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ABSTRACT 

Lopinavir, a key protease inhibitor in antiretroviral therapy, faces significant challenges related to its 

poor solubility, low bioavailability, and low  stability, which limit its therapeutic efficacy. This review 

explores a range of advanced formulation strategies developed to overcome these limitations, 

enhancing lopinavir’s delivery and effectiveness. Nanoparticle-based systems such as solid lipid 

nanoparticles, nanostructured lipid carriers, and lipid-polymer hybrid systems demonstrate notable 

improvements in bioavailability, drug release, and lymphatic targeting. Additionally, solid dosage 

formulations like amorphous solid dispersions and proliposomes have been shown to significantly 

enhance solubility and stability, improving lopinavir’s pharmacokinetic profile. By reviewing the 

preparation techniques, in vivo results, and comparative advantages of these innovative delivery 

systems, this article provides insight into their potential to optimize lopinavir-based therapies. 

Furthermore, the review discusses the role of these strategies in addressing adherence issues, 

ultimately improving patient outcomes. Continued research into the novel approaches is essential for 

advancing lopinavir delivery and enhancing its clinical efficacy in the treatment of HIV. 
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1. Introduction  

Lopinavir (LPV) is a synthetic peptide-like HIV protease 

inhibitor, designed to mimic natural substrates of the HIV-1 

protease enzyme, allowing it to bind to the active site and 

inhibit enzyme function. Its full IUPAC name is (2S)-N-

[(2S,4S,5S)-5-[2-(2,6-dimethylphenoxy) acetamido]-4-hydroxy-

1,6-diphenylhexan-2-yl]-3-methyl-2-(2-oxo-1,3-diazinan-1-

yl) butanamide, with a molecular formula of C₃₇H₄₈N₄O₅ 

and a molecular weight of 628.81 g/mol. LPV’s structure 

(Figure 1) is characterized by multiple stereocenters and 

functional groups crucial for pharmacological action. Key 

structural features include two phenyl rings, which 

enhance lipophilicity and improve membrane penetration. 

The hydroxyl at the 4-position increases binding affinity to 

HIV protease, stabilizing the drug-enzyme interaction. 

LPV also contains amide bonds that mimic HIV protease 

substrates, forming stable interactions with the enzyme's 

active site to inhibit viral replication. The dimethylphenoxy 

group further enhances lipophilicity, aiding cellular 

membrane passage. The functional groups — such as ester 

linkages, amide bonds, and the hydroxyl group — are 

essential for the drug's stability, substrate mimicry, and 

inhibitory effects on the HIV protease. LPV’s 

stereochemistry, with chiral centers at positions 2, 4, 5, 

and 6, is vital for precise fit into the protease’s active 

site. Any changes in stereochemistry would significantly 

reduce its efficacy, underlining the importance of this 

configuration for optimal antiviral action [1-6]. 

Lopinavir is an HIV-1 protease inhibitor that blocks 

the HIV-1 protease enzyme, essential for viral replication. 

This enzyme splits the Gag-Pol polyprotein into smaller, 

functional proteins needed to produce mature, infectious 

viral particles. By inhibiting this cleavage, LPV creates 

immature, non-infectious viral particles, significantly 

reducing viral replication [7, 8]. LPV is typically administered 

orally combined with ritonavir (RTV), which acts as 

a pharmacokinetic booster by inhibiting the CYP3A4 

enzyme that metabolizes LPV, thereby increasing its BA 

and plasma concentration. Around 98–99% of LPV is bound 
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Fig 1. Chemical structure of lopinavir with carbon atom 

numbering system.  

to plasma proteins, which limits the free drug available but 

allows the protein-bound form to act as a reservoir, 

prolonging its action. Metabolized extensively in the liver, 

LPV’s half-life is extended to 5–6 hours when boosted with 

RTV, ensuring sustained therapeutic levels. LPV’s antiviral 

effect is concentration-dependent, and its efficacy is 

typically measured by reductions in HIV viral load [9-12]. 

Lopinavir is associated with several side effects, 

including gastrointestinal disturbances like nausea and 

diarrhea, as well as dyslipidemia, hepatotoxicity, and 

hyperglycemia. Long-term use can lead to metabolic 

complications like fat redistribution and insulin resistance. 

This requires careful management, particularly in patients 

with pre-existing conditions like diabetes or cardiovascular 

disease [13, 14]. As LPV is metabolized via the CYP3A4 

enzyme, it can interact with other medications processed 

by the same pathway, necessitating close monitoring and 

potential dose adjustments [15]. Resistance to LPV can 

develop over time due to mutations in the HIV protease 

enzyme, often resulting in cross-resistance with other 

protease inhibitors. This highlights the importance of 

combining LPV with other antiretroviral agents to 

overcome resistance [16, 17]. LPV remains a key 

component in combination therapies for HIV-1 treatment, 

especially in cases where resistance to other protease 

inhibitors has emerged, due to its high barrier to resistance 

and potent antiviral activity [18]. 

LPV is a vital component of antiretroviral therapy (ART), 

particularly in treating HIV-1 infection. A major strength of 

LPV is its high genetic barrier to resistance, making it 

particularly effective for patients who have developed 

resistance to other protease inhibitors, especially in second-

line or salvage therapy [19, 20]. LPV is combined (cART) with 

other agents to achieve undetectable viral loads and prevent 

resistance. It is approved for pediatric use and recommended 

for pregnant women due to its safety and efficacy in 

preventing mother-to-child transmission [21, 22]. The World 

Health Organization (WHO) includes LPV/RTV in pediatric 

ART regimens, making it essential for managing resistant HIV 

strains in treatment-experienced patients [23]. 

2. Formulation challenges 

Formulating LPV presents significant challenges 

because of its poor solubility, variable BA, and sensitivity 

to environmental conditions. Its low aqueous solubility 

limits gastrointestinal absorption, necessitating advanced 

strategies like solubilizing agents or lipid-based 

formulations to improve BA. The need for co-administration 

with RTV adds complexity to dosing and introduces 

potential drug interactions. LPV's stability is also a concern, 

particularly in regions with high temperatures and 

humidity, where degradation can compromise its 

efficacy. Taste masking is essential for pediatric 

formulations, as LPV’s bitter taste complicates its use in 

children. Gastrointestinal side effects such as nausea and 

diarrhea further reduce adherence, highlighting the need 

for formulations that minimize these issues. Drug 

interactions, driven by CYP3A4 metabolism and RTV  

co-administration, add another layer of difficulty in 

managing multiple therapies. Pediatric and pregnant 

populations require tailored formulations that address 

dosing, safety, and ease of administration. Overcoming 

these challenges is crucial to enhancing LPV's therapeutic 

efficacy, reducing dependence on RTV, and ensuring 

improved patient adherence and outcomes in HIV 

treatment. Advanced formulations are necessary to 

address LPV's pharmacokinetic limitations, improve its 

BA, reduce the reliance on RTV, and enhance its stability. 

These innovations not only improve the drug's therapeutic 

efficacy but also simplify treatment regimens, leading to 

better adherence and ultimately contributing to improved 

results and quality of life for individuals with HIV [24, 25]. 

3. Nanoparticle–based delivery systems 

3.1. Alginate-based nanoparticles 

Angshuman et al. (2010) developed a sustained 

release method for the anti-HIV drug LPV using alginate-

based nanoparticles. These nanoparticles were created 

through an in situ nanoemulsion-polymer crosslinking 

technique. Four different solvents were used, 

dichloromethane, n-hexane, 1,2-dichloroethane, and 

isopropyl alcohol, to encapsulate LPV. The loading of LPV 

into the nanoparticles was confirmed quantitatively using 

high-performance liquid chromatography (HPLC). The 

nanoparticles were characterized for their structure and 

surface morphology using scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). 

The hydrodynamic diameter of the nanoparticles was 

127 nm with a Gaussian distribution. Studies on in vitro 

release revealed that the nanoparticles offered consistent 

drug release, with 30 to 80% of the loaded drug being 

released over 24 hours. The drug-to-polymer ratio 

influenced the release profile.  The 1:6 ratio showed 

a more controlled release pattern. The drug release 

followed Higuchi kinetics, indicating a diffusion-

controlled process rather than first-order kinetics [26]. 

3.2. Surface-stabilized nanoparticles 

Jain et al. (2013) developed surface-stabilized 

nanoparticles to enhance the oral BA of LPV, an 

antiretroviral drug with poor aqueous solubility and 

extensive hepatic metabolism, eliminating the need for 

RTV. Surface-stabilized LPV nanoparticles (LPN) were 

made by antisolvent precipitation and high-pressure 

homogenization. Polyvinyl alcohol was used as 

a stabilizer. For stability and size, the nanoparticles were 

freeze-dried with mannitol. The nanoparticles had 

a particle size of 320 nm and a limited size distribution 

(polydispersity index <0.2). Oral freeze-dried stabilized 

LPN increased BA 3.11-fold in male Sprague-Dawley rats 

compared to free LPN with RTV. This indicates that the 

nanoparticle formulation significantly enhances the BA of 

LPV without the need for RTV. The study demonstrated 
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that surface-stabilized LPN substantially improved the oral 

BA of LPV, providing a promising alternative to 

conventional formulations that require RTV [27]. 

3.3. Pullulan acetate nanoparticles 

Ravi et al. (2014) created pullulan acetate 

nanoparticles for oral LPV administration. FT-IR and NMR 

spectroscopy confirmed that pullulan was acetylated to 

pullulan acetate. LPV was encapsulated in nanoparticles 

utilizing emulsion-solvent-evaporation. Nanoparticles 

averaged 197 nm, showed great entrapment effectiveness 

(75%), and were monodisperse (PDI < 0.2). They were 

stable for 3 months. Nanoparticles have doubled the BA of 

free LPV in Wistar rats. Lymphoid organs like the liver, 

spleen, and lymph nodes, HIV reservoirs, received more 

nanoparticles. The study concluded that pullulan acetate 

nanoparticles could offer a superior delivery method for 

LPV, enhancing its BA and targeting viral reservoirs more 

effectively compared to free drug formulations [28]. 

3.4. Poly-ε-caprolactone (PCL)-based polymeric  

nanoparticles 

Ravi et al. (2015) created PCL-based nanoparticles for 

oral LPV administration. Emulsion solvent evaporation 

produced LPV-loaded PCL nanoparticles with Box–Behnken 

design to optimize nanoparticle key features. 

Nanoparticles with 93.9% entrapment effectiveness were 

195.3 nm in size. Nanoparticle LPV release in vitro was  

bi-phasic and persistent. LPV given via PCL nanoparticles 

had four times the oral BA of free LPV in male Wistar rats. 

The accumulation of nanoparticles in the liver and spleen 

suggested lymphatic absorption. Endocytosis was the main 

nanoparticle uptake mechanism in the rat-everted gut sac 

model. In vitro studies with rat microsomal metabolism 

revealed that the PCL nanoparticles provided metabolic 

protection to LPV, reducing its degradation. The study 

concluded that PCL-based nanoparticles are an effective 

system for increasing the oral BA of LPV and improving its 

pharmacokinetic profile, making them a valuable tool for 

drug delivery [29]. 

3.5. PLGA nanoparticles 

Joshi et al. (2016) produced PLGA nanoparticles to 

improve LPV BA and intestinal transit. Nanoparticles were 

manufactured using nanoprecipitation and optimized using 

a 33-factor design, resulting in discrete spherical particles 

with an average size of 142.1 ± 2.13 nm and a high 

entrapment efficiency (EE) of 93.03 ± 1.27% No significant 

drug-polymer interactions were detected. Coumarin-loaded 

nanoparticles penetrated and absorbed in Caco-2 cells and 

the gut in vitro. Nanoparticles increased permeability 

3.04-fold and BA 13.9-fold in rats compared to the free 

medication. The findings show that these nanoparticles 

could carry antiretroviral medicines to lymphatic reservoirs 

before systemic circulation [30]. 

Abou-El-Naga et al. (2017) explored the efficacy of 

LPV/RTV (L/R) in treating acute experimental 

toxoplasmosis, focusing on the character of PLGA 

nanoparticles in enhancing the drug's effects. The 

objective was to assess the effectiveness of LPV/RTV (L/R) 

and L/R loaded in poly lactic-co-glycolic acid (PLGA) 

nanoparticles against experimental acute toxoplasmosis. 

Swiss albino mice infected with the RH strain of 

Toxoplasma gondii were treated with either free L/R or 

L/R encapsulated in PLGA nanoparticles. The impact of 

treatments on mortality rate, parasite count, and 

parasitological improvements were evaluated. 

Ultrastructural changes in the tachyzoites were examined 

to understand the drug's mechanism of action. Both free 

L/R and L/R loaded in PLGA nanoparticles improved 

parasitological outcomes, including a reduction in 

mortality rate and parasite count. L/R in PLGA 

nanoparticles reduced parasite count in peritoneal fluid 

and liver and decreased parasite vitality and infectivity. 

Both forms of treatment prevented the egress of 

tachyzoites from host cells. L/R caused noticeable 

morphological distortions in tachyzoites. The treatments 

led to evidence of apoptosis and autophagy in 

tachyzoites. The nanotubular network inside the vacuole 

and the parasitophorous vacuole membrane were severely 

disrupted. The study demonstrated that free L/R and L/R 

encapsulated in PLGA nanoparticles significantly 

improved the outcomes of acute toxoplasmosis. The use 

of PLGA nanoparticles enhanced the drug’s efficacy, 

allowing for a reduction in the effective dose needed. 

The findings suggest that HIV protease inhibitors like L/R 

could be repurposed as treatments for toxoplasmosis, 

offering potential new therapeutic options for patients, 

especially those with HIV who are at risk of opportunistic 

infections like toxoplasmosis [31]. 

3.6. Solid drug nanoparticles (SDNs) 

Liptrott et al. (2017) examined how LPV (LPV) solid 

drug nanoparticles (SDNs) interact with immune system 

cells, particularly human T cells and macrophages, which 

are HIV replication sites. The study aimed to assess the 

biocompatibility of LPV SDNs compared to aqueous 

solutions of LPV. The researchers found that LPV, in its 

non-nanoparticle form, significantly increased the 

secretion of inflammatory cytokines IL-1β and TNF-α from 

monocyte-derived macrophages, with levels ninefold and 

sixfold higher, respectively, than in untreated cells. This 

indicates a notable inflammatory response. However, LPV 

SDNs did not cause similar inflammatory reactions at 

comparable drug doses. LPV SDNs were immunologically 

inactive, meaning they did not influence human T cell 

and macrophage activity or phenotype. The study 

concluded that LPV SDNs exhibited comparable or even 

favorable biocompatibility compared to LPV in aqueous 

solution. This suggests that LPV SDNs might offer a safer 

alternative in terms of immune system interaction while 

retaining effective pharmacokinetic properties [32]. 

3.7. PLGA nanocapsules 

Nassar et al. (2019) developed a unique drug delivery 

system to improve the oral BA and efficacy of LPV, an 

anti-AIDS medicine. Spray-dried biodegradable PLGA 

nanocapsules (NCs) with LPV were placed in MCPs. This 

formulation protected LPV from CYP3A pre-systemic 

metabolism and P-gp efflux. SEM verified NC formation 

and MCP entrapment. MCPs released LPV-loaded NCs and 

free LPV at pH 7.4 in vitro. The BA of LPV-loaded NCs 

embedded in MCPs was twice higher than Kaletra® in rats 

taken orally. This shows the formulation shields LPV 

against gut and liver breakdown, improving systemic 

absorption. LPV-treated rat serum dramatically inhibited 

HIV-1 replication in cultured SupT1 cells. LPV-NCs designs 

also reduced infectious HIV-1 generation more than 

Kaletra®, indicating better antiviral efficacy. The study 

demonstrates that embedding LPV in nanocapsules within 
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microparticles can enhance its oral BA and efficacy, 

providing a promising approach to improve treatment 

outcomes for HIV infection [33]. 

3.8. Eudragit RSPO-LPV nanoparticles 

Katata-Seru et al. (2020) address the need for 

improved pediatric formulations of antiretroviral drugs to 

meet the UNAIDS 90-90-90 targets, which aim to increase 

access to treatment for children living with HIV. LPV, 

a protease inhibitor used in first-line HIV treatment, faces 

challenges such as low aqueous solubility, bitterness, and 

a short half-life, which result in limited dissolution and 

variable BA when taken orally. To overcome these 

challenges, the study developed and characterized a novel 

delivery system using Eudragit RSPO-LPV nanoparticles, 

which were incorporated into suppositories made from two 

different bases: fattibase and polyethylene glycol (PEG). 

Particle size, EE, zeta potential (ZP), and polydispersity 

index (PDI) were measured after nanoprecipitation. The 

nanoparticles averaged 191 nm, had a spherical shape, 

79.0% EE, 0.224 PDI, and 25.87 mV ZP. FTIR, PXRD, SEM, 

and TGA showed that the medication was encapsulated 

without interaction. At 5°C and 25°C, the suppositories 

were tested for 12 weeks. Initial in vitro release studies 

conducted using HPLC indicated that suppositories 

formulated with PEG showed a better release profile, with 

higher drug concentrations being released compared to 

those made with fattibase. In conclusion, the study 

suggests that LPV-loaded Eudragit nanoparticles in rectal 

suppository form could provide a viable alternative for 

pediatric HIV treatment, offering an improved BA and 

overcoming issues associated with oral administration. 

Further investigation is desirable to fully establish the 

safety and efficacy of this delivery system [34]. 

4. Lipid-based formulations 

4.1. Solid self-nannoemulsifying drug delivery systems 

(S-SNEDDS) 

Patel et al. (2016) developed and optimized an S-SNEDDS 

to improve LPV dissolution rate and oral BA. Scheffe's 

mixture design found the best formulation of LPV's liquid 

SNEDDS (L-SNEDDS) using Capmul MCM C8, Cremophor RH 

40, and propylene glycol. The L-SNEDDS with a drug loading 

of 160 ± 1.15 mg and globule size of 32.9 ± 1.45 nm 

produced over 95% drug release within 15 minutes. 

Adsorbing L-SNEDDS onto Neusilin US2 created S-SNEDDS. 

Solid-state investigations showed that crystalline LPV 

became amorphous, which may improve solubility. In vivo 

studies in Wistar rats demonstrated that S-SNEDDS 

significantly increased LPV BA, showing 2.97 times higher 

BA compared to pure LPV and 1.54 times higher compared 

to a marketed LPV/RTV formulation. The S-SNEDDS 

exhibited stability with a shelf life of approximately 

2.85 years. The study concluded that the S-SNEDDS 

formulation significantly improves the dissolution rate and 

oral BA of LPV, presenting a capable method to enhance 

the delivery of poorly soluble drugs [35]. 

Khan et al. (2023) investigated LPV, an HIV-1 

antiretroviral protease inhibitor, and its poor oral BA. High 

first-pass metabolism, low effectiveness, and poor water 

solubility limit LPV's BA. Researchers designed and 

optimized an LPV-specific SNEDDS to address these 

difficulties. The study prepared LPV-loaded SNEDDS via 

titration. They created six pseudo-ternary phase diagrams 

to find nanoemulsification optimum conditions. The 

formulations were selected for their droplet size (≤100 nm), 

PDI (≤0.5), good dispersibility (Grade A), and 

transmittance (>85%). For robustness, heating-cooling 

cycles, freeze-thaw cycles, and centrifugation trials 

examined formulation stability. The optimized 

formulation, LPV-SNEDDS (L-14), had a droplet size of 

58.18 ± 0.62 nm, PDI of 0.326 ± 0.005, ZP of -22.08 ± 1.2 mV, 

and EE of 98.93 ± 1.18%. HRTEM showed that the droplets 

were always below 60 nm. In drug release studies,  

LPV-SNEDDS released approximately 99% of the LPV 

within 30 minutes, significantly outperforming the LPV-

suspension in methylcellulose, which indicates a more 

efficient drug release profile. Furthermore, the Caco-2 

cell uptake study revealed that LPV-SNEDDS (L-14) 

achieved significantly higher cellular uptake compared to 

free LPV in suspension, suggesting that the SNEDDS 

formulation enhances LPV's solubility and BA. This 

indicates the potential of SNEDDS as an efficacious 

platform for increasing the oral BA of poorly soluble drugs 

like LPV, thereby potentially enhancing therapeutic 

outcomes [36]. 

4.2. Solid self-nanoemulsifying oily formulations  

(S-SNEOFs) 

Garg et al. (2016) developed and optimized S-SNEOFs 

to increase low oral BA and intestinal lymphatic uptake of 

HIV medication LPV. A patient-centric quality target 

product profile (QTPP) and formulation CQAs were 

defined to start the investigation. Failure mode and 

effect critical analysis (FMECA) was used to identify 

pharma product quality risks. The key material attributes 

(CMAs) for liquid SNEOFs (L-SNEOFs) were Maisine (a 

lipid), Tween 80 (an emulsifier), and Transcutol HP (a 

cosolvent) after preliminary solubility and phase titration 

investigations and factor screening. Using a D-optimal 

mixture design, the researchers optimized these CMAs to 

achieve the desired drug release and permeation 

characteristics. The optimal SNEOFs, with a globule size 

of approximately 53.16 nm, demonstrated excellent drug 

release and permeation in vitro and ex vivo studies. 

SNEOFs were adsorbed onto Aeroperl and crushed into 

tablets with MCC to improve stability and drug loading. 

In situ, single-pass intestinal perfusion (SPIP) experiments 

demonstrated better medication absorption than pure 

LPV. SNEOF-derived LPV was also absorbed into the 

lymphatic system by chylomicron flow block SPIP 

experiments. In vivo pharmacokinetic investigations in 

rats showed that SNEOFs had higher oral BA than the pure 

medication. Overall, the S-SNEOFs offered a comprehensive 

solution for managing HIV by improving the oral BA of LPV 

and enhancing its delivery to lymphatic sanctuary sites, 

where the virus is often sequestered [37]. 

4.3. Spray-dried liposomes 

Maniyar and Kokare (2019) focused on developing and 

evaluating spray-dried liposomes of LPV for topical 

application. The study aimed to enhance the BA of LPV, an 

anti-HIV drug, by formulating it into spray-dried phospholipid 

vesicles and incorporating these into a topical cream with 

penetration enhancers. LPV-loaded spray-dried powder (L-SDP) 

was created using the spray-drying technique. The physical 

and chemical properties of these vesicles were 

characterized. It revealed that they had a globular shape 

with an average particle size of 270 nm and a PDI of 0.239, 

indicating moderate uniformity in particle size. The ZP was 



Prospects in Pharmaceutical Sciences, 22(4), 105-121. https://doi.org/10.56782/pps.280 

 

 
- 109 - 

−34.34 mV, suggesting good stability of the vesicles, while the 

EE was measured at 56.38% ± 1.24%. Various penetration 

enhancers (PEs) were tested to improve membrane fluidity. 

The L-SDP released most of the drug through a cellophane 

membrane after 3-4 hours, while liposomal formulations 

released it longer. Peppermint oil demonstrated the highest 

drug release, achieving 57.2%, tenfold greater than the drug 

cream's 5.91%. Olive oil also performed well, resulting in a 

drug release of 44.9%. These results highlight the significant 

impact of PEs on improving the drug's release from the 

formulation. The cream containing L-SDP and PEs showed 

superior drug deposition and release when tested on goat 

facial skins. The spray-dried liposomes of LPV, combined with 

effective penetration enhancers, significantly improved drug 

delivery through the skin. The formulation with peppermint oil 

demonstrated the highest drug release, suggesting that this 

approach could be effective for enhancing the topical 

application of LPV in HIV treatment [38]. 

4.4. Niosomal gel 

Patel et al. (2012) formulated and evaluated a niosomal 

gel for the enhanced transdermal delivery of LPV. The 

researchers utilized the thin-film hydration to prepare 

niosomes with optimized molar ratios of Span 40 and 

cholesterol to achieve the desired characteristics. The 

resulting niosomal formulation was compared with 

ethosomal gel, another type of vesicular carrier, to assess 

their efficacy in transdermal drug delivery. Niosomes were 

formulated with Span 40 and cholesterol in a molar ratio of 

1:0.9:0.6, which provided high drug EE and a small mean 

vesicular diameter. The performance of the niosomal gel 

was compared with ethosomal gel through several 

techniques. Ex vivo skin permeation showed that 

ethosomal carriers had better deposition in the skin, while 

niosomal carriers provided superior drug release. 

Fluorescence Microscopy and histopathology were used to 

evaluate the safety and distribution of the formulations. 

Histopathological studies indicated that niosomes had 

a better safety profile than ethosomes. In vivo BA study 

was done on male Wistar rats to measure the extent of 

absorption of LPV from the transdermal niosomal gel 

compared to its oral suspension. The results demonstrated 

that the niosomal gel significantly improved the systemic 

absorption of LPV, with a higher area under the curve 

(AUC0→∞) indicating better BA.  The study concluded that 

the niosomal gel is a favored transdermal drug delivery 

system for LPV, offering improved drug release, safety, 

and systemic absorption compared to conventional oral 

formulations and ethosomal carriers [39]. 

Fayed et al. (2022) investigated the enhancement of 

intestinal absorption of LPV, an antiretroviral drug with 

low oral BA, by incorporating menthol into niosomal 

formulations. The researchers prepared niosomes using 

cholesterol, Span 60, and poloxamer 407, both with and 

without menthol, and evaluated these formulations for 

various characteristics. The niosomes, both with and 

without menthol, were spherical with average vesicle sizes 

of nearly 140.2 nm and 148.2 nm, correspondingly. The EE 

(EE%) was high, at 94.4% for standard niosomes and 96.3% 

for those containing menthol. Both types of niosomes 

exhibited slow release of LPV, with menthol accelerating 

the release but not exceeding 9%. The in situ rabbit 

intestinal absorption model showed significantly enhanced 

absorption of LPV from niosomes compared to a drug 

solution. Specifically, in the duodenum, the fraction 

absorbed was 24.15% for the solution, 73.09% for standard 

niosomes, and 83.23% for menthol-containing niosomes. 

In the jejuno-ileum, these values were 34.32%, 80.8%, 

and 86.56%, respectively. The research suggested that 

the absorption of LPV from niosomes was not dependent 

on drug release alone, indicating that intact vesicle 

absorption played a role in the enhanced BA.  The study 

concluded that menthol-containing niosomes significantly 

improve the intestinal absorption of LPV, enhancing the 

oral BA of drugs with similar challenges [40]. 

4.5. Solid lipid nanoparticles (SLNs) 

LPV was incorporated into glyceryl behenate-based 

SLNs by Alex et al. (2011) to improve oral BA and 

intestinal lymphatic channel distribution. The SLNs were 

created using heat homogenization and ultrasonication, 

yielding particles with a mean size of 230 nm, a PDI of 

less than 0.27, and a surface charge of about -27 mV. 

DSC, WAXS, and AFM confirmed the solid nanoparticles 

and homogenous drug distribution in the lipid matrix. 

Drug release was delayed at pH 6.8 phosphate buffer and 

pH 1.2 hydrochloric acid in vitro. SLNs secreted 4.91 times 

more LPV into the lymph than a standard drug solution in 

methyl cellulose in the intestinal lymphatic transport 

investigation. The area under the curve (AUC) showed 

2.13 times higher BA for SLN than the standard solution. 

Accelerated stability testing exhibited no significant 

changes in particle size or PDI following storage at 25 ± 2 °C/ 

60 ± 5% RH, and the optimized formulation had  

a 21.46-month shelf life [41]. 

Alex et al. (2011) studied how Compritol®-based SLNs 

could improve CNS LPV administration. Poor blood-brain 

and blood-cerebrospinal fluid barrier permeability makes 

LPV difficult to distribute to the CNS. The SLNs, 

incorporating Compritol® and coated with Poloxamer, 

showed enhanced properties for CNS delivery. 

The formulations achieved a maximum concentration 

(Cmax) of 632.86 ± 81.61 ng/ml and a time to reach this 

concentration (Tmax) of 25 ± 7.75 minutes, indicating 

improved BA compared to a free-drug suspension. There 

was a notable increase in LPV concentration in the 

cerebrospinal fluid with the SLN nanoparticle 

formulations. The nanoparticles were efficiently absorbed 

via the lymphatic system. They prolonged drug circulation 

in the blood and effectively targeted the CNS due to their 

lipophilicity and surface charge. The study concluded that 

Compritol®-based SLNs, because of their high 

biodegradability, biocompatibility, and non-toxicity, are 

a favored carrier system for enhancing the CNS delivery 

of LPV [42]. 

Negi et al. (2013) used hot self-nanoemulsification 

(SNE) to create LPV-loaded SLNs to improve oral BA. The 

rapid cooling of poloxamer, stearic acid, and 

polyethylene glycol in hot water resulted in the formation 

of nanoparticles. A ternary phase diagram was used to 

analyze the self-nano-emulsification of the mixture. 

Optimized SLNs had 180.6 ± 2.32 nm particle size,  

0.133 ± 0.001 PDI, and 91.5 ± 1.3% EE. The SLNs had a ZP 

of -13.4 ± 0.56 mV. Morphological tests employing TEM 

and AFM validated particle size and shape, while DSC and 

XRD proved solid-state properties of the SLNs. Due to 

improved lymphatic drug transport, LPV-loaded SLNs 

demonstrated greater oral BA than bulk LPV. The hot SNE 

approach can prepare SLNs with increased fatty acids, 

which could improve the oral administration of poorly 
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soluble medicines like LPV [43]. 

Ravi et al. (2014) developed LPV-loaded SLNs using 

stearic acid, polyvinyl alcohol, and mannitol, optimizing 

the formulation and comparing its pharmacokinetic 

performance with the marketed LPV/RTV coformulation. 

The main goal was to improve LPV oral BA and tissue 

distribution, especially in HIV reservoirs. LPV SLNs were 

created using hot melt emulsion and optimized using 

Plackett–Burman and Box–Behnken designs. The size and 

trapping efficiency of the nanoparticles were 

characterized. The optimized SLNs had 223 nm 

nanoparticles and 83% entrapment effectiveness. In-vitro 

drug release was biphasic and persistent, indicating 

regulated release. Wistar rats were used to compare the 

oral pharmacokinetics and tissue distribution of optimized 

SLNs and LPV/RTV coformulation. The SLNs increased oral 

LPV BA by 5 times compared to free LPV and 3.7 times 

when compared to the LPV/RTV coformulation. The 

marketed coformulation did not distribute LPV as well as 

SLNs in HIV reservoirs. Further in vitro experiments showed 

that SLNs increased LPV metabolic protection and 

endocytosis during absorption. This comprehensive 

evaluation suggests that SLNs not only improve the oral BA 

of LPV but also enhance its distribution to key HIV 

reservoirs, making them a promising alternative to 

traditional LPV/RTV formulations for better management 

of HIV [44]. 

Ravi and Vats (2017) investigated the pharmacokinetics 

of LPV and LPV-loaded SLNs in both normal and hepatic 

impaired rat models to address concerns about drug 

induced hepatotoxicity and hepatic metabolism. We 

evaluated the pharmacokinetics of free and LVP SLNs in 

a rat model with hepatic impairment. The liver was 

damaged by CCl4 in rats. LPV and free SLNs (20 mg/kg) 

were orally fed to normal and hepatic impaired rats. 

Pharmacokinetics and tissue distribution were examined. 

The isolated perfused liver (IPL) model and cycloheximide-

intervened lymphatic uptake were utilized to study LPV 

distribution. LPV SLNs had similar drug plasma profiles in 

normal and hepatic impaired rats, unlike free LPV, which 

had changed pharmacokinetics. The IPL model showed that 

the liver plays a minimal role in the disposition of LPV 

SLNs. Tissue distribution studies revealed a higher 

accumulation of LPV SLNs in lymphoid organs compared to 

free LPV. Cycloheximide pretreatment significantly 

reduced the AUC and Cmax of LPV SLNs, indicating that 

lymphatic uptake plays a role in the pharmacokinetics of 

SLNs. LPV SLNs maintain consistent pharmacokinetic 

profiles in both normal and hepatic-impaired rats, unlike 

free LPV, which is affected by hepatic metabolism. The 

study highlights the potential of LPV SLNs to bypass hepatic 

first-pass metabolism and achieve effective drug delivery, 

even in cases of liver impairment [45]. 

Ansari and Singh (2018) investigated a novel approach 

to increase the BA of LPV, an HIV protease inhibitor with 

limited oral BA due to extensive hepatic metabolism. The 

study aimed to develop a topical gel formulation of LPV 

using SLNs to overcome the limitations of oral 

administration and improve drug delivery. The SLNs were 

spherical after high-pressure homogenisation and SEM 

characterisation. DSC analysis confirmed LPV's SLN 

entrapment. A Franz diffusion cell was used to compare 

the topical gel to a pharmacological gel in ex vivo skin 

permeation investigations. An optimized SLN formulation 

with Compritol 888ATO (0.5%) as the lipid, Poloxamer 407 

(0.25%) as the surfactant, and Labrasol (0.25%) as the  

co-surfactant had a drug EE of 69.78% with a mean 

particle size of 48.86 nm. In ex vivo experiments, the 

SLN-based gel released 71.197% of the medication over 

12 hours, compared to 98.406% from the ordinary gel 

within 4 hours. In vivo studies in male Wistar rats 

revealed that the SLN-based gel provided a higher 

maximum concentration (Cmax) of 20.3127 ± 0.6056 µg/mL 

and a greater area under the curve (AUC) compared to 

both the plain gel and oral suspension of the drug. The 

study concluded that the SLN-based topical gel 

formulation of LPV offers a modified drug release pattern 

and improved BA, suggesting it has the potential for 

effective HIV targeting through the topical route 

compared to oral administration [46]. 

4.6. Nanostructured lipid carriers (NLCs) 

Garg et al. (2019) focused on developing and 

optimizing nanostructured lipidic carriers (NLCs) for 

delivering LPV to the brain, aiming to manage HIV-

associated neurocognitive disorder. Using a Quality by 

Design framework, the study formulated NLCs of LPV. 

Compritol 888 and Maisine 35–1 were selected based on 

solubility evaluations. The formulation process involved 

identifying critical factors using Plackett-Burman design 

and optimizing these factors with Box-Behnken design. 

The optimized NLCs were analyzed for particle size, ZP, 

EE, and in vitro drug release. The NLCs showed significant 

improvements in cytotoxicity and uptake performance in 

Caco-2 cells and macrophages. Pharmacokinetic studies in 

rats revealed that LPV NLCs led to a 4.8-fold rise in peak 

plasma concentration and a 16.5-fold rise in the area 

under the curve compared to plain LPV. Additionally, the 

brain biodistribution of LPV improved by 2.8-fold with 

NLCs. The results demonstrated that NLCs significantly 

enhance the delivery and efficacy of LPV in targeting the 

brain, potentially reducing HIV-associated neurocognitive 

disorders by improving drug distribution and 

concentration in the brain, thus enhancing neurocognitive 

function [47]. 

Khan et al. (2019) created NLCs to improve the oral 

BA of LPV, an antiviral. High-shear homogenisation was 

used to prepare LPV-loaded NLCs, which were freeze-

dried with trehalose for stability. The study characterised 

the optimized freeze-dried formulation (LPV-NLC-7-Tres). 

The formulation had a particle size of 286.8 ± 1.3 nm, 

polydispersity index of 0.413 ± 0.017, ZP of -48.6 ± 0.89 mV, 

and EE of 88.31 ± 2.04%. Transmission and SEM showed 

the particles were spherical, and DSC showed no drug-

lipid interaction. LPV burst in simulated stomach and 

intestinal fluids in vitro. In Caco-2 cell lines, LPV-NLC-7-Tres 

had stronger cellular absorption than free LPV suspension. 

After six months of storage at 5 °C ± 3 °C, stability 

experiments showed negligible particle size changes and 

no significant changes in PDI, ZP, or drug content. 

BA tests in male Wistar rats showed LPV-NLC-7-Tres 

increased BA 6.98-fold over LPV suspension. This study 

concludes that NLCs are promising for enhancing the oral 

BA of LPV, offering potential improvements in drug 

delivery and efficacy [25]. 

Iontophoresis-loaded NLCs with LPV were developed 

by Moura et al. (2022). EPR spectroscopy and DSC were 

used to examine how electrical current affects NLC lipid 
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dynamics. A nanometric size of 179.0 ± 2.5 nm, a high drug 

load of 4.14%, and an EE of 80% was observed in the NLC-

LPV. The formulation sustained chemical and physical 

stability under electric current, but EE dropped after 

3 hours (67.21 ± 2.64%), resulting in quicker LPV release in 

vitro. EPR demonstrated that iontophoresis lowered NLC 

lipid dynamics, which was corroborated by DSC, which 

showed that electrical current caused polymorphic 

transition and drug solubilisation in the lipid matrix. 

LPV measurement in receptor media was enhanced by 

iontophoresis, with cathodic permitting 7.9 µg/cm² and 

anodic raising LPV levels by 1.8-fold compared to passive 

diffusion. These findings imply that NLC and iontophoresis 

can improve transdermal LPV distribution, potentially 

improving antiviral therapy [48]. 

4.7. Liposomes 

Maniyar et al. (2020) aimed to enhance the efficacy of 

LPV, an HIV protease inhibitor, through an innovative drug 

delivery system. LPV-loaded phospholipid vesicles were 

spray-dried into a powder. This powder was added to 

peppermint and olive oil cream to improve medication 

delivery. The study examined how oils affect skin 

membrane fluidity, which is crucial for penetration 

improvement, using Attenuated Total Reflectance Fourier 

Transform Infrared (ATR-FTIR) spectroscopy. LPV-loaded 

spray-dried powder (L-SDP) cream formulation was 

optimized using a central composite design. Ex-vivo drug 

release experiments, skin deposition analysis, and cell 

proliferation assays using breast, lung, and skin melanoma 

cancer cell lines were performed. The MDA-MB-231 breast 

cancer cell line was also flow cytometrically analysed for 

DNA. The results revealed that the oils used in the cream 

acted effectively as penetration enhancers, significantly 

improving the drug deposition and permeability of  

the LPV-loaded cream. Fluorescence microscopy confirmed 

the cream’s ability to penetrate effectively, while 

histopathological studies demonstrated the cream's safety 

and inertness. The in-vivo BA experiments exhibited 

a substantial increase in LPV BA. In conclusion, the study 

highlighted that the liposomal drug delivery system of LPV, 

when formulated as a cream with penetration enhancers, 

holds promise for enhanced drug delivery to systemic 

circulation and could be beneficial in treating conditions 

such as cancer [49]. 

5. Amorphous solid dispersions (ASDs) 

5.1. ASDs using Eudragit® and MCC 

Hamed et al. (2021) employed solvent evaporation to 

create amorphous solid dispersions (ASDs) to improve LPV 

solubility. The formulations were ternary combinations of 

Eudragit® E100, LPV, and Microcrystalline Cellulose (MCC) 

in various weight ratios. Solid-state characterization 

showed that just 3% of LPV in ASDs was crystalline. In vitro 

dissolution testing showed significantly enhanced drug 

release from the ASDs compared to pure LPV, with ASDs 

achieving 60.3–73.5% dissolution in the first 15 minutes, 

compared to less than 2% for pure LPV. Stability testing 

demonstrated that the ASDs were resistant to crystallization 

at 40 °C/75% humidity for one month. Chemometric models 

based on near-IR spectroscopy (NIR) and NIR-

hyperspectroscopy (NIR-H) were used to quantify the 

crystalline fraction of LPV in the ASD, further validating the 

transformation. The findings suggest that ASDs effectively 

enhanced the dissolution and stability of LPV, providing a 

promising approach for improving the drug's BA [50]. 

Li and Taylor (2019) investigated the influence of 

microstructure on the dissolution performance of 

amorphous solid dispersions (ASDs) for poorly soluble drugs, 

focusing specifically on LPV. ASDs, where the drug is 

dispersed in a polymer matrix, are commonly used to 

improve the solubility of such drugs. However, ASDs can 

suffer from phase separation and crystallization issues, 

which can affect drug release performance. In this study, 

the researchers used a solvent-based process to prepare 

LPV ASDs and employed atomic force microscopy (AFM)-

based nanoscale thermal analysis (nanoTA) to examine the 

microstructure at the submicron level. They discovered 

that the formation of heterogeneous domains within the 

ASDs improved the in vitro release of LPV, especially at 

drug loadings above 33% w/w. Key findings included that 

the composition and distribution of these phases, as well as 

the size and location of drug-rich domains, were critical to 

the observed changes in release kinetics. The study 

underscores the complexity of ASD microstructure and its 

significant impact on drug release, offering insights into 

optimizing ASD formulations for better performance [51]. 

Zi et al. (2019) aimed to enhance the solubility and 

BA of LPV, a Biopharmaceutical Classification System 

Class IV drug, known for its poor water solubility and 

permeability. The researchers established novel solid 

dispersions (SDs) of LPV using a polymeric surfactant, 

Soluplus, to enhance its BA. Solvent evaporation was 

initially employed for preliminary screening, and the 

optimized SD formulation was further improved using  

hot-melt extrusion (HME) to boost dissolution rates. Two 

matrix materials were explored: Kollidon VA 64 (VA64) 

and Soluplus. The study found that extrudates formed via 

HME exhibited significantly higher dissolution profiles 

compared to those prepared through solvent evaporation, 

attributed to stronger intermolecular interactions 

between LPV and the polymers during HME processing. 

Stability studies supported the robust nature of the 

extrudates over six months. Soluplus, due to its 

amphiphilic structure, not only formed hydrogen bonds 

with LPV but also created micelles, enhancing dissolution 

and BA. In addition, Soluplus inhibited P-glycoprotein  

(P-gp), thereby improving LPV permeability across rat 

intestines and Caco-2 cell monolayers. LPV had 1.70-fold 

higher BA in the Soluplus matrix than in VA64 and  

3.70-fold higher than in crystalline LPV. These findings 

imply that Soluplus is a potential carrier to improve the 

BA of poorly soluble medicines, especially those with P-gp 

substrates [24]. 

5.2. Lipid-polymer hybrid ASDs 

Kasbaum et al. (2023) developed hot-melt extruded 

lipid-polymer hybrid solid dispersions containing poorly 

soluble LPV. The study selected miscibility and 

compatibility-based lipid and polymeric adjuvants to 

improve LPV solubility and dissolution. Preformulation 

studies recommended Soluplus®, PVPVA, polyethylene 

glycol 400, Kolliphor® HS15, phosphatidylcholine, and 

sodium taurodeoxycholate. HME processing significantly 

enhanced EE, especially in Soluplus®-based extrudates 

(93.8% compared to 19.8% in the physical mixture), 

without degrading LPV. The Soluplus®-based extrudates 

demonstrated a 24.3-fold improvement in LPV dissolution 
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compared to pure LPV, and 2.8 times higher dissolution 

than the PVPVA-based extrudates. This enhanced 

dissolution was attributed to the effects of HME on the size 

and solid-state properties of LPV in the Soluplus®-based 

formulation. The study concluded that HME is a promising 

method to improve the BA of LPV through polymer-lipid 

hybrid formulations [52]. 

5.3. Amorphous lopinavir printlets 

The study by Kayalar et al. (2024) explored the 

development of amorphous LPV "printlets" using the 

Selective Laser Sintering (SLS) 3D printing method to 

increase the BA of this poorly soluble drug. The research 

focused on the effects of formulation variables such as 

disintegrants (magnesium aluminum silicate and 

microcrystalline cellulose) and polymer (Kollicoat® IR) 

concentrations while keeping printing parameters 

constant. Analytical techniques, including DSC and XRD, 

confirmed the successful transformation of crystalline LPV 

into an amorphous form. The study found that increasing 

disintegrant concentration significantly improved drug 

dissolution, with release rates ranging from 71.1% to 99.3% 

within 120 minutes. A pharmacokinetic (PK) study in 

rabbits demonstrated that the printlets provided faster and 

more extensive absorption compared to traditional 

compressed tablets. Specifically, the Tmax was four times 

faster, while Cmax and AUC were 2.5 and 1.7 times higher, 

respectively. The findings indicate that SLS printing 

effectively creates amorphous drug delivery systems that 

enhance the BA of poorly soluble drugs like LPV [53]. 

5.4. Co-crystals 

Fayed et al. (2022) developed and evaluated LPV-menthol 

co-crystals to enhance the dissolution rate and intestinal 

absorption of LPV. The limited bioavailability of LPV is 

attributed to its poor dissolution, extensive pre-systemic 

metabolism, and significant efflux by P-glycoprotein in the 

intestines. To address these issues, the researchers  

co-processed LPV with menthol using wet co-grinding to 

form co-crystals. Various molar ratios of LPV to menthol 

were tested, and the optimum ratio was found to be 1:2. 

Characterization techniques, including FTIR, DSC, and XRD, 

confirmed the formation of LPV-menthol co-crystals at the 

1:2 ratio. Additional menthol led to phase separation due 

to self-association, indicating that excess menthol is not 

beneficial. The co-crystal formulation significantly 

improved the dissolution rate of LPV, increasing its 

dissolution efficiency from 24.96% for the unprocessed drug 

to 91.43% for the optimized co-crystal formulation. 

Furthermore, the co-crystals enhanced LPV's intestinal 

permeability, as shown by increased absorption in the 

intestinal segments compared to the pure drug. The study 

highlights menthol's effectiveness as a co-crystal co-former 

in improving the dissolution and absorption of LPV, 

potentially addressing the challenges associated with its 

oral BA [54]. 

5.5.  Amorphous solid dispersions for fixed-dose 

combination therapies 

The study by Yun et al. (2023) focused on developing 

an amorphous solid dispersion (ASD) to enhance the 

solubility and BA of LPV and RTV, two poorly soluble drugs 

used in HIV treatment. The ASD was created by dispersing 

LPV and RTV in a polymer solution and adsorbing this 

mixture onto Florite PS-10, an adsorbent that enhanced 

powder fluidity. The physical and chemical characteristics 

of the ASD were studied using various methods, including 

DSC and powder XRD. The results showed that the ASD 

significantly improved the solubility of LPV and RTV, with 

increases of 5.71 and 4.38 times, respectively, compared 

to their raw forms. Copovidone, a polymer used in the 

formulation, maintained solubility over 10 days, 

preventing precipitation, which occurred in ASDs without 

copovidone. Pharmacokinetic studies in rats 

demonstrated an 1186% increase in relative BA for LPV 

equated to the raw drug and a 2.1-fold improvement over 

commercial products. The ASD did not show increased 

cytotoxicity, indicating its potential as an effective and 

safe oral delivery system for LPV/RTV in HIV therapy [55]. 

6. Combination and fixed-dose paediatric formulations 

Pham et al. (2016) created a child-friendly, flexible 

solid dosage form of poorly water-soluble medicines for 

pediatric use utilizing a fixed-dose combination of LPV 

and RTV. The researchers developed a nanotechnology 

that manufactures in situ self-assembly nanoparticles 

(ISNPs) using granules and water. This method was 

utilized to make LPV ISNP and LPV/RTV ISNP fixed-dose 

granules. Drug-loaded ISNPs showed particle sizes < 158 nm, 

monodispersed distribution, over 95% EE for both 

medicines, and stability for over 8 hours under simulated 

physiological circumstances. The granules were stable at 

room temperature for 6 months and pleasant. Compared 

to the standard LPV/RTV tablet (Kaletra®), the LPV/RTV 

ISNP granules increased BA by 2.56-fold and LPV 

concentrations in tissues, including HIV sanctuary 

locations, in rat models. The study found that ISNP 

technology can develop appealing, stable, and flexible 

pediatric granules for fixed-dose combinations of weakly 

water-soluble medications, improving drug BA and child 

administration. This represents a novel advancement in 

pediatric drug delivery systems [56]. 

7. Prodrugs and hybrid systems 

7.1. Lipophilic ester prodrugs 

Else et al. (2012) investigated the pharmacokinetics 

of LPV in pregnant women, comparing the oral BA and 

the efficacy of two formulations: the standard soft-gel 

capsule (SGC) and a melt-extruded tablet. The primary 

aim was to determine if the improved BA of the tablet 

formulation could better maintain LPV plasma 

concentrations throughout pregnancy, particularly during 

the third trimester when drug exposure often decreases. 

In the study, 19 HIV-infected pregnant women were 

divided into two groups: 8 received the SGC formulation, 

and 11 received the tablet formulation, both dosed at 

400/100 mg twice daily. Pharmacokinetic data were 

collected at various points during the second and third 

trimesters, as well as postpartum. The researchers 

measured LPV concentrations using high-pressure liquid 

chromatography-tandem mass spectrometry. Results 

showed that total LPV exposures decreased in the third 

trimester compared to the second trimester, with 

reductions of 35% for the SGC group and 28% for the 

tablet group. However, the tablet formulation 

demonstrated a 15% higher area under the concentration-

time curve (AUC) and a 25% higher maximum concentration 

compared to the SGC in the third trimester. Notably, all 

patients receiving the tablet had LPV concentrations 
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above 1,000 ng/mL, whereas one patient receiving the SGC 

had concentrations below this threshold. In terms of 

unbound LPV, the tablet group showed a higher percentage 

of AUC being unbound during the second and third 

trimesters compared to postpartum, though these 

differences were not statistically significant. Importantly, 

17 out of 19 patients achieved an undetectable viral load 

at delivery, with no cases of HIV transmission reported. 

The study concluded that while LPV exposure was reduced 

during the third trimester, the tablet formulation's 

improved oral BA partially offset this reduction. This 

suggests that the melt-extruded tablet could be a more 

effective option for maintaining adequate LPV levels 

throughout pregnancy compared to the standard SGC 

formulation [57]. 

Qin et al. (2021) explored a novel strategy to enhance 

the delivery of LPV to HIV reservoirs in the mesenteric 

lymphatic system using a lipophilic ester prodrug approach. 

Traditional antiretroviral therapies (cART) are ineffective 

at penetrating HIV reservoirs in the mesenteric lymphatic 

system, including mesenteric lymph nodes (MLNs). The 

study developed lipophilic ester prodrugs designed to 

target the mesenteric lymphatic system more effectively. 

In silco models were used to predict prodrug affinity to 

chylomicrons (CMs), leading to the synthesis of several 

prodrug candidates. The prodrugs were tested in vitro and 

ex vivo to evaluate their potential for targeting mesenteric 

lymph and conversion to active LPV. When tested in rats, 

oral administration of the lipophilic prodrug approach 

combined with lipid-based formulations significantly 

improved the delivery of LPV to mesenteric lymph and 

MLNs. The activated ester prodrug showed the highest 

efficiency, with LPV levels in mesenteric lymph being up to 

16.9 times the protein binding-adjusted IC90 (PA-IC90) for 

HIV-1. LPV levels in MLNs were up to 7.2 times the PA-IC90 

following administration of the activated ester prodrug. 

The activated ester prodrug approach also substantially 

increased the systemic exposure of LPV compared to 

unmodified LPV. The study concludes that using a lipophilic 

ester prodrug strategy, especially when combined with 

lipid-based formulations, can significantly enhance the 

delivery of LPV to HIV reservoirs and potentially reduce the 

size of these reservoirs. This approach shows promise for 

improving the effectiveness of antiretroviral therapies 

against HIV [58]. 

7.2. Proliposomes 

Patel GM et al. (2017) developed proliposomes using 

Quality by Design (QbD) to improve the oral BA of LPV. The 

researchers first defined a QTPP focused on patient-centric 

outcomes and identified CQAs that are crucial for the 

product's performance. This involved determining which 

attributes of the proliposome formulation would be critical 

for ensuring its effectiveness and safety. A risk assessment 

was conducted to identify potential risks that could impact 

the CQAs. Based on preliminary studies, the lipid-to-drug 

ratio and the amount of carrier were selected as critical 

material attributes (CMAs) for optimization. Using a face-

centered central composite design, the researchers 

optimized these CMAs. They focused on achieving optimal 

liposome vesicle size, high drug EE, and effective drug 

release within 60 minutes. Mathematical relationships 

between CQAs and CMAs were derived using multiple linear 

regression analysis. The optimal formulation demonstrated 

excellent performance with over 90% drug EE and more 

than 95% drug release in 60 minutes. The vesicle size of 

the optimized proliposome was 659.7 ± 23.1 nm. Solid-

state characterization techniques, including DSC, SEM, 

and XRD, showed that the drug transformed from 

a crystalline to an amorphous form, which is often 

associated with improved solubility. Oral BA studies 

conducted in Wistar rats revealed that the LPV 

proliposome formulation had 2.24 times higher BA 

compared to pure LPV. Additionally, it exhibited 1.16 

times higher BA than a commercially available LPV/RTV 

formulation. This indicates a significant improvement in 

the drug's absorption and systemic availability. Stability 

testing according to International Conference on 

Harmonisation (ICH) guidelines showed that the optimized 

proliposome formulation remained stable for 6 months, 

ensuring its viability for use. Overall, this study 

demonstrated that proliposomes, developed with a QbD 

approach, offer significant advantages in enhancing the 

oral BA of poorly soluble LPV, potentially improving its 

therapeutic efficacy in treating HIV [59]. 

7.3. Microspheres 

Madgulkar et al. (2018) focused on enhancing the oral 

BA of LPV, a BCS Class IV drug known for its poor BA 

because of P-glycoprotein (P-gp) efflux and limited 

permeation. The researchers aimed to improve the BA of 

LPV without the need for RTV co-administration by 

formulating microspheres using thiolated xyloglucan  

(TH-MPs) as a carrier. To create the thiomeric 

microspheres, the researchers utilized an ionotropic 

gelation method involving alginic acid and calcium ions. 

The microspheres were characterized through various 

techniques, including FTIR for interaction studies, and 

assessed for EE, drug release characteristics, surface 

morphology, and mucoadhesion. A 32 factorial design was 

employed to optimize the formulation. The optimized 

thiomeric microspheres exhibited a high EE of 93.12% and 

a time for 80% drug release (T80) of 358.1 minutes. 

The microspheres demonstrated 88% mucoadhesion after 

one hour. Ex vivo studies using everted chick intestines 

showed that the permeation of LPV from the 

microspheres was enhanced approximately 3.15 times 

compared to free drugs. In vivo, studies in a rat model 

revealed a more than 3.22-fold increase in the relative BA 

of LPV when using the microspheres compared to the 

traditional combination of LPV and RTV. Overall, the 

study concluded that thiolated xyloglucan microspheres 

significantly improved the oral BA of LPV, providing 

a potential alternative to RTV co-administration for 

better therapeutic efficacy [60]. 

8. Other novel delivery systems 

8.1. Metered-dose transdermal spray 

Patel et al. (2015) created a LPV metered-dose 

transdermal spray (MDTS) using chemical and physical 

approaches to improve skin drug penetration. Varying 

Kollidon® VA 64 concentration optimized MDTS 

sprayability and volatilization, with 5% w/v being the 

optimum. In ex vivo experiments, the optimized 

formulation showed a powerful drug permeation 

enhancement ratio of 1.77 and a steady-state transdermal 

flow of 52.5 μg/cm²/h through micropore pig ear skin. 

In vivo assessment showed a three-fold increase in MDTS 

relative BA (291.15%) via micropore skin compared to oral 

tablet suspension (AUC₀−∞ = 45.94 h*μg/mL), demonstrating 
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the transdermal route's efficiency in increasing drug 

availability. The formulation is safe, efficacious, and stable, 

suggesting further clinical study. The MDTS appears to be 

a promising transdermal LPV delivery and BA option [61]. 

8.2. Cyclodextrin complexation 

Adeoye et al. (2020) explored complexation using 

cyclodextrins (CyDs) for enhancing the solubility and 

delivery of LPV, an antiretroviral drug with limited oral BA. 

The researchers utilized in silico methods to predict the 

most effective cyclodextrin for complexing with LPV. Their 

analysis identified a highly substituted (2-hydroxy) propyl-

gamma-cyclodextrin (HP17-γ-CyD) as the optimal 

candidate. HP17-γ-CyD was successfully synthesized and 

compared with gamma-cyclodextrin (γ-CyD) and 

commercially available hydroxypropyl-gamma-cyclodextrin 

(HP-γ-CyD). The study prepared LPV complexes using two 

methods: supercritical assisted spray drying (SASD) and co-

evaporation (CoEva), at molar ratios of 1:1 and 1:2. The 

results showed that HP17-γ-CyD significantly improved the 

amorphization and solubilization of LPV compared to other 

cyclodextrins. Additionally, the SASD technique was found 

to be more effective in enhancing the solubilization and 

release of LPV from the complexes. This study underscores 

the utility of in silico approaches in selecting the most 

suitable cyclodextrin for drug delivery systems, offering a 

promising method for enhancing the oral BA of LPV [62]. 

8.3. Cyclodextrin polymers 

The study by Adeoye et al. (2020) focused on 

synthesizing soluble cyclodextrin (CD) polymers crosslinked 

with pyromellitic dianhydride (PMDA) and evaluating their 

efficacy as carriers for the antiretroviral drug LPV. Water-

soluble cyclodextrin polymers were successfully 

synthesized by crosslinking methyl-β-cyclodextrin (MβCD) 

and (2-hydroxy)propyl-β-cyclodextrin (HPβCD) with PMDA. 

LPV was loaded into these CD polymers, creating sub-micron 

sized particles. The physicochemical characterization 

confirmed successful synthesis, with a 12–14-fold increase 

in LPV solubility. When loaded with LPV, pHPβCD showed 

a typical dose-dependent anti-HIV-1 activity consistent 

with LPV’s known profile. The LPV-loaded pMβCD 

demonstrated a synergistic anti-HIV-1 effect, with 

a concentration-independent antiviral activity, achieving 

a maximum percentage inhibition of 91%. Cytotoxicity 

assays showed that both pHPβCD and pMβCD improved the 

safety profile of LPV. The viral infectivity assays discovered 

that while both polymers initially had a dose-independent 

anti-HIV-1 effect, the LPV-loaded pHPβCD reverted to 

a dose-dependent activity, whereas pMβCD maintained its 

enhanced antiviral effect even with LPV loading. In 

summary, the study demonstrated that CD polymers 

crosslinked with PMDA could effectively enhance LPV 

solubility and BA, with the potential for improved and 

synergistic anti-HIV-1 activity, especially with pMβCD [63]. 

8.4. Vitamin E-TPGS micelles 

Mahajan and Patil (2020) investigated LPV-loaded 

Vitamin E-TPGS micelles to improve its oral BA, an HIV-1 

protease inhibitor with poor aqueous solubility. The 

researchers made micelles via thin-film hydration and 

optimized the formulation using a central composite design 

based on the TPGS-to-drug ratio and rotary evaporator 

rotational speed. The optimization method produced 

91.71 nm micelles, 0.129 polydispersity index, and  

-24.8 mV ZP. The micelles had 99.36% EE and 20.83% drug 

loading. DSC and powder XRD measurements 

demonstrated drug encapsulation in micelles, while TEM 

pictures showed their spherical shape. Micelles increased 

LPV dissolution in vitro. Oral LPV micelles increased 

relative BA 3.17-fold compared to suspensions. The study 

concludes that Vitamin E-TPGS micelles effectively 

improve the solubility and BA of LPV, potentially 

addressing some of the limitations associated with 

current highly active antiretroviral therapy (HAART) [64]. 

8.5. Polymeric micelles 

Chaudhari and Handge (2020) formulated and 

evaluated LPV-loaded polymeric micelles, to improve the 

drug's solubility and BA, and to avoid the need for 

combining LPV with RTV. LPV, a BCS class IV drug used in 

HIV-1 treatment, is known for its poor solubility and BA, 

which this study sought to address. To achieve these 

objectives, various formulations of polymeric micelles 

were prepared using different Pluronic copolymers (F188 

and F127) and a co-solvent (Tween80). The formulations 

were characterized by several parameters including 

critical micelle concentration (CMC), micelle size, DSC, 

XRD, drug loading efficiency, and stability. The results 

indicated that the mixed micelles, utilizing both 

hydrophobic and hydrophilic Pluronic F68 in combination 

with the co-solvent, achieved the highest EE of 29%. 

These micelles had a vesicle size of 0.156 µm. The DSC, 

FTIR, and XRD studies confirmed the effective 

encapsulation and stability of LPV in the optimized 

formulation. The study concluded the use of Pluronic F68 

with a co-solvent resulted in higher EE and drug loading 

capacity compared to other Pluronic combinations, 

making it a favorable approach for enhancing the delivery 

and efficacy of LPV in HIV treatment [65]. 

8.6. Polyethylene glycol (PEG) succinate conjugate 

Aremu et al. (2020) investigated the development and 

evaluation of a polyethylene glycol (PEG) succinate 

conjugate of LPV aimed at improving the drug's solubility 

and reducing its toxicity. LPV, a common treatment for 

HIV, suffers from poor aqueous solubility, which limits its 

oral BA and shortens its plasma half-life. To address these 

issues, the researchers synthesized a PEG (5,000) 

succinate (PEG–Suc–LPV) conjugate of LPV using 

an esterification method. The successful formation of this 

conjugate was confirmed through various analytical 

techniques. FTIR revealed the disappearance of the O-H 

stretch band in PEG–Suc, indicating the development of 

an ester linkage between PEG and LPV. The conjugate 

was further analyzed using ^1H NMR, XRD, and DSC, all of 

which confirmed the amorphous nature of the conjugate, 

in contrast to the crystalline nature of the pure 

components. The PEG–Suc–LPV conjugate demonstrated 

significantly improved solubility compared to pure LPV, 

increasing from 80 ppm to 318 ppm. Additionally, toxicity 

tests conducted using the Danio rerio (zebrafish) model 

indicated that the conjugate was less toxic than pure 

LPV, with a lower LC50 value (60.8 ppm for PEG–Suc–LPV 

compared to 6.42 ppm for pure LPV). Overall, the PEG–

Suc conjugate of LPV was shown to enhance the drug's 

hydrophilicity and reduce toxicity, making it a promising 

carrier for enhancing the therapeutic profile of LPV [66]. 
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8.7. Milk-based formulations 

Salim et al. (2023) explored the solubilization behavior 

of the antiretroviral drugs LPV and RTV when co-

administered in milk-based formulations during digestion. 

Using small-angle X-ray scattering (SAXS), the research 

examined how these drugs behave in the gastrointestinal 

(GI) tract post-ingestion, focusing on drug–drug interactions 

in combination therapy. The study revealed that RTV 

improved LPV's solubilization during digestion, while LPV 

reduced RTV's solubilization. This interaction highlights the 

complex dynamics of drug solubilization in combination 

therapies. The findings emphasize the importance of 

understanding individual drug solubilization in lipid-based 

formulations, as this behavior can influence drug 

absorption, metabolism, and the overall efficacy of 

antiretroviral therapy. Additionally, the results suggest 

potential food effects on drug exposure, reinforcing the 

need for further investigation into formulation approaches 

for optimal HIV treatment in children [67]. 

9. Long-acting injectable formulations 

The study by Tanaudommongkon et al. (2021) focuses 

on developing in situ self-assembly nanoparticles (ISNPs) 

for the long-acting subcutaneous injection of LPV and RTV 

to improve patient adherence in HIV treatment and 

prevention. ISNP was developed to improve medication 

pharmacokinetics and prolong release. The ISNPs had 

a homogeneous size distribution with an average particle 

size of 167.8 nm and a polydispersity value of less than 

0.35. With 25% LPV and 6.3% RTV drug loadings, both 

medicines had > 98% entrapment efficiency. The gradual 

release of LPV in vitro showed 20% release by day 5 and 

sustained release beyond 14 days. RTV released faster than 

LPV in the first 5 days but slowly subsequently. 

Pharmacokinetic studies revealed that LPV and RTV 

remained at therapeutic concentrations (above 160 ng/mL 

for LPV and 50 ng/mL for RTV) 6 days post-injection. 

The study concluded that ISNPs provided sustained drug 

release, highlighting their potential as a long-acting 

injection formulation for improving patient adherence to 

HIV therapy [68]. 

Cattaneo et al. (2018) developed a three-in-one, long-

acting nanosuspension reformulation of off-patent 

antiretroviral drugs, specifically targeting low-income and 

middle-income countries. The researchers aimed to 

enhance patient adherence to antiretroviral therapy, 

which is crucial for the successful treatment and 

prevention of HIV/AIDS. The nanosuspension contains 

a combination of LPV, efavirenz, and tenofovir, designed 

to be administered via a single subcutaneous injection. 

This formulation provided prolonged systemic concentrations 

of the drugs, maintaining effective drug levels for at least 

two weeks in non-human primates. The nanosuspension 

exhibited higher drug retention within lymph node cells, 

suggesting improved targeting of HIV reservoirs. The 

authors noted that this approach could potentially reduce 

the dosing frequency and offer a more cost-effective and 

accessible option for resource-limited settings, thereby 

improving adherence and reducing treatment gaps in low-

income and middle-income countries [69]. 

For HIV treatment, McConnachie et al. (2018) examined 

a long-acting 4-in-1 nanosuspension formulation of LPV, 

RTV, tenofovir (TFV), and lamivudine (3TC). Poor patient 

adherence and suboptimal medication exposure in 

residual HIV tissues were addressed. The nanosuspension 

was subcutaneously administered to four macaques and 

drug levels were measured in plasma, LNMCs, and PBMCs 

over five weeks. The results demonstrated that plasma 

and PBMC levels of LPV, TFV, and 3TC were sustained for 

five weeks, with PBMC drug concentrations 12 times, 

16 times, and 42 times higher for LPV, RTV, and 3TC, 

respectively. The plasma half-lives of LPV, TFV, and 3TC 

were 219.1, 63.1, and 136.3 hours, respectively, and 

much longer in PBMCs. LNMCs had higher LPV, TFV, and 

3TC concentrations than PBMCs and plasma. This work 

demonstrates that a single dose of the 4-drug 

nanosuspension could sustain drug levels in important 

tissues for up to five weeks, giving a promising long-

acting HIV treatment that targets viral reservoirs and 

increases patient adherence [70]. 

Koehn et al. (2018) conducted a study on a three-in-

one drug-combination nanoparticle (DcNP) formulation 

including LPV, efavirenz (EFV), and tenofovir (TFV), 

intended for long-acting HIV therapy. The objective was 

to assess how this novel nanoformulation could sustain 

drug levels in plasma and cells, particularly in HIV-host 

tissues. Two weeks were spent measuring plasma, PBMC, 

and LNMC drug concentrations after a single subcutaneous 

injection of DcNP in two macaques. Over two weeks, 

LNMCs had 57- to 228-fold higher drug concentrations 

than plasma for all three medications, while PBMCs had 

equivalent or higher drug concentrations. This suggests 

that the DcNP formulation significantly enhances the 

persistence and penetration of the drugs in critical  

HIV-host cells, potentially improving therapeutic 

outcomes by targeting the virus more effectively within 

key tissues. The study concludes that this three-in-one 

long-acting nanosuspension could enhance the efficacy of 

established HIV therapies [71]. 

10. Recent developments in LPV formulations 

Perazzolo et al. (2024) developed and validated 

a Physiologically Based Pharmacokinetic (PBPK) model for 

Drug-Combination Nanoparticles (DcNP), an innovative 

delivery system intended for the simultaneous 

administration of multiple drugs in a prolonged, targeted 

fashion. The DcNP system allows for drugs, such as LPV, 

RTV, and tenofovir, to be co-delivered from the injection 

site to the lymphatic system before reaching the systemic 

circulation. The study distinguishes two classes of long-

acting injectable products: Class I, which involves 

sustained drug release at the injection site, and Class II, 

which involves the uptake and retention of the drug-

carrier complex in the lymphatic system. The PBPK model 

validation was performed using data from three 

nonhuman primate studies with nine pharmacokinetic 

datasets, involving different dosing regimens and fixed-

dose ratios. The PBPK model passed validation in 8 out of 

9 cases. Specifically, the model successfully predicted 

pharmacokinetics for RTV and tenofovir across various 

scenarios. However, for LPV, the model did not pass 

validation in one study due to delayed drug accumulation 

caused by RTV's CYP3A inhibition, leading to a mechanism-

based drug-drug interaction (DDI). The study concluded 

that the validated PBPK model can effectively predict the 

pharmacokinetics of drugs in DcNP systems and account for 

potential DDIs in long-acting combination therapies [72]. 
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11. Discussion of patents 

The patent US9370578B2 outlines an innovative oral 

dosage form combining crystalline LPV and crystalline RTV, 

designed to enhance the dissolution rate, BA, while 

maintaining excellent content uniformity. The formulation 

also strives for stability under harsh storage conditions 

typical of climate zones III and IV (high temperature and 

humidity). The crystalline LPV is mixed with a brittle 

vehicle, which helps maintain the drug in its crystalline 

form and enhances the stability of the formulation. The brittle 

vehicle stabilizes the crystalline form of LPV and may 

include substances like microcrystalline cellulose or 

inorganic substances such as silicates. The brittle vehicle is 

essential in achieving a good dissolution profile and 

mechanical stability of the tablets. The formulation is 

made by co-milling crystalline LPV with the brittle vehicle, 

ensuring that LPV remains in its crystalline form. The 

crystalline RTV is added later in the manufacturing 

process, which can include further blending and 

granulation steps before the final tablet or capsule 

formation. The formulation shows superior in-vitro 

dissolution profiles, especially within the first 45 minutes 

of dissolution. This rapid dissolution is expected to result 

in better in-vivo plasma levels of both LPV and RTV. The 

dosage form is designed to be stable even under harsh 

storage conditions, minimizing decomposition and ensuring 

long-term effectiveness. This patent represents 

an advancement in drug delivery systems for antiretroviral 

therapy by improving the dissolution rate, BA, and stability 

of the combination of LPV and RTV, which are critical 

in HIV treatment [73]. 

The patent application WO2013034927A1 outlines a 

novel formulation approach for antiretroviral drugs, 

particularly focusing on improving the BA and efficacy of 

LPV. This formulation incorporates a blend of excipients to 

improve the solubility and intestinal absorption of LPV, 

which is often limited because of its low aqueous 

solubility. The patent details methods to prepare stable, 

amorphous forms of the drug using specific polymers and 

solvents that inhibit crystallization and increase the drug's 

dissolution rate. Additionally, the formulation aims to 

optimize the release profile and metabolic stability of LPV, 

potentially decreasing the frequency of dosing and 

improving patient compliance. This could offer significant 

therapeutic advantages in the treatment of HIV, improving 

the effectiveness of LPV in suppressing viral loads [74]. 

The patent application WO2019224779A1 describes 

a technique for enhancing the solubility and BA of poorly 

water-soluble drugs, particularly LPV. The invention 

focuses on developing lipid-based formulations, such as 

self-emulsifying drug delivery systems (SEDDS), and solid 

dispersions to increase drug dissolution and absorption in 

the gastrointestinal tract. The formulation utilizes 

a combination of oils, surfactants, and cosolvents to form 

a stable emulsion when in contact with gastrointestinal 

fluids, enhancing the solubilization of the drug and 

improving its BA. This method is aimed at addressing the 

challenge of poor drug solubility, which limits the efficacy 

of oral drug administration. Additionally, the patent claims 

the ability to decrease the drug’s dose needed for 

therapeutic efficacy by optimizing its absorption profile 

through these novel formulations. The invention also 

suggests that these formulations can be adapted for 

various poorly soluble drugs beyond LPV, broadening its 

potential applications in drug delivery [75]. 

These diverse formulation strategies highlight the 

ongoing efforts to improve the delivery of LPV, addressing 

its solubility, BA, stability, and targeted delivery, 

particularly for HIV treatment. 

12. Advancing LPV delivery 

The development of novel approaches for the transfer 

of LPV has the potential to significantly enhance its 

efficacy and BA, addressing key challenges in current 

antiretroviral therapy. Despite its crucial role in the 

treatment of HIV, LPV's poor solubility, variable 

pharmacokinetics, and dependence on RTV as a booster 

agent limit its overall therapeutic potential. By investigating 

the novel strategies, we can address the current 

limitations in LPV-based treatments and improve 

outcomes for individuals living with HIV.  

12.1. Stimuli-Responsive Nanoparticles 

Pharm et al. (2020) highlighted the importance of 

Stimuli-responsive nanoparticles intended to release 

drugs in response to specific environmental triggers like 

pH, temperature, or the existence of specific enzymes in 

the GI tract or target tissues, like the lymphatic system 

or central nervous system (CNS). By tailoring LPV release 

to the biological environment, these systems could 

improve BA and target delivery to HIV reservoirs, 

minimizing systemic side effects. This approach offers 

a promising solution for precise drug delivery and 

sustained release of LPV at the site of action [76]. 

12.2. Exosome-based delivery 

Koh et al. (2023) investigated the potential of 

exosomes — naturally occurring vesicles that facilitate 

cell-to-cell communication — as biocompatible carriers. 

By engineering exosomes for targeted delivery to HIV 

reservoirs, including the central nervous system (CNS) and 

lymphatic system, this method aims to improve the 

precision of drug delivery and reduce unnecessary 

systemic exposure. This innovative strategy could 

significantly enhance the effectiveness of LPV while 

minimizing associated toxicity [77]. 

12.3. CRISPR-Cas9-enhanced drug delivery 

Asmamaw et al. (2021) examine the CRISPR/Cas-9 

genome-editing system, known for its precision and 

effectiveness in modifying genomes. The system consists 

of guide RNA (gRNA) and Cas-9 protein, and its process 

includes recognition of target sequences, cleavage to 

induce double-stranded breaks, and repair via cellular 

mechanisms. CRISPR/Cas-9 has diverse applications in 

medicine, agriculture, and biotechnology, facilitating 

advancements in crop nutrition and potential treatments 

for conditions like cancer, HIV, and genetic disorders. 

Although CRISPR-Cas9 is primarily a gene-editing tool, its 

application in drug delivery could revolutionize targeting 

mechanisms for LPV. CRISPR-based systems could 

modulate viral reservoirs, making them more susceptible 

to LPV or reducing viral resistance. This strategy has the 

potential to increase the drug's effectiveness in hard-to-

reach HIV reservoirs, enhancing treatment outcomes [78]. 

12.4. Ultra-long-acting injectable formulations 

Kovarova et al. presented an innovative ultra-long-
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acting (LA) removable drug delivery system for HIV 

treatment and prevention, addressing the critical issue of 

medication non-adherence in chronic conditions. Unlike 

current LA antiretroviral (ARV) formulations, which cannot 

be removed once administered, this system allows for safe 

removal after up to nine months of drug delivery. Using 

pre-clinical models, including non-human primates and 

humanized BLT mice, the researchers demonstrated that a 

single subcutaneous dose of ultra-LA dolutegravir 

effectively suppressed viral load and provided protection 

against multiple high-dose vaginal HIV exposures in BLT 

mice. This approach highlights a promising strategy for 

enhancing adherence and offers various therapeutic 

applications in HIV management. Ultra-long-acting 

injectables, could provide sustained LPV release over 

weeks or even months, drastically improving patient 

adherence by decreasing the frequency of dosing. These 

preparations would keep therapeutic drug levels over 

extended periods, minimizing the need for daily 

administration and increasing treatment efficacy [79]. 

12.5. Peptide-based drug carriers 

Khairkhah et al. (2023) reviewed the application of 

cell-penetrating peptides (CPPs) as promising carriers for 

drug delivery in combating viral infections. CPPs have 

garnered interest for their ability to enhance the delivery 

of therapeutic agents, including peptide/protein-based and 

nucleic acid-based vaccines, into cells with minimal 

toxicity. Peptide-based drug carriers, designed to 

encapsulate LPV, could enhance the drug's cellular uptake 

by mimicking viral or cellular peptides. This method would 

improve the targeting of immune cells and HIV reservoirs, 

leading to more efficient drug delivery and potentially 

increasing LPV's antiviral activity within the body [80]. 

12.6. Theranostic nanoparticles 

Kevadiya et al. (2020) developed rod-shaped 

theranostic nanoparticles to improve antiretroviral drug 

(ARV) delivery for HIV. They created rilpivirine (RPV) 

nanoparticles with lutetium-177 in bismuth sulfide 

nanorods (177LuBSNRs) and evaluated their properties. The 

nanoparticles showed rapid uptake and distribution in 

macrophages without adverse effects, particularly in 

lymphoid tissues. The study highlights 177LuBSNRs as 

effective theranostic tools for assessing long-acting ARV 

pharmacokinetics, offering the potential for enhanced HIV 

treatment. By incorporating imaging techniques, such as 

MRI, into the nanoparticle design, clinicians can 

personalize LPV treatment, adjusting dosages based on 

real-time data, which could enhance treatment precision 

and outcomes [81]. 

12.7. Artificial Intelligence (AI)-designed formulations 

Jiang et al. (2022) highlight the use of Artificial 

Intelligence (AI) in developing solid dosage forms, such as 

tablets and capsules, as a more efficient alternative to 

traditional trial-and-error methods. The review covers AI's 

role in pharmaceutical sciences, regulatory guidance, 

strategies for building databases, data processing, and 

comparisons of various AI algorithms. It also discusses case 

studies showcasing AI's effectiveness in formulation 

development, particularly through deep learning-based 

image analytics. The authors conclude that AI technologies 

can significantly enhance the understanding and prediction 

of drug formulation properties, streamlining the 

development process. AI could also optimize drug 

solubility, stability, and release profiles, offering a fast 

and efficient way to develop improved LPV formulations 

with enhanced BA [82].  

12.8. Biopolymer-based hydrogels 

Hama et al. (2023) explored recent advancements in 

biopolymer-based hydrogels for tissue engineering, 

highlighting their potential for tissue regeneration. The 

study emphasizes how hydrogels can be tailored to meet 

specific requirements for various tissues by adjusting 

their mechanical properties, degradation rates, and cell 

affinity through molecular design. The review also 

discusses high-functional hydrogels that incorporate drug 

delivery systems (DDSs), allowing for the controlled 

release of drugs or bioactive substances. Overall, the 

authors provide insights into the molecular design and 

clinical applications of these innovative hydrogels in 

regenerative medicine. Biopolymer-based hydrogels could 

encapsulate LPV and release the drug in response to 

specific physiological stimuli, like inflammatory markers 

or enzymes found in HIV-infected tissues. This 

bioresponsive delivery system targets drug release more 

effectively, improving LPV's therapeutic action and 

reducing unnecessary systemic exposure [83]. 

12.9. Nanobots for targeted delivery 

Hu et al. (2020) explored the potential of 

micro/nanorobots in targeted drug delivery, surgical 

procedures, and disease diagnosis. Unlike traditional 

methods that rely on blood circulation, these autonomous 

robots can navigate directly to hard-to-reach areas, 

enhancing drug delivery precision. Powered by external 

sources (magnetic fields, light, etc.) or chemical 

reactions, they include both cell-based robots and DNA 

origami, which lack autonomous movement. While 

promising, research is mostly limited to in vitro studies, 

with in vivo applications still in early development. 

The authors call for further biological research to validate 

micro/nanorobot efficacy in living organisms and discuss 

current challenges and future directions. These 

microscale or nanoscale robots could be engineered to 

transport LPV to specific sites in the body, such as lymph 

nodes or the CNS. By actively navigating to target areas, 

nanobots could minimize off-target effects and deliver 

LPV precisely where it is needed most [84]. 

12.10. Gene therapy-linked drug delivery 

Pan et al. (2021) highlighted the advancements in 

gene therapy drug delivery systems for treating genetic 

diseases. Gene therapies, including siRNA, shRNA, 

antisense oligonucleotides, CRISPR/Cas9, plasmid DNA, 

and miRNA, hold significant promise for biomedical 

applications. However, effective delivery systems are 

essential to prevent drug degradation and ensure the 

targeting of tissues, cells, and organelles. Viral vectors 

remain the most common delivery method due to their 

efficiency, but nanocarriers are emerging as a superior 

alternative with enhanced performance. The study 

explores current gene therapy approaches, and delivery 

systems, and discusses future challenges and 

opportunities in nano-delivery system development. Gene 

therapy could be used to enhance the expression of 

specific drug transporters or enzymes in tissues that aid 

in LPV absorption or reduce its metabolism. This strategy 
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could improve LPV BA in challenging areas, such as the 

CNS, by increasing local drug uptake or reducing drug 

degradation, potentially overcoming existing barriers to 

effective HIV treatment [85]. 

13. Conclusion 

Innovative delivery systems for LPV have shown 

significant promise in enhancing its solubility, 

bioavailability, and targeted drug delivery. Nanoparticle-

based systems, such as alginate nanoparticles, 

demonstrate sustained release but require in vivo 

validation. Surface-stabilized nanoparticles markedly 

improve bioavailability without necessitating RTV co-

administration, while pullulan acetate and PCL-based 

nanoparticles further enhance lymphatic uptake and 

provide sustained release profiles. PLGA nanoparticles 

offer the potential for repurposing in opportunistic 

infections by improving oral bioavailability and targeting 

viral reservoirs. LPV solid drug nanoparticles improve 

immune compatibility, reducing inflammatory responses. 

However, challenges remain regarding long-term stability, 

scalability, and clinical translation, necessitating further in 

vivo studies and clinical validation trials. Lipid-based 

delivery systems, including solid self-nanoemulsifying drug 

delivery systems and self-nanoemulsifying oily 

formulations, also exhibit significant improvements in 

dissolution rates and bioavailability and enhance lymphatic 

absorption. Additionally, spray-dried liposomes and 

niosomal gels improve drug deposition and release for 

topical and transdermal applications, while solid lipid 

nanoparticles and nanostructured lipid carriers show 

sustained release profiles and targeted delivery to the 

central nervous system, indicating the potential for 

managing HIV-associated neurocognitive disorders. 

Amorphous solid dispersions effectively address LPV's 

solubility challenges, with various formulations 

demonstrating enhanced dissolution and stability. Notably, 

in situ self-assembly nanoparticles for fixed-dose 

combinations of LPV and RTV exhibit high encapsulation 

efficiency and significant bioavailability improvements, 

particularly in pediatric HIV treatment. Prodrug and hybrid 

systems, including lipophilic ester prodrugs and 

proliposomes, enhance LPV levels in challenging reservoirs 

by targeting the mesenteric lymphatic system and 

improving stability. Other innovative approaches, such as 

metered-dose transdermal sprays and cyclodextrin 

complexation, further optimize LPV delivery while 

addressing solubility and P-glycoprotein (P-gp) efflux 

limitations. Collectively, these advancements underscore 

the versatility of novel delivery systems in overcoming 

LPV's pharmacokinetic challenges. Strategies like stimuli-

responsive nanoparticles for targeted release, exosome-

based carriers for precise delivery to HIV reservoirs, and 

CRISPR-Cas9-enhanced systems for modulating viral 

reservoirs present promising avenues for improving LPV's 

efficacy. Additionally, ultra-long-acting injectables may 

enhance patient adherence by reducing dosing frequency, 

while peptide-based carriers could improve cellular 

uptake. Innovations such as theranostic nanoparticles for 

real-time monitoring, AI-designed formulations for 

optimization, biopolymer-based hydrogels for responsive 

release, nanobots for targeted delivery, and gene therapy-

linked strategies for enhanced absorption all aim to 

overcome current limitations in LPV treatments, ultimately 

leading to better outcomes for individuals living with HIV. 
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