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A B S T R A C T

In spite of introduction of combination antiretroviral therapy (cART) against human immunodeficiency virus
(HIV) infection; inaccessibility and poor adherence to oral cART costs 10 in 100,000 death worldwide. Failure in
adherence leads to viral rebound, emergence of drug resistance and anticipated HIV infection in high risk in-
dividuals. Various Long-acting antiretroviral (LA ARV) nanoformulations including nano-prodrug, solid drug
nanoparticles (SDN), nanocrystals, aspherical nanoparticles, polymeric and lipidic nanoparticles have shown
plasma/tissue drug concentration in the therapeutic range for several weeks during pre-clinical evaluation. LA
ARV nanoformulations therefore have replaced cART as better alternative for the treatment of HIV infection.
Cabenuva™ is recently approved by Health Canada containing LA cabotegravir+LA rilpivirine nanocrystals
(ViiV healthcare) for once monthly administration by intramuscular route. The LA nanoformulation due to its
nanosize insist on better stability, delivery to lymphatic, slow release into systemic circulation via lymphatic-
circulatory system conjoint and secondary drug depot within infiltered immune cells at site of administration
and systemic circulation in contrast to conventional drugs. However, the pharmacokinetic, biodistribution and
efficacy of LA nanoformulations hinge onto physicochemical properties of the drugs and route of administration.
Therefore, current review emphasizes on these contradistinctive factors that affects the reproducibility, safety,
efficacy and toxicity of LA anti-HIV nanoformulations. Moreover, it expatiates on application of profuse nano-
formulations for long-acting effect with promising preclinical discoveries and two clinical leads. To add on,
utilization of physiology-based and mechanism-based pharmacokinetic modelling and in vivo animal models
which could lead to enhanced safety and efficacy of LA ARV nanoformulations in humans have been included.

1. Introduction

The advent of combination antiretroviral therapy (cART) in 1995
led to successful chronic management of human immunodeficiency
virus (HIV) infection [1]. However, only 24.5 million people among

37.9 million HIV infected population were accessing cART by the end of
June, 2019 [2,3]. Currently, there are 1.7 million children (< 15 years)
[2] and 4.2 million older adults (> 50 years) [4] infected with HIV who
are more prone to failure of treatment adherence due to the complexity
of cART [5]. Almost ten deaths per 100,000 people all over the world
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[6] occur either due to lack of cART access or poor cART adherence.
Failure in adherence leads to viral rebound and the emergence of drug
resistance [7]. Further, persistent adherence of cART in patients with
pre-exposure prophylaxis (PrEP) is desirable to reduce the risk of HIV
infection [8]. Various cART are currently under clinical use with fre-
quent dosing regimen for treatment of HIV and pre-exposure prophy-
laxis (Table 1). However, Long-acting antiretroviral (LA ARV)

nanoformulation with weekly or monthly administration could be an
irresistible approach to prevent the risks associated with HIV [9]. In-
tramuscular (IM) and subcutaneous (SC) sites have long been explored
as depot deliverables. Therefore, IM or SC administration of long-acting
(LA) nanoformulation could lead to the delivery of antiretroviral
therapy (ART) into HIV residence and spread sites due to the presence
of lymphatic vesicles at these sites [10]. Additionally, LA ARV

Table 1
Available oral cART against HIV-1 infection.

Sr. no cART Strength (mg) Half-life (h) Frequency of administration References

Four drug combination
1 Elvitegravir

Cobicistat
Emtricitabine
tenofovir AF

150
150
200
10

9.9
4.3
4.8
51.3

One tablet, once daily [27,28]

2 Elvitegravir
cobicistat
emtricitabine
tenofovir DF

150
150
200
300

9.9
4.3
4.8
18.3

One tablet, once daily [27,29]

3 Darunvir
cobicistat
emtricitabine
tenofovir AF

800
150
200
10

14.6
4.3
4.8
51.3

One tablet, once daily [27,30]

Three drug combination
4 Bictegravir

Emtricitabine
tenofovir alfanamide (AF)

50
200
25

17.8
4.8
51.3

One tablet, once daily [27,31]

5 Efavirenz
Emtricitabine
tenofovir disproxil
fumarate (DF)

600
200
300

37.7
4.8
18.3

One tablet, once daily [27,32]

6 Rilpivirine
Emtricitabine
tenofovir DF

25
200
300

48
4.8
18.3

One tablet, once daily [27,33]

7 Doravirine
lamivudine
tenofovir DF

100
300
300

15
5.4
18.3

One tablet, once daily [27,34,35]

8 Rilpivirine
Emtricitabine
tenofovir AF

25
200
25

48
4.8
51.3

One tablet, once daily [27,36]

9 Efavirenz
lamivudine
tenofovir DF

400
300
300

37.7
5.4
18.3

One tablet, once daily [27,32]

10 Dolutegravir
abacavir
lamivudine

50
600
300

13.5
1.3
5.4

One tablet, once daily [37,38]

11 Abacavir
lamivudine
zidovudine

300
150
300

1.3
5.4
1.2

One tablet, twice daily [27,39]

Two drug combination
12 Dolutegravir

Rilpivirine
50
25

13.5
48

One tablet, once daily [27,40]

13 Lamivudine
tenofovir DF

300
300

5.4
18.3

One tablet, once daily [27,41]

14 Lamivudine
Zidovudine

150
300

5.4
1.2

One tablet, twice daily [27,42]

15 Emtricitabine
Tenofovir AF

200
25

4.8
51.3

One tablet, once daily [27,43]

16 Abacavir
Lamivudine

600
300

1.3
5.4

One tablet, once daily [27,44]

17 Emtricitabine
Tenofovir DF

100/133/167/200
150/200/250/300

4.8
18.3

One tablet, once daily [27,45]

18 Atazanavir
Cobicistat

300
150

7.5
4.3

One tablet, once daily [27,46]

19 Lopinavir
ritonavir

200/400
50/100

5-6
3.5

One tablet, twice daily (400 mg/100 mg)
Or
Two tablets, twice daily (200 mg, 50 mg)
Or
5 ml solution containing 80 mg/ml and 20 mg/ml
twice daily

[27,47,48]

20 Darunavir
cobicistat

800
150

14.6
4.3

One tablet, once daily [27,49]
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nanoformulation leads to the formation of the secondary depot in im-
mune cells, which are infiltered at administration site [11] or tissue
lymphocytes [12] causing week- or month-long sustained drug release.
LA ARV nanoformulations further leads to steady plasma concentration
within the therapeutic range with reduced dose and frequency of ad-
ministration.

Various aspects of LA injectables, including rilpivirine and cabote-
gravir nanocrystal pharmacology [13,14] and potential leads for LA
anti-retroviral injectables [15] were reviewed earlier. In addition,
various platform technologies for LA drug delivery via both oral and
parenteral route [16,17], challenges associated with each technology,
mechanism of drug release and sustained plasma exposure from LA
injectables [17] were also reviewed. The present review elaborates on
the lacunae regarding physicochemical properties of drugs specifically
suitable for LA ARV nanoformulation, effect of route of administration
and involvement of circulatory-lymphatic system conjoint in LA slow
effective release of ARV. More distinctly, successful clinical cabote-
gravir LA (GlaxoSmithKlein plc) and rilpivirine LA (Jannsen Pharma-
ceutical Inc.) nanocrystals individually and cabotegravir LA+ rilpi-
virine LA by ViiV healthcare has been narrated. To add on, promises
and pitfalls associated with preclinical hits including nanocrystal and
nanoprodrug, solid drug nanocarriers (SDN), polymeric and lipid na-
nocarriers incorporating single or combination antiretrovirals have
been described. The application of in vitro [18–21] and in vivo models
[22–26] to synthesize LA nanoformulation with efficient safety and
efficacy in humans has also been included.

2. General considerations involved in the development of long-
acting nanoformulations

2.1. Desired physicochemical and pharmacokinetic properties of active
pharmaceutical ingredients for long-acting nanoformulations

The main objective of LA nanoformulations is to provide sustained
drug release to achieve constant and effective plasma drug concentra-
tion at the desired site for weeks or months [17]. LA ARV nano-
formulations for HIV prophylaxis and cure have been developed using a
single [11,50] or two drugs [51–53]. For instance, Subhra et al. de-
veloped long-acting PLGA nanoparticles of tenofovir alfenamide and
emtricitabine eliciting anti-HIV efficacy until 14 days [53]. While Zhiyi
Lin developed abacavir nanoprodrug, which depicted antiretroviral
effect till 30 days [54]. However, HIV treatment involves the admin-
istration of conventional antiretroviral (ARV) formulations by oral
route along with injectable LA ARV nanoformulations, which may lead
to drug-drug interaction and toxicity [17]. Amongst oral cART popu-
lation, 28% lack adherence [55] due to high frequency of administra-
tion. Moreover, orally administered drugs elicit decreased bioavail-
ability due to hepatic first pass metabolism and drug-drug interaction
due to the presence of various transporters and metabolic enzymes in
intestinal epithelium, which can be avoided by LA nanoformulations
[56]. Therefore, those physicochemical properties of the drugs, which
determine stability, bioavailability and efficacy of LA ARV nano-
formulations become vital [57,58]. In case, physicochemical properties
of the orally administered drugs are not suitable for LA nanoformula-
tion, new drug synthesis for LA effect is required [56]. Generally, orally
administered active pharmaceutical ingredients (APIs) must satisfy the
Lipinski rule of five. The rule states that APIs which exhibit molecular
weight, log P, hydrogen bond donors and acceptors as< 500 Da,< 5, 5
and 10 respectively, are considered good candidate for oral delivery
[59–61]. The similar, rule could be extended to understand the prop-
erties of APIs suitable for LA nanoformulations. Further, other physi-
cochemical properties including solubility and pKa played a significant
role in the design of LA ARV nanoformulations. Those drugs which
exhibit low aqueous solubility (< 50 mg/ml), high log P (2-5), high
potency with low therapeutic plasma drug concentration (< 1000 ng/

ml), and low pKa are considered suitable for LA effect [56]. Higher pKa
of the drug leads to ionization at physiological pH below 7.4, causing
increased drug solubility and electrostatic interaction between drug and
excipients. Therefore, esterification of drug to form prodrug with in-
creased pKa leads to decreased dissolution of drug leading to longer
half-life and increased potency [62]. For instance, cabotegravir was
esterified to form myristoylated prodrug [11],emtricitabine converted
to palmitoylated emtricitabine [63], lamivudine and abacavir to
phosphoramidate pronucleotide [64] and rilpivirine to methyl tetra-
decanoate prodrug [50] to prepare LA nanoformulations. The phar-
macokinetic of the drug depends upon the drug release from LA na-
noformulation, solubility, molecular weight and log P. Therefore, for
dual drug LA nanoformulation the pharmacokinetic of individual drug
should be similar to avoid lack of effective plasma and site-specific
concentration of either drug after certain time post administration
[57,65]. Further, particle size of LA nanoformulations played a sig-
nificant role in producing therapeutic effect for longer duration. For
instance, rilpivirine nanosuspension (200 nm) stabilized by poloxamer
338 depicted higher drug loading and sustained plasma concentration
in humans compared with 400 nm and 800 nm vitamin E TPGS stabi-
lized rilpivirine nanosuspension when injected by IM or SC, which
showed plasma concentration below 10 ng/ml after 3 or 6 months re-
spectively. Further, the rilpivirine LA nanoformulation (200-600 mg
dose) showed plasma concentration (73-95 ng/ml) above mean
minimal concentration as obtained by daily once oral dosing. However,
no difference was observed in plasma concentration after SC or IM
route, ruling out the role of route of administration on LA potential of
nanoformulations with different physicochemical properties in the
same species [66]. Moreover, polarity of the drug also played a sig-
nificant role in solubilization and absorption. It was observed that polar
surface area (PSA) of 63°A elicited 90% oral bioavailability while, only
10% oral bioavailability was exhibited for PSA of 139°A [67].

The suitability of the drug for LA nanoformulations should rather
consider the Biopharmaceutical Drug Disposition Classification System
(BDDS) wherein, class I and II consist of high solubility/extensively
metabolized and low solubility/extensively metabolized API respec-
tively. In contrast, class III and IV include high solubility/poorly me-
tabolized and low solubility/poorly metabolized API [68]. The BDDS
classification for drugs was an extension to Biopharmaceutical Classi-
fication System (BCS) after observing the drug disposition mechanics in
each class to predict drug absorption as well as disposition. The BDDS
classification categorizes drugs into four groups wherein class I and II
drugs lead to metabolic disposition in contrast to class III and IV which
were eliminated by urine or bile. Drugs belonging to BDDS class II are
the substrate for P-glycoprotein efflux, class III drugs are subjected to
absorptive transporter effect while, class IV are susceptible for efflux
and absorptive transporter [69]. Thus, BDDS classification determines
the transporter, enzymatic substrate and drug-drug interaction in liver,
intestine, kidney and brain. Generally, class II and IV drugs are suitable
for lipid-based nanoformulations wherein transporter modifying car-
riers could be used. Moreover, both class II and IV drugs lead to sig-
nificant reduction in dose with>70% and<30% metabolism, re-
spectively [69]; making these candidates suitable for LA
nanoformulation. Further, poorly metabolized drugs exhibit sustained
drug release potential due to low clearance. Therefore, proper in-vitro
in-vivo correlation needs to be established along with an estimation of
site-specific concentration and toxicity profile of BDDS class IV drug, if
incorporated into LA nanoformulation [70]. Effective delivery of long-
acting nanoformulations requires lower dose volume for administra-
tion. Therefore, those drugs which exhibit short half-life and high dose
serve as poor candidates for LA nanoformulation, probably due to the
requirement of high injection volume for administration [17]. More-
over, the drug must be stable when exposed to varying enzymes and pH
in-vivo [71].
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2.2. Impact of route of administration on in vivo behaviour of long-acting
nanoformulations

Both oral and parenteral routes have been explored for LA ARV
nanoformulations based therapy. Kirtane et al. developed once weekly
gastric resident dosage form administered orally consisting of a central
core and five arms comprising different polymers and drug matrix of
dolutegravir, rilpivirine, and cabotegravir individually in 4 different
arms. The arms are composed of elastomeric polymer core, which can
coil into capsule and recoil upon dissolution of capsule shell in the
stomach. The design allowed to load different polymer and drug matrix
in different arms with different release rate. The plasma drug con-
centration was comparable to Cmax for dolutegravir and rilpivirine
while, 2.5-fold less than Cmax for cabotegravir until six days. While the
plasma drug concentration fell below the detection limit within two
days from the immediate release dosage form of each drug in pigs
(n=3). The dosage forms showed the advantage of no-drug interaction
and administration of drug-loaded nanoparticle matrix in individual
arm. However, the polymeric device, due to its non-biodegradable
nature, needs to be retracted from gastrointestinal tract (GIT) after
seven days [72]. Further, gastro-retention of the dosage form was a
function of gastric emptying time and rate along with the type of food
which may differ amongst every individual. Also, ARV with only lower
doses could be incorporated into the individual arm due to the limited
size of the dosage form. Additionally, the formulation may fail to sus-
tain constant intracellular drug levels if the formulation was not ad-
ministered on the same day and same time after a week once levels of
the drug decreased at day 7.

Drug-loaded nanoformulations when administered parenterally via
subcutaneous or intramuscular route showed therapeutic effect for
several months. The long-acting effect of these nanoformulations could
be due to the formation of depot at the site of administration to enable
sustain drug release for extended period of time. Sequestration of na-
noparticles from depot into lymphocytes [12] or macrophages [50,73]
to form secondary depot for long term slow release of the drug is an-
other reason of long-acting effect. Intravenous infusion has also been
utilized for long-acting anti-HIV effects. For instance, Vedolizumab is
long-acting humanized immunoglobulin [2-R-monoclonal antibody
which binds to α4β7 integrin and inhibit the virus entering the CD4+ T
cells administered as IV infusion for 30 min depicted serum half-life of
25 days [74]. It has been reported that both subcutaneous and in-
tramuscular route showed sustained drug release of nanodrugs in-
dependent of particle size [75]. However, the absorption via in-
tramuscular route is fast as compared to subcutaneous route, making it
suitable for administration of oil based LA nanoformulations. For in-
stance, when pharmacokinetic after IM and SC administration of long
acting rilpivirine nanosuspension was compared, it was observed that
SC route elicited sustained plasma concentration for 6 months, than IM
upto 3 months in beagle dogs. Further, The Cmax was significantly
higher (4.5-folds) with decreased Tmax (6-folds) for 5 mg/kg IM rilpi-
virine nanosuspension compared with SC rilpivirine nanosuspension
(200 nm). IM administration of rilpivirine nanosuspension led to rapid
onset of action because of higher draining effect due to the presence of
blood capillaries when compared with SC [76]. While, administration
of rilpivirine nanosuspension in humans by SC and IM route led to si-
milar Cmax, the Tmax was 1.83 folds lower at 100 mg IM dose. Therefore,
although both the routes led to similar plasma concentration, the
duration of action was prolonged by the SC route. The tissue to plasma
ratio of rilpivirine administered via SC was 1.25-folds and 1.47-folds
higher in the cervix and vagina, respectively, when compared to IM
route [58]. On the contrary, clinical trial of cabotegravir long-acting
nanosuspension in 72 human volunteers demonstrated comparable
Cmax (0.166-0.644 μg/ml) and median half-life of 69 days when ad-
ministered via both SC and IM route [77]. Therefore, along with the
route of administration, other factors including the difference in muscle
mass, gender, fat distribution, injection technique, and physical activity

might also be the cause of variation in the rate of absorption and
maintenance of desired plasma concentration. To conclude, both SC
and IM route of administration may provide sustained drug delivery for
longer duration and could, therefore, be preferred for LA nanoformu-
lation delivery. However, an enhanced duration of action with in-
creased tissue/plasma ratio could be obtained by administration via
subcutaneous route.

2.3. Role of the circulatory and lymphatic system in enhancement of
bioavailability of long-acting antiretroviral

Both circulatory and lymphatic systems play a significant role in
targeted delivery of ARV drugs. When high pressure is built in tissues,
the blind-ended lymphatic capillaries, which consist of endothelial
cells, unidirectional valves open and drain the interstitial fluid into the
lymph vessels to thoracic ducts which then accumulate into collecting
valves and draining into the left subclavian vein. Hydrostatic pressure
head (generally between 0.2-0.8 cmH2O) is the primary driving force
for draining the interstitial fluid into lymphatic vessels [78].

Furthermore, a suction force is also generated during the resting
phase of the vessels, which further contributes to the accumulation of
interstitial fluid into the lymphatic vessels [78]. In contrast to tight
junctions present in the endothelial cells of the blood capillaries, the
lymphatic valves are composed of fenestrated endothelial cells, forming
a pore of 2 μm. Therefore, large molecules can rapidly enter into the
lymphatic system [79]. The lymphatic muscles aid in slow phasic
contraction and relaxation of vessels as compared to blood capillaries
(10/min) [80], which could enable longer retention of nanoparticles
when absorbed and distributed via the lymphatic system, thereby en-
hancing the bioavailability of the drug. HIV replication occurs pre-
dominately in lymphoid organs and lymph nodes throughout the body.
It was reported that after treatment with cART in SIV-rhesus macaque
for one year, the plasma viral load was suppressed. However, the viral
RNA was observed in different organs in the order of lymphatic tis-
sues> lungs and intestine> other tissues [81]. The lymph nodes are a
major site of viral hub for replication and retention in germinal cells
and CD4+ T cells. Therefore, viral rebound may occur due to viral
residues in the lymph node [82]. Increased absorption in the lymphatic
system through lymphatic plexus in subcutaneous and skeletal muscles,
therefore, could enhance the effectiveness of LA ARV nanoformulations.
Particle size of nanocarriers has also been reported to play a crucial role
in the distribution of LA nanoformulations via the lymphatic system.
Upon SC/IM administration, nanoparticles of larger size could form a
depot. Depending upon the physicochemical properties, drugs will be
absorbed by either the lymphatic or blood circulatory system. For in-
stance,< 100 nm particles could be absorbed by the lymphatic system,
thereby enhancing circulation time and bioavailability [83]. HIV in-
fected macrophages are known as a site for proviral HIV persistence.
Macrophage at injection site engulfed LA nanoformulation passed
through the lymphatic system slowly into systemic circulation which
resulted in slow release of drugs from macrophage LA nanoformulation
depot [84]. Nanoparticles with a hydrophobic surface and larger par-
ticle size (> 200 nm) tend to be phagocytosed upon intravenous ad-
ministration [85]. This strategy can be well explored for long-acting
slow release of drugs from macrophages. For instance, higher accu-
mulation of zidovudine myristate loaded liposomes were observed in
reticuloendothelial organs and brain after IV administration due to
phagocytosis of liposomes [86]. Dou et al. demonstrated the release of
indinavir from the macrophage-based system for 14 long days and
suppressed viral load significantly in the brain after intravenous ad-
ministration in mice [87]. Nucleoside reverse transcriptase inhibitors
(NRTI)and protease inhibitors (PI) have the inherent potential to target
endosomes of macrophages and elicit antiretroviral effect [84]. For
instance, Atazanavir nanoART led to the highest accumulation in
macrophage compared to granulocytes and differentiating cells, further
higher concentration of drug was obtained in spleen> liver> lymph
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node when administered via intraperitoneal and intramuscular route
[88]. Therefore, LA nanoprodrug or LA nanocrystal could form effective
depot in macrophages which ultimately enter into the lymphatic organs
from blood circulation and further enhance half-life and bioavailability
of antiretroviral drugs.

3. Long-acting antiretroviral nanoformulations

Various nanoformulations including nanocrystals [89], nano-pro-
drug [11,50], solid drug nanoparticles [90], lipid [65,91–93] and
polymeric nanoparticles [94,95] and nanosuspension [96,97] have
been explored for LA ARV effect. The method of preparation and long
acting slow effective release potential of LA ARV nanoformulations
have been presented in Fig. 1. Currently, few drug candidates have been
scaled up to clinical trials. In contrast, a few LA ARV nanoformulations
have shown promising results during preclinical studies, which can be
progressed towards clinical development. The preceding section deals
with LA ARV nanoformulations which have shown promising results in
preclinical and clinical studies

3.1. Long-acting antiretroviral nanoformulations under clinical trials

ARV nanocrystals have recently reached late stage clinical trial. It is
widely utilized technique to improve the solubility, bioavailability, and
drug loading of poorly soluble drugs. Moreover, nanocrystals, when
stabilized with a small amount of surfactants to form nanosuspension,
offer advantages associated with nanoformulation and overcome the
challenges related to regulatory, toxicological, and scalability of the
nanoformulations [75]. These nanocrystals have been reported to form
depot at the injection site after SC or IM administration. The drug is
released slowly from the depot, probably due to hydrophobic nature
and subsequently drained into thoracic lymphatic vessels, due to the
particle size suitable for physical filtration into the lymphatic sinuses.
The drug, from the lymphatic system, could slowly release into the
systemic circulation, leading to long-acting antiretroviral effect [12].
While, upon intravenous administration, nanocrystals phagocytosed by
macrophages, which acted as a drug reservoir, resulted in slow drug
release in systemic circulation [98]. The creation of more hydrophobic
prodrugs and further converting it into nanocrystals has also been at-
tempted to develop LA ARV nanoformulations [63]. Various LA nano-
crystals formulations of antipsychotic drugs, including Risperdal Consta
[99] and Invega sustenna [100] incorporating Risperidone and pali-
peridone by Janssen and Zyprexa® Relprevv™ incorporating Olazapine
by Eli Lilly are currently present in the market [101]. Based on these
strong leads, LA nanocrystal technology was recently exploited for
antiretroviral drugs. For instance, nanosuspension of single drug rilpi-
virine and cabotegravir, stabilized with poloxamer, polysorbate and/or
polyethylene glycol are now under Phase III clinical trial [102,103].
Rilpivirine is a diarylpyrimidine containing non-nucleoside reverse
transcriptase inhibitor (NNRTI), which is sparingly soluble in both
aqueous and oily solvents and active against HIV-1 strain. It is the only
low dose antiretroviral NNRTI (25 mg of daily dose), making it a sui-
table candidate for LA nanoformulations. Therefore, rilpivirine nano-
suspension (200 nm) was developed by wet bead milling using polox-
amer 338 as a stabilizer [97]. Preclinical studies were carried out in
Sprague Dawley rats (250-350 g) and male beagle dogs (8-16 Kg) after
administration of 5 mg/kg and 20 mg/kg via either SC or IM route
leading to detectable drug level till 42 days. The nanosuspension
showed dose-dependent kinetics in both rats and dogs with absolute
bioavailability of 70-80% and 80-102%, respectively. The drug con-
centration in different organs was found to be in the order of lymph
node> thymus> brain=spleen>plasma. [66]. Successful tolerability
and pharmacokinetic profile, led rilpivirine nanosuspension as potential
preclinical candidate transferred into clinical trial (Table 2). Another
integrase inhibitor (Cabotegravir) was also found to be suitable for the
creation of long-acting nanoformulation due to promising anti-viral

potency, low frequency of administration, longer half-life, stability as
well as low adverse effects [96,104]. Therefore, cabotegravir long-
acting nanosuspension (200 nm) was prepared by wet bead milling
using polysorbate 20 and polyethylene glycol 3350 as surfactant. Pre-
clinical studies of [14C]-Cabotegravir in male rats, mice, and monkeys
revealed that the 50% radioactivity in all the tissues 28-days post-
dosing. Blood showed higher radioactivity at all the time-points com-
pared with other tissues from day 1 till 28 days post IM or SC dosing.
Spleen contained the highest radioactivity (18%) amongst all other HIV
hub organs [104]. Further, the presence of macrophages at the site of
administration could cause slow cabotegravir release from macro-
phages, causing an increased terminal half-life of 39-41 h [105,106].
Further, LA cabotegravir (50 mg/kg) also showed potential as PrEP in
intravenously 17AIDS50SIVmac251 challenged macaques with 88%
protection [107]. Further, on cervical exposure of SHIV162P3 in female
macaque depicted no viral infection with plasma concentration of ca-
botegravir above IC90 up to 8 weeks [108]. Due to successful plasma
pharmacokinetic profile, biodistribution, and PrEP ability of cabote-
gravir long-acting nanosuspension, it was further led to clinical trials
(Table 2). Furthermore, sustained HIV suppression can be achieved
with cART emerging the need of combination therapy involving other
drugs administered orally compared with single LA nanoformulation.
Therefore, ViiV healthcare proposed increased ARV potency of cabo-
tegravir and rilpivirine over single drug therapy after successful ATLAS
and FLAIR clinical trial (Table 2) [109] with no drug interaction and
pharmacokinetic interference of other drugs [96]. The outcome of
successful ATLAS and FLAIR trial led to Health Canada approval of
Cabenuva™ by Jannsen Pharmaceutica (Beerse, Belgium) on 20th

March, 2020 for once monthly administration of cabotegravir and ril-
pivirine long-acting nanosuspension recommended for HIV-1 infected
adults with suppressed and stable viral load [110]. Therefore, nano-
crystals have served crucial role in development of LA formulations for
enhanced efficacy and safety replacing the three-drug therapy evolved
since 1996 [111] with two-drug daily administration.

3.2. Long-acting antiretroviral nanoformulations from in vitro hit to
preclinical studies

3.2.1. Long-acting solid drug nanoparticles
SDN are drug/prodrug nanocrystals stabilized with surfactant and

exhibit high drug loading (> 25% w/w) with extended-drug release
profile [131]. Fast regulatory approval (especially, if the drug is FDA
approved), long-term stability, improved bioavailability, flexible phar-
macokinetic profile, and ability of cellular/tissue targeting are certain
advantages of LA SDN [131–133]. Moreover, due to enhanced hydro-
phobicity and reduced particle size, it revealed a higher intracellular
accumulation compared to the free drug [134]. After the successful
clinical trials of low dose cabotegravir and rilpivirine nanocrystal na-
nosuspension, SDN have been explored as a long-acting injectable for
sparingly soluble antiretroviral drugs of high doses (150-600 mg BID).
For instance, Owen et. al. developed long-acting maraviroc SDN (750
nm) using polyvinyl alcohol (PVA) and 1,4-bis-(2-ethylhexoxy)-1,4-di-
oxybutane-2-sulfonate (AOT) with 70%w/w drug loading. In vivo in-
tramuscular administration in adult male Wistar rats (10 mg/kg) re-
vealed detectable plasma concentration of maraviroc SDN up to 240 h
in comparison to free maraviroc solution (5% DMSO) which was de-
tected until only 72 h. The AUC0-∞ and terminal half-life was 3.45 and
2.64-folds higher, respectively with 2-folds decrease in Tmax for Mar-
aviroc SDN compared with free Maraviroc 1-week post-dosing. How-
ever, SDN needs to be further evaluated to extrapolate the data for
other species, to depict its clinical benefits [90,135].

3.2.2. Long-acting nanocrystals
After the successful advent of cabotegravir and rilpivirine nano-

crystal based nanosuspension into phase 3 clinical trial and its sub-
sequent new drug application appeal to FDA by ViiV Healthcare [136],
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nanocrystal technology has been enticing for the scientific community
for LA nanoformulation development. For instance, preclinical studies
of LA nanocrystals (nanoART) of atazanavir (nanoATV) and ritonavir
(nanoRTV) depicted LA effect due to tissue macrophage depot when
administered in mice and monkeys by subcutaneous and intramuscular

route, respectively. Acute single dosing of NanoATV revealed 13- and
41-fold higher concentrations in plasma and tissue, respectively, as
compared with free ATV. Moreover, multiple dosing (at day 0, 3 and 7)
of nanoATV revealed 270-folds higher serum and tissue concentration
of ATV compared with free ATV for up to 8 weeks. Both nanoATV and
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Fig. 1. Schematic presentation of (A) Method of preparation of long-acting nanoformulations. (B) Mechanism of lymphatic and immune cell targeting of long-acting
nanoformulations after subcutaneous or intramuscular administration.
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nanoRTV were accumulated in the non-lysosomal compartment of
tissue macrophages [89]. In order to achieve targeted delivery with
enhanced macrophage uptake of LA nanoformulation, surface con-
jugation [51] have been explored. Tissue-specific macrophages, in-
cluding liver, spleen, lymph node, gut-associated lymphoid organ, and
brain express folic acid receptor (FA-R) onto the cell surface. Targeting
of antiretroviral drugs to cell-based and tissue-based FA-R expressing
macrophages could enhance LA nanoformulation efficacy. Therefore,
nanoART stabilized with folic acid-conjugated poloxamer 407 in-
corporating atazanavir boosted with ritonavir (FA-nanoATV/r) were
developed. The plasma concentration of RTV did not differ between FA-
nanoATV/r and nanoATV/r. While the plasma concentration was in-
creased by 2.3-folds for ATV when FA-ATV/r was administered as
compared to non-functionalized nanoATV on day 14 post-IM adminis-
tration. Also, 5-folds increase in bioavailability with a 5-fold reduction
in dose of FA-nanoATV/r was obtained [137]. Secondary macrophage
depot, along with injection site depot, was confirmed by a biphasic
plasma profile of FA-nanoATV/r. The biodistribution of FA-nanoATV/r
in HIV reservoir sites, including spleen, liver, lymph node, kidney, lungs
and plasma were significantly higher compared with nanoATV/r 14
days post-administration. The ratio of CD4/CD8 count was restored by
17% in the case of FA-nanoATV/r (50 mg/kg) treatment group as
against only 3% in PBS treated group in infected mice. FA-nanoATV/r
led to a significant reduction in P24 level in liver and spleen and HIV-
1gag RNA levels in the spleen compared with nanoATV/r and untreated
group. Therefore, macrophage targeted FA-nanoATV depicted potential
of LA nanoformulations as once biweekly administration with a 5-fold
reduced dose [51].

3.2.3. Long-acting nano-prodrug
Monthly/bimonthly LA nanoformulation administration exhibits

major challenge associated with relatively high dose and volume of
adminsitration. Prodrugs could be viable alternatives to further en-
hance the potency by slow conversion to parent molecule leading to
slow effective plasma concentration. For instance, cabotegravir LA na-
nocrystal nanosuspension requires to divide into two injections (2 ml
each) to administer 800 mg dose. Further, in ÉCLAIR trial 2/3rd po-
pulation had plasma concentration below 4*IC90 of cabotegravir, which
urges for increased frequency of administration by IM route. Further,
the IM cabotegravir depot was rapidly absorbed from the injection site
[105]. These observations resulted in the creation of a prodrug of ca-
botegravir with more hydrophobicity than the parent drug, to prevent
fast release, achieving sustained plasma level and decreased dosing
regimen. For instance, fourteen carbon myristoylated prodrug of ca-
botegravir (MCAB) showed 1.24-folds lesser IC50 value than cabote-
gravir against HIV-1ADA in MDM. Nanoformulations of myristoylated
cabotegravir (NMCAB) and cabotegravir (NCAB) were prepared using
poloxamer 407 to form rod-shaped particles. These rod-shaped particles
could be phagocytosed by macrophage and were stable up to 90 days.
Cell uptake studies revealed that NMCAB were phagocytosed by mac-
rophages 60- to 88-folds higher compared with Cabotegravir long-
acting parenteral (CAB LAP) formulation and NCAB respectively.
NMCAB crystals were observed inside macrophages depicting the con-
version of prodrug MCAB to CAB (Fig. 2A). Treatment with NCAB and
CAB LAP showed an increase in RT level by 70 and 84% on day 15
while, NMCAB treatment caused sustained RT inhibition in HIV-1ADA
infected MDM cells (Fig. 2B). IM administration in BALB/cJ mice elu-
cidated sustained plasma level (above 4*IC90) up to day 56 for NMCAB
(45 mg/kg) while; it fell below 4*IC90 on day 35 in case of CAB LAP. 4-
fold higher plasma half-life and volume of distribution while, a 2-fold
increase in mean residence time (MRT) was observed upon NMCAB
treatment compared to CAB LAP. Lung, Liver, kidney, gut, and spleen
depicted CAB concentration above PA-IC90 in NMCAB group, unlike
CAB-LAP treated group. Further, in rhesus macaque, the half-life was 2-
4 folds higher for NMCAB (45 mg/kg) compared with CAB-LAP (45 mg/
kg). Also, secondary tissue depot and immune cell depot of NMCAB

were confirmed by higher MCAB concentration in liver, lung, spleen,
and lymph node as against blood after 24 h as well as in infiltered
immune cells at the injection site (Fig. 2C-D). The reduced viral DNA,
RNA, and p-24 expressions in tissues were correlated with>5-fold
increase in cabotegravir amount in those tissues upon administration
with NMCAB. Thus, NMCAB depicted the potential to increase dosing
interval with reduced dosage and dosing volume in preclinical findings
[11]. Similarly, poloxamer 338 or 407 stabilized N-acylalkoxy rilpi-
virine (RPV) prodrug nanoformulation (NM3RPV) was synthesized to
achieve long-acting slow effective release (LASER) up to 25 weeks. The
stability of NM3RPV was comaparable with nanoformulated RPV
(NRPV) at 4°C and 37°C over 100 days. NM3RPV was retained into
MDM cells for 30 days. While, RPV level, in case of rilpivirine nano-
crystal suspension (NRPV), reduced below the limit of quantification by
day 20. Further,> 90% viral suppression in HIV-1ADA infected MDM
cells up to 30 days when treated with NM3RPV (10 μM and 30 μM) was
achieved as against only 67% protection up to day 10 with relapse
occurring at day 20 upon NRPV treatment. The plasma concentration of
RPV was maintained above PA-IC90 value (12 ng/ml) up to 25 weeks as
against 16-weeks after IM administration in BALB/cJ mice treated with
NM3RPV and NRPV respectively. Further, 13- and 26-folds increase in
t1/2, and MRT was observed when treated with NM3RPV. Further, RPV
was detected in all the tissues (spleen, lymph node, liver, gut, kidney)
after 46 weeks in NM3RPV treated group with the highest concentra-
tion in lymph node (145 ng/g) while no RPV was detected in NRPV
group. In rhesus macaque, the plasma concentration of NM3RPV was 2-
to 16-folds higher compared to RPV up to 44 weeks. Further, detectable
levels of RPV and NM3RPV was found in the lymph node, rectal and
adipose tissue biopsies at 204 days (Fig. 2E) [50]. Prodrug nano-
formulations have also been created to obtain LA slow release for the
highly hydrophilic drug by enhancing their hydrophobicity. For in-
stance, palmitoylated emtricitabine (FTC) prodrug nanoformulation
(NMFTC) was prepared using poloxamer 407 as a stabilizer by high-
pressure homogenization. The prodrug revealed a decrease in aqueous
solubility of FTC by 1200-folds, and was found to be stable for ten
weeks. Further, NMFTC was more effective in suppressing 100% viral
load up to ten days when challenged with HIV-1ADA after 8 h. In con-
trast, only 24 h viral suppression was observed in the case of FTC na-
noformulation (NFTC) treated group in HIV-1 ADA infected cells. Plasma
concentration of FTC was only 5-fold lower than IC50 upon IM admin-
istration of NMFTC compared to 8-fold lower than IC90 with NFTC by
day 14 post IM treatment. Biodistribution studies revealed a higher
concentration of FTC in the liver, spleen, and lymph node in the NMFTC
group up to day 7 with a detectable concentration in the lymph node on
day 14 only in NMFTC treated mice. Further, a significantly higher
concentration of FTC-triphosphate (a metabolite of NMFTC) was ob-
served in PBMC and lymphoid cells of spleen and lymph node. Thus,
NMFTC effectively enhanced drug delivery to viral reservoirs with re-
duced dosing frequency compared to available once-daily oral regimen
encompassing the inability to target HIV prone cells [63]. Many other
antiretrovirals, including darunavir [138], lamivudine [64,139], aba-
cavir [54], and dolutegravir [140] have been recently explored for
conversion into prodrug nanoformulation with efficient LA slow-release
potential in preclinical studies. Pharmacokinetic characteristics of these
LA nanoformulations are presented in table 3.

3.2.4. Long-acting polymeric nanocarriers
Polymeric nanocarriers have been widely utilized as long-acting

nanoformulations due to the depot formation when administered via
subcutaneous or intramuscular route. Polymeric LA nanoformulations
necessitates the use of biodegradable and biocompatible polymers for
drug delivery to avoid removal after the exhaustion of drugs. The hy-
drophobic nature of the polymers is another essential property to en-
able drug release over an extended period [141]. Further, hydro-
phobicity of the polymer could enable enhanced absorption of
nanoparticles through lipophilic vessels [142]. Moreover, polymeric
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nanocarriers could encapsulate both hydrophilic [143] and hydro-
phobic drugs [52,94,144] for long-acting slow-release, by diffusion or
dissolution of the drug/s from the polymeric nanocarriers [141]. Re-
cently, efforts were directed to develop polymeric nanocarrier in-
corporating elvitegravir (EVG), tenofovir alafenamide (TAF) and em-
tricitabine (FTC) for LA effect to obtain the drug concentration similar
to the daily plasma profile of Genvoya*, a marketed product available
for HIV treatment. PLGA (lactide: glycolide ratio-75:25) was used to
retard the release of hydrophobic (EVG and TAF) and hydrophilic (FTC)
drugs for a longer duration. The LA nanoparticles (EVG+TAF+FTC
NP) were effective for biweekly SC administration compared to the
once-daily pill of Genvoya*, and the plasma viral load was suppressed
over 22 weeks. Infra-red dye loaded PLGA nanoparticle revealed ac-
cumulation of nanocarriers in HIV infection site (female reproductive
organ and colon), viral reservoir site (brain and spleen), and infection
spread site (subclavicular, axillary and inguinal lymph node) at day 14
post SC administration. Moreover, the potential of nanoparticles for
slow effective release was evident by high fluorescence at the injection
site and draining organs including liver and kidney even after 14 days.
Moreover, EVG+TAF +FTC NP showed 4-fold decrease in plasma viral
load up to 22 weeks with maintenance of plasma CD4 level (> 80%)
until 15 weeks. Viral rebound occurred by 24th week (4 weeks post
EVG+TAF+FTC NP SC administration), suggesting need for biweekly
administration of EVG+TAF+FTC NP. EVG+TAF+FTCNP was the the
first proof of concept for LA cARV delivery. [95]. Three drug cARV have
recently been replaced by two drug combination for pre-exposure
(PrEP) prophylaxis. For instance, long-acting polymeric nanoparticles
encapsulating TAF+FTC [53] and TAF+EVG [145] were designed to
overcome the daily pill burden associated with Truvada® (TAF+FTC)
[146]. TAF+FTC PLGA nanoparticles showed higher cell viability
(88%) compared to TAF+FTC solution (60%) in TZM b1 cells. The

plasma t1/2, AUCall, and vaginal tissue t1/2 for TAF and FTC were found
to increase by 2.2- and 28.33-folds, 4.2- and 19.5-folds and 6.5- and
9.3-folds respectively for TAF+ FTC NP compared with TAF+FTC free
solution upon SC administration in CD4 NSG mice. The required va-
ginal tissue concentration of TAF 14 days post TAF+FTC NP SC ad-
ministration was 1.6-folds higher than required TAF vaginal con-
centration (6.8 ng/g). Interestingly, FTC tend to accumulate in the
vagina while both TAF and FTC tend to accumulate in colon upon SC
administration. Further, TAF+ FTC NP (200 mg/kg) depicted 88% (day
4) and 60% (day 7 and 14) protection in Hu CD34 NSG mice when
challenged with vaginal HIV-1 strain depicting its long-acting potential
with enhanced tissue penetration ability [53]. The synergistic potential
of EVG along with TAF was explored by developing long-acting TAF+
EVG PLGA nanoparticles (TAF+EVG NP) for PrEP [52]. Upon SC ad-
ministration in CD34+ humanized nice, TAF+EVG NP depicted 8-folds
and 5-folds increase in plasma t1/2 for TAF and EVG, respectively;
compared with their free drug solution. Further, drug concentration in
vaginal and colon tissues at day 10 was greater or equivalent to that
TAF and EVG concentration, which was obtained at 72 h upon SC ad-
ministration of TAF+EVG solution. Long-acting PrEP potential of TAF
+EVG NP was evident with the increased vaginal AUC by 2.7-3.9 times
[145] for both drugs and 100% and 60% protection on day 4 and day
14 post-SC administration in vaginally challenged Hu BLT mice [52].

3.2.5. Long-acting lipid nanoparticles
In the case of LA nanoformulations under the late stage of clinical

trials, administration of high dose antiretroviral drugs as a single in-
jection is a significant challenge, which requires dividing large injection
volume into multiple small volumes to administer the entire dose [115].
Incorporation of poorly soluble drugs in lipid-based nanocarriers (LNP)
could be a promising strategy to overcome the above limitation due to

Fig. 2. In vitro studies (A) TEM image showing uptake and retention of rod shaped crystals post 8 h treatment with NMCAB (equivalent to 100 μM CAB) in MDM cells
in contrast to CAB LAP treatment showing absence of crystal. (B) Antiviral activity of NMCAB, CAB LAP and NCAB upto 15 days against HIV-1ADA in MDM cells in
comparison with uninfected cells and untreated cells with HIV-1 p24 indicated with brown colour. In vivo studies (C) Blood and tissue concentration of NMCAB and
CAB upto 14 days in Balb/cJ mice when administered with NMCAB and CAB LAP equivalent to 45 mg/kg CAB. (D) TEM image of cross section of muscle;
imtramuscularly administered with NMCAB and CAB LAP. M depicts muscle fibre and NMCAB and CAB crystals are indicated by arrows [11]. (E) Tissue con-
centration of RPV and M3RPV determined after biopsy on day 204 after IM administration in macaques [50].
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Table 3
Table 3 Summary of pre-clinical pharmacokinetic and efficacy studies for long-acting antiretroviral nanoformulation [161, 162].

Drug Nanocarrier Route of 
administration 

Pre-clinical pharmacokinetic parameter 
and efficacy 

Animal 
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enhanced solubilization and drug loading [147–149]. Moreover, lipids
are biocompatible, biodegradable [150] and hydrophobic, which could
facilitate the intracellular delivery of drugs [151]. LNP can form depot
after SC or IM administration, whereby it circumvent blood circulation
and enter into the lymphatic system to target HIV residence and spread-
sites located in multiple regions [152] by using reduced dose and small

injection volume [79]. Furthermore, cARV with differential physico-
chemical properties can be encapsulated into lipid nanocarriers.
Therefore, a targeted long-acting antiretroviral product 101 (TLC-ART
101 LPV) was designed by incorporating Lopinavir (LPV), Ritonavir
(RTV), and hydrophilic Tenofovir (TFV) into DSPC and DSPE-PEG na-
nocarriers for lymphocyte targeting in non-human primates (NHP)

Table 3 (continued)

Values in round bracket indicate particle size; polydispersity index; zeta potential; % entrapment efficiency.
nm-nanometer and mV- millivolt; BA-bioavailiability
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[12]. Improved pharmacokinetic profile with enhanced AUC0-∞ by 2.5,
3.5, and 28-folds for LPV, RTV, and TFV respectively upon TLC-ART101
LPV subcutaneous administration was obtained compared with free
drug solution in the macaque. Also, the half-life of TLC-ART101 LPV
was prolonged by 55.1, 5.1, and 8.2-folds for LPV, RTV, and TFV, re-
spectively. Further, plasma concentration-time profile of each drug
showed short, medium and long lag time represented as 3-waves, which
was predicted due to the entrapment of nanoparticles into lymph nodes,
slow drainage from thoracic lymph vessels into blood circulation and
drug release from lymphocytes (a secondary depot) [12]. Further, to
explore the application of TLC-ART technology, LPV was replaced with
second-generation protease inhibitor (atazanavir, ATV). The TLC-ART
incorporating ATV, RTV, and TFV combination (ATV-RTV-TFV DcNP)
depicted sustained plasma level until 336 h post-SC administration in
macaque compared with 48 h when in solution. Enhanced targeting of
ATV-RTV-TFV DcNP to PBMC was confirmed with higher AUCPBMC by
33.46-, 1.5, and 5-folds for ATV, RTV, and TFV, respectively, when
compared with drug solution [91]. Nevertheless, biodistribution, effi-
cacy, and toxicity profile of LA lipid-based nanoformulations are yet to
be established to enable successful translation from lab to clinic.

3.2.6. Long-acting aspherical nanoparticles
Aspherical nanoparticles have become enticing revealing a new

arena of research with respect to longer circulation time and escape of
phagocytosis [153–155]. It has been identified that the angle between
macrophage and aspherical nanoparticle during interaction determines
its internalization. If the tangent angle is ≤45°C, the particle gets in-
ternalized [156]. Further, it was observed that the higher the surface
area of nanoparticles higher is the attachment to macrophages [157].
Thus, prolate ellipsoid attaches more compared to oblate aspherical
followed by spherical nanoparticles. Furthermore, the internalization of
oblate ellipsoid was found to be greater compared to the sphere with
the least internalization of prolate ellipsoids [158]. For instance, LA
NMCAB nanoformulations was phagocytosed 60-folds higher compared
to CAB LAP due to presence of oblate ellipsoids along with rod shaped
nanocrystals in MDM cells. The NMCAB nanocrystals were visible in
macrophages even after 8 h, depicting the formation of macrophage
depot and prolonged half-life of 54 days. [11]. In contrast, rod-shaped
and rectangular-shaped ATV and RTV nanocrystals, respectively, were
utilized for higher attachment onto macrophages leading to long term
macrophage retention. The ATV and RTV nanocrystals (nanoART) were
developed by high-pressure homogenization using Poloxamer 188 as a
stabilizer. The drug release studies of aspherical nanocrystals in human
monocyte-derived macrophage (MDM) cells depicted sustained drug
release for ATV and RTV up to 15 days. Further, multiple weekly dose
administration in NSG mice up to 6 weeks elucidated plasma con-
centration of 183 ng/ml and 213 ng/ml by week 6 (ATV) and week 5
(RTV), respectively. Cessation of dosing led to a decrease in plasma
concentration, but tissue concentration remained constant from 1000-
10000 ng/ml. HIV infected NSG mice, when treated with nanoART
showed significant retention of CD3+CD4+ count compared to the
control group. After four injections, 100 to 1000-fold reduction was
observed in the viral level. However, viral rebound was observed upon
treatment cessation after six weeks. The lymph node size was reduced
by 50% in the untreated group compared with the treatment group, and
the lymphoid organ led to viral relapse upon treatment cessation, which
indicated the need for sustained weekly administration. The nanoART
increased the expression of microtubule-associated protein 2 (MAP2+).
The brain morphology was retained in the nanoART treatment group
compared with untreated mice. Thus, nanoART can be utilized as
maintenance therapy provided drug resistance is kept in check as in-
dicated by viral rebound upon cessation of therapy [159]. In contrast,
attack on the major axis may lead to complete phagocytosis of elon-
gated rod-shaped nanoparticles making their depot inside macrophages
[156]. In this regard, lipid-coated rilpivirine-bismuth sulfide nanorods
(BSNR-RPV) similar to RPV nanocrystals (NRPV) depicted MDM uptake

and similar antiretroviral property (> 98%) when compared with ril-
pivirine nanocrystal. The LuBSNR nanoparticles were transitioned from
liver to spleen, later in gut, and spleen in 120 h. Further, the presence of
LuBSNR in the marginal area of spleen confirmed uptake of nanorods by
macrophages [160].

4. Physiology-based pharmacokinetic (PBPK) and mechanism-
based pharmacokinetic (MBPK) modeling: a tool for long-acting
antiretroviral nanoformulation synthesis

PBPK modeling has become more alluring due to its ability to pre-
dict tissue/plasma partition coefficient based on drug-specific in vitro
and in silico data, which has played a critical role in the development of
LA nanoformulations. PBPK modelling is vital in the development of LA
ARV nanoformulations administered to HIV infected population with
abnormal physiology like changes in immune cell level, changes in
tissue morphology as well as changes associated with other secondary
infections. The PBPK models are based on the principle that total drug
concentration in all the tissues is in equilibrium with the total drug
concentration in plasma, considering kidney and liver as eliminating
organs [18]. The PBPK modelling involves four steps as follows [18,19]:

(i) Developing a general model containing various compartments
(organs/tissues) wherein biodistribution is expected to occur which is
connected to central compartment (circulatory system). It may involve
a lumping approach wherein organs of similar physiological, physico-
chemical, and biochemical properties are lumped together, (ii) Division
of every organ into various compartments based on the type of model
viz; perfusion limited or permeability limited, (iii) Developing various
algebraic equations for static process for each tissue compartment and
(iv) Determination of physiology and drug-specific parameters for de-
veloped PBPK model.

PBPK model could be applied to determine the clinical pharmaco-
kinetics and dose of LA nanoformulation. For instance, Rajoli et al. used
the PBPK model to optimize the IM LA nanoformulations of eight an-
tiretrovirals drugs including tenofovir, emtricitabine, etravirine, rilpi-
virine, efavirenz, dolutegravir, raltegravir and atazanavir. The com-
partmentalization was based on three hypotheses viz; the
compartments were considered well stirred with the instant distribution
of drugs, drugs are not absorbed through the colon, and the model is
limited to blood flow. The permissible deviation from predicted values
was restricted to 0.5-folds. The predicted LA PK parameters were ob-
tained from clinically available data of oral formulations with multiple
dosing of ARV. The dose limit was kept to 1500 mg. The prediction of
pharmacokinetics and dose was optimized for the IM route such that the
plasma concentration shall remain at IC95 and IC90 for protein-bound
and unbound drugs, respectively, at Ctrough. The validation of the PBPK
model was done against existing clinical data for oral SR rilpivirine
formulation. For IM administration, the IM depot was added as a se-
parate compartment. The model was considered validated if the mean
AUC for the predicted LA IM depot was±50% of the available clinical
data. The model predicted that tenofovir, emtricitabine, efavirenz and
rilpivirine LA nanoformulation could be administered as a monthly
depot. Due to the physicochemical properties of dolutegravir LA, it was
considered to be administered at the lowest dose (105 mg) for months.
Raltegravir LA(800 mg) and atazanavir LA(600 mg) were suitable as
monthly and weekly administration, respectively. Oral loading dose for
all ARV except tenofovir and emtricitabine was suggested, considering
the lag time of 24 h in case of LA ARV nanoformulations to reach ef-
fective plasma concentration. The model suggested the administration
of two simultaneous LA formulation by the IM route [164]. However,
the PBPK model did not consider gender-specific physiological and
anatomical differences and stability of LA nanoformulation over the
time.

Administration of LA nanoformulations to children and adults is
generally avoided mainly due to toxicity and adverse drug reactions
associated with it. Therefore, PBPK modeling could be a promising
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approach to predict the dose of LA nanoformulations before clinical
trials. For instance, Rajoli et al. developed the PBPK model to predict
the dose of LA nanoformulation of rilpivirine and cabotegravir con-
sidering physicochemical properties of rilpivirine and cabotegravir,
clinical data obtained from 100 virtual adults and LATTE-2 trial as
input variables. Dose was predicted, considering the concentration of
cabotegravir and rilpivirine would remain above the Ctrough of 1.35 μg/
ml and 70 ng/ml for both the drugs respectively for 52 weeks. Further,
a differential sensitivity analysis was done by determining the change in
plasma concentration for change in blood/plasma ratio, cardiac output,
plasma clearance, liver weight, fraction unbound, and release rate. It
was observed that the predicted AUC was +13.2 and +15.6%, Cmax
was -6.5%, and +6.1%, Ctrough was +8.8 and 9.1% for rilpivirine and
cabotegravir respectively against obtained clinical data. Further,
plasma drug concentration of cabotegravir was sensitive to only cardiac
output and systemic clearance suggesting the higher impact of UDP-
glucoronosyltransferase in drug elimination. The model suggested ril-
pivirine oral dose for four weeks of 25 mg followed by loading dose on
body weight basis of 250-550 mg (15-70 kg) and maintenance dose of
200-500 mg for rilpivirine LA. For cabotegravir,10 mg (14-50 kg) and
20 mg (50-70 kg) oral dose based on body weight, followed by 200-600
mg and 100-250 mg loading and maintenance dose for all body weights
in children and adults which can maintain the plasma concentration
above IC90 of each drug. Therefore, prediction of dose and PK of LA
nanoformulations majorly depends upon physicochemical properties
and ADME of the drugs [165]. A microneedle array patch of LA cabo-
tegravir and rilpivirine was also developed with the aid of PBPK
modeling for once-a-week use. The modeling was based on the as-
sumptions viz; drug diffusion from stratum corneum to blood circula-
tion is unidirectional, the hair follicles covers 0.1% of entire skin area,
diffusion, partition coefficient and release rate of the drug from nano-
particles into the skin would be constant and only the drug can diffuse
through the layers of the skin. It was predicted that equivalent Ctrough
was achieved when loading dose of cabotegravir and rilpivirine was
360 mg and 270 mg, respectively, with 180 mg of maintenance dose of
both the drugs after IM administration [166]. Due to the change in
physiological parameters including a decrease in height, weight, de-
crease in migratory motor complex, changes in liver microsomal en-
zymes, decrease in organ size, and decrease in cardiac output affecting
blood flow to various organs with age, LA nanoformulations have not
been attempted for the elderly population. These factors should be
taken into account while the prediction of dose and pharmacokinetics
of LA ARV nanoformulations in geriatrics [167].

In contrast to PBPK modeling, MBPK modeling also considers cer-
tain processes including target site distribution, target binding and
activation, signal transduction, disease process and progression during
elicitation of pharmacological effects. These processes depend upon the
properties related to the drug and biological system. Drug-related
properties including in vivo binding and efficacy, could be predicted and
scaled up based on the in vitro bioassay data. In contrast, the pharma-
codynamic properties mainly depend upon the species, remain almost
constant and hence need not to be scaled up. However, biological
system-related processes, including protein expressions and the rate
constant during expression of the proteins required for drug-receptor
binding, could be obtained from in vivo data after scale-up for the de-
sired species [168]. Moreover, the prediction of plasma concentration
does not always confirm the site-specific distribution of the drug due to
the involvement of various transporters, which may synergize or an-
tagonize the effect of the drug. Therefore, it may include receptor-based
theory, which considers target site-specific and receptor concentration
to obtain the desired response [20].

Recently, kraft et al. developed long-acting drug combination na-
noparticle (TLC- ART101) incorporating lopinavir (LPV), ritonavir
(RTV) and tenofovir (TFV) for enhanced retention in lymph nodes. The
TLC-ART101 were subcutaneously administered to macaque, and the
data obtained were used for the MBPK modeling [168] of TLC-ART101.

One compartment model with first-order absorption, in the case of LPV
and RTV and two-compartment model with first-order absorption for
TFV were applied during modeling. The model was based on the as-
sumption that nanoparticles were taken up by the lymphocytes, trapped
into lymph sinuses and traverse through the lymphatic vesicles,
draining slowly into systemic circulation due to larger intercellular
fenestration (100 nm) while, free drug enter the systemic circulation
through smaller intercellular space (8-12 nm) after subcutaneous ad-
ministration. Further, 100% of LPV and RTV loaded nanoparticles were
taken by the lymphatic system while only 10% TFV reached lymphatic
vessels, as 90% TFV was bound onto the surface of the nanoparticles.
Additionally, it was also assumed that the nanoparticles remained
stable at the subcutaneous site and did not allow any drug release at the
injection site. Based on these assumptions, the composite compartment
model was developed (Fig. 3A). The compartments were based on the
fast, intermediate, and slow rate of transit of the nanoparticles into the
lymphatic system after subcutaneous administration. It was observed
that LPV was more available for slow lymphatic transit of nanoparticles
called as slow lymphatic compartment as compared to RTV. While, TFV
was equally available in all the compartments. The differential dis-
tribution into three lymphatic compartments of the individual drug
from TLC-ART101 was attributed to the non-uniform distribution of the
specific drug in nanoparticles and different metabolism/anabolism of
individual drugs in lymphocytes. The plasma concentration-time profile
obtained after MBPK modeling is depicted in Fig. 3B. Further, predic-
tion of lymphatic exposure by the MBPK model for each drug was found
to be 80% LPV exposure for two weeks, 100% RTV would be exposed
within 96 h, and TFV release was faster than LPV in lymphatic.
Therefore, MBPK modeling could successfully account for the three
different pathways of the lymphatic system as the mechanism for
multiphasic waves in plasma concentration of ART upon administration
of LA nanoformulation. Further, the author hypothesized the role of
tissue lipases and high endothelial venules in lymph nodes along with
acid and base stable property of LPV and RTV, leading to their en-
dosomal and lysosomal release as reason for three different lymphatic
pathways depicted in present MBPK modeling [12]. The role of PBPK
and MBPK modelling for determination of LA nanoformulation clinical
pharmacokinetic has been elaborated in Fig. 4

5. Animal models used for evaluation of in vivo efficacy of long-
acting antiretroviral nanoformulations

The relapse of HIV is a common phenomenon due to the occurrence
of latent provirus into tissues and organs, which regain their infection
potential upon interruption of ARV [22]. In order to elucidate the
mechanism of relapse and develop ARV treatment against the latent
phase for humans, efficient preclinical models should be established.
The humanized mice model and NHP have been developed to mimic the
disease progression due to HIV in humans.

5.1. Humanized mice model

Development of in vivo models mimicking HIV infection, transmis-
sion, and prophylaxis in small rodents was essential for preclinical
studies, considering the existence of HIV in only minuscule species viz;
humans (pathogenic) and chimpanzee (non-pathogenic) [23]. NHP are
an alternative to humans. However, ethical constraints associated with
the use of NHP during preclinical studies of formulations is a major
limitation. Therefore, immunocompromised rodents with human en-
graftment were developed as in vivo models for evaluation of the effi-
cacy of antiretroviral drug formulations [24]. Humanized mice models
have been developed by transplantation of 1) single or many transgenes
from humans into wild type mice, 2) Normal or diseased human cells/
tissues into immunodeficient mice, 3) CD34+ hematopoietic stem/
progenitor cells (HSPC) into mice or combination of all three types
[24]. HIV pathophysiology could be successfully replicated in
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humanized mice including CD4+ and CD8+ T cell depletion, upregu-
lation of programmed cell death proteins, rectal and vaginal transmis-
sion and gastrointestinal viral colocalization [25]. For instance, sys-
temic viral persistence with the faster doubling of CD4+ and CD8+ T
cells in the thymic organ was obtained in human liver/thymus im-
planted severe combined immunodeficiency mice (SCID mice). How-
ever, the infected T cells were found only in thyroid organs, which
requires surgical exposure of other tissues for HIV infection [26]. In
order to enhance the peripheral blood immune cells, Hu-PBL SCID was
developed wherein human-derived peripheral blood lymphocytes were
administered intraperitoneally in SCID mice. However, the educated T-
cells from the host proliferate and recognize mice cells as foreign after
some time, generating host-graft rejection, leading to the use of Hu
Thy/Liv SCID and Hu-PBL SCID models for short term studies [25]. For
instance, the humanized SCID mice model could be utilized to evaluate
pharmacokinetics, biodistribution and efficacy of single-dose LA na-
noformulations [163]. The use of this model for evaluation of LA na-
noformulations after multiple dosing for longer duration with reduced
dosing frequency may cause erroneous results. In contrast, implantation
of Thymus/liver tissue in NOD/SCID common gamma chain knockout
(Hu Thy/Liv NSG) mice were developed to increase the level of sys-
temic and peripheral T-cells due to extended engraftments of human
immune system along with suppressed gene which produces mice im-
mune cells. The NSG mice maintain a high level of viremia in peripheral
blood and tissues, and shows viral rebound upon cessation of ART as
observed in humans. This model is specifically useful to evaluate drugs/
drug products specifically targeting T cells as they lack antigen pre-
senting cells [169]. Therefore, this model could be utilized for the
evaluation of LA nanoformulations, targeting to T-lymphocytes to de-
velop secondary depot [12]. Moreover, double knock out (DKO) mice
are injected with CD34+ HSPC which is sensitive to viral replication
upon infection intravenously or intravaginally and could be used for
identification of drug resistant strain. DKO mice showed the presence of
T cells, B-lymphocytes, natural killer cells, and dendritic cells in all
organs. However, limited T cells were observed in the female re-
productive tract and intestine [24]. Bone marrow-liver-thymus (BLT)
mice is another DKO subtype consisting of bone marrow engraftment in
addition to fetal thymus and liver derived CD34+ engraftment, which

leads to the development of lymphocytes, NK cells, monocytes, mac-
rophages and dendritic cells throughout the body. Further, it en-
compasses CD4+ and CD8+ T lymphocytes specific to gut and female
reproductive tract [24]. BLT mice are known to produce extensive
human immune responses amongst all humanized mice models.
Therefore, this model can be used for evaluation of LA nanoformulation
for PrEP treatment [170].

Macrophages are major residence sites for HIV and are known to
engulf HIV infected T-cells. In order to confirm the ability of developed
nanoformulations to target macrophages in absence of T-cells, CD34+

hematopoietic stem cells were transplanted into T-cell deficient NOD/
SCID mice to generate Myeloid only mice (MoM) [171]. However, this
model lacks the human thymic microenvironment and human leucocyte
antigen, thereby losing the ability for a robust immune response [24].
In order to improve the immune response in humanized mice models
that depict ineffective human lymphocytes and NK cells in NOG/NOD/
BLT, exogenous factors like interleukins were added into developed
models to enhance humanization [24]. For instance, NOD.Cg-
PrkdcscidIL2rgtm1Wjl NSG mice are the best available model with the
highest human stem cell (HSC) compatibility due to both SCID and
interleukin-2 gamma chain mutation, which cannot produce T-cell, B-
cell and NK by themselves. At the same time, they replicate the cells of
human origin when transplanted within them [172]. These models have
been widely developed to study the effect of formulations on the pro-
gression of neurological complications associated with AIDS [169]. For
instance, LA ATV and RTV nanocrystal suspension were evaluated for
its neuroprotective effect in humanized NOD/scid-IL-2Rgcnull mice
which showed increased microtubule-associated protein 2, neurofila-
ment expression and synaptophysin after 6 injections, administered at a
frequency of once in a week [159]. Further, a combination of each
model with gene suppression leads to exact mimicking of disease and
hypothesized treatment making it feasible to study the effect of LA
nanoformulations for single and multiple dosing as well as to evaluate
LA nanoformulations for PrEP [52,53]. For instance, The NOD/shi-scid/
γc null (NOG) mice with transplanted CD34+ derived from the blood of
umbilical cord and knocked IL2 gene when challenged with CCR5 and
CXCR-4 sensitive HIV strain depicted high level of viral transmission
and CD4+T cell depletion as in HIV infected humans. LA SC

Fig. 3. Mechanism-based pharmacokinetic modelling (A) Representation of mechanism-based compartmentalization for free drug disposition into circulatory system
and TLC-ART101 disposition into circulatory system preceeded through lymphatic system. (B) MBPK model (curves) fitting to observed plasma concentration for
LPV, RTV and TFV after single SC dosing of free LPV, RTV, TFV and TLC ART 101 in macaques (n=8) [12].
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administration of TMC278 (NNRTI in the late-stage clinical trial) and
TMC 181(early-stage pre-clinical trial protease inhibitor) depicted
above target plasma concentration up to 14 and 7 days respectively.
Further, the infected mice, when treated with daily oral regimen of
tenfovir disproxil fumarate (TDF) and 3TC, along with once-weekly SC
dosing of TMC278 LA depicted 79% decline in viral RNA level. Rest of
the 21% mice experiencing failure in viral suppression showed viral
mutation, including M1841 (3TC) and E138K (TMC278 LA) as identi-
fied in humans previously. While, oral once-weekly dosing of AZT, RTV
and 3TC and TMC278 LA monotherapy caused wasting symptoms and
breakthrough in viral load. But, the viral load was maintained below
limit of detection when both TMC 278 LA and TMC 181 LA were used as
maintenance therapy (until 99 days) in mice with already low viral
RNA after treatment with oral TDF, 3TC, TMC278LA and TMC181 LA
for 44 days [173]. Therefore, based on the targeting potential of de-
veloped LA nanoformulation, different humanized mice models have
been reported to study pharmacokinetics, biodistribution, and efficacy.

5.2. Non-human primates

NHP is considered an appropriate in vivo model to evaluate the an-
tiretroviral efficacy of drug/formulation due to their phylogenetic si-
milarity with humans. Many African macaques are the host for simian
immunodeficiency virus (SIV) however, they do not show disease pa-
thogenesis. Only two species, namely, SIVsmm infected Sooty magabey,
and SIVagm in African green monkeys, which depict HIV-2 in humans
and SIVmac in macaques, have been identified to be pathogenic [174].
Therefore, Asian macaques infected with SIV were developed as an in
vivo model for HIV, which showed disease induction and progression
similar to HIV-1 infection in humans. Three different Asian macaques,
namely, rhesus macaque, pig-tailed macaque, and cynomegalous ma-
caque, are available as in vivo models [175]. However, the selection of
NHP amongst the available ones is critical and depends upon the
availability, cost, and duration for disease induction and progression.
For instance, cyomegalous macaques are rarely used species due to
their incomplete adaptation to infecting viruses compared to rhesus and

pig-tailed macaques, which require 1-2 years and 42 weeks respectively
for disease induction and progression [176].

The NHP could be infected with various lentivirus mimicking HIV,
including SIV, SHIV, and its variants. SIV and HIV have many simila-
rities including similar rate and target cells for transmission, tran-
scription of viral long term repeat chain to maintain viral DNA upon
exposure to interferon, similar stimulatory signals for converting SIV
and HIV into latent phase, uniform distribution in peripheral blood,
lymph node and mucosal sites as in HIV, similar reservoir and slow
clearance of infected cells due to mutation [174]. Therefore, SIV is
preferred due to rejection of HIV-1 direct infection by TRIM5α, apoli-
poprotein B-editing catalytic subunit like 3 (APOBEC3), and Tetherin in
macaques [177]. However, SIV is accompanied with drawbacks in-
cluding only 53% nucleotide identity between HIV and SIV [176], in-
fection of SIV only in monocytes and macrophages as against T cells
which are the major target of HIV and different host factors (origin of
the virus, major histocompatibility-I alleles and restriction allele)
[177]. SIVmac251, SIV239, SSIVsmE543-3 and SIVsmE660 are widely
used SIV for generation of HIV-1 like symptoms [178]. SIV utilizes
CCR5 co-receptor for viral transmission like HIV, but it contains viral
env, which is resistant to neutralizing antibodies. On the contrary, few
SIV strains, including SSIVsmE543-3 and SIVsmE660 are sensitive to
TRIM5 protein and therefore inhibit viral transmission and are in-
effective when treated with many ARV [176]. The lacunae of SIV are
overcome by chimeric SHIV which uses CXCR4 co-receptor like HIV-1
[179]. SHIV expressing HIV-1 env are developed by replacing genes for
envelop proteins with the HIV-1 gene for envelop proteins like rev, tat,
vpu, and env gene [176]. Multiple passage of SHIV in macaques leads to
HIV progression with drastic depletion of CD4+ T lymphocytes within
three months. Unlike SIV, which infects CCR5+ lymphocytes causing
depletion of memory T cells, SHIV infects CXCR4+CCR5- and causes
peripheral blood and lymph node naïve CD4+T cell depletion.
SHIVSF162P3 strains majorly adapted to rhesus macaques were de-
veloped to evaluate the viral transmission failure upon microbicides
treatment [176]. Therefore, SHIV and SIV infected rhesus macaque
could be utilized to evaluate efficacy of PrEP LA nanofrmulations

Fig. 4. Application of pharmacokinetic-modelling in development of long-acting antiretroviral nanoformulation
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[107,108]. In order to enhance the strain susceptibility to non-nu-
cleoside reverse transcriptase inhibitors, SHIV HIV-1 pol were devel-
oped by transferring HIV-1 RT polymerase (pol) into SIV. Further, an
effort to engineer exact HIV replica in macaques HIV-1vif gene was re-
placed with SIVvif mac to develop stHIV which is resistant to APOBEC-3
gene and replicate in pig-tailed macaque similar to humans [176].
Therefore, successful in vivo model could be developed by infecting
NHP with available viral strains mimicking HIV (Table 3).

6. Long-acting antiretroviral nanoformulations: challenges and
future perspective

The LA effect of nanoformulation grounds on their established
physicochemical properties. Retention of these physicochemical prop-
erties during the translation from lab to clinic with continuous manu-
facturing process remains elusive [180]. LA nanoformulation demands
the ability to incorporate drugs with different physicochemical prop-
erties using single platform technology for its clinical application.
However, differential drug release of the ARV [12], drug-drug inter-
action, and felicity of common carrier remains major defiance [16].
Techniques to establish sterility of LA nanoformulation to maintain
equipoise with its stability during manufacturing and storage are yet to
be established [181]. Moreover, although the secondary immune cell
depot causes long-acting effect, toxic metabolites when LA nanocarriers
are directed towards cellular endosome with acidic pH needs to be
thoroughly investigated along with tissue and plasma pharmacokinetic
and biodistribution. Nanosuspension, specifically, nanocrystals tend to
cause ostwald ripening and depict polymorphism [75], affecting their
solubility and in vivo performance, which until now have not been
studied for LA nanoformulations. Additionally, the majority of ARV are
administered in higher doses, making them unsuitable for LA nano-
formulations due to issues regarding dose-volume [15], syringeability,
stability, and depot consistency. A standard platform technology may
aid in the presentation of cART to individuals with distinct physiology
establishing horizon for personalized regimen inhibiting drug resistance
[13,57]. A combination of substantial modification in the viral genome
along with a long-acting cART regimen may serve as an excellent re-
medy in complete eradication of chronic HIV infection soon [182].
Also, the effect on viral RNA levels upon non-adherence of LA ARV
nanoformulation also remains to be established in near future.

7. Conclusion

The successful preclinical and clinical leads of two potential LA ARV
nanoformulations namely; cabotegravir and rilpivirine with higher
potency, half-life, sustained plasma and tissue-specific depot and es-
tablished regulatory approval for each was indeed a presentation of the
new application for older antiretrovirals. Since then, efforts have been
made to either synthesize long-acting chemical moieties and their
transition into LA nanoformulations. Advent of LA nanoformulations in
the future will replace the currently available complex oral cART with a
simplified regimen. Various nanocarriers, including solid drug nano-
carriers, polymeric nanoparticles, nanosuspension, solid drug nano-
particles, and rod-shaped nanocarriers, could be utilized as platform
technology to deliver combination antiretroviral drugs for long term
with the creation of cell and tissue-specific secondary depot. However,
the physicochemical properties and stability of nanocarriers needs to be
thoroughly investigated. Despite of increased preclinical adherence,
efficacy and safety, the effect of long-term dosing, tissue pharmacoki-
netics and its correlation with plasma time profile should be visited for
LA nanoformulations to enter into the clinical phase. Moreover, proper
selection of viral strain and in vivo species is essential to extrapolate the
findings onto humans. With an increasing fascination for LA nano-
formulation, the effect of non-adherence or switch to oral cART on viral
load, drug resistance, and induction from latency after a year or two
need to be established. Further, the role of drug metabolism and drug

transporters at the injection site should also be elucidated during the
development of LA nanoformulation., Surpassing few drawbacks, LA
nanoformulations can maintain effective concentration at HIV infection
site, spread site, and residence site in great capacities.
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