகணுக்கள் மருந்்தது வாகனங்கள்/கொ�ொள்கலன்களாக பயன்படுத்தப்படுகின்றன. நானோ�ோ தொ�ொழில்்நநுட்ப 
வழிகள் வழக்கமான சிகிசச்ைகளின் குறைகளை தாண்்ட டி செல்ல முடியும்; எடுத்்ததுக்காட்டாக, குறைநத உயிரியல் 
கிடைப்்பபுத்தன்மை, நச்்சசுத்தன்மை, நலிவடைநத நோ�ோய் எதிர்்பப்்பபு அமைப்்பபு மற்்றறும் இரத்த-மூளை தடையை கடந்்தது 
செல்்லலும் திறன் போ�ோன்றவை. HIV சிகிசச்ையில் முக்்ககியமாக உதவும் பல்வேறு நானோ�ோகணுக்கள் வாகனங்கள்/
கொ�ொள்கலன்களாக செயல்படுகின்றன. HIV தொ�ொற்்றறு பரவல் மற்்றறும் அதன் வழக்கமான சிகிசச்ையைப் புரிந்்ததுகொ�ொள்வது 
திறமையான நானோ�ோ மருந்்தது விநியோ�ோக அமைப்்பபுகளை உருவாக்்ககுவதற்்ககு முக்்ககியமானதாகும். இந்தக் கட்்டடுரை HIV 
பற்்றறிய முழுமையான பாரவ்ையை வழங்்ககுவதற்காக உருவாக்கப்பட்்டடுள்ளது. இதில் அதன் முன்னேற்றங்கள், செயல் 
முறை செயல்பாடுகள், நனமைகள், குறைகள் மற்்றறும் நானோ�ோ தொ�ொழில்்நநுட்பத்்ததின் மூலம் HIV-க்்ககு எதிரான எதிரக்ால 
நோ�ோக்கங்கள் பற்்றறிய விவரங்களை எடுத்்ததுக்்ககூறுகிறது. இதோ�ோடு, இந்த மதிப்்பபீடு HIV வைரஸின் தோ�ோற்றம், பெருக்்ககுதல், 
மருந்்தது மேமபாட்்டடின் வரலாறு மற்்றறும் நானோ�ோ தொ�ொழில்்நநுட்பத்்ததின் முன்னேற்றம் ஆகியவற்றைப் பற்்றறி முக்்ககியமாக 
பேசுகிறது.

Abstract:
Acquired immunodeficiency syndrome (AIDS) is a deadly disease caused by human immunodeficiency virus (HIV) that has 
no complete cure up to date. Even though there are advancements in treatments, complete elimination of HIV from a patient’s 
body seems to be a challenge so far. The HIV-infected patients will be in the treatment phase throughout their lifecycle. 
However, with the recent advancement in nanotechnology, sherds of evidence to obtain a permanent solution for treating AIDS 
through targeted drug delivery are reported where nanoparticles are employed as drug vehicles/carriers. Nanotechnology 
routes can overcome the limitations faced by conventional treatment like reduced bioavailability, toxicity, deprived immune 
system, and blood-brain barrier. There are various nanoparticles which acts as vehicles/carriers which significantly help in 
the treatment and cure of HIV. However, understanding the spread of HIV infection and their conventional treatment is 
substantial for developing efficient nano drug delivery systems. This article aims providing the overview of HIV, highlighting 
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mechanisms, advantages, limitations, and the future perspectives of HIV with the use of nanotechnology. In this
regard, this review emphasizes on the origin, replication, history of drug development, and nanotechnological
advancement for HIV treatment.

Keywords: HIV, AIDS, replication, blood brain barrier, nanotechnology, targeted delivery

Introduction

The human immunodeficiency virus (HIV) weakens the
immune system of the patient, which leads to a declined
immune response, and makes the patient prone to many
kinds of infections, diseases, and even cancer, resulting
in acquired immunodeficiency syndrome (AIDS) (1).
Researchers believed that HIV was transmitted to humans
by chimpanzee’s immunodeficiency virus from west Africa
called simian immunodeficiency virus (SIV) and mutated
as HIV during the period of hunting chimpanzees for
meat (2). It started to spread at a slow rate across Africa,
which was then established globally. HIV is transmitted
from one person to another through infected blood, vaginal
fluids, semen, shared drug needles, mother to baby during
pregnancy, breastfeeding, etc. (3–5). HIV is a retrovirus
categorized under the class of RNA viruses that inserts its
genetic material into human cells for replication (6). The
size of the HIV is ∼145 nm in diameter with a spherical
shape (7). The structure of HIV is shown in Figure 1. The
HIV genome has 2 kinds of genes, such as structural genes
and regulatory genes. Structural genes are group-specific
antigen (gag), DNA polymerase (pol), and envelope (env).
Regulatory genes are trans-activator of transcription (tat),
regulator of virion expression (rev), negative regulatory
factor (nef), viral infectivity factor (vif), lentivirus protein R
(vpr), and viral protein U (vpu) (8–13). Also, HIV has many
proteins and enzymes which help them with virus replication
in the host, which are summarized in Table 1.

There are 2 types of HIV, namely HIV-1 and HIV-2, where
HIV-1 is commonly referred to as HIV and is highly virulent.
In contrast, HIV-2 is a less virulent strain that is found
only in west Africa depletes the immune system at a very

FIGURE 1 | Structure of HIV (14).

low rate, and originated from SIV of the sooty mangabey
monkey (26). HIV-1 has different kinds of strains, such as
major (M), new (N), and outlier (O) groups. Group M is
a pandemic virus strain that emerged from Kinshasa in the
1920s (27). HIV can be diagnosed with the common earlier
symptoms such as fever, headache, sore throat, joint pain or
muscle aches, skin rash, swollen lymph nodes, etc., which
lasts up to 1–2 weeks (28). After many years of infection,
symptoms such as swollen lymph nodes, weight loss, extreme
tiredness, fever, night sweats, etc. start to show up and
persist (29). Further, diagnosing can be done in hospitals
to confirm the presence of a virus through antibody or
antigen tests conducted for the samples such as urine, saliva,
blood, etc. There are 3 stages of HIV infection, such as
stage 1—Acute HIV infection, stage 2—clinical latency (HIV
inactivity or dormancy), and stage 3—AIDS (30). During
stage 1, an HIV-infected patient develops a persistent flu-like

TABLE 1 | List of HIV protein and enzymes and their functions.

Sl.
no.

Protein/enzyme Description Ref.

1 Gp120 Glycoprotein presents on the HIV
envelope that helps HIV to bind to the
targeted cell receptor.

(15)

2 Gp41 Glycoprotein initiates fusion between
virus and the host cell membrane.

(16)

3 Integrase The enzyme which helps to insert HIV
viral DNA into CD4 T cells.

(17)

4 P24 core antigen Protein makes the core of HIV. (18)
5 P7 gag (group

specific antigen)
Nucleocapsid protein protects unspliced
genomic RNA by binding to RNA and
acts as a chaperone and helps in
packaging and viral assembly.

(19)

6 P9 gag Nucleocapsid protein is also a nucleic
acid-binding protein with the same
function as P7 gag.

(20)

7 Reverse
transcriptase

The enzyme which helps to convert the
viral RNA to viral DNA in the host cell

(21)

8 P17 matrix
antigen

Protein, which is surrounding the capsid,
holds the viral components.

(22)

9 Host cell protein It helps the virus to identify the target. (23)
10 HIV RNA It is a single-stranded nucleic acid and

carries genetic information that will be
transferred to new HIV by the
replication process.

(24)

11 Lipid layer It stabilizes the glycoprotein present in
HIV and improves sensitivity towards
binding with antibodies.

(25)
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illness within 4 weeks postinfection. Stage 2 is known as
asymptomatic or chronic HIV infection. In this stage, HIV
is found active but replicates slowly. At stage 3, patients
with AIDS experience severe illnesses called opportunistic
illnesses due to the weakening of the immune system (31).
Understanding the replication process can improve the
treatment technologies and eventually find a cure for the
disease.

HIV replication
Step 1 – Viral Attachment: HIV binds to the immune cell by
the attachment of glycoprotein Gp-120 to the CD4 protein
receptor and either the CCR5 or CXCR4 co-receptor on the
immune cell (32).
Step 2 – Entry: Fusion of viral envelope on cell
membrane makes the way for easy entry of HIV capsid
into immune cells.
Step 3 – Replication: After the entry of the HIV capsid
into the cell, the reverse transcriptase enzyme, which has
ribonuclease activity, degrades RNA while synthesizing
cDNA. Further, the reverse transcriptase enzyme makes
copies of cDNA. DNA polymerase makes coding DNA from
noncoding and coding complexs present in cDNA. cDNA
and the complement of cDNA forms into double-stranded
viral DNA and moves to the immune cell nucleus. Viral
DNA is incorporated into the genome of immune cells by
the assistance of the integrase enzyme. Integrated viral DNA
remains dormant in the latent stage of HIV infection.
Step 4 – Biosynthesis: The HIV-1 mRNA was translated
through a multifaceted process of translation initiation that
was facilitated by both cap-dependent and internal ribosome
entry site (IRES)-driven mechanisms during the biosynthesis
of HIV replication. Cellular factors, such as heterogeneous
nuclear ribonucleoprotein, have a significant impact on
enhancing the function of the HIV-1 5 untranslated region
IRES. These factors shuttle from the nucleus to the cytoplasm,
where they assist in the initiation of IRES-mediated
translation. Factors such as Rev are crucial in mRNA
export, polysomal association, and overcoming translational
inhibition. Furthermore, influencing HIV-1 IRES activity in
the cytoplasm involves variations associated with specific
IRES transacting factors. Early in the infection, the virus
shows its ability to alter host machinery to generate viral
proteins and finally release infectious virions by competing
with cellular machinery for ribosomes and eukaryotic
translation initiation factor (33).
Step 5 – Assembly: Coordinating the production of viral
particles depends significantly on the gp120 glycoprotein
in the HIV envelope reaching the cell membrane. The
method comprises the attachment of viral RNA, Gag (p55),
and Gag-Pol (p160) polyproteins, to the plasma membrane.
This interaction triggers the initiation of the development
of an immature viral bud. This undeveloped structure

FIGURE 2 | Pathway of HIV replication (35).

lacks the ability to spread and causes the bending of the
membrane, mostly because of the existence of unprocessed
Gag polyproteins. The viral protease enzymes play a crucial
role in the cleavage of Gag, which is necessary for the
development of the virion. The occurrence of this cleavage
event initiates a sequence of structural changes that result in
the formation of fully developed HIV particles. The mature
virions are composed of specific structural elements, such as
the matrix, capsid, and nucleocapsid proteins, which play a
crucial role in the virus’s ability to infect and replicate (34).
Step 6 – Release: Mature HIV virus released from the cell
starts infecting other cells.

Likewise, HIV starts infecting gradually to other cells
and enters the brain, causing neuro AIDS. The complete
replication of HIV is illustrated in Figure 2.

HIV in brain

HIV-1 infection spreads to the central nervous system (CNS)
and peripheral nervous system (PNS) causing 30–50% of
patients to have neuro AIDS which leads to a decline in brain
functions like movement, change in behavior, and mood
(36). This condition is termed HIV associated neurocognitive
disorder (HAND). HAND is classified into asymptomatic
HAND/asymptomatic neurocognitive impairment, sHIV
associated dementia, and minor neurocognitive disorder
(37). The virus present in the brain compartment cannot
be completely eradicated because of the HIV-associated
neurocognitive diseases was caused in part by the persistence
of HIV within the CNS, neurotoxicity, difficulties in therapy
penetration, individual variability in disease development,
and lack of consistent treatment protocols (38). So,
understanding the mechanism behind the migration of HIV
infection across the blood brain barrier (BBB) is very much
required.
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FIGURE 3 | Migration of HIV-1 across blood brain barrier (39).

Migration of HIV across BBB

The entry of monocytes/macrophages into the brain occurs
as a result of the disturbance of endothelial tight junction
proteins, namely occludin and zonula occludens-1. The HIV
Tat protein stimulates astrocytes and microglia to produce
an excessive number of chemokines, which in turn leads
to the infiltration of leukocytes into the CNS (Figure 3).
Similarly, Gp120 plays a crucial role in the development of
nerve damage and programmed cell death in HIV infection
(40). A remarkable function of the Tat protein as a stimulant
for growth has been suggested, leading to the movement
of HIV-infected cells across cell barriers and into the CNS.
NeuroAIDS was not influenced by the level of HIV in the
body and instead is associated with the extent of monocyte
infiltration, which occurs after the activation of microglia
in the brain. HIV-1 targets exclusively CD4-expressing cells
with either CXCR4 or CXCR5. HIV-1 strains that specifically
target CXCR5 mostly infect macrophages and are therefore
categorized as M-tropic. Conversely, strains that target
CXCR4 primarily infect T cells and are classified as T-tropic
(41). HIV-1 R5 strains that are macrophage-tropic (mac-
tropic) have the ability to infect macrophages that have low
levels of CD4 expression. Conversely, nonmacrophage tropic
(nonmac-tropic) HIV-1 R5 variants mostly target CD4+ T
cells and need a high degree of CD4 expression. The brain
tissue is mostly occupied by HIV-1 R5 variations that have a
strong affinity for macrophages. These variants can be found
in the CSF, but their presence in immunological tissue or the
blood is rare, especially in advanced stages of the disease.
The primary HIV reservoir in microglia and macrophages
is established by adapting HIV-1 R5 envelopes (mac-tropic
HIV-1 R5 envs) to replicate in these cells. This is due to
the presence of these envelopes in brain tissue. Furthermore,
the process by which the HIV-1 virus spreads from infected
macrophages and forms a reservoir can be elucidated as
the result of direct interactions between infected T cells
and macrophages. This interaction leads to the merging of

cells, facilitating the rapid and extensive transmission of
R5 tropic viruses to macrophages. The merged cells possess
the capability to amalgamate with adjacent noninfected
macrophages, resulting in the formation of multinucleated
giant cells (42).

HIV conventional treatments
Anti-retroviral therapy (ART)
During the year 1964, there was a claim that azidothymidine
(AZT) or zidovudine, belonging to the class of nucleoside
reverse transcriptase inhibitors (NRTIs), was a potential
drug for cancer therapy, but it did not get approval as it
is not effective against cancer (43). However, in the 1980s,
the National Cancer Institute conducted a screening test of
AZT against HIV/AIDS and found it effective. The British
pharmaceutical company Burroughs Wellcome evaluated the
AZT drug against AIDS and found that it declined death
and opportunistic illness (44). In March 1987, AZT received
approval from the U.S. Food and Drug Administration as the
first drug to combat AIDS (45). Through further research on
AZT, the AIDS clinical trial group (ACTG) 016 clinical trial
found that by lowering the therapeutic dosage, serious side
effects of the drug can be reduced. The ACTG 019 clinical
trial evaluated the benefits of AZT that if administrated
before stage 3, there is a considerable delay in progression to
AIDS (46). Further, to improve the efficacy of the treatment,
ART is provided with a combination of drugs.

Two-drug therapy or combination
ART (cART)

During ART treatment, the replication of HIV results in
mutation. These mutations will alter the virus properties and
display resistance to ART drugs. Hence, researchers started
to evaluate the effect of combining drugs and develop an
environment that becomes difficult for the virus to resist.
During that time, a study funded by the National Institute
of Allergy and Infectious Disease (NIAID) examined the
impact of combining AZT with another NRTI drug called
Dideoxycytidine (ddC). The results demonstrated that this
combination was more effective than using AZT alone (47).

Three-drug therapy or highly active
antiretroviral therapy (HAART)

In 1996, scientists made a significant discovery regarding
the effectiveness of triple-drug therapy in suppressing the
replication of HIV, specifically targeting a mutant strain
of the virus. A successful version of ART by triple drug
therapy is highly efficient and is termed HAART (48). The
high efficiency may be due to the discovery of a new class
of protease inhibitor ART drug: saquinavir. The protease
inhibitor got its first approval from the FDA in 1995. In the
year 1996, NIAID supported a clinical trial to evaluate the



12 Pavithra et al./Arashi Journal of Metals & Material Sciences (2024) 1(1): 8–20

TABLE 2 | Anti-retroviral therapy drug classes.

Sl.
no.

Drug class Drug name Brand name FDA approval
date (D/M/Y)

1 NRTIs which block reverse transcriptase Zidovudine Retrovir 19/3/1987
Lamivudine Epivir 17/11/1995
Abacavir Ziagen 17/12/1998
Tenofovir DF Viread 26/10/2001
Emtricitabine Emtriva 2/7/2003

2 Non-NRTIs alter reverse transcriptase Efavirenz Sustiva 17/9/1998
Etravirine Intelence 18/1/2008
Nevirapine XR Viramune 25/3/2011
Rilpivirine Edurant 20/5/2011
Doravirine Pifeltro 30/8/2018

3 Protease inhibitors block HIV protease Saquinavir Invirase 6/10/1995
Ritonavir Norvir 1/3/1996
Atazanavir Reyataz 20/6/2003
Fosamprenavir Lexiva 20/10/2003
Tipranavir Aptivus 22/6/2005
Darunavir Prezista 23/6/2006

4 Fusion inhibitors prevents entry to CD4 cells Enfuvirtide Fuzeon 13/3/2003
5 CCR5 antagonists block CCR5 co-receptors Maraviroc Selzentry 6/8/2007
6 Integrase inhibitors block HIV integrase Raltegravir Isentress 12/10/2007

Dolutegravir Tivicay 13/8/2013
7 Pharmacokinetic enhancers increase the

effectiveness of an HIV medicine
Cobicistat Tybost 24/9/2014

8 Postattachment inhibitors: block CD4
receptors

Ibalizumab-uiyk Trogarzo 6/3/2018

9 Combination HIV Medicines: contain two or Lamivudine and zidovudine Combivir 27/9/1997
more HIV medicines from one or more drug Lopinavir and ritonavir Kaletra 15/9/2000
classes. Abacavir, lamivudine, and zidovudine Trizivir 14/11/2000

Abacavir and lamivudine Epzicom 2/8/2004
Emtricitabine and tenofovir disoproxil fumarate Truvada 2/8/2004
Efavirenz, emtricitabine, and tenofovir disoproxil
fumarate

Atripla 12/7/2006

Emtricitabine, rilpivirine, and tenofovir disoproxil
fumarate

Complera 10/8/2011

Elvitegravir, cobicistat, emtricitabine, and tenofovir
disoproxil fumarate

Stribild 27/8/2012

Abacavir, dolutegravir, and lamivudine Triumeq 22/8/2014
Atazanavir and cobicistat Evotaz 29/1/2015
Darunavir and cobicistat Prezcobix 29/1/2015
Elvitegravir, cobicistat, emtricitabine, and tenofovir
alafenamide

Genvoya 5/11/2015

Emtricitabine, rilpivirine, and tenofovir alafenamide Odefsey 1/3/2016
Emtricitabine and tenofovir alafenamide Descovy 4/4/2016
Efavirenz, lamivudine, and tenofovir disoproxil
fumarate

Symfi Lo 5/2/2018

Bictegravir, emtricitabine, and tenofovir alafenamide Biktarvy 7/2/2018
Lamivudine and tenofovir disoproxil fumarate Cimduo 28/2/2018
Efavirenz, lamivudine, and tenofovir disoproxil
fumarate

Symfi 22/3/2018

Darunavir, cobicistat, emtricitabine, and tenofovir
alafenamide

Symtuza 17/7/2018

Dolutegravir and lamivudine, and tenofovir disoproxil
fumarate

Delstrigo 30/8/2018

Dolutegravir and lamivudine Dovato 8/4/2019



Acquired immunodeficiency syndrome: A walk through from its origin to nanotechnology-based treatment 13

efficacy of HAART over cART and showed the combination
of saquinavir, ddC, and AZT showed better performance
than ddC and AZT. This three-drug combination has the
ability to reduce the viral count in blood to an undetectable
range for 1 year for patients who have a history of taking
AZT alone. However, there will be also a few active forms
of virus proliferation that remain intact during HAART.
This is caused due to the skipping of drugs by the patients
during treatment since HAART is a lifelong treatment (49).
Currently, HAART serves as an inhibitor for the replication
process, reverse transcription, protein maturation, and the
integration of viral DNA into host chromosomes (50). This
action activates the viral proliferation, i.e., replication other
than intentions that cannot be followed by the physicians.
In a clinical trial, researchers found that missed doses cause
neurocognitive defects and issues such as amnesia, insomnia,
infirmity, and depressed.

Further development in therapy

The limitations of drugs, such as toxicity and drug resistance
development, are still present. Researchers have been aware
that CD4 is the primary HIV receptor on immune cells
since the 1980s. However, in the mid-1990s, researchers
discovered that HIV strains used CXCR4 as a co-receptor
to enter immune cells. Researchers, driven by inspiration,
conducted a thorough search for additional co-receptors and
discovered that HIV also uses CCR5 as a co-receptor to infect
immune cells (51). The FDA approved the advancement of
maraviroc, a medication that blocks the CCR5 receptor, in
2007. In 2007, researchers discovered a significant class of
drugs known as integrase inhibitors (52), such as raltegravir,
which they used in conjunction with ART. However, HIV can
develop resistance to these drugs through various pathways.
Therefore, there might be a chance of developing resistance
to the first-generation integrase inhibitor (elvitegravir). In
2013, the second generation of integrase inhibitors got
approval from the FDA, and the drug name is dolutegravir,
which shows the greatest barrier to the development of
drug resistance in HIV. The clinical trial evaluation found
that dolutegravir was effective against patients who had
not taken HIV therapy but ineffective against those who
had treatment, including those who took first-generation
integrase inhibitors. Dolutegravir has additional advantages,
such as convenience for daily dosing, safety, and low
production costs. Table 2 summarizes the many ART drugs
currently available.

Disadvantage of using conventional
treatments

Daily dosage for patients causes inconvenience since it has
no complete cure and has to intake throughout their lives,
causing side effects (53). Even though conventional treatment
is administered latently (the resting state where it remains
silent and does not produce new HIV but anytime it can

be active and produce more HIV), HIV escapes from the
treatment and exists in the cell reservoir. Cells that hide as
inactive forms remain in secondary lymphoid tissues, the
CNS, lymph nodes, or the lungs and cannot be accessed
by antiretroviral drugs. The anti-retroviral drugs still have
drawbacks like low solubility and poor bioavailability (54).
The continued intake of drugs for a prolonged time leads to
the development of drug resistance by HIV.

Challenge in treatment of neuro-AIDS

The primary challenges are the complex structure of
BBB, weak biodistribution, and poor pharmacokinetics.
The presence of a large number of mitochondria and a
low amount of pinocytotic activity in brain microvessel
endothelial cells declines the delivery of antiretroviral
drugs across the BBB (55). Moreover, the upregulation
of p-glycoprotein (p-gp) impedes the penetration of
several types of medications, including protease inhibitors,
antiepileptic pharmaceuticals, and anti-inflammatory
compounds, across the BBB (56). For a novel therapeutic
approach, a drug delivery system should possess properties
like site targeting, enhanced drug penetration, and effective
drug delivery. To attain these properties, the concept
of targeted drug delivery comes into existence, where
nanocarrier helps the drug to reach the HIV-infected cells
and deliver it.

Role of nanotechnology in HIV
treatment
To achieve effective treatment for HIV-infected individuals,
all HIV reservoirs must be removed. So, researchers have
been developing drug delivery systems to reduce dosage,
increase CNS efflux, and enhance site-specific delivery to
improve efficiency with limited toxic effects of ART drugs
(57). Here comes the advancement of nanotechnology
towards the development of novel nanotechnology-based
ART drug delivery techniques that display declined side
effects. There are various kinds of nanotechnology-based
approaches that can enhance the delivery of ART drugs
(nano-ART) across the BBB, leading to the increased
biodistribution and efficacy, which includes solid lipid
nanoparticles, polymeric nanoparticles, nanogels, nano-
emulsions, nano-suspensions, nano-spheres, nano-micelles,
liposomes, lipid drug conjugates, nanostructured lipid
carriers, etc. (58, 59). These nanotechnology carriers may
administer existing HIV medications in a regulated and/or
targeted way, therefore enhancing drug bioavailability and
prolonging residence duration at target areas, significantly
improving the quality of life for HIV patients (60). Owing
to the better results displayed by the targeted drug delivery,
various nano carriers are under preclinical trials for the
treatment of neuro aids (54, 61). Some of the nanocarriers
utilized for ART drug delivery are discussed below.
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Liposome based drug delivery system

Liposome is one of the majorly used nano-drug targeting/
delivery systems owing to its low toxicity and long circulation
stability (62). Liposomes can penetrate deep into the bi-
lipid layer of the cell membrane through endocytosis, and
drugs can be delivered at the targeted site, i.e., within the
cells (63). Also, it was reported that the liposomes not
only target the drug to a specific site but also protect the
drug from the physiological environment (64). It is well
known that the replication of HIV cells takes place in
mononuclear phagocyte system (MPS), and liposomes are
readily taken up by the macrophages because of its size range.
The uptake of liposomes by the macrophages suggests that
liposomes can act as the carrier for the anti-HIV agent (65).
Oussoren et al., (66) prepared liposomes as a carriers for
encapsulating the dideoxycytidine-5’-triphosphate (ddCTP)
to target MPS. The efficiency of ddCTP-encapsulated
liposomes was evaluated in-vivo conditions where the
reduction in provirus DNA was noted. At first, the
C57BL/6 mice were injected with LP-BM5 murine leukaemia
virus which causes murine immunodeficiency syndrome
(MAIDS), that is similar to HIV. For the treatment of
MAIDS, free ddCTP drug was injected via intraperitoneal
administration to LP-BM5-infected mice (control). Also,
MPS-targeted liposome-encapsulated ddCTP was injected
via intraperitoneal administration to LP-BM5-infected mice
(specimen). The results showed that the control drug was
quickly absorbed into blood circulation after administration
and degraded by the body fluids. But, while injecting
liposome-encapsulated ddCTP drug, considerable reduction
of provirus DNA in spleen and bone marrow was observed.
However, there was no reduction observed in lymph
nodes, and also, other HIV-targeted cells such as CD4+

T lymphocytes, were not efficiently targeted by liposome
carriers. These limitations can be overcome with the help
of surface modification with molecules that can specifically
target CD4+ T lymphocytes. Bronshtein et al., (67)
conducted a study to explore a novel treatment strategy for
treating HIV. The technique included directing cell-derived
liposomes specifically towards cells infected with HIV. The
liposomes were synthesized using cytoplasmic membranes
derived from cells expressing CCR5, a human receptor for
gp120, on the surface of virions and HIV-infected cells. Cell-
derived liposomes demonstrated the ability to selectively
target gp120-expressing HIV model cells, as seen in in vitro
investigations. The efficacy of the system was demonstrated
by encapsulating EDTA in liposomes where EDTA acts
as an enzyme inhibitor to HIV-infected cells, exhibiting a
cytotoxic effect specifically to HIV-infected cells. Liposomes
produced from cells and containing EDTA resulted in a
60% decrease in the survival of cells expressing gp120 while
having no impact on control cells that do not express
gp120. In essence, this research presents evidence of the
precise targeting and destructive impact of CCR5-conjugated
cell-derived liposomes on gp120-expressing HIV model cells.

This suggests a promising new therapeutic strategy for
treating HIV.

Kenchappa et al. (68) used liposomes as carriers for
loading efavirenz (EFV) and glutathione (GSH). The primary
objective of the study was to elucidate the human monocytic
leukemia (THP-1) cell viability and ROS scavenging behavior
after intracellular intake of liposomes containing EFV (with
and without GSH). The results substantiated that the use of
liposomes increased the presence of EFV in the macrophages,
improved the quenching of ROS by GSH, and considerably
improved the cell viability when EFV and GSH were loaded
(Figure 4). Kheoane et al., (69) targeted liposomes as
a prospective means of increasing the bioavailability of
anti-HIV drugs, including EFV. Existing combinations
of anti-HIV medications are poorly absorbed due to
several factors, including low solubility, fast elimination,
and extensive first-pass metabolism. In this study, the
incorporation of drug absorption enhancers (DAEs) into the
liposomes was studied to raise the bioavailability of EFV.
Liposomes composed of various lipid combinations, such
as DOPC:CHOL and DSPC:CHOL:DPPC, demonstrated
optimal outcomes regarding drug entrapment, release,
and permeability. Despite this, certain formulations
demonstrated reduced biocompatibility with hepatic cells.
Nonetheless, the liposomes exhibited potential for sustained
release and enhanced drug loading, positioning them as a
promising platform for anti-HIV drug delivery.

Polymer micelle-based drug delivery
system for HIV treatment

Polymeric micelles are made up of block polymers that self-
assembles as core-shell structures (70). They are homogenous
systems, where polymer chains are arranged in a similar
fashion as that of surfactants during micelle formation.
A hydrophobic core and a hydrophilic shell form the
architecture of polymeric micelles (71). Therefore, both
hydrophobic and hydrophilic drugs can be efficiently
loaded in polymeric micelles. The targeting ligands can be
encapsulated within the carrier, or absorbed over the surface,
or even linked to the surface of the carrier depending upon
the nature of the ligand. Polymeric micelles can target HIV
reservoir sites in macrophages through the opsonization
process. Therefore, when the drug was encapsulated within
the polymeric micelles, the drug will be released during the
opsonization process, where infected macrophages will be
delivered with encapsulated drug (72). Also, it was reported
that the polymeric micelles have the ability to cross BBB
and deliver anti-HIV medications through phagocytosis
delivery (73).

Chiappetta et al. (74) studied the influence of micellar size,
composition, and drug payload on the effects of different
intranasal drugs targeting HIV in CNS. They examined
simple micelles made of poloxamer F127 (a copolymer
with high hydrophilicity) and mixed micelles made of
75% T904 and 25% F127 loaded with EFA. From the
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FIGURE 4 | (A) Influence of pure EFA and GSH on cell viability, (B) Influence of liposome on the cell viability, (C–F) represent merged fluorescent
images (68).

results, it was substantiated that the composition of the
nanocarrier plays a crucial role in drug absorption from the
nasal mucosa. Here, the T904 enhanced the encapsulation
capacity of micelles, enabling more payload of the drug.
This resulted in an increased bioavailability of EFA in the
CNS. Another study by Chiappetta et al. (75) investigated
the co-micellization of Pluronic F127, a poloxamer renowned
for its strong hydrophilic properties, with the comparatively
more hydrophobic poloxamines Tetronic T304 and T904.
By combining these polymers in various weight ratios, a
substantial improvement in solubility was achieved, with
a remarkable increase from 4 µg/ml to over 33 mg/ml.
Micelles containing drugs demonstrated enhanced physical
stability over time in comparison to micelles composed
solely of poloxamine. In the case of encapsulation efficiency
(EE), mixed micelles were shown to be superior to pure
counterparts F127 and T904. However, the F127 micelles
with T304 resulted in a lower EE. The results of the
investigation showed that the hydrophobicity of the system
was much influenced by the presence of T304 and T904.
The size and fluidity of the binary system were greatly
influenced by the F127. Pediatric HIV treatment based
on the poloxamer/poloxamine systems have demonstrated
remarkable efficacy as nanocarriers for oral medication
delivery.

Polymeric micelles can also be used as vaccines instead
of drug delivery vehicles. Lamrayah et al. (76) employed
polylactide-based block copolymers of 105 nm as a
vaccine for HIV infection. Here, the antigenic protein
p24 from HIV 1 was conjugated with the corona of
polymeric micelles. Further, immunization activity of p24-
conjugated micelles was studied against a standard mice
model (Figure 5) and compared with gold standards and
unconjugated micelles. The results substantiated that the
p24-conjugated micelles displayed quantitatively improved
immune response, indicating the potential of polymer
micelles in vaccine development.

Dendrimer based drug delivery system
for HIV treatment

Dendrimers are branched macromolecules which can be
loaded with drugs, targeting ligands, and imaging agents
for effective diagnosis and treatment (77). For effective
attachments of the drug molecules, dendrimers surface
charge can be altered as positive, negative, and neutral.
Dendrimers have three components: a central core, an
interior shell to the core’s surrounding, and the surface (78).
The 3D morphology of dendrimers mostly relies on the core,
while the inner shells govern the host-guest characteristics.
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FIGURE 5 | Fluorescence tomography used to track the distribution of fluorescent micelles over time after they were administered by the SC
route in mice model (76).

The surface functional groups possess an ionic charge and
exhibit several reactive sites. The core structure and the
number of branching units in the inner shell determined
the shape of the dendrimers. The number of branching
points determines dendrimer generations, with each layer of
branching corresponding to a specific generation. The first
layer of branching was referred to as the first generation (G1),
the second layer as the second generation (G2), and so on.
Generations are designated by the labels G1, G2, G3, etc. (79).
Dinesh kumar et al., (80) synthesized PEGylated G4 and G5
polyamidoamine (PAMAM) dendrimers as carriers for the
anti-HIV medication lamivudine. The G4 and G5 PAMAM
dendrimers were synthesized by Michal addition and amidate
reaction with an ethylene diamine core, and the surface
was PEGylated using MPEG 4-nitrophenyl carbonate.
Synthesized G4 or G5 PAMAM dendrimers were PEGylated
by reacting them with M-PEG 4-nitrophenyl carbonate, and
the resulting reaction mixture was dialyzed against distilled
water for 72 h to give PEG-PAMAM dendrimers (Figure 6).
The Lamivudine drug was incorporated into both PEGylated
and non-PEGylated PAMAM dendrimers by dissolving them
in methanol and then combining them with an aqueous
solution of the medication. The elimination of unbound
medication from the formulation was performed by dialyzing
it in a cellulose dialysis bag using double-distilled water.
When examining the physical and chemical characteristics
of PEGylated and non-PEGylated PAMAM dendrimers,
including UV, IR, TEM, DSC, drug entrapment, drug release,
and hemolytic toxicity, it was found that PEGylation of
PAMAM dendrimers decreases surface toxicity from 25% to
2%, enhances drug loading capacity, and extends the duration
of drug release. As a result, PEGylated PAMAM dendrimers
are well-suited for use as drug delivery vehicles.

Daniel et al., (78) investigate the possibility of microbicides
made from polyanionic carbosilane dendrimer-conjugated
antiviral medicines stopping HIV transmission. Its main
emphasis is on the proficiency with which Tenofovir
(TFV) and Maraviroc (MRV) prevent infection. It highlights
the structural advantages of dendrimers in enhancing
medication transport and targeting many phases of the
HIV life cycle, thereby increasing effectiveness and lowering
resistance. The study employed in vitro assessments to
evaluate the effectiveness of different dendrimer-drug

combinations against R5 and X4 HIV-1 strains. A fixed
ratio of 10:5:1 was used for G2-STE16/TFV/MRV, G1-
S16/TFV/MRV, and G2-S24P/TFV/MRV. A method known
as the Chou and Talalay method was used to assess drug
interactions and calculate combination indexes (CIs) in
order to determine if there was synergy. Additionally,
clinical trials (MTN-007 and MTN-017) were referenced to
investigate the safety and acceptability of TFV formulations.
The results indicate that these unique combinations have
the potential to greatly improve antiviral effectiveness,
offering a hopeful approach to HIV prevention. Royo-
Rubio et al., (81) examined the use of PEGylated cationic
dendrimers for the delivery of microRNAs (miRNAs) as
a prospective treatment strategy against HIV-1 infection.
The study emphasizes the drawbacks presented by HIV-
1, including treatment resistance and the capacity of the
virus to form reservoirs in different cell types. The findings
indicate that certain anti-HIV-1 miRNAs, when combined
with dendrimers (called dendriplexes), are highly effective in
stopping HIV-1 infection. This opens up the possibility of
creating new treatments to fight the virus. The study shows
that dendrimers can successfully capture and shield miRNAs,
making them more stable and better at reaching the cells

FIGURE 6 | Schematic for the synthesis of PEGylated PAMAM
dendrimers (80).
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they need to target. This is a new and innovative approach.
The research highlights the importance of developing
advanced drug delivery methods to overcome the challenges
in managing HIV-1.

Niosomes-based drug delivery system
for HIV treatment
Niosomes are similar to liposomes, as they both are the types
of vesicles, but the composition of their membranes differs.
Niosomes are formed by combining uncharged monomeric
surfactants and cholesterol, whereas liposomes are formed by
combining neutral or charged double-chain phospholipids.
Niosomes are lipid bilayer vesicles composed of nonionic
surfactant monomers (82). Nonionic surfactants facilitate
the formation of unilamellar and multilamellar vesicles,
which serve as cost-effective drug delivery systems exhibiting
physical properties similar to liposomes (83). These synthetic
monomers spontaneously self-assemble into niosomes upon
the addition of water. Niosomes are reported to have higher
entrapment efficiency and show excellent metabolic stability
(84). The use of niosomes encapsulated with anti-HIV drugs
has been demonstrated to effectively overcome conventional
drawbacks associated with anti-HIV drugs, such as transport
barriers and drug elimination issues (85).

Witika et al. (86) developed an optimized method for
the preparation of niosomes for encapsulating NVP, a drug
used to treat HIV/AIDS. The niosomes were prepared
using a process called thin layer hydration (Figure 7).
The production parameters were optimized using design of
experiments and response surface methods. The niosomes
were prepared with two different types of Span® surfactants
(Span® 20 and Span® 80). The parameters such as cholesterol,
surfactant content, hydration time, and temperature were
optimized. This research aims to characterize niosomes by
evaluating key quality characteristics (CQA) such as particle
size (PS), entrapment efficiency (EE), polydispersity index
(PDI), and the quantity of NVP released after 48 h. The
study found that the optimized niosome composition had
a mean PS of 523.36 ± 23.16 nm, PDI of 0.386 ± 0.054,
EE of 96.8%, and NVP of 25.3% released at 48 h for Span®
20 niosomes, while the mean PS was 502.87 ± 21.77 nm,
PDI was 0.394 ± 0.027, EE was 98.0%, and 25.0% NVP was
released at 48 h for Span® 80 niosomes. The niosomes were
stable for 12 weeks at 4 ± 2 ◦C and 22 ± 2 ◦C. Hence, a
simple, cheap, rapid, and precise method for manufacturing
NVP niosomes and demonstrating the product’s target
CQA. Nikravesh et al. (87) enhanced the movement of
the anti-HIV drug tenofovir within cells by including the
trans-acting activator of transcription (TAT) peptide in a
novel PEGylated niosomal formulation (PEG-NI) using the
thin-film hydration technique. The researchers conducted
a comparison of the morphological and in-vitro effects of
tenofovir-loaded TAT-conjugated niosomes (TAT-NI1s) and
PEGylated niosomes. The study revealed that the TAT-NI1
with tenofovir had an average size of 208 ± 9.004 nm, a PDI
of 0.39 ± 0.008, and an EE of 75 ± 2.516%. The MTT assays

FIGURE 7 | TEM of an optimized Nevirapine (NVP) niosome (86).

yielded the IC50 values, which represent the cytotoxicity
levels, for the various formulations as follows: PEG-NI at
65.41 µM, empty PEG-NI at 37.04 µM, TAT-NI1 at 41.02
µM, free Tenofovir at 43.07 µM, and TAT peptide at 37.12
µM. According to the data, it can be concluded that PEG-
NI exhibited the highest level of cytotoxicity, while TAT-NI1
demonstrated a moderate level of cytotoxicity compared to
the other treatments.

Table 3 provides a summary of the advantages and
limitations of different types of nanocarriers that can be
used for drug delivery. Each nanocarrier has its unique
set of advantages and drawbacks, which must be carefully
considered when selecting the appropriate carrier for a
specific drug delivery application. Dendrimers have an
advantage of increased delivery of antiviral siRNA across
in vitro BBB but have unpredictable drug release kinetics
and can induce cytotoxicity (88). Polymeric micelles have
an advantage of increased efficacy for delivering anti-
retroviral drugs across in vitro BBB and animal models,
but their instability can lead to unpredictable drug release,
and they need improvement in selectivity (89). Liposomes
naturally penetrate BBB, but they have declined drug EE
and require PEGylation to improve stability (90). Niosomes
are inexpensive and can entrap drugs efficiently but have a
limited shelf life, leading to drug leakage due to hydrolysis,
fusion, or leaching, and extensive studies are required (91).

Current challenges and future
prospects of nanotechnology
in HIV treatment
Nanotechnology holds the potential of novel approaches for
HIV treatment; however, it faces several challenges. The
recent challenges include the proper delivery of antiretroviral
drugs into latent HIV reservoirs, the BBB penetration
required to manage HIV-associated neurocognitive disorders
effectively, and the biocompatibility and potential toxicity
of nanomaterials. A very important challenge remaining is
the high cost related to the development of nanotechnology-
based therapies, which is a significant barrier to its
acceptance and use in resource-constrained settings. Despite
these challenges, the prospects for nanotechnology in HIV
treatment seem promising, especially with the advancement
of targeted drug delivery systems and multifunctional
nanocarriers. These innovations can revolutionize HIV
therapy by allowing for sustained drug release, reducing
side effects, and eliminating latent viral reservoirs, which
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TABLE 3 | Nano-ARTs advantage and limitations.

Sl.
no.

NPs types Advantage Drawbacks Required
improvements

1 Dendrimers
(78)

Increased
delivery of
antiviral
siRNA across
in-vitro BBB.

Unpredictable
drug release
kinetics. Induce
cytotoxicity.

Extensive
studies are
required.

2 Polymeric
Micelle
(92)

Increased
efficacy for
delivering
anti-retroviral
drugs across
in-vitro BBB
and animal
models.

Instability of
particle leads to
unpredictable
drug release.

Need to
improve
selectivity.

3 Liposomes
(66)

Naturally
penetrate BBB

Declined drug
encapsulation
efficiency

PEGylation
can be
performed to
improve
stability.

4 Niosomes
(87)

They are
inexpensive
compared to
liposomes,
and they can
entrap the
drug
efficiently.

Shelf life is
limited as it can
undergo
hydrolysis,
fusion, or
leaching and
result in leakage
of entrapped
drug.

Extensive
studies are
required.

can advance the pursuit of a functional cure or total
eradication of the virus.

Summary

HIV remains a major health concern as there is still no cure
available for this deadly disease. Despite significant progress
made in the development of antiretroviral therapies, HIV-
infected patients must undergo lifelong medication and face
the risk of viral resistance. The difficulty in eradicating the
virus from the body is due to its ability to integrate into host
cells and persist in reservoirs, making complete elimination
a significant challenge. Nevertheless, drug delivery methods
using nanotechnology have shown remarkable results in
overcoming the constraints of traditional HIV therapies.
Nanoparticles can effectively target and deliver drugs to
specific cells, enhancing drug efficacy while reducing toxicity
and side effects. Moreover, they can potentially overcome
the blood-brain barrier, which is a significant challenge
in treating neuro AIDS, improving drug delivery to the
central nervous system. Despite the preclinical stage of
nanotechnology-based treatments for HIV, studies have
demonstrated their effectiveness in enhancing immune
responses, preventing transmission, and improving viral
suppression. Further research and development are necessary
to overcome the drawbacks of the nanocarriers for clinical

practice, leading to the development of effective and
efficient HIV therapies.
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