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1. Background 

Long-acting (LA) injectables have revolutionized the treatment measures for various diseases 

including schizophrenia, cancer, and asthma since 1990 [1]. It specifically holds significance 

for treatment and prophylaxis of diseases wherein; long term drug administration is essential 

[2]. Despite the existence of LA nanoformulations; their application for treatment and 

prophylaxis in infectious diseases including malaria, tuberculosis, and HIV is still at its 

inception. Perennial relapse of infectious diseases in humans and animals emanating from 

failure in treatment is a cause of solicitude for grave socio-economic loss [3,4]. Only recently 

one LA nanoformulation has 

Jannsen Pharmaceutica (Beerse, Belgium) on 20th March, 2020 for once-monthly 

administration of cabotegravir and rilpivirine long-acting nanosuspension recommended for 

HIV-1 infected adults with suppressed and stable viral load [5]. However, the effect of 

various physicochemical properties of anti-infective drugs on drug loading, entrapment 

efficiency, primary (injection site) and secondary depot (immune cell) genesis and 

fundamental mechanism for long-acting potential of anti-infective nanoformulations remains 

unexplored. 

nanoformulations including nanocrystals [6], nano-

prodrug [7,8], solid drug nanoparticles [9], lipid [10 13] and polymeric nanoparticles [14,15] 

and nanosuspension [16,17] have been explored for LA antiretroviral (LA ARV) effect. 

While, only polymeric solid drug nanoparticles [18], nanocrystals [19,20], and polymeric 

nanoparticles [21] have been explored for LA anti-malarial and anti-tuberculosis effect. 

Therefore, current research aims in development, in vitro, and in vivo characterization of LA 

nanoformulations incorporating drugs with varied physicochemical properties against 

infectious diseases.  
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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 concentration at the desired site for weeks or months [22]. 

Orally administered drugs elicit decreased bioavailability due to hepatic first-pass metabolism 

and drug-drug interaction due to the presence of various transporters and metabolic enzymes 

in the intestinal epithelium, which can be avoided by LA nanoformulation [23]. Therefore, 

those physicochemical properties of the drugs, which determine stability, bioavailability, and 

efficacy of LA nanoformulations become vital [24,25]. In case, physicochemical properties of 

the orally administered drugs are not suitable for LA nanoformulation, new drug synthesis for 

LA effect is required [23]. Generally, orally administered active pharmaceutical ingredients 

(APIs) must satisfy the Lipinski rule of five. The rule states that those APIs which exhibit 

molecular weight, log P, hydrogen bond donors and acceptors must be  <500 Da, <5, 5, and 

10 respectively, are considered a good candidate for oral delivery [26 28]. The similar, rule 

could be extended to understand the properties of APIs suitable for LA nanoformulations. 

Further, other physicochemical properties including solubility and pKa played a significant 

role in the design of LA 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 [23]. 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 drugs to 

form prodrug with increased pKa leads to decreased dissolution of drug leading to longer 

half-life and increased potency [29]. For instance, cabotegravir was esterified to form 

myristoylated prodrug [7], emtricitabine converted to palmitoylated emtricitabine [30], 
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lamivudine and abacavir to phosphoramidate pronucleotide [31], rilpivirine to methyl 

tetradecanoate prodrug [8], and paliperidone to palmitate prodrug [32] to prepare LA 

nanoformulations. The pharmacokinetics of the drug depends upon the drug release from LA 

nanoformulation, 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 [11,24]. Further, the particle size of LA nanoformulations played a significant 

role in producing therapeutic effect for a 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 stabilized rilpivirine nanosuspension when injected by IM or SC, showed plasma 

concentration below 10 ng/ml after 3 or 6 months respectively. 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 nanoformulation of different physicochemical properties in 

the same species [33]. Moreover, polarity of the drug also played a significant 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 

[34].  

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 respectively. In contrast, class III and IV include high solubility/poorly metabolized and 

low solubility/poorly metabolized API [35]. The BDDS classification for drugs was an 
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extension to Biopharmaceutical Classification 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 to efflux and 

absorptive transporter [36]. Thus, BDDS classification determines the transporter, enzymatic 

substrate, and drug-drug interaction in the liver, intestine, kidney, and brain. Generally, class 

II and IV drugs are suitable for lipid-based nanoformulations wherein transporter modifying 

carriers could be used. Moreover, both class II and IV drugs lead to a significant reduction in 

dose with >70% and <30% metabolism, respectively [36]; 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 [37]. Effective delivery of 

long-acting nanoformulations requires lower dose volume for administration. 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 

[22]. Moreover, the drug must be stable when exposed to varying enzymes and pH in-vivo 

[38]. 
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2.2 Impact of route of administration on in vivo behaviour of LA nanoformulations 

Drug-loaded nanoformulations when administered parenterally via subcutaneous (SC) or 

intramuscular (IM) route showed a therapeutic effect for several months. The long-acting 

effect of these nanoformulations was could be due to the formation of a depot at the site of 

administration to enable sustain drug release for an extended period. Sequestration of 

nanoparticles from the depot into lymphocytes [39] or macrophages [8,40] to form secondary 

depot for long term slow release of the drug is another reason for the long-acting effect. 

Intravenous infusion has also been utilized for long-acting anti-HIV effects. For instance, 

Vedolizumab is long-acting humanized immunoglobulin [2-Rmonoclonal antibody which 

s the virus entering the CD4+ T cells administered as IV 

infusion for 30 min depicted serum half-life of 25 days [41]. It has been reported that both SC 

and IM routes showed sustained drug release of nanodrugs independent on particle size [42]. 

However, the absorption via IM route is fast as compared to SC route, making it suitable for 

administration of oil based LA nanoformulations. For instance, 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 rilpivirine nanosuspension compared with SC rilpivirine 

nanosuspension (200 nm). IM administration of rilpivirine nanosuspension led to rapid onset 

of action due to higher draining effect due to the presence of blood capillaries when 

compared with SC [43]. While, administration of rilpivirine nanosuspension in humans by SC 

and IM route led to similar Cmax while, the Tmax was 1.83 folds and 7.4 folds higher at 100 mg 

and 200 mg IM dose, respectively. 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 
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vagina, respectively, when compared to IM route [25]. On the contrary, a clinical trial of 

cabotegravir long-acting nanosuspension in 72 human volunteers demonstrated comparable 

Cmax (0.166-0.644 g/ml) and median half-life of 69 days when administered via both SC and 

IM route [44]. 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 

nanoformulation delivery. However, an enhanced duration of action with increased 

tissue/plasma ratio could be obtained by administration via the SC route.  

2.3 Role of the circulatory and lymphatic system in the enhancement of bioavailability 

of long-acting anti-infectives 

Both circulatory and lymphatic systems play a significant role in the targeted delivery of anti-

infective 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 accumulated into collecting valves and 

draining into the left subclavian vein. The hydrostatic pressure head (generally between 0.2-

0.8 cmH2O) is the primary driving force for draining the interstitial fluid into lymphatic 

vessels [45].  

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 [45]. 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 m. 

Therefore, large molecules can rapidly enter into the lymphatic system [46]. The lymphatic 

muscles aid in slow phasic contraction and relaxation of vessels as compared to blood 
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capillaries (10/min) [47], which could enable longer retention of nanoparticles when absorbed 

and distributed via the lymphatic system, thereby enhancing the bioavailability of the drug. 

HIV replication occurs predominately 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 tissues>lungs and intestine>other tissues [48]. 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 [49]. Increased 

absorption in the lymphatic system through lymphatic plexus in SC and skeletal muscles, 

therefore, could enhance the effectiveness of LA 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 instance, <100 nm particles 

could be absorbed by the lymphatic system, thereby enhancing circulation time and 

bioavailability [50]. Macrophage at the injection site engulfed LA nanoformulation passed 

through the lymphatic system slowly into systemic circulation which resulted in the slow 

release of drugs from macrophage LA nanoformulation depot [51]. Nanoparticles with a 

hydrophobic surface and larger particle size (>200 nm) tend to be phagocytosed upon 

intravenous administration [52]. This strategy can be well explored for long-acting slow 

release of drugs from macrophages. For instance, higher accumulation of Zidovudine 

myristate loaded liposomes were observed in reticuloendothelial organs and brain after IV 

administration due to phagocytosis of liposomes [53]. While, Myocet® which contains 

Doxorubicin liposomes form macrophage depot upon IV administration causing slow-release 

mimicking infusion [1]. Dou et al. demonstrated the release of indinavir from the 
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macrophage-based system for 14 long days and suppressed viral load significantly in the 

brain after intravenous administration in mice [54]. Nucleoside reverse transcriptase 

inhibitors (NRTI)and protease inhibitors (PI) have the inherent potential to target endosomes 

of macrophages and elicit antiretroviral effect [51]. 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 node when 

administered via intraperitoneal and IM route [55]. 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 nanoformulations for infectious diseases 

The majority of LA nanoformulation has been explored for ARV drugs with few illustrations 

of anti-malarial and anti-tuberculosis drugs. Various nanoformulations including nanocrystals 

[6], nano-prodrug [7,8], solid drug nanoparticles [18,56], lipid [10 13] and polymeric 

nanoparticles [14,15] and nanosuspension [16,17] have been explored for LA ARV effect. 

The method of preparation and long-acting slow effective release potential of LA 

nanoformulations have been presented in Figure 1.1. The preceding section deals with LA 

nanoformulations which have shown promising results in preclinical studies. 
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Figure 1.1 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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3.1 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 [57]. Fast regulatory approval (especially, if 

the drug is FDA approved), long-term stability, improved bioavailability, flexible 

pharmacokinetic profile,  and ability of cellular/tissue targeting are certain advantages of LA 

SDN [57 59]. Moreover, due to enhanced hydrophobicity and reduced particle size, it 

revealed a higher intracellular accumulation compared to the free drug [60]. After the 

successful clinical trials of low dose cabotegravir and rilpivirine nanocrystal nanosuspension, 

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-dioxybutane-

2-sulfonate (AOT) with 70%w/w drug loading. In vivo IM administration in adult male 

Wistar rats (10 mg/kg) revealed detectable plasma concentration of Maraviroc SDN up to 240 

h in comparison to free Maraviroc solution (5% DMSO) which was detected until only 72 h. 

The AUC0- , terminal half-life and Tmax was 3.45, 2.64, and 2-fold, higher for Maraviroc 

SDN compared with free Maraviroc 1-week post-dosing, respectively.  Similarly, 

Atovaquone polymeric solid drug nanoparticles (particle size<1000 nm, PDI<0.4) were 

developed by the solvent evaporation method. The nanoparticles elicit prevention against 

malaria up to 7 days when administered via IM route in P.berghei ANKA C57BL/6 mice 

model when compared with free atovaquone administered orally. The prevention was found 

to be both suppressive and causal in nature [18]. However,  SDN needs to be further 

evaluated to extrapolate the data for other species, to depict its clinical benefits [9,61].  

3.2 Long-acting nanocrystals 

After the successful advent of cabotegravir and rilpivirine nanocrystal based nanosuspension 

into phase 3 clinical trial and its subsequent new drug application appeal to FDA by ViiV 
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Healthcare [62], 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 SC and IM 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 

nanoRTV were accumulated in the non-lysosomal compartment of tissue macrophages [6]. 

To achieve targeted delivery with enhanced macrophage uptake of LA nanoformulation, 

surface conjugation [63] have been explored. Tissue-specific macrophages, including the 

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 incorporating 

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 increased by 2.3-folds for ATV when FA-ATV/r was administered 

as compared to non-functionalized nanoATV on day 14 post-IM administration. Also, 5-folds 

increase in bioavailability with a 5-fold reduction in dose of FA-nanoATV/r was obtained 

[64]. Secondary macrophage depot, along with the 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 
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group as against only 3% in PBS treated group in infected mice.  FA-nanoATV/r led to a 

significant reduction in P24 level in the liver and spleen and HIV-1gag RNA levels in the 

spleen compared with nanoATV/r and untreated group. Therefore, macrophage targeted FA-

nanoATV depicted the potential of LA nanoformulations as once biweekly with a 5-fold 

reduced dose [63]. Similarly, LA anti-malarial nanocrystal suspension have also been 

attempted recently for Decoquinate. The nanocrystal suspension was prepared by high-

pressure homogenization and sonication in peanut oil (particle size: 430 nm). The 

concentration of Decoqunate remained above its minimum inhibitory concentration up to 624 

h in infected mice. The developed nanocrystal suspension depicted causal prophylaxis against 

P.berghei sporozoite for 2-3 weeks post-IM administration (120 mg/kg) [19]. Similarly, 

Gallium tetraphenyl porphyrin nanocrystals elicit sustained drug release and reduced the 

growth of mycobacterium and HIV co-culture in MDM up to 15days [20,65].    

3.3 Long-acting nano-prodrug 

Monthly/bimonthly LA nanoformulation administration exhibits a major challenge associated 

with a relatively high dose and volume of administration. Prodrugs could be viable 

alternatives to further enhance the potency by slow conversion to parent molecule leading to 

slow effective plasma concentration. For instance, cabotegravir LA nanocrystal 

nanosuspension requires to divide into two injections (2 ml each) to administer 800 mg dose. 

Further, in ÉCLAIR trial 2/3rd population 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 [66]. These observations 

resulted in the creation of a prodrug of cabotegravir 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 cabotegravir (MCAB) showed 1.24-

folds lesser IC50 value than cabotegravir against HIV-1ADA in MDM. Nanoformulations of 
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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 macrophages 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 conversion of prodrug 

MCAB to CAB.  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. IM administration in BALB/cJ mice elucidated 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 both 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. 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 [7]. Similarly, poloxamer 338 or 407 stabilized N-acylalkoxy rilpivirine 

(RPV) prodrug nanoformulation (NM3RPV) was synthesized to achieve long-acting slow 

effective release (LASER) up to 25 weeks. The stability of NM3RPV was comparable with 

nanoformulated RPV (NRPV) at 4  and 37 NM3RPV was retained into 
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MDM cells for 30 days. While, RPV level, in the case of rilpivirine nanocrystal 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

M and 30 M) 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 concentration 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 [8]. 

Prodrug nanoformulations have also been created to obtain LA slow release for the highly 

hydrophilic drug by enhancing their hydrophobicity. For instance, 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 contrast, only 24 h viral suppression was observed in the case of FTC 

nanoformulation (NFTC) treated group in HIV-1 ADA infected cells. Plasma concentration of 

FTC was only 5-fold lower than IC50 upon IM administration 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 
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mice. Further, a significantly higher concentration of FTC-triphosphate (a metabolite of 

NMFTC) was observed in PBMC and lymphoid cells of the spleen and lymph node. Thus, 

NMFTC effectively enhanced drug delivery to viral reservoirs with reduced dosing frequency 

compared to available once-daily oral regimen encompassing the inability to target HIV 

prone cells [30]. Many other antiretrovirals, including Darunavir [67], Lamivudine [31,68], 

Abacavir [69], and Dolutegravir [70] 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 1.1.  

3.4 Long-acting polymeric nanocarriers 

Polymeric nanocarriers have been widely utilized as long-acting nanoformulations due to the 

depot formation when administered via SC or IM route. Polymeric LA nanoformulations 

necessities the use of biodegradable and biocompatible polymers for drug delivery to avoid 

removal after the exhaustion of drugs. The hydrophobic nature of the polymers is another 

essential property to enable drug release over an extended period [71]. Further, 

hydrophobicity of the polymer could enable enhanced absorption of nanoparticles through 

lipophilic vessels [72].  Moreover, polymeric nanocarriers could encapsulate both hydrophilic 

[73] and hydrophobic drugs [14,74,75] for long-acting slow-release, by diffusion or 

dissolution of the drug/s from the polymeric nanocarriers [71]. Recently, efforts were directed 

to develop polymeric nanocarrier incorporating elvitegravir (EVG), tenofovir alafenamide 

(TAF), and emtricitabine (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 
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PLGA nanoparticle revealed accumulation of nanocarriers in the 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+FTC) NP was the the first 

proof of concept for LA cARV delivery. [15]. 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 [76] and TAF+EVG [77] were designed to 

overcome the daily pill burden associated with Truvada® (TAF+FTC) [78].   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 vaginal tissue concentration of TAF 14 days 

post TAF+FTC NP SC administration was 1.6-folds higher than the required TAF vaginal 

concentration (6.8 ng/g).  Interestingly, FTC tended to accumulate in the vagina while both 

TAF and FTC tended to accumulate in the 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 [76]. The synergistic potential of EVG along with TAF 

was explored by developing long-acting TAF+ EVG PLGA nanoparticles (TAF+EVG NP) 
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for PrEP [75]. Upon SC administration 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 administration 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 [77] for both drugs and 100% and 

60% protection on day 4 and day 14 post-SC administration in vaginally challenged Hu BLT 

mice [75].  

Long-acting PLGA nanoformulation of rifampicin (RIF) and isoniazide (INH) were 

developed and evaluated against M. smegmatis strain in MDM cells. The nanoparticles 

depicted 6-fold higher efficacy compared with free RIF and INH. The uptake of RIF and INH 

co-loaded LA PLGA nanoparticles was 60-folds higher in MDM cells. While the drug release 

of RIF and INH from LA PLGA nanoparticles occurred till 15 days in comparison to 24 h for 

free RIF and INH. Furthermore, the RIF and INH nanoparticles reside in the endosomal 

compartment in MDM cells where mycobacterium persists [21]. 

3.5 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 injection is a significant challenge, which requires 

dividing large injection volume into multiple small volumes to administer the entire dose 

[79]. Incorporation of poorly soluble drugs in lipid-based nanocarriers (LNP) could be a 

promising strategy to overcome the above limitation due to enhanced solubilization and drug 

loading [80 82]. Moreover, lipids are biocompatible and biodegradable [83] and 

hydrophobic, which could facilitate the intracellular delivery of drugs [84]. 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 
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[85] by using reduced dose and small injection volume [46]. Furthermore, cARV with 

differential physicochemical 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 nanocarriers for lymphocyte targeting in non-human 

primates (NHP) [39]. Improved pharmacokinetic profile with enhanced AUC0-  by 2.5, 3.5, 

and 28-folds for LPV, RTV, and TFV respectively upon TLC-ART101 LPV SC 

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, respectively. Further, the 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) [39]. 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 [10]. 

Nevertheless, biodistribution, efficacy, and toxicity profile of LA lipid-based 

nanoformulations are yet to be established to enable successful translation from lab to clini
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Chapter 1 

4. Long-acting nanoformulations: challenges and future perspective 

The LA effect of nanoformulation grounds on their established physicochemical properties. 

Retention of these physicochemical properties during the translation from lab to clinic with 

continuous manufacturing process remains elusive [90]. LA nanoformulation demands the 

ability to incorporate drugs with different physicochemical properties using single platform 

technology for its clinical application. However, differential drug release of the ARV [39], 

drug-drug interaction, and felicity of common carrier remains major defiance [91]. 

Techniques to establish sterility of LA nanoformulation to maintain equipoise with its 

stability during manufacturing and storage are yet to be established [92]. Moreover, although 

the secondary immune cell depot causes a 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 [42], 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 nanoformulations due to issues 

regarding dose-volume [93], syringeability, stability, and depot consistency. A standard 

platform technology may aid in the presentation of anti-infectives to individuals with distinct 

physiology establishing horizon for personalized regimen inhibiting drug resistance [24,94]. 

A combination of substantial modification in the viral genome along with a long-acting 

cART regimen may serve as an excellent remedy in complete eradication of chronic HIV 

infection soon [95]. Also, the effect on pathogen levels upon non-adherence of LA 

nanoformulations remains to be established in the near future. 

 

 



Chapter 1 

5. Rationale of the present work 

Recently, LA injectable nanoformulations have achieved cornerstone due to their ability to 

slack dose administration with protracted drug delivery at the desired site [1]. Although, this 

nanotechnology holds value specifically for treatment and prophylaxis of infectious diseases 

including HIV [96], tuberculosis [21], trypanosomiasis [97], and malaria [18] which requires 

long-term drug administration to eliminate the pathogen and prevent relapse; yet the 

technology is prefatory in this area. Therefore, current research work involved the 

development and evaluation of LA nanoformulations for targeted delivery of antiretroviral 

and anti-trypanosomal drugs. Recently, few LA nanoformulations for infectious diseases 

have been established; however, none could present the significance of physicochemical 

properties of drugs in appropriate selection of nanocarriers and their effect in-vivo. To this 

end, current research revealed the purpose of developing polymer-lipid hybrid nanoparticle 

and solid lipid nanoparticle for challenging antiretroviral (Efavirenz and Enfuvirtide) and 

anti-trypanosomal (Isometamidium chloride) drugs, respectively; with varied 

physicochemical properties as well as half-lives. 

Many existing anti-infective agents encompass shorter half-life (t1/2) and require daily 

administration; however, such drugs possess a major challenge of incorporation into 

nanocarriers eliciting protracted drug delivery for weeks/months [96]. Until now, only 

Tenofovir (t1/2-17 h) and Emtricitabine (t1/2-10 h) have been incorporated into LA 

nanoformulations [76,98]. However, the development of LA nanoformulations for drugs with 

short t1/2 (<10 h) remains unattempted. We, therefore, developed LA nanoformulation of 

novel combination incorporating drug with a short half-life and higher water solubility 

(Enfuvirtide; Enf) in combination with hydrophobic and longer half-life antiretroviral 

(Efavirenz; Efa). Enf is a fusion inhibitor peptide approved by USFDA in 2003 [99]. It is a 

36- amino acid peptide with a molecular weight of 4.5 KDa which blocks the fusion of viral 
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and cell membranes by binding to glycoprotein-41 with poor oral bioavailability [100] and 

rapid catabolism by peptidase and proteinase prominently in hepatic and kidney cells 

[101,102]. It has short t1/2 of 3.8 h. Previously, in situ forming implant [103] and lipopeptide 

based prodrug approach [104] were ventured; however; there are no reports for combination 

delivery of Enf with other anti-retroviral drugs encompassing differential physicochemical 

properties and eliciting LA potential.  

Moreover, the development of LA nanocarriers for charged hydrophilic moieties with meagre 

plasma retention ability and quick disposition and/or elimination is still arduous. However, 

the majority of anti-trypanosomal agents in the market are charged molecules with very low 

plasma half-life and rapid disposition. ISMM (M.W. 496 g/mol) [105] is a representative anti-

trypanosomal drug which is amphiphilic cationic moiety [106] with rapid disposition in the 

liver and kidney and inefficient plasma concentration[107]. It was found to have half-lives of 

0.13, 1.22, and 120.7 h as determined by tri-exponential equation upon intravenous 

administration in cattle [108]. Although previous attempts were made in the development of 

polymeric nanoparticles for ISMM with low hemolytic potential [109]. Development of LA 

nanoformulation for ISMM with enhanced plasma half-life as well as infection-, spread-, and 

reservoir-site depot remained elusive. Therefore, current research work aimed to develop 

solid lipid nanoparticles with the ability to enhance ISMM loading and LA potential. 

Additionally, current research work involved the establishment of the significance of route of 

administration for the genesis of primary (injection site) and secondary (infiltered immune 

cells and tissue macrophage) depot which are desirable to cause protracted drug release. 

6. The objective of the present work 

Peripheral blood mononuclear cells (especially macrophage) are established primary defence 

cells that encounter the pathogens upon exposure. Furthermore, they are entrenched hub for 

residence and replication of pathogens. Therefore, current research work was focused on the 
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development of nanocarriers which form depot in these primary cells and elicit long-term 

protection against infectious diseases specifically; HIV and trypanosomiasis. Route of 

administration circumscribe a significant role in the formation of immune cell depot. SC or 

IM administration cause infiltration of peripheral blood mononuclear cells emanating 

secondary immune cell depot which traverses through lymphatic vesicle, sequester into the 

lymph node, and later drain into systemic circulation preceding thoracic duct. Whereupon, 

reaching various organs through systemic circulation, they form secondary tissue depot [39]. 

This leads to improved pharmacokinetics and tissue kinetics leading to protracted drug 

release. Therefore, current research predominantly involved two aims: 

I. Development and evaluation of LA polymer-lipid hybrid nanoparticles (PLN) 

incorporating novel combination with varied physicochemical properties namely; Efa (first-

line non-nucleoside reverse transcriptase inhibitor; NNRTI) and Enf (fusion inhibitor 

peptide). 

II. Development and evaluation of LA lipid nanoparticles (LNP) for hydrophilic cationic 

Isometamidium chloride (ISMM) with the ability to elicit protracted plasma drug release. 

The above aims were achieved by the following specific objectives: 

Objective i: Development and validation of analytical/bioanalytical method for 

quantification of Efavirenz, Enfuvirtide and Isometamidium chloride 

The current objective involved the development of a suitable analytical method for estimation 

of each drug from nanoformulations and release media to determine % drug loading (% DL), 

% entrapment efficiency (% EE), and % drug release. Therefore, RP-HPLC and 

spectrophotofluorimetric method was developed and validated for quantification of Efa and 

Enf, respectively. Further, another RP-HPLC method was developed and validated for the 

estimation of ISMM in presence of formulation excipients and release media. It further 

involved the development and validation of a suitable bioanalytical method for estimation of 
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ISMM from plasma and various tissues to establish the pharmacokinetics and biodistribution 

profile of developed LA nanoformulation. RP-HPLC method involving a novel ion-pairing 

approach was developed and validated for the estimation of ISMM from biological matrices 

after extraction by protein precipitation method.  

Objective ii: Optimization, in vitro characterization, cellular uptake and biodistribution 

of Efavirenz and Enfuvirtide co-loaded polymer-lipid hybrid nanoparticles 

The current objective involved the creation of LA Efa and Enf co-loaded polymer-lipid 

hybrid nanoparticles (Efa-Enf PLN) with an ability for simultaneous delivery of both drugs 

despite their differential solubility as well as enhanced secondary depot genesis ability in 

immune cells. Efa-Enf PLN were prepared by double emulsion solvent evaporation method 

and characterized for % EE, particle size (PS), polydispersity index (PDI) and in vitro drug 

release. These parameters have significance in determining the cytotoxicity and cellular 

interaction of developed Efa-Enf PLN. Furthermore, DSC, FTIR, CD analysis of peptide, and 

blood compatibility studies were done to conclude on drug-excipient compatibility, stability 

of peptide in PLN, and in vivo safety of developed Efa-Enf PLN. Furthermore, cytotoxicity 

and cellular uptake studies in macrophage and T-cells were carried out to predict the 

interaction of Efa-Enf PLN with primary immune cells. Additionally, in vivo biodistribution 

profile for developed LA Efa-Enf PLN was established by bioimaging in Balb/c mice.  The 

biodistribution profile was extrapolated to predict the desirable dose for accomplishing 

minimum effective concentration (MEC) of Efa and Enf in each organ by mathematical 

modelling. 

Objective iii: Development, in vitro and in vivo evaluation of long-acting solid lipid 

nanoparticles for cationic hydrophilic drug (Isometamidium chloride)  

ISMM was selected as a representative illustration of a charged hydrophilic drug. The 

objective involved the development of LA ISMM loaded solid lipid nanoparticles (ISMM-DS 
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LNP) with improved plasma retention ability as well as enhanced target tissue concentration. 

Higher drug loading being a prerequisite for LA nanoformulations; therefore, ISMM LNP 

were prepared by novel in situ complexation solvent evaporation method to enhance the drug 

loading. The ISMM complex was formed using an anionic complexing agent (docusate 

sodium, DS) and characterized by FTIR to estimate the extent of complex formation. The 

ISMM-docusate sodium complex loaded LNP (ISMM-DS LNP) were characterized for % 

EE, particle size (PS), polydispersity index (PDI), zeta potential, in vitro drug release, 

haemolysis, and cytotoxicity in Vero cells. Furthermore, the LA protracted plasma drug 

delivery of ISMM-DS LNP was evaluated by SC administration in Wistar rats. Moreover, the 

concentration of ISMM in PBMC at day 7 after SC administration of ISMM-DS LNP and 

during cell uptake studies in THP-1 cells was determined. Furthermore, the biodistribution 

profile of ISMM-DS LNP was established by determining the ISMM concentration in 

different tissues including the liver, spleen, kidneys, lymph nodes, lungs, and brain after 7 

days in Wistar rats.  
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