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ABSTRACT 

Human immunodeficiency virus (HIV) is a worldwide pandemic that 

causes irreversible and unstoppable disease progression. Antiretroviral 

therapy (ART) can efficiently suppress viral replication and control the 

pace of HIV infection. However, discontinuing ART usually leads to 

rebound viremia and drug resistance when resuming ART. This is 

primarily due to establishment of latent HIV reservoirs in cellular and 

anatomical sites. Suboptimal levels of ART in viral reservoirs might allow 

the persistence of latent infection. Gut-associated lymphoid tissue 

(GALT), in particular mesenteric lymph nodes (MLNs), is the largest 

immune system in the body and an important HIV reservoir. This study 

selects two antiretroviral agents (ARVs), tipranavir (TPV) and 

dolutegravir (DTG), as candidate drugs for targeted delivery to the 

mesenteric lymphatic system. In view of the different physicochemical 

properties between TPV and DTG, this study was conducted by two 

different approaches: (1) Targeting of lipophilic drug TPV to mesenteric 

lymphatics by means of intestinal lymphatic transport using a long-chain 

triglyceride (LCT)-based formulation approach; (2) Developing a 

lipophilic ester prodrug system of hydrophilic drug DTG, combined with 

LCT-based formulation to target DTG to mesenteric lymph and MLNs. 

The introduction of combination antiretroviral therapy (cART) led to 

substantial improvement in mortality and morbidity of HIV-1 infection. 

However, the poor penetration of ARVs to HIV-1 reservoirs limits the 

ability of the ARVs to eliminate the virus. MLNs are one of the main HIV-

1 reservoirs in patients under suppressive ART. The intestinal lymphatic 
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absorption pathway substantially increases the concentration of lipophilic 

drugs in mesenteric lymph and MLNs when they are co-administered 

with LCT. Chylomicrons (CM) play a crucial role in intestinal lymphatic 

absorption as they transport drugs to the lymph lacteals rather than blood 

capillary by forming drug-CM complexes in the enterocytes. Thus, 

lipophilic antiretroviral drugs could potentially be delivered to HIV-1 

reservoirs in MLNs by an LCT-based formulation approach. In this study, 

protease inhibitors (PIs) were initially screened for their potential for 

intestinal lymphatic targeting using a computational model. The 

candidates were further assessed for their experimental affinity to CM. 

TPV was the only-candidate with substantial affinity to both artificial and 

natural CM in vitro and ex vivo. Pharmacokinetics and biodistribution 

studies were then performed to evaluate the oral bioavailability and 

intestinal lymphatic targeting of TPV in rats. The results showed similar 

oral bioavailability of TPV with and without co-administration of LCT 

vehicle. Although LCT-based formulation led to 3-fold higher 

concentrations of TPV in mesenteric lymph compared to plasma, the 

levels of the drug in MLNs were similar to plasma in both LCT-based and 

lipid-free formulation groups. Thus, LCT-based formulation approach 

alone was not sufficient for effective delivery of TPV to MLNs. Future 

efforts should be directed to a combined highly lipophilic prodrugs/lipid-

based formulation approach to target TPV, other PIs and potentially other 

classes of antiretroviral agents to viral reservoirs within the mesenteric 

lymphatic system. 
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A number of alkyl ester prodrugs of DTG were designed based on the in 

silico predicted affinity to chylomicrons (CM), and six promising prodrugs 

were selected and synthesised. The synthesised prodrugs were further 

assessed for their intestinal lymphatic transport potential and 

biotransformation in biorelevant media in vitro and ex vivo. DTG and one 

most promising prodrug (prodrug 5) were then assessed in 

pharmacokinetics and biodistribution studies in rats. Although oral 

administration of an allometrically scaled dose (5 mg/kg) of unmodified 

DTG with or without lipids achieved concentrations above protein 

binding-adjusted IC90 (PA-IC90) (64 ng/mL) in most tissues, it was not 

selectively targeted to MLNs. The combination of lipophilic ester prodrug 

and LCT-based formulation approach improved the targeting selectivity 

of DTG to MLNs by 4.8-fold compared to unmodified DTG. However, 

systemic exposure to DTG was limited by poor intestinal absorption of 

the prodrug following oral administration. In vitro lipolysis showed a good 

correlation between micellar solubilisation of the prodrug and in vivo 

systemic exposure to DTG in rats. Thus, it is prudent to include in vitro 

lipolysis in the early assessment of orally administered drugs and 

prodrugs in lipidic formulations, even when intestinal lymphatic transport 

is involved in the absorption pathway. Further studies are needed to 

clarify the underlying mechanisms of low systemic bioavailability of DTG 

following oral administration of the prodrug and potential ways to 

overcome this limitation. 

In conclusion, this PhD work focuses on targeting two ARVs, TPV and 

DTG, to an important HIV reservoir in MLNs by means of drug-CM 



20 
 

association-driven intestinal lymphatic transport. When formulated with 

LCT, oral administration of TPV to rats has achieved substantial drug 

levels in mesenteric lymph fluid, suggesting intestinal lymphatic transport 

of TPV in the presence of lipids. However, the concentration of TPV in 

the mesenteric lymph is insufficient for drug targeting to MLNs, indicating 

that the LCT-based formulation approach alone does not lead to effective 

mesenteric lymphatic targeting of TPV or other ARVs. A combination 

approach of lipophilic ester prodrug and LCT-based formulation was 

applied to deliver hydrophilic DTG to mesenteric lymphatic transport. 

Although the oral administration of the selected prodrug candidate in an 

LCT-based formulation improved the selectivity of mesenteric lymphatic 

targeting of DTG, the oral bioavailability of DTG was attenuated due to 

poor intestinal absorption. 
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1. INTRODUCTION 

1.1. Human immunodeficiency virus (HIV) and acquired 

immunodeficiency syndrome (AIDS) 

1.1.1. Epidemiology of HIV/AIDS 

HIV originated from the simian immunodeficiency virus (SIV), a member 

of the retrovirus [1], which primarily infects mammalian species. As early 

as 1920 to 1940, HIV transmitted from non-human primates into the 

human population [2, 3]. In 1981, the first case of AIDS brought HIV 

under the spotlight [4]. Two years later, the virus was isolated from a pre-

AIDS patient [5]. Based on genetic diversity, HIV has two subtypes: HIV-

1 and HIV-2. They share many similarities, such as transmission 

pathways, life cycle in host cells, and the leading to AIDS. HIV-1 is more 

transmissible and progressive than HIV-2 [6]. The transmission of HIV is 

by direct contact with infected body fluids with mucous membranes or 

damaged skin [7-9]. Risk factors include high-risk sexual behaviours, 

blood transfusions, needle sharing, and vertical mother-to-child 

transmission [10-15]. 

According to WHO statistics, HIV has infected more than 84.2 million 

people and claimed 40.1 million lives globally since the pandemic. In 

2021, the morbidity and mortality of HIV infection were reported as the 

population of 38.4 million and 650,000, respectively, and 1.5 million 

people were newly infected with HIV worldwide (Table 1-1). Compared 

to 2010, the incidence of HIV infection and deaths in 2021 decreased by 

32% and 52%, respectively. Although 75% of HIV-infected people are 

under treatment of antiretroviral therapy (ART) and 92% of this treated 
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population have achieved viral suppression (< 200 copies/mL of blood), 

HIV/AIDS is still one of the major worldwide issues due to its irreversible 

disease progression [16].  

 

 People living with 
HIV in 2021 

People acquiring HIV 
in 2021 

People dying 
from HIV-related 
causes in 2021 

Total 
38.4 million 

(33.9-43.8 million) 
1.5 million 

(1.1-2.0 million) 
650,000 

(510,000-860,000) 

Adults 
(15+ years) 

36.7 million 
(32.3-41.9 million) 

1.3 million 
(990,000-1.8 million) 

560,000 
(430,000-740,000) 

Women 
(15+ years) 

19.7 million 
(17.6-22.4 million) 

640,000 
(480,000-870,000) 

240,000 
(180,000-320,000) 

Men 
(15+ years) 

16.9 million 
(14.6-19.7 million) 

680,000 
(500,000-920,000) 

320,000 
(250,000-430,000) 

Children 
(<15 years) 

1.7 million 
(1.3-2.1 million) 

160,000 
(110,000-230,000) 

980,000 
(67,000-140,000) 

 
Table 1-1. Summary of the global HIV epidemic in 2021. Modified from WHO [16]. 

 

1.1.2. The life cycle of HIV 

The life cycle of HIV is well documented and divided into several critical 

stages that became the potential action sites of antiretroviral drugs 

(ARVs) (Figure 1-1) [17]. During the first stage, HIV virions identify the 

host CD4+ T cells through the interactions between the viral surface 

envelope glycoproteins (gp120) and target cells’ surface receptor 

proteins (CD4) [18-20], as well as chemokine co-receptors (CCR5 or 

CXCR4) [21-29]. The surface interaction leads to the fusion of HIV and 

the host cell, allowing the release of viral capsid into the cytosol [30-34]. 

After entering the host cell, the viral capsid breaks down and liberates 

the viral mRNA and enzymes. Viral single-stranded RNA is then reverse-

transcribed to double-stranded DNA in the cytoplasm [35], which will then 

migrate into the host cell nucleus. With the aid of HIV integrase and 
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cofactors, viral DNA is inserted into the host chromosome to join the DNA 

replication event [36-39]. HIV mRNA is then produced through the cell-

hosted transcription and disseminated to the cytoplasm for further 

translation into provirus polypeptides [40, 41]. Finally, viral mRNA and 

provirus particles assemble and exit from the host cell. HIV protease 

drives viral maturation by cleaving non-functional precursor polypeptides 

into functional proteins [42]. 

 

Figure 1-1. The HIV life cycle and potential therapeutic targets for ARVs. HIV initiates 
its life cycle by attaching to the CD4 receptor and CCR5 or CXCR4 co-receptor on the 
host cell's surface (stage 1 - attachment). The viral capsid liberates the viral genome 
and associated proteins into the cytosol (stage 2 - fusion). Viral mRNA is reverse 
transcribed into cDNA, which is then assembled with enzymes to form a pre-integration 
complex (intasome) and moved into the host cell nucleus (stage 3 – reverse 
transcription). HIV integrase helps viral cDNA to insert into host DNA sequence (stage 
4 – integration) for transcription of viral mRNAs (stage 5 – transcription). Following the 
transcription, viral mRNAs disseminate into the cytosol for further translation to 
precursor polypeptides (stage 6 – translation). At the final stage, provirus precursors 
and viral mRNA assemble and exit the host cell (stage 7 – budding). HIV protease 
cleaves viral precursor polypeptides into functional enzymes (stage 8 – maturation). 
Modified from [17]. 

 

1.1.3. Stages of HIV infection 

HIV gradually destroys the host immune system in three stages: (1) acute 

HIV infection; (2) chronic HIV infection; (3) acquired immunodeficiency 

syndrome (AIDS).  
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1.1.3.1. Acute HIV infection  

After the acquisition of HIV, there is a short window, termed the ‘eclipse 

phase’, during which the virus replicates in mucosal and lymphoid tissues 

and remains undetectable in peripheral blood for 7 to 21 days without 

causing any symptom [43, 44]. This short interval currently cannot be 

identified as no diagnostic test can detect viral biomarkers [45]. 

Sustained local seroconversion eventually leads to systemic viral 

dissemination. Thereby, infected hosts may experience flu-like 

symptoms with a peak of viremia and a trough level of blood CD4+ T cells 

[46, 47]. During the peak of viremia, the immune system responds to the 

acute HIV infection, leading to the recovery of CD4+ T cell counts. At the 

same time, the viral load will decline to a certain level, termed the ‘viral 

set point’ [48-50]. The viral set point could be maintained for years by 

homeostasis between viral reproduction and host immune responses 

[51]. 

 

1.1.3.2. Chronic HIV infection and AIDS 

After reaching the viral set point, HIV infection proceeds to the 

asymptomatic chronic infection stage. Persistent viral turnover leads to 

sustained immune activation, which contributes to the progressive 

depletion of CD4+ T cells and subsequent immunodeficiency [17]. A 

chronic infection could take a decade or more to advance to AIDS when 

left untreated. 
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AIDS is the final stage of HIV infection when the immune system is 

severely paralysed. People with weakened immune systems are highly 

likely to acquire opportunistic infections or infection-related cancers, 

which could lead to serious disease consequences. According to US 

Centers for Disease Control and Prevention, AIDS is diagnosed in HIV-

infected individuals with CD4+ T cell counts below 200 cells/mm3 or with 

certain opportunistic infections [52]. From the onset of AIDS, the life 

expectancy is about two years without ART intervention [53].  

 

1.2. HIV reservoirs 

HIV reservoirs are defined as HIV inactively persists in cells or 

anatomical compartments in a replication-competent form. Although ART 

effectively suppresses the virus in HIV-infected patients, it does not 

eradicate it due to the latent reservoirs. In general, there are two types of 

HIV reservoirs: cellular reservoir and anatomical reservoir. 

 

1.2.1. Cellular reservoirs 

HIV persists in CD4+ T cells latently in patients receiving long-term 

suppressive ART [54-56]. Since HIV replication usually happens in 

activated CD4+ T cells [57, 58], latent viral reservoirs are believed to be 

established in resting CD4+ T cells (naïve and memory T cells) during the 

early stages of HIV infection [59-61]. These infected CD4+ T cells can 

remain silent and house the viral genome throughout their natural life 

without being attacked by the host immune system [62]. Memory cells 

have long lifespans, allowing rapid responses to specific antigens they 
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have previously encountered. As HIV DNA is stably anchored in these 

long-lived memory cells, the half-life of these latent cellular reservoirs is 

quite long (an average of 43.9 months in HIV-infected adults on 

suppressive ART) [63]. 

In addition to resting CD4+ T cells, other cell types have been reported to 

harbour latent HIV [64]. For example, myeloid lineage cells, particularly 

monocytes/macrophages, presenting CD4 receptor and CCR5 or 

CXCR4 co-receptors [65], are important latent viral reservoirs during HIV 

infection [66]. These cells are long-lived, resistant to HIV-mediated 

apoptosis, and widely distributed in almost every tissue [67, 68]. Thus, 

monocytes/macrophages are ideal targets for latent infection. Antigen-

presenting dendritic cells also harbour low levels of viral DNA in HIV-

infected individuals [69]. The infected dendritic cells will transfer the 

infection when presenting the virus to CD4+ T cells, resulting in the 

depletion of the anti-HIV immune response [70]. It is important to note 

that HIV is also found to hide in the central nervous system (CNS). In 

previous studies, HIV DNA and RNA were found in astrocytes, 

macrophages and microglia isolated from the brain tissues of HIV-

infected individuals with or without ART [71-74]. The diversity and wide 

distribution of cellular reservoirs constitute a major obstacle to HIV 

eradication. 

 

1.2.2. Anatomical reservoirs 

Persistent viral replication was observed in HIV-infected people receiving 

suppressive ART (viral load < 50 copies/mL of plasma) [75], indicating 
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the presence of tissue reservoirs. Since HIV-infected cells distribute 

throughout the body, multiple tissues could be populated by these 

infected cells and turned into anatomical reservoirs. The anatomical 

reservoirs include the CNS, lymphoid tissues (spleen, lymph nodes and 

gut-associated lymphoid tissues (GALT)), reproductive system and other 

deep tissues [76]. We will describe the CNS and lymphoid tissues, two 

of the most important and popular HIV reservoirs. 

 

1.2.2.1. CNS 

The CNS includes brain and cerebrospinal fluid (CSF). Studying HIV in 

the brain is difficult due to the limited access to brain tissues. Since CSF 

has a similar cellular composition to the brain and can reflect cerebral 

pathologic conditions [77], it has been used as a surrogate of the brain 

in HIV research. Human and non-human primate studies have shown 

that HIV rapidly invades the CNS within two weeks (as early as eight 

days) of the transmission event [78, 79]. The Trojan horse model has 

been used to describe the scenarios of HIV neuroinvasion that the virus 

hides in circulated immune cells to overcome the brain-blood barrier 

(BBB) and gain access to the brain [80]. During infections and 

inflammations, the permeability of BBB will increase, allowing 

monocytes/macrophages to cross the BBB and enter the brain. Once in 

the brain, HIV starts to infect glial cells (microglia and astrocytes): 

microglia is infected through the CD4/chemokine receptor-mediated 

infection [81], and astrocyte is infected through endocytosis [82]. The 

meningeal lymphatic system is another entry point, where infected 
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lymphocytes activate the inflammation responses, increasing the 

permeability of lymphatic vessels [80]. The infected lymphocytes can 

then easily enter the brain. Meningeal tissues have been proposed as a 

bridge between the brain and peripheral tissues, providing a pathway for 

HIV to migrate in and out of the brain [83, 84]. HIV can evolve and 

replicate independently in different anatomical sites, especially CNS [85-

94]. The compartmentalisation of HIV in the CNS has been reported to 

associate with HIV-caused neuro-complications, including HIV-

associated neurocognitive disorders (HAND) [95]. In the era of ART, the 

incidence of HIV-caused dementia has reduced from 25% to 5% in HIV-

infected patients, and the severity of HAND symptoms has decreased 

[96, 97]. However, the CNS is the most difficult-to-penetrate anatomical 

compartment, as it is protected by the BBB and blood-cerebral spinal 

fluid (CSF)-barrier (BCB), which are major obstacles for substances to 

reach the CNS. Suboptimal levels of ARVs in this viral reservoir usually 

lead to viral escape. In HIV-infected patients on suppressive ART for 

years, a persistent-replicated viral population is detected in the CNS [98-

102].  

 

1.2.2.2. Lymphoid tissues 

In a non-human primate study, more than 98% of the SIV viral load was 

presented in lymphoid tissues, including lymph nodes, spleen, and gut, 

before and during ART [103]. Furthermore, the GI tract has been 

reported as a central site of CD4+ T cell depletion and sustained viral 

replication in SIV-infected non-human primates [104]. In long-term viral-
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controlled patients, CD4+ T cell depletion was observed not fully recover, 

and high viral DNA levels were present in GALT [105]. Thus, lymphoid 

tissues, particularly GALT, are thought to be the central anatomical 

reservoirs of HIV. It is important to note that more than half of the body’s 

lymphocytes are housed in GALT [106, 107]. GALT comprises 

mesenteric lymph nodes (MLNs), peyer’s patches and scattered isolated 

lymphoid follicles [108-110]. In particular, MLNs are the largest 

aggregates of lymph nodes in the body. The lymph draining from the GI 

system converges in MLNs before continuing into the thoracic duct and 

subsequently into the systemic circulation [106]. MLNs are responsible 

for inducing immunologic tolerance to ingested substances and 

preventing the systemic dissemination of live commensal 

microorganisms [111]. Once dendritic cells pick up foreign antigens at 

the intestinal epithelial surface, they will present these foreign antigens 

to lymphocytes in MLNs for immune priming or tolerisation [112]. 

Differentiated lymphocytes will then disseminate from MLNs into 

systemic circulation through the thoracic duct for further immune 

responses [111]. Therefore, MLNs are considered the central site of 

immune response in GALT. Hosting large amounts of lymphocytes, 

especially CD4+ T cells, and the presence of anatomical and 

pharmacokinetic barriers make MLNs an ideal sanctuary for HIV [113]. 

In fact, the HIV viral loads and replication frequencies in MLNs were 

found to be higher compared to peripheral blood and other lymphoid 

tissues in non-human primates and humans [114-116].  
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1.2.3. The Last Gift Cohort 

More recently, a cohort study, the Last Gift, has recruited HIV-infected 

people willing to contribute to HIV cure research at the end of life [117]. 

This study includes the collection of antemortem blood and a rapid 

autopsy across 28 anatomical tissues within six hours of the participant’s 

death. Nineteen participants completed the autopsy, and the tissues from 

the first 6 participants were analysed for the characterisations and 

dynamics of HIV reservoirs [118]. According to the results, the blood, gut, 

and lymphoid tissues are the primary sources of persistent viral 

dissemination. Notably, two patients stopped the treatment before death, 

allowing the observations of rebounded viremia and HIV repopulation 

into tissues. Furthermore, the study found that HIV can exchange within 

CNS or between CNS and systemic circulation, suggesting HIV can 

cross the BBB bidirectionally [118]. The Last Gift has revealed valuable 

information on HIV reservoirs and viral repopulation throughout the body 

and more studies are in progress. 

 

1.2.4. Poor penetration of ART into HIV reservoirs 

Early initiation of ART (within three months of the infection) can reduce 

the size of HIV reservoirs [119-126] and rapidly suppress viremia [127]. 

In a longitudinal study, patients receiving ART within 30 days of HIV 

infection demonstrated a sharper and long-lasting decay in the HIV 

reservoirs [128]. This suggests that initiating ART as early as possible 

may have long-term benefits in controlling viral reservoirs. However, 

sustained viral replication in GALT was observed in patients receiving 
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suppressive ART [113, 129, 130]. Furthermore, low levels of ARVs in HIV 

reservoirs, especially in lymphoid tissues, were found to allow persistent 

viral reproduction and the development of drug resistance [131, 132]. 

The limited penetration of ARVs into these viral sanctuaries is believed 

to be one of the main barriers to eradicating HIV. Delivery of ARVs to 

these difficult-to-penetrate HIV reservoirs, especially to MLNs, may lead 

to substantial improvement in treatment outcomes of HIV. 

 

1.3. Antiretroviral therapy (ART) 

1.3.1. Overview 

In 1985, a thymidine analogue, known as azidothymidine or zidovudine 

(AZT), was found to inhibit the replication of HIV by blocking viral reverse 

transcriptase [133]. AZT was then used as a monotherapy in treating 

people with HIV infection. Long-term use of AZT has been shown to 

improve the survival of HIV/AIDS patients and reduce the incidence of 

opportunistic infections [134]. However, AZT resistance occurred in 

patients receiving prolonged therapy and led to treatment failure [135-

138]. In the early 1990s, dual therapy combining two nucleoside reverse 

transcriptase inhibitors (NRTIs) was implemented to treat HIV-infected 

patients. Despite the effective viral suppression, recovered CD4+ T cell 

counts and improved survival rate [139, 140], dual NRTIs combination 

failed to control HIV infection efficiently [141]. Therefore, highly active 

antiretroviral therapy, also known as combination antiretroviral therapy, 

consisting of three or more different classes of antiretroviral drugs, was 

introduced in the mid-1990 [141]. This approach significantly improved 
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the treatment outcomes and is recognised as the most promising 

strategy for treating HIV-infected people and reducing drug resistance 

[142-146]. To date, 34 ARVs within nine classes have been approved by 

the FDA for clinical use [147]: (1) attachment inhibitor; (2) CCR5 

antagonist; (3) post-attachment inhibitor (PAI); (4) fusion inhibitor (FI); (5) 

integrase strand transfer inhibitor (INSTI); (6) non-nucleoside reverse 

transcriptase inhibitor (NNRTI); (7) NRTI; (8) protease inhibitor (PI); (9) 

pharmacokinetic enhancer (PE). Each class of ARVs targets specific 

stages of the HIV life cycle described in section 1.1.2 (Figure 1-1). This 

PhD work focuses on targeting PI and INSTI to mesenteric lymphatics 

through intestinal lymphatic transport to reduce or eliminate HIV 

reservoirs.  

 

1.3.2. PIs and tipranavir (TPV) 

1.3.2.1. HIV protease and its inhibitors 

HIV protease drives the maturation of HIV by cleaving provirus 

polypeptides into functional proteins. It has been reported that immature 

viral particles containing inactive HIV proteases cannot complete the life 

cycle to become infectious virions [148]. Thus, the essential role of HIV 

protease makes it a promising target for antiretroviral drugs [149, 150]. 

HIV protease belongs to the aspartic protease family [151] and is a 

symmetric homodimer [152]. This homodimer assembles two identical 

monomers of 99 amino acids [152, 153]. Each monomer contains an 

asp25 catalytic residue at the substrate-binding site. Asp25 residue is 

essential in the proteolytic cleavage of Gag and GagPol precursor 
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polypeptides of HIV [151]. Gag polypeptide encrypts six viral structure 

proteins: matrix, capsid, nucleocapsid, docking protein p6, and two 

spacer proteins, p2 and p1. GagPol polypeptide encodes some structural 

proteins: matrix, capsid, p2, nucleocapsid, and the transframe protein, 

and enzymes: protease, reverse transcriptase and integrase. The 

proteolytic cleavage of Gag and GagPol polyproteins can produce 

corresponding proteins and enzymes [154].  

HIV protease initiates proteolytic cleavage by asp25 deprotonating a 

water molecule to generate a hydroxide ion. The nucleophilic hydroxide 

ion attacks the substrate on the cleavage site to form a tetrahedral 

transition state peptide. The transition state peptide will rearrange the 

structure and break down into functional viral proteins [155]. PIs were 

developed as uncleavable ‘transition state’ peptide substrates that 

compete with viral polypeptides at the active site of HIV protease [156, 

157]. All peptidic PIs have a hydroxyethylene core to react with the asp25 

residue [155]. Once the PIs are at the active site, the hydroxyethylene 

core will construct a hydrogen bonding network within catalytic regions 

of HIV protease [158], disrupting the interaction between viral 

polypeptide substrates and HIV protease. Although PIs have shown 

robust antiretroviral activity [159-162], the therapeutic effects were 

limited by drug resistance [163]. HIV mutates the amino acid sequences 

in or near the substrate binding site, where the PIs compete with the viral 

peptide substrates. In addition, these amino acid mutations can occur on 

viral polypeptide substrates. The mutated viral polypeptide can react with 

the altered substrate binding site of drug-resistance proteases [154]. 



42 
 

Since most peptidomimetic PIs have similar structural backbones, some 

mutations can affect multiple PIs [164]. 

 

1.3.2.2. TPV 

In 2005, FDA approved TPV (APTIVUS®) to treat highly experienced 

HIV-infected patients with multiple-PI resistance [165]. TPV is the first 

non-peptidic protease inhibitor designed based on the structure of 

coumarin (Figure 1-2) [166]. The central backbone of TPV is a 

dihydropyrone ring [167]. It binds to the active site of HIV protease with 

fewer hydrogen bonds than peptidomimetic PIs [168], resulting in higher 

flexibility to adjust to amino acid mutations [169, 170]. Furthermore, TPV 

has a strong hydrogen bond to the highly conserved amino acid residue 

asp30 [171], which is less likely to be changed during the viral mutations. 

Therefore, TPV has a high genetic barrier to drug resistance.  

 

 

Figure 1-2. Structure of TPV. 
 
 

In preclinical studies, TPV has a moderate absolute oral bioavailability 

(~30%) after oral administration in a lipid-free 0.01M sodium hydroxide 

solution to rats [172]. Limited absolute oral bioavailability was found in 

other preclinical species (6.5-7.7% in dogs, 11% in mice and 9.9% in 



43 
 

rabbits) [173]. The absolute oral bioavailability of TPV in the human 

population has not been reported, probably due to the limited solubility in 

intravenous formulations [173]. It is believed that the moderate to low oral 

bioavailability in preclinical species is attributed to limited intestinal 

absorption. Since TPV is a substrate for P-glycoprotein (P-gp) and is 

mainly metabolised by cytochrome P450, these factors contribute to the 

poor absorption of TPV [174]. Ritonavir (RTV) is a P-gp and CYP3A4 

inhibitor often used as a booster for ARVs and, more recently, for anti-

COVID-19 agents [175]. In an open-label study, co-administration of TPV 

and a low dose of RTV substantially increased the systemic exposure of 

TPV in healthy volunteers [176]. 

Formulating a self-emulsifying drug delivery system (SEDDS) with TPV 

in a soft gelatin capsule doubled the oral bioavailability in treatment-

experienced HIV-infected patients compared to a hard-filled capsule 

[177]. The SEDDS used in formulating TPV comprised dehydrated 

alcohol, polyoxyl 35 castor oil, propylene glycol, and mono/diglyceride of 

capric acids/caprylic acids [178]. Polyoxyl 35 castor oil is a non-ionic 

surfactant used as an emulsifying and solubilising agent in 

pharmaceutical preparations of lipophilic drugs [179]. Moreover, polyoxyl 

35 castor oil can modulate the activity of P-gp in the intestine and improve 

the absorption of drugs which are substrates for P-gp [180, 181]. Capric 

acid (C10) and caprylic acid (C8) are medium-chain fatty acids which 

would not contribute to CM production and subsequent intestinal 

lymphatic transport. Therefore, the increased oral bioavailability of 

SEDDS-formulated TPV might be due to improved intestinal absorption. 
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Administration of TPV with a high-fat meal has been reported to increase 

systemic absorption two-fold in healthy volunteers [182], which suggests 

the post-prandial effects promote the production of CM and subsequent 

intestinal lymphatic transport of TPV. The adverse effects following the 

administration of TPV are mostly gastrointestinal-related symptoms, 

while lethal side effects such as intracranial haemorrhage and 

hepatotoxicity were also occasionally reported [183].  

 

1.3.3. INSTIs and dolutegravir (DTG) 

1.3.3.1. HIV preintegration complex (intasome) and its 

inhibitors 

After the reverse transcription of HIV DNA in the host cytoplasm, viral 

integrases will aggregate on the end of viral DNA to form an intasome. 

The intasome will then migrate into the host cell nucleus. Integrases will 

remove two nucleotides from the end of viral DNA to generate free 

hydroxyl groups at 3’ ends, called ‘3’-end processing’. The free 3’-OH 

groups of viral DNA can trap the host DNA and drive the strand transfer 

[184]. As catalyst cofactors, two metal ions are included in the intasome 

active site during the strand transfer [185]. Inserting the viral DNA into 

the host DNA strand is an irreversible and central event that turns host 

cells into permanent viral carriers [186]. INSTIs were developed to 

prevent this event. The antiretroviral activity of INSTIs is attributed to the 

two functional moieties in their structure. One is the di-keto acid, which 

acts as the pharmacophore for chelating the two metal ion cofactors in 

the active site of HIV protease [187]. The other is the halogenated benzyl 
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moiety, which can displace viral DNA from the intasome to block the 3’ 

end processing [188-191]. Various pharmacological compounds were 

described as integrase inhibitors in the 1990s [192]. The first generation 

of INSTIs, raltegravir (RAL) and elvitegravir (EVG), were approved by 

FDA in 2007 and 2012, respectively. Unfortunately, drug-resistant 

variants are against the first generation of INSTIs [193-196]. HIV alters 

the residues of integrase (mostly on Y143, Q148 and N155) to counteract 

the first-generation INSTIs [197]. For example, a Y143 pathway has been 

identified that is specific to RAL. Since viral residue Y143 directly forms 

a π–π stacking interaction with the oxadiazole ring of RAL, the mutants 

changed the residue on this position to interrupt the interaction with the 

drug [198]. Therefore, the second generation of INSTIs, including DTG, 

was developed to overcome drug resistance [199-201]. The second-

generation INSTIs have several fundamental changes in comparison to 

the first-generation INSTIs: 

1. The backbone of the di-keto acid pharmacophore is replaced from 

monocyclic or bicyclic to tricyclic, resulting in more connection to 

the integrase residues. 

2. A longer linker is introduced to bridge the pharmacophore 

backbone and halogenated benzyl group. The long amide 

carbonyl linker allows the halobenzyl group to be inserted deeper 

into the active site of HIV integrase and increases the torsional 

flexibility to adjust to mutations. 

3. The mono-halogen-substituted benzyl analogue was replaced by 

two-halogen-substituted benzyl analogues. It has been reported 
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that benzyl analogues substituted with two halogens have higher 

antiretroviral activity than those substituted with one halogen [191]. 

 

1.3.3.2. DTG 

DTG is a tricyclic carbamoyl pyridine INSTI (Figure 1-3) [202]. It has 

potent antiretroviral activity with a protein-adjusted 90% inhibitory 

concentration (IC90) of 64 ng/mL [203] and a high genetic barrier to drug 

resistance [204]. The robust potency and genetic barrier to resistance 

are attributed to its structural differences from the first-generation INSTIs. 

DTG is not affected by the Y143 pathway as it does not have an 

oxadiazole group [205]. Furthermore, in DTG, the linker bridging the 

halobenzyl and hydrophobic groups allows a deeper insertion and stable 

configuration position in the active site of integrase [206]. Therefore, DTG 

has a slower (5-40 times slower) dissociation rate from viral intasome 

than the first generation of INSTIs [207]. In clinical trials, DTG showed 

remarkable viral suppression and increased recovery of CD4+ T cells 

from depletion in ART-naïve, ART-experienced HIV-infected adults and 

paediatric patients [208]. In 2013, DTG was approved by FDA to treat 

HIV-infected patients. According to WHO guidelines, DTG-based 

regimens are recommended as the first-line ART for HIV-infected adult 

and adolescent patients and have conditional recommendations for 

infants and children [209]. More recently, a dual combination of DTG and 

lamivudine (3TC) has shown non-inferior antiretroviral efficacy compared 

to three or more drug combination regimens [210-213]. In 2019, FDA 
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approved this combination of DTG and 3TC (DOVATO) for treating HIV-

infected people.  

However, rare treatment-emergent resistance to DTG has been reported 

[214-217]. The emergence of drug resistance could due to poor 

adherence and HIV disease factors, such as suboptimal levels of ARV in 

viral reservoirs. Poor adherence may be due to adverse effects or missed 

or delayed doses. Traditional combination ART involves three or more 

different classes of ARVs, leading to a higher incidence of adverse 

effects. Too frequent dosing could also lead to poor adherence. 

Therefore, some studies have been devoted to exploring long-acting 

formulations of ARVs. Sillman et al. developed an intramuscular (IM) 

administered long-acting slow-release system of DTG by an alkyl ester 

prodrug approach combined with an intramuscular (IM) nano-formulation 

[218]. Following the IM administration of nano-formulated myristoylated 

prodrug of DTG (NMDTG) to mice, the plasma concentration of released 

DTG was above PA-IC90 (64 ng/mL) for 56 days. Furthermore, NMDTG 

showed an extended protective effect against HIV-1 for at least 28 days 

in humanised mice. In non-human primates, IM administration of a single 

dose of NMDTG maintained the plasma concentration of released DTG 

above PA-IC90 for 35 days [219]. Deodhar et al. prepared nano-

formulated myristoylated, stearoylated (M2DTG), behenoylated (M3DTG) 

prodrugs of DTG and a C18 carbon chain conjugated with two DTG on 

either side (M4DTG). These nanocrystal prodrugs were administered IM 

to rats and mice. M2DTG was found to maintain the plasma 

concentration of released DTG above PA-IC90 for 308 and 367 days in 
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rats and mice, respectively, suggesting an ultra-long antiretroviral activity 

for a yearly dose [220]. These injectable formulations of DTG have 

shown promising results in prolonging the dosing interval and facilitating 

adherence. 

Current efforts to deliver antiretroviral drugs to lymph nodes are mainly 

through subcutaneous or IM injection of nano-formulated drugs or 

prodrugs [201, 218, 219, 221-223]. Although the nano-scale formulations 

are preferentially taken up by lymphatics rather than drained into blood 

vessels, only local lymph nodes near the injection sites can be targeted. 

Oral administration is the most preferred route for delivering ARVs to the 

central HIV reservoirs in MLNs and other deep lymphatic reservoirs, such 

as retroperitoneal lymph nodes. In addition, orally taking drugs with an 

extended dosing interval could have higher patient compliance as it is 

non-invasive and simple. 

 

 

 

Figure 1-3. Structure of DTG. 
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1.4. Intestinal lymphatic transport for drug delivery 

1.4.1. Prerequisites of intestinal lymphatic transport of 

orally administered drugs  

Charman et al. proposed two critical factors for substantial intestinal 

lymphatic transport of orally administered drugs: long-chain triglyceride 

(LCT) solubility greater than 50 mg/mL [224] and the partition coefficient 

(Log P) more than 4.7 [224, 225]. These criteria successfully predicted 

intestinal lymphatic transport in some cases when drugs were co-

administered with lipids or in the presence of food [226]. For example, 

dichlorodiphenyltrichloroethane (DDT) possesses the required 

physicochemical properties (log P 6.19 and LCT solubility at 97.5 mg/mL). 

The intestinal lymphatic system transported 33% of the DDT dose 

following co-administration with peanut oil to rats [224]. Halofantrine (log 

P 8.5 and LCT solubility >200 mg/mL) had 20% of the administered dose 

recovered in the intestinal lymph when administered in a micellar system 

to rats [227]. However, the threshold of LCT solubility above 50 mg/mL 

for intestinal lymphatic transport has been challenged. Several studies 

demonstrated that some compounds do not meet this threshold but have 

intestinal lymphatic transport [228, 229]. In this work, TPV has 

appropriate experimental log P at 6.9, but low LCT solubility (5.9 ± 0.3 

mg/mL). DTG is a non-lipophilic compound (experimental log P 2.2) and 

limited LCT solubility (0.015 ± 0.002 mg/mL). Both TPV and DTG seem 

not to meet the prerequisite of intestinal lymphatic transport when 

administered orally. 
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1.4.2.  Lipid digestion and absorption in the intestine 

Intestinal lymphatic transport is an alternative absorption route for highly 

lipophilic molecules, dietary lipids, lipid-soluble vitamins and xenobiotics 

in the GI tract [230]. In contrast to portal vein absorption, intestinal 

lymphatic transport avoids hepatic first-pass metabolism. Furthermore, it 

exploits the inherent lipid digestion process to deliver drugs to systemic 

blood through lymphatic circulation. Lipids digestion takes place in the 

stomach and small intestine with the contributions of a number of 

enzymes. The first digestive event is carried out by gastric lipase in the 

stomach. Gastric lipases partially hydrolyse dietary triglyceride (TG) (10-

30%), releasing free fatty acids and diacylglycerides [231]. Digested 

products and undigested lipids are then transferred to the duodenum for 

further digestion. At the same time, digested products stimulate the 

secretion of bile salts and pancreatic lipases, which are essential 

enzymes for lipids digestion. Bile salts emulsify lipids into droplets, and 

pancreatic lipases digest TG at 1- and 3- positions to release two free 

fatty acids and a 2-monoglyceride [232, 233]. These digested products 

are merged into amphiphilic micelles, which will diffuse across the 

unstirred water layer to the border of enterocytes. Micelles and lipidic 

substances accumulate near the apical membrane of enterocytes [234]. 

The concentration gradient drives the passive diffusion of these lipidic 

materials from the intestinal lumen into enterocytes. In enterocytes, 

short- and medium-chain fatty acids (C < 12) are drained by portal blood 

flow, while long-chain fatty acids (C ≥ 12) are re-synthesised to TG in the 
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endoplasmic reticulum [235]. TGs assemble with cholesterol, cholesterol 

ester, phospholipids and apolipoproteins to form chylomicrons (CM). 

 

1.4.3. The role of CM in the intestinal lymphatic transport 

of highly lipophilic drugs 

CM are the largest lipoproteins with the lowest density compared to other 

lipoproteins and responsible for transporting dietary lipids from the 

enterocytes to the systemic circulation through the lymphatic system. 

They are produced in enterocytes and then secreted into the intestinal 

lymphatic system. In the lymphatic lacteal, CM joins the lymph draining 

from the GI system to form chyle, which will flow into MLNs. The chyle 

then leaves the MLNs and enters the systemic circulation via the thoracic 

duct at the junction of the left jugular and subclavian veins [236]. Highly 

lipophilic drugs are believed to be incorporated into the TG-rich core 

during or after the CM assembly. Drug-CM is then transported through 

the intestinal lymphatic system [237]. Some studies suggest that 

lipophilic drugs could also interact with surface components of the CM 

rather than being incorporated into the TG-rich core [228, 238, 239]. The 

detailed mechanisms of drug association with CM remain unclear.  

The intestinal lymphatic transport of highly lipophilic drugs shares the 

same pathway as the absorption of dietary lipids. It has been reported 

that the association of drug molecules with CM is critical in determining 

the extent of drug absorption through the intestinal lymphatic system [224, 

237]. Since LCT is the main component of the core of CM, it is reasonable 

to expect that drugs with high LCT solubility can substantially associate 
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with CM. However, Gershkovich and Hoffman demonstrated that LCT 

solubility was only moderately correlated with the degree of association 

of lipophilic compounds with CM (R2 = 0.55) and lymphatic bioavailability 

in rats (R2 = 0.55) [237]. Instead, they found that the degree of 

association of lipophilic compounds with CM strongly correlates with 

intestinal lymphatic transport in rats (R2 = 0.94). In a subsequent study, 

Log D7.4, rather than Log P, was determined as the most important 

physicochemical property affecting drug affinity to CM [238]. Other 

physicochemical properties of drugs, including the degree of ionisation 

(Log P – Log D7.4), polar surface area, number of H-acceptors and H-

donors, density, molar volume, and freely rotatable bonds, were also 

found to impact the affinity to CM. Thus, an in silico model was 

established based on these physicochemical properties to predict the 

association of drug molecules with CM for assessing the potential of 

intestinal lymphatic transport. 

 

1.4.4. Approaches for intestinal lymphatic transport of 

orally administered drugs 

Intestinal lymphatic transport and targeting could benefit many diseases, 

including gastrointestinal cancer, autoimmune diseases and HIV 

infection. However, this pathway is not feasible for most drugs without 

chemical modification. Not all drugs possess the required 

physicochemical properties to associate with CM, a critical step during 

the process [237]. Furthermore, although highly lipophilic drugs usually 

have a high affinity to CM, limited water solubility could restrict their 
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absorption in the intestine. Therefore, drug delivery approaches, 

including lipid-based formulations and lipophilic ester prodrug systems, 

have been proposed to overcome these obstacles and enhance intestinal 

lymphatic transport and targeting of orally administered drugs. 

  

1.4.4.1. Lipid-based formulation 

Oral administration of drugs with a high-fat meal was reported to increase 

oral bioavailability [182, 240-242]. This could be attributed to the post-

prandial effects caused by dietary lipids, especially LCT, promoting 

intestinal lymphatic transport and portal absorption of administered drugs. 

The post-prandial effects include prolonging gastric emptying time, 

stimulating the secretion of bile salts and pancreases, increasing contact 

of drugs with enterocyte membrane, changing the luminal environment 

to improve drugs dissolution and solubilisation, and facilitating the CM 

production [237, 243-248]. Lipid-based formulations have been 

profoundly used to improve the luminal solubility and intestinal lymphatic 

bioavailability of lipophilic drugs [230, 249]. Based on a lipid formulation 

classification system, lipid formulations are classified into four types [250]. 

Briefly, type 1 formulation is pure lipids or oils; type 2 formulation contains 

oils and water-insoluble surfactants; type 3 formulation has oils, 

surfactants and cosolvents; and type 4 formulation is oil-free but contains 

water-soluble surfactants and cosolvents. This PhD work has chosen a 

type 1 formulation containing LCT as our administration vehicle. LCT-

containing formulations have been used extensively to facilitate the 
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intestinal lymphatic transport of highly lipophilic drugs or prodrugs by our 

and other groups [229, 239, 251-261]. 

  

1.4.4.2. Lipophilic ester prodrug system 

Although LCT-based formulations can facilitate intestinal lymphatic 

transport, it is only feasible for highly lipophilic drugs with high LCT 

solubility and substantial affinity to CM. Non-lipophilic compounds are 

primarily absorbed through the portal vein rather than the intestinal 

lymphatic system after oral administration, as they are unlikely to 

associate with CM [237, 238]. Furthermore, the flow rate of intestinal 

capillary blood is 500-fold faster than intestinal lymph, which results in 

the preferred portal absorption route for most non-lipophilic drugs [262]. 

Therefore, chemical modifications are needed to improve the association 

of non-lipophilic drugs with CM and promote their targeting of the 

intestinal lymphatic system. Lipid moieties, including fatty acid, glyceride, 

and phosphoglyceride, are commonly used to synthesise lipophilic ester 

or amide prodrugs for improved oral bioavailability and intestinal 

lymphatic transport [229, 253, 256, 263-278]. These lipid moieties have 

similar characterisations to natural lipids and can take benefits from the 

physiological lipid digestion process, allowing drugs to be targeted to 

specific active sites [279].  

TG-mimic prodrugs are designed based on the TG absorption 

mechanism described in section 1.4.2. The parent drug is placed at the 

2-position of the TG structure. When the pancreatic lipase hydrolysis 

takes place at the 1- and 3-positions of the drug-conjugated TG, the 
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parent drug will remain at the 2-position of the glycerol backbone. Drug-

glycerol is re-esterified with long-chain fatty acids to TG in enterocytes, 

which will then be incorporated into CM for intestinal lymphatic transport 

[230]. On the other hand, fatty acid prodrugs can optimise parent drugs’ 

physicochemical properties to increase the affinity to CM and subsequent 

intestinal lymphatic absorption. The lymphatically-absorbed prodrugs will 

release the parent drugs through the enzymatic cleavage in the lymph or 

plasma.  

Esterifying drugs with lipophilic moieties can generate lipophilic ester 

prodrugs. Based on the conjugated moiety, there are different types of 

ester prodrugs, including simple alkyl esters, activated esters, and 

biomimetic lipid esters. Elz et al. have proposed that the triglyceride-

mimetic prodrug approach is the core prodrug technology and is superior 

to simple alkyl esters [275]. They stated that simple alkyl esters are 

vulnerable to presystemic metabolism. Furthermore, the extent of 

intestinal lymphatic transport of simple alkyl esters relies on passive 

uptake by CM, while bio-mimetic prodrugs, such as TG-mimetic prodrugs, 

are designed to participate in lipid digestion actively. Han et al. compared 

the intestinal lymphatic transport of the alkyl ester prodrug and TG-

mimetic prodrug of mycophenolic acid (MPA), an immunomodulatory 

agent, in rats [277]. Although the alkyl ester has improved the intestinal 

lymphatic transport of MPA 13-fold, the TG-mimetic prodrug showed a 

more promising result with a 90-fold increase in MPA transport through 

the intestinal lymphatic system. Hu et al. chemically modified 

testosterone by linking a monoglyceride moiety with a self-immolation 
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group [276]. The glyceride prodrug of testosterone increased systemic 

exposure up to 90-fold compared to the currently marketed product 

testosterone undecanoate (a simple alkyl ester) in rats. Another 

biomimetic prodrug approach is phospholipid-mimetic prodrugs. Dahan 

et al. investigated the oral absorption of a phospholipid prodrug of 

valproic acid [253]. After oral administration with LCT solution, intestinal 

lymphatic transport of the phospholipid prodrug of valproic acid 

contributed to 60% of oral bioavailability. 

Our group has previously successfully achieved mesenteric lymphatic 

targeting of drugs with low or negligible affinity to CM using a simple alkyl 

or activated ester prodrug approach combined with an LCT-based 

formulation approach [229, 256]. Lee et al. attempted to target an 

anticancer drug, bexarotene, with lipophilic esters, including simple alkyl 

esters, a TG-mimetic ester, and activated esters [256]. Although TG-

mimetic ester had a higher affinity to CM than the simple alkyl ester, it 

did not lead to substantial levels of parent drug bexarotene in MLNs and 

mesenteric lymph following oral administration in LCT formulation to rats. 

In contrast, the simple alkyl ester of bexarotene was delivered to 

mesenteric lymph but did not efficiently release bexarotene in the 

mesenteric lymphatic system. The activated ester of bexarotene showed 

significant lymphatic transport and more efficient release of parent drug 

in the MLNs compared to the TG-mimetic and simple alkyl ester prodrugs. 

To note, the activated ester approach is to insert a heteroatom (O or S) 

at the beta or gamma position of the acyl moiety to increase the 

sensitivity of the carboxyl esters to the action of the plasma and lymph 
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carboxylesterase [280]. The concentrations of bexarotene in the MLNs 

following oral administration of simple alkyl ester, TG-mimetic ester, and 

activated ester were increased by 6.4-, 6.7-, and 17-fold, respectively, 

compared to oral administration of unmodified bexarotene. Qin et al. 

have utilised a simple alkyl and activated ester prodrug approach to 

target lopinavir (LPV) to mesenteric lymphatics [229]. LPV is an HIV PI 

with no affinity to CM, requiring chemical modification to associate with 

CM for intestinal lymphatic transport. Although the alkyl ester prodrug of 

LPV has substantial intestinal lymphatic transport, it did not efficiently 

release the parent drug LPV in the lymph, MLNs, and plasma. Therefore, 

an activated ester prodrug was then introduced. Oral administration of 

the activated ester prodrug in LCT formulation increased the levels of 

released LPV in the mesenteric lymph and MLNs 10.3-fold and 6.8-fold, 

respectively, compared to the simple alkyl ester prodrug. In these cases, 

the activated esters approach seems to outperform the simple alkyl 

esters and the TG-mimetic esters in mesenteric lymphatic targeting.  
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1.5. Hypothesis and aims 

Although ART brings HIV patients back to near-normal life, adherence 

and adverse effects remain important limitations. Furthermore, latent HIV 

reservoirs expose patients to rebound viremia risk when interrupted by 

antiretroviral treatment. Poor penetration of ARVs to HIV reservoirs is 

believed to be one of the main barriers to achieving a cure. MLNs are the 

largest lymphoid aggregates throughout the body. Many immune CD4+ 

T cells are housed in this anatomical compartment. However, MLNs are 

a hard-to-penetrate reservoir for ARVs. Therefore, it is an ideal sanctuary 

for HIV and an important target for the delivery of ARVs. Intestinal 

lymphatic transport is a pathway which could overcome the 

pharmacokinetic barrier and deliver highly lipophilic drugs or prodrugs to 

MLNs. This PhD hypothesises that the LCT-based formulations 

approach alone or combined with the lipophilic ester prodrug approach 

could achieve high levels of highly lipophilic drugs or prodrugs in HIV 

reservoirs in MLNs. 

In this study, two antiretroviral agents, TPV and DTG, are selected as 

model drugs. TPV is a lipophilic drug that has a moderate association 

with CM, while DTG is a hydrophilic drug with a negligible affinity to CM. 

In view of the different physicochemical properties between TPV and 

DTG, this study was conducted by two different approaches: 

 

1. Targeting of lipophilic drug TPV to MLNs by means of intestinal 

lymphatic transport using an LCT-based formulation approach. 
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2. Design and synthesis of lipophilic ester prodrugs of hydrophilic 

drug DTG to increase the affinity to CM, followed by co-

formulating with LCT-based formulation to target DTG to MLNs by 

means of intestinal lymphatic transport. 

 

The specific objectives of this work are described as follows: 

 

Chapter 3.  

1. Screening of drug candidates by in silico prediction of the 

association of HIV PIs with CM. 

2. In vitro and ex vivo assessments of TPV for its intestinal lymphatic 

transport potential by experimental association assay with artificial 

and natural CM. 

3. In vivo pharmacokinetics assessment of TPV in rats. 

4. In vivo biodistribution assessment of TPV in mesenteric lymph and 

MLNs in rats. 

 

Chapter 4. 

1. Design of lipophilic ester prodrugs of DTG based on in silico 

prediction of drug-CM association. 

2. Chemical synthesis and characterisation of designed prodrug 

candidates. 

3. In vitro and ex vivo assessments of synthesised prodrugs for their 

intestinal lymphatic transport potential by experimental 

association assay with artificial and natural CM. 
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4. Evaluation of the stability and biotransformation of prodrugs to 

DTG in bio-relevant media. 

5. Assessment of the solubility of prodrugs in LCT (sesame and olive 

oils). 

6. In vivo pharmacokinetics assessment of DTG and its prodrug 

candidate in rats. 

7. In vivo biodistribution assessment of DTG and its prodrug 

candidate in mesenteric lymph, MLNs and other HIV reservoirs in 

rats. 

8. In vitro lipolysis of DTG prodrug candidate.  
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2. MATERIALS AND METHODS 

2.1. Materials 

Tipranavir (TPV) was extracted from Aptivus® soft capsules (250 mg of 

TPV, Boehringer Ingelheim GmbH, Germany) as described below in 

section 2.2.1. Dolutegravir (DTG) sodium (CAS: 1051375-19-9) was 

purchased from Chemshuttle (California, USA). Cannabidiol (CBD, 

>98%, CAS: 13956-29-1) was purchased from THC Pharm GmbH 

(Frankfurt, Germany). Acyl chloride (lauroyl chloride, myristoyl chloride, 

palmitoyl chloride, stearoyl chloride and oleoyl chloride), methanol-d4, 

DMSO-d6, Intralipid®, Dulbecco’s phosphate buffered saline (DPBS), 

propylene glycol, serum triglyceride determination kit, esterase from 

porcine liver crude, porcine pancreatin powder (8 × USP specifications), 

tris maleate, potassium bromide, phosphate-buffered saline tablets (PBS, 

P4417-100TAB), ethylenediaminetetraacetic acid (EDTA), sodium 

chloride (NaCl), sodium hydroxide (NaOH) pellet, sodium fluoride (NaF), 

anhydrous N,N-dimethylformamide (DMF), sesame oil and olive oil were 

all purchased from Merck Life Science (Gillingham, UK). Calcium 

chloride (CaCl2) was purchased from Alfa Aesar (Lancashire, UK). 

Linoleoyl chloride was bought from Tokyo Chemical Industry (Oxford, 

UK). Sodium taurocholate hydrate (NaTc), L-alpha-phosphatidylcholine 

from egg yolk, sodium phosphate monobasic (NaH2PO4) were 

purchased from Scientific Laboratory Supplies (Nottingham, UK). Costar 

Spin-X centrifuge tube filters, HPLC grade methyl tertiary butyl ether 

(MTBE), ethyl acetate, n-hexane, acetonitrile (ACN), ammonium acetate, 

ammonium formate crystal and formic acid were purchased from Fisher 
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Scientific (Leicestershire, UK). Polyethylene glycol 400 (PEG-400) was 

bought from VWR international LTD (Leicestershire, UK). Rat plasma 

(pooled male Sprague Dawley rat plasma, K3EDTA), dog plasma 

(pooled male Beagle plasma, K3EDTA) and mouse plasma (pooled male 

CD-1 (ICR) mouse plasma, K3EDTA) were bought from Sera 

Laboratories International Ltd (West Sussex, UK). HPLC-grade water 

was obtained from PURELAB® ultra system (ELGA LabWater, UK). 

Other experiment agents and solvents were obtained from commercial 

sources with HPLC grade or higher level. 

 

2.2. Chemistry methods 

2.2.1. Extraction of TPV 

An Aptivus® soft capsule (containing 250 mg of TPV) was dispersed in 

5 mL of warm water at 37°C. Liquid-liquid extraction was then performed 

3 times using 20 mL of dichloromethane. The pooled organic fractions 

were washed with brine (30 mL) and dried with anhydrous Na2SO4, and 

then filtered. The crude product was purified by column chromatography 

using ISOLUTE SPE columns (Flash Silica ΙΙ 5g/25mL) (Biotage, 

Hengoed, UK) and monitored by thin layer chromatography (TLC) plate 

and liquid chromatograph-tandem mass spectrometry (LC-MS/MS). The 

purified eluents were pooled and evaporated .The final product (10 mg) 

was dissolved in methanol-d4 for NMR characterization. The details of 

chemical characterization methodologies of purified TPV is described in 

section 2.2.3. The full characterization of extract and purified TPV can be 
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found in Appendix 1. Characterization of tipranavir extracted from 

Aptivus® soft capsules. 

 

2.2.2. The design and synthesis of ester prodrugs of 

DTG 

The prodrugs of DTG were designed by substituting the 7-hydroxyl group 

with different carbon-length fatty acids to generate alkyl esters with 

increased lipophilicity, and improved predicted association with 

chylomicrons (CM). An established multiple physiochemical properties-

based in silico model (described in section 2.3.1) was used to predict the 

association of compounds with CM [281]. Prodrugs with moderate to high 

predicted affinity to CM (> 20%) were selected as drug candidates for 

synthesis and taken forward to subsequent studies. The esterification of 

DTG was based on a previously reported methodology with slight 

modifications [218]. Briefly, the corresponding fatty acid acyl chloride (4.4 

mmol) was mixed with DTG sodium (1.1 mmol) in anhydrous DMF (3mL) 

and stirred under N2 at 0°C overnight. The product formation was 

monitored by wither TLC plate and/or LC-MS/MS. After complete 

conversion, the mixture was filtered and purified by reverse phase 

chromatography (PuriFlash® PuriFlash 4100, Interchim Inc, CA, US) 

using a 50 µm particle size C18 column (IR-50C18-F0012, Interchim Inc, 

CA, US) with a gradient of acetonitrile/water from 50:50 to 90:10 (Table 

2-1). The collected fractions, containing the pure product were pooled 

and evaporated. A sample of the final compound (10 mg) was dissolved 

in DMSO-d6 for NMR characterization. The details of chemical 
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characterisation methodologies of purified compounds are described in 

section 2.2.3. The schematic presentation of general synthesis principles 

and all synthesised prodrugs structures are shown in Figure 2-1. 

. 

Table 2-1. Reverse phase gradient program. 

 

 

 

 

 

 

 

 

 

 

Figure 2-1. Chemical synthesis and structures of DTG and its ester prodrugs.  

Reverse phase gradient program a 
Column volume 

(CV) b 
Solvent A c 

(%) 
Solvent B d 

(%) 
Pre-equilibration 

(3 CV) 50 50 
0 50 50 
3 90 10 
30 90 10 

a Flow rate: 20 mL/min 
b Column volume: 19 mL 
c Solvent A: acetonitrile 
d Solvent B: water 

Ester prodrugs 

1: R = (CH2)10CH3, MW = 601.68 

2: R = (CH2)12CH3, MW = 629.73 

3: R = (CH2)14CH3, MW = 657.79 

4: R = (CH2)16CH3, MW = 685.84 

5: R = (CH2)7CH=CH(CH2)7CH3, MW = 683.82 

6: R = (CH2)7CH=CHCH2CH=CH(CH2)4CH3, MW = 681.81 
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2.2.3. Characterisation of compounds 

The following methodologies were used to characterise compounds 

described in Chapter 3 and 4. TLC was performed for monitoring 

compounds by using silica gel 60 Å F254 plates (Merck, Darmstadt, 

Germany). The LC-MS/MS system used for monitoring compounds 

consisting of a Shimadzu UFLCXR module equipped with an Applied 

Biosystems API 2000. An analytical C18 Gemini-NX column (50 mm × 2 

mm I.D.) with a particle size of 3 μm (Phenomenex, Macclesfield, UK) 

was used at 40°C to accomplish separations. All compounds were 

monitored at UV wavelength 220 nm (channel 2) and 254 nm (channel 1) 

using short and long gradient programs (Table 2-2). 1H and 13C NMR 

spectra were obtained using Bruker 400 Ultrashield Spectrometry at 400 

and 100 MHz, respectively, at ambient temperature. Chemical shifts (δ) 

are reported as parts per million (ppm) relative to methanol-d4 (¹H, δ = 

3.31 ppm; ¹³C, δ = 49.00 ppm) for purified TPV described in Chapter 3 

and DMSO-d6 (H, δ = 2.50 ppm; ¹³C, δ = 39.52 ppm) for DTG and 

synthesised prodrugs described in Chapter 4 [282]. 1H NMR results were 

presented as follows: chemical shift, integration, multiplicity (s = singlet, 

d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet) and coupling 

constants (J) were recorded in Hz. TopSpin 4.0.8 software was used to 

process the spectra. High-resolution mass spectrometry was performed 

for further characterisation of purified products using a Bruker MicroTOF 

II with electrospray (ESI). Reagents and solvents were purchased from 

Merck Life Science (Gillingham, UK), Tokyo Chemical Industry (Oxford, 

UK) and Fisher Scientific (Leicestershire, UK). 
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Table 2-2. Short- and long-gradient programs of LC-MS/MS. 

Short-gradient program$ Long-gradient program$ 

Time (min) 
Solvent A* 

(%) 
Solvent B& 

(%) 
Time (min) 

Solvent A* 
(%) 

Solvent B& 
(%) 

Pre-
equilibration 

(1 min) 
95 5 

Pre-
equilibration 
(1.5 minutes) 

95 5 

0 95 5 0 95 5 

2 2 98 8 2 98 

4 2 98 10 2 98 

4.5 95 5 10.5 95 5 

5.5 95 5 11.5 95 5 

* Solvent A: 0.1% formic acid in water 
& Solvent B: 0.1% formic acid in acetonitrile 
$ Flow rate: 0.5 mL/min 
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2.3. Association with artificial CM-like emulsion and 

plasma-derived CM 

2.3.1. In silico model for the prediction of the association 

with CM 

A previously established physicochemical properties-based 

computational model [281] was used to screen the potential affinity of 

protease inhibitors (PIs) (Chapter 3) and DTG and its prodrugs (Chapter 

4) to CM. All physicochemical properties (Table 2-3) of analysed 

compounds used in in silico model were calculated using ACD/I-Lab 

(Advanced Chemistry Development Inc., Toronto, ON, Canada). 

 

Table 2-3. Physiochemical properties used in in silico model [281]. 
 

Parameter 

Log D7.4 
Log P – Log D7.4 
polar surface area 
H-acceptors 
H-donors 
Density 
Molar volume 
Freely rotatable bonds 

 

2.3.2. Preparation of protein-free artificial CM-like 

emulsion (Intralipid®) 

Intralipid® 20% (Merck Life Science, Gillingham, UK) was measured for 

triglyceride (TG) concentration by a TG enzymatic kit (Sigma Aldrich, 

Dorset, UK) based on manufacturer’s instructions utilising a plate reader 

(BIO-TEK FL600™, BIO-TEK INSTRUMENTS, INC. Vermont, USA). 

Dulbecco’s phosphate buffered saline (DPBS) was then used to dilute 
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Intralipid® to generate a 1 mg/mL concentration of TG emulsion as 

previously described [229, 254, 281]. 

 

2.3.3. Isolation of human plasma-derived CM 

The following protocol was used to generate the CM association results 

described in Chapter 3. 

 

Figure 2-2. Isolation of human plasma-derived CM. 

 

The protocol for isolation of human plasma-derived CM emulsion was 

approved by the Faculty of Medicine and Health Sciences Research 

Ethics Committee, Queens Medical Centre, Nottingham University 

Hospitals (Ethics reference number: BT12102015). The isolation of 

human plasma-derived CM was performed as previously described [229, 

254, 256] (Figure 2-2). Healthy male volunteers between the age of 28–

33 years old and body mass index (BMI) of 18.5–25.0 were enrolled in 

the study. Participants receiving prescribed or over-the-counter 

medicines within 1 week before the study were excluded from the 

enrolment. On the day of the study, high-fat meal (equivalent to full 

English breakfast) was provided to volunteers. Within the interval of 3 to 

4 h following the meal, 50 mL of blood was withdrawn using K2-EDTA 

tubes (Vacutainer® Blood Collection Tubes, Fischer Scientific, 

Loughborough, UK), and plasma was obtained by centrifugation (1,160 
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g, 15°C, 10 minutes). CM isolation was performed based on the previous 

reports [254, 256, 283]. Briefly, 4 mL of plasma was mixed with 0.57 g 

potassium bromide (KBr) to achieve a density of 1.1 mg/mL. A density 

gradient was built on the top of the plasma layer with densities of 1.006 

(2mL), 1.019 (2 mL) and 1.063 (2.5 mL) g/mL in a polyallomer 

ultracentrifuge tube using a 3 mL syringe with bent needle (23G × 1 in.). 

The samples were then ultracentrifuged (SORVALL Discovery 100SE; 

TH-641 rotor, 268,350 g, 15°C, 35 minutes). The upper layers containing 

CM fractions were collected into 1.5 mL Eppendorf tubes using glass 

Pasteur pipettes. TG concentration of collected CM emulsion 

concentration was determined by the TG enzyme kit and diluted with 

DPBS to generate TG concentration of 1 mg/mL. The human plasma-

derived CM emulsion was kept in 4°C for up to 24 h until the association 

assay. 

 

2.3.4. Production of rat plasma-derived CM 

The following protocol was used to generate the CM association results 

described in Chapter 4.  

 

Figure 2-3. Isolation of rat plasma-derived CM. 

 

The protocol for isolation of rat plasma-derived CM emulsion was 

approved by the Home Office in accordance with the Animals [Scientific 
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Procedures] Act 1986. Male Sprague Dawley rats (Charles River 

Laboratories, UK) weighing 275-300 g were used in this experiment. The 

rats were housed in Bio Support Unit, University of Nottingham in a 

controlled-temperature environment with 12 h light/dark cycles and were 

allowed free access to food and water. Rat plasma-derived CM were 

separated as previously described with slight modifications [254] (Figure 

2-3). Rats were fasted with free access to water overnight prior to the 

experiment. On the day of the study, rats were orally administered with 

0.5 mL of sesame oil. Two additional doses of 0.3 mL of sesame oil were 

given at each one-hour interval following the first dose. One hour after 

the last dose, rats were anaesthetized (terminal anaesthesia) with 2.5% 

isoflurane and 10 mL of blood was withdrawn from vena cava. Plasma 

was obtained by centrifugation (1,160 g, 15°C, 10 minutes). CM isolation 

was performed as described in section 2.3.3. The collected rat plasma-

derived CM emulsion was measured for TG concentration and diluted to 

1 mg/mL with DPBS. The rat plasma-derived CM were kept in 4°C for up 

to 24 hours until the association assay. 

 

2.3.5. CM association assay 

The following protocol was used to generate the CM association results 

described in Chapter 3 and 4. 
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Figure 2-4. Chylomicron association assay. 

 

The experiments for the uptake of tested compounds by the artificial CM-

like emulsion and natural CM were based on previously described 

methodology with minor modifications [229, 254, 256, 283] (Figure 2-4). 

The stock solutions of tested compounds were prepared in a mixture of 

propylene glycol-ethanol (99:1, v/v) (Chapter 3) or 100% DMSO or 

propylene glycol-ethanol (97:3, v/v) (Chapter 4) at the concentration of 

0.1 mg/mL. Stock solutions were spiked into 2 mL (Chapter 3) or 1 mL 

(Chapter 4) of artificial or natural CM emulsions (1 mg/mL of TG) to 

generate the final concentration of 1.75 µM of tested compounds in the 

experimental media. The emulsions were then incubated at 37°C with 

magnetic stirring at 170 rpm for 1 hour. Following the incubation, the 

experimental emulsion was transferred to a polyallomer ultracentrifuge 

tube and the density was adjusted to 1.1 g/mL by adding an appropriate 

amount of KBr. The density gradient was then built by layering the 

density solutions at volumes as described in Table 2-4. After the density 

gradient was built, the samples were ultracentrifuged at 268,350 g for 35 

minutes at 15°C (SORVALL® TH-641 rotor, Thermo Fisher Scientific, UK), 

and the supernatant CM fraction was collected and processed for HPLC 

analysis. 
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Table 2-4. The volume of density solutions loaded into 1 mL and 2 mL of incubation 
media. 
 

 

 

 

 

 

2.4. Stability of DTG and its release from prodrugs in 

biorelevant conditions 

The following protocol was used to generate the stability and 

biotransformation results described in Chapter 4. The stability of DTG 

and its release from the prodrugs were assessed in plasma (mimicking 

the environment of mesenteric lymph), fasted state simulated gastric fluid 

(FaSSGF, pH = 3.9 [284]) with pepsin (0.1 mg/mL) [285] and fasted state 

simulated intestinal fluid (FaSSIF, pH = 6.5) with added esterase enzyme 

(20 IU/mL) [229, 256]. FaSSGF and FaSSIF were prepared as described 

in Table 2-5 and Table 2-6, respectively [285, 286]. The media was pre-

heated at 37°C for 5 minutes. The stability/biotransformation assay was 

initiated by spiking stock solution of tested compounds into media to 

generate a final concentration at 10 µM or in cases of poor solubility, 5 

µM. The reaction mixtures were incubated at 37°C and shaken at 200 

rpm on a thermo-controlled orbital incubator (Thermo Scientific 

MaxQ4000, Waltham, MA, USA) for up to 2 hours. A hundred microliter 

of incubation media was sampled at pre-determined time points and 

immediately spiked into 300 µL cooled acetonitrile to terminate the 

reaction. The samples were analysed for the levels of DTG and prodrugs 

Density solution 
(g/mL) 

Loading volume (mL) 

1mL incubation media 2mL incubation media 

1.006 2 2 

1.019 4 2.5 

1.063 4 3 
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concentrations by means of HPLC as described in section 2.8.2.2. All 

experiments were performed in triplicates. 

 

Table 2-5. The preparation of FaSSGF [285]. 

FaSSGF* (500 mL) 

Content Concentration To 500 mL 

NaTc 80 uM 21.5 mg 

Lecithin 20 uM 7.6 mg 

NaCl 34.2 mM 1000.0 mg 

Pepsin 0.1mg/mL just before the study 
* Adjust pH to 3.9 by titrating 0.1M HCl 

 

Table 2-6. The preparation of FaSSIF [286]. 

FaSSIF* (500 mL) 

Content 
Concentration 

(mM) 

To 500 mL DDW 

(g) 

NaTc 3 mM 0.807 g 

Lecithin 0.75 mM 0.286 g 

NaOH 

(pellets) 
8.7 mM 0.174 g 

NaH2PO4 28.65 mM 1.977 g 

NaCl 105.9 mM 3.093 g 

Esterase 20 IU/mL just before the study 
* Adjust pH to 6.5 by titrating 0.1M NaOH 
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2.5. Long-chain triglyceride (LCT) solubility 

The following protocol was used to generate the LCT solubility results 

described in Chapter 3 and 4. The LCT solubilities of tested compounds 

were assessed by adding excessive amount of compounds (more than 5 

mg) to sesame oil (Chapter 3 and 4) or olive oil (Chapter 4) (100 µL) 

and stirring using a magnetic stirrer at 37°C for 72 h. Following the 

incubation, the mixture was spin-filtered using Costar Spin-X centrifuge 

tube (Fisher Scientific, Loughborough, UK) at 2,400 g for 20 minutes. 

The filtrates were firstly diluted 10-fold with acetone, then further diluted 

10-fold with ethanol, followed by a 100-fold dilution with acetonitrile. The 

diluted samples were analysed for compounds concentrations by means 

of HPLC. All measurements were performed in triplicates for each tested 

compound. 

 

2.6. In vitro lipolysis 

2.6.1. Preparation of pancreatic lipase/colipase 

Fasted state incomplete digestion buffer was prepared by dissolving Tris 

maleate (50mM), NaCl (150mM) and CaCl2 (5mM) in water and adjusting 

to pH 6.8 at 37°C using a pH-stat titrator (T50 Graphix, Mettler Toledo 

Inc,). Porcine pancreatin powder was stir-mixed with incomplete 

digestion buffer (1:5, w/v) for 15 minutes at room temperature. The 

mixture was centrifuged at 1600 g, 5°C for 15 minutes. The supernatant 

containing pancreatin extract was collected and placed on the ice for 

lipolysis assay. 
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2.6.2. In vitro lipolysis 

The following protocol was used to generate the lipolysis results 

described in Chapter 4. Fasted state complete digestion buffer was 

prepared by adding sodium taurocholate (5mM) and L-α-

phosphatidylcholine (1.25mM) into incomplete digestion buffer and 

adjusting pH to 6.8 at 37°C using the pH-stat titrator. The lipolysis model 

used in this study was based on previously described methodology with 

minor modifications [257, 260, 287, 288]. A reaction vessel containing 

35.5 mL complete digestion buffer was attached to the pH-stat titrator 

and pre-warmed to 37°C. Tested formulations were freshly prepared by 

dissolving tested compounds in fresh LCT vehicle (sesame oil) at the 

concentration of 8.15 mg/mL (prodrug 5) and 8.13 mg/mL (prodrug 6), 

respectively. Eighty microliter of tested formulations was incubated with 

pre-warmed complete digestion buffer at 37°C and stirred for 15 minutes, 

following by addition of 3.5 mL pancreatin extract to initiate the lipolysis 

reaction. Sodium hydroxide solution (1M) was used as the titrant to 

maintain the pH of experimental medium at 6.8 throughout the whole 

reaction. The termination of lipolysis was determined by a titration rate of 

1M NaOH falling below 3 µL/min. After the lipolysis reaction was 

completed, the mixture was transferred to a polyallomer ultracentrifuge 

tube and ultracentrifuged at 268,350 g (SORVALL® TH-641 rotor, 

Thermo Fisher Scientific, UK) for 90 minutes at 37°C. The supernatant 

lipid fraction, middle micellar fraction and sediment were kept in -80°C 

until analysis by means of HPLC. 
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2.7. Animal studies 

2.7.1. Animals 

The protocols for pharmacokinetics and biodistribution experiments in 

this study were reviewed and approved by the University of Nottingham 

Ethical Committee in accordance with the Animals [Scientific Procedures] 

Act 1986. Male Sprague Dawley rats (Charles River Laboratories, UK) 

weighing 275–300 g were housed in Bio Support Unit, University of 

Nottingham in a controlled-temperature environment with 12 h light/dark 

cycles and were allowed free access to food and water. 

 

2.7.2. Preparation of formulations 

2.7.2.1. Formulations of TPV 

The following protocol was used to prepare formulations for the 

pharmacokinetics and biodistribution studies described in Chapter 3. 

Lipid-free solution formulations for intravenous (IV) bolus and oral 

gavage administration were prepared by dissolving TPV in propylene 

glycol/sterile water/ethanol (70:20:10, v/v/v) vehicle to achieve 

concentrations at 1 mg/mL and 5 mg/mL, respectively. For oral LCT-

based formulation, TPV was dissolved in sesame oil at a concentration 

of 5 mg/mL. The vials containing the LCT-based formulation were filled 

with nitrogen and protected from light and air to avoid oxidation of the 

sesame oil. The orally administered dose of lipids to rats was 1 mL/kg. 
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2.7.2.2. Formulations of DTG and prodrugs 

The following protocol was used to prepare formulations for the 

pharmacokinetics and biodistribution studies described in Chapter 4. 

Sodium salt form of DTG was used in pharmacokinetics and 

biodistribution studies. The administration doses of IV and oral groups 

were 1.05 mg/kg and 5.25 mg/kg of DTG sodium (equivalent to 1 mg/kg 

and 5 mg/kg of DTG, respectively). Lipid-free formulations for IV and oral 

gavage administration were prepared by dissolving DTG sodium in a 

mixture of polyethylene glycol 400 (PEG 400)/non pyrogenic 

water/ethanol (70:20:10, v/v/v) to achieve concentrations at 1.05 mg/mL 

and 5.25 mg/mL, respectively. Sesame oil was used as LCT-based 

formulation in this study. Due to limited solubility of DTG sodium in LCT, 

sesame oil (1 mL/kg) was administered immediately before drug 

administration in oral LCT-based group. The doses of prodrug 5 in 

pharmacokinetics and biodistribution studies were 1.63 mg/kg (1 mL/kg 

of 1.63 mg/mL solution in propylene glycol/ethanol/non pyrogenic water 

(80:10:10, v/v/v)) for IV bolus administration (equivalent to 1 mg/kg of 

DTG) and 8.15 mg/kg (1 mL/kg of 8.15 mg/mL solution in sesame oil) for 

oral gavage administration (equivalent to 5 mg/kg of DTG). Prodrug 6 

was orally administered at a dose of 8.13 mg/kg (1 mL/kg of 8.13 mg/mL 

solution in sesame oil) (equivalent to 5 mg/kg of DTG) to rats. The vials 

containing the LCT-based formulation were filled with nitrogen and 

protected from light and air to avoid oxidation of the sesame oil. The 

orally administered dose of lipids to rats was 1 mL/kg. 
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2.7.3. Pharmacokinetic studies 

2.7.3.1. Pharmacokinetic studies of TPV 

The following protocol was used to generate the pharmacokinetics 

results described in Chapter 3. Right jugular vein cannulation surgery 

was performed under general gaseous anaesthesia (2.5% isoflurane in 

oxygen) as previously described [229, 254, 256]. Following the surgery, 

the animals were allowed to recover for 2 nights. Animals were then 

fasted for up to 16 h prior to the drug administration with free access to 

water. Rats were divided into 3 treatment groups: IV bolus administration 

of TPV at a dose of 1 mg/kg, oral gavage administration of TPV at a dose 

of 5 mg/kg in lipid-free or LCT-based formulations, followed by 1 mL of 

water for facilitating the emulsification of oil. Blood samples were 

collected from the cannula at pre-determined time points (pre-

administration, 5 and 15 minutes, 0.5, 1, 2, 4, 8, 12, 18 and 24 h following 

IV bolus administration; and 1, 2, 3, 4, 5, 6, 8, 10, 12, 18 and 24 h 

following oral gavage administration) into EDTA containing (1.5M) tubes. 

Blood samples were centrifuged at 1,160 g at 10°C for 10 minutes to 

obtain plasma. The levels of TPV in the plasma were determined by 

means of HPLC as described in section 2.8.2.1. 

 

2.7.3.2. Pharmacokinetic studies of DTG and prodrugs 5 

and 6 

The following protocol was used to generate the pharmacokinetics 

results described in Chapter 4. All animal preparation procedures 
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(jugular vein cannulation surgery, recovery period and fasting time) were 

the same as described in section 2.7.3.1. For pharmacokinetic study of 

DTG, rats were divided into 3 treatment groups: IV bolus administration 

of DTG sodium at a dose of 1.05 mg/kg (equivalent to 1 mg/kg of DTG) 

through jugular vein cannula, and oral gavage administration of DTG 

sodium at a dose of 5.25 mg/kg (equivalent to 5 mg/kg of DTG) with and 

without LCT (representing LCT-based and lipid-free formulation), 

followed by 1 mL of water for facilitating the emulsification of oil. 

Following the administration, blood samples were collected from jugular 

vein cannula at pre-determined time points (pre-administration, 5, 15, 30 

minutes, 1, 2, 4, 6, 9, 14 and 24 hours for IV group; and pre-

administration, 30 minutes, 1, 2, 3, 4, 5, 6, 9, 14 and 24 hours for oral 

lipid-free and LCT-based groups) into EDTA containing (1.5M) tubes. In 

the pharmacokinetic study of prodrug 5, rats were divided into 2 

treatment groups: IV bolus administration of prodrug 5 at a dose of 1.63 

mg/kg (equivalent to 1 mg/kg of DTG) and oral gavage administration of 

prodrug 5 at a dose of 8.15 mg/kg (equivalent to 5 mg/kg of DTG) in LCT-

based formulation, followed by 1 mL of water for facilitating the 

emulsification of oil. Blood was sampled at pre-determined time points 

(pre-administration, 5, 15, 30 minutes, 1, 2, 4, 8, 12, 24, 36 and 48 hours 

for IV bolus group; and pre-administration, 30 minutes, 1, 2, 3, 4, 6, 8, 12, 

24, 36 and 48 hours for oral LCT-based group). Prodrug 6 was 

administered to rats via oral gavage at a dose of 8.13 mg/kg (equivalent 

to 5 mg/kg of DTG) in LCT-based formulation. Blood sampling time points 

were the same as the oral groups of prodrug 5. EDTA (1.5M) was used 
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as an anticoagulant for DTG studies, and sodium fluoride (NaF, 10 

mg/mL) was used as an anticoagulant and esterase inhibitor for prodrug 

experiments [256, 289, 290]. All blood samples were gently mixed and 

centrifuged (1,160 g, 10°C, 10 minutes) to separate plasma, which was 

kept in -80°C until analysis. At the end of the pharmacokinetic study, rats 

were euthanized by CO2 inhalation and death was confirmed by cervical 

dislocation. Tissues were then harvested and stored at -80°C until 

analysis. All biological samples were analysed by means of HPLC as 

described in section 2.8.2.2. 

 

2.7.3.3. Pharmacokinetic analysis 

Pharmacokinetic parameters generated from plasma concentration-time 

profiles were calculated by non-compartmental analysis using Phoenix 

WinNonlin 6.3 software (Pharsight, Mountain View, CA, USA). The oral 

absolute bioavailability (Foral) was calculated based on the following 

equation:  

𝐹𝑜𝑟𝑎𝑙 (%)  =
𝐴𝑈𝐶𝑜𝑟𝑎𝑙
𝐴𝑈𝐶𝐼𝑉

×
𝐷𝑜𝑠𝑒𝐼𝑉

𝐷𝑜𝑠𝑒𝑜𝑟𝑎𝑙
 

 

2.7.4. Biodistribution studies 

2.7.4.1. Biodistribution studies of TPV 

The following protocol was used to generate the biodistribution results 

described in Chapter 3. Animals were fasted up to 16 h prior to the drug 

administration. LCT-based and lipid-free formulations of TPV were 

prepared as described in 2.7.2.1 and administered by oral gavage at a 
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dose of 5 mg/kg. Following the administration of TPV, the rats were 

euthanized at predetermined time points according to the time of 

maximum plasma concentrations observed in pharmacokinetic study (2 

and 3 h following administration, tmax-1h and tmax). The mesenteric lymph 

samples were collected from the superior mesenteric lymph duct with the 

aids of an assistant immediately after confirming the death of the animals. 

Briefly, the dead rat was laid on back and the abdominal tissues were 

exposed. The gut (small intestine and colon) was moved aside to expose 

deep tissues. A suture was tightened at the cisterna chyli to block the 

lymph flow. The superior mesenteric lymph duct can be then identified as 

a white duct with sufficient milky lymph fluid. A needle (25G x 1.6 mm) 

was bent to 60-90 degree and equipped to a 1 mL syringe. The needle 

and syringe were rinsed by EDTA (1.5M) before collecting lymph sample. 

Lymph sample collection was initiated by inserting the bent needle into 

the superior mesenteric lymph duct and withdrawing the lymph fluid while 

the assistant held and squeezed the gut (including the small intestine and 

colon).The lymph sample was put into an eppendorf tube contained 1 μL 

EDTA (1.5M) and stored on ice. The mesenteric lymph nodes (MLNs) 

were also collected as previously described [255, 291]. All biological 

samples were kept at - 80°C until analysis for TPV levels by means of 

HPLC as described in section 2.8.2.1. 

 

2.7.4.2. Biodistribution studies of DTG and prodrug 5 

The following protocol was used to generate the biodistribution results 

described in Chapter 4. Rats were fasted overnight before the study up 



82 
 

to 16 hours as described above. DTG sodium was administered by oral 

gavage to rats at a dose of 5.25 mg/kg (equivalent to 5 mg/kg of DTG) in 

lipid-free solution formulation (as described in section 2.7.2.2) with or 

without sesame oil (representing LCT-based and lipid-free formulation), 

followed by 1 mL water. Prodrug 5 was administered by oral gavage to 

rats at a dose of 8.15 mg/kg (equivalent to 5 mg/kg of DTG) solubilised 

in sesame oil, followed by 1 mL water. Rats were euthanized at pre-

determined time points (2, 4 and 8 hours following the administration) by 

CO2 inhalation. The mesenteric lymph fluid samples were collected as 

described in the section 2.7.4.1. The MLNs, brain, testes, liver, spleen, 

thymus, duodenum and duodenum juice, ascending colon, small 

intestine contents and faeces in colon were harvested and kept in -80°C 

until analysis. 

 

2.7.4.3. Distribution of compounds into CM of rat 

mesenteric lymph in vivo 

The following protocol was used to generate the biodistribution results 

described in Chapter 3 and 4. The rat lymph samples generated from 

biodistribution studies were diluted with PBS to 1 mL (Chapter 4) or 2 

mL (Chapter 3) emulsion, followed by the density gradient 

ultracentrifugation for separating of CM as described in section 2.3.5. 

The supernatant CM fraction and each density layer (lipoprotein fractions 

and lipoprotein-free fraction) were collected and analysed by means of 

HPLC. 
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2.8. Bioanalytical procedures 

2.8.1. Instruments 

The HPLC-UV system consisting of a Waters Alliance 2695 separations 

module coupled with Waters 996 photodiode array detector was used for 

analysis of all biological samples. 

 

2.8.2. Analytical conditions 

2.8.2.1. HPLC analytical condition for the determination of 

TPV in biological samples 

The following HPLC analytical condition was used to generate part of the 

experimental results described in Chapter 3. The analytical conditions 

used for the initial screening of affinity of PIs to artificial CM are described 

in Table 2-7. The autosampler was maintained at 5°C and the column 

temperature was 45°C. Chromatographic separation was performed 

using Waters Atlantis C18 4.6 × 150 mm, 5 μm particle size column 

(Elstree, Herts, UK) equipped with a 2 × 4 mm, 3 μm particle size guard 

column (Phenomenex, Macclesfield, UK). The mobile phase was 

composed of ammonium acetate buffer (10 mM, pH adjusted to 4.2 with 

glacial acetic acid) and ACN in a ratio of 20:80 (v/v) with a 0.4 mL/min 

flow rate. The assay for determination of TPV was validated for the 

selectivity, sensitivity and linearity in rat plasma as described in section 

2.8.2.3. The analytes were monitored at 263 nm for TPV and 220 nm for 

CBD. Data were recorded and analysed using EmpowerTM 2 software. 
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Table 2-7. Analytical conditions of the initial screening of affinity of PIs to artificial CM. 
An HP Agilent 1100 HPLC system was used for analysis of samples. Chromatographic 
separation was performed using C18 column equipped with C8 guard column at 40°C. 
Five microliters of samples were injected. Analytes were analyzed in positive ion mode, 
fragmented with electrospray ionization mass spectrometer (ESI-MS/MS) API-2000 
(SCIEX), quantified by multiple reaction monitoring (MRM). 

 

  

Gradient program$ 

Time (min) Solvent A* (%) Solvent B& (%) 

0 80 20 

1 15 85 

3 15 85 

3.1 0 100 

6.0 0 100 

6.1 80 20 

10 80 20 
$ Flow rate: 0.3 mL/min. 

* Solvent A: 2.5mM ammonium acetate buffer with 10% methanol (pH 3.6 ± 0.2). 
& Solvent B: 2.5mM ammonium acetate buffer with 90% methanol (pH 6.6 ± 0.2). 



85 
 

2.8.2.2. HPLC analytical conditions for the determination 

of DTG and its prodrugs in biological samples 

The following HPLC analytical condition was used to generate part of the 

experimental results described in Chapter 4. The same HPLC system 

was used for determination of DTG and its prodrugs in biological samples. 

The autosampler and the column temperature was maintained at 5°C 

and 40°C, respectively. Chromatographic separations of DTG and 

prodrugs were achieved by Waters XTerra MS C18 4.6 x 150 mm, 5 µm 

particle size column (Waters, Cheshire, UK) equipped with a 2 x 4 mm, 

3 µm particle size guard column (Phenomenex, Macclesfield, UK). 

Complete chromatography conditions for all tested compounds are 

shown in Table 2-8. The assay for determination of DTG was validated 

for the selectivity, sensitivity and linearity in rat plasma as described in 

section 2.8.2.3. The data was collected and processed by EmpowerTM 2 

software.
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Table 2-8. HPLC bioanalytical conditions for DTG and prodrugs 

 

Compounds 
Mobile phase Flow rate 

(mL/min) 
Internal 

standard 

(IS) 

UV wave length 
(nm) 

Reconstitute 

solvent b 
Buffer a Acetonitrile Compound ACN 

DTG and 

prodrug 2 Gradient 1 c 0.8 CBD f 258 211 50% 

Prodrug 1 Gradient 2 d 0.8 CBD f 258 211 50% 

Prodrug 3, 4, 5 

and 6 Gradient 3 e 0.8 CBD f 258 211 50% 

a Buffer: 10mM ammonium formate buffer (adjust to pH = 3 with formic acid). 
b Reconstitute solvent is presented as the percentage of acetonitrile in HPLC grade water. 
c Gradient 1: 35% Acetonitrile from 0-8 min, gradually increase to 85% from 8-11 min, maintain at 85% from 11-21 min, gradually 

decrease to 35% from 21-24 min, maintain at 35% from 24-30 min. 
d Gradient 2: 35% Acetonitrile from 0-8 min, gradually increase to 70% from 8-11 min, maintain at 70% from 11-24 min, gradually 

decrease to 35% from 24-27 min, maintain at 35% from 27-33 min. 
e Gradient 3: 35% Acetonitrile from 0-8 min, gradually increase to 90% from 8-11 min, maintain at 90% from 11-31 min, gradually 

decrease to 35% from 31-34 min, maintain at 35% from 34-40 min. 
f CBD: Cannabidiol. 
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2.8.2.3. The validation of HPLC-UV methods of TPV and 

DTG 

The bioanalytical HPLC-UV methods used for generating part of results 

in Chapter 3 and 4 were validated for selectivity, sensitivity and linearity 

in rat plasma according to the US Food and Drug Administration (FDA) 

guidelines for bioanalysis [292].  

Selectivity 

The chromatograms of blank plasma samples were compared with 

plasma samples spiked with TPV and DTG to assess the selectivity of 

current bioanalytical assay in six validation runs [292]. The selectivity 

was evaluated in rat plasma samples obtained from the animal 

experiments.  

Sensitivity 

The validation of sensitivity was performed by determination of the LLOQ 

of TPV and DTG spiked into plasma samples with the accuracy and 

precision meeting the acceptance criteria of RE and RSD ≤ 20% in intra- 

and inter-day analyses [292].  

Linearity 

Calibration curves of TPV and DTG were constructed as described in 

section 2.8.3.1 and 2.8.3.2, respectively. A blank sample (plasma without 

spiking compounds) was included in each validation run. Calibration 

curves (the peak ratio between TPV or DTG and the internal standard 

against nominal concentration) were fitted by least-squares linear 

regression analysis using a weighted factor (1/X). 
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2.8.3. Sample preparation procedures for HPLC analysis 

2.8.3.1. Preparation of biological samples of TPV 

The following protocol was used to generate part of the experimental 

results described in Chapter 3. The stock solutions of TPV and CBD 

(internal standard, IS) were prepared at the concentration of 1 mg/mL in 

ACN and kept at - 20°C. Working standard solutions of TPV were 

prepared by diluting the stock solution with ACN in a series of 

concentrations of 50, 100, 250, 500, 1,000, 5,000, 10,000, 50,000, 

100,000 and 150,000 ng/mL. CBD stock solution was diluted with ACN 

to generate working solution at a concentration of 100 μg/mL. For the 

preparation of calibration curve samples, aliquots of 117 μL blank rat 

plasma were mixed with 13 μL TPV working solutions in a borosilicate 

glass culture tubes (Fischer Scientific, UK). Thirteen microliters IS 

working solution was spiked into 130 μL sample, followed by protein 

precipitation with 390 μL of ice-cold ACN (-20°C). Liquid-liquid extraction 

was then performed using 5 mL MTBE and vortex-mixing for 5 minutes. 

Samples were centrifuged at 1,160 g (Eppendorf Centrifuge 5810R, 

Stevenage, UK) at 10°C for 10 minutes. The upper organic layer was 

then transferred to a fresh tube and evaporated to dryness under 

nitrogen gas at 40°C (Techne DRI-Block type DB-3D, Cambridge, UK). 

The dry residue was reconstituted with 130 μL of ACN-water (1:1, v/v) 

followed by vortex-mixing for 5 minutes. Following a brief centrifugation 

(1,160 g, 10°C for 1 minute), 90 μL of the clear solution was injected into 

HPLC system. All biological samples (plasma, chylomicron emulsion, 

lymph and tissues homogenates) generated from pharmacokinetic and 
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biodistribution studies underwent the same procedure as described 

above. 

 

2.8.3.2. Preparation of biological samples of DTG and 

prodrugs 

The following protocol was used to generate part of the experimental 

results described in Chapter 4. The stock solution of DTG was prepared 

at the concentration of 1 mg/mL in DMSO. Prodrugs and CBD (internal 

standard, IS) were dissolved in ACN to generate stock solutions at 1 

mg/mL. All stock solutions were kept at -20°C. Working solutions of DTG 

and prodrugs were prepared by diluting stock solutions with ACN to 

achieve concentrations of 100, 250, 500, 1000, 5000, 10000, 50000, 

100000, 200000 and 250000 ng/mL. CBD stock solution was diluted by 

ACN to 50 µg/mL to obtain IS working solution. Calibration curve samples 

were prepared by mixing 10 µL of working solutions of the prodrugs and 

10 µL IS working solution with 100 µL blank biorelevant media. Three 

hundred µL of ice-cold ACN was added for protein precipitation. 

Following one minute vortex-mixing, liquid-liquid extraction was 

performed by adding 3 mL MTBE and vortex-mixing for 5 minutes. 

Samples were then centrifuged at 1,160 g, 10°C for 10 minutes. The 

upper organic layer was collected and evaporated to dryness under 

nitrogen gas at 40°C. The residue was reconstituted with 100 µL ACN-

water mixture (1:1, v/v) and vortex-mixed for 5 minutes. Following a brief 

centrifugation, 60 µL of clear solution was injected into HPLC system. All 

biological samples (plasma, lymph, CM emulsion, FaSSIF and tissue 
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homogenates) generated from in vitro, ex vivo and in vivo studies 

underwent the same sample processing procedure described above. 

The original formulations of in vivo studies were used to prepare the 

calibration curves for determination the drug levels in plasma or tissue 

samples. 

 

2.8.3.3. Assessment of the stability of DTG prodrugs in rat 

plasma 

The stability of DTG prodrugs in rat plasma was validated by mimicking 

the time frame of pharmacokinetic study. The assessment initiated by 

spiking the stock solution of prodrugs (in acetonitrile) into NaF-rat plasma 

(10 mg/mL). For the validation of prodrug 5, samples were kept on ice for 

5 minutes, followed by a centrifugation (3000 g, 4°C, 3 minutes) to mimic 

the procedure of blood collection and plasma separation during 

pharmacokinetic study. The plasma samples were then stored on the ice 

for another one hour, and then transferred to -80°C for 24 hours 

(overnight) to simulate the storage conditions of samples during 

pharmacokinetic study. For the validation of prodrug 6, plasma samples 

were placed on ice for 5 minutes and immediately centrifuged (3000 g, 

4°C, 3 minutes). After the centrifugation, a volume of 300 µL ice-cold 

ACN (-20°C) was immediately added to the samples for protein 

precipitation. Samples were then processed for HPLC analysis. All 

experiments were performed in triplicates (results were presented as 

mean ± SD). 

 



91 
 

2.8.3.4. Homogenization of tissue samples 

This procedure was used for preparing tissue samples harvested from in 

vivo studies described in Chapter 3 and 4. Tissues were collected at the 

end point of the pharmacokinetics and biodistribution studies and kept at 

-80°C until analysis. On the day of the analysis, tissues were thawed on 

ice then weighed. HPLC-grade water was added to tissues (1:3, w/v) 

obtained from in vivo studies after administration of TPV, DTG sodium 

and prodrug 5. HPLC-grade water solubilised with NaF (14 mg/mL) was 

added to tissues generated from in vivo studies following administration 

of DTG prodrug. Tissues samples were homogenised (POLYTRON® PT 

10-35 GT, Kinematica AG, Luzern, Switzerland) on ice bath. The 

homogenates were kept on ice until sample preparation for HPLC 

analysis. 

 

2.8.3.5. Assessment of the stability of DTG prodrug 5 in 

MLNs 

Stock solution of prodrug 5 was spiked into the blank homogenates of 

MLNs (tissue:HPLC-grade water, 1:3, w/v) and kept on ice for 5 minutes 

then placed on dry ice for 1 hour. The samples were then transferred to 

-80°C for overnight (24 hours). The treated samples were thawed on ice 

and appropriate amount of NaF was added to achieve 10 mg/mL of NaF, 

followed by homogenisation on the ice for 30 seconds. The prepared 

homogenates were ready for sample preparation as described in section 

2.8.3.2 and the HPLC condition is described in section 2.8.2.2. The 

reference sample was freshly prepared on the day of the study for 
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comparing the recovery of prodrug 5. The validation samples were 

prepared in triplicates (results were presented as mean ± SD). 

 

2.9. Statistical analysis 

One-way ANOVA followed by Tukey’s or Dunnett’s multiple comparisons 

tests, two-way ANOVA followed by Sidak or Dunnett multiple comparison 

tests, or two-tailed unpaired t-test were used where appropriate. All 

values were expressed as mean ± standard deviation (SD). A significant 

difference was stated when a p value was below 0.05. The statistical 

analyses were performed using GraphPad Prism version 7.04 

(GraphPad Software, Inc., San Diego, CA, USA). 
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3. ORAL ADMINISTRATION OF TIPRANAVIR WITH 

LONG-CHAIN TRIGLYCERIDE RESULTS IN 

MODERATE INTESTINAL LYMPH TARGETING BUT NO 

EFFICIENT DELIVERY TO HIV-1 RESERVOIR IN 

MESENTERIC LYMPH NODES 

The work in this chapter has been published in a peer-review journal: 

Chu, Y., Qin, C., Feng, W., Sheriston, C., Khor, Y., Medrano-Padial, C., 

Watson, B., Chan, T., Ling, B., Stocks, M., Fischer, P., Gershkovich, P. 

(2021). Oral administration of tipranavir with long-chain triglyceride 

results in moderate intestinal lymph targeting but no efficient delivery to 

HIV-1 reservoir in mesenteric lymph nodes. International Journal of 

Pharmaceutics, 602: p. 120621 

 

3.1. Introduction 

Since the first detection of HIV-1 infection cases in the 1980s, HIV/AIDS 

pathophysiology and treatments have been studied and developed for 

decades. The introduction of combination antiretroviral therapy (cART) 

led to successful treatment in many cases [143, 293] and dramatically 

improved the morbidity and mortality of HIV-1 infection [160]. However, 

numerous studies demonstrated that HIV-1 remains replication-

competent in patients undergoing cART treatment with undetectable 

plasma viral loads [54-56]. This could be due to the establishment of 

latent HIV-1 reservoirs in cells and various tissues at the initial stage of 

the infection [294, 295]. It is believed that the poor penetration of 
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antiretroviral agents to such HIV reservoirs limits the ability of the drugs 

to eliminate the virus. The mesenteric lymph and mesenteric lymph 

nodes (MLNs) are one of the main HIV-1 reservoirs with the highest viral 

load reported [296] and SIV reservoirs in the nonhuman primate models 

[297-299]. Therefore, an effective delivery of antiretroviral drugs to 

mesenteric lymphatic system can contribute to eradication of HIV-1 from 

this important reservoir. 

Most orally administered drugs following absorption from the 

gastrointestinal tract gain access to the systemic circulation through 

portal vein with a potential for hepatic first-pass metabolic loss. However, 

for some highly lipophilic compounds administered with lipids, intestinal 

lymphatic system rather than hepatic portal blood is the main route to 

enter the systemic blood circulation [224, 300, 301]. During the intestinal 

lymphatic absorption of drugs, chylomicrons (CM) play a crucial role as 

they transport drugs to the lymph lacteals rather than blood capillary by 

forming drug-CM complexes in the enterocytes [302]. A strong 

correlation between the intestinal lymphatic absorption and the affinity of 

drugs to CM has been established [237]. It is known that dietary lipids 

stimulate the assembly of CM [303]. We have previously shown that long-

chain triglyceride (LCT)-based formulation can not only facilitates the 

intestinal lymphatic absorption but also leads to extremely high 

concentration of drugs within the mesenteric lymph and MLNs [254, 304]. 

This suggests that intestinal lymphatic absorption pathway substantially 

increases the concentration of drugs in mesenteric lymph and MLNs 

[305]. However, only highly lipophilic compounds with high affinity to CM 
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could be delivered to the intestinal lymphatic system by LCT-based 

formulation approach. For other compounds, prodrug approach 

combined with LCT-based formulation was required in order to achieve 

substantial intestinal lymphatics targeting [306, 307].  

Several studies have demonstrated that in many cases drug combination 

regimens that include protease inhibitor (PI) show greater benefits of 

HIV-1 treatment compared to monotherapy or combination regimens 

without PIs [160, 293, 308, 309]. Moreover, boosted PIs have been 

successfully used in monotherapy and showed non-inferiority compared 

to cART [310]. Although PIs are gradually fading from the mainstream of 

HIV-1 treatment in recent years, they are still an important component of 

many recommended cART regimens. For instance, a raltegravir (RAL) 

backbone regimen is recommended as the preferred first-line regimen 

for neonates. In addition, ritonavir (RTV)-boosted PIs are suggested to 

be incorporated in a NRTI-based therapy as a preferred second-line 

regimen for patients with failed dolutegravir (DTG)-based treatment [288]. 

Targeted delivery of PIs to mesenteric lymphatic system, including 

mesenteric lymph and MLNs, may potentially lead to more effective 

treatment by increasing the exposure of this HIV-1 reservoir to PIs. 

Since the association of drugs with CM determines the extent of intestinal 

lymphatic absorption, an in silico model was previously established 

based on multiple physiochemical properties to predict the degree of CM 

association of drugs [238]. In this study, PIs were assessed for their 

potential of intestinal lymphatic targeting using this computational model. 

Although four PIs showed predicted CM association in silico, further 
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experimental results indicated that tipranavir (TPV) is the only candidate 

which has affinity to artificial and natural CM in vitro and ex vivo. TPV is 

a non-peptidic PI which has high genetic barrier to drug resistance and 

is active for both wild and multidrug-resistant HIV-1 strains [311, 312]. 

Furthermore, it is a second-line agent reserved for HIV-1 infected 

patients previous treatment failure [313]. However, box warnings for 

intracranial hemorrhage and hepatotoxicity substantially constrain the 

actual clinical use of TPV [314]. It has been proposed that Intestinal 

lymphatic targeting, if successful, can potentially result in lower total 

required dosage, which could eventually limit these life-threating adverse 

effects of this compound. Accordingly, it has been hypothesized in this 

work that based on its physiochemical [167, 315], TPV may have 

substantial intestinal lymphatic absorption if it is co-administered with 

LCT vehicle (Figure 3-1). Therefore, the aim of this study was to assess 

the feasibility of LCT-based formulation approach for targeting TPV to 

HIV-1 reservoirs within the MLNs and mesenteric lymph. 

 

 

Figure 3-1. The schematic presentation of intestinal lymphatic transport of TPV 
following oral administration with the presence of lipids. 
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3.2. Experimental design 

In silico prediction is described in section 2.3. The in vitro and ex vivo 

assessments of the affinity to chylomicrons are described in section 2.5. 

Formulation preparation is described in section 2.8.2.1. 

Pharmacokinetics and biodistribution studies are described in sections 

2.8.3.1 and 2.8.4.1, respectively. The scheme of the study is shown in 

Figure 3-2. 

 

Figure 3-2. The workflow of experimental design for targeting TPV to mesenteric 
lymphatic system. 

 

3.3. Results 

3.3.1. The validation of bioanalytical method 

3.3.1.1. Selectivity 

The chromatograms of blank plasma samples were compared with 

plasma samples spiked with tipranavir (TPV) at a lower limit of 

quantification (LLOQ) to assess the selectivity of the current bioanalytical 

assay in six validation runs [292]. The selectivity was evaluated in rat 

plasma samples obtained from animal experiments. The current 

bioanalytical assay showed good selectivity as TPV peaks were 
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efficiently separated from endogenous peaks in plasma samples (Figure 

3-3). 

 

 

Figure 3-3. Representative chromatograms of (A) blank rat plasma sample at λ = 263 
nm; (B) rat plasma spiked with 500 ng/mL TPV at λ = 263 nm; (C) rat plasma spiked 
with 5000 ng/mL TPV at λ = 263 nm; (D) blank rat plasma sample at λ = 220 nm; (E) 
rat plasma spiked with 10000 ng/mL of the IS at λ = 220 nm. IS, internal standard; TPV, 
tipranavir. 
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3.3.1.2. Sensitivity 

The validation of sensitivity was performed by determination of the LLOQ 

of TPV spiked into plasma samples with the accuracy and precision 

meeting the acceptance criteria of RE and RSD ≤ 20% in intra- and inter-

day analyses [292]. In this assay, the LLOQ was determined to be 5 

ng/mL (Table 3-1). 

 

Table 3-1. Intra- and inter-day validation results for LLOQ determination of TPV in 

plasma. 

 

3.3.1.3. Linearity 

A calibration curve of TPV with the range of 5-15000 ng/mL was 

constructed as described in section 2.8.3.1. A blank sample (plasma 

without spiked TPV and the internal standard) was included in each 

validation run. Calibration curves (the peak ratio between TPV and the 

internal standard against nominal concentration) were fitted by least-

squares linear regression analysis using a weighted factor (1/X). This 

assay was linear for TPV with a correlation coefficient (r2) over 0.99 in all 

calibration curves. 

 

 

 

Nominal 

concentration 

level 

Intra-day (n = 6) Inter-day (n = 6) 

Accuracy 

(RSE, %) 

Precision 

(RSD, %) 

Accuracy 

(RSE, %) 

Precision 

(RSD, %) 

LLOQ (5 ng/mL) 13.02 4.98 5.62 7.95 
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3.3.2. Assessment of intestinal lymphatic targeting 

potential of tipranavir (TPV) 

Association of drugs with chylomicrons (CM) in enterocytes plays a 

crucial role in the intestinal lymphatic targeting. To investigate the 

potential of intestinal lymphatic targeting of different protease inhibitors 

(PIs), the affinity of PIs to CM was predicted using a previously 

established in silico model (Table 3-2) [238]. Of the 10 PIs assessed in 

silico, ritonavir (RTV), nelfinavir (NFV), lopinavir (LPV) and TPV showed 

mild to moderate (>10 %) potential for association with CM (Figure 3-

4A). However, when these selected candidates were screened in vitro 

for association with artificial CM-like emulsion (Intralipid®), the only PI 

that showed measurable experimental association with Intralipid® at the 

initial screening was TPV. The association values of TPV with artificial 

and natural human plasma-derived CM are summarized in Figure 3-4B. 

Although TPV has low triglyceride (TG) solubility (5.9 ± 0.3 mg/mL), the 

association of TPV with artificial lipid particles and natural CM was 

substantial (31.6% and 66.7%, respectively), suggesting a potential for 

intestinal lymphatic targeting when administered orally with lipids. 

Interestingly, the affinity of TPV for the human CM was significantly 

higher than for artificial lipid particles (p < 0.0001). 
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Table 3-2. Physicochemical properties of protease inhibitors, and in silico prediction of 
association with CM [281]. 

 

 

 

Figure 3-4. The predicted CM association of tested PIs and the experimental CM 
association of TPV. (A) The screening for CM association of PIs using in silico model. 
(B) Association of TPV with artificial CM-like emulsion (Intralipid®, n = 22) and human 
CM (n=9), mean ± SEM. ****, p < 0.0001. 

 

  

Compound 
cLog 

D7.4 

cLog P – 

cLog D7.4 
PSA 

H-

acceptors 
FRB 

Density 

(g/cm3) 

Molar 

volume 

(cm3) 

H-

donors 

Predicted 

association 

with CM 

(%) 

SQV 3.99 0.06 166.75 11 13 1.211 553.8 6 6.08 

RTV 4.81 0 202.26 11 18 1.239 581.7 4 13.63 

INV 3.32 0.03 118.03 9 12 1.25 491 4 6.92 

NFV 5.1 0.06 127.2 7 10 1.22 463.1 4 17.65 

APV 2.68 0 139.57 9 12 1.3 387.8 4 1.02 

LPV 5.88 0 120 9 15 1.163 540.4 4 50.8 

ATV 4.13 0.02 171.22 13 18 1.178 597.9 5 8.51 

FPV -3.96 5.88 195.91 12 14 1,4 416.3 5 0 

TPV 7.04 0.1 113.97 7 12 1.313 458.9 2 57.15 

DRV 2.5 1.44 148.8 10 12 1.34 408.4 4 0.33 

SQV, saquinavir; RTV, ritonavir; INV, indinavir; NFV, Nelfinavir; APV, amprenavir; LPV, lopinavir; ATV, atazanavir; FPV, 

fosamprenavir; TPV, Tipranavir; DRV, darunavir. 
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3.3.3. Plasma pharmacokinetics of TPV following 

intravenous bolus (IV), and oral administration in 

lipid-free and long-chain triglyceride (LCT)-based 

formulations 

Pharmacokinetic profiles of TPV were assessed following single IV and 

oral gavage administrations in LCT-based and lipid-free formulations in 

rats. The plasma concentration-time profiles of TPV are presented in 

Figure 3-5. Table 3-3 summarizes the pharmacokinetic parameters 

derived from these pharmacokinetic profiles. Both oral groups share 

similar area under the curve (AUCinf). The absolute oral bioavailability of 

lipid-free group is similar to the LCT-based group (36% and 44%, 

respectively). Furthermore, the TPV reaches similar maximum plasma 

concentration (Cmax) when administered with or without lipids. 
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Figure 3-5. Plasma concentration-time pharmacokinetic profiles of TPV following IV (1 
mg/kg, n = 5) and oral administration in lipid-free and LCT-based formulations (5 mg/kg, 
n = 3 for lipid-free group and n=6 for LCT-based group), mean ± SEM. 
 
 
 
Table 3-3. Pharmacokinetic parameters of TPV following IV (1 mg/kg, n = 5) and oral 
administrations in lipid-free and LCT-based formulations (5 mg/kg, n = 3 for lipid-free 
group and n = 6 for LCT-based group), mean ± SEM. One-way ANOVA followed by 
Tukey’s multiple comparison post-hoc analysis and two-tailed unpaired t-test was used 
to assess statistical difference among groups. 

 
  

Route of 
administration 

IV 
(n=5) 

Oral 

LCT-based 
(n=6) 

Lipid-free 
(n=3) 

AUCinf 
(h*ng/mL) 

4,873 ± 577 10,618 ± 1,093 8,733 ± 771 

C0 (ng/mL) 17,586 ± 1828 - - 

Cmax (ng/mL) - 1,937 ± 204 1,916 ± 98 

t1/2 (h) 5.21 ± 0.51 4.11 ± 0.4 3.57 ± 0.73 

CL (mL/h/kg) 273 ± 45 - - 

Vss (mL/kg) 903 ± 204 - - 

Foral (%) - 44 ± 4 36 ± 3 
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3.3.4. Biodistribution of TPV to the mesenteric lymph and 

MLNs following oral administration 

The drug distribution to the mesenteric lymphatic system at plasma tmax 

time point and one hour prior to tmax (tmax-1h) was assessed following oral 

administration of TPV in LCT-based and lipid-free formulations to rats. 

The concentrations of TPV in plasma, lymph fluid and MLNs of LCT-

based group at tmax-1h and tmax are shown in Figure 3-6A-B. The levels of 

TPV in mesenteric lymph were three-fold higher compared to plasma at 

both tmax-1h and tmax following oral administration. This suggests that the 

intestinal lymphatic transport plays a certain role in the absorption of TPV 

following oral administration with LCT. The concentrations of TPV in 

mesenteric lymph nodes (MLNs) and plasma of lipid-free group at tmax-1h 

and tmax are shown in Figure 3-6C-D. To note, mesenteric lymph is 

translucent and invisible without oral administration of lipids and 

therefore could not be collected for this group. The levels of TPV in 

plasma were comparable to MLNs at both time points in lipid-free group, 

as well as in LCT-based group. 
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Figure 3-6. Distribution of TPV to plasma (obtained from pharmacokinetic study), 
mesenteric lymph fluid and MLNs following oral administration of TPV (5 mg/kg) in LCT-
based (fresh sesame oil) and lipid-free formulations to rats. (A) Concentration of TPV 
in plasma (n=5), lymph fluid and MLNs (n=8 for both groups) two hours (one-hour prior 
to tmax, (tmax-1h)) following oral administration of TPV in LCT-based formulation. (B) 
Concentration of TPV in plasma (n=5), lymph fluid and MLNs (n=9 for both groups) 
three hours (tmax) following oral administration of TPV in LCT-based formulation. (C) 
Concentration of TPV in plasma and MLNs (n=4 for each group) at tmax-1h following oral 
administration of TPV in lipid-free formulation. (D) Concentration of TPV in plasma and 
MLNs (n=4 for each group) at tmax following oral administration of TPV in lipid-free 
formulation. One-way ANOVA followed by Dunnett’s multiple comparisons was used 
for statistical analysis for (A) and (B). Two-tailed unpaired t-test was used for statistical 
analysis for (C) and (D). All values are expressed as mean ± SEM. **, p < 0.01. 
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3.3.5. Distribution of TPV into lipoproteins in rat 

mesenteric lymph 

The association of TPV with lipoproteins in rat mesenteric lymph fluid is 

shown in Figure 3-7. In order to investigate the interaction between CM 

and TPV during the intestinal lymphatic transport, we isolated CM from 

mesenteric lymph samples by density gradient ultracentrifugation and 

measured the concentration of TPV in lipoprotein and lipoprotein-free 

fractions. We found that at least 35% of TPV were associated with 

lipoproteins (CM and very low density lipoprotein (VLDL)) in mesenteric 

lymph fluid following oral administration in LCT-based formulation to rats. 

 

Figure 3-7. The association of TPV with lipoproteins in rat mesenteric lymph fluid at tmax 
(3h) following oral administration in LCT-based formulation. The collected volume of 
lymph fluid samples were between 49 – 95 μL. Lipoprotein fractions includes CM 
fraction and other density layers; lipoprotein-free fraction is the bottom layer with density 
at 1.1 g/mL. 
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3.4. Discussion 

The latent HIV-1 reservoirs, including anatomical and cellular viral 

reservoirs, represent a substantial barrier for eradication of the virus 

[316]. The poor penetration of antiretroviral drugs to HIV-1 reservoirs 

limits the therapeutic efficacy and could be one of the reasons for 

difficulty to achieve functional cure [113, 317]. Mesenteric lymph nodes 

(MLNs) are believed to be the largest HIV-1 reservoir [318]. In this work, 

protease inhibitors (PIs) were assessed for their potential to be delivered 

to the HIV-1 reservoir in mesenteric lymphatic system. Since tipranavir 

(TPV) is the only candidate that showed experimental association with 

chylomicrons (CM), in this work we have attempted to deliver TPV to viral 

reservoir within the mesenteric lymphatic system using long-chain 

triglyceride (LCT)-based formulation approach. 

 

3.4.1.1. Assessment of intestinal lymphatic targeting 

potential of TPV 

Delivering PIs or other antiretroviral drugs to difficult-to-penetrate viral 

reservoirs, especially mesenteric lymphatic system, could result in better 

treatment outcomes of HIV-1 infection. Intestinal lymphatic targeting is 

potentially a promising approach as it can not only increase the plasma 

exposure to antiretroviral drugs, but also efficiently deliver the drugs to 

viral reservoirs within the mesenteric lymph and MLNs [301]. Since 

association of drugs with CM in the enterocytes is a key step in the 

intestinal lymphatic targeting of drugs, in the current study, FDA-

approved PIs [319] were screened in silico for their predicted affinity to 
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CM based on their physicochemical properties [238]. We found that 

ritonavir (RTV), nelfinavir (NFV), lopinavir (LPV) and TPV showed mild 

to moderate potential for association with CM based on in silico 

prediction (Figure 3-4A). NFV was excluded from further assessment as 

it has been withdrawn from clinical use due to high-level genotoxic drug 

contamination found in 2007 [320, 321] and the marketing authorization 

in the European Union has been terminated since 2013 [322]. Remaining 

compounds were then further screened for their experimental association 

with Intralipid®. Intralipid® is an artificial lipid-rich emulsion which has 

similar compositions and particle size to CM with the exception of 

absence of apolipoproteins on the surface of artificial particles. It has 

been extensively used as a surrogate for natural CM in our previous 

studies [238, 254, 306]. Despite in silico prediction results, TPV was the 

only compound that had measurable experimental affinity to artificial 

emulsion (31.6%) and was therefore suitable for the next level of 

assessment with human plasma-derived CM. Interestingly, the 

association of TPV with natural CM was substantially higher (66.7%) 

compared to artificial emulsion (Figure 3-4B). This was an unusual 

phenomenon, as for vast majority of assessed compounds in the past 

the association is driven by solubility in triglyceride (TG) and lipophilicity, 

and is therefore similar for artificial emulsion and natural CM [238, 254, 

306, 307]. This probably indicates that TPV’s affinity to CM is driven, at 

least partially, by a different mechanism from most other assessed 

compounds, which are widely believed to associate with the lipophilic CM 

core [300, 323]. It is likely that surface apolipoproteins (which are present 
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on natural CM but not on artificial emulsion) play an important role in 

association of TPV with natural plasma-derived CM. Recently, drugs’ 

affinity to the interfacial region and the surface apolipoproteins have been 

reported to play a certain role [228, 238]. In addition, previously proposed 

LCT solubility above 50 mg/mL threshold [224] has been recently 

suggested as not an absolute requirement for intestinal lymphatic 

transport [228]. In this study, the LCT solubility of TPV was measured to 

be far below the 50 mg/mL, but substantial association with artificial CM-

like emulsion and even more so with natural plasma-derived human CM 

were still observed. 

 

3.4.1.2. Plasma pharmacokinetics of TPV following 

intravenous bolus, oral administration in lipid-free 

and LCT-based formulation 

LCT vehicle is known to facilitate the transport of highly lipophilic drugs 

through the intestinal lymphatic system [324, 325]. In this study, sesame 

oil was used as LCT-based formulation. It was demonstrated in multiple 

works that sesame oil is a powerful vehicle for facilitation of intestinal 

lymphatic transport of lipophilic compounds [304, 306, 307]. Moreover, 

we have recently shown that sesame oil is superior to pre-digested 

artificial formulations in promoting intestinal lymphatic transport of 

cannabidiol [326]. Although previous reports suggest that administration 

of TPV with a high-fat meal could enhance the oral bioavailability in 

humans [327, 328], our results showed similar oral bioavailability of TPV 

with and without co-administration of LCT vehicle in rats (Table 3-3). To 
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the best of our knowledge there are no previous reports about the effect 

of LCT-based formulations on oral bioavailability of TPV in rats. One 

study reported oral bioavailability of TPV in rats of 30 % (similar to the 

finding in our work) following administration with lipid-free formulation, 

but co-administration of lipids was not assessed in that work [329]. 

 

3.4.1.3. Biodistribution of TPV to mesenteric lymph fluid 

and MLNs following oral administration in LCT-

based formulation 

Although the LCT-based formulation showed no beneficial effect on the 

oral bioavailability of TPV, our results suggest that TPV indeed has some 

intestinal lymphatic absorption following oral administration with LCT, as 

suggested by about 3-fold higher concentrations of the drug in 

mesenteric lymph fluid compared to plasma (Figure 3-6A-B). However, 

despite the substantial affinity to CM (Figure 3-4B) and moderate 

intestinal lymphatic absorption, LCT-based formulation approach alone 

was not sufficient for effective delivery of TPV to MLNs, as the 

concentration of the drug in MLNs were similar to plasma in both LCT-

based and lipid-free formulation groups (Figure 3-6B, D). It should be 

emphasized that MLNs rather than lymph fluid are the primary reservoirs 

of HIV-1. Therefore, for the eradication of the virus from these reservoirs, 

the antiretroviral drugs should be efficiently delivered primarily to MLNs, 

while lymph fluid has secondary importance [277, 296, 330]. Our 

previous studies showed that LCT-based formulation approach alone 

could achieve very high concentrations of some drugs in MLNs [304], 



111 
 

while for other less lipophilic compounds a combined approach of 

chemical lipophilic prodrug modification with LCT-based formulation was 

required for efficient MLNs targeting [306, 307]. Thus, a combination of 

both prodrug and LCT-based formulation approaches looks like a more 

promising way forward for targeting TPV and other PIs to viral reservoirs 

within the mesenteric lymphatic system compared to LCT-based 

formulation only. 

 

3.5. Conclusion 

In this study, tipranavir (TPV) was found to be the only compound with 

experimental affinity to chylomicrons (CM) among other screened 

protease inhibitors (PIs). Long-chain triglyceride (LCT)-based 

formulation approach results in 3-fold higher concentrations of TPV in 

mesenteric lymph compared to plasma. However, despite substantial 

association with CM and considerable drug concentration in mesenteric 

lymph, the levels in MLNs, the primary viral reservoir, were similar to the 

concentrations in plasma. Therefore, LCT-based formulation approach 

alone does not lead to effective targeting of TPV to HIV-1 reservoirs in 

MLNs. Future efforts should be directed to a combined lipophilic 

prodrugs/lipid-based formulation approach to target TPV, other PIs and 

potentially other classes of antiretroviral agents to viral reservoirs within 

the mesenteric lymphatic system. 
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4. DEVELOPMENT OF LIPOPHILIC ESTER PRODRUGS 

OF DOLUTEGRAVIR FOR INTESTINAL LYMPHATIC 

TRANSPORT 

The work in this chapter has been published in a peer-review journal: 

Chu, Y., Wong, A., Chen H., Ji, L., Qin, C., Feng, W., Stocks, M. J., 

Gershkovich, P. (2023). Development of lipophilic ester prodrugs of 

dolutegravir for intestinal lymphatic transport. European Journal of 

Pharmaceutics and Biopharmaceutics. Online ahead of print. 

 

4.1. Introduction 

The combination of antiretroviral therapy (ART) with two or more 

antiretroviral drugs (ARV) is widely used for the treatment of HIV infection 

[17, 145, 210, 212, 331-338]. However, despite viral suppression in the 

blood, replicate-competent HIV is still found in patients receiving long-

term ART [54, 339]. The establishment of viral reservoirs during the early 

stages of infection has been reported in HIV-infected individuals and 

simian immunodeficiency virus (SIV) infected nonhuman primates [55, 

59, 340]. These viral reservoirs constitute a substantial systemic viral 

burden [103], resulting in the recurrence of viremia after the cessation of 

ART [341-346]. Gut-associated lymphoid tissue (GALT), in particular 

mesenteric lymph nodes (MLNs), is an important site of immune 

response and one of the major anatomical HIV reservoirs [104, 105, 115, 

347-349]. In SIV-infected rhesus macaques on suppressive ARVs, latent 

viral reservoirs in MLNs were reported to be larger than other lymphoid 

tissues and lymph nodes [350, 351]. However, suboptimal levels of ARVs 
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in difficult-to-penetrate reservoirs, including MLNs, lead to the 

persistence of HIV reservoirs and sustained viral replication [132, 352-

355]. Efficient targeting of ARVs to MLNs could reduce this important HIV 

reservoir and bring us closer to a functional cure. 

A core-shell nanoparticle coated with α4β7 monoclonal antibody was 

developed to achieve co-delivery of ARVs and monoclonal antibody to 

HIV reservoirs in GALT [356]. The α4β7 integrin is a critical receptor for 

homing of T cells to intestine and is believed to be a binding site of HIV 

for cell-to-cell transmission [357]. However, this strategy is under 

development and more studies are needed. Intestinal lymphatic transport 

is a widely used approach for targeting nano-materials, lipophilic drugs 

or their prodrugs to MLNs [229, 230, 255-257, 260, 358]. High lipophilicity 

(log D7.4 > 5) [281] and long-chain triglyceride (LCT) solubility above 50 

mg/mL are thought to be the most important physicochemical properties 

for intestinal lymphatic transport of drugs [359]. The affinity of drugs to 

chylomicrons (CM) was reported to exhibit a linear correlation with the in 

vivo intestinal lymphatic transport [283]. CM are the largest lipoproteins 

responsible for the absorption of dietary lipids via intestinal lymphatics. 

Since lipids can promote the production of CM and subsequent intestinal 

lymphatic transport of drugs, lipid-based formulations, especially LCT-

based, have been used to target drugs to mesenteric lymph and MLNs 

[229, 252, 255, 256, 274, 360]. We previously reported that efficient 

targeting of HIV protease inhibitors (PIs) to MLNs requires a combination 

approach of lipophilic prodrugs and long-chain triglyceride (LCT)-based 

formulation [229] rather than an LCT-based formulation approach alone 
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[360]. Therefore, a combination approach of chemical modifications and 

LCT-based formulation is needed to target not highly lipophilic ARVs to 

MLNs. 

Dolutegravir (DTG) is a second-generation integrase strand transfer 

inhibitor (INSTI). It is currently the preferred option in most first-line ART 

regimens [132, 210, 213, 337, 361] due to its potent antiretroviral activity 

(protein-adjusted 90% inhibitory concentration (PA-IC90) of 64 ng/mL) 

and high genetic barrier to drug resistance [208]. Since DTG is not a 

lipophilic compound (clog P is 0.05 [362]), it is unlikely to have substantial 

intestinal lymphatic transport following oral administration. Therefore, 

this study aims to develop a lipophilic ester prodrug system of DTG 

formulated with an LCT-based vehicle to target DTG to HIV reservoir in 

MLNs. To this end, a number of simple alkyl ester prodrugs were 

designed based on in silico prediction affinity to CM [281] and 

synthesised. Synthesised prodrugs were screened for their intestinal 

lymphatic transport potential by previously reported in vitro and ex vivo 

assessments [229, 256, 283, 287, 363]. The most promising prodrug 

candidate was then assessed in vivo for systemic pharmacokinetics and 

MLNs targeting of DTG in rats. The lipophilic prodrug approach combined 

with LCT-based formulation for targeting active DTG to mesenteric lymph 

and MLNs is presented in Figure 4-1. 
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Figure 4-1. Schematic presentation of intestinal lymphatic transport of lipophilic 
prodrugs. 
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4.2. Experimental design 

The design and synthesis of alkyl ester prodrugs of DTG are described 

in section 2.2.2. The synthesised prodrugs were further assessed for 

their intestinal lymphatic transport potential and biotransformation in 

biorelevant media in vitro and ex vivo which are described in section 2.3, 

2.4, and 2.5, respectively. DTG and the most promising prodrugs were 

then assessed in pharmacokinetics (section 2.7.3.2) and biodistribution 

(section 2.7.4.2) studies in rats. The workflow of experimental design is 

shown in Figure 4-2. 

 

 

Figure 4-2. The workflow of experimental design of lipophilic ester prodrug approach 
for targeting DTG to mesenteric lymphatic system. CM, chylomicrons; FaSSIF, fast 
stated simulated fluid; LCT, long-chain triglyceride. 
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4.3. Results 

4.3.1. Validation of HPLC bioanalytical method for the 

determination of DTG 

4.3.1.1. Selectivity 

The chromatograms of blank plasma samples were compared with DTG-

spiked plasma samples for selectivity validation in six validation 

performances [292]. The current HPLC bioanalytical assay exhibited 

good selectivity as DTG peaks were separated from background peaks 

in blank plasma (Figure 4-3). 
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Figure 4-3. Representative chromatograms of (A) blank rat plasma sample at λ = 258 
nm; (B) rat plasma spiked with 1000 ng/mL DTG at λ = 258 nm; (C) blank rat plasma 
sample at λ = 211 nm; (D) rat plasma spiked with 5000 ng/mL of the IS at λ = 211 nm. 
IS, internal standard; DTG, dolutegravir. 
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4.3.1.2. Sensitivity 

The sensitivity of the bioanalytical method was validated by determining 

the LLOQ of DTG-spiked plasma samples. The LLOQ of DTG was found 

to be 10 ng/mL in this HPLC method (Table 4-1). The accuracy and 

precision of intra- and inter-day analyses met the acceptance criteria of 

RE and RSD ≤ 20% [292].  

Table 4-1. Intra- and inter-day validation results for LLOQ determination of DTG in 
plasma. 

 

4.3.1.3. Linearity 

The linearity of the bioanalytical method was validated by fitting a 

calibration curve of DTG built with the range of 10-25000 ng/mL 

(described in section 2.8.3.2) using least-squares linear regression 

analysis with a weighted factor (1/X). A blank plasma sample was 

included in each performance. This HPLC method showed good linearity 

for determining DTG with a correlation coefficient (r2) over 0.99 in all 

calibration curves. 

 

4.3.1.4. Stability of DTG prodrugs in rat plasma and MLNs 

Prodrugs 5 and 6 were assessed their stability in rat plasma by mimicking 

the sampling procedure of pharmacokinetic study described in section 

2.8.3.3. Prodrug 5 has 92.4 ± 9.8% and prodrug 6 has 97.4 ± 5.2% 

Nominal 

concentration 

level 

Intra-day (n = 6) Inter-day (n = 6) 

Accuracy 

(RSE, %) 

Precision 

(RSD, %) 

Accuracy 

(RSE, %) 

Precision 

(RSD, %) 

LLOQ (10 ng/mL) 3.06 8.74 12.41 2.39 
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remaining in the plasma following the corresponding simulation. Prodrug 

5 was assessed its stability in MLNs by mimicking the tissue 

homogenisation procedure described in section 2.8.3.5. After the 

simulation, 95.8 ± 2.6% of prodrug 5 remained in this condition. 
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4.3.2. Prodrugs design, synthesis and structural 

characterisation 

Physicochemical parameters of prodrugs used for in silico prediction of 

association with chylomicrons (CM), as well as predicted affinity of 

prodrugs to CM were calculated using ACD/I-Lab (Advanced Chemistry 

Development Inc., Toronto, ON, Canada) and listed in Table 4-2. A 

series of prodrug with different fatty acids was designed and predicted 

for their affinity to CM by the in silico model. Prodrugs conjugated with 

12-, 14-, 16- and 18-carbon length fatty acid were selected for synthesis 

due to their moderate to high predicted association with CM. The 

description of synthetic reactions and the chemical structures of prodrugs 

are shown in Figure 2-1. Chemical synthesis and structures of DTG and 

its ester prodrugs. The full characterization of synthesised prodrugs can 

be found in Appendix 2. Characterisation of ester prodrugs of 

dolutegravir. Prodrugs 1-4 are conjugated with saturated fatty acid, while 

prodrugs 5 and 6 are conjugated with unsaturated oleic (C18:1) and 

linoleic acid (C18:2), respectively. 

Table 4-2. Physicochemical properties of DTG and its prodrugs, and in silico prediction 
of association with CM [281]. 
 

Compounds cLog D7.4 
cLog P – 
cLog D7.4 

PSA 
H-

acceptors 
FRB 

Density 
(g/cm3) 

Molar 
volume 
(cm3) 

H-
donors 

Predicted 
association 
with CM (%) 

DTG 0.05 0.18 99.18 8 3 1.53 273.7 2 0.034 

1 5.2 0 105.25 9 15 1.27 472.2 1 22.88 

2 6.08 0 105.25 9 17 1.24 504.2 1 51.63 

3 6.82 0 105.25 9 19 1.22 536.3 1 78.31 

4 7.96 0 105.25 9 21 1.2 568.3 1 94.14 

5 6.76 0 105.25 9 20 1.21 561.6 1 84.71 

6 6.37 0 105.25 9 19 1.22 554.9 1 76.97 
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4.3.3. Association with artificial and natural CM 

The affinity of DTG and prodrugs 1-6 to artificial and rat plasma-derived 

CM is summarized in Figure 4-4. Unmodified DTG showed, as predicted, 

no affinity to CM, while all prodrugs showed moderate to high affinity to 

CM. Interestingly, as the saturated fatty acid chain length increased in 

compounds 1-4, the association of prodrugs with CM decreased. After 

introducing double bonds on the long chain fatty acid in prodrugs 5 and 

6, the association with CM increased with the number of double bonds 

introduced, suggesting the degree of unsaturation on pro-moiety 

correlated with drug-CM association performance. 

 

Figure 4-4. Association of DTG and its prodrugs with rat plasma-derived CM and 
artificial CM-like emulsion, representing the potential for intestinal lymphatic transport 
(n=5). Two-tailed unpaired t test was used for statistical analysis. All results are 
presented as mean ± SD, n=5. *, p < 0.05. 
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4.3.4. The stability of DTG and biotransformation of 

prodrugs in biorelevent media 

The hydrolysis half-lives of DTG and its prodrugs in fasted state 

simulated intestinal fluid (FaSSIF) plus esterase enzyme (20 IU/mL) and 

plasma (mouse, rat and dog) are shown in Figure 4-5. Due to high 

stabilities, the half-lives of catabolism of unmodified DTG in FaSSIF and 

plasma could not be calculated. The half-lives of prodrugs catabolism in 

FaSSIF increased with the extension of the length of fatty acid (prodrugs 

1-4) and decreased when the number of double bonds increased 

(prodrugs 5-6). A similar trend can also be observed in plasma of all 

tested species. All prodrugs, were more stable in FaSSIF than in plasma. 

Parent drug DTG was efficiently released from all prodrugs in plasma 

(Figure 4-6). Unmodified DTG was very stable in simulated rat fasted 

state gastric fluid (FaSSGF) (pH 3.9) complemented with 0.1 mg/mL 

pepsin at least for 60 minutes. The stability of prodrugs 2 and 5 in 

FaSSGF were 406 ± 37 and 805 ± 460 minutes, respectively, suggesting 

both prodrugs are stable in gastric environment (Figure 4-7). The half-

lives of hydrolysis of prodrugs in FaSSIF and plasma are available in 

Appendix 2. Characterisation of ester prodrugs of dolutegravir Figure 

A3-1. 
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Figure 4-5. The half-lives of DTG and prodrugs catabolism in FaSSIF + esterase, 
mouse, rat and dog plasma. Due to the high stabilities in FaSSIF and plasma, the half-
life of DTG cannot be calculated. All results are presented as mean ± SD, n = 3. One-
way ANOVA followed by Dunnett’s multiple comparison test was used for statistical 
analysis. ****, p < 0.0001. Additional statistical analysis for comparison of hydrolysis 
half-lives in FaSSIF and plasma between different prodrugs is available in Appendix 3. 
Half-life of hydrolysis of prodrugs in FaSSIF and plasma. Figure A3-2. 
 
 
 
 
 
 

 
 
 
Figure 4-6. The release profiles of DTG from corresponding prodrugs in (A) mouse, (B) 
rat, and (C) dog plasma. All results are presented as mean ± SD, n = 3. 
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Figure 4-7.  Stabilities of DTG, prodrugs 2 and 5 in rat fasted state simulated gastric 
fluid (FaSSGF, pH 3.9) with pepsin (0.1 mg/mL) activity. (A) DTG, (B) prodrug 2 and 
(C) prodrug 5. All results are presented as mean ± SD, n = 3.  
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4.3.5. Long-chain triglyceride (LCT) solubility 

The solubilities of DTG and prodrugs in sesame and olive oils are 

summarized in (Table 4-3). DTG has very low solubility of 0.015 ± 0.002 

mg/mL and 0.029 ± 0.004 mg/mL in sesame and olive oils, respectively. 

All saturated prodrugs (1-4) exhibited solubility of no more than 5 mg/mL 

in both oils. However, unsaturated fatty acid esters 5 and 6 showed 

significantly higher solubility of 49.1 ± 0.8 mg/mL and 40.4 ± 2.1 mg/mL 

in sesame oil, and 42.5 ± 1.5 mg/mL and 42.5 ± 5.4 mg/mL in olive oil, 

respectively, compared to unsaturated esters. Taking together the results 

of CM affinity, kinetics of DTG released in FaSSIF and plasma, and 

especially LCT solubility, prodrug 5 was selected as the most promising 

candidate for subsequent in vivo studies in rats. 

Table 4-3. The solubility of DTG and its prodrugs in sesame and olive oils. All results 
are presented as mean ± SD, n = 3. 
 
 

DTG 1 2 3 4 5 6 

Sesame oil  
(mg/mL) 

0.015 ± 0.002 1.2 ± 0.12 2.2 ± 0.09 2.2 ± 0.08 3.2 ± 0.3 49.1 ± 0.8a 40.4 ± 2.1b 

Olive oil 
(mg/mL) 

0.029 ± 0.004 1.1 ± 0.06 1.6 ± 0.07 4.5 ± 0.06 5.1 ± 0.05 42.5 ± 1.5c 42.5 ± 5.4d.e 

One-way ANOVA followed by Dunnett’s multiple comparison test was used for statistical 
analysis. 
a ****, p < 0.0001 compared to DTG and other prodrugs in sesame oil group. 
b ****, p < 0.0001 compared to DTG and other prodrugs in sesame oil group. 
c ****, p < 0.0001 compared to DTG and other prodrugs in olive oil group. 
d ****, p < 0.0001 compared to DTG and other prodrugs in olive oil group. 
e No significant difference compared to prodrug 5 in olive oil group. 
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4.3.6. Pharmacokinetics of DTG and prodrugs 5 and 6 

The pharmacokinetic profiles of DTG and selected prodrugs in plasma 

were generated following intravenous (IV) bolus and oral gavage 

administration in lipid-free and LCT-based formulations in rats (Figure 4-

8A-B). Pharmacokinetic parameters of DTG and prodrugs 5 and 6 were 

calculated based on the plasma concentration-time profiles and 

summarized in Table 4-4. The absolute oral bioavailability of DTG did 

not show a significant difference between lipid-free (57 ± 17%) and LCT-

based (69 ± 19%) groups. 

On the other hand, prodrug 5 showed an efficient release profile of active 

DTG following an IV bolus administration (Figure 4-8C). Although 

prodrug 5 itself was only detectable in plasma up to 24 hours after the IV 

bolus administration, the levels of released DTG were detectable in the 

systemic circulation for more than 48 hours. The AUCinf of DTG following 

IV bolus administration of prodrug 5 is comparable to the AUCinf after IV 

bolus administration of unmodified DTG at equivalent dose (Table 4-4). 

This suggests a complete or near complete biotransformation of prodrug 

5 to active DTG in vivo in rats. After oral administration of prodrugs 5 in 

LCT-based formulation, only DTG can be detected in systemic blood 

(Figure 4-8D). This could be due to the rapid conversion of orally 

administered prodrug 5 in hepatic circulation or rat mesenteric lymph 

after intestinal lymphatic uptake. Furthermore, the elimination half-life of 

released DTG was significantly increased following oral administration of 

prodrug 5 (13.71 ± 3.56 hours) compared to oral administration of 

unmodified DTG with lipids (6.45 ± 0.5 hours) (Table 4-4). However, the 
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absolute oral bioavailability of released DTG following oral administration 

of prodrug 5 (5.4 ± 1.8%) was substantially lower than after oral 

administration of unmodified DTG with (69 ± 19%) or without (57 ± 17%) 

lipids at equivalent dose (Table 4-4).  

We conducted a preliminary pharmacokinetic study of oral administration 

of prodrug 6 in LCT-based formulation to compare the oral bioavailability 

with prodrug 5. Results showed that although the oral bioavailability of 

release DTG (9.6 ± 4.4%) after oral administration of prodrug 6 in LCT-

based formulation was higher in comparison to prodrug 5, it is still 

profoundly lower than oral administration of unmodified DTG with or 

without lipids at equivalent dose (Table 4-4). 
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Figure 4-8. Plasma concentration-time profiles of DTG and prodrugs 5 and 6 in rats. 
(A) IV bolus of DTG sodium (1.05 mg/kg, n=4); (B) oral gavage administration of DTG 
sodium (5.25 mg/kg) in lipid-free formulation (n = 4) and with lipids (n = 6); (C) IV bolus 
of prodrug 5 (1.63 mg/kg, n = 4); (D) oral gavage administration of prodrug 5 (8.15 
mg/kg, n = 7) in LCT-based formulation; (E) oral gavage administration of prodrug 6 
(8.13 mg/kg, n = 2) in LCT-based formulation. All values are presented as mean ± SD. 
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Table 4-4. Pharmacokinetic parameters of DTG following administration of DTG and prodrugs 5 and 6 to rats. All results are presented as mean ± SD. 
 

 PK parameters of DTG following administration of DTG  
PK parameters of DTG 

following administration of 
prodrug 5 

PK parameters of prodrug 5 
following administration of 

prodrug 5 

PK parameters of DTG 
following administration of 

prodrug 6 

Route of 
administration 

i.v. 
(n=4) 

Oral 
i.v. 

(n=4) 

Oral 
i.v. 

(n=4) 

Oral Oral 

Lipid-free 
(n=4) 

LCT-based 
(n=6) 

LCT-based 
(n=7) 

LCT-based 
(n=7) 

LCT-based 
(n=2) 

AUCinf 
(h*ng/mL) 

60730 ± 11348 172978 ± 50856 210804 ± 58839 69619 ± 7039 16357 ± 5482 1287 ± 145 - 31442 ± 14368 

C0 (ng/mL) 17865 ± 1319 - - - - 591 ± 172 - - 

Cmax (ng/mL) - 16519 ± 4196 21514 ± 7518 3296 ± 147 850 ± 142 - - 1896 ± 430 

t1/2 (h) 5.37 ± 0.77 5.14 ± 0.98 6.45 ± 0.50 9.09 ± 1.10 13.71 ± 3.56*** 7.3 ± 1.0 - 8.66 ± 0.60** 

Vss (mL/Kg) 120 ± 7 - - - - 1292 ± 72 - - 

CL (mL/h/Kg) 17 ± 4 - - -  - 128 ± 14  - - 

Foral (%) - 57 ± 17 69 ± 19 - 5.4 ± 1.8**** - - 9.6 ± 4.4** 

AUCinf, area under the curve from time zero to infinity; C0, concentration extrapolated to time zero; Cmax, maximum observed concentration; t1/2, half-life; Vss, volume of distribution 

at steady state; CL, clearance; Foral, absolute oral bioavailability. 

Unpaired two-tailed test was used for statistical analysis, all values are presented as mean ± SD. 

**, p < .0.01 compared to DTG oral LCT-based group.  

***, p < 0.001 compared to DTG oral LCT-based group. 

****, p < 0.0001 compared to DTG oral LCT-based group. 
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4.3.7. Biodistribution of DTG and prodrug 5 

The biodistribution profiles of DTG at 2, 4 and 8 hours following oral 

administration of unmodified DTG with and without lipids are shown in 

Figure 4-9A-B. In both lipid-free and LCT-based groups, the 

concentrations of DTG in mesenteric lymph and MLNs were lower than 

in serum at each time point. However, DTG’s levels in MLNs and other 

tissues were higher than protein binding-adjusted IC90 (PA-IC90) (64 

ng/mL). Following oral administration of prodrug 5 in LCT-based 

formulation, the distribution of released DTG and intact prodrug 5 in 

mesenteric lymph, MLNs and other tissues were analysed at the same 

time points as for unmodified DTG administration (Figure 4-10A-B). At 2 

hours following oral administration of prodrug 5, the concentration of 

released DTG was two-fold higher in mesenteric lymph than in serum, 

suggesting mesenteric lymphatic targeting of prodrug 5 and release of 

active drug within the lymphatic system (Figure 4-10B). High 

concentrations of prodrug 5 were found in small intestine contents and in 

faeces in the colon following oral administration of prodrug 5 (Figure 4-

11). The drug concentration ratio in tissues to serum was previously used 

to estimate the efficiency of tissue distribution of drugs [364, 365]. Orally 

administered prodrug 5 increased the lymph-to-serum and MLNs-to-

serum ratio of DTG concentration up to 9.4-fold and 4.8-fold, respectively, 

in comparison to unmodified DTG (Figure 4-12). This suggests that 

orally administered prodrug 5 increased the selectivity for targeting of 

DTG to mesenteric lymphatics. 
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Figure 4-9. Biodistribution of DTG at 2, 4 and 8 hours following oral administration of 
DTG sodium (at an equivalent dose of 5 mg/kg of DTG) (A) in lipid-free formulation and 
(B) with lipids. All results are presented as mean ± SD, n=4. PA-IC90 = 64 ng/mL. 
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Figure 4-10. Biodistribution of (A) prodrug 5 and (B) DTG at 2, 4 and 8 hours following 
oral administration of prodrug 5 (at an equivalent dose of 5 mg/kg of DTG) in LCT-based 
formulation. All results are presented as mean ± SD, n=4. PA-IC90 = 64 ng/mL. *, p < 
0.05; **, p < 0.01. 
 
 
 
 

 

 

Figure 4-11. Concentrations of prodrug 5 in duodenum juice, contents in ileum and 
jejunum and faeces in large intestine at 2, 4 and 8 hours following oral administration 
of prodrug 5 (at an equivalent dose of 5 mg/kg of DTG) in LCT-based formulation. All 
results are presented as mean ± SD, n=4. 
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Figure 4-12. (A) Lymph to serum and (B) MLNs to serum ratio of the concentration of 
DTG following oral administration of unmodified DTG or prodrug 5 in LCT-based 
formulation. All results are presented as mean ± SD, n = 4. Unpaired two-tailed t test 
was used for statistical analysis. ns, no significant; *, p < 0.05; **, p < 0.01. 

 

  

DTG Prodrug 5

0

1

2

3

4

5

Administered drug

L
y
m

p
h

/s
e
ru

m
 o

f 
 D

T
G

A

✱✱

9.4-fold

2h

DTG Prodrug 5

0.0

0.5

1.0

1.5

4h

Administered drug

L
y
m

p
h

/s
e
ru

m
 o

f 
D

T
G

✱✱

2.1-fold

DTG Prodrug 5

0.0

0.2

0.4

0.6

0.8

1.0

8h

Administered drug

L
y
m

p
h

/s
e
ru

m
 o

f 
D

T
G

ns

1.5-fold

DTG Prodrug 5

0.0

0.1

0.2

0.3

0.4

0.5

2h

Administered drug

M
L

N
s
/s

e
ru

m
 o

f 
D

T
G

✱✱

B
4.8-fold

DTG Prodrug 5

0.0

0.1

0.2

0.3

0.4

0.5

4h

Administered drug

M
L

N
s
/s

e
ru

m
 o

f 
D

T
G

✱

3.3-fold

DTG Prodrug 5

0.0

0.1

0.2

0.3

0.4

0.5

8h

Administered drug

M
L

N
s
/s

e
ru

m
 o

f 
D

T
G

✱✱

4.1-fold



135 
 

4.3.8. In vivo distribution of DTG and prodrug 5 into rat CM 

in mesenteric lymph  

The association of DTG or prodrug 5 with rat CM in mesenteric lymph in 

vivo was assessed by isolating CM from mesenteric lymph samples. 

DTG was undetectable in CM fraction and mostly distributed into CM-

free fraction in rat mesenteric lymph following oral administration of 

unmodified DTG in lipid-free formulation (Figure 4-13). On the other 

hand, 62% of prodrug 5 were associated with CM in rat mesenteric lymph 

following oral administration of prodrug 5 in LCT-based formulation, while 

no released DTG was detected in either CM or CM-free fraction (Figure 

4-14). 
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Figure 4-13. The association of DTG with CM in rat mesenteric lymph following oral 
administration in lipid-free formulation. The loaded volume of lymph fluid samples for 
ultracentrifugation were 30 μL. CM fraction is the supernatant fraction; CM-free fraction 
include each density layer (1.006, 1.019, 1.063 and 1.1 g/mL). All results are presented 
as mean ± SD, n = 5. 
 
 

Figure 4-14. The association of prodrug 5 with CM in rat mesenteric lymph following 
oral administration in LCT-based formulation. The loaded volume of lymph fluid samples 
for ultracentrifugation were between 16-50 μL. CM fraction is the supernatant fraction; 
CM-free fractions include each density layer (1.006, 1.019, 1.063 and 1.1 g/mL). All 
results are presented as mean ± SD, n = 3. 
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4.3.9. Intraluminal processing of prodrug 5 and 6 

Following results of unexpectedly low systemic exposure of DTG after 

oral administration of prodrug 5, the mechanism of small intestine lumen 

processing of prodrug 5 formulated in LCT-based vehicle was 

investigated by an in vitro lipolysis system. The results of intraluminal 

post-lipolysis distribution of prodrug 5 are shown in Figure 4-15A. 

Following the lipolysis of sesame oil formulation, around 5.8% of prodrug 

5 dose was found in micellar layer (assuming the readily absorbed 

fraction). More than 90% of prodrug 5 was distributed into unprocessed 

lipid or precipitated into sediment fraction, indicating poor availability for 

absorption. 

Since prodrug 6 was also low oral bioavailable following oral 

administration in LCT formulation, it was assessed for its intestinal 

absorption by means of in vitro lipolysis (Figure 4-15B). Following the 

lipolysis reaction, only 12.1% of prodrug 6 dose was found in micellar 

fraction. The majority of prodrug 6 dose were distributed into lipid or 

sediment fraction, indicating low intestinal absorption. Interestingly, the 

levels of prodrugs 5 and 6 distributed in the micellar fraction in vitro (5.8% 

and 12.1%, respectively) (Figure 4-15) were very close to their oral 

bioavailability in vivo (5.4% and 9.6%, respectively) (Table 4-4).  
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Figure 4-15. Distribution of prodrugs 5 and 6 in the lipid, micellar and sediment fractions 
after lipolysis of 80 µL of LCT-based formulation containing (A) prodrug 5 at a 
concentration of 8.15 mg/mL and (B) prodrug 6 at a concentration of 8.13 mg/mL. All 
results are presented as mean ± SD, n = 3. One-way ANOVA followed by Tukey multiple 
comparisons was used for statistical analysis. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
DTG levels were undetectable in all fractions. 
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4.4. Discussion 

The establishment of latent cellular and anatomical viral reservoirs is one 

of the major obstacles to achieving a cure for HIV infection. Mesenteric 

lymph nodes (MLNs) are one of the most important and largest reservoirs 

of HIV [104]. Poor penetration of drugs into these reservoirs is an 

important limitation of current ART regimens [132]. A combination 

approach of lipophilic prodrugs and long-chain triglyceride (LCT)-based 

formulation was reported to be efficient for targeting HIV protease 

inhibitors (PIs) to MLNs [229] rather than an LCT-based formulation-only 

approach [360]. This work aimed to develop a lipophilic ester prodrug 

system coupled with LCT-based formulation to achieve targeting of HIV 

integrase inhibitor dolutegravir (DTG) into HIV reservoirs in MLNs 

through intestinal lymphatic transport. 

 

4.4.1. The affinity of DTG prodrugs to chylomicrons (CM) 

The degree of intestinal lymphatic transport of drugs was reported in 

multiple studies to have a strong correlation with their affinity to CM [248, 

366]. DTG is not a highly lipophilic compound (cLog P = 0.5 [362]) and 

has negligibly predicted and no detected experimental association with 

CM (Table 4-2 and Figure 4-4). We previously reported that increasing 

the lipophilicity of compounds by lipophilic ester prodrug approach can 

dramatically increase the affinity to CM [229, 256]. Therefore, highly 

lipophilic alkyl ester prodrugs of DTG were designed. Based on the 

predicted affinity value to CM, six prodrugs were synthesised for further 

experimental assessments (Table 4-2). All synthesised prodrugs 
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showed a moderate to high experimental association (30-70%) with 

artificial and natural CM (Figure 4-4), indicating a high potential for 

intestinal lymphatic transport. Interestingly, there was a decrease in the 

affinity of prodrugs to CM when the saturated alkyl chain was increased 

above C12. Similar results were observed in our previous studies [229, 

256]. It has been proposed that an interplay between specific 

physicochemical properties, such as lipophilicity and molecular weight, 

leads to a limited window favouring higher affinity to CM [229]. 

 

4.4.2. The stability and biotransformation of DTG prodrugs 

in biorelevant media 

In order to efficiently deliver active drugs to the intestinal lymph and 

MLNs, the ideal lipophilic prodrug has to be stable in the intestinal lumen, 

but rapidly enzymatically degraded in the lymph fluid following uptake 

into the intestinal lymphatic system. Therefore, prodrugs were assessed 

for their stability in a fasted state simulated intestinal fluid (FaSSIF) 

supplemented with esterase activity, representing the environment of the 

intestinal lumen and plasma (a surrogate of lymph [229, 256]). The 

esterase used in this study was extracted from porcine liver and mainly 

contains carboxylesterases [367]. Carboxylesterases are present in the 

liver and gastrointestinal tract [368] and have been used as additional 

enzymes in assessing the stability of ester prodrugs in FaSSIF, as they 

are responsible for the metabolism of compounds containing ester 

groups (including carboxyl esters) [229, 256, 363]. All prodrugs exhibited 

good stability in the conditions mimicking the intestinal environment 
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(Figure 4-5) and rapid DTG release profiles in plasma of all tested 

species (Figure 4-6), suggesting that the current prodrug system based 

on simple alkyl esters has the potential to deliver active DTG to intestinal 

lymph and MLNs efficiently. It is worth noting that only ‘activated ester’ 

prodrugs achieved the outcome of good stability in the intestine but rapid 

release in the plasma in our previous studies [229, 256]. However, in the 

case of DTG prodrugs, the ‘activated ester’ approach does not seem to 

be necessary as this outcome is achieved with simple alkyl esters. 

 

4.4.3. The solubility of DTG prodrugs in LCT 

The solubility of prodrug candidates in LCT was assessed in sesame and 

olive oils. As both sesame and olive oils are mainly composed of 

triglycerides containing unsaturated long-chain fatty acid of oleic and 

linoleic acids, they were reported to efficiently promote the intestinal 

lymphatic transport of lipophilic compounds [260]. The results indicate 

that the solubility of prodrugs (Table 4-3) was more related to the degree 

of saturation of conjugated alkyl esters than the chain length of the 

conjugate (Figure 2-1). Taken together, the results of CM affinity, 

stability and DTG released in FaSSIF and plasma, and especially LCT 

solubility, prodrug 5 was selected as the most promising candidate for 

subsequent in vivo studies in rats. 

 

4.4.4. Pharmacokinetics of DTG and prodrugs 5 and 6 

A good oral bioavailability (75.6%) was previously reported following oral 

administration of DTG in a lipid-free formulation to rats [369]. This study 
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also observed similar results (Table 4-4). The oral bioavailability of DTG 

did not show significant differences between lipid-free (57±17%) and 

LCT-based groups (69±19%), which is in accordance with its negligible 

affinity to CM (Figure 4-4) and undetectable DTG in lipoprotein fraction 

in rat mesenteric lymph following oral administration in lipid-free 

formulation (Figure 4-13). On the other hand, the absolute systemic oral 

bioavailability of DTG was quite low following the oral administration of 

prodrugs 5 and 6 (Table 4-4). This result was surprising, as lipophilic 

prodrug systems designed for intestinal lymphatic targeting were 

previously reported to also improve the systemic oral bioavailability of the 

parent drug, or at least comparable to the parent drug [229, 256, 370, 

371]. Notably, prodrugs 5 and 6 themselves were not detected in plasma 

after oral administration. Furthermore, the prolonged terminal slope of 

released DTG in plasma was observed following oral administration of 

either prodrugs 5 or 6, suggesting flip-flop kinetics. It is likely that 

prodrugs were taken up into MLNs through intestinal lymphatic transport 

and then slowly released active DTG into the lymph and, subsequently, 

the systemic circulation. 

 

4.4.5. Biodistribution of DTG and prodrug 5 in the 

mesenteric lymphatic system and other reservoirs 

The results showed similar concentrations of DTG between lipid-free and 

LCT-based groups in systemic blood, mesenteric lymph, MLNs and other 

viral reservoirs following oral administration of unmodified DTG (Figure 

4-9). This suggests that lipids do not affect the absorption and distribution 
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of unmodified DTG. It should be noted that the levels of DTG were lower 

in MLNs and all other tissues in comparison to serum, indicating that 

MLNs and other reservoirs were not selectively targeted when 

unmodified DTG was orally administered (Figure 4-9). After oral 

administration of prodrug 5, it was indeed targeted to the intestinal 

lymphatic system and efficiently released active DTG within 2 hours 

(Figure 4-10). We found that 62% of prodrug 5 were associated with CM 

in mesenteric lymph, suggesting that the intestinal lymphatic transport of 

prodrug 5 was driven by drug-CM association (Figure 4-14). The lymph-

to-serum and MLNs-to-serum ratios of concentration of DTG were 

substantially increased up to 8.4-fold and 4.8-fold, respectively, following 

oral administration of prodrug 5 compared to oral administration of 

unmodified DTG (Figure 4-12). This suggests that the lipophilic prodrug 

system can improve the selectivity of targeting of DTG to the mesenteric 

lymph and MLNs. However, although oral administration of prodrug 5 

was shown to selectively target DTG to mesenteric lymphatics, the levels 

of prodrug 5 and released DTG in MLNs and other tissues were limited 

by low systemic bioavailability. It was hypothesised that the low oral 

bioavailability of DTG might be due to the low extent of absorption of the 

prodrug from the intestinal lumen. This hypothesis was further tested by 

collecting and analysing the duodenum juice, contents in the ileum and 

jejunum, and faeces in the colon following the oral administration of 

prodrug 5. Results showed extremely high concentrations of prodrug 5 

in the upper and lower parts of the intestinal tract (Figure 4-11). This was 

surprising, as in our and other groups previous reports, highly lipophilic 
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drugs and prodrugs were well absorbed and exhibited enhanced 

systemic bioavailability with high concentrations in mesenteric lymph, 

MLNs and plasma following oral administration with LCT-based 

formulations [229, 255, 256, 259, 274, 287, 366, 372-375]. To shed light 

on the intraluminal processing of prodrug 5 in the presence of LCT, in 

vitro lipolysis studies were conducted. 

 

4.4.6. In vitro lipolysis of LCT-based formulation of 

prodrugs 5 and 6 

The LCT-based formulation containing prodrugs 5 and 6 was evaluated 

by an in vitro lipolysis model. This model is commonly used to aid in 

designing and developing the lipidic delivery systems of oral drugs as it 

simulates the process of lipid digestion in the small intestine [257, 287, 

373]. During lipolysis in the small intestine, triglycerides are hydrolysed 

into 2-monoglyceride and fatty acids by pancreatic lipase. The lipid 

breakdown products, bile salts and co-formulated drugs form mixed 

micelles [376, 377]. Following lipolysis, lipid and sediment phases are 

considered not readily absorbed fractions, while the aqueous micellar 

phase represents the fraction readily available for intestinal absorption 

[378]. The results showed that half of the dose of prodrug 5 precipitated 

during the lipids digestion process (Figure 4-15A). Similar rapid 

precipitation of lipophilic drugs during lipolysis has been previously 

reported [379, 380]. It was previously suggested that the 

physicochemical properties of the compound might affect the nature of 

the precipitated form (amorphous or crystalline) [378, 381]. The high 
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amount of precipitated prodrug 5 and limited distribution into micellar 

fraction could explain high levels of unabsorbed prodrug 5 in the 

intestinal tract contents (Figure 4-11) and low oral bioavailability of DTG 

following oral administration of prodrug 5 (Table 4-4), respectively. 

Around 5.8% of the prodrug 5 dose was recovered in micellar fraction 

available for absorption. This number, in fact, is very close to the absolute 

bioavailability of DTG following oral administration of prodrug 5 (5.4%). 

Although the role of membrane permeability cannot be completely ruled 

out, the distribution of prodrug 5 into the micellar fraction seems to be a 

good predictor of the oral bioavailability of DTG when administered orally 

to rats in the form of prodrug 5. Similar results were observed in the case 

of prodrug 6. After the in vitro lipolysis, 12.1% prodrug 6 was recovered 

in the micellar fraction, which is close to 9.6% of oral bioavailability of 

released DTG following oral administration of prodrug 6 in LCT-based 

formulation (Figure 4-15B). Interestingly, in vitro lipolysis has been 

reported not to predict the oral bioavailability of drugs with high intestinal 

lymphatic transport. The model only simulates the intraluminal 

processing of drugs rather than the overall absorption and transport 

process, including intestinal lymphatic transport [260, 382-385]. The 

exact mechanism and reasons for the substantial precipitation of orally 

administered lipophilic esters of DTG during the in vitro lipolysis studies 

are unclear and warrant further investigation. However, these results 

indicate that despite previous reports of the non-predictability of in vitro 

lipolysis for systemic bioavailability of compounds prone to intestinal 

lymphatic transport, in some cases, in vitro lipolysis could be highly 
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predictive. It could be useful to include in vitro lipolysis studies in 

screening routine for drugs or prodrug candidates for intestinal lymphatic 

targeting. 
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4.4.7. Conclusion 

Oral administration of unmodified DTG in rats resulted in good absolute 

oral bioavailability, but with levels in tissues, including MLNs, below the 

levels in serum. A lipophilic prodrug system was designed and assessed 

for selective targeting of DTG to MLNs through intestinal lymphatic 

transport. Although the selected prodrug candidate showed limited 

systemic exposure to DTG, the tissue/serum ratio of DTG levels in MLNs, 

and thus targeting selectivity, was improved by this approach. Two 

unexpected phenomena were found in this study. Firstly, poor oral 

bioavailability was observed with lipophilic prodrug in the presence of 

LCT. Secondly, in this work in vitro lipolysis model predicted quite well 

the in vivo systemic bioavailability of a compound with substantial 

intestinal lymphatic transport. Both phenomena warrant further 

investigation, but it could be useful to include in vitro lipolysis assessment 

in studies aimed to select lipophilic drugs and prodrugs for targeting the 

MLNs. 
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5. GENERAL DISCUSSION AND FUTURE WORK 

The benefits from intestinal lymphatic transport of orally administered 

drugs include the improvement of systemic oral bioavailability and 

directly targeting drugs to the mesenteric and retroperitoneal lymphatic 

system. This PhD work focuses on delivering antiretroviral drugs (ARVs) 

to the HIV reservoirs in mesenteric lymph nodes (MLNs) utilising the 

drug-chylomicrons (CM) association-driven intestinal lymphatic transport. 

In the first part of this work, a lipophilic HIV protease inhibitor (PI), 

tipranavir (TPV), was investigated for intestinal lymphatic transport 

facilitated by a long-chain triglyceride (LCT)-based formulation approach. 

The second part of this study is to optimise the intestinal lymphatic 

targeting of dolutegravir (DTG), an HIV integrase strand inhibitor (INSTI), 

to the viral reservoir in MLNs by means of a combination approach of 

lipophilic ester prodrugs and LCT-based formulation. 

 

5.1. General discussion 

5.1.1. LCT-based formulation facilitated intestinal 

lymphatic transport of tipranavir (TPV) 

5.1.1.1. Intestinal lymphatic transport potential of TPV 

Based on the in silico prediction of all protease inhibitors, only lopinavir 

(LPV) and TPV have moderate (> 50%) association with chylomicrons 

(CM) (Figure 3-4 and Table 3-2). Among the physicochemical properties 

applied to the in silico model, log D7.4 seems to be the primary parameter 

that affects the affinity of protease inhibitors to chylomicrons (CM) and 
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subsequent intestinal lymphatic transport. The TPV has the highest log 

D7.4 and have the highest affinity to CM and potential of intestinal 

lymphatic transport. Other physiochemical properties used in the in silico 

prediction of protease inhibitors did not have relevant for intestinal 

lymphatic transport. TPV is highly lipophilic with an experimental log P of 

6.9 [386] but a low LCT solubility of 5.9 ± 0.3 mg/mL (section 3.3.2, 

Chapter 3). It seems that TPV does not meet the requirements (log D7.4 

> 5 [238] and LCT solubility > 50 mg/mL [224]) for intestinal lymphatic 

transport due to insufficient LCT solubility. However, these two factors 

were challenged in many studies. Myers et al. reported that 

penclomedine (log D7.4 5.48 and LCT solubility at 175 mg/mL) only has 

3% lymphatic bioavailability in rats after being administered in soybean 

oil and triolein emulsion [387]. Another study of a lipid modulator, CI-976 

(log D7.4 5.83, LCT solubility >100 mg/mL), demonstrated that the 

recovered dose in the rat mesenteric lymph was less than 1% following 

administration in a lipidic emulsion [388]. Trevaskis et al. investigated the 

intestinal lymphatic transport of two cholesterol ester transfer protein 

inhibitors (CETPis), CP524,515 (Log D7.4 6.13, LCT solubility > 50 mg/mL) 

and CP532,623 (Log D7.4 5.68, LCT solubility < 50mg/mL), following oral 

administration in a lipid-based formulation to dogs [389]. Although the 

LCT solubility of CP532,623 does not exceed 50 mg/mL, it has 

substantial intestinal lymphatic transport. This indicates that, in some 

cases, these criteria are not predictive of intestinal lymphatic transport of 

drugs. Gershkovich and Hoffman demonstrated that the degree of 

association of lipophilic compounds with CM strongly correlates with their 
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intestinal lymphatic transport in rats [237]. TPV was predicted to have a 

moderate affinity to CM (57%) in silico [238] and actually had moderate 

to high experimental association with artificial (32 ± 5%) and natural CM 

(67 ± 6%) (Figure 3-4B, Chapter 3). In our previous study, cannabidiol 

(CBD) was found to have a high affinity to artificial (78.1%), rat (73.7%) 

and human (67.7%) CM [254]. The subsequent biodistribution study has 

consistently shown profoundly higher concentrations of CBD in 

mesenteric lymph compared to plasma (as much as 250-fold) following 

oral administration with LCT to rats, suggesting that CBD has intestinal 

lymphatic transport in the presence of lipids. A study of lopinavir (LPV) 

demonstrated that LPV has a negligible affinity to CM, which is consistent 

with the absence of intestinal lymphatic transport after administration in 

an LCT-based formulation to rats [229]. Therefore, the moderate to high 

affinity of TPV to CM indicates the potential for intestinal lymphatic 

transport when administered orally with lipids, especially LCT. 

 

5.1.1.2. The mechanism of association of TPV with CM 

In this study, the affinity of TPV to natural CM (66.2%) is significantly 

higher than artificial CM (31.7%). The artificial CM used for in vitro 

assessment of drug association with CM in this study is intralipid®. 

Intralipid is an emulsion of triglyceride-rich particles which comprises 

soybean oil, egg yolk phospholipids, glycerine and water. The 

components of soybean oil are TG comprised of long-chain fatty acid, 

including linoleic acid (C18:2, 44-62%), oleic acid (C18:1, 19-30%), 

palmitic acid (C16:0, 7-14%), linolenic acid (C18:3, 4-11%), and stearic 
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acid (C18:0, 1.4-5.5%) [390]. Similar to intralipid, the core of natural CM 

is mainly composed of TG (85-92%) and cholesterol esters, coated by 

phospholipids (6-12%), cholesterol (1-3%) and proteins (2%) [391]. Since 

intralipid and natural CM have similar components, intralipid has been 

commonly used as a surrogate of natural CM in many studies [229, 238, 

239, 254, 256, 392]. Since the difference between intralipid and natural 

CM is the emulsion droplet surface material, we suspected that TPV 

might interact with the interfacial components of natural CM. A similar 

case was reported in a study of the lymphatic absorption of the two 

CETPis, CP524,515 and CP532,623 [228]. Firstly, the ratio of the 

maximum mass of CP532,623 to TG (mg/g) in the lymph was significantly 

higher than its LCT solubility following the duodenal administration to rats. 

This indicates that additional factors other than LCT solubility also drive 

the lymphatic absorption of CP532,623. Furthermore, CP524,515 and 

CP532,623 have shown a higher affinity to natural CM or colloidal 

spherical particles with TG-rich core and amphiphilic surface than a 

simple homogenous lipids mixture. This suggests that interfacial 

interaction sometimes impacts the association of drugs with CM. In 

current study, only approximately 35% of TPV was associated with CM 

and other lipoproteins in rat mesenteric lymph (Figure 3-7, Chapter 3). 

It is worth noting that the environment in the lymph fluid is more complex 

than the conditions we used in the in vitro and ex vivo models. Lymph 

fluid contains CM, very low-density lipoprotein (VLDL), proteins and cells. 

Since the association of compounds with CM happens within the 

enterocytes [251], the associated compounds may redistribute to VLDL, 
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proteins and cells once they are secreted into the lymph fluid. 

Gershkovich et al. [238] previously found that the apolipoproteins on the 

surface of lipoproteins play a certain role in the process of drug uptake 

and may lead to a weaker association than other compounds. Thus, TPV 

is likely to redistribute to VLDL, proteins and cells in the lymph fluid. 

 

5.1.1.3. Intestinal lymphatic transport of TPV, but not 

targeting to MLNs 

The plasma pharmacokinetic profiles of TPV did not show significant 

differences when TPV was administered to rats in either lipid-free or LCT-

based formulations (Figure 3-5 and Table 3-3, Chapter 3). Our result 

demonstrated a moderate oral bioavailability of TPV (36 ± 3%) after 

administering of lipid-free formulation to rats. Although the high-fat meal 

was reported to increase the systemic bioavailability of TPV in human 

volunteers [182], in this study, the LCT-based formulation did not 

significantly increase the oral bioavailability (44 ± 4%) of TPV in rats 

(Table 3-3, Chapter 3). It is believed that only oral administration of 

highly lipophilic drugs or prodrugs with LCT can achieve high drug levels 

in mesenteric lymph and MLNs by intestinal lymphatic transport. Zgair et 

al. have shown that the concentrations of CBD in MLNs were profoundly 

higher at plasma tmax-1 and tmax after oral administration in LCT-based 

formulation in comparison to lipid-free formulation [255]. However, 

despite TPV having moderate intestinal lymphatic transport, the levels of 

TPV in MLNs at plasma tmax-1 and tmax after oral administration in LCT-

based formulation were comparable to lipid-free formulation (Figure 3-6, 
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Chapter 3). The extent of drug distribution into tissues is mainly 

determined by plasma protein binding and tissue binding. A drug 

circulating in the systemic blood can be either unbound (free fraction) or 

protein-bound. Only unbound drugs can distribute into tissues. The 

proteins responsible for binding to drugs in the plasma are albumin, 

alpha-1 acid glycoprotein, and lipoproteins. Acidic drugs are mainly 

bound to albumin, and basic drugs are usually bound to alpha-1 acid 

glycoprotein and lipoproteins [393]. TPV is an acidic molecule at 

physiological pH with a high affinity to plasma albumin (>99.9%). The 

required concentration of TPV to saturate the plasma albumin binding 

site is between 10 and 100 µM (6027 to 60266 ng/mL) [173]. Plasma 

concentration beyond this threshold will increase the fraction of unbound 

TPV. Since the albumin concentration in the interstitial fluid is 20 to 30% 

of that in plasma [394], the saturated concentration of TPV to the albumin 

in the lymph should be between 2 and 30 µM (1205 to 18080 ng/mL). 

Following oral administration in LCT-based formulation, the 

concentrations of TPV in rat mesenteric lymph at both tmax and tmax-1 time 

points were 6140 and 5915 ng/mL, respectively (Figure 3-6A-B, 

Chapter 3), which did not exceed the threshold to saturate the albumin 

in the lymph. This suggests that insufficient targeting of TPV to MLNs 

might be due to low levels of free TPV in mesenteric lymphatics. 
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5.1.2. Lipophilic ester prodrugs combined with LCT-based 

formulation to optimise the intestinal lymphatic 

transport of DTG 

5.1.2.1. Pharmacokinetics and tissue distribution of 

unmodified DTG 

Current work has shown that DTG has similar oral bioavailability when 

administered in lipid-free (polyethylene glycol 400 (PEG 400)/non-

pyrogenic water/ethanol (70:20:10, v/v/v)) (57 ± 17%) and LCT (69 ± 19%) 

formulations at a dose of 5 mg/kg to rats (Table 4-4, Chapter 4). This is 

close to a previous study showing an oral bioavailability (75.6%) of DTG 

in rats when given in a lipid-free solution formulation (dimethylsulfoxide 

(DMSO): Solutol®:50mM N-methylglucamine in 3% mannitol (1:1:8, 

v:w:v)) at the same dose to ours [369]. Following IV and oral 

administration of unmodified DTG, we observed the enterohepatic 

circulation of the drug, which may contribute to the oral bioavailability 

(Figure 4-8A-B, Chapter 4). It has been shown that the absorption of 

DTG was limited by dissolution rate and solubility in the intestine [369]. 

When orally administered a suspension of DTG at a high dose (50 mg/kg) 

to rats, over 90% of the administered dose of intact DTG was recovered 

in faeces, indicating that unabsorbed DTG was primarily eliminated 

through faeces. The primary metabolism pathway of DTG is the 

orthologous UDP glucuronosyltransferase 1A1 (UGT1A1)-mediated 

glucuronidation [395]. The ether glucuronide-conjugated DTG was found 

in the bile following the oral administration of DTG [369], suggesting that 
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absorbed DTG could recirculate into the intestine through biliary 

excretion. However, the ether glucuronide-conjugated DTG was not 

detected in the faeces, meaning it may convert to the DTG in the intestine 

and excreted through the faeces or be reabsorbed into the systemic 

circulation (enterohepatic circulation).  

To our knowledge, the tissue distribution profile of DTG in rats after oral 

administration has not been well established. In the current work, we 

demonstrated the tissue distribution profiles of DTG in a number of HIV 

reservoirs at 2, 4, and 8 hours following a single oral gavage 

administration of DTG in lipid-free and LCT formulations to rats (Figure 

4-9, Chapter 4). The levels of DTG in MLNs and other reservoirs were 

lower than in serum, but above the PA-IC90 at 64 ng/mL, in both lipid-free 

and LCT groups. Labarthe et al. have studied the tissue distribution of 

tenofovir disoproxil fumarate, emtricitabine, and DTG, at the steady state 

following a seven-day oral administration to mice [365]. Among the tested 

drugs, DTG showed the lowest penetration (below the PA-IC90 at steady-

state) to the HIV reservoir tissues, including the digestive tract (small 

intestine, caecum, and colon), the lymphatic system (lymph nodes, 

spleen, and thymus), the brain, the metabolism and excretion tissues 

(liver and kidney), and other tissues (pancreas, adipose tissue, and lung). 

It is important to note that poor drug distribution to mesenteric lymphatics 

(mesenteric lymph fluid and MLNs) and other HIV reservoirs could limit 

the treatment efficacy of ARVs for controlling or removing latent viruses 

within the viral sanctuaries. Intestinal lymphatic transport is a potential 

pathway for targeting orally administered drugs to MLNs and other deep 
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reservoirs. However, comparable levels of DTG in MLNs were observed 

between lipid-free and LCT groups, suggesting negligible or no intestinal 

lymphatic transport of unmodified DTG after oral administration in the 

presence of lipids. This is in accordance with the fact that DTG has no 

association with artificial and natural CM (Figure 4-4, Chapter 4) and 

lipoproteins in rat mesenteric lymph in vivo (Figure 4-13, Chapter 4). We 

previously demonstrated that LPV has no affinity for CM, consistent with 

its negligible intestinal lymphatic transport following oral administration in 

LCT formulation to rats [229]. A lipophilic ester prodrug approach is then 

required to enhance the drug-CM association for intestinal lymphatic 

transport. 

 

5.1.2.2. Assessments of Intestinal lymphatic transport 

potential of lipophilic ester prodrugs of DTG 

The lipophilic ester prodrugs approach has been commonly used for two 

purposes: enhancing the oral bioavailability and targeted delivery of 

drugs to mesenteric lymphatics [228, 229, 256, 274, 276, 277, 370, 371, 

396, 397]. Since DTG does not possess the required physicochemical 

properties to associate with CM, a chemical modification approach has 

been applied in this work to increase the lipophilicity of DTG and its 

affinity to CM. We designed and synthesised a series of simple alkyl ester 

prodrugs of DTG and orally administered with LCT-based formulation to 

optimise the targeted delivery of DTG to viral reservoirs in MLNs (Table 

4-2, Chapter 4). A series of in vitro and ex vivo assessments (affinity to 

CM, stability in the intestine lumen and lymphatic environment, and LCT 
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solubility) were performed to screen the best candidate for in vivo 

experiments. 

Firstly, we assessed the affinity of prodrugs for CM in silico, in vitro, and 

ex vivo. The in silico predicted affinity of prodrugs to CM increased with 

the extension of the carbon chain length of conjugated fatty acid and 

decreased when the number of double bonds applied (Table 4-2, 

Chapter 4). However, the experimental association of prodrugs with CM 

showed the opposite trend when the carbon chain length was elongated 

above C12 (Figure 4-4, Chapter 4). Similar observations were reported 

in our previous study, in which the affinity of prodrugs to CM did not follow 

the trend of in silico prediction [229, 256]. It has been reported that the 

lipophilicity and molecular weight of parent drug and prodrugs need to 

meet a specific requirement to achieve an optimal affinity to CM [229]. In 

this work, we did not assess prodrugs with carbon chain length less than 

12. Therefore, we cannot assess the effect of the size of alkyl chains on 

affinity to CM. However, free rotatable bond (FRB), density and molar 

volume, seem to have a trend in the association of prodrugs with CM, 

whereas these physiochemical properties do not have a correlation with 

the association of protease inhibitors with CM. It is worth noting that the 

in silico model used in current studies was primarily developed based on 

structures of bicyclic and tricyclic cannabinoids or similar small molecule 

compounds [238]. Although the in silico model has been validated by 

external molecules, it is sometimes not fully predictive for some drugs, 

suggesting some additional physiochemical parameters may affect the 

affinity to CM. 
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The stability and biotransformation of prodrugs were evaluated in fasted 

stated simulated intestinal fluid (FaSSIF) and plasma. In this work, the 

prodrugs were designed to be stable in the intestinal lumen, but rapidly 

release (ideally, immediately release) the parent drug in plasma or lymph. 

However, directly assessing stability of prodrugs in lymph would be 

difficult to perform as lymph sample is limited in volume and large number 

of animals will have to be used. Therefore, plasma was used as a 

surrogate for the environment of intestinal lymph although plasma does 

not completely mimic the environment in lymph (although enzymatic 

composition is similar between these 2 biological fluids, with overall lower 

concentrations of enzymes in lymph). We found that increasing the 

carbon chain length of the conjugated fatty acid improved the stability of 

prodrugs in either FaSSIF or plasma, while introducing double bond(s) 

facilitated the biotransformation of prodrugs (Figure 4-5, Chapter 4). It 

has been reported that the increasing size of conjugated esters could 

lead to a greater effect of steric hindrance, resulting in a slower hydrolysis 

rate [398]. Our results suggest that unsaturated fatty acid moieties could 

overcome the barrier of steric hindrance, allowing the efficient release of 

the parent drug.  

Unmodified DTG and saturated prodrugs 1-4 exhibited low solubility in 

LCT (sesame and olive oils), while unsaturated prodrugs 5 and 6 have 

much higher LCT solubility (Table 4-3, Chapter 4). Both sesame and 

olive oils contain a high proportion of oleic and linoleic acid. These are 

also the conjugated fatty acid of prodrugs 5 and 6, respectively, and 

could lead to high compatibility between oils and prodrugs.  
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5.1.2.3. Targeted delivery of DTG to mesenteric lymph and 

MLNs by means of simple alkyl esters 

In our previous reports, simple alkyl ester prodrugs did not rapidly release 

active parent drugs in the lymphatic system, limiting the levels of active 

drugs in the target sites [229, 256]. An activated ester approach was 

shown to release parent drugs more efficiently than simple alkyl esters. 

However, in this work, all synthesised DTG prodrugs have shown 

efficient release profiles in plasma in vitro (Figure 4-6, Chapter 4). In the 

further pharmacokinetics and biodistribution studies, selected prodrugs 

5 and 6 rapidly released DTG in the blood (Figure 4-8D-E, Chapter 4) 

and lymph (Figure 4-10, Chapter 4) following oral administration to rats. 

Thus, the activated ester approach does not seem to be necessary in the 

case of DTG.  

Oral administration of prodrug 5 in LCT-based formulation increased the 

DTG concentration ratio in lymph-to-serum and MLNs-to-serum up to 

9.4-fold and 4.8-fold, respectively, compared to oral administration of 

unmodified DTG (Figure 4-12, Chapter 4). The drug concentration ratio 

in tissues versus blood has been used to evaluate the efficiency of tissue 

penetration [365]. A high ratio of tissue/blood indicates an efficient tissue 

penetration of a drug. The increased lymph/serum and MLNs/serum ratio 

of DTG concentration following oral administration of prodrug 5 suggests 

an improved selectivity of mesenteric lymphatic targeting.  
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5.1.2.4. Intraluminal processing of DTG prodrugs in LCT-

based formulation 

Although the lipophilic ester prodrug approach improved the selectivity of 

DTG targeting to mesenteric lymphatic system, it significantly attenuates 

the systemic exposure to DTG. The oral bioavailability of DTG was only 

5% following oral administration of prodrug 5 with LCT (Table 4-4, 

Chapter 4). Interestingly, we found very high concentrations of intact 

prodrug 5 in the small intestine and colon (Figure 4-11, Chapter 4), 

indicating that the low oral bioavailability of DTG might be associated with 

the intraluminal processing of the administered prodrug.  

In vitro lipolysis is a useful model to shed light on the pre-systemic 

absorption events in the intestinal lumen for drugs formulated with lipids. 

It simulates the enzymatic digestion process of lipids in the GI tract. 

Based on the simulated compartment (multi- or mono-compartment) and 

enzymatic activity, many in vitro lipolysis models have been developed 

[378]. The most commonly used model in studying lipid-based drug 

delivery systems is the pH-stat lipolysis model, which mimics intestinal 

lipolysis and maintains the pH throughout the study. In the in vitro 

lipolysis model, lipidic formulations are digested and then separated into 

three phases by ultracentrifugation: lipid, micelle, and sediment fractions. 

Drugs distributed into the micelle phase represent a readily absorbed 

fraction. The lipid and sediment fractions are not readily absorbable. 

Quantifying the amount of the drug in each phase can assess the 

capability of the formulation to disperse the co-formulated drug in the 

intestine.  
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After in vitro lipolysis, we showed that around 5.8% and 12% of prodrugs 

5 and 6 doses were recovered in the micellar phase (absorbable fraction) 

(Figure 4-15, Chapter 4). Similar degrees of the oral bioavailability of 

released DTG were observed following oral administration of prodrugs 5 

(5.4%) and 6 (9.6%) in LCT-based formulation to rats (Table 4-4, 

Chapter 4). Although several studies have ranked the contributions of 

lipidic formulations to in vivo bioavailability through in vitro lipolysis [382, 

383, 399, 400], most in vitro lipolysis performances of lipidic formulations 

did not reflect the actual in vivo bioavailability of these compounds, 

especially highly lipophilic molecules. Dahan and Hoffman proposed that 

the in vitro lipolysis models may not accurately predict the in vivo 

performance of highly lipophilic drugs with substantial intestinal lymphatic 

transport [383]. They studied the absorption of vitamin D3 in different 

lipid-based formulations (short-chain triglyceride (SCT), MCT and LCT) 

and investigated the correlation between in vitro lipolysis and in vivo 

pharmacokinetic performances. Although the MCT formulation dispersed 

the highest amount of vitamin D3 in the micellar phase across the three 

formulations in vitro (SCT: 66.1%, MCT: 96.6%, LCT: 70.7%), the LCT-

formulated vitamin D3 showed superior in vivo absorption (40.7%) over 

the MCT (30.3%) and SCT (20%) formulations. The in vitro lipolysis 

results did not reflect the actual oral bioavailability in vivo and failed to 

rank the contribution of lipid-based formulations to in vivo performance. 

A similar observation was reported by Zgair and colleagues [254]. They 

assessed the systemic bioavailability of LCT-formulated cannabinoids, 

including CBD and Δ9-tetrahydrocannabinol (THC). In vitro lipolysis of 
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LCT-based formulation has shown 32.8% and 31.2% of CBD and THC 

doses recovered in the micellar phase, respectively. The in vivo oral 

bioavailability of CBD (22.3%) and THC (21.5%) are lower than those 

observed in the micellar phase in vitro. In a subsequent study, a number 

of MCT/LCT blended formulations of CBD were compared for the 

dispersibility in micelles to the pure LCT-containing oil [257]. Interestingly, 

in vitro lipolysis of pure LCT oil-formulated CBD resulted in the lowest 

concentration distributed into the micellar fraction but had the highest in 

vivo systemic bioavailability compared to LCT/MCT blended formulations. 

It is important to note that both vitamin D3 and CBD have substantial 

intestinal lymphatic transport when co-administered with lipids [255, 401]. 

Since the in vitro lipolysis model only simulates the pre-absorption events, 

the overall absorption (portal and lymphatic absorption) of highly 

lipophilic drugs could be under or overestimated.  

However, in the current work we found a near-perfect in vitro-in vivo 

correlation (IVIVC) following oral administration of prodrugs in LCT 

formulation. Dahan and Hoffman have reported a good IVIVC of 

dexamethasone in SCT, MCT and LCT [382]. After in vitro lipolysis, 

95.3%, 96.2%, and 92.1% of dexamethasone doses were recovered in 

the micellar phase of SCT, MCT, and LCT, respectively. Orally 

administered dexamethasone to rats in SCT, MCT, and LCT resulted in 

83%, 86.5%, and 91.2% oral bioavailability, respectively. The in vitro 

lipolysis of LCT (92.1% of dexamethasone dose in the micellar phase) 

indicated the actual in vivo bioavailability (91.2%). However, 

dexamethasone has no intestinal lymphatic transport, differing from 
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prodrugs in our work, which are absorbed into the lymphatic system 

when administered orally with lipids. The detailed mechanism of the good 

IVIVC of highly lipophilic prodrugs in this study is unclear and will be 

subjected for further investigation. 

On the other hand, more than 90% of the prodrug 5 dose was distributed 

into lipid and sediment fractions (non-absorbable fractions) in in vitro 

lipolysis (Figure 4-15A, Chapter 4), which is consistent with the high 

levels of prodrug 5 found in the intestinal contents in vivo (Figure 4-11, 

Chapter 4). The preliminary pharmacokinetic study of prodrug 6 showed 

slightly improved but still low oral bioavailability of released DTG (9.6%) 

following administration of prodrug 6 in LCT-based formulation in 

comparison to prodrug 5 (5%) (Table 4-4, Chapter 4). In vitro lipolysis of 

prodrug 6 resulted in around 90% of the drug dose in the non-readily 

absorbed phases (undigested lipid and sediment) (Figure 4-15B, 

Chapter 4). These findings suggest that the limited oral bioavailability of 

released DTG after oral administration of prodrugs is most likely 

associated with poor intestinal absorption. Notably, lipid-based 

formulations (including lipids and lipophilic excipients) were developed to 

improve the solubilisation and absorption of orally administered lipophilic 

compounds and have been widely investigated in clinical studies [249, 

251, 402, 403]. In a previous study by Kaukonen et al., a number of 

poorly water-soluble compounds, including two highly lipophilic drugs, 

cinnarizine and halofantrine, have been investigated for their luminal 

solubilisation/precipitation behaviours in either MCT or LCT formulations 

in vitro [404]. Since MCT formulation is digested faster and more 
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completely than LCT vehicle, only two phases (aqueous and sediment) 

will be generated after the in vitro lipolysis. As in vitro lipolysis used in 

their study is a non-dynamic intestinal lipid digestion model, digested 

lipids are prone to accumulate in the in vitro lipolysis media, allowing a 

supersaturation of highly lipophilic drugs in the micellar phase. In contrast, 

supersaturation is unlikely in LCT formulation as the co-formulated drugs 

will be concentrated in the undigested lipid fraction due to the slow 

digestion. A complete in vitro digestion of the LCT vehicle might lead to 

drug precipitation [404]. In this work, we demonstrated substantial 

precipitation of LCT-formulated highly lipophilic prodrugs (53% of 

prodrug 5 dose and 33% of prodrug 6 dose, respectively) before the 

complete digestion of LCT formulation in in vitro lipolysis. This is the first 

time in our group that the lipid-based formulation, especially LCT, did not 

facilitate the absorption of highly lipophilic molecules and resulted in 

substantial precipitation. In our previous studies, oral administration of 

highly lipophilic drugs or prodrugs, such as CBD [254, 255], bexarotene 

prodrugs [256], and LPV prodrugs [229], with LCT had favourable effects 

on intestinal absorption and mesenteric lymphatic targeting. 

Most lipid-based formulations result in distribution of lipophilic drugs in 

the hydrophobic core of mixed micelles formed during lipid digestion, 

eventually resulting in higher bioavailability [405]. However, LCT-based 

formulation did not improve the systemic absorption of oleic and linoleic 

fatty acid-conjugated prodrugs (prodrugs 5 and 6, respectively) of DTG 

in this study. An ideal lipid-based formulation has to fully solubilise the 

administered dose of drugs and maintain the drug in solution during and 
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after digestion. Since the dispersion of drugs from the formulation 

solution to the micellar phase involves several intermediate steps, there 

is a considerable risk of drug precipitation during processing [406]. 

Therefore, prodrugs 5 and 6 may precipitate during drug dispersion from 

the oil solution to micelles. Rapid precipitation of halofantrine during in 

vitro lipolysis digestion was found when it was formulated as a 

supersaturated self-nanoemulsifying drug delivery system (super-

SNEDDS) [379]. However, since the precipitation of halofantrine was in 

an amorphous form, the precipitated pellets had a high dissolution rate 

in the lipolysis medium. The nature of the precipitated form (amorphous 

or crystalline) of the compounds depends on their physicochemical 

properties [378, 381]. In this study, prodrugs 5 and 6 potentially 

precipitated as crystalline pellets (hard to redissolve) rather than in 

amorphous forms (easy to redissolve). Alskär et al. proposed that 

compounds with low molecular weight (< 350 g/mol) and high melting 

point (> 200 ºC) are likely to precipitate in the crystalline form [381]. 

However, the prodrugs in this study do not meet these factors as both 

prodrugs 5 and 6 have a high molecular weight (684 g/mol and 682 g/mol, 

respectively) and a melting point lower than 200 ºC (prodrug 5: 98 ºC, 

prodrug 6 is a colourless oil). This indicates that there are other factors 

affecting the drug precipitation form. Further studies are needed to 

investigate the precipitation of highly lipophilic drugs or prodrugs 

following administration of LCT-based formulations.  
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5.2. Future work 

5.2.1. Updating the in silico computational model for the 

prediction of drug-CM association 

The in silico model predicting the association of drugs with CM was 

established in 2009 [238] and has been used in several studies [229, 239, 

256]. However, the predicted drug-CM association values did not always 

indicate the experimental results (in vitro and ex vivo) [229]. For example, 

LPV was predicted to have a 50% association with CM. However, 

negligible affinities of LPV to artificial and natural CM were found in vitro 

and ex vivo [229]. In this PhD work, the opposite trend of the predicted 

association of prodrugs with CM and the experimental degree of 

association with CM was observed. Since the computational model is a 

tool for screening candidates for intestinal lymphatic transport, limited 

predictive power may mislead the selection of candidates. Therefore, 

updating the current in silico model can provide a more powerful 

screening tool for future intestinal lymphatic transport studies. 

 

5.2.2. The association mechanisms of drugs with CM 

CM are spherical structures with a TG-rich core embedded in a shell of 

phospholipids, cholesterol, cholesterol ester and apolipoproteins (mainly 

apoB-48) [407]. Lipophilic drugs are believed to be incorporated into the 

TG-rich core of CM during or after CM assembly for intestinal lymphatic 

transport to take place [237]. In addition, interfacial interactions between 

drugs and CM were reported to affect the extent of drug-CM association 

[228, 239]. In this work, we observed that TPV has a higher affinity to 
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natural CM than artificial CM, indicating that the surface materials of CM, 

especially apolipoproteins, may play essential roles in the drug-CM 

association. This interfacial interaction between TPV and CM might be 

weaker than the TG core association, resulting in the redistribution of 

TPV to other cells and proteins once entering mesenteric lymph. This is 

a rare case in lipophilic compounds associated with CM by interfacial 

interaction rather than TG-rich core incorporation. The underlying 

mechanism is unclear and requires further investigation. Since drug-

lipoproteins association can have other applications, such as the 

distribution of drugs to peripheral tissues or adipocytes, investigation of 

the mechanisms of interfacial interactions between drugs and surface 

molecules on lipoproteins can provide new aspects in drug delivery and 

have important implications for drug disposition. 

 

5.2.3. Investigating the good IVIVC of highly lipophilic 

drugs and prodrugs 

The IVIVC was used to develop extended-release dosage forms of oral 

drugs based on the correlation between in vitro assessments and in vivo 

pharmacokinetics profiles [408]. Since in vitro lipolysis model can mimic 

the lipid digestion process in the small intestine, it is widely used to 

assess the intraluminal digestion and absorption of lipophilic drugs 

formulated in lipid-based formulations [254, 257, 260, 378-380, 383, 385, 

399]. However, in vitro lipolysis model cannot simulate the entire 

systemic absorption, including intestinal lymphatic transport, as it only 

simulates the conditions in the intestinal lumen. Therefore, in vitro 
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lipolysis might not predict the actual in vivo pharmacokinetic profile of 

highly lipophilic compounds with substantial intestinal lymphatic transport 

[260, 382, 383]. In this work, the poor oral bioavailability of DTG was 

attributed to poor absorption and substantial precipitation in the intestinal 

lumen following oral administration of prodrugs with LCT. The lipophilic 

ester prodrugs approach combined with lipid-based formulation has been 

well documented to enhance intestinal lymphatic transport and improve 

systemic exposure to parent drugs [229, 256, 274-277, 371]. This study 

demonstrated an unexpected phenomenon that lipid-based formulation 

did not facilitate the absorption of lipophilic ester prodrugs and led to low 

systemic bioavailability of the parent drug. Investigating the precipitation 

of lipophilic ester prodrugs and good in vitro lipolysis model predictability 

to in vivo bioavailability can provide ideas to optimise the current drug 

delivery approach for ARVs and other lipophilic drugs or prodrugs. 

 

5.2.4. Applying MLNs targeting for HIV cure strategies 

Latent HIV reservoirs are the major obstacle to the cure of HIV infection. 

Several strategies are proposed to overcome these barriers. These 

strategies are classified into three categories: eradication cure (complete 

removal of viral reservoirs), functional cure (immune control without 

eliminating viral reservoirs) and hybrid cure (enhanced immune control 

with reduction of viral reservoirs) [409]. Eradication cure was reported 

occasionally in stem-cell transplant patients whose donor had CCR5 co-

receptor mutation [410, 411]. The first functional cure was in an infant 

born to an HIV-1-positive mother and initiated ART 30 hours after birth 
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[412]. These successful cases have encouraged tremendous scientific 

efforts to explore potential approaches to cure HIV, including stem cell 

transplant, ‘kick and kill’, ‘block and lock’, gene therapy, early initiation of 

ART, and immune-based therapies.  

Latent HIV in resting CD4+ T cells can escape from the host immune 

response and provide resources for persistent viral replication. The ‘kick 

and kill’ strategy uses latency-reversing agents (LRAs) to awaken latent 

HIV reservoirs (kick) under ART for cytopathic killing and innate immune 

response targeting (kill) [413]. Although ‘kick and kill’ is considered an 

attractive and practical strategy for HIV cure, some challenges remain to 

be resolved. Firstly, LRAs might not fully induce latent HIV [414, 415]. 

Furthermore, individual variation of reactivation degree of resting CD4+ 

T cells indicates this approach might not be feasible for some patients 

[415]. The most critical challenge is that the poor penetration of ART in 

viral reservoirs may lead to high levels of reactivated viruses and 

endanger the patients [132, 416-418]. Although numerous studies have 

revealed that LRAs can largely reactivate the latent HIV reservoirs, the 

impact on the size of latent reservoirs was minimum [414]. This means 

that the immune system is insufficient to eliminate the awakened 

reservoirs. It has been suggested to add-on agents to assist the ‘kill’ 

strategy. However, adding drugs is likely to increase the risk of side 

effects. Since the ‘kick’ strategy is under ART, selectively targeting ARVs 

to difficult-to-reach viral reservoirs could prevent the reproduction of 

reactivated reservoirs. MLNs are one of the most critical HIV reservoirs 

and an ideal fortress for the virus to hide from ARVs. Delivering ARVs to 
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MLNs and combining the ‘kick and kill’ strategy to reactivate latent HIV 

could eliminate this viral reservoir and move towards eradication cure. 

Intestinal lymphatic transport is the ideal pathway for mesenteric 

lymphatic targeting of ARVs. We previously developed an activated ester 

of LPV, which efficiently targeted LPV to mesenteric lymphatics following 

co-administration with LCT-containing oil (sesame oil). However, LPV 

concomitants with RTV (LPV/r) are currently a second-line ART for 

children and neonates [209]. On the other hand, DTG is involved in the 

first-line ART regimens for HIV-infected adults, adolescents, and children. 

Targeted delivery of DTG to MLNs may have more contributions to 

clinical treatment. DTG does not have intestinal lymphatic transport 

without chemical modifications. Although lipophilic esters of DTG 

improved the lymphatic absorption and selectivity of mesenteric 

lymphatic targeting of DTG, poor intestinal absorption limited the drug 

levels in systemic circulation and MLNs. This suggests current lipophilic 

ester prodrug approach might not be feasible for some compounds. 

Therefore, optimisation of the lipophilic ester prodrug approach for 

enhancing mesenteric lymphatic targeting will be the first step towards 

eradicating HIV reservoirs. 
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APPENDICES 

Appendix 1. Characterization of tipranavir extracted from 

Aptivus® soft capsules 

Extraction of TPV was performed using dichloromethane and ethyl 

acetate. The purity of product was more than 99% by HPLC-UV. TPV 

was appeared as white solid (50% yield), melting point 58.0-61.0°C. H¹ 

NMR (400 MHz, Methanol-d4):  8.95 (s, 1H), 8.21 (d, 1H, J = 8.24 Hz), 

8.02 (d, 1H, J = 8.20 Hz), 7.24 (s, 1H), 7.21 (t, 2H, J = 7.36 Hz), 7.13 (t, 

1H, J = 7.32 Hz), 7.06 (t, 2H, J = 2.82 Hz), 7.01 (d, 2H, J = 7.14 Hz), 6.96 

(m, 1H), 3.92 (q, 1H, J = 5.41 Hz), 2.68-2.52 (m, 4H), 2.20-2.07 (m, 1H), 

1.98-1.57 (m, 6H), 0.89 (t, 4H, J = 7.22 Hz), 0.83 (t, 3H, J = 7.34 Hz). ¹³C 

NMR (100 MHz, Methanol-d4): 169.88, 166.93, 161.57, 148.06, 147.61, 

142.83, 137.71, 137.02, 130.22, 129.89, 129.50, 129.24, 126.95, 126.08, 

124.13, 122.55, 120.26, 106.16, 81.80, 43.61, 40.84, 40.49, 37.38, 30.86, 

25.75, 17.88, 14.67, 13.29. HR-MS (ESI+): m/z [M+ H]+ calculated for 

C31H34F3N2O5S, 603.2135, found 603.2124. 
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Appendix 2. Characterisation of ester prodrugs of 

dolutegravir 

 

1 (dolutegravir lauryl ester), (4R,12aS)-9-((2,4-

difluorobenzyl)carbamoyl)-4-methyl-6,8-dioxo-3,4,6,8,12,12a-

hexahydro-2H-pyrido[1',2':4,5]pyrazino[2,1-b][1,3]oxazin-7-yl 

dodecanoate was synthesised using DTG sodium as starting material 

and lauroyl chloride as reagent. The purity of the final compound was 

more than 95% by HPLC-UV, white solid (47% yield), melting point 

143.0-145.0°C. 1H NMR spectrum specifics:(400 MHz, (CD3)2SO): δ 

10.17 (t, J = 5.66 Hz, 1H), 8.68 (s, 1H), 7.34-7.44 (m, 1H), 7.17-7.27 (m, 

1H), 6.99-7.09 (m, 1H), 5.39 (dd, J = 3.95, 1.58 Hz, 1H), 4.65-4.78 (m, 

1H), 4.61 (dd, J = 13.9, 3.7 Hz, 1H), 4.53 (d, J = 5.81 Hz, 2H), 4.41 (dd, 

J = 13.8, 5.7 Hz, 1H), 3.98 (t, J = 11.29 Hz, 1H), 3.80-3.90 (m, 1H), 2.56 

(t, J = 7.39 Hz, 2H), 1.93 (br. s, 1H), 1.63 (p, J = 7.4 Hz, 2H), 1.43-1.55 

(m, 1H), 1.33-1.43 (m, 2H), 1.12-1.33 (m, 18H), 0.77-0.91 (t, J = 6.58 Hz, 

3H). 13C NMR spectrum specifics: (100 MHz, (CD3)2SO): δ 171.33, 

170.67, 163.25, 155.27, 144.58, 131.31, 130.16, 122.57, 118.57, 111.97, 

111.74, 104.44, 104.07, 76.35, 52.44, 35.84, 33.14, 31.26, 29.21, 28.99, 

28.72, 28.32, 24.14, 22.10, 15.57, 13.99. HR-MS (ESI+): m/z [M+ H]+ 

calculated for C32H42F2N3O6, 602.3036, found 602.3060. 

 

2 (dolutegravir myristyl ester), (4R,12aS)-9-((2,4-

difluorobenzyl)carbamoyl)-4-methyl-6,8-dioxo-3,4,6,8,12,12a-

hexahydro-2H-pyrido[1',2':4,5]pyrazino[2,1-b][1,3]oxazin-7-yl 
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tetradecanoate was synthesised using DTG sodium as starting material 

and myristyl chloride as reagent. The purity of the final compound was 

more than 95% by HPLC-UV, white solid (60% yield), melting point 

129.0-131.0°C. H1 NMR spectrum specifics:(400 MHz, (CD3)2SO): δ 

10.18 (t, J = 5.91 Hz, 1H), 8.68 (s, 1H), 7.35-7.44 (m, 1H), 7.18-7.27 (m, 

1H), 7.01-7.09 (m, Hz, 1H), 5.39 (dd, J = 5.7, 3.8 Hz, 1H), 4.68-4.74 (m, 

1H), 4.61 (dd, J = 13.56, 2.9 Hz, 1H), 4.53 (d, J = 5.80 Hz, 2H), 4.42 (dd, 

J = 13.74, 5.72 Hz, 1H), 3.98 (t, J = 11.55, Hz, 1H), 3.81-3.90 (m, 1H), 

2.56 (t, J = 7.35 Hz, 2H), 1.93 (br. s, 1H), 1.63 (p, J = 7.3 Hz, 2H), 1.5 

(dd, J = 14.14, 1.79 Hz, 1H), 1.34-1.43 (m, 2H), 1.19-1.33 (m, 22H), 0.79-

0.90 (t, J = 6.30 Hz, 3H). 13C NMR spectrum specifics: (100 MHz, 

(CD3)2SO): δ 170.82, 170.17, 162.81, 154.88, 144.10, 130.92, 130.87, 

130.82 129.69, 122.21, 122.06, 118.06, 111.49, 111.45, 111.28, 111.24, 

104.07, 103.80, 103.55, 75.85, 51.88, 35.81, 33.16, 31.29, 29.16, 29.00, 

28.96, 28.90, 28.72, 28.67, 28.28, 24.15, 22.05, 15.50, 13.95. HR-MS 

(ESI+): m/z [M+ H]+ calculated for C34H46F2N3O6, 630.3349, found 

630.3348. 

 

3 (dolutegravir palmitoyl ester), (4R,12aS)-9-((2,4-

difluorobenzyl)carbamoyl)-4-methyl-6,8-dioxo-3,4,6,8,12,12a-

hexahydro-2H-pyrido[1',2':4,5]pyrazino[2,1-b][1,3]oxazin-7-yl palmitate 

was synthesised using DTG sodium as starting material and palmitoyl 

chloride as reagent. The purity of the final compound was more than 95% 

by HPLC-UV, white solid (22% yield), melting point 82.0-84.0°C.
 
1H NMR 

spectrum specifics:(400 MHz, (CD3)2SO): δ 10.17 (t, J = 5.93 Hz, 1H), 
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8.68 (s, 1H), 7.34-7.44 (m, 1H), 7.18-7.28 (m, 2H), 7.00-7.10 (m, 1H), 5.4 

(dd, J = 5.87, 3.87 Hz, 1H), 4.66-4.76 (m, 1H), 4.61 (dd, J = 13.89, 

3.17,1H), 4.53 (d, J = 5.81 Hz, 2H), 4.42 (dd, J = 13.84, 5.81 Hz, 1H), 

3.98 (t, J = 11.50 Hz, 1H), 3.81-3.91 (m, 1H), 2.56 (t, J = 7.21 Hz, 2H), 

1.93 (br. s, 1H), 1.63 (p, J = 7.3 Hz, 2H), 1.5 (d, J = 13.75 Hz, 1H), 1.33-

1.44 (m, 2H), 1.10-1.33 (m, 24H), 0.84 (t, J = 6.58, 3H).
 
13C NMR 

spectrum specifics: (100 MHz, (CD3)2SO): δ 170.81, 170.18, 162.80, 

154.88, 144.07, 143.58, 130.94, 130.87, 130.77, 129.68, 122.18, 122.05, 

118.07, 111.49, 111.25, 104.06, 103.84, 103.55, 75.87, 51.87, 35.82, 

33.17, 31.29, 29.18, 29.05, 28.99, 28.95, 28.89, 28.68, 28.27, 24.14, 

22.08, 15.51, 13.93. HR-MS (ESI+): m/z [M+ Na]+ calculated for 

C36H49F2N3NaO6, 680.3482, found 680.3497. 

 

4 (dolutegravir stearyl ester), (4R,12aS)-9-((2,4-

difluorobenzyl)carbamoyl)-4-methyl-6,8-dioxo-3,4,6,8,12,12a-

hexahydro-2H-pyrido[1',2':4,5]pyrazino[2,1-b][1,3]oxazin-7-yl stearate 

was synthesised using DTG sodium as starting material and stearoyl 

chloride as reagent. The purity of the final compound was more than 95% 

by HPLC-UV, white solid (25% yield), melting point 82.0-84.0°C. 1H NMR 

(400 MHz, (CD3)2SO): δ 10.18 (t, J = 5.8 Hz, 1H), 8.68 (s, 1H), 7.33-7.45 

(m, 1H), 7.18-7.27 (m, 1H), 7.11 – 7.01 (m, 1H), 5.40 (dd, J = 5.98, 3.99 

Hz, 1H), 4.66 – 4.76 (m, 1H), 4.62 (dd, J = 13.8, 2.99 Hz, 1H), 4.54 (d, J 

= 5.9 Hz, 2H), 4.42 (dd, J = 13.7, 5.8 Hz, 1H), 3.98 (t, J = 11.7 Hz, 1H), 

3.81-3.91 (m, 1H), 2.57 (t, J = 7.3 Hz, 2H), 1.94 (s, 1H), 1.63 (p, J = 7.4, 

2H), 1.50 (d, J = 14.0 Hz, 1H), 1.33-1.43 (m, 2H), 1.18-1.32 (m, 30H), 
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0.85 (t, J = 6.96 Hz, 3H). 13C NMR (101 MHz, DMSO): δ 174.46, 170.83, 

170.17, 162.81, 154.89, 144.11, 130.92, 130.86, 130.82, 130.76, 129.68, 

111.48, 111.24, 104.06, 103.81, 103.54, 75.87, 51.87, 35.83, 35.79, 

33.65, 33.16, 31.29, 29.16, 29.03, 29.00, 28.97, 28.91, 28.75, 28.70, 

28.55, 28.30, 24.49, 24.15, 22.09, 15.51, 13.93. HR-MS (ESI+): m/z [M+ 

H]+ calculated for C38H54F2N3O6, 686.3975, found 686.3977 

 

5 (dolutegravir oleyl ester), (4R,12aS)-9-((2,4-

difluorobenzyl)carbamoyl)-4-methyl-6,8-dioxo-3,4,6,8,12,12a-

hexahydro-2H-pyrido[1',2':4,5]pyrazino[2,1-b][1,3]oxazin-7-yl oleate was 

synthesised using DTG sodium as starting material and oleoyl chloride 

as reagent. The purity of the final compound was more than 95% by 

HPLC-UV, white solid (75% yield), melting point 97.0-99.0°C. 1H NMR 

(400 MHz, (CD3)2SO): δ 10.18 (t, J = 5.9 Hz, 1H), 8.68 (s, 1H), 7.34-7.44 

(m, 1H), 7.17-7.27 (m, 1H), 7.11 – 7.01 (m, 1H), 5.40 (dd, J = 5.7, 3.8 Hz, 

1H), 5.26-5.37 (m, 2H), 4.75 – 4.67 (m, 1H), 4.61 (dd, J = 13.8, 3.7 Hz, 

1H), 4.53 (d, J = 5.9 Hz, 2H), 4.42 (dd, J = 13.8, 5.7 Hz, 1H), 3.98 (t, J = 

11.8 Hz, 1H), 3.81-3.90 (m, 1H), 2.56 (t, J = 7.3 Hz, 2H), 1.93-2.02 (m, 

5H), 1.63 (p, J = 7.3 Hz, 2H), 1.46-1.50 (m, 1H), 1.09-1.43 (m, 23H), 0.89 

– 0.80 (m, 3H). 13C NMR spectrum specifics: (100 MHz, (CD3)2SO): δ 

170.8, 170.17, 162.78, 154.86, 144.12, 130.87, 129.64, 122.12, 118.06, 

111.46, 111.26, 103.80, 75.87, 51.85, 35.85, 33.16, 31.28, 29.16, 29.09, 

29.04, 28.97, 28.80, 28.67, 28.58, 28.53, 28.47, 28.28, 26.60, 26.54, 

24.13, 22.07, 15.50, 13.92. HR-MS (ESI+): m/z [M+ H]+ calculated for 

C38H52F2N3O6, 684.3819, found 684.3814. 
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6 (dolutegravir linoleyl ester), (4R,12aS)-9-((2,4-

difluorobenzyl)carbamoyl)-4-methyl-6,8-dioxo-3,4,6,8,12,12a-

hexahydro-2H-pyrido[1',2':4,5]pyrazino[2,1-b][1,3]oxazin-7-yl (9Z,12Z)-

octadeca-9,12-dienoate was synthesised using DTG sodium as starting 

material and linoleoyl chloride as reagent. The purity of the final 

compound was more than 95% by HPLC-UV, colorless oil (24% yield). 

1H NMR (400 MHz, (CD3)2SO): δ 10.18 (t, J = 6.03 Hz, 1H), 8.68 (s, 1H), 

7.36-7.44 (m, 1H), 7.18-7.28 (m, 1H), 7.01-7.10 (m, 1H), 5.38-5.43 (m, 

1H), 5.25-5.36 (m, 3H), 4.66-4.76 (m, 1H), 4.61 (dd, J = 13.64, 3.26 Hz, 

1H), 4.53 (d, J = 5.84 Hz, 2H), 4.42 (dd, J = 13.87, 5.84 Hz, 1H), 3.97 (t, 

J = 11.58 Hz, 1H), 3.81-3.90 (m, 1H), 2.73 (t, J = 6.31 Hz, 2H), 2.56 (t, J 

= 7.26 Hz, 2H), 1.96-2.07 (m, 4H), 1.90 (br. s, 1H), 1.63 (p, J = 7.4 Hz, 

2H), 1.45-1.54 (m, 1H), 1.10-1.44 (m, 18H), 0.84 (t, J = 6.68 Hz, 3H). 13C 

NMR (100 MHz, (CD3)2SO): δ 170.85, 170.16, 162.80, 154.86, 144.14, 

130.84, 129.66, 127.76, 118.05, 111.54, 111.26, 104.10, 103.84, 103.56, 

75.91, 51.89, 35.83, 33.67, 31.32, 30.87, 28.64, 26.56, 25.23, 24.52, 

24.22, 22.10, 21.95, 15.50, 13.90. HR-MS (ESI+): m/z [M+ H]+ calculated 

for C38H50F2N3O6, 682.3662, found 682.3648. 
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Appendix 3. Half-life of hydrolysis of prodrugs in FaSSIF 

and plasma. 
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Figure A3-1. Estimated half-lives of hydrolysis of prodrugs. One-way ANOVA followed 
by Dunnett’s multiple comparison test was used for statistical analysis. ****, p < 0.0001. 
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Figure A3-2. The hydrolysis half-lives of prodrugs in (A) FaSSIF; (B) mouse plasma; 
(C) rat plasma; (D) dog plasma. One-way ANOVA followed by Dunnett’s multiple 
comparison test was used for statistical analysis of differences between prodrugs. *, p 
< 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.  
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